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Three time since 1992, we have held the symposia entitled 'Joint Spectroscopy Experiments 
Utilizing JAERI Tandem-Booster Accelerator' at the Tokai Research Establishment. In the symposia, 
we have mainly discussed the plans of experiments to be done in this joint program. The joint 
program started in 1994. Several experiments have been made since and some new results have 
already come up. 

This symposium 'Gamma-ray Spectroscopy utilizing heavy-ion, Photon and RI beams' was held at 
Tokai Research Establishment of JAERI. Because this symposium is the first occasion after the 
program started, the first purpose of the symposium is to present and discuss the experimental 
results so far obtained using the JAERI Tandem-Booster. The second purpose of the symposium is to 
discuss new possibilities of gamma-ray spectroscopy using new resources such as Rl-beam and 
Photon-beam. The participants from RIKEN, Tohoku University and JAERI Neutron Science Research 
Center presented the future plans of experiments with Rl-beam at each facility. Compared with these 
nuclear beams, photon beam provides a completely new tool for the y -ray spectroscopy, which is 
achieved by inverse Compton scattering between high-energy electron 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 
symposium. 

Keywords: Symposium Proceedings, Tandem-booster Accelerator, Heavy Ion, High Spin, 
7 -ray Spectroscopy 
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2 . 15 5Gd© ^ n - >©jjgK: J: £Enhanced Side-band Population 

Enhanced Population of Side Band of 155Gd in Heavy-Ion 

Coulomb Excitation 

Masumi OSHIMA, Takehito HAYAKAWA, Yuichi HATSUKAWA, Michiaki SUGITA, 

Kazuyoshi FURUTAKA, Masanori KIDERA*, Jun-ichi KATAKURA, Makoto 

MATSUDA, Hideshige KUSAKARI,1) Kazushi TERUI,1) Katsuhiro MYOJIN,1) Daisuke 

NISHIMIYA,1) Masahiko SUGAWARA2) and Toshiyuki SHIZUMA3) 

Japan Atomic Energy Research Institute, Tokai-mura, Ibaraki 319-11, Japan, ^ Chiba University, 

Inage-ku, Chiba 263, Japan, 2^ Chiba Institute of Technology, Narashino, Chiba 275, Japan, 
3) Tandem Accelerator Center, University of Tsukuba, Tsukuba, Ibaraki 305, Japan 

Abstract 

In the Coulomb excitation of 155Gd with heavy projectiles, 32S, 58Ni and ^Zr, 

unexpectedly large enhancement of a positive-parity side band has been ob­

served. This enhancement could not be reproduced by a Coulomb-excitation 

calculation taking into account the recommended upper limits of El or E3 

transitions, which are compiled in the whole mass region, and is proportional 

to the electric field accomplished in the Coulomb-scattering process. 
Keywords: 155Gd, 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 E2 transitions, is the 

most strongly excited. So 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 155Gd in a Coulomb excitation experiment by a heavy 90Zr projectile. The low-lying 
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level structure of 155Gd has been studied through the previous investigations [2,3]. The 

ground-state is known to have a configuration of a negative-parity ^3/2 [521] orbit and a one-

quasiparticle positive-parity side band based on a f3/2[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 El and/or E3 transitions from the ground-band members 

in multiple COULEX process. E\ matrix elements of intraband and interband transitions 

are used in evaluating the COULEX cross section. Even when such matrix elements have 

not been measured, we know at least their upper limits, i.e., the recommended upper limits 

(RUL) derived from the compilations of the experimental data in the whole mass region [4]; 

they are used for the calculation of COULEX cross sections. The COULEX cross section 

of a state can be calculated unambiguously from the E\ matrix elements concerned using 

the computer code, COULEX [5]. In the previous analysis [1] which took into account 

the RUL for El and E3 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 RUL. In a further experiment, we investigated the excitation process which is much 

dependent on the Coulomb field produced in the heavy-ion collisions, by using lighter 32S 

and 58Ni 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 inelastic 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 pursued in future experiments. 
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m&c>]&?-&<niism&-i$szvyffl&<Dmm}mRi3&£Lx, Atitxn, ±K(Hi,Xn)& 
£^ffl^btLT§/i0 L^L, A i m ^W^^tH$^|WH3[^fcv^$iJlS7&^, ^~*j£l t 

x, ^wm*mx, ^-^^^(D^^m&^^^i-mfDmm^m^ifmz^^xm^'t^o 
Yb |WM£^t?fi, ^8,i7o­i74,i76Yb tf^fcjt^t LXUmzfifetZo M 3 W 169 J^TO/g 

# " t ^ o -U, 170­172Ybfi, afiT­«t ^ fcEW*> I f ­ A £fflWc(HI,xn) & & • ? & £ $ 
­ e § T , (a ,xn)aSt?0^"Brtg"C*So L ^ L & ^ b , a t f ­ A T t i , ^ ^ M i l l f r t ^ / h 
$ <, ^$<7)IB:A££I&l:ii­£vH?v> 14 ~ 16 ft*U£­C££o H ^ , 170Yb[9] £172Yb[io] fi, 
*tl<?tl, 170Er(c*,4n), 170Er(c*,2n) &JS"?M > t f ­ A H I ^ j o . 1 tthtlXti Y), 2 M T M £ 
KS­cK mMffi, *t±> 13~ 14 n txmmztix^&tf, £ b K ^ & V > * ^ > ­ C ^ W I $ # 
•?§£ 4^|iT­@efi^S­^<^JiifB^$tLTv^v^0 i7°Yb, 172Yb<M^, £<£>«£ ■? £15 
V ^ t ? ^ ( « 2 0 ft) ^ ^ O ^ t i ^ ^ ^ t i , 13C*9Be<D£7%}tfflfyM}<^*y¥~J**%\,*& 
164Dy(13C>3n)170Yb, 170Er(9Be,a3n)172Yb a£KJ3V>­CJij£­C§ & & O £ . IfcftSo L ^ L 
■btfb, 164Dy(13C,a3n) ^170Er(9Be,a3n) <7)^)Sif®a(i, 1&%\Z/\^ < (« 10 mb), £®fffi 
«^^%fMJt­e*^o *<£>*:£, v 'J=r>^­^[ i i ]^J :^^#mfeT­^^^^ff lv^T, SIS 
f­­v>^;i/£SJU io ~20^J^±^^;i /v­^A^^^^fflv^T, p-^-^mfctf'&mx 
■Zhho Z\<7)£ 7 ttmtf-M%j)XJbZ> Z\ £ \t, 176Yb(13C,a3n)182W fflfc*m*tzfc>tlt>tl<DmR 

­ 1 2 ­



JAERI­Conf 98­008 

[12] H«fcoT7F$;ft/CV*£0 

o r e nmbw&±<DYbmmx&2>tf, z.tib<om-mt, Aim i w t t t i : 

^f^^fim^^^H­A^it^pTfrie^o^o mmm&mioKfcmmxii, mmmtx 
» r B 1 t i ^ ^ ^ H ^ : ^ f i , ±K, HKĵ ^bAim^̂ f̂iT-̂ f̂̂ ^D^o 
Cl&fejfc/CV** [13] o itz, 1994 4EK§£$LZtltz Lee ̂ <DW&IZ£2>£ [14], 1 7 6 Yb»Hl250 
MeV <7)48Ca If ­ A =£rfiB#t 17t|£, & mb/sr <E>EBBMlT?, 174~178Yb /6?£j& $ ft, * if VC 
S A 2 0 A ^ ^ ^ * l i i B 0 $ t L T V ^ o glgp^^^f iSLTf i , A l t H ­ A h L T , 5­10 MeV/u 
< 7 ) x ^ ; l , ^ ­ ^ ^ o ^ f 4 T ­ ^ i : k ^ ( N / A ) ^ ^ § ^ ^ t A § V ^ f S # ^ ^ f f l 1 ­ ^ o %<Otztb, JgC 
p r / f A + y ­ ^ ^ f f l U fcfc&tf, 96Zr ^­A^fflV^T, BsiflS^&ffeftfcfiJffl 
U ^ : ® * ^ 180^^<75^f£­T^*fl^<^jg5^tf >tfe^<^©f^S^i5d*x.­S,­C*)^> lo z\<Di§&i>, 
20 tm&<DVfrV-y &&&&#$>*> \,zmLfzZ£i±%\,\ 

Vk±, Ybm&fo<V&K-D^X&r<X%tztf, fsMft^&ZfQ^X, ^'fti^iflJ Lu, Hf, Ta, 
W, Re, 0aW^m<DMxVytf.M<0ffl$£i!)*i3Z\%x.2>o 

[I] K.E.G. L0bner, Phys. Lett. 26B (1968) 369 

[2] P. Chowdhury et al., Nucl. Phys. A485 (1988) 136 

[3] T. Bengtsson et al., Phys. Rev. Lett. 62 (1989) 2448 

[4] P.M. Walker et al., Phys. Rev. Lett. 65 (1990) 416 

[5] B. Crowell et al., Phys. Rev. Lett. 72 (1994) 1164 

[6] N.L. Gj0rup et al., Nucl. Phys A582 (1995) 369 

[7] K. Narimatsu, Y.R. Shimizu and T. Shizuma, Nucl. Phys. A601 (1996) 69 

[8] mwiMf, i f f y > $ w A n ffyrmfryttm< 21 ms.<omsm>,1996 %■ 12 n 
[9] P.M. Walker et al., Nucl. Phys. A365 (1981) 61 

[10] P.M. Walker et al., Nucl. Phys. A343 (1980) 45 

[II] T. Kuroyanagi et al., Nucl. Instrum. and Methods A316 (1992) 289 

[12] T. Shizuma et al., Nucl. Phys. A593 (1995) 247 

[13] E#^@B, # B F & £ # £ * 

[14] I.Y. Lee et al., Proceedings of the LBL conference 35687 (1994) 314 

­ 1 3 ­



JAERI-Conf 98-008 

High spin states in odd-odd 132Cs 

T . Hayakawa 1 , J . Lu 2 , K. F u r u n o 2 , K . F u r u t a k a 1 , T . K o m a t s u b a r a 2 , T . 
S h i z u m a 2 , N . H a s i m o t o 2 , T . Sa i toh 2 , M . M a t s u d a 1 , Y . H a t s u k a w a 1 , M . 
O s h i m a 1 

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

A b s t r a c t . Excited states with spin larger than 5 h were newly established in the 132Cs 
nucleus via the 1 2 4Sn(uB,3n) reaction. Rotational bands built on the uhn/2 ® nd5/2, 
Win/2 ®ng7/2 and uhu/2 <8>TT^H/2 configurations were observed up to spin / ~ 16 k. The 
vh\\ji ® Trhu/2 band shows inverted signature splitting below / < 14/i. A dipole band 
was firstly observed in doubly odd Cs nuclei. 

K e y w o r d : 132Cs 

Nuclei in the mass A ~130 region are known to be 7 soft and their shapes are influenced 
by quasi-particles in high-j orbitals. The nuclear shapes are affected by different shape-
driving forces of low-fi hn/2 proton and high-fi hn/2 neutron. The signature inversion 
of rotational bands with 7r/&ii/2 ® f^n/2 configuration of odd-odd nuclei has been studied 
both experimentally[1,2] and theoretically[3,4]. The spin assignment of the rotational 
band is important to study the mechanism of the signature inversion. In 124Cs and 126Cs, 
the inversion states o^ 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 inversion spin from abnormal to normal increased with increasing 
neutron number. The signature of the low-spin states of 130Cs (Z=55, N=75) [5] was 
inverted. However, the normal signature in 132La (Z=57, N=76) [6] was reported. The 
spin assignment have been inconsistent in the higher isotopes of Cs and La. There is no 
data of the 7 transition energies and high spin states of 132Cs. To extend the systematics 
of Cs isotopes, high spin states of 132Cs (Z=55, A—77) have been investigated through 
in-beam spectroscopy. 

The nucleus 132Cs was produced with the reaction 124Sn ( n B , 3n ) 132Cs at a 
bombarding energy of 42 MeV with the Tandem accelerator at Japan Atomic Energy 
Research Institute (JAERI). The target consisted of a 1 mg/cm2 layer of enriched 124Sn 
on a thick Pb backing which served to stop the recoil nuclei. 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 detectors were placed at angles of 32°, 58°, 
90°, 122° and 148° with respect to the beam direction. The LEPS was mounted at the 
angle of 90°. The efficiencies of HPGe detectors were about 40 % relative to 3 m x 3 m 

Nal detector. The energy resolutions of HPGe detectors were 2.0-2.3 keV for 1.3 MeV 7 
ray of 60Co source. The energy and timing data were written onto magnetic tapes, event 
by event, at two Ge detectors were fired. A total of 2 X 108 7 - 7 coincidence events were 
collected. The gated spectra were constructed from 4k x 4k matrix. The spin assignment 
was derived from DCO ratios. 

While J. -S. Tasi et al. [8,9] reported 17 low-spin excited states via 133Cs(7, n) ] 3 2Cs 
reaction, there was no information on high-spin states nor on 7 transitions. Fig. 1 shows 
the level scheme of 132Cs constructed from 7-7 coincidence relationships and intensity 
ratios. The excitation energies of the lowest three levels of 86.2, 108.3, and 185.9 keV 

- 1 4 -



JAERI-Conf 98-008 

were the same as those reported in ref. [9]. The 7 rays from excited states were in 
coincidence with Cs K a 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 parity band locates 
at higher excitaion energy than the others. Two decay paths from the dipole band were 
observed to band 1 and 3, although the 702 keV 7 ray was a doublet and the 785.3 keV 
7 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 7r/iu/2 ® vhn/2 (positive parity band) 
, 7T^n/2 ® 1^97/2 and Trhu/2 ® 1^5/2 (negative parity bands). Fig. 2 shows the signature 
splittings ( E(I) - E(I - 1) ) of the three bands of 132Cs and 130Cs. The difference 
between odd- and even-parity members becomes smaller with increasing spin for the band 
3 of 132Cs. 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 130Cs. We propose the 
configurations of the three bands to be 7r/in/2 ® vhn/2 (Band 3), 7r/?n/2 ® ^97/2 (Band 2) 
and 7r/jn/2 ® ^ 5 / 2 (Band 1). The irhn/2 ® ^11/2 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 130Cs was not observed, but in 132Cs the 
inversion occurred at spin of 14 h. This inversion spin was lower than those of 124Cs and 
126Cs [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 [9,10]. This is the first observation 
for doubly odd Cs nuclei. 
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[1] Komatsubara, T., Furuno, K., Hosoda, T., Mukai, J., Hayakawa, T., Morikawa, T., 
Iwata, Y., Kato, N., Espino, J., Gascon, J., Gj0rup, N., Hagemann, G. B., Jensen, H. 
J., Jerrestam, D., Nyberg, J., Sletten, G., Cederwall, B., and Tj0m, P. 0 . : Nucl. Phys. 
A 5 5 7 (1993) 419c 
[2] Hayakawa, T., Lu, J., Mukai, J., Saitoh, T., Hasimoto, N., Komatsubara, T., Furuno. 
K.: Zeit. Phys. A 3 5 2 (1995) 241 
[3] Tajima, N.: Nucl. Phys. 572 (1994) 365 
[4] Liu, Y., Lu, J., Ma, Y., Zhou, S. and Zheng, H.: Phys. Rev. C 5 4 (1996) 719 
[5] Sala, P.R., Blasi, N., Bianco, G.L. and Mazzoleni, A.: Nucl. Phys. A531 (1991) 383 
[6] Oliverira, J. R. B., Emediato, L. G. R., Rizzutto, M. A., Ribas, R. V., Seale, W. A., 
Rao, M. N., Medina, N. H., Botelho, S., and Cybulska, E. W.: Phys. Rev. C 3 9 (1989) 
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z>£, nmm^%<tez>izzDnx®fr(DMte±%<te,o> m&tmzfrZKt&z 

1(h) 

24 00 

22 00 

20 00 

18 00 

16 00 

14 00 

12 00 

10 00 

800 

~^22Ba 
^26Ba 

l26Xe 

"MlLa" 
l31Ba 

-T-l "\35Ce 
^36Ce 
^37Pf 
l37Nd 
fa~8Nd 
^40Sm 
*T40Pm 

000 0 50 0 50 0 50 
*w(kleV) x 103 

100 

1. A~120i£t%, A~130ift#, A~i4o&&xMmznx^z>Mv^ymt£m 
iHzzD^X, famzsvinimmzEr=E(X)-Ea-l)&t-oTlfUy hVtzm 

2-2 MlA>K©$M^&^<AT 

m2\zmm(DWM^y^^^-^^-mn^nmm(Dmm^bntzl^Gd(Dy^)v 
X * - A £ ^ T . zn£Xl^GdXteE2cascadem&Xffi&tlZ> 4X>(Dmtffi (M 
2(D"gsb",,,npb","(nh1i/2-2)")"(phii/22)',)^^n^n) (16^13-,18+,18+£TJI^ 
ajsnwfcj&i7*, d!poie»^Tigtfns3"S)©Jii(t» (gi2©"(Ar,"(B)v(cr)£ 
WtftlZ^tiMsft. Z\(D^X, "(A)llfBspin+parity ftcfich^spin-parityftH© 
W5\Zfa$kLT\^. £©<fc5fcdipolecascadettN=78©{B*& (136Ce8),138Nd9) 

,140Sm10))TfeSa'JSnT*30, dt lbS: , Xt!>IchEr( = Ti(D)©IW&ch b T ^ D ^ 
Vbfcfc©Sr03tc^T. Xt!>16A^T<!:203&^±t'OV^Tttisotone^fcA^«i:0 
© t f 5 o # # # 5 n 5 # , 16A^20©Kn?«SS^-©M#S:J#oT*30, Ĉffllig 
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7. The possible mass region for shears bands and chiral doublets 
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The Tilted Axis Cranking (TAC) theory is reviewed. The recent progress of TAC for 
triaxial deformed nuclei is reported. More emphisis has been paid to the new discovered 
phenomena - chiral doublets and their explaination. The possibile mass reigon for the 
shears bands and chiral doublets and their experimental signature are discussed. 

I. INTRODUCTION 

For more than thirty years, the study of high spin physics has provided us a lot of information on 
the rapidly rotating quantum many-body system. In the seventies, the main efforts 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 eighties [2], a lot of new phenomena and exciting challenges have appeared. 
The new concepts of the identical bands, quantized spin alignments [3] and C/j-staggering [4], etc have 
proved that high spin physics is one of the most interesting topics in physics frontier. 
Since the nineties, the orientation of the deformed density distribution relative to the (space fixed) 
angular momentum vector becomes a hot topic in high spin physics. Tilted Axis Cranking (TAC) [5] 
is the version of the meanfield theory that permits the calculation of the orientation of the deformed 
field together with the parameters that define its shape. Since its introduction, it has turned out to 
be a reliable approximation to calculate both energies and intraband transition probabilities . These 
applications are restricted to axial or slightly triaxial nuclei. In such cases the angular momentum lies 
in one of the principal planes (PP) defined by the principal axes (PA) of the density distribution. The 
interpretation of such planar solutions and the quality of the semi-classical approximation are discussed in 
refs. [6]. In triaxial nuclei there exist the possibility of nonplanar solutions, where the angular momentum 
vector does not lie in one of the PP. The existence of such solutions for a fixed triaxial shape has been 
demonstrated and interprented in ref. [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 I would like to give a brief review of 
the planar and nonplanar solutions and the physics connected with them. The possible mass reigon to 
look for such planar and nonplanar rotional bands experimentally are discussed in the last section. 

II. CHIRAL DOUBLETS IN TRIAXIAL DEFORMED NUCLEI 

In TAC one seeks HF solutions that rotate uniformly about the angular momentum axis J that is tilted 
with respect to the PA 1, 2 and 3 of the deformed density distribution. The orientation of the rotational 
axis is described by the two polar angles d and ip. In order to find the orientation angles one diagonalizes 
the single particle routhian 

h' = hdef-u-j (1) 

where hdef is the hamiltonian of the non rotating deformed field, containing pairing if necessary. The 
angular velocity is given by the vector 

w = (wsin#sin^,wsin??cos^,wcosi?). (2) 
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Each configuration |) constructed from the single ­ particle or quasiparticle levels corresponds to a ro­

tational band. Each band has its individual tilt that is determined by minimizing the total routhian 
E'(ui, d, f) with respect to d and <p at fixed u>. At the minimum the angular momentum vector J = (j) 
and the angular velocity Q are parallel [5]. These selfconsistency equations must be complemented by 
additional ones that determine the shape of the density distribution. In the present model study the 
shape is assumed to be given. 
We study a model system consisting of a /in/2 proton particle or hole and a /in/2 neutron hole coupled 
to a triaxial rotor. The hamiltonian of this PRM is 

H = hde}+j^^LA±L, (3) 
v=\ v 

For the moments of inertia the ratios of irrotational flow are assumed, 

2TT
 2 

Jv=Jsm(y-—v) . (4) 

For 7 = 30°, the moment of inertia J2 is the larger than J\ = Jz- The hamiltonian of the deformed field 
is hdej = ±hp — h„, where the plus sign referes to particles and the minus to holes. The single particle 
hamiltonian is given by 

h = \C{UI - ^ ~ h cosT + ^=Ul + J2-]sin7}­ (5) 

In the calculation we take C = 0.25MeV and J = 40 M e V ­ 1 . corresponding to a deformation of 
/? « 0.25. More details can be found in ref [6,7]. 
The TAC approximation to the PRM consists in two assumptions: 

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

2- <?> = <y>
2 

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

<*v = -£-, Rv= Jv- <}v> ■ (6) 

Here, we have introduced the classical vector R of the rotor angular momentum. . The orientation of the 
rotational axis is found by minimizing the energy (3) with respect to the three components Jv subject to 
the subsiduary condition that J = \J'J\ + Jf + J\ is constant. Taking into acount the stationarity of |), 
one obtains 

^AM = UV(XJV) (7) 

i.e. the TAC condition that Q and J must be parallel. This is equivalent with finding the orientation 
angles by minimizing the total routhian 

1 3 

E'=<h'>--YlJ*ul, (8) 

with u„ given by eq. (2). 
In the case of substantial triaxiality of the nuclear density distribution, there exist two possibilities: 
i) The rotational axis (J || w) lies in one of the three PP 1 ­ 2, 1 ­ 3 or 2 ­ 3. We call such a solution 
planar. 
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ii) The rotational axis does not lie in one of the PP. We call such a solution nonplanar 
The high j particles tend to align with the 1 - axis because their torus like density distribution has the 
maximal overlap with the triaxial core in the 2 - 3 plane. The high j holes tend align with the 3 - axis 
because their dumbbell like density distribution has maximal overlap if its symmetry axis is parallel to 
the long axis. For 7 = 30°, Ji is largest and it is favorable to built up the core angular momentum 
along the 2 - axis. Thus, if a proton hole and a neutron hole are coupled to the rotor the total angular 
momentum will lie in the 2 - 3 plane. The solution is planar, because J and the PA 1 and 2 are in 
one plane. At the band head, where R — 0, the angular momentum J is parallel to the 3 - axis With 
increasing spin it moves out into the 2 - 3 plane, as illustrated in the lower panel of fig II. If a high j 
proton particle and high j neutron holes (or vice versa) are coupled to the rotor, J will lie in the 1 - 3 
plane at the band head and then gradually turn towards the 2 - axis, as illustrated in the lower panel 
of fig.II. Fig. II shows the levels obtained from a numerical diagonalization of the PRM hamiltonian 
Eq.(3). There is rather good agreement between the PRM and TAC. The TAC energies, which are not 
shown in Fig. II reproduce the PRM values very well. 

FIG. 1. Rotational levels of hu^ particles and holes coupled to a triaxial rotor with 7 = 30°. The upper panel 
shows the case of a proton and a neutron hole and the lower panel the case of a proton particle and a neutron 
hole. Full lines correspond to even and dashed to odd spin. 
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PAC (TI a) 

TAC:AI=1 

Chiral Doublets! 

* 2 

J=(J,0,0) 

J=(J1,0,jtf 

J=(J1,0,-K) 

J=(-J1,-J2,K) 

J=(J1,-J2,rtT / 

J=(-J1,J2,K) 

■ * 2 

J=(J1,J2,K) 

I J 

FIG. 2. The relation of symmetry and shears bands and chiral doublets: the upper panel shows the how SI = 2 
bands appear in axial symmetric nuclei with signature symmetry; the 61 = 1 bands for the axial symmetric nuclei 
without signature symmetry are shown in the middle; chiral doublets - two near degenerate 81 = 1 bands appear 
in triaxial nuclei when the rotation becomes apianar. 
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III. SYMMETRIES 

In order to discuss the consequences of the symmetries in a transparent way, it is useful to represent the 
TAC solutions in a schematical way as in Fig. (II). The deformd density distribution is given by the 
quadrupole moments Q^. The latter define the intrinsic frame with the PA 1, 2 and 3 by the condition 
that the intrinsic quadrupole moments Q[ = Q'_l must be equal to zero and Q'2 = Q'_2­ The triaxial 
shape is specified by the two moments Q'Q and (Q'2+Q'_2) I y/2 . The orientation of the density distribution 
is described by the three Euler angles ip, d and <p. 

Q, = D*01(TP, d, <p)Q'0 + (D%(1>, d, <p) + D%(rP, d, <p))Q'2 (9) 

The angles ■d and <p specify the orientation of J in the intrinsic PA frame. They take only the discrete 
values satifying the selfconsistency condition (J || w). Due to the rotational symmetry of the two body 
hamiltonian, there is a set of degenerate TAC solutions specified by the value of the angle tp. The whole 
set of degenerate TAC \ip,i!),<p) solutions is given by the different values the quadruole moments Q^ can 
take. The invariance of the of the intrinsic quadrupole moments Q'0 and (Q'2 + Q'_2)/\/2 with respect 
to the rotations 72.i(7r), TZ2(ir) and 72.3(7r) implies that one may restrict the Euler angles to 0 < i\> < 2n, 
0 < d < 7r/2 and 0 < <p < ir. The other values give Q^ that are already included. One may see this 
also directly from eq. (9) by using the symmetries of the D - functions and Q'2 = Q'_2- States of good 
angular momentum \I, M = I) correspond to a superposition of TAC solutions \xl>,d,<p) with the weight 
function exp(iIrp)/V2Tr (angular momentum projection). 
One must distinguish three cases: 
1) PAC solution 
d = 0, TT/2, f = 0, TT/2­

Then 

IV + TT, 0, 0) = ft3(7r)|V, 0, 0) = e­'a"|tf. 0, 0), (10) 
|V + 7r,7r/2, 0) =7JL1(7r)|V,7r/2, 0) = e­''Q*|V,7r/2, 0), (11) 
|V> + 7T, TT/2, TT/2) = ^ 2 (TT) |V, TT/2, TT/2) = e~ia* \1>, */2 , TT/2). (12) 

The signature a is a good quantum number and the values the total spin can take are restricted to 
1 = a + 2n. The PAC solution represents one Al = 2 band. 
2) Planar TAC solution 
■d^O, TT/2, <p - 0, TT/2 or i? = TT/2, P ? 0, TT/2 
The signature symmetry is lost and all spins are possible. The planar TAC solution represents one Al — 1 
band. 
3) Nonplanar TAC solution 
d ± 0, TT/2, <p ^ 0, TT/2 
The signature symmetry is lost and all spins are possible. There are two degenerate solutions 1^, «?,¥>) 
and \ip,d, w/2— <p). The nonplanar TAC solution represents two degenerate Al = 1 bands. 

One may reformulate this consideration in a diffent way, considering only the orientations of J in the 
intrinsic frame. It is sufficient to restrict J to one half space. 
1) If J has the direction of the PA i, the wave function is an eigenfunction of the rotation 72.,­(7r) defining 
the signature of the corresponding Al — 2 band. 
2) If J lies in one of the PP, there exists another degenerate solution constructed by reflection on the PA 
i. They may be combined into two degenrate states of opposite signature, defined by the rotation 7£j­(7r), 
which form one Al = 1 band. 
3) If J does not lie in one of the PP there are four dgenerate solutions constructed by reflecting J on two 
of the PP. They form a rectangle with the PA i in the center. The two solutions on each diagonal can 
be combined into two degenerate states of opposite signature, defined by the rotation 7£,(7r). Thus, two 
Al — 1 bands arise. 
As examples for these general rules, let us discuss the triaxial TAC solutions of our model system. The 
planar case is shown in the upper panels of figs. II. Both the proton hole and the neutron hole tend to 
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align with the 3 - axis. First the core angular momentum R and, as a consequence, also J align with 
the 3 - axis, because this orientation is favored by the Coriolis interaction. The solution is of PAC type. 
The bands of different signature, defined by the rotation H^n), are separated. For higher spin it is 
more efficient to increase the 2 - component of R, and J moves into the 2 - 3 plane. Now there are two 
degenerate TAC solutions, symmetric to the 3 - axis, which can be combined into two degenerate states 
of opposite signature. Correspondingly, in the PRM calculation pairs of Al — 2 sequences merge into a 
A7 = 1 band. The reorientation of R from the 3 - to the 2 - axis is reflected by the change of the slope 
of the curve 7(u>), which is the J^> moment of inertia. The larger core moment of inertia along the 2 -
axis leads to the increase of J^€\ 
The nonplanar solution is shown in the lower panels of fig. II. The combination of the proton particle 
with the neutron hole favors the 1 - 3 plane. At low - spin, R and J lie in the 1 - 3 plane, because 
this orientation minimizes the Coriolis interaction. There are two degenerate TAC solutions obtained by 
reflection on the 1 axis that can be combined into two degenerate states of opposite signature, which is 
now defined TZi(ir). Correspondingly, the low - spin PRM spectrum consists of A7 = 1 bands, which 
differ by the wave functions of thejproton and the neutron hole. For higher spin it is again more efficient 
to increase the 2 - component of R, and J moves out of the 1 - 3 plane. The two planar TAC solutions 
bifurcate into four nonplanar ones. When they are sufficiently separated (tunneling is small), one can 
combine the four degenerate TAC solutions into two degenerate states of each signature. Correspondingly, 
in fig. II pairs of A 7 = 1 bands merge into doublets. The P R M states with the same value of 7 are 
somewhat split, indicating the presence of some tunneling between the states symmetric to the 1 - 3 
plane. 

IV. D I S C U S S I O N S 

The discussion above is focused on the physics origin of a nonplanar TAC solution. It is not yet clear 
whether such a solution is stable. Since triaxial nuclei are soft with respect to 7, it is possible that a planar 
TAC solution with axial shape has a lower energy. This question can only be answered by microscopic 
3D - TAC calculations taking into account the selfconsistency with respect to the deformation. 
But we can say: 
A nonplanar TAC solution will show up as a pair of identical Al = 1 bands of the same parity. 
A planar triaxial TAC solution may represent a band with a signature splitting that decreases with angular 
momentum . 
It seems interesting to look in regions of 7 soft nuclei for such phenomena. These 7 soft nuclei 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 1 3 4 Pr reported in ref. [8] might be candidates for a pair of identical A7 = 1 
bands. 

[1] I.Hamamoto, High angular momentum phenomena in treatise on heavi-ion science, Vol.3 (1985, Plenum). 
[2] P.J.Twin, et al, Phys.Rev.Lett. 57 (1986) 811. 
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[5] S. Frauendorf, Nucl. Phys. A557 (1993) 259c 
[6] S. Frauendorf, J. Meng, Z. Phys. A 356 (1996)263. 
[7] S. Frauendorf, J. Meng, Nucl. Phys. A 617 (1997) 131. 
[8] C. M. Petrache et al. Nucl. Phys. A597 (1996) 106 
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8. Tilted Axis Rotational^MconMWjMM^ 

Angular momentum Projection of Tilted Axis Rotating States 

M. Oi, N. Onishi, and N.Tajima 
Institute of Physics, Graduate School of Arts and Sciences, 
University of Tokyo, Komaba, Meguro-ku, Tokyo, 153 Japan 

T. Horibata 
Department of Information System Engineering, 

Aomori University, Kouhata, Aomori-city 030 Japan 

A b s t r a c t 
We applied an exact angular momentum projection to three dimensional cranked HFB (3d-CHFB) 

states. Tilted axis rotat ing states (TAR) and principal axis rotating states (PAR) are compared. It is 
shown that TAR is more adequate than PAR for description of the back bending phenomena driven by 
tilted rotation or wobbling motion. 

Studies of isotones with N=106 around A ~ 180, have lately at t racted considerable attention. Fermi 
energy of these nuclei is in the middle of a high-j shell (1^13/2). This situation is connected to 7-degree 
of freedom. An idea of 7-deformation has been helpful to unders tand physics of these isotones such 
as high-K isomers [1]. Frauendorf [2] proposed that this situation ma}' also allow "Fermi-alignment". 
High-ii states play important roles here as well as in case of 7-deformation, but such a high-ii s tate is 
taken into account in terms of "tilted rotat ion", field. As a consequence, a new interpretation of the back 
bending is possible among these isotones in terms of "tilted rotat ion". Namely, "g-t" band crossing (band 
crossing between a ground band and tilt band) . Experimentally, high-7\ rotational bands are observed 
in 1 8 0 W, 1 8 1 Re , and 1 8 2 0 s , and the bands are temporarily assigned as "t-band"(ti l t band) [3—5]. Pearson 
et al.[5] reported that they found such a back bending for the first time in 1 8 1Re. 

For microscopic description of high spin physics like the back bending above, there has been the only 
one approach available to us; the cranking model. The model is based on the semiclassical intuition for 
nuclear rotation, that is, uniform rotation around a fixed axis such as a symmetry axis of inertia. The 
state produced by the cranking model is a wave packet in the angular momentum space, and its main 
component is a low-iif s tate. In usual cases where axial symmetry is assumed for the nuclear shape, 
an internal symmetry called "signature" is preserved. In this case, the wave packet is also restricted to 
have mainly even total angular momenta (even-7). In order to investigate properties of the wave packets, 
Hara, Hayashi and Ring[6] applied an exact angular momentum projection to the principal axis rotat ing 
(PAR) states in which angular momentum vector is along the 1-axis in the rotating frame. They showed 
that the CHFB method can produce a wave packet whose main component of angular momentum is very 
close to the constrained value. Islam, Mang, and Ring[7] presented a probability distribution in the wave 
packet with respect to even angular momentum, although they used an approximation in calculation of 
the overlap kernels. They showed a Gaussian-like curve of the probability around the constrained value. 

In these studies, signature, a symmetry with respect to 7r-rotation about the rotating axis, is preserved. 
With an extension of dynamical degrees of freedom in nuclear rotation, viz. tilted rotation, deficiencies 

of the cranking model are revealed. Kerman and Onishi[8] developed three-dimensional cranking model 
from the time dependent variational method (TDVM). Their idea is that general rotations can be treated 
by introducing an intrinsic state \4>) and general rotational operator /?(ft), where Q. is the Euler angles. 
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Namely, general rotation is expressed as R(£l)\d>). They derived the classical equation of motion for 
expectation value of angular momentum and the Euler angles, and claimed the equation can treat general 
rotational motions such as wobbling motion, precession, etc. They proposed the constrained Hartree Fock 
method with a three dimensional cranking term (3d-CHFB) to evaluate the intrinsic state. The intrinsic 
coordinate is constrained to be consistent with principal axes of inertia. 

3d-CHFB has advantages comparing with the conventional cranking model. The reason for this is 
tha t the model can treat even and odd angular momentum on the same footing. This is a result of a 
broken symmetry of signature. In addition, high-A" components are taken into account by tilting the 
angular momentum vector 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 we would like to believe in the signature as a good quantum number as much as possible. 

We propose "signature projection" onto the TAR states to understand the signature splitting in terms 
of the 3d-CHFB state. The projection is achieved by, 

\±)=tf()+0)±\-6)), (1) 

where \±8) represents the 3d-CHFB state (tilted axis rotating state, or TAR) with tilt angle ±8, and N 
is a normalization factor. These projected states are expected to have favorable features for description 
of the backbending caused by tilted rotation. 

In our previous work[9], we estimate numerically the signature splitting observed in 1 8 2 0 s by means of 
the generator coordinate method (GCM). We employed the TAR states as generating states and tilt angle 
as a generator coordinate. We postulated the definition of signature as a symmetry of 7r rotation about 
a principal axis of inertia rather than a rotating axis, and we assigned ( + )-signature to even-/ states 
and (-)-signature to odd- / . 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 
calculation shows that |+) contains much more even-/ states than odd- / states while |—) mixes odd- / 
states and even-/ states. We think that the relation between signature and angular momentum, 

r = ( - 1 ) ' , (2) 

where r is a signature, becomes better,if we increase the tilt angle. Because of numerical difficulty, 
calculations of angular momentum projection for larger tilt angle than 6° is not available now. We are 
improving the algorithm now. 

In summary, we achieved exact angular momentum projection onto the solutions of 3d-CHFB. PAR 
is a 3d-CHFB solution for one-dimensional cranking, and TAR is for three-dimensional cranking. We 
examined 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 a new type of back bending possibly 
caused by tilted rotation. This is because the state include even-odd / and low-high K components 
on the same footing. We also achieve the signature projection onto the TAR state, which breaks the 
internal symmetry called signature. We confirmed that in the projected states a relation between angular 
momentum and signature (2) holds to some degree. In particular, a (-)-signature state mixes even and 
odd angular momentum very much. We guess that the larger the tilt angle becomes, the bet ter the 
relation (2) becomes. 
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Appendix; Angular Momentum Projection 

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

nIKKW,#) = (m\PIKK\<K#)) with P[-K, = ̂ ^jd^DlI
K,(n)R(n). (3) 

R(il) is a rotation operator with the Euler angles, fi = (a,/3,y), 0 is a tilt angle and D^-A-,(fl) = (IK \ 
R(u>) | IK') is Wigner's function. A measure of integration is written as dfi = da sin /3d/3dy. 

The overlap kernels, (<j> R(Sl) <j>\ , are evaluated by using the formulae [10], 

(<t>\R(Sl)\4>') = > /de t |P ( f i ) | , (4) 

where 
P(Q) = U^D^(Sl)U' + V^DT{Sl)V'. (5) 

Calculation of the norm kernel has to be carefully done, for the norm overlap kernel(4) is two-valued. Due 
to the loss of symmetries, signature, reality of intrinsic states and conjugation of bra and ket. integration 
(3) in the present work becomes more elaborated than the work in ref.[6] 

Because the intrinsic state and the projection operator can be expanded in terms of a complete 
or thonormal set of angular momentum (IK), 

W = $ > k « l / A ' a > a n d ^A-<=£UA'a)</A' 'a | , (6) 
IKa a 

where a indicates additional label to / and K. The probability w^- found in (IK) states is written as, 

and therefore the probability to find states having a certain value of / , is estimated as, 

References 

[1 

[2: 

[3 

[4 

[5: 

[7 

[8 

[9 

[10 

N.Tajima and N.Onishi, Phys. Lett. B179(1986)187 

S.FVauendorf, Nucl. Phys. A557(1993)259c 

P.M.Walker et al., Phys. Lett. B309 (1993)14 

R.M.Liederet al., Nucl. Phys. A476 (1988)545 

C.J.Pearson et al., Phys. Rev. Lett. 79(1997)605 

K.Hara, A.Hayashi, and P.Ring, Nucl. Phys. A358(1982)14 

S.Islam, H.J.Mang, and P.Ring, Nucl. Phys. A326(1978)161 

A.Kerman and N.Onishi, Nucl. Phys. A361(1981)179 

T.Horibata, M.Oi, and N.Onishi, Phys. Lett. B355(1995)433 

N. Onishi and T. Horibata, Prog. Theor. Phys 65 (1980) 1650 

- 3 1 -



JAERI-Conf 98-008 

- 0 . 0 2 ■ > ■ ■ ■ 1 
O 5 1 O 1 5 2 0 2 5 

A n g u l a r M o m e n t u m 

Figure 1: Probability distribution with respect to total angular momentum for PAR states. Angular 
momentum constraint is 6, 8, 13. Even and odd components are drawn in different graphs for convenience. 

Figure 2: Probability distribution with respect to total angular momentum for TAR state and signature 
projected states. Angular momentum constraint is 13. Tilt angle is 6 degrees, " s + 1 " denotes (+) -

signature projected state and " s -1" denotes (-)-signature projected state. 
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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 6°. Even and odd components are drawn 
in different graphs for convenience. 
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9. $t$&ttWWz$5tf £ Tilted Axis Cranking £ Particle Rotor ModelOlt^ 

Comparision with Tilted 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 a way to allow a rotation axis to de­

viate from the principal axes of the deformed mean-field is a promising tool for the 
spectroscopic study of rapidly rotating nuclei. We have applied such a "Tilted Axis 
Cranking"(TAC) method [1, 2, 3, 4, 5] to a simple system of one-quasiparticle coupled 
to a triaxial rotor and compared it with a particle-rotor coupling calculation in order 
to check whether the spin-orientation degrees of freedom can be well described within 
the mean-field approximation. The result shows that the TAC method gives a good 
approximation to observable quantities and it is a suitable method to understand the 
dynamical interplay between 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 model, the particle-rotor model,[6] consisting of one-quasiparticle in a single-./ 
shell coupled to a triaxial rotor. We follow Ref.[7] for the description of the model except 
that we use the Lund convention for the triaxiality parameter ( — 120° < 7 < 60°). For 
the case of the axially symmetric deformation the comparison has been done in simple 
systems of the one-quasiparticle coupled to a rotor,[8] and of the one-(quasi)neutron and 
one-(quasi)proton coupled to a rotor,[9] where the particle-rotor 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 role 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 on the property of an orbit it occupies. 

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

^ r r 0 t (7 ) = \jo sin2 (7 + y *) , (k = 1,2,3). (1) 

One of characteristic features of the irrotational moment of inertia is that the one around 
the axis of intermediate length is the largest. It is, however, recently pointed out[ll] that 
the moment of inertia which is largest around the shortest axis is favourable to under­
stand the signature-inversion phenomena. Therefore, we use the "7-reversed" moment of 
inertia[12, 13] for the positive 7 deformation, which is believed to be responsible for the 
signature-inversion phenomena:[14] 

Ml) ~ [ Ji»°t (_7) 7 > 0. (2) 
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§2. Results of calculation 
We have performed systematic calculations of routhian, spin value, intraband B(M1) 

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 positions of the chemical 
potential. The calculated results depend not only on the deformation parameters (e2i7), 
but also on which orbit 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 = ei (ft = 1/2), (b) 
(c) A = e3 (ft = 5/2), (d) 
(e) A = e5 (ft = 9/2), (f) 

A = e2 (ft = 3/2), 
A = e4 (ft = 7/2), 
A = e6 (ft = 11/2), (3) 

where e, (t = 1...6) is the t'­th eigenvalue of the single­particle hamiltonian, and the corre­

sponding ft­value (the projection of angular momentum on the symmetry axis) at 7 = 0° 
is denoted in parenthesis. 
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Fig 1 Magnetic dipole reduced transition 
probability as a function of the rotational fre­

quency u> for 7 = —20°. The solid (dashed) 
line is the result of TAC (exact particle­rotor 
coupling) calculation. The panels (a)­(f) are 
the calculation using the chemical potential 
in Eq.(3). 
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Fig.2 Electric quadrupole reduced tran­

sition probability as a function of the ro­

tational frequency u> for 7 = —20°. The 
solid (dashed) line is the result of TAC (ex­

act particle­rotor coupling) calculation. The 
panels (a)­(f) are the calculation using the 
chemical potential in Eq.(3). 

3 5 -



JAERI-Conf 98-008 

0.5 0.2 0.3 
co [MeV] 

0.4 0.50 0.1 0.2 0.3 0.4 0.5 
co [MeV] 

Fig.3 The selfconsistent tilting angles (0, (f>) in the TAC calculation as functions 
of the rotational frequency ui for 7 = —20°. The solid, short-dash and long-dash 
lines denote (0i,<fr), (0j,$j) and (0R,<£R), 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 good in the axi-
ally symmetric case and reasonably good in the triaxial cases: Their rotational frequency 
dependence are generally nicely 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 result 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 coupling 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 quasiparticle excitations can be quite easily handled within the mean-field 
approximation. Moreover, the TAC method gives an intuitive picture which allows us to 

36 



JAERI-Conf 98-008 

interpret the result geometrically. Therefore the TAC scheme gives a promising alternative 
tool for studying the rapidly rotating nuclei where the geometry of the quasiparticle angular 
momenta play important roles. 
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10. i92ngMm&&<D®fcMmz-&if&m]%: 

Shell Effect in R o t a t i o n a l D a m p i n g for S u p e r d e f o r m e d H g 

K. Yoshida and M. Matsuo* 

Research Center for Nuclear Physics, Osaka University, Osaka 567, Japan 
t Yukawa Institute for Theoretical Physics , Kyoto University, Kyoto 606, Japan 

Damping of collective rotational motion in superdeformed well is discussed. Shell model 
diagonalization based on cranked Nilsson single particle basis is done to investigate hun­
dreds of rotational states and rotational E2 transitions[l]. Due to different responses of 
mean-field configurations to change in spin, configuration mixing caused by residual inter­
action results in loss of collectivity in rotationdal E2 transition. Thus the dispersion 4ALO 
(notice that AE ~ 2uTot) is an origin of damping. The response is affected by alignments 
of single particle orbits occupied in a configuration. Therefore single particle alignment 
structure near the Fermi surface is as important as level density. In A ~ 190 superde­
formed nuclei is found a particular structure in single particle alignment spectrum. There 
are several high Q orbits at Fermi surface. Since they scarcely response to change in u>Tot, 
admixture of those configurations differing in occupation of such orbits does not contribute 
to loss of collectivity. As a result damping of collective motion is considerably hindered 
compared with A ~ 150 superdeformed nuclei[2]. With finite temperature representation 
of Au>[3], (Au>)2 = yj £^n 2n/n(l — f n ) , 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^\—Eyi axis.Transition strength associ­
ated with lowest states show undamped character in 1 9 2Hg reflecting as many rotational 
bands as iVtand = 150. Even in well damped region the width in 1 9 2Hg is significantly 
narrow. 

-0 05 0 0 0 5 0 1 0 1 5 -0 05 0 0 0 5 0 1 0 15 -0 05 0 0 0 5 0 1 0 15 
E,, E^(MeV) E^-E^MeV) E,, E^MeV) 

Figure 1: E2 strength distribution S^2\E-y\,El2) from decay 7 + 2 — > / - + 7 - 2 projected 
onto £ 7 l — El2 axis.Transitions are devided according to energy regions. I = 40h for Hg 
and I = 50/i for others. 
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Vibrational Motions in Rotaing Nuclei 
Studied by Coulomb Excitations 

11. 9-a>mm\z&zm&&<DW3bi£8b 

Yoshifumi R. Shimizu 

Department of Physics, Kyushu University, Fukuoka 812, Japan 

A b s t r a c t 
As is well-known Coulomb excitaion is an excellent tool to study the nuclear collective 

motions. Especially the vibrational excitations in rotating nuclei, which are rather difficult to 
access by usual heavy-ion fusion reactions, can be investigated in detail. Combined with the 
famous 87r-Spectrometer, which was one of the best 7-ray detector and had discovered some 
of superdeformed bands, such Coulomb excitation experiments had been carried out 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. 
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# / = 37/2ft *­CjB!lfc*Lfeo 

£©£ 5 4^Illfe^­t'©»fflW^K)3l»J­t'S*^w©ttm*i^<!:Illfe«»J©#*^ i o t 
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EHK­"? y V t 7­jg«l­"f y K i ©P*l© £2 >gi£) ©£!«!!*££#& icRBW" So ^ © J : 5 t 
*ttmmil^©^JglHl^:3 ) iLT:^nb^T:v­So a:*ttfti£> c©&JKI§8ffia;»cg*i,s>< 

*.fc8*o £©«­& 7­^y K^feaijs^jniafe^y K ^ © E2m&t± HK<DMJE*XX 

£(£2 : /i ­ /f)out = (IiKi2AK\IiK{)
2(Q1 + [/,(/, + 1) ­ /;(/; + 1)] Q2)

2, 

fertile 

<?i = V2Qtr- AK(Ki + Kt)Q2, 

Qtr=[(i\Q&)\ij\0, Q2 = -?Ij 
d(f\Q&\i) 

(1) 

(2) 

(3) 

i 4 3 o e:c­cN |f) T^mm^mmm^y K ( I qMa^agK |i) ^­ss&iate^y K (1 
3S*i^®7­«»0 =Sr^^­^^y*yr*SI ­CKafSf tS^J I8 ­C*t>> <?£} tt signature £ 
Z\r = +1 (Act = 0)gfff^"S*flMftia i? © 0 l W f f ­ C % [*]„ tt [ ] [**<?>** ftm&Wr<* ­> 0 
­e8ffi»f^­sci=S:^5|c^­So *fc> J t t (ftjSJS­fe'a­t:*©) « i * t i ^ ­ e * S o 165Ho, 167Er 
v ^ * t © # £ ­ 4 A­f = A"gr = ^ £EOT: , A­J = A> = f t Ki = K< = § ­C*5o ^ (1) 
^<b, [ ^ (^^^ / ( / iA^^Al / fAf ) «:[/f(/f + l ) ­ / i ( / i + l ) ] © | 8 » [ i L ­ r ^ B y r f 5 i 
(Mikhailov plot), Ift*B»c^3e: £#*?**5 3 ^ ^8|­ettSS:ft*sfe £2»gPfl|s(B©*fi*ffittt 
* * <bf\ ' * ^ KP*9© stretched £ 2 ^ i £ £ ©#8£J±©^#$IJ<b*T,&o l i f t © J: 5 K ^ ^ Kft 
© i g ^ ^ r ^ ^ © C?oKJ:s ia feW^2S^­eaaaf ­e tS ti-Zt {?z<Dizti(±v-y-y*yy 
«[S[©fMf*g*^fett+»^v»5ffi^H■c*S^li^ffll^»fe*l,S)^ S g S f c r ­ * * ^ <3i/<?0 

&■>* Q2/Q0 £3l£tfi:f £ i ^ ' f t i o ^ 1 K*tih<D7-? i f f # M ^ © J t ^ ^ K ­ ^ S o 
fMFtt r0fe^^©«^M+saJSffiffl3£^+2PS:^­SlW&&S[SJ 5) K J: S * ©­c* *>^ ft 
M^K^h,5><7 > ­ * tt^­c t©Hifefii^©^—^ a^f t* fc*u c ©jS&fc­cC©HKK 
*ru­rttl(l^*S*©*5ftv»?i t ( c a t L t l ? < o z<DMfab AT>, #<©■*— K © ^ S * £ 
£>> afftff­ff^7 f­^ :S:^.*tc |ff i^­efrv»sc:i^t?^So 

Table I 165Ho &i>* 167Er K^irh, M U S ^ s t (1) fc& b fr^S f*9SWTfllg*©if­|MS£ 
H^(S©J±t^ (3tSfc2) £ !K &#> Puv»>'«9>­^^tcov»­rt tc.©SJt*#fi8© 

nucl. K Ox 
Qo 

Q2 
Qo Qo [eb] Qtr [eb] Qj [eb] Q2 [eb] 

165 Ho £ cal. 
^ exp. 0.143(4) 0.0022(2) 
3 
2 

§ exp. 0.086(2) 0.0021(1) 
cal. 

0.175 

0.110 

0.0025 

0.0021 

2.267 0.208 0.397 0.0057 

2.266 0.209 0.248 0.0048 

167T Er £ cal. 
exp. 
cal. 

% exp. 

0.142 0.0014 2.299 
0.143(3) 0.0020(2) 

0.103 0.0013 2.299 

0.190 0.327 0.0033 

0.188 0.236 0.0030 
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t<D£5KfemMffi^K%bhftzMmmm<Dmfc*mnT<D&m&z<Dm^wwm.x 
$*< mmx t s ̂ \ ir^x& n omrnxmrnx 151> u-ett & <̂ 0 #K> 165HO ©#£•K 
MWZtlXV*Z> K>,K< © 2 o © -)-MW)^y Ktt "identical band" frC&oT^So :f-&:fc> 
*>. * * L * * * L © ^ * ^ K © i § l £ ^ ^ * * - # f f l ^ L ^ o £ © £ <h tt4> U 7 - ® » ^ - K ^ T O : 
^i^^tc^it-c^fLtt'a^-etS^A ±.xi>fLfe2i*>K vm^L^-MWi^A ©S6*tt*-
ft!)^t<> H ^ > a3ftWtcff#|£$*L;fcji*/u4 r--;*'<* r - ^ t t "identical" *Ctt&<b&^o 
**:> f l i f c : r - * T ? t t 7-Si&^*v K© signature-splitting tt^fitlC/hS V^ff-Jf-Ctt;***: 
*> A t < U i T L ^ 5o ?:*Lfottaift*«:A/fo^©*>fct>t?3S:^LJ&:lt*Ltf4fc4v>?: <b £TK 

* t» v»fcS{K©* - » yfi&fi#!nIfiBt?«> &> iBS^fllti • i £ » 3 s © # y-**fc©fcW£Stt#S>*L 
tt\ Chalk River © £ H 3 s © ^ - * t f 5 f f l - £ S t t - f "TJ&So B ^ K t t * - c ^ ® J S H ^ © ^ P 1 

©•C*So 
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12. #*? - T?-txt°yyj#-ji$mm(DnMm& 

Electric Dipole Transitions between Gamow-Teller and Spin-Dipole States 

H. Sagawa 

Center for Mathematical Sciences, the University of Aizu 

Aizu- Wakamatsu, Fukushima 965, Japan 

E-mail: sagawa@u-aizu.ac.jp 

We study electric dipole transitions between Gamow-Teller (GT) and spin-

dipole (SD) states. SD and GT excitations are calculated within the Hartree-Fock 

(HF) + Tamm- Dancoff approximation (TDA) for 48Sc and 90Nb. The electric 

dipole transitions are found to be rather selective and strong El transitions occur 

to some specific spin-dipole states. Calculated El transition strengths between 

GT and SD states are compared with the analytic sum rules within 1 particle-1 

hole (lp-lh) configuration space and within both lp-lh 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 [?]. 
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i3. mi®v&£TmtitmQffl<Dffi& 

Periodic Orbits and TDHF Phase Space Structure 

1 In t roduc t ion 

«>^ m*&<DMmmshti&f$3m&wh. %<z>im<om*:££b\zmsh<z>ftm**. 

t < ^ L T ^ < 0 IIHiKtrtSm^©i^t©iJ^lc:«fcSliaaS&©rt^©^fk 

(Dmto tth \z&tt>^*A'*—mfttii*&&t:£> Z\ £ \z £ v> m U ^i*tf££#o fcmijg 

ft^-hy-7*y?m (TDHF) ^ilLTlASo TDHFTii , ¥*&*§<£>SBHrt*K 
^1<^^ilJ^i:^?v^Tfs1B#{c:3|ti6f>^^TV^<0 r<z>#:g:GDfc#><̂  TDHFj*m3:# 

teTDHF*@£f?ij (TDHF phase space) £ H M K tfy>fefflfe<D&$iffttJ&fa~?fo 

#JT*fc£0 

Sfe*«\ 9Mk TDHF^^F H ^^FO-©#S^Uff lLTl :^^^*3t tS^:^^^ 
«g£ fS^3#8 ;£ fe65 i :LT^3o -Tfcfr^ #|(U$fcTDHFffi£fflfcJ&ft5# 

if©<fc 5(-®&£;ftTi^^£i^<5o TDHFtBSra©flBt^^«:iil9^rSfe«>{;:, 
M##Liil£fc#B L ^ W ^ A ^ - ^ : i i>\z£t&LXft<&&&*; Kn >;-tf 

^A<mm<DfflRX'm&ft!m&-r'<x#}b, wm<Dm&&" ^y Ym&w i-a 
t>-r££i>\z, HU s imiM&zmmLx&miftft&fflvm^nm&bM^x 
1^3 [3]0 : © H u s i m i Bl&te, #@*P[fflii<Z>" 7T £S3ILT^Stf>T\" MT^ 
5" H u s i m i S ^ ^ ^ o g ^ ^ l i ^ ^ ^ ^ K S i t i a ^ ^ ^ ^ S W * ^ 0 ^ - ^ ^ ^ 

^m© u # - h\% 3 i ^ / i ^ o v ^ K«3tHfc^HS^^^^-?^-> £ T D 
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2 Husimi « » £ / < > K*ft[ 
3 w</ymm%^$:m 3) x%v ^ hfixv >31 <D £ m LXh5o 

£ = H0 + Hv, (1) 
#0 = £0-^00 + SlKll + £2-^22 , 

^ = y(ATi0A:io + /».c.) + y(A:aoA:2o + /».c) • 

w ^ T \ ^ 7 P « — ^ ^ €0 = 0, ^ = 1, e2 = 2, Vi = V"2 = -0.020 XhZ>0 H^<Z) 
#1§m% Hus i m i m&%ftZ>tcMz7$yy£mxiT0o 

H|A) = £A|A),A = 1,2,--. . (2) 

s^rtKii |A) tt |m,n) xmZfiztfyy^m 

\m,n) =-^=^= (B\)m (Bl)n \0) , ft |0) = 0 ,m + n < AT, (3) 
vm! Vn! v / \ / 

f*X«jiT*&<9, H t t ^ / H ^ T ^ (1) (Dtfyym&VbZ [3]0 

3 T , H u s i m i Hl&.^fai.pi.gi.fli) f* 

^ A ( ? l , P l , ? 2 , P 2 ) = [ (Cl ,C2[A) | 2 , (4) 

• C ^ A S f t S [3]0 r r x \ 

\Qi,Pi,Q2,P2) = |ci,c2) = exp j^c i J Bj-h . c . i|0) , 

ft = -Q{<$ +Ci), Pi= -y^(c* - Ci) . 

(5) 

•C&So •&ftf^(Z)Poincare®fffi|2I(^^;$-&3^fe(c:FA(9l,p1) & 

FX(quPi)= Jdp2^\qupuq2=0,p2) . (6) 

•CSSIU tWtf>fc#>(--<?> FA(9l,Pl) H H u s i m i glg^nfrs; #%:£i&3) *c 
fcfiBIfcSftTVVSJ;^ i^foi.Pi) <Z)^i*ftf^(Z)Poincare®f®llI<b^^^^^^ 
#JLk;h,5 [3]0 

r <Z) £ o \Z LT^ofdH u s i m i ||»f^*J^r-S;ettjetuZ)@W^li^'* W J-
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2) zfh?fuDyjv~zf(D^x^*jy^-<D\mzm&*:$L'<, xfi^fKo^mx^yy 
& B\B& = 1,2) owm Ni £fHF«o 

3) ^fi^fi(Dyjy~y^(D^XMtA^^^^y^~^W^^m\z^^X(Dmm$. Ni 
(DX% i$(D\WtZtfjy~-zfmm U ZftfrfKOfsy-yo)* y;<-XhZ>Vtn% 
Z(D^*A<3r~-£$mm. Ni i l ^ o T t ^ ^ o 

r 5 LXiPhfitc^y bW&m%m i lz7jkl-0 

z:<D^ym&m\z£z>£, AKDm^ttrnmizte^z 
i) N2 te'hmtX ft tmtirZo 
ii) Ni ntbmtx N2 ftmk-t&o 
iii) Ni £ N2 £&—fe<D$\&x*mmz.&{\rirZ0 
<D3&m<Dmfa&bzz.£&t>faz>o ffim) £ H) « S I b i i i ate^-otflias 

£>S0 HU^<b, fgiRiu) £ fSifiiiii) ^ t t f f ig?( ; : | | |^L^ i4K-Cfc5i^*sfe^5o 1~ 
&*>*>, ^^y^~(D;h^\^uot^hz\fhh(D\m\^n^~m(D^m^tz.£^x\^< 
£ ($m% m^<o!&%£&%x^zfizwfflm, hz^*sy3r-<Dimm®x" 
ttffiW &LT1AT, ^ tU^±^^^ l '=a r -S :^o fe t t l i ^ t t l i lR lu ) irMfRj iii) £ 
« F o f e ^ 1 i t t ^ t b * V ^ ^ ^ f e ^ 5 o r ^ r ^ l j : , H u s i m i BI&<Z>7£fc:S*i/TV 
So *fm^<Z)Su^T<Z)Hu s i m i W g M 2 £ ^ S £ , HI l ^(DmX^&XtzttfcL 

?s^tt*ofc<l;5fll5tS:fiFoT^5o ^-T% ^^v^ -^^ tv^m^^^ l i t t 

m?3^^cW*ffi lRlS:^l*Jl^S. i -5^:«>{^ » 4 ) (^ (boTHl 1 <Z)̂ V 
Mi^HH-^LT" E - T i " [1,2] £f£S0 E ^ T t t , # / ^ K ^ ^ J T ^ $ t L 
S t t l & t f ) ^ ^ — Ei %m^X 

2-7T 

*=(&„+*) /* , r - ( & H _ a ) / t , 0-1) (7) 
T ^ a i ~ S o fc/c: U HI 1 a T « Jt = 1 Tfe <9, HI 1 b Ti2 A; = 2 TfcS0 r <Z> E -
Tiâ [i]2i3:̂ -r0 z\(DE-Tmfrb, ;*y Ym^*^x^zm^wmm'ZE--T 
m<D^x&^<D£<mc&B8r-£Lxm£fiz>zL£tft>frz>0 t.tc, m^m)\z.n 

3 TDHFflJi^E-Tll 
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j£t­t\ ^^^xit-m^mm^^m^^^-r^o V ^ O 3 U ^ ^ ­ C O T D H F 

i f = J g andCC, i ­ 1 . 2 . (8) 

w = (<t>(f)\HW)), 

X$-Z-bflZo ­ ­ T \ TDHF»II§$i: |0(/)) tt 
2 

I 
» = 1 

I0(/)) = e^(Ol0o), P{t) = J2 (/«(*)*« - h.c.) , (9) 

"CfcSo ^/l |0o) ^HF©gjE^:S i ­ t ­S 0 £fc, JE2P3SK ( q . Q j j ^ l ^ ) tt 
T D H F ^ 7 ^ ­ ^ ( / ; , / i ; j = l , 2 ) £ 

C, = v / j V / / ^ E i / p and C7.C7., .7 = 1,2 (10) 

©HI&tfsfc5o # * i ^ (8) \x 

XjsfCj + Cj)/^, Pj = i(q-Cj)/V2, j = l,2, (11) 

X*=dp-' Pj = - ^ J = 1'2 (12) 

m ^ © I E 2 p ^ ■ S ^ : ^ | V ^ T ^ ^ | ^ i ^ ^ * J 6 S ^ : J 6 ^ ^ Baranger # © ^ / Kn 
5­fT»;^££/B<Afc[i ,2]0 r © ^ & ( c j ; i 9 ^ ^ ^ ^ ^ f i i i © ^ ^ ^ , #ffl#j* 
t>Lii?¥£3IU\ ^ H ^ ^ f f l V ^ E ­ T H l i T r­TH1 ( T r te^e/ Kn*—fi^ljtf) h 
u—^aM^Ufyt) fci^fc. (H13)0 

HI 3 l^k;f tS#il^&£te, 
1) 4t:S© ̂ <Z> «t 5 # E ­ T ttH±© 2 mm ( B U B 2 ) (DZfl^flfr bW5. LX 

©{S©ir5T^m^­t­s, 

dft­JfrfSo ^©2t/£te, ft^Ff^©B$©E­THl^^llAieA^^^^SS¥(^ 
^­TSftlSSr&ttti­rriTfKfj^ciasri^­C^S (HI4)0 -ttt&h, Zzfib<D 
m^ymmx HU© A(Dy<yv^b^mLtzimmxh^z\t^f>^^0 **:, r 

S r i i S T r­THI £ P o i n c a r e M ^ b ^ T ^ S o — ^ ±IE©*&#J&Ji$#t 
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fflt£tttiffitmiizfyhfiZ^^£<Dttfe%mbMz.'fZ>1tit>\^ &©<fc5 

h = jdtpidqiAi = 1,2) (13) 
w^\t, ®mmi(D-mMiz^x?Ty0 m3izm^tz.mmmmzttfc~fz>" E - I 2 
HI" zmsiz&to 0 5 i t 01 a<Dmfrmj%$mtim<o*^tm'gi: (£$, w 
m, mnm) £<t<¥?mLTv̂ 0 tot, i ^ t ^ y y t B ^ ^ u ) ^ 

^mcDn&x-iz, 3 \s^/i'^<Dttmtotemfflmm<D3Mhte&K&, TDH 

3 ^ (chaotic fctflatO^aH^RV^ m$lZO\,^Xft^X, STB-t^tftSriK!? £ 
t f £ £ f c : i ^ i £ S V \ f c 0 ^IU<7)ft#£8g3;;LT, «fc!9*B5:f^ffl03ftV\ chaotic fcflii 
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Study of Superdeformation at zero spin with 
Skyrme-Hartree-Fock method 

S. 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 152Dy 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 SD 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 shell 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 order 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 
zero 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 194Hg. Second, 
we systematically 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-mesh representation^]. 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 194Hg 
Recently, Khoo et al. [9] determined the excitation energies and the spins of a SD band 
in 194Hg down to P = 8+ . By extrapolating the spectrum to J = 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 right-hand 
portion of the table, we performed calculations with various Skyrme parameter sets. The 
corresponding PES are plotted in Figure 1. 

From macroscopic point of view, the softness to deformation is determined by the 
smallness of the surface energy coefficient as specific to each force. The SkM* is a force 
adjusted so as to reproduce the fission barrier height of 240Pu and thus expected to have 
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the correct 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. 

experiment [9] 
Woods-Saxon-Strutinsky[10] 
Woods-Saxon-Strutinsky[ll, 9] 
HF+BCS with SkM* [12] 
HFB with Gogny Dl [13] 
Nilsson-Strutinsky [14] 

£*[MeV] 
6.017 
4.6 
4.9 
5.0 
6.9 
7.5 

force 
SIII 
SkSC4 
SkM* 
SkP 
SGII 

£*[MeV] 
8.2 
7.4 
6.3 
6.0 
3.9 

Table 1: Comparison of excitation energies of SD states at zero-spins for 194Hg. In the 
left portion, various 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 between 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 calculate the 
SD band head in 194Hg. Their strength G was given by an empirical formula of their own, 

GN — 
16.5 

11 + iV Gz = 
17.5 

11 + Z 
[MeV]. (1) 

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

12 
7A [MeV], (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 G gives a rather large pairing gap 
(An < 1.8 MeV), while our strength produces a reasonable size of gap (An < 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 approximation. The resulting halflife is 6 x 10~17 sec for Krieger's pairing force 
strength while it is 1 x 10 -13 sec for our strength. The difference amounts to a factor of 
order 103. 
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deformation <5 

Figure 1: Potential Energy Surfaces of 194Hg for various Skyrme forces. The abcissa is 
the deformation parameter 5. 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. 

-0.2 0 0.2 0.4 0.6 
Quadrupole deformation 6 

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 = 12j\/~A for smeared level density). The dot curves are 
calculated with the method adopted by Kriger et al. [12]. The abcissa is the deformation 
parameter 5. The bottom portion presents the potential energy surfaces. The middle(top) 
portion presents the proton(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 4oCa to 82Pb in order to study systematically the SD states at zero spin. 

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

An early microscopic attempt to explore SD at zero spin was made by Bonche et al. 
for Os-Pt-Hg region using the HF+BCS with the SIII force. Later, Krieger et al. changed 
the force to SkM* and performed an extensive calculation covering from 62Sm126 to 92U146 
to obtain SD 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 194Hg. 

Our calculation does not cover very neutron-rich nuclei, unlike the calculation by 
Krieger et al. It is because 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 continuum 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 elements 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 SD solutions, let us define the quadrupole 
deformation parameter 5, 

, _ 3(4) „, 6 = W)' (3) 

where Qz is the axially symmetric mass quadrupole moment, 

Qz = 2i2 - x2 - f, (4) 

and f2 is the squared mass radius, 

r = x + y + z (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 5 of the initial wavefunction is smaller than 
0.6, we exert an external potential proportional to Qz on the initial wavefunction 
until 5 exceeds 0.6. Then, we switch off the external potential. 

3. We let the wavefunction evolve by itself. If it converges to a local minimum with 
S > 0.35, 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 a SD state. 
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4. If the nucleus has a SD minimum, we calculate the potential energy curve for 0 < 
8 < 0.6 by imposing a constraint on Qz. This step requires more 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 above prescription, we have explored 642 nuclei and found SD minima 
in 155 nuclei[15]. 
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Abstract 
The <7-u> model Lagrangian is generalized to an accelerated frame by using the technique of 

general relativity which is known as tetrad formalism. We apply this model to the description 
of rotating nuclei within the mean field approximation, which we call General Relativistic 
Mean Field Theory(GRMFT) for rotating nuclei. The resulting equations of motion coincide 
with those of Munich group whose formulation was not based on the general relativistic trans­
formation property of the spinor fields. Some numerical results are shown for the yrast states 
of the Mg isotopes and the superdeformed rotational bands in the A ~ 60 mass region. 

1 Introduction 
In recent years, relativistic 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 nuclear matter and ground states of finite nuclei. It is now considered as a new and 
reliable way, alternative to the traditional non-relativistic Hartree-Fock approaches, to describe 
the nuclear properties. Applications to the excited states in finite nuclei are also examined. As one 
of such applications, we here consider the description of rotating nuclei. Such work was first done 
by Munich groupfl, 2]. They combined RMFT and the cranking assumption, that is, the effective 
Lagrangian was transformed from the laboratory to the uniformly rotating frame, from which the 
equations of motion were derived. In their formulation, however, the transformation property of 
the spinor fields was based on special relativity, which was inadequate because the rotating frame 
was not an inertial one. Therefore, in this work, we reformulate in a fully covariant manner using 
the technique of general relativity known as tetrad formalism[3], and apply it to the description of 
rotating nuclei within the mean field approximation, which we call General Relativistic Mean Field 
Theory(GRMFT) for rotating nuclei. As a first systematic application of this model to the light 
mass nuclei, we calculate the yrast states of the Mg isotopes and the superdeformed rotational 
bands in the A ~ 60 mass region. 

2 Formulation 
Following tetrad formalism, we can write down the Lagrangian in the non-inertial frame repre­
sented by the metric tensor g^^x). From the variational principle applied to this Lagrangian, the 
equations of motion can be derived. Then we can obtain the equations of motion in the uniformly 
rotating frame by substituting the metric tensor in this frame. For detail, see [4]. The resulting 
stationary equations of motion are 

\a-(^V-guu(x)) + 0(M-gaa(x)) + guuo(x)-^(Lx-r^xU^i(x) = e^x), (1) 

(-V2-rml-n2L2
x)a(x) = gaps(x), (2) 

(-V2-rml-Q2L2
x)u0(x) = guPv(x), (3) 

(-V2+ml-n2(Lx+Sx)2)u>(x) = gujv(x). (4) 

Note that these equations of motion in fact coincide with those of Munich group. Why they could 
obtain the correct result was also clarified in our formulation[4]. 
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3 Numerical Results 
The eqs. of motion are solved by the standard iterative diagonalization method using the three 
dimensional harmonic oscillator eigenfunctions. The cutoff parameters for nucleon and meson 
fields are taken as Np=S and 7VB=10, respectively. As a parameter set, we adopt the one called 
NL-SH which is adjusted to the properties of nuclear matter and some spherical nuclei. Note that, 
although only the a- and w-meson are explicitly written in the formulation, the />-meson and the 
photon fields, which are incorporated in a same way as the w-meson, together with the non-linear 
self-interactions of the <r-meson are also included in the numerical calculation. 

3.1 A systematic calculation of the Mg isotopes 
The Mg isotopes have been so far well examined both in theoretical and experimental studies. 
Recently, special attentions are given to these isotopes in connection with the vanishing of the 
./V=20 shell gap in 32Mg. While the experiments[5] and the shell model calculations[6] support 
the vanishing of the N=20 shell gap in 32Mg, both Skyrme-Hartree-Fock(-Bogoliubov)[7] and 
Relativistic Mean Field(+BCS)[8] calculations failed to reproduce this result. 

In this work, we calculate the systematics of the excited states in the Mg isotopes induced 
by collective rotation as well as the ground states, where the triaxial degrees of freedom are also 
included which were not considered in [8]. Our numerical results show that some isotopes such as 
26Mg and 30Mg seem to have triaxial shapes in the ground states. We can not conclude, however, 
that these nuclei have surely triaxial ground states because there still remains the ambiguity 
concerning the fact that the pairing correlations are neglected. 
Fig.l shows the systematics of the 1st excited 2+ 
states in the Mg isotopes. As can be seen from 
this figure, the calculated energies seem to be too 
small compared to the experimental ones except 
for 32Mg. This means that the calculated mo­
ments of inertia are too large. For 32Mg, we find 
slightly prolate(/? ~ 0.11) ground state, and two 
local minima, one is slightly oblate(/? ~ —0.06) 
and another is prolate(/? ~ 0.44). These are 
0.6 MeV and 2.7 MeV higher than the ground 
state, respectively. This is consistent with [8], 
where the pairing correlations are taken into ac­
count which leads to almost spherical ground 
state. The 1st 2+ state built on the prolate local 
minimum^ ~ 0.44) is 0.3 MeV higher than this 
local minimum(denoted by the single black cir­
cle in Fig.l at A=32), while if mesured from the 
ground state, the excitation energy is 3.0 MeV. 

> 

Figure 1: 
topes. 

1st excited 2+ states in the Mg iso-

3.2 Superdeformed rotational bands in the A ~ 60 mass region 
Since the experimental discovery of the superdeformed rotational bands in 152Dy, many superde­
formed bands have been observed in the A ~ 130,150,190 and 80 mass regions. There are no 
observations, however, in the A ~ 60 mass region up to now in spite of some experimental efforts. 
From the theoretical point of view, it is expected that there may be stable largely deformed states 
built on the ./V,Z=28,30,32 deformed shell gaps. Ragnarsson et al. predicted that the superde­
formed minimum become yrast at 7=22 for 60Zn[9]. A relativistic investigation on the nuclei in this 
mass region, on the other hand, have not been done. Therefore, we calculate the superdeformed 
bands in this mass region using GRMFT to give a theoretical prediction which will be useful for 
the experimental investigations. 

We find that the ground state of 60Zn is axially symmetric prolate with (3 ~ 0.21. The superde­
formed second minimum is also found with /3 ~ 0.54, which is built on the N=Z=Z0 shell gaps as 
is seen from Fig.2, at 8.3 MeV higher than the ground state. In Fig.3 the total energies for the 
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ground state and superdeformed rotational bands in 60Zn are shown. The superdeformed states 
seem to become yrast at J ~ 20(fi ~ 1.0 MeV), which is consistent with the prediction of [9]. 

> 
o 
2 

-9 
-10 
-11 
-12 
-13 
-14 
-15 
-16 
-17 
-18 

s^tttrr^trfliTi mt^**'" ' 

30 > 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.61.8 2 
i2(MeV) 

Figure 2: Single neutron routhian of the su­
perdeformed states in 60Zn as functions of ro­
tational frequency fi. 

4 Summary 

Figure 3: Total energies in 60Zn for ground state 
and superdeformed rotational bands as functions 
of spin / . 

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 clarified in our formulation. 

As a first systematic investigation of the present model on the light mass nuclei, we calculated 
the yrast states of the Mg isotopes and the superdeformed rotational bands in the A ~ 60 mass 
region. For the Mg isotopes, some isotopes seemed to be triaxial in the ground states. The 
calculated moments of inertia were somewhat too large compared to the experimental ones. 32Mg 
seemed to be slightly prolate in the ground states. The calculation of the superdeformed rotational 
bands in 60Zn showed that the superdeformed states become yrast at J ~ 20, which was consistent 
with [9]. A more systematic investigation with the pairing correlations is now in progress. 
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17. (3He,tr) i a a 1 3 N i O X h ° > 'T4VX\£>tm0>Wft 

7 D e c a y of Spin- Isosp in S t a t e s in 1 3N via ( 3 He, £7) R e a c t i o n 

F. Ihara, H. Akimune, I. Daito, H. Fujimura, Y. Fujita0, M. Fujiwara, T. Inomata, 
K. Ishibashi, and H. Yoshida 

Research Center for Nuclear Physics, Osaka University 
aDepartment of Physics, Osaka University 

Spin-isospin states in 13N have been studied by means of the 13C (3He, t) reaction at and 
near zero degree, at £(3He) = 450 MeV. Decayed 7-rays from each state were measured at 
backward angle in coincidence with the ejectile tritons. The branching ratio of 7 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 AS, 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 chosen. The (3He, t) reaction at and near dt = 0° at E(3lle) = 450 MeV is 
a good tool 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 (3He, t) reaction is simpler than that 
of other heavy ion reactions. Measuring decayed 7-rays in coincidence with (3He, /) 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 13N was measured in coincidence with 13C (3He, /) reaction. The 
praticle thresholds for proton, neutron and alpha particle in 13N are 2 MeV, 20 MeV and 
12.7MeV, respectively. As the coulomb barriar hinder the alpha decay, the proton decay and 
the 7 decay are permitted up to about 15 MeV. Therefor decay processes can be completely 
determined by measurment of the 13C (3He, t-y) . Decayed 7-rays via 12C (p, 7) reaction was 
measured by Marrs et al [1] in 1975. In order to investigate the decayed 7-rays from each 
state, changing the projectil proton energy was needed to excite each state. But (3He, £7) 
reaction dose not need changing energy. 

2 EXPERIMENTAL PROCEDURE 
The experiments were performed at the Research Center for Nuclear Physics (RCNP) 

Osaka-University. A 3 He + + beam was accelerated up to 450 MeV with the ring cyclotron 
and transported onto a 13C target with the thickness of 1.72 mg/cm2 in the scattering 
chamber. 

The ejectile tritons were momentum analyzed with the magnetic spectrograph "Grand 
Raid en" [2], and detected by the focal-plane counter system, which has two 2-dimensional 
position-sensitive multi-wire drift chambers (MWDC), 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. The spectrograph was set at zero degree with verticaly and 
horizontal opening angles of ±40 mrad each. The 3 He + + beam which passed through the 
target was stopped by a Faraday cup in the first dipole magnet (Dl) of the spectrograph. 
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Figure 1: Top) the schematic view of 
the spectrometer Grand Raiden. The 
3 He + + beam was stopped at the Fara­
day cup placed at the inside wall of 
the Dl magnet. The 7 detector Her­
mes was located at a backward an­
gle of 125° with beam direction, and 
at a distance of 68 cm from a target. 
Bottom) schematic pictures of the config­
uration of the Hermes from a back view 
(left) and from an end view (light), Her­
mes consist of a cylindrical Nal (Central) 
and four quarter cylindrical ones (Annu­
lar). 

The 7-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 0>"<f> x 11" cylindrical Nal crystal, another is 11"^ x 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 at a 
distance of 68 cm from a target, and was surounded by boric acid pellets so as to reduce the 
background caused by thermal neutrons. For reducing the background 7-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 dipole magnet. 

Annular Nal was used as a compton suppressor, that is, the events observed 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 7-rays event trigger. 

3 ANALYSIS AND RESULTS 
Fig 3 show the timing spectra for triton-7-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 to random coincidences was 
about 3. The interval between peaks are same as the interval between beam bursts. The 
7-rays detected as prompt events are included the delayed 7-rays , which were radiated from 
excited states followed by particles decay from excited states in 13N , as well as the direct 
7-rays transited between the same 13N nuclei. The direct and the delayed 7-rays dose not 
separate form each other in the timing spectra. 

A position spectrum of tritons obtained with the focal plane detector system was con­
verted to an energy spectrum; the convertion coefficients were determined by using the peak 
position for well-known excited states in 13N . The true coincidence spectra were obtained 
by subtracting the random coincidence spectra from the prompt one. The singles energy 
spectra (dotted line) and the coincidence one (real line) were shown in the bottom of Fig 3. 
The singles spectra show that the states whose spin-parity are 1/2 - and 3/2~ were excited 
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Figure 2: Timing spectrum for the 
triton­7 coincidence measurements. The 
prominet peak corresponds to prompt co­

incidence events. The hatched peaks 
corespond to random coincidence events. 
Small peaks around 1300 ch and 1700 ch 
are random coincidence events due to 7­

rays from other than target. 

Figure 3: Top) two­dimensional scatter 
plot for prompt events of 7 evergy ver­

sus triton energy. Events observed in the 
upper regeon beyond the border line (dot­

ted) are direct­7­rays events. Delayed 7­

rays events were contained in the lower re­

geon. Arrow 70 indicate the loci of direct 
decay to the ground state in 13N. The loci 
can be seen at E1=AA MeV all over ex­

citation energy region due to delayed 7­

rays from the first excited state in 12C. 
Bottom) triton energy spectra from 13C 
(3He, t) reaction at £(3He) = 450 MeV 
and at 9 = 0 °; singles spectrum (dot­

ted line), and coincidence spectrum (solid 
line) gated on 7 decay after subtraction of 
random coincedences. Counts for singles 
spectrum is arbitrary unit. 

via AS = 1,AT = 1 and AL = 0 mode. The peak located at Ex = —2 MeV coresponds 
3He+ peak which were produced on the target by mean of the atomic process. A magnetic 
rigidity of 3He+ is nearly same as that of triton. Other obvious particle were not detected 
experimentaly. A typical energy resolution of the 3 He + + was 430 keV. 

Fig 3 shows a two­dimensional scatter plot of excitation energy in residual 13N nucleus 
versus decayed 7­rays energy for prompt events. The energy calibration has been done by 
using the peak positions for 7­rays source; 137Cs (667 keV) and 60Co (1174 keV, 1334 keV). 
The strong 4.44 MeV 7­rays could be seen all of the excitaion energy region beyond 6.5 MeV. 
This 7 ray corresponds delayed 7 ray from first excited state (4.44 MeV) in 12C to ground 
state followed by proton decay from excited state in 13N First excited state (4.44 MeV) in 
12C can decay by means of only 7 decay because the particle threthold dose not open. The 
events can be seen in the upper region from the dotted line in the top of Fig 3 are only direct 
7 rays events, except for random coincidence events. In the case of the delayed 7­rays events 
followed by proton decay, maximum 7 energy is smaller than the excitation energy in 13N 
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Table 1: Branching Ratio for 7 decay in 13N . 
Initial state Final state Branching Ratio (% ) 

E\ (MeV) JZ E{ (MeV) Jf This work Previous [3] 
15.06 3/2- 0.0 1/2- (1.8±0.7) (2.2±0.2) 
15.06 3/2- 3.51 3/2- (1.5±0.8) (1.8±0.2) 
11.74 3/2" 0.0 1/2- (5.4±3.5)xlQ-2 (1.9±0.5)xlQ-3 

by proton shreshold energy in 13N . 
The branching ratio can be obtain from the ratio of the coincidence double-differential 

cross section to the singles cross section, -jf- = f dQ *̂ j dQ.^/ Aj-. The branching ratios for 
70 and 72 transitions from 3/2" 15.06 MeV state and for 70 from 3/2" 11.8 MeV were 
derived. In those case the angular correlation pattern can be written in a simple form, 
/-y(fty) = I%[1 + P2(cos9^)\. Since P2(cos9A = 0 at 07 « 125°, it is straightforward to 
determine the angle-integrated cross section. Total efficiency including the solid angle for 7 
detector was determined by using the Monte Cairo simulation codes GEANT for a number 
of 7-rays energeis and checked experimentaly with 7 source. 

The derived branching ratios are given in Table 1, and also previous experimental values 
[1,3] are listed. r7 o /r(15.06 MeV) and T^/T (15.06 MeV) are (1.8±0.7) % and (1.5±0.8) % 
respectively. This larger error mainly attribute to stastical error. Hence previous values are 
(2.2±0.2) % and (1.8±0.2) %, and are bigger than present ones by 30 %. But those values 
are in agreement with previous ones within the error. 

r7 0 / r(11.8 MeV) is (5.4±3.5)xl0-2 %. The previous value of r7 0/r(11.74 MeV) is 
(1.9±0.5)xl0 - 3 %. According to the leves assignment in Table of Isotope [4], there are 
two 3/2" states at 11.74MeV and 11.88MeV. The derived branching ratio contain the con­
tribution from both states since those states could not experimentaly separated from each 
other. 

4 CONCLUSION 
The 13C (3He, t-y) reaction was performed and the branching ratios for 70 and 72 transitions 

from 3/2" 15.06 MeV state and for 70 from 11.74 MeV were derived. The branching ratios 
for 70 and 72 transitions from 3/2" 15.06 MeV state were in agreement with previous one 
within error. More large stastics were needed to decrease the error for branching ratios. A 
technique of meausering decayed 7-rays in coincidence with (3He, t) was established. 

Theoreticaly, spin dipole resonance (SDR) which was populated from the ground state 
with J1* — 0A via A 5 = l , AT=1 and AZ=1 mode, has three spin components (JT =0~, 
1~, 2~). Experimentaly, however it has not yet been possible to resolve the SDR into the 
different spin components. We can expect that the 7 decay pattern will be different for each 
components. Thus, these spin components will be identified by useing same coincidence 
technique. 
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Spin Al ignment in Heavy-ion Resonances 

E. Uegaki | 

1. Introduction 
Very recently, 28Si + 28Si scattering and fragments-gamma experiment has been done 

at IReS(CRN) Strasbourg, and disalignment was clearly shown.[1] Corresponding to this 
new experimental results, in this talk, high-spin molecular resonances and spin-alignments 
are taken up. First, structure of the resonance states of 2 8Si+2 8Si system and their normal 
modes around a stable configuration are briefly revisited. Second, experimental results at 
Strasbourg by Nouicer and Beck by the Vivitron accelerator and EUROGAM Phase II are 
discussed. A nature of the resonance states with respect to spin-alignments is considered 
in connection with the normal mode motions. 

Narrow high-spin resonances observed in heavy-ion scattering of 24Mg + 24Mg, 28Si + 
28Si, etc. are striking phenomena, because they are in high excitation of 60 ~ 70MeV in the 
compound nuclei[2]. Their origin is still an open question. Fig. 1(a) shows angle-integrated 
yields of the elastic scattering and inelastic excitations versus Ecm, in which many isolated 
resonances with very narrow widths of about 150keV are observed correlatingly among 
the decay channels of the elastc, single and mutual excitations. Fig. 1(b) shows the decay 
strengths in those channels on resonance. Level density of the resonances is more than one 
per MeV. Hence it is expected that the resonances are eigenstates of the whole 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 
in the weak coupling regime at the upper illustrations, while that is in the strong coupling 
regime at the lowers. From the viewpoint of the strong coupling regime, the author and 
Y. Abe have studied those high-spin resonances and proposed a new molecular model. 
The physical idea is that due to highspin of about 407i, rather elongated but 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 successfully applied 
to the 24Mg + 24Mg system (prolate-prolate system)[3]. Characteristics of the 28Si + 28Si 
molecular states are also clarified in ref. 4. 

2. Di-Nuclear Molecular States in the 28Si + 28Si System: molecular normal modes 

In the following, we firstly revisit 28Si + 28Si nuclear molecules. Assuming a constant 
deformation and axial symmetry of the constituent nuclei, for simplicity, we have seven 
degrees of freedom as illustrated in Fig. 3(a), 

iqi) = ieue2,ez,R,a,pup2), (l) 

where a\ and a2 of Fig. 3(a) are combined into 03 = (ax + a2)/2 and a = (ax — a 2 ) /2 . 
0;'s are the Euler angles of the molecular frame (its z'-axis is taken to be parallel to the 
relative vector R) and four other variables are those of internal degrees. 

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

* A ~ 4 # ) w ( f i , a , A , f t ) . (2) 

f Department of Physics, Akita University 
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Fig. 1 (a) Angle­integrated yields of the elastic scattering, 2 + , mutual 2 + , and mutual 
(4 + , 2 + ) excitations, (b) Total­energy spectrum of coincident fragments obtained at a 
bombarding energy of 110 MeV. 
Fig. 2 Reaction dynamics is illustrated. From upper to lower, the whole system grad­
ually alternate to strong coupling regime. 
Fig. 3 (a) The coordinates in the rotating molecular frame, (b) Equator­equator con­
figuration. 
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In order to know dynamical aspects of multi-dimensional internal motions of (R, a, fi\, /?2), 
we investigate an elective potential with specified spin J and K, 

VjK(Rta,0i,02) = Viat(R,a,01,02) + riot(J,K), (3) 

where Vjnt denotes the nucleus-nucleus interaction calculated by density double-folding, 
and Tlot(J,K) denotes the rotational kinetic energy with specified spin J and K. In 
Fig. 4, an R — /?(/?! = /?2) energy surface, i.e., VJK(R,^/2,/3,/3) is displayed for J = 38 
and K = 0. We find a local minimum point at /?i = /?2 = TT/2 and R = 7.6fm with a 
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 anti-butterfly as 

/?+ = ( A A + A/32)/V2 = (A + ft - ir)/y/2, 

P- = ( A A - A f t ) / V 5 = (ft - ft)/y/2, 

where Aft = ft — TT/2. In contrast to such a stability against R and /? degrees, in­
dependence of VJX in the equilibrium E-E configuration is extremely weak. Therefore it 
is expected that vibrational modes and internal rotational modes coexist. 

In Fig. 5, molecular normal modes of 28Si + 28Si with spin 38 is displayed, where 
a pair of quanta (n+,ri-) 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 v for a-motion, which means a-motion is approximately described by cos ua (or 
sini/Q ). Apparently ^T-excitation and twisting rotational modes appear to be lower than 
^-vibrational modes. The excitation energy for K — 2 is very small, smaller than lMeV, 
and even those for K = 4 or v = 4 are smaller than 3MeV. By an analysis of the wave 
functions with respect to a, we are able to classify the levels in Fig. 5 into two groups, 
i.e., twisting mode and butterfly mode (or anti-butterfly). Corresponding (t) or (6) mark 
is assigned in the lower part of the figure, respectively. 

3. Spin-Alignments: disalignments by the butterfly motion 

The angular distributions of the 28Si + 28Si scattering are fitted by the Legendre-
polynomials, for the elastic, single and mutual excitations. The results clearly show dis-
alignment (not shown here).[l] This is a surprise, because we usually see alignments in 
the reactions. A question "why disalignments?" is considered in the light of normal mode 
motion. In Fig. 6, spin coupling in the butterfly motion is illustrated, which leads us to 
a good intuitive understanding about disalignments. Figure 7 shows theoretical calcula­
tions by the molecular model, which confirms our understanding. For 2 8 S i + 2 8 S i we obtain 
good correspondence to disalignments. For 2 4 Mg + 2 4Mg we don't obtain. Some reasons 
expected for the 2 4Mg + 2 4Mg results of "not disalign" are as follows: (1) Dominant prob­
abilities of 2 4 Mg + 2 4Mg exist in the ( 4 + , 2 + ) channel, and ( 2 + , 2 + ) channel components 
are small fluctuations. (2) A difference may be existent between the oblate-oblate 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 28Si + 28Si data. 

Analysis on the differences between the oblate-oblate system(28Si + 28Si ) and the 
prolate-prolate system (2 4Mg + 2 4Mg ) is now in progress. Further experimental study is 
strongly desired. 

References 
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F i g . 4 Effective potential energy VJK(R, V2> P, P) for t h e 2 8 Si+ 2 8 Si system with J = 38 
and K = 0. 

F i g . 5 Molecular normal modes for the 28Si + 28Si system for J = 38. The quantum 
states are specified by (n, n+, n-,K, (u, 7ra)), where n = 0 except for one level(n = 1, v — 
0) displayed with dashed line. 

F i g . 6 a) Butterfly configuration and motions of two constituent nuclei, b) Orientations 
of the angular-momentum vectors I\ and I2 due to the butterfly motion of a). 
F i g . 7 Probability distributions of the 28Si + 28Si and 2 4Mg + 2 4Mg systems versus 
channel spin I. 
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E x a c t A n g u l a r M o m e n t u m P r o j e c t i o n 

b a s e d on C r a n k e d H F B so lu t i on 

Ken'ichi ENAMI , Kosai TANABE and Naotaka YOSINAGA 

Department of Physics, Saitama University, Urawa 338 , Japan 

Exact angular momentum projection of cranked HFB solutions is carried out. It is reconfirmed 
from this calculation that cranked HFB solutions reproduce the intrinsic structure of deformed 
nucleus. The result also indicates that the energy correction from projection is important for 
further investigation of nuclear structure. 

§1. In t roduct ion 

It has been shown that superdeformed yrast band as well as g- and s- bands for nuclei in A = 130 
region is reproduced by the Cranked Hartree-Fock-Bogoliubov(CHFB) approximation1,2K However 
the self-consistent mean field approximation, such as CHFB approximation, violates various sym­
metries of the system. As a result, the nucleon number and angular momentum are no longer good 
quantum numbers of the system. For further investigation, symmetry violation within mean field 
theory has to be restored by a projection method. We carry out exact three-dimensional angular 
momentum projection for triaxial CHFB solutions of 132Ce. For simplicity the nucleon number 
projection is not taken into account since it is not considered to be essential at high spins. 

§2. Outl ine of projection me thod 

The CHFB solution is selfconsistently determined from 

6 < H' > = 6 < H - XPZ - XnN - uJx >= 0, (2.1) 

with three constraints 

< j x > = yjlc(lc + 1), <Z>=ZC, <N>=NC, (2.2) 

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

PMK = ̂ ^ 1 '*da f0'd(3sin{3^ *d^W*'(<*,/3,l)R(a,P,l), (2.3) 
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where R(a,j3,^f) is rotation operator and DI
MK{a,fi,')) is D-function. The deformed states deter­

mined from CHFB solutions are necessarily triaxial except for the solution with spin constraint 
Ic = 0 so that we need to use the full rotation operator. Using projection operator, the wave 
function with good angular momentum is obtained from CHFB solution 

\*IM>=Y,FKPMK\>, (2.4) 
K 

where the CHFB solutions (Ic A 0) ^ e no longer axially symmetric so that some .RT-values con­

tribute to the sum. The coefficients Fjf, are the solutions of the generalized eigenvalue equation 

£ { < HPKK, > -Ei < PKK, >}FK, = 0. (2.5) 
K> 

At the same time, the projected energy E[ is obtained from this eigenvalue equation. From this 

expression we see that Hamiltonian H is diagonalized in the space spanned by the state Pj(K'\ >• 

We have to calculate the terms in the Hamiltonian kernel 
<HR(a,Pn)> a , ^ t a , <f3fip,R(a,pn)> 
<R(a,0,-y)> -H° + UH">>" <R(a,0n)> 

+ 2^ \HWVP* —£:— . » (2-o) 

where (3^ is quasiparticle anihilation operator. The first term is constant, CHFB energy, the second 
and third terms contain the remaining higer order correlations which are neglected in the mean 
field approximation, CHFB scheme. 

§3. Numerical result 

S. 1 Single-particle space and Model Hamiltonian 
In our calculation we take about 2.5 major shells for each kind of nucleons as the spherical single-

particle space outside the assumed core. This space matches the number of levels anticipated from 

the Nilsson diagram. All the single-particle levels taken into the calculation are listed in reference1). 

We take the Hamiltonian consisting of single-particle energies and phenomenological two 

body residual interactions of the monopole-pairing(MP), quadrupole-pairing(QP) and quadrupole-

quadrupole(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) calculation1^. In order to keep 

exactly the rotational symmetry of the Hamiltonian, we take into account the exchange terms of 

the above separable forces through both the CHFB and the projection stage. 

3.2 Energy Level 
In the following calculation we replace (2.5) with 

Ej - (3.1) 
< M)0 > 
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so as to simplify.the evaluation of the effect from projection. This approximation is considered 
meaningful if the CHFB solution has fairly good axial symmetry. Under this approximation exper­
imental yrast level is roughly described by only three CHFB solutions (| > for Ic = 0,20,36) and / 
in (3.1) is varied from 0 to 40. This procedure is based on the fact that CHFB solution includes the 
large number of suprious spin components due to the strong rotational symmetry violation. These 
solutions express three characteristic bands corresponding to 5-band (Ic = 0), s-band (Jc = 20) and 
superdeformed band (Ic = 36). The solution Ic — 36 is characterized by vanishing pairing gap for 
both protons and neutrons. We also calculate projected energy levels whose spin components are 
identical to those of constraint spin in CHFB. We call these levels projected CHFB here. In Fig.-l 
theoretical levels are compared with experimental ones. A good agreement especially in yrast level 
is seen between experimental and theoretical levels. This result also indicates that the intrinsic 
structure of 132Ce is well described by CHFB solutions. 

E? 
w 10 

T T" 

—*— Exp. g- and s-bands 
* Exp. SD band 

—°~lrQ (g-band) 
--»-- 1^0 (s-band) 

20f- —-t=36 
—o— projected CHFB 

132 Ce 

4 0 Spin I 

Fig. 1. Comparison of theoretical energy levels with experimental ones 

3.3 Energy Correction from Projection 
It is interesting to check the energy correction from projection method. Here we consider 

monopole-pairing force as an example. For this purpose we compare the binding energy of CHFB 
(with and without exchange term) with that of projected CHFB. In Fig.-2 these quantities are 
shown. We see that in the low spin region the difference between CHFB and projected CHFB is 
about IMeV. Hence it is considered that projection is essential in this region. In contrast to low 
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spin region the difference in the high spin region is small due to vanishing pairing gap . Accordingly 
projection is not essential as far as monopole­pairing force is concerned. We see that the difference 
in binding energy varies drastically at the region such as backbending region in which intrinsic 
structure of nucleus changes. We also calculate the difference in total binding energy between 
CHFB and projected CHFB and this feature is also the same in this case. 

15 

> 

10 20 30 40 
Spin I 

Fig. 2. Binding energy for MP interaction 

§4. Conclusion 

The exact angular momentum projection of triaxial CHFB' solution of 132Ce seems to work well 
along the yrast level. This result strongly demonstrates that nuclear structure of 132Ce is already 
reproduced by the CHFB solutions. Accordingly we consider that the CHFB solutions are good 
candidates for the solutions from which good angular momoentum is projected out. This simplified 
method (without diagonalization of Hamiltonian) is not good enough to reproduce more detailed 
character of nucleus such as moment of inertia. These shortcomings are expected to be improved by 
the diagonalization of Hamiltonian within the spaces of some K­quantum numbers and if neccesary 
some multi­quasiparticle states. Since 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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SH^T, £z-* i^*'- tftMWii?)9 y 7 <n±.X 3miz 
4 * (14) . 

«#*l'4JB#^».±iS*KJ:oTftSllcii#S$nfc[ioio 

L.^ L4*» t>a*otfH[t?i± -r 7 * h is ± t w ^ o F 

3)0 -*Ui„ Marshalek t Goodman *J@Sftt^if^ 
* ? > * > ^ « I ! * f i - * L - f c £ * [ l l ] fcA<»TV»40 

Marshalek J t ^ l t S ^ * t #*<3tf-JMMl t Offl{c£ £ 
iSWi, ffit>tf)ff#-efi'l'7X F A ^ K O ; ^ 9-^yf^ 
y?%mzK-v>T-< 7T. h 5.^Sife^'> KWj$k\zjx<n 
18b W<D tf- ? *#otf*, #*<3tt*fi*-Ctt*-<&«4 
H-9it-W&btltj:7F'3fzmX$>2>0 *nm.&Ut1&h 
ri^fHf L T V ^ *?w&.<r»i y 9*>T jyfb. 48Cr o 
$ 4 fp j&^ewJKT-^ KtfStJ- £ ^* -y 9 ̂ * y r Y y 91 

xn. *v>®mtf*?*?&K'ox<^z>frbxhz>tm.mz 

lp-ih aettffi<±»i=-» s fc<i ̂ t tT-^io f*. A> jj>«c 

Tot. Ene. 
[MeV] 

I[h] 

m 4: m 1 Kfttt * 2p-2h ®jig^ > K Ot£*gIo 

6 0-* 04 0» « • 

a;[Mev/fc] 

EI 5: u\zH1r& Inglis WfltttKftWSE-fko 

;<> K li (J,) = 12 ttfifr^O K ^ U - > 3 > J 
i g i i - (J«) = H &^-y f<y? * y9 L T V ^ O 

Zixb 0*fiS£ft W * K W 4 « f l U i ± E 0 S ? S ? L 

Inglis W « t t R f t * * * 4 * K J: o T E t f r K * * , , SI5 
£JI.T*& fc , w = .48#i£ri»<bw = .67J£<7)KT-2p-2h 
a fe«aSO«t tKf t**^K4oTV»4* t , <̂7)W<D1I 
itT-ftfe^ 3 O<7VN*> K bA-y 9*<y? -r yytfez. LX 
^Zmfiftfr&o ttz. m2*%Z>t. Zff>mi$.li2p-2h 
m&*yFtf3ffiX'<h&ffi.i&X'$>2>:gi>frfrZ>o Inglis 
<rm&K*iWfr'r&m\zti;. HoH«rftFofe«J±^«-

ift t^xn/Sffi^ifiv^^-ttJl t 2#gK7xn/5 iS 
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£XA<nz\tfrb. i8Ci<n^-y 9s<yr J y9<nwm* 

MOM«iP^S&R3&**4o £*ifc«WftK.toT\ 
+*««fc*K»»t*f f l f t [10,11] X »j b , i •) - « W 
4^y^^>7*^>^Kjktt4*aW4iHSjJ tf |?>4vL4 
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21. Monte Carlo Shell Models J; ̂ >p»CD^—ft!E*£ 

UNIFIED DESCRIPTION OF PF-SHELL NUCLEI BY THE MONTE 
CARLO SHELL MODEL CALCULATIONS 

Abst rac t 
mT*yii^vttftit(QMCB)mzx&&mmiimzx-ox56m& 

IZ&btlZ Z=U=28 0>M&<O&9timftLt:o S* (DftftX$Llt> b ft 
fco+vfflbmkb ( / | ) 1 6 b^^S&b<D*-^-y vf\t 53%bit*), 
m&vM&xmu&iAn-fzx*) izffi&tfmtix^&z ttm-o i o itz0 

i tti;«xc 

tix%^mj-m<7)mTk*zfwtz>ztx$)?>')o zotzfrizn, zzwm<nm& 

it&izLxgtco-ijjb&tf^ ^Lx^<7)^m[i]nm^zmL^i><7)x&'3tz 

wbfr%v&Rtf$>otz0 zmm*mz-z>tztb\z. ztD^mMt^tm^^m 
fizm-LtzffiL^jj-imxmmm*M<u&[2,3,4] ^ 1 , A<D?P-
7lz£oXftt>tiX&tc;o —o»±N 9~=.y^\zXhWfo^iJm.l-:ty-Tii»<'V 
S*fflv^:S9IS [2] Tfcaa*, JlflF£-IWJlK J: ^ I t M f f l ^ t t ^ L < PI 

* * L K * T U a ^ ^ ^ * L ^ » 7 - ^ > * ^ n ^ t ^ i : ( Q M C D ) r i [ 4 ] Ki&gg#i 

mi-otztm&gzt LT(i56Ni miZ&htlZ Z=N=28 O ^ O f i l S K o ^ T 
&-<2>o #K Z=N=28 O K 0 3 M S f 2 S : £ » [ 5 ] ri*f?fr*U fflfetLTV^ i t 
ri^ig $ fix v ^ 4 o X h Z> # \ nHSf h MMf t f : it, * vXjttfim K ± 
%^tzt>\zm$ttftitx\±yr-mtx&z>0 ttz, ^ - - > ^ O M ^ ^ S 7 - ^ > 
T*^v&*m^tzWLmmx\$mwL<Dmmmftxht£^0 znnzittmuo 
^X, ^HK &*<DZ%&W5AX^X®frXW^®lzmt>frl/ZtZ>ZttfX£tZo 
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2 nmmm<Di%^ 

4 £ hifify^o -m.\z J ^ ^ - A ^ H t ^ ^ t i ^ T C t i M ^ ^ f ^ J M ^ ^ a t f : ^ ^ ; 

£X, &*cr>Jj&Xte, deformed Slater determinant ^ U I H t i V ^ 

* ; i / ^ - £ M L T « M # ^ f &^&£fft&o t i f f inv^x . I f , a ^ ^ ^ i t i 
i © i ^ 4 # f f i T * h o (#RB [4]) 

h-7>Kxi>mm^wM¥mn^immmxmmttzm^, # & & 5 3 « t 
ZZtKX ]0T4y7,i]y-<D~m%W^(Db.\zX »J ^ r * £ i: fcfljfli LTffi 
Bfrft [2] •?£*<, L ^ L & ^ , ^aS&ft^KILTttlfcffiM^lt^tft^^^fflv^ 
fcttf*t5LMv», ZKtXW^&%&X%\htiX^tz~1?;(kX\t. intrinsic 
^ftja-fk* LtztD-tbiznmmAmAttz>am(VBP)TK ^as&ittf** L*: 
&Kft*ffct*:£&(VAP) T&^^ t t rv^^ -?)^&fe.xttftlt-$ZWi'k 
(i> fr#t^tt intrinsic * t f - # t t j g i * * * $ * ^ L , & # • ? £ £ jH&Sltl&Kft 

; ^ S J J c 0 ^ t 2 M l i $ : £ # & & ^ C P P K $ i W M £ t e t & z t iz 

a * ^ & ^ &mm<DmGft®z##>z>z\bzni%Lt:i><DX'ibi)* tm 

v;W Ĵ&<£> VAP £X Y ii7.y>y 9 \Z%T%t*<D\t&m!&±J^&X'1bZ>o 
*ti*mm-*tzt>\z^ mkm2m*i!¥to\z®:*z>imbx\£>, 74 v * 
y.y<D£ffl<Dmizmu&)KfrMtz>zt*%mLtz0 nmza. jj^m^^m 
x*ryy°i) yy L^)]/r&j&*fc&zzfv*xx*ttm&tt&tz,tfki%i LX 
JS^&V^ *<D&iz&bivfc'j?^&frbftmsto&&%\zi:zttftfozft3) t 
^im\zm^tz2^(DlJ^(D^moXl^WA^^>)(DXhi>o %<Dl£^ % 
fiVmA&z %^ tzlj¥®%^yy°v y? tftmMw:<DV yy°v y?*&.%\)L 
^^mizit^mt<tmm&pfaALtzo m 1 iz^Mnm^mxtmrnm^^ 
t o 4 0 ^ % i X & M = 5<DM M&X7s V ii X-f- y 9^ >7° U >? \z X o X 
gJ&fc&J&U i c r ^ i ^ K&j£l.fc&&£.x r-fl-X^y^l: : improve Ltz 
i><DXhZ><> l&&BttT&mm£mx<D9yy9ZLA^-Y V~y ty9i& 
®.ff)M<DX.*fl/*r-\ZT!i\,->ii<DX*$>2>0 %ZfrblQfflKzz.%n,dF--tfTtfZ>fr 
P. -?)V^-mJ&(Dl&m\zXZ>1ifr%zXhZ>o mZfrZ>t7sYiJ7s*Zy9A®:tZ> 
M $ft¥lLtz^$m<D&!&Xmm^*P*r-<Dfrij: »} SfcW#Jt $ tLTV^-S Z b 

4 0 ^ 7 C ^ S ^ T ^ ^ M ^ ^ ^ ^ ; ^ } i # ^ $ t L ^ i : l S S L ^ ^ M i L T H 
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:\t%&\zmi§.tZ>bbi>\i 
*tl\UJ%f%\Z£ZftftttX~toZ%70 Z 

coy° viz 7s xftMl 

&<nnM*&!&<7)mz t>x& tfim&)/j>fj:^&&xmMt zzt ^x %h^% 

Proccess of the Q M C D method 

? -37 t 
Si 

- <J2>=48.7 

-

\< J 2 >=34 .4 

1 

50Mn 
M=5 space 

~^Z\\_1^±_ <J2>=30.6 
i i 

50 100 150 
M-proj QMCD dimension 

Dynamically 
improved 

J-drive Diag. J-proj. diag. 

<H>=-39.99 
<J2>=30 

Figure 1: QMCD t W o T O ^ i 1 

M 1 X&, fctDszA&tkm* L T t i V ^ V ^ ^ Z<D X 7 &^&T% exact <7) 

^Tii** 100-200 KeV JJlr tWfllJS'^tf-^^nJt^^^o £ ^ exact <D%lhtlX 
v ^ v ^ ^ N ^ - - ^ ^ O i i l i ^ i T - ^ ^ T ^ ^ n f i ^ f f l W c ^ ^ S ^ ^ f c l r t 

£fc, iwi7*ftaaiii:*^fl<l*«)*wffivM±, i f t t^Hfr f r f i fc^o 
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KfoW^o^ifciK #^KCPU ^ |5c/ i i t l t* i iS^±i t - ttfvjmx&V). 

56 Ni*HlC*6tl5 Z=N=28 0)1^0)®]! 

S££l-

56Ni ®t t Z=N=28 <0 self-conjugate £&-?**) , 7" 4 -7 lC#X.& t , fi75? 

i J 9 K ^ ^ * * t # x . i b ^ zommiDmmmmtttox^&o2 9 
4^co PHYS. REV. LETT. Kj3v>-C$£ [5] S*Lfc £ 7 KUffc^SSfrfrft 
/ i ^co-C^^o & * t t 5 6 Ni^<0^f i f : l£#£St&£*M;: 4 0 C a £ P ^ t # ; L , 
f|, f|, P|, piO*/iii*#x.^S!:«ati-#*^*^o mm<oi%w±txAftt>fi 
T v 4 ^ 4<D>k%<D±^Zfrh®mZfitz^Xttftlttft£ZflX^Z>0 % 
<DJ&%zt^imTZ>o 

<u 4 

5 6 N i 

4 + _ 

2+ — 

0 + — 
KB KB KB3 EXP. fpd6 fpd6 fpd6 

(adjusted s.p.e) 

Figure 2: 56Ni <D VOWgMfefcff-JMI 

s.<mx$>z>o f P « ^ c o i £ i ^ - e i i , m$#fflk&ftx.z>z\ bfrbtftxw 
*7yi7>WlZX<}XJb&feBmfti!)*%:2tiX\<*Z>o ift%&7 tAAy 7 >iZ 
xh G-ftnvjjfmxifitbhfitzmm'tm (KB)[7] £3&Kgifci&WKggMu fP 
&om^wxx^m&*^t2>mmm(KB3)[8]*{^tzo ®%\u M S & 
mm.iu^Lmmmm^ fitting fc&y&Lisi&Kjv^nfjufl (fPd6)[9] £ ^ o 
Tto 31% &*f±, i*Lt>Offi£^ffl**t^ & t & tCOfiU^friLT&Wp 
S o m v ^ O ^ f l l J g O t i K ^ f f o f e o flJ£U\ 6 4 G e £ ^ & ^ fpd6 4i£f^fflO 
13: 7 7&*&V*iB& [ 4 ] H x . 4 - i ^ f r ^ o fc0 £l&K fpd6 *!Mfflco:£#56Ni 
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mz^trfc^mmAfrtz^^^tz&z^x.&<Dxz<Dffi^mi^x56wm 
<Dm&z%t&zt\m^ftf3<vm&frhfrxi>M,m*$>z>t^tz>o 

S T , m2A56Nim<DmTk*z<D2^<Dmz.{m, RV\ wzfitz^m 
x<D&mmffrM?&-&¥**fr*-*&to&w.LtzmzftHi:&K>tztfM^ 

wd&n*^Lfco £ ^ , KBmmm*wmzfitz£mxnft<(kLtz%i$k 
[6], KBffiHf^ffl<7)QMCD*fel3j:-6i|g^ KB3 ffiUffcffltf) QMCD &K J: -6 
^ T & & 0 -^KBm^^m\m^^fitz^mx\±A^^ix\t^z>i)\ £ 
%mxtmit-tz>tm'iL-t%z>£ixjbz>0 KB&sftmozw&^u 56Ni 
W<W-C<feJfffi$*lTi3lK #^^3t l i - f fL* monopole £ ^ £ J i A t & ^ 
tT5fe#U KB3^H^ffl [8] *ftofc0 ^fiii, WBttftitizX*) fit Kfcfr 
fitzfp g w S v » I ^ i : M L T £ # # £ $ # L T v ^ 4 W $ , i 0 L ^ L&rt? 

£, QMCDf*T 5 6NiOJi^^f t^LT^^, t , ^ ) ! H ^ v > H v > J : K ' * 
*o i f c , Ni J; i l I v * : U I *) 7 i < ^ 4 v > i t 0 f c ^ t , &K£fl!l 
Kit. fpd6ffi£.ftJd<Ql&M*&LtZo fttJ&Jiilfra© PHYS.REV.LETT. O 

^ a t H ^ t r ^ T o ^ f e f c l ^ - S T - i ^ ^ ^ - t r ^ J E L T V ^ o £;&»£> 2 # i t i A 
-eoftiE $ *ifc fpd6 ffiMffl £ QMCD &-efi¥W.: 4 «T**h „ £ O l ^ ^ ^ 
£tf>$&£\ £W<pgj»f#^T&jfcofc£fcrt*:bi&»&o ^ i : ^ ? » 3 f l o i / 
^Jl/T"£ & rt*, £ *Ui & t 4 b <D fpd6 ffiSf^ffl* QMCD &AX-? XM^tzffi 
%:X$>Z,0 z\<Df&&frt>i>b1ib<Dfpd6ifcS.ftm&#%llz£ < 5 6 Ni0 1x^jl/ 
ZW%LX^Z>Zttf1bfr%o 

>kA, Z=N=28 o M ^ S ^ t ? ! ^ IX t LX B(E2) t (/i)1 6t 
O i - A - 7 7 7 '? :g-f9o 0+ ->2+<7)B(E2) (iN ^ ® t T ^ £ fiX^Z X. 7 K 
4 0 C a ^ ^ O F ^ O j ^ T - ^ ^ j : b ^ T ^ ; ^ V ^ Jfe* £>&£-? (i , £(£2;0+ -> 2+) (± 
6 x l 0 V / m 4 l : ^ o / : 0 £*U±|£Kffi[5] t ^ T V » J 0 i f ^ f f l W c effective 
chargelifpd6ffiH^ffl[9]t?J:<fflV^fL-6t<7)T*-6o £*)fe&83K, gl& 
<O^M^^Jb<0\U QMCD&X%h fitz 0+ <OtmW».b (f7_)l&t^>)WMLt 
<Jj*-n-yy A* h^Xfr-ZZhX-hh^o ZfHt^ &*m\%X\$, b3%X 
&o/t0

 A0c&<Dmmimon&&^zti)mhfix^%(OKik^%tim\z$L 
flX^Z>ZktffrfrZ>0 ZfiXlA QMCD &T[et[|;«lJI3$c£f§& i ttf 

&*& <DX Z<D x ^ t£imt?mfti>m%x& & z t i>nm%mtx &$ tz^0 

*W$SCJA mmm*$m®AM<%\L^m<Dimx$,t), 2̂ n&K*&a*:*> 

OT&£0 - 0 2 ^ F ^ 0 7 a r i ^ O ^ K ^ ^ e ^ t ^ ^ ^ ^ U I t » ^ O f l J f f l T 
tl£56Ni mzfrhfih Z=N=28 <nmWL<Dmmz^^XWL&m\%(DyLWifrh 
M ^ A 4 0CaOP^l.bt^&^&^$tflT^;z,^ tZmhfrAt&Zt 
#X£tzo LfrLbtfb. » T ^ &^tf>&ffi»#fttf>ffl3S©®©**# 
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\,zmtjfrhmfrtitz%%faM&Mi!is&%xjbz0 ®frmz\m%.%imzt>mft 
x^^t^ihfMjA mmmm<Dffi%yfr-7°tMLx, s ^ o a w 
Xh^Wz^^yAy YALtzm$W\%*%$LZ^tz^t%z_X^Z>0 Z<7) 
x 7 &^&T% 32Mg & ^^t t^ iasM^wsfi* ^~ioo maL<7) Z=N m* t~ 
<7)mik<mm*m>bx^z>0 ttz, *mmmtimzm^tz^mmtt7&mm&ft 
At>m%^mx$>z>0 m&z>xx^mWiT<7)%mm<7)mi-j}mmmt%& 
^ 4 i ? K ? Y izkmjQX-Z *> b%x.X\,*XV!i&<Dy fr~-7 bfojjLfzmft 
i)M£>X^&0 
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22. Z = N M T M % M K * J t f 5 x + 7 > 7 ? # S ! ^ 

Exotic Octupole Deformation in Proton-Rich Z = N Nuclei 

S. Takami, K. Yabana and M. Matsuo* 

Graduate School of Science and Technology, Niigata University, Niigata 950-21 
* Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606 

Abstract 
We study static non-axial octupole deformations in proton-rich Z = N nuclei, 

64Ge, 68Se, 72Kr, 76Sr, 80Zr and 84Mo, 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 68Se is extremely soft for the I33 triangular deformation, and 
that in 80Zr the low-lying local minimum state coexisting with the prolate ground 
state has the I32 tetrahedral deformation. 

Recently, the nuclear deformations violating the reflection symmetries have been at­
tracted much experimental and theoretical attentions[l]. 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 doublet bands[3]. Such static octupole deformation is considered to be 
caused by the shell effect, that is, Aj = 3 coupling between the orbitals in the same major 
shell. Strutinsky-type potential-energy calculation assuming the axial symmetry predicts 
that the energy gain caused by the static octupole deformation amounts to several han-
dred KeV[4, 8]. It is also of great interest to see whether exotic octupole deformations 
violating both the reflection and axial symmetries realize in heavier systems. However, 
only a few studies including the non-axially symmetric octupole deformation degree of 
freedom have been performed for the ground state[5, 6]. 

For nuclei in a A ~ 80 region, the static octupole deformation would also be ex­
pected because of octupole correlation between the 2py2 and I59/2 orbitals in the major 
p/<?-shell[7]. Especially in proton-rich Z = TV nuclei, both proton and neutron config­
urations cooperatively operate to develop the static octupole deformation. Strutinsky-
type potential-energy calculations assuming axial symmetry 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 asymmetric shapes violating 
axial symmetry are more favored in proton-rich Z = 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[9] 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, 64Ge, 68Se, 72Kr, 76Sr, 80Zr and 84Mo. To reduce a numerical calculation 
time, we have used the mesh within spherical 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 x, y and z axes in the 3D mesh. The Skyrme force SIII is used as effective 
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64Ge 

68Se 

72Kr 

76Sr 
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84 Mo 
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g.s. 
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g.s. 
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1.12 
0 ,7 = 0.27,58° 
03 = "33 = 0.05 

2.58 
0 ,7 = 0.13,60° 
03 = "33 = 0.16 
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0 ,7 = 0.20,59° 
03 = "32 = 0.04 

g.s. 
0 ,7 = 0.20,56° 

03 = 0.00 

0 
03 

0 
03 

0, 
03 

Spherical 

3.25 
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= a32 = 0.12 

0.90 
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= a32 = 0.24 

0.24 
7 = 0.05,60° 
= a30 = 0.13 

0, 

0, 
03 

0, 
03 
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02 

7 

7 

Prolate 
0.62 

= 0.24,6° 
= 0.00 
0.32 
= 0.25,0° 
a3l = 0.06 
1.74 

= 0.42,1° 
a31 = 0.03 

4.00 
0 ,7 = 0.38,0° 

03 = 0.00 
2.42 

0 ,7 = 0.40,18° 
03 = "3i = 0.02 

g.s. 
0 ,7 = 0.49,0° 

03 = 0.00 
g.s. 

0 ,7 = 0.50,0° 
03 = 0.00 

0.85 
0 ,7 = 0.64,0° 

03 = 0.00 

Table 1: The ground states and the local minimum states obtained in the present 
SHF+BCS calculation. The energy difference (MeV) between the ground state and the 
local minimum state (the ground state is refered as g.s), 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 64Ge. The ground state of 64Ge which shows the triaxial deformation is classified into 
the group oblate. 

interaction. As for the pairing strength of proton, we use the same parameterization 
Gp = 16.5/(11 + Z) MeV as in Ref. [9] together with the same truncation of the single-
particle space. The neutron pairing strength is taken the same as Gp [10]. 

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

_ 47r(*|Sfrpr,m(i)|*) 
<*lm = ^ ^ j , (m = - { , • • • , I), (1) 

where A is the number of nucleon and R — 1.2A1^3 fm. Here Xlm is a real basis of the 
spherical harmonics, 

Xl\m\ 

X>-\. 

Yio, 

(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 

ft = (£«£*)*• (3) 
m=-3 

For nuclei around A ~ 80, existence of three local energy minimum states showing 
oblate, nealy spherical and prolate deformations is reported in the SHF+BCS calculation 
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 potential model. The 
five initial states with different quadrupole deformations are used : (1) 0 = 0.7,7 = 60°, 
(2) 0 = 0.3,7 = 60°, (3) 0 = 0.0,7 = 0°, (4) 0 = 0 .3 , 7 = 0°, (5) 0 = 0.7,7 = 0°. 
For all initial configurations, the distortion of the octupole deformation, a3m = 0.1 (m = 
—3, • • • ,3), is added. 

In table 1, we summarize the calculated binding energies, quadrupole 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 minimum. The octupole deformations violationg the 
axial symmetry are found in the ground state or local minimum states in all nuclei, except 
64Ge (where the obtained 03 = 0.01 is not sizable). Among them, the 68Se is noticeable 
since it has the large octupole deformation (03 = 0.15) in the ground state. As shown in 
the density distribution plotted in Fig. 1(a), it has Y33 triangular distortion superposed on 
the oblate quadrupole deformation, which obeys the D3h symmetry seen in the regular 
triangular prism shape. The potential energy surface is quite flat up to 0:33 ~ 0.2 as shown 
in Fig.2. It should be noted that octupole instability emerges only for the 0:33 direction. 

Instability of the oblate states toward the triangular Y33 deformation can also be 
related 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 
obtained in the constrained SHF+BCS method, in which axial and reflection symmetries 
are imposed. In the oblate configuration of 68Se, the N, Z = 34 Fermi surfaces are located 
between the positive parity orbitals with Q = 9/2,7/2,..., 1/2 stemming from the 1*79/2 
and the negative parity orbitals with Q = 3/2,1/2 arising from the 2p3/2 (those just below 
the Fermi surface, See Fig.4). Among the possible couplings associated with the octupole 
deformations, the Afl = 3 coupling between the positive parity fl = 9/2 and negative 
parity Q = 3/2 orbitals, and also the one between the positive parity Q = 7/2 and negative 
parity Q, = 1/2 orbitals have the smallest energy difference, and give enhanced softness 
toward the triangular Y33 deformation. 

Among the solutions showing the octupole deformation, the second minimum state 
of 80Zr shows the largest octupole deformation of 03 = a32 = 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, but 
obeys the symmetry of the point group T<*. Figure 3 shows the potential energy surfaces of 
80Zr with respect to the a30, a3i, a32 and a33 deformations. The potential energy surface 
of the 0:32 deformation has the minimum point at 0:32 = 0.24 which corresponds to the 
calculated lowest minimum, and the energy gain measured from the spherical solution 
is as large as 0.71 MeV. Octupole instability towards the 0:32 direction (the tetrahedral 
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deformation) is quite contrasting to the other types (oi3m(|m| A 2)) of the octupole 
deformations. 

Instability of the spherical configuration at Z = N = 40 for the tetrahedral deforma­
tion can be ascribed to the shell effect formed in the potential having the T& symmetry. 
In Fig.3 (b), we display the neutron single particle energies as a function of the tetrahe­
dral deformation parameter 0:32- As developing the tetrahedral 0:32 deformation of 80Zr, 
the orbitals stemming from 2p3/2 and 2p1/2 decrease in energy and those stemming from 
l#9/2 increase with holding high degeneracy of orbitals. The sub-shell gap at nucleon 
number 40 enhanced by addition of a32 distortion field stabilizes the strongly tetrahedral 
deformed solution. It is known that high degeneracy of irreducible representation of the 
Td symmetry tends to produce a significant bunch in the single particle level spectrum 
as 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 tetrahedral 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[5]. It should 
be mentioned that the measured excitation energies of the fist 3~ levels in Ge and Se 
isotopes have the minimum points at N = 40 [2], which may be a fingerprint of octupole 
instability. 
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Figure 1: Density distributions of proton in the xy, yz and zx planes where x, y and z 
axes represent the principal inertia axes, (a) and (b) show those of the ground state of 
68Se and the second minimum state of 80Zr, respectively. 

4-r 

"i 1 1 1 1 r 
0.00 0.05 0.10 0.15 0.20 0.25 0.30 

a3^ (jt=0,l,2,3) 

Figure 2: Potential energy surface with respect to the different types of octupole de­
formations, calculated for the oblate ground state of 68Se. The energy is measured in 
relative to the reflection symmetric solution. The quadrupole deformations are set to 
/? = 0.25,7 = 60°. 
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Figure 3: (a) The potential energy surfaces of 80Zr 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 o;3m (m = 0,1,2,3) by imposing the 
constraints of 0 = 0,7 = 0° and a3„ = 0 ( v A m )• (b) The single particle energy of 
neutron as a function of the tetrahedral 0:32 deformation. 
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Figure 4: The neutron single­particle levels for 80Zr as a function of the quadrupole 
deformation parameter 02 calculated with the quadrupole constraint and the axial and 
reflection symmetries. For each orbitals, we put the value of Q, the projection of the 
angular momentum along the symmetry axis. The arrows indicate the AQ — 3 coupling 
associated with the triangular Y33 deformation as discussed in the text. 
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Structure of high­spin states in A ~ 60 region 

H. Nakada1, K. Furutaka2, Y. Hatsukawa2, T. Hayakawa2, M. Matsuda2, T. Ishii2, 
M. Oshima2, M. Kidera3, S. Mitarai3, T. Komatsubara4 , K. Furuno4, H. Kusakari1 

and M. Sugawara5 

1 Chiba Univ., 2 JAERI, 3 Kyushu Univ., 4 Tsukuba Univ., 5 Chiba 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 proton­rich Cu 
and Zn nuclei by experiments and shell­model calculations, focusing on the role of 
the unique­parity orbit 0^9/2 in high­spin ( J >: 10) states. 

The 61 '63Cu and 61~64Zn nuclei are produced by the 4 0Ca+2 8Si reaction. The Ca 
target is sandwiched with the Au layers and irradiated by the 120MeV Si beam 
from the tandem accelerator at JAERI. 7­rays have been detected by the particle­

7­7 coincidence measurement, whose array[l] is composed of 10 Ge detectors with 
BGO suppressors (for 7's) and a Si­ball (for charged particles). The 7­7 events of 
~ 108 have been accumulated. As an example, the 7­ray spectrum of 61Cu is shown 
in Fig. 1. The DCO ratio analysis has been made to derive multipolarities of the 
7­rays; we take the ratio of the simultaneous intensity of ji at 0 = 32° and 72 at 
90° relative to that of ji at 0 = 90° and 72 at 32°. This ratio tells us whether 72 is 
dipole (El/Ml) or quadrupole (E2), if we know the multipolarity of 7 ^ Thereby 
spin and/or parities of yrast states can be indicated. 
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Figure 1: 7­ray spectrum of Cu. 

A shell­model calculation is also carried out for the Cu­Zn nuclei, by using the code 
VECSSE[2]. We assume the k < 3 model space of (0f5/2lp3/2lpi/2)A~56~h(0g9/2)k, 
on top of the 56Ni inert core. The effective hamiltonian is fixed from the data around 
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56Ni: the single-particle energies are taken from the 57Ni 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 #9/2, 
so as to reproduce Ex(3~) of 58Ni and Ex(9/2+) of 59Cu. Note that the isospin 
symmetry is maintained in this calculation. As will be shown below, both the 
positive- and negative-parity levels are well reproduced. 

The experimental level scheme of 62'64Zn 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 Jp assignments are consistent with those of the previous works[5]. In 64Zn, 
we have found that the previously reported 1316keV 7-ray is a doublet; 4* —> 2* 
and 9j~ —> 1Z. Although these two 7-rays are not resolved in energy, the 808keV 
(2j" —> 2\) 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 > 7 states without noticing the doublet [6]. By taking the doublet into 
account, we observe a similarity in the level scheme between 62Zn and 64Zn. For 
instance, there occurs a parity-change in the yrast sequence at J = 7 for both nuclei. 
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Figure 2: Level scheme of 62 '64Zn. 

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 (Qg9/2)

k (k = 0,1,2,3) configurations. Even (odd) 
k configurations have positive­parity (negative­parity). It is noted that, according 
to the calculation, the coupling is weak among the different k configurations. An 
important role of the 0<7g/2 orbit is clear now. It is remarked that crossing of different 
fc's occurs in Fig. 3. Since these nuclei are nearly spherical, (in low­spin region) 
seniority comes larger as J increases. On the other hand, high­spin states can be 
produced with relatively low seniority if a nucleon is excited to g$/2, at the cost 
of the single­particle energy. In competition to the loss of the pairing correlation, 
this configuration becomes lower at a certain spin; J = 7 in 62Zn and 64Zn. This 
parity­change is reproduced by the calculation. 
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Figure 3: Excitation energies of 62 '64Zn as a function of J . 

The above parity­change mechanism may remind us of the band­crossing in heavier 
rotational nuclei. Whereas the unique­parity orbit plays a similar role, contribution 
of the pairing correlation seems different. In low­spin 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 2­quasiparticles in the unique­parity orbit, at 
the cost of the pairing correlation. It is noted that the single­particle energy of 
the unique­parity orbit is not so significant in deformed even­even nuclei, and the 
alignment does not invert the parity. Therefore the parity­change in yrast sequence 
of even­even nuclei may be characteristic to spherical or nearly spherical nuclei. 

Another parity change in the yrast sequence is predicted around J = 14 for 62Zn 
and J = 12 for 64Zn. 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 61,63Cu. The level scheme of 61Cu obtained in the current exper­

iment is presented in Fig. 4 (see also Ref. [7]). Plenty of 7­rays have newly been 
observed. Jp and energies shown with italics are newly assigned ones. The yrast 
levels are compared with the shell­model results in Fig. 5, and the good agreement is 
established. A remarkable point in 61Cu is that most 7­ray intensities concentrates 
at the 17/2+ level. With assistance of the shell­model calculation, this 7­ray con­

centration is accounted for as follows. The yrast 17/2+ state is dominated by the 
stretched 3­quasiparticle configuration of (^lp3/2)(^0/5/20<79/2). This configuration 
is stabilized by the two­body attractive force for (lj03/2O<7g/2)j=6,T=o a s w eU a s f ° r 

(0/5/20^9/2)J=7,T=I­ On the other hand the lowest 19/2+ and 21/2 + states consist 
mainly of 5­quasiparticles. Thus the 17/2+ state is relatively stable, and is favored 
in the sequential 7­decays because of large EJs. This mechanism is very similar 
to some isomers. Though the data is not so abundant, 63Cu seems to share some 
features with 61Cu. According to the calculation, 17/2+ is relatively stable by the 
same stretched 3­quasiparticle configuration. Though not confirmed, second parity­

change in the yrast sequence is predicted around J — 23/2 both for 61Cu and 63Cu. 
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Figure 4: Level scheme of 61Cu. 

Whereas several 7­rays are newly observed also in 61,63Zh, their intensities are not 
sufficient for the DCO analysis. Despite the prediction, not a single parity­change 
has been established. 

In summary, high­spin states in the proton­rich Cu­Zn nuclei are investigated by 
the experiments at JAERI. New levels and 7­rays are identified by the particle­7­

7 coincidence, and Jp assignments are made via the DCO ratio analysis. Yrast 
sequences are observed up to J ~ 18 for 62Zn, and 64Zn, J ~ 27/2 for 61Cu and 
J ~ 23/2 for 63Cu. Though we cannot settle new Jp values for 61,63Zn, their yrast 
sequence is also extended. In 64Zn, a doublet of 7­rays is discovered at 1315keV, 
clarifying the similarity in the level scheme between 62Zn and 64Zn. We reproduce 
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Figure 5: Excitation energies of 61Cu 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 0g9/2 plays an essential role; one nucleon excitation 
to £9/2 gains high angular momentum with low seniority, at the cost of the single-
particle energy. Second parity-change is also suggested by the calculation. Such 
parity change seems characteristic to spherical or nearly spherical nuclei. In 6 1Cu, 
concentration of the 7-ray intensity is observed. This happens because a stretched 
3-quasiparticle configuration including 0g9/2 is relatively stable, similarly to some 
isomers. Thus, by studying the structure of the high-spin states of the A ~ 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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0 3 (a) Energy distribution curves of PLF for the 69Cu isomer. They were deduced 
from the intensities of the 1871keV 7 ray in the PLF­7 coincident data with/without an 
absorber foil. The energy loss A E is defined as the difference between these peak 
energies, (b) Peak energy of PLF vs. transferred mass. Two solid lines are drawn so that 
all the isomers identified in the present experiment are included between them, (c) A plot 
of A E vs. peak energy of PLF. Calculated energy loss is depicted by solid lines for the 
elements of Ni to Ga. 
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M 4 Decay scheme of the 2741 keV isomer of 69Cu 
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