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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 experimentél
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 RI-beam and
Photon-beam. The participants from RIKEN, Tohoku University and JAERI Neutron Science Research
Center presented the future plans of experiments with RI-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,
y -ray Spectroscopy
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Enhanced Population of Side Band of *°*Gd in Heavy-Ion

Coulomb Excitation

Masumi OSHIMA, Takehito HAYAKAWA, Yuichi HATSUKAWA, Michiaki SUGITA,
Kazuyoshi FURUTAKA, Masanori KIDERA*, Jun-ichi KATAKURA, Makoto
MATSUDA, Hideshige KUSAKARI,Y Kazushi TERUL"Y Katsuhiro MYOJIN,! Daisuke
NISHIMIYA," Masahiko SUGAWARA? and Toshiyuki SHIZUMA®
Japan Atomic Energy Research Institute, Tokai-mura, Ibaraki 819-11, Japan, U Chiba University,
Inage-ku, Chiba 268, Japan, ¥ 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 133Gd with heavy projectiles, 32S, 58Ni and %7Zr,
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 E'1 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: 133Gd, 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 £2 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 1**Gd in a Coulomb excitation experiment by a heavy *Zr projectile. The low-lying

_4_
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level structure of ®>Gd 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 ©3/2[651] orbit has been identified with the
band head at 86 keV. Since the parities of the two bands are different, the side-band members
are considered to be excited via F1 and/or E3 transitions from the ground-band members
in multiple COULEX process. EX matﬂx 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 FA matrix elements concerned using
the computer code, COULEX [5]. In the previous analysis [1] which took into account
the RUL for E1 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 %8Ni 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
RU L 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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5. '*2CsDEAE ARRER U'PEXEER
High spin states in odd-odd !*?Cs

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

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

Abstract. Excited states with spin larger than 5 A were newly established in the !*2Cs
nucleus via the '?*Sn(''B,3n) reaction. Rotational bands built on the vhyy/; ® wdy,,
vhii/2 @ Tg7/2 and vhiyj; ® mhyy s, configurations were observed up to spin I ~ 16 h. The
vhiij2 @ mhyy, band shows inverted signature splitting below I < 14A. A dipole band
was firstly observed in doubly odd Cs nuclei.

Keyword: 132Cs

Nuclei in the mass A ~130 region are known to be « 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-{2 hy,/, proton and high-£2 hyy/; neutron. The signature inversion
of rotational bands with 74,1 /2 ® vh11/2 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 !2*Cs and %¢Cs,
the inversion states of low spin were reported using experimental method. The spin
assignment of other Cs isotopes The systematics in lighter Cs and La isotopes (N<71)
and the calculations suggested that the signature splitting of the low-spin states was
inverted and that the inversion spin from abnormal to normal increased with increasing
neutron number. The signature of the low-spin states of *°Cs (Z=55, N=75) [5] was
inverted. However, the normal signature in '**La (Z=57, N=75) [6] was reported. The
spin assignment have been inconsistent in the higher isotopes of Cs and La. There is no
data of the v transition energies and high spin states of *2Cs. To extend the systematics
of Cs isotopes, high spin states of *Cs (Z=55, N=77) have been investigated through
in-beam spectroscopy.

The nucleus '¥2Cs was produced with the reaction !'*Sn ( !B, 3n ) 13?Cs 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/cm? layer of enriched *4Sn
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" x 3
Nal detector. The energy resolutions of HPGe detectors were 2.0-2.3 keV for 1.3 MeV ~
ray of ®Co 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 10® v - 4 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 1*3Cs(vy, n)'32Cs
reaction, there was no information on high-spin states nor on v transitions. Fig. 1 shows
the level scheme of '*?Cs constructed from +-y coincidence relationships and intensity
ratios. The excitation energies of the lowest three levels of 86.2, 108.3, and 185.9 keV
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were the same as those reported in ref. [9]. The v rays from excited states were in
coincidence with Cs Ka 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 + ray was a doublet and the 785.3 keV
~ ray was very weak.

P. R. Sala et al. [5] reported three rotational bands with signature partner in
130Cs. Their configurations were assigned to be mhyy/y ® vhyy, (positive parity band)
, Thiy2 @ vgrje and whyy s ® 1ds/; (negative parity bands). Fig. 2 shows the signature
splittings ( E(I) — E(I — 1) ) of the three bands of 2Cs and *°Cs. 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 *°Cs. We propose the
configurations of the three bands to be Ay, ® vhy1/; (Band 3), mhiy/2 @ vg7/2 (Band 2)
and Thyi/2 ® vdse (Band 1). The mhyy/s ® vhyyy, band shows the inverted signature in
the low-spin states. This feature has been systematically observed in lighter odd-odd Cs
nuclei [1]. Inversion from abnormal to normal in '*Cs was not observed, but in !32Cs the
inversion occurred at spin of 14 A. This inversion spin was lower than those of 12*Cs and
126Cs [1].

r[I‘Le dipole transition band has been a topic of high-spin states in this region. Some
dipole transition bands were found in odd-A Cs 1sotopes (9,10]. This is the first observation
for doubly odd Cs nuclei.
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Decay out from M1 band
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7. The possible mass region for shears bands and chiral doublets

J.Meng and S. Frauendorf”
The Institute of Physical and Chemical Research (RIKEN),
Hirosawa 2-1, Wako-shi Saitama 351-01, JAPAN
*Institut fiir Kern- und Hadronenphysik, Forschungszentrum Rossendorf e.V.,
PF 510119, 01314 Dresden, Germany
(November 18, 1997)

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 Cy4-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 ¥ and . In order to find the orientation angles one diagonalizes
the single particle routhian

B =haey -G -5 (1)

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

@ = (wsin ¥ sin p,wsin ¥ cos g, w cos V). (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'(w, 9, ¢) with respect to 9 and ¢ at fixed w. At the minimum the angular momentum vector J= {4)
and the angular velocity & 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 hy1/3 proton particle or hole and a k),/2 neutron hole coupled
to a triaxial rotor. The hamiltonian of this PRM is

3 _ . 2
H=hdef+z(—lzﬁil)_, 3)

v=1

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

2 2
T, = T sin(y — ?"u) . (4)

For 4 = 30°, the moment of inertia [J5 is the larger than J; = J3. The hamiltonian of the deformed field
is haey = th, — h,, where the plus sign referes to particles and the minus to holes. The single particle
hamiltonian is given by

h= %c{(jg - &g—ﬁ)cosv+ %{j]‘i +j2]sinv}. (5)

In the calculation we take C = 0.25MeV and J = 40 MeV 1. corresponding to a deformation of
B3 &2 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. (%) =9

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 & is given by

R,
T’

2

w, = R, =J,—<j,>. (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 J, subject to
the subsiduary condition that J = /JZ + JZ + JZ is constant. Taking into acount the stationarity of |),
one obtains

Jy ~ (]u)

7 =w, < Jy, ' (7)

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

3
1
E' =< hl>—‘2‘zjuw‘2n (8)
v=1

with w, given by eq. (2).

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

1) The rotational axis (J || &) lies in one of the three PP 1-2,1- 3 or 2- 3. We call such a solution
planar.
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i) 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 v = 30°, J 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.Il. 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.

mhyye

vhyp™

®

A 4 A i [l
5 10 15 20 25
L[k

FIG. 1. Rotational levels of k, /2 Particles and holes coupled to a triaxial rotor with ¥ = 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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FIG. 2. The relation of symmetry and shears bands and chiral doublets: the upper panel shows the how 61 = 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 §I = 1 bands appear
in triaxial nuclei when the rotation becomes aplanar.
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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’.; must be equal to zero and Q5 = Q" ,. The triaxial
shape is specified by the two moments @ and (Q4+@Q"_,)/v2 . The orientation of the density distribution
is described by the three Euler angles ¢,9 and .

Qu = D33 (¥,9,9)Q + (D32(4,9,9) + D5, (4,9, 0)) Q% 9)

The angles ¥ and ¢ specify the orientation of J in the intrinsic PA frame. They take only the discrete
values satifying the selfconsistency condition (J || &). 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 ¥». The whole
set of degenerate TAC |4, 9, @) solutions is given by the different values the quadruole moments @, can
take. The invariance of the of the intrinsic quadrupole moments Q) and (Q% + Q’_,)/v/2 with respect
to the rotations R1(7), R2(7) and Ra(r) implies that one may restrict the Euler angles to 0 < ¢ < 2,
0 <9 <m/2and 0 < ¢ < 7. The other values give @, that are already included. One may see this
also directly from eq. (9) by using the symmetries of the D - functions and Q5 = Q_,. States of good
angular momentum |I, M = I) correspond to a superposition of TAC solutions |4, d, ¢} with the weight
function exp (iI9)/v/2m (angular momentum projection).

One must distinguish three cases:

1) PAC solution

d9=0, 7/2, p=0, 7/2.

Then
[p+m, 0, 0)=Rs(m)p, 0, 0)=e**"[¢, 0, 0), (10)
W+ m,7/2, 0)=Ri(m)|¥,7/2, 0)=e |y, x/2, 0), (11)
[+ 7, 7/2,7/2) = Rao(m)|b, /2, w/2) = e |9, /2, 7/2). (12)

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

2) Planar TAC solution

I#£0, 7/2, =0, 7/20r V=m/2, p £0, n/2

The signature symmetry is lost and all spins are possible. The planar TAC solution represents one Al =1
band.

3) Nonplanar TAC solution

V#0, 1/2, o #0, m/2

The signature symmetry is lost and all spins are possible. There are two degenerate solutions |y, ¥, ¢)
and |¢,d,7/2— ¢). 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 7, the wave function is an eigenfunction of the rotation R;(r) defining
the signature of the corresponding A7 = 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 R;(),
which form one A7 =1 band. .

HI 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 R;(w). 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 R3(x), 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
AI =1 band. The reorientation of E from the 3 - to the 2 - axis is reflected by the change of the slope
of the curve I{w), which is the 7(€) 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 R;(m). Correspondingly, the low - spin PRM spectrum consists of AI = 1 bands, which
differ by the wave functions of the proton 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] = 1 bands merge into doublets. The PRM states with the same value of I are
somewhat split, indicating the presence of some tunneling between the states symmetric to the 1 - 3
plane.

IV. DISCUSSIONS

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 ofzdenizcal AT =1 bands of the same parily.

A planar triazial TAC solution may represent a band with a signature splitting that decreases with angular
momenlum .

It seems interesting to look in regions of v soft nuclei for such phenomena. These ¥ 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 134Pr reported in ref. [8] might be candidates for a pair of identical AT =1
bands.
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8. Tilted Axis RotationaliREED A EBIESIE

Angular momentum Projection of Tilted Axis Rotating States

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

T. Horibata
Department of Information System Engineering,
Aomort Unwersity, Kouhata, Aomori-city 030 Japan

Abstract
We applied an exact angular momentum projection to three dimensional cranked HFB (3d-CHFB)
states. Tilted axis rotating 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 attracted considerable attention. Fermi
energy of these nuclei is in the middle of a high-j shell (v7,3/7). This situation is connected to y-degree
of freedom. An idea of y-deformation has been helpful to understand physics of these isotones such
as high-K isomers [1]. Frauendorf [2] proposed that this situation may also allow “Fermi-alignment”.
High-K states play important roles here as well as in case of y-deformation, but such a high-K state is
taken into account in terms of “tilted rotation”. field. As a consequence, a new interpretation of the back
bending is possible among these isotones in terms of “tilted rotation”. Namely, “g-t” band crossing (band
crossing between a ground band and tilt band). Experimentally, high-K rotational bands are observed
in 180W 181Re and !820s, and the bands are temporarily assigned as “t-band”(tilt band) {3—5]. Pearson
et al.[5] reported that they found such a back bending for the first time in '*'Re.

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-K state. 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-I). In order to investigate properties of the wave packets,
Hara, Hayashi and Ring[6] applied an exact angular momentum projection to the principal axis rotating
(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 m-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 |¢} and general rotational operator R(Q), where Q is the Euler angles.
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Namely, general rotation is expressed as R(Q)|¢). 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
that 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-K 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,

|1£) = N(1+6) £]-6)), (1)

where |+8) represents the 3d-CHFB state (tilted axis rotating state, or TAR) with tilt angle £6, 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 '*20s 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 = rotation about
a principal axis of inertia rather than a rotating axis, and we assigned (+)-signature to even-I states
and (-)-signature to odd-I. 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-I states than odd-I states while |—) mixes odd-I
states and even-I 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 I and low-high K components
on the same footing. We also achieve the signatiire 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 better 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;

.. L I .
e (0.8) = (900)| Pl | 6060)  with Pl = 2 [aaDie@b@. @)

R(R) is a rotation operator with the Euler angles, 2 = (a, ,7), 6 is a tilt angle and DL ,.() = (IK |
R(w) | IK') is Wigner’s function. A measure of integration is written as dd = dasin 8d3dy.
The overlap kernels, <¢ ’R(Q)‘ ¢> , are evaluated by using the formulae [10],

(SlRWI4") = Vet PR, (4)

where

r) =vtptyu + vipTQyv'. (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

orthonormal set of angular momentum (JK),

1) =3 ¢ko\IKe) and Pl =Y |IKa)(IK'a|, (6)

IKa a

where « indicates additional label to I and K. The probability wi. found in (1K) states is written as,
2
wic =Y 9kal = ki (7)
o

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

wi= EI: wl = Tr(n?). (8)
Ke—1I
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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.

L ] _o\'ro"
s+ __odd”
Tea-1__eve
ra-1__odd”
“tar_eve"
"tar_odd”

-—0.01 L L A P
o = 10 15 =20 =25

Angular Momentum
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.



JAERI-Conf 98-008

Jequinu wnjuenb-y
- ° ¢

Y -
& vz 3 0L g

143
910
80

() Aupeqoig

Jeqwinu wnjuenb-y
'Y St
& " o S 0 s o g

e 4 000

.4.. e [ [
-1 €000
1 voo'0
1 s00°0

< 9000

() Anpqeqaig

1000
2000
£00°0

$000

9000

Amaeqouy

71 000
-1 <000
1 €000
1 000
1 §000

Aupqegod

TAR states. Angular momentum constraint is 13. Tilt angle is 6°. Even and odd components are drawn

Figure 3: Probability distribution with respect to K-quantum number and total angular momentum for
in different graphs for convenience.



JAERI-Conf 98-008

9. FeleEp%ic i ATilted Axis Cranking &Particle Rotor Modeld H:#%

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-j
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° < v < 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 y-dependence of the moment of inertia should be specified. We
use that of the irrotational hydrodynamical model,[7]

i) = 3sin? (v + 2k), (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[11] 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 “y-reversed” moment of
inertia[12, 13)] for the positive v deformation, which is believed to be responsible for the
signature-inversion phenomena:[14]

[ v <0,
jk(’)') - { j"i:not(_,y) 5> 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 (e, %),
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) (b)
(c) (d)
(e) () (3)

where ¢; (1 = 1...6) is the s-th eigenvalue of the single-particle hamiltonian, and the corre-
sponding (2-value (the projection of angular momentum on the symmetry axis) at y = 0°
is denoted in parenthesis.

/\ = €3 (Q = 3/2),
A =eq (O =T7/2),
A= e (0 =11/2),

A=e (2 =1/2),
A=¢e3 (2 =5/2),
A=e;5 (0 =9/2),
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Fig.1  Magnetic dipole reduced transition Fig.2  Electric quadrupole reduced tran-

sition probability as a function of the ro-

probability as a function of the rotational fre-
tational frequency w for 4y = —20° The

quency w for y = —20°. The solid (dashed)

line is the result of TAC (exact particle-rotor
coupling) calculation. The panels (a)-(f) are
the calculation using the chemical potential
in Eq.(3).

solid (dashed) line is the result of TAC (ex-
act particle-rotor coupling) calculation. The
panels (a)-(f) are the calculation using the
chemical potential in Eq.(3).
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Fig.3 The selfconsistent tilting angles (&, ¢) in the TAC calculation as functions
of the rotational frequency w for 7 = —20°. The solid, short-dash and long-dash
lines denote (91,¢1) (85,45) and (fgr,$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
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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. '**HgBZIEH O EERRFRICH T 5 BEhER

Shell Effect in Rotational Damping for Superdeformed Hg
K. Yoshida and M. Matsuof

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[1]. 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 4Aw
(notice that AE ~ 2wy ) 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 wyqt,
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 Aw[3], (Aw)? = 717 S 12 fa(1 = f), 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,; —F,, axis.Transition strength associ-
ated with lowest states show undamped character in 192Hg reflecting as many rotational
bands as Npang = 150. Even in well damped region the width in '92Hg is significantly
narrow.
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Figure 1: E2 strength distribution S(?(E,;, E,,) from decay I4+2 — I — I —2 projected
onto Ey — E,, axis.Transitions are devided according to energy regions. I = 40h for Hg
and I = 50h for others.
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Vibrational Motions in Rotaing Nuclei
Studied by Coulomb Excitations

11. 7 —o VEgIc X 5 [l OIREES)

Yoshifumi R. Shimizu
Department of Physics, Kyushu University, Fukuoka 812, Japan

Abstract

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 87-Spectrometer, which was one of the best y-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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exp. 0.143(4) 0.0022(2) - — - —
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exp. 0.143(3) 0.0020(2)  — - - —
cal. 0103 00013 2299  0.188  0.236  0.0030
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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 *Sc and %*Nb. The electric
dipole transitions are found to be rather selective and strong E1 transitions occur
to some specific spin-dipole states. Calculated E1 transition strengths between
GT and SD states are compared with the analytic sum rules within 1 particle-1
hole (1p-1h) configuration space and within both 1p-1h and 2p-2h model space.
Possible implications for charge-exchange reactions may help to understand the
quenching problem of spin excitations. For details, see the references [?].
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Periodic Orbits and TDHF Phase Space Structure
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1 Introduction
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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 *2Dy in 1986 [1], SD bands
have been found in four mass regions, i.e., A ~ 80 [2], 130 [3, 4], 150 and 190 [5]. While
these 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 ™ Hg. 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[8]. This representation enables one to
obtain solutions of various shapes (including SD) without preparing a basis specific to each
shape. Solving the mean-field equations in this representation requires, however, a large
amount of computation which can be accomplished only with present supercomputers.

2 Comparison of various Skyrme forces for '“*Hg

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

Comparisons with theoretical predictions are presented in Table 1. For the 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 a4 specific to each force. The SkM* is a force
adjusted so as to reproduce the fission barrier height of *°Pu and thus expected to have
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the correct surface energy coeflicient. Indeed, the SkM* as well as the SkP forces are the
best ones to reproduce the experimental value of £*. On the other hand, the SIIT and
the SkSC4 forces seem to be too stiff against deformation, while the SGII is too soft.

E*[MeV] force | E*[MeV]
experiment[9] 6.017 SIII 8.2
Woods-Saxon-Strutinsky[10] 4.6 SkSC4 | 74
Woods-Saxon-Strutinsky[11, 9] | 4.9 SkM* | 6.3
HF+BCS with SkM*[12] 5.0 SkP | 6.0
HFB with Gogny D1 [13] 6.9 SGII | 3.9
Nilsson-Strutinsky [14] 7.5

Table 1: Comparison of excitation energies of SD states at zero-spins for **Hg. 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 '%Hg. Their strength G was given by an empirical formula of their own,

165 175
T1+N E T 11+2z

N [MeV]. (1)
On the other hand, our strength G is determined such that the so-called classical
empirical formula of the average pairing gap,

A = = [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
(A, < 1.8 MeV), while our strength produces a reasonable size of gap (A, < 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 1077 sec for Krieger’s pairing force
strength while it is 1 x 10713 sec for our strength. The difference amounts to a factor of
order 103.
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Energy[MeV]
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Figure 1: Potential Energy Surfaces of !**Hg for various Skyrme forces. The abcissa is
the deformation parameter §. The ordinate is the energy measured from the sphericity.
In parenthesis are the excitation energies (in MeV) of the superdeformed minima from

the ground states.

£ [MeV]

\\ [ I { | -

0
-0.2 0 0.2 0.4 0.6
Quadrupole deformation &

Figure 2: Comparison of the results with HF+BCS with SkM* between different pairing
treatments. The solid curves are calculated with our method(pairing strength G is de-
termined so as to reproduce A = 12/+/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 §. 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 4Ca to gPb 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 g,Sm) 26 t0 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 1%Hg.

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 ¢,

3
5= 4<<%>>, 3)
where (), is the axially symmetric mass quadrupole moment,
Q. =288~ 2" - ¢, @)
and 72 is the squared mass radius,
P2= 2 4 g2 4 52 (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 § of the initial wavefunction is smaller than
0.6, we exert an external potential proportional to (), on the initial wavefunction
until § 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
6 > 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 <
§ < 0.6 by imposing a constraint on Q,. 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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General Relativistic Mean Field Theory
for Rotating Nuclei

Hideki Madokoro! and Masayuki Matsuzaki?

! Department of Physics, Kyushu University, Fukuoka 812-81, Japan
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Abstract

The o-w 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 group[l, 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, (z). 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 - gow(z)) + B(M — g,0(2)) + g,u°(z) — UL, + 2,)) Yi(zx) avi(z), (1)

(-Vi4+m2 QL) o(z) = gops(z), (2)
(-V2+m? - 2L () = gupu(z), (3)
(-V24m2 - QXL + 5. )) w(z) = gujn(z) (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=8 and Np=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 o- and w-meson are explicitly written in the formulation, the p-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 o-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
N=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 3Mg, 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 3°Mg 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.1 shows the systematics of the 1st excited 24
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 3Mg. This means that the calculated mo-
ments of inertia are too large. For 32Mg, we find
slightly prolate(8 ~ 0.11) ground state, and two
local minima, one is slightly oblate(8 ~ —0.06)
and another is prolate(8 ~ 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 (8 ~ 0.44) is 0.3 MeV higher than this
local minimum(denoted by the single black cir-
cle in Fig.1 at A=32), while if mesured from the
ground state, the excitation energy is 3.0 MeV.

3t i ?
. /

25 | Mg isotopes [ |
: CRET F ]
g 15| /
iy i

0; /\ '''''' \’

0 W — L

Figure 1: 1st excited 24 states in the Mg iso-
topes.

3.2 Superdeformed rotational bands in the A ~ 60 mass region

Since the experimental discovery of the superdeformed rotational bands in 52Dy, many superde-
formed bands have been observed in the 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 deforimed states
built on the N,Z=28,30,32 deformed shell gaps. Ragnarsson et al. predicted that the superde-
formed minimum become yrast at I=22 for ®Zn[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 8°Zn 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=30 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 8°Zn are shown. The superdeformed states
seem to become yrast at I ~ 20(2 ~ 1.0 MeV), which is consistent with the prediction of [9].

9 475
or _ 480 |
i; _ “H45200,) 485 |
13 | 30 4% |

e(MeV)
EMeV)

14 ¢ y 495 |
154 | -500 }
']6 3 -gtmor

-17 h&;’.::::““'“i“"\\ 3 L
g L= — . -510
0 02040608 1 12141618 2
QMeV)

Figure 2: Single neutron routhian of the su- Figure 3: Total energies in ®°Zn for ground state
perdeformed states in ®°Zn as functions of ro- and superdeformed rotational bands as functions
tational frequency €. of spin 1.

4 Summary

We have formulated a general relativistic mean field theory for rotating nuclei adopting the tetrad
formalism. The results were the same as those of Munich group who started from a special
relativistic transformation property of the spinor fields. Why they could obtain a correct result
was also 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 8°Zn showed that the superdeformed states become yrast at I ~ 20, which was consistent
with [9]. A more systematic investigation with the pairing correlations is now in progress.
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Nuclear Physics with Laser-Electron-Photons: Developments and Perspectives at SPring-8
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1 RBRUSIC

SPring-8 D 8 GeV T E— 4 [1) ZHV /. MRV —F—KLiDa> TP HELCL Y. 1~3.5 GeV
FEHET100 BELRBLET7+ M E—aWEONDL, TOMRTHO 7 +— 7 BWBHEIIHRTH L
Z=rTHY. FEFOREBETORROMEZEORLEVEDITDOOH S, 1~3.5 GeV BRI TF D)
REMPERGICENS Z A VX -EBTH ), BERH 70— TEHCWICHRR S + — 7 OBb 5 PHEROM
RICREW GRS 2 HET 5 L HRFHERS (2],

SPring-8 THOERTIE. BRBLABIZALVF-H Iy YREBTFHAD I + 7 L OBHRBEAR, R 7 +—
YDy T VARDPBHI NS LRSS, BEEARNER. 71— 0BT YRLEHET L
HOFENBRBER D, BE, BT  BFEPWETKELHLL->TWEEE. [BTACYORE] %
METIANLZREBEEROERIN TS, HIEEEE LT, UTOLIZWA0ALERBEEIHY, H
I +—IBHYBOL TP L BMETHRDO by T2V D2 E B ES,

BEFRIMEL —F— 2 W2y 7 b U BELTIE MeV $BROBAMBRWT Y <P ES5N5, 100 %
RN DM T 10° photon /HLUENBOLN D EHEESNLIDT, BTN E1£B,. M1 BEIEOHFIEI
BLCIDHENETH S,

LAFIZ SPring-8 TREASNAFH T AL F— - 74— 7B OWTIEHEBIZ B, RKiEIZ, 10 MeV
BREOERE., BREY V vBIRELLBICERIN L LR SN IEYRIZOWTHERT .

1. BFHD s3 DM

BT FRTOBMAEC— A2 M (un/p,) 27+ — 7 BEITEHETZL -2/3 &40, EERE-0.685
CEBLRE-HLTWEZ LR 73— EEIOBWL Y A TH o7 LDLEDS, BRIEDERM
FFH R (CERN) OR#L 7 b VBT RBEEMHEOEKRIE, BTFAEI DI +—F A
BiEILoWnwT, [BFAEYIE, 10%UTOZ+—2 AV OFEGHERTLIOR, ALY
A= DEGHI0% B 6 20% FHET S, | EV)IBIREFEREDALLLAL[3, 4, 5]

IhiE, BTASEEORICHL O TRELEM 2 HZITL T 0D, T/, BED QCD EHFT
. BMFONBIEEE G CERT LI LEATRTI/+— 2 &7 b—F v 0% CRILE L2k
BE L HEFL2RERTEIHIBEIGECOTELZWD, EW)EHbLD 5,

o HHF (HE 1020 MeV) 3 53 OHBIBBEHL, BEOHLRA LYY - Z4 -7 - ALY
T a = EROPEFTH L, RE GeV R - A TRBE TR SHSE /v 277 T 5
TEILEDRETESHHT, ¢XMETSHILILD, [BRTFHEORA ML Y VR AFE] Ll
ETHIENTEL, J¥I2, XF-BFHONY ¥ 7 1 FATEEL & K PATEELO W E R O IEXFRE 2
EORBEICKET 2MAROEGHEORMEIL, A VLV PARAFEICHETH 5,
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M 1: Z2o0¥ ¢ PEITERBRE, a) X7 ¥— - X2V FI+ A8 (VMD process), b) ss3tD W
YRR X BN & LA (knock-out process)o.

COEBOERAMELIBLIERBLTE S 72012, 1~3.5 GeV OREY > v EA VT, ¢
MFEERTIBO2 00BN LBELXE LT T, K la)id. XTFHFFHERZ PLFHEF ¢ ITE
fEL. #0#%. BFLoRAO KW (BE/V—FUFH) Lo THE SN Z2BRTH S, K2
OYVBAEZELFELETFEERFNS, COBEGE, BRTFOAEVICHT A2 ERITERENT ¢ P>
FICRFEEL SR CELNESICRAGIEK S,

E1b) EBF (BF) OPIIHb sSESL V<@ MMEE+EREEbLTWVSE, ZOHEIL,
57— 3tiduud 74— 2 L EDLET, LB ELDBETEBRL TVIEELOT, Mla) kil
R, MaHaEnisiddedbiHEeaLvwiud 74— 270RELOMEEZF->TwWa, Blb,
S A~V HRDETEIZwd 7+ - DEFRELEADLETEBTHRFORBFRICE L 2o ZITH
FWiFhv, EZAT, BADPBR LAV ORBTHIEHFEETL S 7+ 7 2MMEETR1b) D
BRETHE, HL. T~ BICL D o FHETERTIIR la) DBEIFIXENTH L L FHEINL D,
MATIZ L TR D) DFELRIET 2 I EAPK LN S,

SPring-8 TRIEI SN2 ERTIX. RES VYR EBEETENZEHICH, B8 a) LBED) OF
BHRICHELFERUEELEHML, BFHAD ST 7+ — 7T BOTHBIZRA L) E LT
%,

0Y7 OERR Titov HIXZOHRE S + — 7 BERIL o TFHE L 72 [6]o HEOFTHEHERIZ. 2GeV
fHETOHN V2 I L 2RBHEEERICHVT, VMD B8 & knock-out BEOTFHI)R LB L.
0.3% D ss WA ZHHLTETHE2EFERL T 5,

2. Baryon DERL/N) % v - ARZ bV (7 — 2 RBIBEK OB
WNYF L DORNEREDFTHFEHTRIL GeV EFHRICLVAIPNLLEIONLIELLEMATDH S,
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- OBLADESSRIT QCD HENSIELN B/ F U Y OFpRIKEE B & 20T 55 8%
BORFZEIZ, N PO Ui, QCD EZEXEE T 41— 2 2 FHETH 5,

A= T N—F L OERRTHAIEFRUONA RO OREKREIR, BFHEOBELABIIER
LTV 2 ThlbtH 5, ZOEMBHRICE BHALN) + VERREN AR b5 AIHA TS,
GeV K2 FWRANZBNYF 25 7Y~V iCREEL, BNV hbDON ¥ THE, AV
WD, INHLHBBOBEWMEBINVA DI+ -2 - 7TV —F Y, PV TE QCD AZDOHH
DK EZERE 25 [T]o

. GDH (Gerasimov, Drell-Hearn) FiR O EE

AEZ 1207+ —2128 B AE Y | OENXFORIGEFE TIZFBN 27 v SRIGERAIZEN 5,
BF i $ 55y v BBRINMERD LA NVF - BT EBFOAE Y 2 RFDOAE ¥ EFT, AT
BEIZOWTHIET 5. TORICFHlEN S GDHFIRIME(S, 9] & [HMFoAE DE] LBEL
REEGZNERTH L, 5H, WHEOFTROLEKDOH HRED—> [BFDAY D] O
WEEDN, QCD 0EBEPRDLMIEL 25, $72. 1.5~35 GeVOXFIZL H2ERMEITI I +— 7
*EWPEL LBROTTIVORELRF 2 7 & %5 [10]

GDH EER L M 2 ERIBET > <RIZLBF0a 7 HELERTH b, REV > <L
REEFS -7y POBEO/ AL 7P BELETTIZ. Yy rs11]itk-oTERXHN, BT
BMRE— AV, BTFRTOEMOSMACEBRMIIONDE ZEBFhoTb, H Y vROBERNPET
H4X (1251078 cm) & D b o EAE L ool F Y RIEBTFHOBHIHOEMERL 2
Wh B, L5 T, 1.5~35 GeVHEBTHI 7 b Y BELOKER. RBESHENEEIRTOM
REEDOFMLBHRESG A B LR 5,

LAV OHEE

AV Y DEERREDOHFEIL, BT ANVF R - 72 VIMREHZETHIT LN TRLER

BEfFRT —~YD—2Thb, KEBFITRNESEFH, AV UBEBIL-o TEYEE S, ANV
VDK HEOFR, FEBEOREIIA Y VOBECEELEREG L b, AV YD+ —D -
K2 +—78E, FV—K—-HEER S QCD DYENEEEED 5,
FRICEBRIEVDIR, 24— LADDIRRKELELT, QCDEZIZE/ R—LVEHKLTBY, 0
BHIRIZLY GeVEEORBEL ALY — (HE) 23 2B PUVKHF (AbnX TRV Y) |
QCD £/ K- VRFHFFEIA TS, ZOQCD ./ F—VEHBHRICL o TFEI NI HETF
DERIZ. 7+ — 7B ADBERHEOEE 2 2 [12],

QCD TFHENTWVEE/ F—VEBIIFE LRIV — K- VORERIZOLPNE, BEDOHE
EEBENZLDICHKS, 612, KE—HEROEFL Lo TV 2WHICHER S 2REFHET
HoHby FABBORMNITIEH/I2 B LICH LB, ’

&6, pHEF. KPHFEOFBIEE— FERAL I LIPYHOBREKERTH 5 3t
DN ] DRFFRIZEH 5B,

ERTFORDRICE A+ — BT A B

BT Aot %+ SrEAEER GRVHEEER) OXEZRBEOLERTRS )0
BRI TH B, BEMICOELNLERPIT oL T w5, HL, TALF -0 GeV UL ENDH
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BTIIHEBEERIIEY, 1.5~3.5GeV DI RNVF I, BAOOHBK L XY VHEE»H QCD D
VBEER DI+ — VHMEBENEBITTAH2HEETH 5, RERASFUETOERERE, 2 0HBOERL
AT AHEBORABHOK L VF oy 7R ETI LIRS, 1.5~3.5 GeV HIBTORE 7 + b~
W2 & B EBRNHEL MEER I R T SPring-8 DA TH Y, FHMOHLIERE L5,

ERTFABRRICRERTFOIT Y RBCL VB TFLREF BT IRETH 5, ZORBIIET
BFHMBEER (BARCEET 2MO0EAMLZBEEAN—2THLHVEEER) OFXEER
BOLERTROTCERLRICTH D, EAWIIZHAMETH ), MBRICEFOHEEREHLMIIT
&9 %,

. Glue ball (DGL ¥3& . Dual Ginzburg-Landau H3%) OHEXR

YA —EEIZE > TRADEREIR, 74— 270 hRLTHAFEYARCHLADLR TV,
EVIHIMETH B, EE, EESNATVAHERIL, BEERETOYA AT BRI LHEIC X
530L %5 DGLEHTH A [13, 14, 15, DGLEHZTIZ 7 +— 7B LADICEER b LT
WL, FOFNV—F=LI3# 15 GeVOERYL L JP = 11 0BTFHZH2O[16). €512 QCD
by FAKFLELTOt DIV — K- VOFESTFEEINL, INLHALADEBCHEDIKNTDE
FRIEALAOBIBOBRBAICKENCEETH 5,

BRI BTAHETEE. ROIBVOWNE

p (770)\ w (782)\ ¢ (1020) HFDONY & —HETIL, EFHOFTHRIA Y IRES v TV
ho NI F— - FIFUVADETFNVICHRE, AFEFORE (L-H-BFLOHE I XV IR
BER, 7 —RERFEICL) ZIBLALTEHS, DT L p (T70) 122V TIE1 0 % DHET
BrH LN TV 5,

BFRHBTFREFEFTEOEEXZRILT AL TFRENTVD, Zhid, 74 7RO B REY
EnEiE) QCD HROFEMTH 5, BEDO LA VEBFEEDO LRIV I 4 T Vit mE
THIELWIY, BEAEDNFOYDEENFETHI L% 5 (17, 18] N7 MVHFEFp & w
DEEVBEFHADREIIL o TEDLIICEATE2E. HFEHido&h EEL TRV, BEN
RELLDHELHD L. ML LIHEDITFHEINTNS [19)o

N7 —RFTH5DH GeV A FEEFHZICEHNT T, BEERICICLYVEFERATRS FVd BT
YEBEIERTAZENERS, EERENATHMTORBET /O L VHBTFOHAT
DEEBEEZHBECHEL, 7147 VHHFEOERUBNOBBIRIEL KRS, b5 A, KR
FEINFOY C— L FACAFETFERERTOTETH 54, EBEFLLTH U wRIZLED
DHEFRD, NFO L2508 E D FR»E ) DEBELITIIEY, KOEBROBEIE, BFHE
BXRLVEHIIERTELETHNTH S, NFOVERDBEIL, HE/NTA—F—1lLoTRY
VR T RAEDEENPRELSERT 2, BEELONZVEFHEL LD ETHRHICRHMEENR
EUEEL, RFNCE T’ DH 5,

WIRICR L, BFBEATONRY ¥ —dhliFERK, BEEOBEZOLLO MBI 2 EE LR
HTHy, IE*BENICHETLIERIIH S,

Hry=iild b, BATORY 5 —dlFEROBEBIEATORTFOEE LB ZIT TS E
THIE, N7 ¥ —FETFORBEOHAHLEATKIBIZET RN DH 5. A TORERIZHEF
BMFOAEMHBEL» SRETE 5,
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WEKRE - FARIV—TE, RET <RI EI B2 MV TFEREET - BEFHOMENFEDS
Ehwi A A IVHBHEOERNBENOBEDOERE 5 2 o 2 WREMEIZEB L. SPring-8 TOHE
RETEZHLL T 5,

8 BB 7+ b LIZXBENAN—EFHOWT
BILALE— GeVitid (v, K) RIBICE ONAN—BEEDLZ LML, ZOFERERD (1,K),
(K,m) Ko &L o Th b, XORBEEFALT, BENS—BE2EDL, ZIh00OR[RROME
REFHEARTO 7L —N—EBHEERZHLLICT S, 34 TV nE, BEFEATO
74— VBALADEOTFHRRELHLN,IZTH I MRS,

2 BEFEOM 1. E 16t
2.1 HALTEUBRBICLBH L IERE

SPring-8 D) Y FIZER SN ERE0Imm LTIV RATFRALEIANF-FTE—4 (8GeV) L —
W EF) zEEHRSEL L, LFRFEHICaY 7 #EL &SNS (Compton Back Scattering) o
BELDE, L—¥F—REEFIOIANVF -2 ZITHY, BRIV T 2RICERSND, ZOHELE
BEOBSH% ™ 2127R T,

B2 a7 BEICE AL —F—BF Kk

AV =HF—HDZAINF— (k) &L —F—BFHLOIINF— (k) OBRIE, 4 LTIV F— - &
BRRAHANICL 5T

b — k1(1 — Bcosby) 1)
: 1 — Bcosts + JT——M 1—:osx

DEIZHObEND, T Tx=0,—60,. ELIEFE—LDIFNF—, FREFOFEETHH (b
E c = 1) o



JAERI-Conf 98-008

Circular Polarization Linear Polarization
1.0 —— 10— 7
Electron Energy = 8 GeV 4 [ .7 ]
N 1 i i
3 \ 08 —
05 [— t i
| r 500 nm - ]
500 nm-. - : B
0.6 — —
[ ]
3
g oo j S ]
[ , ]
04 [— / _
[ Sy
/
-05 |- X /
02 —
L Electron Energy = 8 GeV |
PP PR | PR . N B
0 1000 0 1000 2000 3000
E, {MeV) E, {MeV)

B 3: 100% FARELZL—H—%ick 2L —H—-BFLOREBE (£R) & 100% EEELLZL—H—
K& B L -BFLoREBEE (FK) -

L—H—BFREDOTANVE— (k) REEHZ (61 = 1) THORFIBEFE—L2#THM (62 = 0) iZBkA
BENE, RKE

4k, E?

—17e 2
mg + 4k1Ee ( )

k2 =

#tb, tRXPLEFE—2DIFNF—, FLBL—HF—ROZRALVE-DIFE (REIFEV) 38
WLALNF—DL—H—FBFEIBOLNLZ LD E, HiIZ, EFORINF-BZEEL 7775 T,
BlziE, L—¥ =& LT351.lnm 3.53eV) D7 VI L —HF—%2FHWEE, BFLRILF—H25GeV,
6 GeVOROH yv#HOLANF—1ZFNFN03 GeV, 1.5 GeV 2D LT, EFZANVF—H8
GeV DEFIZIE, 24 GeV Oy <#HBIPBELN S,

Wal 7 BEOE., RELALV—V—XE2HHTILERET > REEHICHBLIIEHFMEKL. B
BIZRTEHIZ, ARAEDEAE. 100%RELLL—HF—Z2HVIEBRKIANFE-HTH R ITELEIC
RETS (RBEP = 1) . ERELOBEAIREEIEL. BRIV X -G TOIREOEIELN
%,

MEET Y BRIREBRETF -2 0HBRFZ L > THHELNED, FOHBEORBEIIEKRTD 0.5~0.7
Thb, BFE—LOHBBEHCL > TERRBLELZH v BE/DL I LIITELV,

Hav PP U BELTEONAY v BOL AN T — E FEAE IR

4k, E? 1 (3)
2:
mg + 4k Be \ 1+ (5 )02

THEZONLBEFEFHL, BEFIAVF—FEL DL, T vBRIETFOETHFOOFEVHEIZEST
55912%5% (H4) o RITEHICHBRTELY, FEITREZ LG, FovBOLERH X, BFE—24
DIINVE—IIORMEEL. AL —F—DIZAINF— 2RI ASKELRVWI ETH B,
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Energy and emission angle
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v Decay of Spin-Isospin States in *N via (*He, ¢v) Reaction

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

- Research Center for Nuclear Physics, Osaka University
@ Department of Physics, Osaka University

Spin-isospin states in >N have been studied by means of the 13C (3He, t) reaction at and
near zero degree, at E(3He) = 450 MeV. Decayed -rays from each state were measured at
backward angle in coincidence with the ejectile tritons. The branching ratio of v decay for
some of spin-isospin states were determined and were compared to those from previous data.

1 INTRODUCTION

From a point of view that nucleus consists of protons and neutrons, nucleus is excited
via various modes which are specified spin transfer A, isospin transfer AT and angular
momentam transter AL. Spin-Isospin excitation are charactarized as AS=1 and AT=1, AL
is arbitrary. Nucleus can be selectivly or predominantly excited via specific modes, if the
suitable probe is chosen. The (*He, ¢) reaction at and near 8, = 0° at E(3He) = 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 (*He, t) reaction is simpler than that
of other heavy ion reactions. Measuring decayed y-rays in coincidence with (*He, t) reaction
provide the information of nuclear structure for Spin-Isospin states in details.

Excited states in >N has been studied by meams of various probes and recently proton
decay from states in 1N was measured in coincidence with *C (3He, t) reaction. The
praticle thresholds for proton, neutron and alpha particle in 3N are 2 MeV, 20 MeV and
12.7MeV, respectively. As the coulomb barriar hinder the alpha decay, the proton decay and
the v decay are permitted up to about 15 MeV. Therefor decay processes can be completely
determined by measurment of the 3C (3He, tv) . Decayed 7-rays via 12C (p,7) reaction was
measured by Marrs et al. [1] in 1975. In order to investigate the decayed y-rays from each
state, changing the projectil proton energy was needed to excite each state. But (*He, t7)
reaction dose not need changing energy.

2 EXPERIMENTAL PROCEDURE

The experiments were performed at the Research Center for Nuclear Physics (RCNP)
Osaka-University. A >Hett beam was accelerated up to 450 MeV with the ring cyclotron
and transported onto a !3C target with the thickness of 1.72 mg/cm? in the scattering
chamber.

The ejectile tritons were momentum analyzed with the magnetic spectrograph “Grand
Raiden”[2], and detected by the focal-plane counter system, which has two 2-dimensional
position-sensitive multi-wire drift chambers (MWDC), and two A E-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 340 mrad each. The 3He** beam which passed through the
target was stopped by a Faraday cup in the first dipole magnet (D1) of the spectrograph.
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Figure 1: Top) the schematic view of
the spectrometer Grand Raiden. The
3Hett beam was stopped at the Fara-
day cup placed at the inside wall of
the D1 magnet. The 4 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)

\@ AnnularNal [ pmT and four quarter cylindrical ones (Annu-
@ T lar).

Central Nal PMT

[& 7]
v
PM Q& Annular NaJ

The v-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 6”¢ 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 v-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 y-rays event trigger.

3 ANALYSIS AND RESULTS

Fig 3 show the timing spectra for triton-vy-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
~-rays detected as prompt events are included the delayed y-rays , which were radiated from
excited states followed by particles decay from excited states in 3N , as well as the direct
y-rays transited between the same 3N nuclei. The direct and the delayed y-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



JAERI-Conf 98-008

[~ . .
( Figure 2: Timing spectrum for the
1000 ! Prompt triton-y coincidence measurements. The
’ prominet peak corresponds to prompt co-
seo|- Random incidence events. The hatched peaks
P f corespond to random coincidence events.
5 o »‘ Small peaks around 1300 ch and 1700 ch
° ‘ NG are random coincidence events due to -
4001 : Co rays from other than target.
Subtracted =
Random !
200 - T
R e By
A | 2 TIPS TS - S| !
1000 1200 1400 1600 1800 2000
TDC Channel
[
b Only Direct ¥
i) . . .
wr % Dj{,ectand Figure 3: Top) two-dimensional scatter
/ Delayed y plot for prompt events of v evergy ver-
~ 5 L A sus triton energy. Events observed in the
> .
s R upper regeon beyond the border line (dot-
o 101 _\ S ted) are direct-y-rays events. Delayed-v-

rays events were contained in the lower re-
geon. Arrow 7g indicate the loci of direct
, L decay to the ground state in !>N. The loci
o o e can be seen at E,=4.4 MeV all over ex-
citation energy region due to delayed 7-
rays from the first excited state in 12C.

M an L5

00 .
i .z E . Singles Bottom) triton energy spectra from 3C
aor ; i g 7 Coincidence (°He, t) reaction at E(°He) = 450 MeV
g ME 3 8 I and at 8 = 0 °; singles spectrum {dot-
8 s § E : ted line), and coincidence spectrum (solid
200 T : line) gated on vy decay after subtraction of

|

random coincedences. Counts for singles

)1] spectrum is arbitrary unit.

e g, |

I TR N I . D
Excitation Energy in BN (MeV)

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

Fig 3 shows a two-dimensional scatter plot of excitation energy in residual *N nucleus
versus decayed y-rays energy for prompt events. The energy calibration has been done by
using the peak positions for y-rays source; 1*"Cs (667 keV) and ®°Co (1174 keV, 1334 keV).
The strong 4.44 MeV ~v-rays could be seen all of the excitaion energy region beyond 6.5 MeV.
This v ray corresponds delayed vy ray from first excited state (4.44 MeV) in '2C to ground
state followed by proton decay from excited state in >N 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
y-rays events, except for random coincidence events. In the case of the delayed y-rays events
followed by proton decay, maximum 7 energy is smaller than the excitation energy in °N
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Table 1: Branching Ratio for 7 decay in 13N .

Initial state Final state Branching Ratio (% )

E; (MeV) J7 Ef (MeV) Jf This work Previous (3]
1506 3/2~ 0.0 1/2=  (1.8+0.7) (2.240.2)
15.06  3/2- 351  3/2- (1.5+0.8) (1.840.2)
1174 3/2= 0.0 1/2=  (5.4£3.5)x10~2  (1.94£0.5)x10~3

by proton shreshold energy in >N .

The branching ratio can be obtain from the ratio of the coincidence double-differential
cross section to the singles cross section, F—’i =f d?) P dQ7 7.~ The branching ratios for
Yo and 72 transitions from 3/2 15.06 MeV state and for v from 3/27 11.8 MeV were
derived. In those case the angular correlation pattern can be written in a simple form,
L,(6,) = I3[1 + Py(cosh.,)]. Since Py(cosh,) = 0 at 6, ~ 125°, it is straightforward to
determine the angle-integrated cross section. Total efficiency including the solid angle for v
detector was determined by using the Monte Calro simulation codes GEANT for a number
of y-rays energeis and checked experimentaly with v source.

The derived branching ratios are given in Table 1, and also previous experimental values
[1,3] are listed. I, /T'(15.06 MeV) and I, /T (15.06 MeV) are (1.840.7) % and (1.5+£0.8) %
respectively. This larger error mainly attribute to stastical error. Hence previous values are
(2.240.2) % and (1.840.2) %, and are bigger than present ones by 30 %. But those values
are in agreement with previous ones within the error.

[,,/T(11.8 MeV) is (5.443.5)x1072 %. The previous value of I, /T'(11.74 MeV) is
(1.940.5)x1072 %. According to the leves assignment in Table of Isotope [4], there are
two 3/27 states at 11.74MeV and 11.88MeV. The derived branching ratio contain the con-
tribution from both states since those states could not experimentaly separated from each
other.

4 CONCLUSION

The 13C (He, tv) reaction was performed and the branching ratios for 7o and 7, transitions
from 3/27 15.06 MeV state and for 49 from 11.74 MeV were derived. The branching ratios
for 49 and s 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 y-rays in coincidence with (*He, t) was established.

Theoreticaly, spin dipole resonance (SDR) which was populated from the ground state
with J™ = 0% via AS=1, AT=1 and AL=1 mode, has three spin components (J™ =07,
17, 27). Experimentaly, however it has not yet been possible to resolve the SDR into the
different spin components. We can expect that the v 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 Alignment in Heavy-ion Resonances
E. Uegaki {

1. Introduction

Very recently, 22Si + 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 22Si+28Si 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 2¢Mg + 24Mg, 28Si +
285, 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 E.p, 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 40%, 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 2*Mg + 2*Mg system (prolate-prolate system)[3]. Characteristics of the 28Si 4 28Si
molecular states are also clarified in ref. 4.

2. Di-Nuclear Molecular States in the 28Si 4 28Si System: molecular normal modes

In the following, we firstly revisit 22Si + 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),

(ql) = (91’027037R,aaﬂ17ﬂ2), (1)

where a; and ay of Fig. 3(a) are combined into 83 = (a; + @2)/2 and a = (a1 — a2)/2.
8;’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,

Wy ~ Di; (8:)xx(R, a, B, Ba). (2)

t Department of Physics, Akita University
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CHANNEL

Fig. 3

(a) Angle-integrated yields of the elastic scattering, 2%, mutual 2+, and mutual
(b) Total-energy spectrum of coincident fragments obta,lned at a

Reaction dynamics is illustrated. From upper to lower, the whole system grad-
ually alternate to strong coupling regime.
Fig. 3
figuration.

(a) The coordinates in the rotating molecular frame. (b) Equator-equator con-
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In order to know dynamical aspects of multi-dimensional internal motions of (R, a, 81, 52),
we investigate an effective potential with specified spin J and K,

VJK(Ra a7ﬂl,ﬂ2) = ‘/}nt(Rv a,ﬂly ﬂ2) + Tr,ot(‘]v I{), (3)

where Vjp; denotes the nucleus-nucleus interaction calculated by density double-folding,
and T}],,(J, K) denotes the rotational kinetic energy with specified spin J and K. In
Fig. 4, an R — §(B1 = B;) energy surface, ie., Vyx(R,n/2,,0) is displayed for J = 38
and K = 0. We find a local minimum point at §; = f; = 7/2 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-butierfly as

By =(AB + AB)/V2 = (B + fo — 7)/V2,
B =(AB1 — DB)/V2 = (B — B2)/ V2,

where AB; = fB; — w/2. In contrast to such a stability against R and § degrees, a-
dependence of Vjk 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 (n4,n_) for the butterfly and anti-butterfly vibrations is given below
the levels. Also given at the upper right-hand-side of the levels is a dominant quantum
number v for a-motion, which means a-motion is approximately described by cosva (or
sinva ). Apparently K-excitation and twisting rotational modes appear to be lower than
B-vibrational modes. The excitation energy for K = 2 is very small, smaller than 1MeV,
and even those for K = 4 or v = 4 are smaller than 3MeV. By an analysis of the wave
functions with respect to 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 (b) mark
is assigned in the lower part of the figure, respectively.

(4)

3. Spin-Alignments: disalignments by the butterfly motion

The angular distributions of the 28Si 4 28Si scattering are fitted by the Legendre-
polynomials, for the elastic, single and mutual excitations. The results clearly show dis-
alignment (not shown here).[1] 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 28Si+28Si we obtain
good correspondence to disalignments. For 2*Mg + 2*Mg we don’t obtain. Some reasons
expected for the 2¢Mg + 2*Mg results of "not disalign” are as follows: (1) Dominant prob-
abilities of 2¢Mg + 2*Mg 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(?2Si + 28Si ) and the
prolate-prolate system (?*Mg + 2*Mg ) is now in progress. Further experimental study is
strongly desired.
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Fig. 4 Effective potential energy Vix (R, /2, 3, 8) for the 22Si+%8Si system with J = 38
and K =0.

Fig. 5 Molecular normal modes for the 28Si + 28Si system for J = 38. The quantum
states are specified by (n,n4,n_, K, (v,m4)), where n = 0 except for one level(n = 1,v =
0) displayed with dashed line. :

Fig. 6 a) Butterfly configuration and motions of two constituent nuclei. b} Orientations
of the angular-momentum vectors I; and I3 due to the butterfly motion of a).

Fig. 7 Probability distributions of the 28Si + 28Si and 2*Mg + 2*Mg systems versus
channel spin 1.
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Exact Angular Momentum Pro jection
based on Cranked HFB solution

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. Introduction

It has been shown that superdeformed yrast band as well as ¢ and s-bands for nuclei in A = 130

1,2) However

region is reproduced by the Cranked Hartree-Fock-Bogoliubov(CHFB) approximation
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 32Ce. For simplicity the nucleon number

projection is not taken into account since it is not considered to be essential at high spins.

§2. Outline of projection method

The CHFB solution is selfconsistently determined from
§<H >=86<H 22— N —wdy >=0, (2.1)

with three constraints

<Jp>=AJI(L+1), <Z>=2Z, <N >=N, (2.2)

where | > is the CHFB quasiparticle vacuum, or CHFB solution.

Angular Momentum Projection Operator is given by

~ 21 +1
PJ{JK: 87T2

2 T i 27 I N R
/0 da fo dpsing /0 dyDlyxc (@ 6,7) Rle, 6,7), 2.3)
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where ﬁi(a, (3,7) is rotation operator and D{M (e, 3,7) is D-function. The deformed states deter-
mined from CHFB solutions are necessarily triaxial except for the solution with spin constraint
I. = 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
[Urar >= S Fk Pkl >, (2.4)
K

where the CHFB solutions (I, # 0) are no longer axially symmetric so that some K-values con-

tribute to the sum. The coefficients F%, are the solutions of the generalized eigenvalue equation
> {< HPkgr > —Ey < Py >}Ffer = 0. (2.5)
KI

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

expression we see that Hamiltonian H is diagonalized in the space spanned by the state 15}( Kl >.

We have to calculate the terms in the Hamiltonian kernel

< HR(o, 8,7) > < 5pﬁuR(a, B,7) >

< R(a,ﬁ,’y) > = Ho+ %,;(HOZ)“U < R(a,ﬁ)’)/) >
< ﬂuﬂuﬂpﬂaé(a, B,y) >
+ H 17 A ) 2-6
2 o= B > 29

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

8.1 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 reference?).

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) calculation!). 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 FEnergy Level
In the following calculation we replace (2.5) with
B == EI}?&O >
< Fyo >

(3.1)
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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 CHEFB solutions (| > for I = 0, 20,36) and I
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 g-band (I, = 0), s-band (I, = 20) and
superdeformed band (I, = 36). The solution I = 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.-1
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 32Ce is well described by CHFB solutions.

I S S I I l
—e— Exp. g- and s-bands 132
s Exp. SD band Ce
~-- =0 (g-band) P FEN
-~~~ 120 (s-band) a/ o
20"' -~ [ =36 y ! ﬁ/ &"’ h
— . , 4
2 --<-- projected CHFB / S K
b _
el
5
=
= -
L
40 Spin 1

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

3.8 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 1MeV. 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 monopole-pairing 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.

T T 1 T

—e— Projecied CHFB (K=0)
3 --®-= CHFB (without exchange termf]
15- ==0~= CHFB ( with exchange erm) -
o 1
%’10_- .‘\\ ]
5:' e, 3
E ".~‘~‘ E

\.\
. . ey §
10 2030 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 CHEFB 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 K-quantum numbers and if neccesary
some multi-quasiparticle 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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High Spin States of “8Cr
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21. Monte Carlo Shell ModeliZ & Apf#kD#E—HIEcaR

UNIFIED DESCRIPTION OF PF-SHELL NUCLEI BY THE MONTE
CARLO SHELL MODEL CALCULATIONS
K B, RFEIR, KRB

RERFEZHYEEAE, ' SRERERGHE LYY —

Abstract
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Abstract

We study static non-axial octupole deformations in proton-rich Z = N nuclei,
64Ge, %8Se, "?Kr, "0Sr, 89Zr and 8Mo, 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 58Se is extremely soft for the Y33 triangular deformation, and
that in 8°Zr the low-lying local minimum state coexisting with the prolate ground
state has the Y35 tetrahedral deformation.

Recently, the nuclear deformations violating the reflection symmetries have been at-
tracted much experimental and theoretical attentions[1]. The experimental indications for
a static octupole deformation with axial symmetry have been found in light lanthanide
and actinide mass regions, such as local lowering of the excitation energies of the first 3~
state[2] and parity 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 2ps/2 and 1gg/2 orbitals in the major
pfg-shell[7]. Especially in proton-rich Z = N nuclei, both proton and neutron config-
urations cooperatively operate to develop the static octupole deformation. Strutinsky-
type potential-energy calculations assuming axial 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, #Ge, %8Se, "?Kr, "Sr, 8Zr and 8Mo. 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 z, y and z axes in the 3D mesh. The Skyrme force SIII is used as effective
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Oblate Spherical Prolate
g.s. 0.62 4.00
64Ge B,v = 0.27,25° B,7=024,6° 3,7 =10.38,0°
Bs = azs = 0.01 Bs = 0.00 Bs = 0.00
g.s. 0.32 2.42
68Ge 8,7 = 0.25,60° 8,7 =0.25,0° 8,7 = 0.40,18°
,@3 = Q33 = 0.15 ,@3 = Q3] = 0.06 ,@3 = Q3] = 0.02
g.5. 1.12 1.74
2Kr | B,7=0.34,60° B,y =0.27,58° B,y =042,1°
,33 =0.00 ,33 = (¥33 = 0.05 ,33 = Q31 = 0.03
2.58 3.25 g.s.
76GQr B,v=0.13,60° 3,7 =0.02,0° B,v = 0.49,0°
,33 = (33 = 0.16 ,33 = (X33 = 0.12 ,33 = 0.00
1.58 0.90 g.s.
807y B,y =020,59° B,y = 0.00,0° B, = 0.50,0°
ﬂ3 = (3 = 0.04 ﬂg = Qg = 0.24 ,@3 = 0.00
g.s. 0.24 0.85
84 Mo B,y =0.20,56° S, = 0.05,60° B, = 0.64,0°
ﬂ3 = 0.00 ﬂ3 = Q30 = 0.13 ﬂs = 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 %4Ge. The ground state of %Ge which shows the triaxial deformation is classified into
the group oblate.

interaction. As for the pairing strength of proton, we 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 G, [10).

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

AT (®| T2 7! Xy (1) | @) (1)
3AR!

where A is the number of nucleon and R = 1.24'3 fm. Here X, is a real basis of the
spherical harmonics,

i

7(m:_l7"'al)a

Cim

X = Yy,
1 *
Xijm) = —ﬁ(Yz~|m|+Yz—|m|),
_i .
Xicjm) = E(anmh}?lm;), (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
3

635(2 agm) :

m=-—3

=

(3)

For nuclei around A ~ 80, existence of three local energy minimum states showing
oblate, nealy spherical and prolate deformations is reported in the SHE+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) § = 0.7,y = 60°,
(2) 8= 03,7y =60° (3) 8 =00,v=0°(4) 8 =03,y=0° (5 8=0T79=0°
For all initial configurations, the distortion of the octupole deformation, az,, = 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
®4Ge (where the obtained 83 = 0.01 is not sizable). Among them, the %®Se is noticeable
since it has the large octupole deformation (83 = 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 D3, symmetry seen in the regular
triangular prism shape. The potential energy surface is quite flat up to ass ~ 0.2 as shown
in Fig.2. It should be noted that octupole instability emerges only for the as; 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 %8Se, the N, Z = 34 Fermi surfaces are located
between the positive parity orbitals with Q = 9/2,7/2,...,1/2 stemming from the 1gg/2
and the negative parity orbitals with Q@ = 3/2,1/2 arising from the 2ps/; (those just below
the Fermi surface, See Fig.4). Among the possible couplings associated with the octupole
deformations, the AQ2 = 3 coupling between the positive parity 2 = 9/2 and negative
parity 2 = 3/2 orbitals, and also the one between the positive parity 2 = 7/2 and negative
parity §2 = 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 8Zr shows the largest octupole deformation of 83 = a3y = 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 Ty. Figure 3 shows the potential energy surfaces of
80Zr with respect to the a3, a3, o302 and ass deformations. The potential energy surface
of the a3y deformation has the minimum point at a3 = 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 as, direction (the tetrahedral
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deformation) is quite contrasting to the other types (azm(|m| # 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 c3;. As developing the tetrahedral a3, deformation of ®Zr,
the orbitals stemming from 2p3/, and 2p;/, decrease in energy and those stemming from
1gg/2 increase with holding high degeneracy of orbitals. The sub-shell gap at nucleon
number 40 enhanced by addition of a3, distortion field stabilizes the strongly tetrahedral
deformed solution. It is known that high degeneracy of irreducible representation of the
T, symmetry tends to produce a significant bunch in the single particle level spectrum
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 zy, yz and zx planes where z, y and 2
axes represent the principal inertia axes. (a) and (b) show those of the ground state of
68Se and the second minimum state of ¥ Zr, respectively.
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Figure 2: Potential energy surface with respect to the different types of octupole de-
formations, calculated for the oblate ground state of ®8Se. The energy is measured in
relative to the reflection symmetric solution. The quadrupole deformations are set to
B = 0.25,v = 60°.



JAERI-Conf 98-008

_ % -11
E = -1241ggy»
N’ > ‘1 3 _‘
X 2
o 2 -14-2py
@ w )T
5 @ S e
— L 44
S € 1642
£ © v, zezezzsrziiiiIiIIIIIITNIINY
2 Q7 e,
ol @ 1'5/2 """"""""""""
o E) 184 T
£ T T
19p) 0.00 0.10 0.20 0.30
as, (1=0,1,2,3) a3
(a) | (b)

Figure 3: (a) The potential energy surfaces of ¥Zr with respect to the different types of the
octupole deformations, where the energy is measured in relative to the spherical solution.
The potential energy is calculated as a function of as,, (m = 0,1,2,3) by imposing the
constraints of 8 = 0,7 = 0° and a3, = 0 (v # m ). (b) The single particle energy of
neutron as a function of the tetrahedral a3, deformation.
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Figure 4: The neutron single-particle levels for #Zr as a function of the quadrupole
deformation parameter 3, calculated with the quadrupole constraint and the axial and
reflection symmetries. For each orbitals, we put the value of 2, the projection of the
angular momentum along the symmetry axis. The arrows indicate the AQ = 3 coupling
associated with the triangular Y33 deformation as discussed in the text.
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Structure of high-spin states in A ~ 60 region

H. Nakada!, K. Furutaka?, Y. Hatsukawa?, T. Hayakawa?, M. Matsuda?, T. Ishii?,
M. Oshima?, M. Kidera®, S. Mitarai®, T. Komatsubara*, K. Furuno*, H. Kusakari’
and M. Sugawara®

1 Chiba Univ., 2 JAERI, ® Kyushu Univ., * Tsukuba Univ., > 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 proton-rich Cu
and Zn nuclei by experiments and shell-model calculations, focusing on the role of
the unique-parity orbit Ogg/, in high-spin (J & 10) states.

The #1%3Cu and %1~%4Zn nuclei are produced by the **Ca+?Si reaction. The Ca
target is sandwiched with the Au layers and irradiated by the 120MeV Si beam
from the tandem accelerator at JAERI. v-rays have been detected by the particle-
4-~ coincidence measurement, whose array[1] is composed of 10 Ge detectors with
BGO suppressors (for v’s) and a Si-ball (for charged particles). The -y events of
~ 108 have been accumulated. As an example, the y-ray spectrum of 6!Cu is shown
in Fig. 1. The DCO ratio analysis has been made to derive multipolarities of the
y-rays; we take the ratio of the simultaneous intensity of v at § = 32° and v, at
90° relative to that of v; at § = 90° and v, at 32°. This ratio tells us whether ~, is
dipole (E1/MT1) or quadrupole (E2), if we know the multipolarity of v,. Thereby
spin and/or parities of yrast states can be indicated.
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Figure 1: y-ray spectrum of 5'Cu.

A shell-model calculation is also carried out for the Cu-Zn nuclei, by using the code
VECSSE[2]. We assume the & < 3 model space of (0fs/z1pas21p1/2)* 6% (0ge/2)",
on top of the *Ni inert core. The effective hamiltonian is fixed from the data around
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6Ni: the single-particle energies are taken from the ®"Ni data, while the residual
two-body interaction is modified, based on the folded-diagram calculation[3], with
respective overall factors for the T' = 1 and T' = 0 matrix elements including gg/2,
so as to reproduce E,(37) of °8Ni and E.(9/2%) of %Cu. 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%4Zn is depicted in Fig. 2 (see also Ref. [4]). As
well as new levels are identified, spin-parities are suggested for some of them. The
present J¥ assignments are consistent with those of the previous works([5]. In ®4Zn,
we have found that the previously reported 1316keV ~v-ray is a doublet; 47 — 27
and 97 — 77. Although these two ~v-rays are not resolved in energy, the 808keV
(24 — 2f) and 937keV (4% — 27) 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 %2Zn and %Zn. For
instance, there occurs a parity-change in the yrast sequence at J = 7 for both nuclei.
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s ] (b) : 4Zn
3, I
0 181 I
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Figure 2: Level scheme of 5%%47n.

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 (0go/2)* (k = 0,1,2,3) configurations. Even (odd)
k configurations have positive-parity (negative-parity). It is noted that, according
to the calculation, the coupling is weak among the different k& configurations. An
important role of the Ogg,; orbit is clear now. It is remarked that crossing of different
k’s occurs in Fig. 3. Since these nuclei are nearly spherical, (in low-spin region)
seniority comes larger as J increases. On the other hand, high-spin states can be
produced with relatively low seniority if a nucleon is excited to go/3, at the cost
of the single-particle energy. In competition to the loss of the pairing correlation,
this configuration becomes lower at a certain spin; J = 7 in %2Zn and ®*Zn. This
parity-change is reproduced by the calculation.
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Figure 3: Excitation energies of 62%4Zn as a function of J.

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

Another parity change in the yrast sequence is predicted around J = 14 for ¢>Zn
and J = 12 for %*Zn. Though such parity change has not been confirmed in the
present experiment, it will be an interesting subject in the near future.
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We next turn to 1%3Cu. The level scheme of ®!Cu obtained in the current exper-
iment is presented in Fig. 4 (see also Ref. [7]). Plenty of y-rays have newly been
observed. JP and energies shown with italics are newly assigned ones. The yrast
levels are compared with the shell-model results in Fig. 5, and the good agreement is
established. A remarkable point in ®!Cu is that most vy-ray intensities concentrates
at the 17/2} level. With assistance of the shell-model calculation, this y-ray con-
centration is accounted for as follows. The yrast 17/2% state is dominated by the
stretched 3-quasiparticle configuration of (m1ps/2)(¢0fs/20ge/2). This configuration
is stabilized by the two-body attractive force for (1ps/20ge/2)s=67=0 as well as for
(0fs5/20g9/2)s=7,r=1. On the other hand the lowest 19/2% and 21/2% states consist
mainly of 5-quasiparticles. Thus the 17/2] state is relatively stable, and is favored
in the sequential y-decays because of large E.’s. This mechanism is very similar
to some isomers. Though the data is not so abundant, ®*Cu seems to share some
features with 'Cu. According to the calculation, 17/27 is relatively stable by the
same stretched 3-quasiparticle configuration. Though not confirmed, second parity-
change in the yrast sequence is predicted around J = 23/2 both for ¢! Cu and **Cu.

10 T
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1471
g —(23/2) 9 61Cu
1112 -
21/2%
1533
6 —t 1704 (19/2)
17/2% 736
300 _¢
1038 13/2% 529 ] 652
4 L3/2? 648111/2% |935 2093 797 y 1559 850
61| 11065 1869 F— 1335)044 792 2191 | hsso
ﬂgi d1a27 | gl Jou B 2HL 3 5ol 19
9/2 j 648 9/2- 6'@ 720l 0/2-
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Figure 4: Level scheme of ¢! Cu.

Whereas several y-rays are newly observed also in 6*®3Zn, their intensities are not
sufficient for the DCO analysis. Despite the prediction, not a single parity-change
has been established.

In summary, high-spin states in the proton-rich Cu-Zn nuclei are investigated by
the experiments at JAERI. New levels and v-rays are identified by the particle-y-
4 coincidence, and J¥ assignments are made via the DCO ratio analysis. Yrast
sequernces are observed up to J ~ 18 for 2Zn, and %*Zn, J ~ 27/2 for *'Cu and
J ~ 23/2 for ¥Cu. Though we cannot settle new J* values for 6%%Zn, their yrast
sequence 1s also extended. In ®4Zn, a doublet of y-rays is discovered at 1315keV,
clarifying the similarity in the level scheme between 52Zn and ®*Zn. We reproduce
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Figure 5: Excitation energies of ®*Cu as a function of J.

the yrast levels by a shell-model calculation, by which structure of the high-spin .
states is further studied. A parity change in the yrast sequence is established, in
which the unique-parity orbit Oge/, plays an essential role; one nucleon excitation
to go/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 % Cu,
concentration of the y-ray intensity is observed. This happens because a stretched
3-quasiparticle configuration including 0gy/; 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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B K& (ST x5 - REBHE), 20 min.
High-Spin states of *8Cr

Ky &i& (BRX), 30 min.
Unified Description of Mid-pf-shell Nuclei by Monte Carlo Shell Model Calculation

SR B ($18X), 20 min.
Exotic Octupole Deformation in Proton-Rich Z = N Nuclei
14:30 - 16:00 - FE&k : HIE B (RRAKFEERRLE)

BF% KBB (A K), 20 min.
N = Z EBEROBEAY v iKEE

FE - (FEX), 30 min.
A~ 60 RIBIEOEAY ¥ IKED HE

=R #B (FUEX), 20 min. ,
Cranked HFB Bands for Ge Isotopes

A# R (FRH), 20 min.
Ni $Bi%O P FEREOEE

16:10 - 17:40 MR . KB EiE (BEHF)

A& 18 (FE#f), 30 min.
(IR%E) B RI ¥ — AGHE
B B (FBFR) - B8 EX (G2H) , 30 min.
BISREAE [RIK—A77208)—] &2 <R[ ax2 b
#E ¥ (RIEKXE), 30 min.
i BT B EFHET IO IRIR E IFK
(H&)
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®1 SIHABEE & OHIBHAL &2 SILOPHENBHIL =5 Sl
ht B B F=s f B FU bi% 4 PEUTGE i B
=3 X|2 — F 0 m 4y, B, H | min, h, d 10| = 7 ¥ E
7 t|¥wv s 35 4 kg E, o, B o, 100 | = 74 P
Rf ] #» S Yy v AL L 102 | + Vi T
A Wl7r v )7 A b MR 10° | ¥ v G
BhOYEE )y L v K MIEAEL | eV 108 | # ﬁ M
» ® ft|E )2 mol EyERag | u 10° | * 5§ k
¥ Elh v F 3 cd 102 | ~ 27 ¢ h
R PRI rad 1eV=1.60218><10”"fJ 100 ¥ »# da
vtk mlArIvry | I u=166054x10 kg ¥ v d
1072 & » + c
107%] = D} m
e | D SIS x4 S1EHITWEMNIC 1070 + ) n
BOH R cxpwm MERF X 45 HiLf 10 ¢ a| p
"o ¥ s~ 4 Y| He| s & B i % 107 72 hb 1 f
bl Za2—F¥! N m-kg/s? AV IR PT=A A 10°%] 7 + a
E Hh , W K| A #» A Pa| Nm? 28 - v b N
i F— |y 2 — | 7 | Nem s — al| var (i)
TR, meH|7 v | W s 2 2 cal 1. #1-5 13 "ERHOR, S5,
AR ,BHE|2 — o ) C A-s ¥ 2 Y - Ci EER#R 1985 H{TIC L 5, 727XL,1eV
M|y, ®WE, BEy (X L b V| wa v oy P Aoy R BEU 1 uDfiiit CODATAD] 986 HEHELR
#oq & W77 7 FFCN 7 F | rad fitiic & > 72,
; &= _— i
LA Ll Q | VA 2 s | rem 2. HANGHE, vk, T, ~FF
Aol Mol I IS —1 b AERTLBHREOMREOT S
143 #wlw = — 3| Wb | Vs 1 A=0.Inm=10""m _} : LSHHEORLEDTS
wow & ®|¥ 2 7| T | Wbhm? 1 b=100fm?=10"2*m? SCRARL T
4y ¥ %A~ vy~ H Wb/A | bar=0.IMPa=10°Pa 3. barii, JISTRBEOENZERDHLTH
Ay ARE[RLSYRE| C ez 2 FIROEZ2OAT T —IWEERTY
- 1 Gal=lcm/s*=10""m/s
x ol KR I B 1Ci=3.7x10"B 5.
2 1=3.7X
e giv 2 A x| Im/m? ﬁ,q 4. ECHESL54 7 bar, barnB X
. B o 1 R=2.58 x1071C/kg o
B H M| 7 L Ay Bg s 0 O "WED ¥, mmHgkE2DHT T
% M & ®’|F v 4] Gy J/kg I rad=1cGy=10"%Gy CARTLS
B O % flv-—~xrr]| sv| Jkg 1 rem=IcSv=10"%Sv
# 23 #*
51 | N(=10%dyn) kgf Ibf JE|MPa(=10bar)| kgf/cm? atm mmHg(Torr) 1bf/in%(psi)
1 0101972 0.224809 1 10.1972 9.86923 7.50062x10° 145,038
9.80665 1 2.20462 1| 0.0980665 1 0.967841 735.559 14.2233
4.44822 0.453592 1 0.101325 1.03323 1 760 14.6959
# & 1Pa-s(N-s/m*)=10P (K7 X)(g/(cm-s)) 1.33322x107* | 1.35951x107% | 1.31579x10"* 1 1.93368x10°2
BREEE  1m?/s=10'St(R b — 7 X)(cm?¥/s) 6.89476x107%[7.03070x107¢ | 6.80460x10"2 517149 1
x| J(=107 erg) kgf-m kW-h cal(FH&ik) Biu ft-1bf eV 1 cal= 4.18605] (itHfti%)
e
N 1 0101972 | 2.77778x1077| 0.238889 | 9.47813x107*| 0.737562 | 6.24150x10" - 41847 (#4k3)
¥ )
i 9.80665 1 2.72407x10°¢| 234270 9.29487x107*| 7.23301 6.12082x 10" = 4.1855] (15C)
i+ 3.6x10° 3.67098%10° 1 8.59999x10° 3412.13 2.65522x10° | 2.24694 x 10% - 4.1868] (HEELSH)
L3
. 4.18605 0.426858 | 116279x10°° ] 396759107  3.08747 | 2.61272x10"  gwm | pS({LEH)
o 1055.06 107.586 | 2.93072x107*| 252.042 1 778.172 6.58515 x 102 - 75 kgf-m/s
-7 -3 18
1.35582 0.138255 | 3.76616x10 0.323890 | 1.28506x10 1 8.46233%10 - 735 499W
1.60218 X107 | 1.63377x107%[4.45050 x 1020} 3.82743 x10~%| 1.51857 %1072 | 118171107 1
1 Bq Ci % Gy rad ;ﬁ C/kg R ] Sv rem
f;*é 1 27027010 @ 1 100 ﬁ{ 1 3876 i§ 1 100
3.7x10" 1 0.01 1 2.58%107 1 0.01 1

(86412 H26 HBRTE)
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