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Abstract ( Section 1 and Section 2): New insights have been gained into the frontiers of nuclear
structure of neutron-rich nuclei by means of y-y-y and y-v(@) coincidences of prompt ¥ rays emit-
ted in the spontaneous fission of **Cf at Gammasphere. Over 5.7 X 10" triple-and higher-fold co-
incidence events and the less-compressed cube data provide excellent conditions for searches and
studies over a wide unknown range with more neutron excess. High-spin yrast and near yrast level
schemes of neutron-rich nuclei in regions of physics interest have been identified for the first time,
or extensively extended and expanded compared to previous preliminary measurements.

Chiral symmetry breaking was recently identified in even-even neutron-rich " "*Ru and ' Mo
isotopes. The former have the largest lowering of ground state energy when axial symmetry is bro-
ken, and near maximum triaxiality was deduced in the isotopes. By exhibiting all the fingerprints
for chiral doubling, especially the best energy degeneracy, the doublet bands observed in these Ru
and Mo isotopes are the best examples of chiral properties reported in this region. The evolution of
chirality from y-soft ' Ru to triaxial """ "*Ru is proposed. Tilted axis cranking (TAC) calculations
extended by random phase approximation (RPA) calculations can explain the features of the dou-
blet bands in terms of a soft chiral vibration for these even-even nuclei. The chirality in these even-
even nuclei cannot be reduced to the simple geometrical picture as in odd-odd nuclei. Instead, in
these even-even nuclei the tendency to chirality comes about from the interplay of all the neutrons
in the open shell.

Systematic studies of the N=283 isotonic chain in the vicinity of the doubly-magic "**Sn have

yielded a wealth of spectroscopic information in this attractive region. The new data of N=283 iso-
tones ¥ Te (Z=52), 1 (Z=53), ""Xe (Z=54), "Cs (Z=55) and " Ba (Z=56), especially
the observation of the long-sought level scheme of "*Cs, and shell model calculations, indicate the
key role played by the coupling of the excitations of the few g;,, valence protons outside the Z=50
major shell closure and the f;,, valence neutrons outside the N =282 major shell closure. Resem-
blance of spectroscopy and counterparts were observed between the **Sn region and ***Pb region.
Tilted rotation(magnetic rotation) was observed in '** Te, which is the first observation of magne-
tic rotation in the vicinity of '**Sn,
Key words (Section 1 and Section 2): neutron-rich nuclei; high spin; yrast; fission; **Cf; y-y-v
and Y-Y (@) coincidences; Gammasphere; chiral symmetry breaking; triaxiality; tilted axis cran-
king (TAC) calculations; soft chiral vibration; N =83 isotonic chain; doubly-magic **Sn; shell
model calculation; magnetic rotation; similarities of spectroscopy
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Searches and studies of neutron-rich nuclei
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some cases to medium ) spins in neutron-rich

have opened a new era of nuclear spectroscopy.
The B~ decay of fission products, thermal neutron
capture, (d, p), (t, p)» (a, xn) and heavy ion in-
duced fission, incomplete fusion, and deep inelas-

tic reaction have been used to populate low (in

nuclei. However, the broad and detailed explora-
tion of the high spin yrast and near-yrast spectros-
copy of the neutron-rich nuclei had not been
realized until the advent of large y-detector arrays

L1, 2]

in combination with fission source Measure-
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ments of prompt ¥ rays from fission by the multi-
detector arrays, such as Gammasphere and EU-
ROGAM, have covered a vast range of previously
unknown neutron-rich nuclei.

The most recent progress in the spectroscopy
of neutron-rich nuclei made by our collaboration
are based on the two experimental runs each taking
two weeks in 2000, in which a **Cf source of 62
©Ci, sandwiched between two 10 mg/cm’ Fe foils,
was placed in an 8-cm-polyethylene ball centered in
the Gammasphere™ which had 101 Compton-sup-
pressed Ge detectors active. Over 5.7 X 10" triple
and higher-fold events were accumulated. The
Radware cube three-dimensional histogram and
less-compressed cube with one-third less compres-

1) created based on these high statistics and

sion
high quality triple coincidence data provided the
key conditions to explore the unknown neutron-
rich regions.

The identification of a new transition in a nu-
cleus was based on cross-checking the coincident
relationships with its low-lying known transitions
(if any) and with those of its complementary fis-
sion partners. Additional evidence for assignment
of a transition to a nucleus can be obtained by
measuring the fission yield ratios of the transition
in the nucleus to another transition in its neighbor-
ing known isotope in gated spectra with gates set
on its fission partner isotopic chain, 3n, 4n and 5n
fission partners, respectively. The variations of
the fission yield ratios with gates set on the 3n, 4n
and 5n fission partners, respectively, were com-
pared to those known ratios of "'Ba and '*Ba in
103 10119 Mo gates(3n, 4n and 5n fission partners of
l-’HBa)[B, 6]‘

yield ratios provided additional evidence for the as-

The consistent variations of the fission

signment of the transition to the nucleus.
Transition energies, relative intensities of Y
transitions and branching ratios of levels were de-
termined by peak-fittingst! with proper back-
ground subtractions, which is crucial for fission ¥

data analysis.

The assignments of spin/parity to levels iden-
tified in a nucleus were based on angular correla-
tion measurements'”, internal conversion coeffi-
cients (ICC) measurements, level systematics in
neighboring isotopic and isotonic chains, decay pat-
terns, and, where available, on theoretical model
calculations.

This paper reviews the progresses in four hot
topics at the frontier of nuclear spectroscopy of
neutron-rich nuclei. Each section will first outline
the major achievements and current interest in the
research field, and then introduce the most recent
progress made by our collaboration. The studies of
chiral symmetry breaking in neutron-rich Ru, Mo
isotopes, new spectroscopy of the N =83 isotonic
chain in the vicinity of " Sn, new insight into the
shape transitions and onset of deformation in A~
100 region, and the recent detailed investigation of
octupole excitations around Z =156, N =88 island
and the observation of sharp drops in electric dipole

M3 1 s and likely also in the La

moments in
isotopic chain, are reviewed in Sections 1, 2, 3 and
4, respectively. Figures, tables and references are
independently numbered in each of the four sec-
tions; and concluding remarks are given at the end

of each section.

1 Chiral Symmetry Breaking in Neu-
tron-rich """ "> Ru and '® Mo: the
Best Examples of Chiral Doubling
so far Reported in Nuclei, and the
Evolution of Chirality from 7y-soft

18Ry to Triaxial ''* '2Ru

1.1 Introduction

The word “chiral” is a word of Greek origin,
“chaire”, which means “hand”. Chirality is the
study of handedness, right-handed and left-handed
symmetry. Systems that can form right- and left-
handed systems on reflection are chiral. For a long
time, chiral structures have been of interest in

complex molecules and elementary particles. The
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right- and left-handed molecules have slightly dif-
ferent energies to give rise to energy doublets.
They are related to each other by mirror reflections
(see Fig. 1). The DNA double-helix and other
complex bio-molecules are chiral. Although two
enantiomers with the same binding energy exist for

DNA, only one is synthesized.

Fig. 1 Two chiral molecular states of the two enantiomers of
2-iodobutene. The broken line indicates the mirror

plane.

However, the nucleus had long been thought
to be achiral until Frauendorf and collaborators
predicted the chiral symmetry breaking in rotating
well-deformed  triaxial

atomic nuclei  with

$:97 The simplest case for chirality is an

shapest
odd-odd triaxial nucleus where the total angular
momentum vector is out of the three principal
planes spanned by the three axes, and consequently
there are significant components of angular mo-
mentum along each of the three axes. In such an
odd-odd triaxial nucleus, when a high j particle
aligns along the short axis (with Fermi level lying
in the lower part of a valence particle high-; sub-
shell), a high j hole along the long axis (with Fer-
mi level lying in the upper part of a valence particle
high-; subshell), and the rotational angular mo-
mentum along the intermediate axis, the three an-
gular momentum vectors may couple to each other
in a right- or left-handed way generating a chiral,
right- or left-handed, system in the intrinsic frame
(see Fig. 2).

Well-deformed triaxial deformations and con-
figuration criteria are thus the characteristic condi-
tions for generating chiral symmetry breaking in

rotating nuclei.

Fig. 2 A traxial odd-odd nucleus with a proton orbital and a
neutron-hole orbital aligned, respectively, along the
short and long principal axes, and the rotational angu-

lar momentum along the intermediate axis.

The spontaneous formation of the right- and
left- handed system in a nucleus would give rise to
nearly degenerate AI=1 doublet bands in the labo-
ratory frame. These chiral doublet bands exhibit a

[10, 11] .

series of fingerprints (A) Near energy de-
generacy observed for partner levels, levels of the
same spin/parity; (B) Similar structure, conse-
quently similar electromagnetic properties such as
B(E2)/B(M1) ratios for partner levels; (C) Con-
stant with spin and equal values of the energy stag-
gering parameter S(I) =[E(I) —E(I—1)]/21I for
the two doublet bands, being due to the reduction
of Coriolis interaction in the chiral doubling. In
contrast to the ideal case generating chiral rota-
tion, the still noticeable energy differences be-
tween the partner levels of the chiral doublet bands
point to a dynamical character of chirality.

The theoretical predictions for chiral symme-
try breaking in nuclei were followed by intensive
experimental searches for chiral doublets in nuclei
with triaxial deformations and fulfilling configura-
tion criterion. Chiral doublets were first reported
and then in this A ~ 130

130, 132 132 [15, 16
La, '"Pr' 1,

135, 136 Nd[l% 18] and 124, 126, 128, 130, 132, 134 CS[ID. 20]
b

1n 131Pr[12~ 13] ,
region in " Pm, "Eu'",
and

103, 104. 105. 106 Rh[ll. 21—23] and

in A ~ 105 region in
T2 - Tt was suggested™ that the best ob-
served chiral properties at that time were in '"*Rh,
"""“Mo was reported by Zhu et al. of our collabora-
tion to be the first even-even nucleus to have chiral
[25]
b

symmetry breaking in which chiral vibration
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was proposed. Recently, the effect of y-softness on
the stability of chiral doubling was discussed for
16 Agt?! | Based on B(E2) arguments possible mis-
interpretation of doublets as chiral was reported for
B1prl2 - However, lifetimes and electromagnetic
transition probabilities of the two bands in "'Pr
were measured and investigated in the two-qp tri-
axial rotor and Interacting Boson Fermion Fermion
(IBFF) models. The doublet bands in the nucleus
were attributed to weak chirality dominated by
shape fluctuations'®!. Recently the doublet bands
in ""Nd were associated with a transition from a
vibrational to a static chiral region™".

In contrast to the case of odd-odd nuclei, the
investigations of the chiral doublet structure for
odd-A ™' Nd'**) and Rh'*" revealed that the
chiral symmetry breaking in odd-A nuclei are relat-
ed to the two high-;j particles aligned with the
short axis of the triaxial nucleus. For even-even
nuclei, the observation of chiral doublet bands
seems to further exemplify the general geometric
character of chiral symmetry breaking'’, because
the non-planar geometry of rotation cannot be di-
rectly related to the alignment of high-; particles
and holes with different principal axes* (also see
the discussions below).

Motivated by the characteristic conditions for
generating chirality, intensive search and studies of
chiral symmetry breaking were performed in
108 110- 2Ry and Mo by our collaboration, and
the best example of chiral properties of chiral dou-
blet bands so far reported have been identified in
Ho- 2R yfs0- 31 1% Mo, and in the previously repor-
ted "Mol®!, Evolution of chirality from 7 soft

% Ru to triaxial " "?Ru is proposed-*".

1. 2 The intensive searches for chiral symmetry

breaking in neutron-rich '°% 11 112 Ry 31 and 1% Mo

1.2.1 The characteristic conditions for generating
chiral symmetry breaking in neutron-rich Ru, Mo
isotopes

In an earlier work™*, theoretical calculations

of Hartree-Fock energy surfaces for low-lying
states in Ru isotopes suggested that the minimum
nuclear shape starts near prolate spheroidal but mi-
grates toward triaxial as one goes from mass 108 to
110 and 112 in Ru. In our systematic studies of the
high-spin level structure of odd-Z isotopes " ''Y
(Z=39), W11 Nb (Z=41), ' "Tc (Z=
43), and """ "*Rh (Z=45) (Refs. [33—36], also
see the following Section 3) we found a smooth
evolution in the triaxial parameter ¥ from y=0
(axial symmetry) in *" 'Y to y = — 28° (near
maximum triaxiality ) in "' Rh. From their
global calculations of axial symmetry breaking in
nuclear ground states, Moller et al. ") have found
three energy minima of the ground level energies
centered around '’ Gd, Pt and ""Ru, with the
region centered around '"Ru, Z=44, N=64, as
having the largest lowering of the nuclear ground-
state energy when axial symmetry is broken. The
appearance of a triaxial shape was also independ-
ently suggested by Stefanescu et al. of our collabo-

BU . In the calculations the ground-state band

ration
and one-phonon Y band energies and B(E2)’s in
108110 12Ry were reproduced by the interacting
boson model version IBM1-V3 which includes
higher order terms to account for triaxiality-®. A
rigid triaxial rotor is suggested for "' ¥ Ru. In ad-
dition, total Routhian surface (TRS) calculations
of our collaboration suggest ¥ values of — 22°,
—25% and —59° at 4w =0.0 MeV, and —27°,
—32°, —39% at 4w =0.4 MeV in '""Ru, ""Ru
and "?Ru, respectively™".

The experimental and theoretical studies have
thus shown convincing evidence for the well-de-
formed triaxial shapes in these Ru/Mo isotopes.
Neutron-rich Ru, Mo (Z =44, 42) isotopes are
therefore good candidates of chiral symmetry
breaking. The tilted axis cranking (TAC) calcula-
tions predicted that the chiral doublet bands in the
isotopes can be built on the vh,,,,@(ds2g72) " con-
figuration, which will have odd-parity.

1.2.2 Observations of the Al =1 odd-parity dou-
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blet bands in '**' '’ "> Ru and '** Mo

The high statistics triple-coincidence data at
Gammasphere and the less-compressed cube are
the key conditions to identify the very weakly pop-
ulated odd-parity doublet bands with rich depopu-
lation paths in ' " "2 Ru and ' Mo.

The identifications of the doublet bands of
108 11012 Ry (and 'Mo) were achieved by cross-
checking the coincident relationships of the band
transitions with those of the fission partners Xe
(Ba for '"Mo) isotopes and with their own related

lower-lying transitions.

02F (a)
15.5 keV 4,

F "'Ru 867.5 —

LA

L Ry 86755155 keV A, (D)

00 02 04 06 08 1o
8%/ (1+6%)

Fig. 3 An example of the y-7(#) angular correlation data an-
alyses. Experimental ¢-standard deviation limits on A,
and A, coefficients are compared with the theoretical
values to assign probable multipolarity of the depopula-
ting 867. 5 keV transition of the 2242. 9 keV level of

"0Ru. See text.

Angular correlation measurementst™ were
made at Gammasphere to assign multipolarities of
the depopulating transitions and spins of the band-
heads. The depopulating transitions of the band-
heads of all the doublet bands were found to be
pure dipole, and the spins of the bandheads were
thus assigned. Fig. 3 shows an example of the
v-vY(@) data analyses. For the 867.5—515.5 keV de-
populating cascade of the 2242. 9 keV level of '""Ru,
the 6-5-3 cascade (867.5—515.5 keV) with the 5
and 3 being known, has A, =—0.052(14), A, =

0.002(21), and theoretical A, = —0.071, A, =0
for pure dipole for a 6 - 5 transition and A, =
—0.007, A,=—0. 023 for pure quadrupole. Spin
6 was thus assigned to the 2242. 9 keV level, and
pure dipole to the 867. 5 keV transtion. Odd-parity
was assigned to the level and supported by the u-
nique decay paths. All of the band heads are meas-
ured to have lifetimes less than 1 ns so these can
not be high K rotational bands.

Based on the coincidence relationship, balance
of relative intensities, and angular correlation
measurements, AI=1 doublet bands assigned odd-
parity were identified in ' """ Ru and '"*Mo.
They are very weakly populated and show similar
level patterns and decay patterns.

The level schemes showing the AI =1 odd-
parity doublet bands, band 4, 5, 6, and 7, are re-
ported for ' 1 "Ry (Figs.4, 5 and 6, respec-
tively). The level scheme of Mo is shown in
Fig. 7, in which the doublet bands are not extended
as high as in ' " ¥Ry, The assignments of odd-
parity to the doublet bands are in agreement with
the predictions for chiral doubling in the Ru iso-
topes by TAC calculations. All the even-parity
bands in % "% " Ru not discussed in this review
are reported in Ref. [39], where the ground-state
bands (band 1 in the figures), y-vibrational bands
(band 2) and two-phonon y-vibrational bands(band
3) are identified in '** "% " Ru (for '®Ru, only the
bandhead of the two-phonon 7y-vibrational band is
identified).

It can be seen from the level schemes that in
the AI =1 odd-parity doublet bands, each spin/
parity combination occurs twice, forming dou-
blets. The lower levels of the doublet bands decay
out via rich depopulation paths, feeding the ground
band (band 1), one phonon Y band (band 2)
and two phonon Y band (band 3). The highly
branching of the decay out paths were challenging
for the identifications of the weakly populated dou-
blet bands, but, however, the decay patterns

uniquely support the spin/parity assignments.



%3 Y. X. Luo, et al: New Insights into Frontier of Nuclear Structure of Neutron-rich Nuclei by Means of «++++ e 235 -

(m @ ) (5) m (6

Fig. 4 Level scheme of " Ru with the AI=1 odd-parity doublet bands (band 4, 5, 6, 7) identified"*"" *!J,

(8 3) (1 @ ) (3) (6 m

Fig.5 Level scheme of ""Ru with the AI=1 odd-parity doublet bands (band 4, 5, 6, 7) identified"’ *!1.

(€)] m ) ) (5) ) (6)
- S
PHM o

Fig. 6 Level scheme of "?Ru with the AI=1 odd-parity doublet bands (band 4, 5, 6, 7) identified"’ *.
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Chiral doubling structure Double gamma band
similar to those in Mo-106

s (11

108
42M066

Fig. 7 Level scheme of " Mo with the AI=1 odd-parity doublet bands (band 4, 5, 6, 7) identified.

1.2.3 Discussions of evidence for chiral symmetry
breaking in """ "?Ru and ' Mo, and the evolution of
chirality from 7 soft '® Ru to triaxial """ ' Ru

As mentioned in the 1. 2. 1 subsection, the
characteristic conditions for generating chiral sym-
metry breaking in nuclei, especially the well-de-
formed triaxial shapes, are surely fulfilled in Ru/
Mo isotopes. In the following, the tests for finger-
prints of the chiral symmetry breaking have shown
that the AI=1 odd-parity doublet bands observed
in """ Ru and Mo are indeed chiral doublet
bands, and they are the best examples of chiral nu-
clei reported so far.
A. Level excitations ~ spin plots

Level excitations of the doublet bands are
plotted against spin in Fig. 8. One can see a pro-
nounced smoothness and similar trend for the part-
ner bands in "% "*Ru, as expected for chiral dou-
bling. This smoothness of the excitations can also
be seen in the doublet bands in Mo (not shown
in the figure). However, one sees a crossing be-
tween band 4 & 5 and band 6 & 7 in "?Ru, which
may not strictly fit the ideal case of chiral dou-
bling. The crossing in '""Ru was interpreted as
chiral instability in the nucleus (see the following
1. 2. 4 Subsection of theoretical calculations).
However, the crossover may also be accounted for
by a two-shape phenomenon: The TRS calcula-
tions of energy contours in the f§ -7 shape plane (by
Zhu et al. of our collaboration*’) show that the

energy minimum for '"?Ru is an oblate spheroid at

zero cranking and goes over to a triaxial minimum
at higher cranking. A similar crossing was ob-

[24]
’

served in 'Ag and one sees that '™Rh also

nearly crosses over at the upper end of the known

bands. ], t28

over oOccurs

According to Joshi et a , this cross-

because triaxial and axial prolate

shapes are very close in energy for ' Ag, and pos-

sibly also for ' Rh,

6
(a)

o
T

» Band 4 &5
s Band 6 &7

Excitation energy / keV (X 107)
wn —
T ra
(=}
=)
=
o

2 6 10 14
Spin(/)
Fig. 8 Excitations ~ spins plot for the levels of the AI=1

odd-parity doublet bands in " " Ru.

In contrast to the smoothness seen in thd odd-
parity bands of "' """Ru, the odd-parity bands of a
large staggering of level excitations was observed

in ' Ru, which is not shown in Fig. 8, but can be
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seen in Fig. 8(c) of Ref. [31]. This staggering is
in fact more clearly seen in signature splitting and
will be discussed in the following.
B. The energy staggering parameter S (I) and the
likely evolution of chirality from ¥ soft '®Ru to tri-
axial """ "> Ru

The energy staggering parameters S (1) =
[E(I) —E(I—1)]/2I for doublet bands in " '"*Ru
are shown in Fig. 9. It can be seen in the figure
that the energy staggering parameters S (I) are
equal and constant with spin for the doublet bands,
as expected for chiral symmetry breaking. In fact
the energy staggering parameters S (I) are small
and smooth in "% " Ru, and comparable to those
of "Rh, the latter being suggested more re-
cently? 2 to be the best example of a chiral nu-

cleus.

30
1Rk —=— Yrast (a)
—o— Partner
18p P {ppte N
N /‘\;7‘5’4._-‘: E-“g’.\‘r."-\-.—l-—-
6p y \ " ) . ) :
8 12 16 20
30
Ry —s— Band-(4.5) (b)
oy —o— Band-(6.7)
> 18 g —g—Ou_ O °
o L s‘“"ﬂ-"ah:>!<,/'
6 L . L L A L
8 12 16
30
L g —u— Band- (4,5) (c)
= —o— Band- (6.7)
18k
g C--.ciizi‘_-a_"‘g“_:;-;ﬁ-.‘_ﬁzvb-.._.
L] SR SR S S T S S S
4 8 12 16
Spin(/)

Fig. 9 Energy staggering parameter S(I) for doublet transi-
tions in "' "*Ru and '"""Rh. The doublet bands ob-
served in " Rh were suggested™? * to be the best ex-

ample of chiral bands.

However, in contrast to ' " Ru and '** ' Mo
the non-yrast bands 4, 5 in '"Ru develop a strong
even-odd spin level-energy staggering ( signature
splitting) (see Fig. 10) whereas bands 6, 7 repre-
sent a good AI=1 sequence without much stagger-
ing. This interesting difference between '"Ru and

10- 12 Ry was investigated by calculations and fit-

tings to the level excitations, B(E2)’s and signa-
ture splittings of the ground-state band and one-
phonon ¥ band using the standard IBM1 model and
the version IBM1-V3 which includes higher order

terms to account for triaxiality™®

. The fits suggest
that ' Ru is a ¥ soft SU(6) nucleus well repro-
duced by the standard IBM1 model, and ' '?Ru
are more like rigid triaxial rotors well fitted by ver-
sion IBM1-V3. These results are based on the ob-
servations that the odd-even spin staggering in the
one phonon ¥ band in '"Ru is exactly opposite to
those in "% " Ru (see Fig. 11). Best fitting were
obtained by the rigid triaxial rotor model IBM1+
V354 in both " '™ Ru, and the data of ' "Ru
can not be reproduced by the standard IBMI1,
which implies that "% '"?Ru are most likely rigid

triaxial rotors.

= 08} +"Ru Band 4 &5
Egu ‘\ h I
£ 0Ar L1960 o \ ."f\\ " = '"“Ru
“—-1 0.0F =
w
2 —04}
g —o08f
.20 . .
W 5 9 13 17
Spin( /)
Fig. 10 Signature splitting of the bands 4 & 5 in
108110 112 Ry, Those of ' Mo, are also shown.

While small and nearly constant signature splittings
are seen in "% " Ru and ' " Mo, as expected for
chiral symmetry breaking. a dramatic staggering is

seen in " Ru. See text.

o 08

= Band 2

o0 04F

CE_ 0.0F

w

v

5 —04f

§ A

R —o0sk . Ry =Ry« 2Ry

w 1 I 1 I 1 L 1
4 8 12 16

Spin( /)

Fig. 11 Experimental signature splittings of the one phonon
¥ band (band 2) in ' 1% "2Ryu*) | The staggering in
" Ru is exactly opposite to those in " Ru, inter-

preted as ¥ softness in ' Ru. See text.
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More likely the strong even-odd spin level-en-
ergy staggering observed in band 4 and 5 in '"Ru is
a consequence of the ¥ softness disturbing the
chiral doublets. It is worth noting that a similar
difference of odd-even spin staggering between the
yrast and non-yrast doublet bands was found in ¥
soft 10 Agt?®l,

7 and shapes. It is therefore very interesting to

and attributed to different values of

have likely observed an evolution of chirality from
7 soft ' Ru to triaxial "' "2 Ru!
C. Electromagnetic properties. B(E2)/B(M1) rati-
os of the doublet bands observed in '’ "> Ru

Table 1 compares the B(E2)/B(M1) ratios of
the AI=2(E2) to AI=1(M1+ (E2)) strengths
for the doublet bands in "* '"*Ru and "*Pr. Since
the doublet bands in Mo are not extended high
enough its ratios are not available. The AI =1
transitions are assumed to be M1, In """ Ru the
B(E2)/B(M1) ratios for each partner level are in
reasonable agreement, which indicates that the
doublet bands in """ " Ru have very similar struc-
tures as required for chiral doublets. For compari-
son, the ratios for "' Pr differ by 2.5 to 7. 6 for the
two bands (cf. Table 1). Substantial differences
between the in-band B(E2) values of the two chiral
partners in “*Pr were observed and considered as
evidence for a possible misinterpretation of nearly

degenerate pairs of bands as chiral partners-*™-.

Table 1 B(E2)/B(M1)(e*b?/py?) ratios in doublet bands
4—5 and 6—7 in """ ">Ru and bands 1—2 in **Pr

HORu 2Ry 134 pr
Spin(I) 4—5 6—7 4—5 6—7  Spin(D 1 2

13 >1.3 18 0.48
12 3.1 1.6 >1.1 1.4 17 0.55 0.08
11 2.4 4.4 2.9 1.5 16 0.80 0.14
10 3.5 2.1 2.6 2.5 15 0.48 0.19
9 2.5 4.2 5.1 3.4 14 0.38 0.05
8 2.6 3.3 2.0 13 0.25

The microscopic TAC calculations described in

the following section give very different (factor of
10) B(E2)/B(M1) ratios for different configura-
tions. Thus these similar B (E2)/B (M1) values
rule out the possibility that these new doublets
originate from two accidentally degenerate configu-
rations from the coupling of say an h,,,, neutron to
two different neutron bands in ' "' Ru.

D. Energy degeneracy in the AI =1 odd-parity dou-
blet bands in '’ "> Ru and " Mo

the most nearly
degenerate doublet bands observed so far

Energy degeneracies of the AI =1 odd-parity
doublet bands observed in """ Ru and '""Mo are
shown in Fig. 12. In the figure the energy differ-
ences between the partner levels for " '?Ru,
10618 Mo and ' ' Rh are plotted against spins
for comparison. Note that the energy differences in
He- 2Ry and "' Mo are considerably smaller
than those of " '*Rh, the latter being suggested
to be the best examples of chiral doublets!'! 2%,
The tests for energy degeneracy in ' '"Ru and
106- 18 Mo indicate that the doublet bands observed
in these Ru/Mo isotopes are best examples of

chiral properties reported so far.

400

el
"“Rh
I||1Rh

b
0
| Ry e AE=0
-200¢

— 400 L 1 1 1 1 L 1 Il L 1
1 5 9 13 17 2]

Spin(/)

200F "“Ru

Level energy difference / keV

Fig. 12 Energy difference of the partner levels of the doublet
bandg 11’1 110. 112 RU9 106, 108 MO and 104, 105, 106 Rh COH’
siderably smaller energy differences are seen in
HO- 2Ry and ' Mo in comparison with those in

104198 Rh, the latter being reported before to be the

best example of chiral properties.

The still

10- 12 Ry points to a dynamical character of chirali-

noticeable energy splitting in

ty, being intermediate between a slow vibrational
excursion into left-and right-handed regions and a

tunneling motion between the two regions.
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1.2.4 The Tilted Axis Cranking (TAC) and Ran-
dom Phase Approximation (RPA) calculations
Tilted axis cranking (TAC) and random phase
approximation (RPA) calculations were performed
for different two-quasi neutron configurations in
""Ru and "*Ru. The results are quite similar for
both nuclei. The combination of the TAC method
with RPA is described in detail in Ref. [40],
where it is applied to odd-odd nuclei. The method
has been used successfully to describe the chiral vi-
bration in "*Nd"*'. A self-consistent TAC Hamil-
tonian in a harmonic oscillator basis with the QQ-
force in three major harmonic oscillator N-shells

(Njyw= 3 and N, = 5) was used.

H/ :ho + 2 %Eé;;\i)@fﬁ\') (7)1/)‘#1 _
m= —2 N=14

A(P"H+P)—w-J, (D

where h, is the spherical Woods-Saxon energy*".

The
AN Nlow —B 2An(p) e (N)
m - ( N o B A m (2)

are the dimensionless quadrupole operators for

each N-shell multiplied by a N and isospin depend-

Ho-itland Ay, are the neu-

ent quenching factor
tron and proton numbers, i.e. A=A, +A,. We
use the values of x, (0. 0605 [MeV]) and B
(—0.5) that give a good agreement with data on
the ground-state band and the energy of the ¥y vi-
bration.

Since the two-quasi proton states lie at higher
energy than the two-quasi neutron states in this re-
gion, our new negative parity bands are interpreted
as two-quasi neutron excitations. The lowest con-
figuration is obtained by exciting a neutron from
the highest Ay, level to the low-lying mixed d5,,—
g1/» levels. The microscopic TAC calculations give
a total routhian (energy in the rotating frame),
which depends only very weakly on the orientation
of the rotational axis with respect to the triaxial
shape. This softness cannot be reduced to the sim-

ple picture discussed for odd-odd nuclei, where in-

stability toward a non-planar orientation of the ro-
tational axis is the consequence of combining a
high-j particle and a high-j hole with collective ro-
tation. The tendency to chirality comes about from
the interplay of all the neutrons in the open shell,
and we could not find a simple partition.

The soft energy surface obtained from the
mean field calculations implies a low-lying collec-
tive mode in the orientation degree of freedom, i.
e. a soft chiral vibration. Thus, we interpret the
bands 6, 7 as the zero-phonon state, which is given
by the TAC solution, and bands 4, 5 as the one-
phonon state, which is given by the RPA solution.
The results of the TAC and RPA calculations are
plotted in Fig. 13 together with the experimental

data.

— 0

& osh "

= A

% —— TAC lowest

» . "

= ‘- + TAC +RPA

E aememe TAC 2nd

o 0.0 - - -— L L
0.15 0.25 0.35 0.45

Jiw | MeV

Fig. 13 Energy in the rotating frame (upper panel), angular
momentum (middle panel) and B(M1)/B (E2) in-

110, 11

band values of the odd-parity bands in *Ru as a

function of rotational frequency. Within the present
approach both are equal and given by the TAC calcula-

tions.

The TAC calculations give a y-deformation of
22° with the same moment of inertia and similar
energy relative to the ground state as bands 4, 5
and 6, 7 in the experimental data. The inband
ratios B(M1)/B(E2) are also well described up to
w=0.3 MeV/k. The TAC solution has a tilt angle
0 that changes rapidly from 0° at w=0. 10 MeV /A
toward 60° at w=0. 30 MeV/h. The second tilt an-

gle remains at ¢=0°, which indicates that the con-
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figuration does not develop static chirality.

We find a low-lying RPA phonon at an excita-
tion energy of 300 keV, which we associate with
bands 6, 7 in ""Ru. It has about 1% less aligned
angular momentum than the zero phonon state,
which is in agreement with the data. As seen in
Fig. 13, the TAC + RPA one-phonon energy
agrees very well with the distance between the
routhians of bands 6, 7 and 4, 5 in ""Ru. Using
the method described in Ref. [40], we analyzed the
microscopic structure of the RPA solution. We
found that it represents a collective motion in the
orientation variables ¢ and ¢. The oscillations of
the deformation parameters are weak. Hence, the
RPA calulations confirm the interpretation as a
chiral vibration. Also the RPA values for the inter-
band M1 and E2 transitions are very small, and are
consistent with our experimental intensity upper
limits for these weak transitions, to further sup-
port our interpretation.

To see if band 4, 5 can be interpreted as an al-
ternative neutron configuration, the TAC equa-
tions were solved for the second lowest odd-parity,
two-quasi-neutron configuration. In Fig. 13 we can
see that this configuration has similar energy and
moment of inertia as the lower configuration, but
has very different B(M1)/B(E2) ratios and is an
unlikely candidate for the interpretation of this
band. The TAC results are consistent with the ad-
ditional calculations in the framework of the triaxi-
al-rotor-plus-two-quasi-neutron model, which give
substantially different B(M1)/B(E2) ratios for the
lowest neutron configurations. It is clear that the
doublet bands in "°Ru make the best example of a
soft chiral vibration.

In ""Ru, the bands 7, 6 cross bands 4, 5,
while both bands stay very close together (see Fig.
8(b)). Ref. [40] demonstrated chiral instability,
where RPA breaks down. Thus a direct compari-
son of the " Ru data with our TAC+RPA solution
is inappropriate. At this point, we interprete the

crossing of the bands as a signal of chiral instabili-

ty. A large amplitude description of the chiral mo-

tion is needed and such is in progress-?.

1.3 Concluding remarks for Section 1

1012 Ry and " Mo fulfill the characteristic con-
ditions for generating chirality, and all the finger-
prints for chiral doublets are identified in the two
sets of AI=1 odd-parity doublet bands observed in
the isotopes. The partner levels of the doublet
bands in """ " Ru and " Mo have very similar elec-
tromagnetic properties: their B(E2)/B(M1) ratios
are very similar., Their energy staggering parame-
ter SCI) values are nearly equal and constant with
spin. They are the most nearly degenerate in ener-
gy of any of the proposed chiral bands. These data
and the fact that the two bands cross and the inter-
band ratios are weak suggest these bands are a soft
chiral vibration, i.e. a slow motion of the angular
momentum relative to the three-axial nuclear shape
between left-handed and right-handed geometries,
where it resides for most of the time. These fea-
tures can be explained by tilted axis cranking calcu-
lations, which are extended by RPA calculations,
which describe the slow vibrational motion but a
simple geometrical explanation is not apparent.
These doublets are zero-and one-phonon chiral vi-
bration bands built on a vhy,,@(ds;,g72) ' config-
uration., The 7 softness in '""Ru may have dis-
turbed the chirality in the nucleus, and a likely
evolution of chirality from ¥ soft 'Ru to triaxial

110,112

Ru is proposed.
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magic "*Sn (Z=50, N =82) has been of special

interest. Important information such as nucleon-

nucleon interactions can be extracted from investi-

gations in this region. The nuclei near the N =282

closed shell span a broad range of Z. A straightfor-

ward and important question is “To what extent is

the

spherical shell model (SSM) valid for nuclei

near N=82%” The answers to these questions pro-

vide stringent tests of the basic ingredients of the

spherical shell model calculations.

With one va-
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lence neutron outside the N =82 closed shell and
few valence protons beyond the Z=50 closed shell,
the N=83 isotones’ yrast spectroscopy is of signif-
icance for the information about empirical proton-
neutron and proton-proton interactions. It was
pointed out in Ref. [1] that the orbitals above and
below the corresponding gap of **Sn and “®Pb re-
gion, respectively, are similarly ordered. For
every single particle state in the ' Sn region there
is its counterpart around **Pb, the latter being
with the same radial quantum number n, and one
unit larger in angular momenta [ and j. The simi-
larity of structure between the “*Sn and **Pb re-
gion suggests that the well-studied “*Pb region
may provide important information like nucleon-
nucleon interactions for the calculations in '¥*Sn re-
gion.

1 was used to popu-

The 8~ decay from fission"*
late low spin states of the N=283 isotones. A yrast
and near yrast level scheme of " Ba extending to an
excitation of 2743. 4 keV was established via '** Xe
(as n) reaction™. About ten years ago preliminary
high-spin yrast and near-yrast spectroscopy of the
N =283 isotonic chain was studied in "*'Sb (Z=51),
W Te (Z=52), "1 (Z=53", and ""Xe (Z=
54)P) at Gammasphere and Eurogam II with spon-
taneous fission sources.

Using our 2000’ s high statistics, high quality
triple coincidence data (see the previous subsection
1.2.2), a systematic investigation along the N =
83 isotonic chain was performed. The detailed
studies of high-spin yrast and near-yrast spectros-
copy of the N=283 isotonic chain were extended to
1 Cs (Z=55)" which had long been missing, and
the level schemes established before in '*'Sb (Z=
51), " Te (Z=52), "1 (Z=53)", " Xe (Z=
SEDEE
tended and expande
identified in **1 by Urban et al. ™.

will review the new insights from the yrast and

and " Ba (Z=56)"1 were considerably ex-
d . An isomer state was

This section

near-yrast spectroscopy of the N = 83 isotones
based on the new level schemes established by our

collaboration at Gammasphere.

2.2 Level structure of the N=83 isotones: **Te (Z
=52), ¥1 (Z=53), ¥ Xe (Z=54), Cs (Z=55)
and "¥Ba (Z=56)

2.2.1 Extensively extended and expanded new level
scheme of '*Te (Z=52) and the first observation of
tilted rotation ( magnetic rotation., shears band) in
the vicinity of doubly-magic '**Sn

An extensively extended and expanded level
scheme of " Te was established by our collabora-
tion™ (see Fig. 1), while a similar but less com-

plete one was published by Fornal et al. "', J~ of
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Fig. 1 Our extended and expanded new level scheme of
15 Tel®) | Note the high-lying regular spaced AI =1
band built on several irregular high-energy transitions,
and the enhanced 2408. 0-—1678. 4 keV stretched E3

cascade.

25/27, 27/2% and 31/2” were assigned, respec-
tively, to the 3233.7, 4591.1 and 5641. 7 keV lev-

B0 and en-

els and confirmed by SM calculations
hanced cascading stretched E3 transitions of 1678.
4 and 2408. 0 keV were identified. Based on shell

model calculations and comparison of the level pat-
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tern with that of "**Te, single proton-neutron exci-
tations, wgio Ve, wgreds sV e s TRV
and mg7; hi1/y Viyse ete. ,» are assigned to levels in
195 Te,

However, the particular interesting observa-
tions in '¥ Te are the high-lying regular sequence at
4023.4—6669. 6 keV excitations above several ir-
regular high-energy transitions. Ref. [12] did not
report a complete sequence with linkings and cross-
overs, and interpreted the levels as core excitations
(rglvfinhi).

Our special attention was paid to the identifi-
cations and measurements of the four weak E2
cross-overs and six M1 linking transitions in the
high-lying regular spaced AI=1 band in ' Te (see
Fig. 1). J™ of (19/27), (21/27 )+ (33/2" ) were
assigned to this newly identified intriguing band. A
regular spacing AI =1 band with strong M1 link-
ings and weak E2 cross-overs built on several irreg-
ular high-energy transitions was thus identified in
"% Te (see Fig. 1). This AI=1 regular band, which
is very similar to the observations in Pb isotopes.,
was interpreted as a good example of tilted rotation
in a weakly deformed nucleus™!.

In Pb isotopes, regular spacing AI =1 bands
built on irregular transitions were measured to
have very large B(M1) and substantial moments of
inertia™®. These bands in Pb isotopes were inter-
preted to be tilted rotations (magnetic rotations).
In these bands a few high-j orbitals generate j, and
high-; particle (formed by proton excitation into
hy)» and 7,3, orbitals) and high-; hole (formed by
neutron-excitation in the 7,5, sub-shell) have a
large angle, with the j gradually aligning J to form
a band. Such high-spin particle/high-spin hole
states have a transverse magnetic dipole moment
with large components perpendicular to the J. The
magnetic moments rotate about J to create en-
hanced M1 transitions™* '™,

The high-lying regular spacing AI =1 band
identified in ' Te was interpreted as a tilted band

based on the following arguments: (A) The obser-

vation of a regular spaced AI =1 band with en-
hanced M1; (B) This band is built on irregular
high-energy transitions in a very weakly-deformed
nucleus. The tilted band proposed in '*’ Te is inter-
preted as coupling of a high-spin particle to a high-
the

hi1; neutron hole from neutron excitation has its

spin hole excitation; The high-spin hole

angular momentum vector tilted but mainly along

the long axis of the weakly deformed core, while

the high-spin particle pairs proton and neu-
tron particle pairs beyond the closed shell contrib-
ute to an angular momentum vector tilted but
mainly perpendicular to the long axis. These two
angular momentum vectors will have considerably
different g factors, giving rise to strong M1 transi-
tion.

This is the first observation of tilted rotation
(magnetic rotation) in the vicinity of doubly-magic
Y2 Sn.,

2.2.2 New level scheme of I (Z=53) and the
tentative interpretation for its level structure

By using our high-statistics triple-coincidence
data the yrast and near-yrast level scheme of '** 1"
was considerably extended from ~ 4.0 MeV' to
5.433 MeV with 21 new levels identified (see Fig.
2). In the level scheme the excitation energy of the
77 level is set to be zero. Urban et al. have repor-
ted a Ty, =47 s isomer which is 42. 6 keV below
the 7 level ",

The newly observed transitions are too weak
to make angular correlation measurements. The
assignments for reported levels of 1 follow those
in Ref. [4], and the spin/parity is tentatively as-
signed to the newly identified levels based on level
systematics. 17 is tentatively assigned to the new
5114. 9 keV level based on the analogy of level pat-
tern to ' Te,

The shell-model calculations in Ref. [4] sug-
gested the interpretation of the "I levels up to
1615. 6 keV as members of the wg}, vf;. and
ngt.ds;vfz, multiplets, and levels around 2. 9

MeV as ngi hi.vf .. We feel it is reasonable to
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tentatively assign (wg?,;h1/vi152)17- to the level of
5114. 9 keV of I we observed, so enhanced casca-
ding stretched E3 transitions, 2097. 7 keV —
1644. 8 keV, are likely observed in "I, which is
similar to those in "** Te.

Urban et al. "' interpreted the 47 s isomer
(6 ) below the 7~ level as (ng?ds;svfi2)s . The
assignment was supported by model calculations of
the SMPN(400) set of two body matrix, in which
the position of the ds/; orbital was lowered by 400
keV. They also suggested that the change in the
position of the d5,, orbital is related to a local effect
in the region of the "**Sn core, which is of theoreti-

cal interest.
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Fig. 2 Our extended and expanded new level scheme of "1,
The excitation of the 7~ level is set to be zero. A T,
=47 s isomer of 6  and 42. 6 keV below the 7 level

was recently reported in Ref. [10]. Like the case in

"Te, enhanced stretched E3 cascade, 2097.7 —

1644. 8 keV, is likely identified in 1. See text.

2.2.3 New level scheme of "Xe (Z=54) and the
tentative interpretation for its level structure

The previously reported level scheme of
157 Xel") was extended from an excitation energy of
~ 4.5 MeV to 6. 690 MeV with 11 new levels

identified (see Fig. 3)'. Spin-parity assignments

were made for *"Xe earlier™ in which the assign-
ments were made by means of angular correlation
and linear polarization measurements; and 39/2°
is tentatively assigned to the new 6689. 8 keV level
in view of the similar level pattern and spacing to
those of '"¥Te.

2001. 7 — 1395. 9 keV, is thus likely identified,

Enhanced stretched E3 cascade,

which is similar to those in *** Te and 1.
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Ve
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Fig. 3 Our extended and expanded new level scheme of

197 Xel™ . Enhanced stretched E3 cascade, 2001, 7 —
1395. 9 keV, is likely identified.

The level structure of " Xe is attributed to
coupling between the configurations of "*Xe with
an additional f;,, valence neutron, the latter being
assigned by means of shell model calculations as
four valence protons with related single particle ex-
citations (ngt., wglsds, and g, hye ). The
newly identified 6689, 8 keV level in """ Xe is as-
sumed to come from (rg? A1 Vi )sen .

2.2. 4
scheme of "**Cs (Z=55) and the shell-model calcula-

First observation of the high-spin level

tions
In the N = 83 isotonic chain adjacent to the
doubly magic **Sn, the important member "“*Cs

(Z=55) had long been missing. Through intensive
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search by using our high statistics and high quality
triple-coincidence data at Gammasphere, its yrast
and near-yrast level scheme was observed for the
first time(Fig. ). The spin/parity and configu-
rations were assigned to the levels of ' Cs based on
internal conversion coefficient (ICC) measure-
ments of the low-energy transitions, angular corre-
lation measurements, shell-model calculations and
level systematics. Unlike the cases in ' Te (Z=
52), 1 (Z=53) and " Xe (Z=54), no enhanced
stretched E3 cascading transitions are identified in

138 CQ

4626.1 { 1ﬁ+}
4616
42566 41645 (14%) ]
; L e R B

Q9098
904.0
3348.8 (13%)
31583 32605 | (12%)
saba 535.8 447.5
? 1+
11+ 2731.9 28150 Ui
‘ “Q‘?rzhwzua{m
814.4 895.5
\ (127} 847 1917.5 i
(11- o I ]
3207 | ngt,.d. . uf,
4215 1] mREsR2YIN
1855 14173 #
ng,,f,,

() 2544
& 745 79.9 5 g1min)
3 0.0(33.41min)

1380
55CSgq
Fig. 4 High-spin level scheme of **Cs identified for the first
time by our collaboration"®. The levels are built on the
6 isomeric state. The leading components of the con-
figurations assigned by shell model calculations are also

displayed in the figure.

In the shell-model (SM) calculations for "*Cs
it was assumed that the valence protons outside the
"2Sn closed core occupy the five single-particle
(SP) orbits of the 50—82 shell, while for the neu-
trons the model space includes the six orbits of the
82—126 shell. A shell model Hamiltonian was em-
ployed with the single-particle energies taken from

experiment and the two-body effective interaction

derived from the CD-Bonn free nucleon-nucleon po-

tential*®. The same Hamiltonian was used in re-
cent studies in this nuclear region(e. g. Ref. 17). It
should be noted that the SM calculations are com-
pletely free from the adjustable parameters.

Table 1 shows the results of the SM calcula-
tions for '"Cs and the leading components and
their percentages of the total theoretical wave func-
tion. It can be seen in the table that good agree-

ments are obtained between experimental and theo-

retical excitations, and the configuration mixing in

Table 1 Comparison of experimental (E.) and calculated
(Ew) level energies of **Cs, and the deviations
between them. The excitation energies are

relative to the(6™ ) level

Eex Enw A=Euw—Ewx

Leading component Percentage

/MeV /MeV  /MeV
6~ 0.0 0.0 0.0 ng32vf1/2 46
77 0.17 0.15 —0.02 g5 ovf1/2 41
9° 1.33 1.55 0.22 7852V f1/2 51
107 1.52 1.75 0.23 nghdsovfie 80
117 1.75 1.89 0.14 ngtodsvf1re 57
127 1.84 1.98 0.14 7gtnds/vf1/ 77
117 2.73 2.79 0.06 gt ohi12vfie 61
12+ 3.18 3.25 0.07 gt ohii2vfie 61
137 3.27 3.33 0.06 gt ohii2vfie 63
14% 4.08 3.80 —0.28 wgdyds2hievfie 81
167 4.55 4.43 0.08 gt ods/2hizvfie 79

Y8 Cs is extensive. The coupling between the g:,,
valence protons and the f;/, neutron, mgi v/ is
assigned to the first excitations, (6 ), (7 ) and
(97 ) levels. The g;»—> ds/; proton excitation cou-
pled to the f;, neutron, ngi,d;;,v /1. is assigned
to the (107 ), (117 ) and (127 ) levels. The cou-
pling of the f;, neutron with the g;; = hj,, and
(g12 )% = ds;5 hyy» odd-parity proton excitations,
wgtnhie Vi and wgds dss hie viae s fit well the
first three even-parity levels (117 ), (12"7),
(13"), and the following (147 ) and (167 ), re-
spectively. The comparison between experiment
and SM calculations reveal significant contributions

by the couplings between the excitations of the few



* 246 -

JE 1 % B g

21 %

valence protons outside the Z=50 major shell clo-
sure with the f;,, neutron outside the N=82 major
shell closure.

Fig. 5 displays the yrast excitations of Cs iso-
topes near the N=282 neutron major shell closure.
The level spacing of both the even-neutron (Cupper)
and the odd-neutron (lower) Cs isotopes exhibit
strong shell effects of the N=282 major shell. The
low-lying levels excited in the odd-neutron Cs iso-
topes may imply the role of the coupling between
the odd-neutron outside the N = 82 shell closure
with the few valence protons outside the Z = 50

shell closure.

20r
(1112%)
1.0F
(1124
— (1124
> oL 7r*) 712+ 712+
137, 138 141,
% 55CSg 55CSe4 55CS%s
2 20
L‘-':
i
1.0
(87
N i
(e g_ :(‘43'];=‘:5-J (Hy————
1 o 140 o 142
33CSgs 55C s 55Csg;

Fig. 5 Yrast states of Cs isotopes. Data are taken from Ref.
[6] and Refs. [18—21]. Shell effects of the N =82
major shell are clearly seen as the evolution of the level

spacings with changing neutron number.

Fig. 6 shows the yrast excitations of the N=
82 and N=283 isotones with three and five protons
outside the Z =50 proton major shell closure. A
similarity is seen in the N=282 isotones. However,
while a similar cascade pattern is observed in N=
83 isotones, one more yrast state, the (10~ )
state, was identified in " Cs. It should be noted
that the interposition of this (10~ ) state between
the (97) and (117) levels in "*Cs is not seen in
BT (Z=53, N=83)(see Fig. 6), and not in “"Cs
(N =282) either. These observations and the SM
calculations may imply that while the overall struc-
ture in this nuclear region can be interpreted by the
coupling between the f;,, valence neutron outside

the N=82 major shell closure with the excitations

of the few valence protons outside the Z=50 major
shell closure, one should note the important role of
the coupling between the f;,, valence neutron with
the fifth valence proton outside the shell closure.
As mentioned in the previous 2. 2. 2 subsec-
tion, the 47 s isomer (6 ) below the 77 level in
" T was interpreted as (rwg?,,dssvf72)s- by Urban

[0l However, in our SM calculations this

et al.
(67 in " Cs was interpreted as ng},,vf;,; with no
272> ds,, proton excitation, and in which the low-
est (67 ) level in "1 was assigned the same
ngs,vfi, dominant configurationt’?. Note that
our calculations of "1 also predicted a 10~ state
with wg},;vf7;, dominant configuration at about the
same E,, as that of "*Cs, which was, however, not
observed in "1 (see Fig. 2). Further theoretical

studies are needed to throw light upon this ques-

tion,
301 @1z)
+
o 20F —U2) e (12) e
= _ (1512} (1) i
N g —12) < e
1.0
) {7
+ + 5 [}
0.0k 72 hiF} 6y ¥
135 137, 136 138,
53'82 55('532 53'53 55('583

Fig. 6 Yrast states of the N=82 and N=283 isotones. Simi-
larity is seen in N =82 isotones. In N =83 isotones,
although one can see a similar cascade pattern, an state
interposed between the (97 ) and (11 ) level is ob-

136

served in "*Cs, but not in "I, implying the important

role played by the coupling between the valence f7/

neutron with the fifth valence proton.

The variations of the excitation energies of the
11/2" state in even-N Cs isotopes versus the exci-
tations of the first 2" state in the corresponding
They
change very rapidly in the region of N=282 major

even-even Xe core are shown in Fig. 7.

shell with an almost linear relationship. The N =
83 Cs isotone, "*Cs, is also shown in the figure by
assuming that the corresponding 9 state can be at-

tributed to the coupling between the lowest yrast
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excitation of the even-even core " Xe with one g7,
valence proton and one f;,, neutron. For "*Cs, the
coupling does not significantly reduce the excitation

energy of the corresponding 9~ state.

B _ 16}
= - N=83 (g
== !
5= st
TS 12f “Xe.d
i LeTAI—Q 13T
o2 o N=82¥Cs
pesl~) 2
= 3 0.8+ -
gd
»g '1‘:
&
==
59
> o 0.0 " I i L L I
= 0.1 0.5 0.9 1.3

Excitations of 27 level of the core
Xe isotopes/MeV
Fig. 7 The E., of the 11/2" state in even-N Cs isotopes plot-
ted against the E., of the (27 ), in even-even Xe core.

%8 Cs is also shown in the figure.

2.2.5 New level scheme of ’Ba (Z=56) and the
discussion of its nuclear structure

High spin states of "*”Ba were proposed by our
collaboration ™ by fission ¥s detection at Gammas-
phere (Fig. 8). The level scheme reported in Ref.
[3] was considerably extended and expanded from
excitation of 2091. 7 keV to 4956. 7 keV with 11
new transitions observed. In Ref. [ 3] the levels up
to 1976. 6 keV were interpreted in terms of parti-
cle-core coupling (PCC) approach, in which the
coupling of the f7,; neutron to the low-lying even-
parity states in the core "*Ba form the states in
Ba up to the 1976. 6 keV level, which was as-
signed as (17/27 ). Based on the previous assign-
ments to the lower-lying states, spins, parities and
configurations were tentatively assigned to the new
levels of **Ba in terms of particle-hole coupling™’.
In view of the six protons in the g;» subshell in
"Ba, the 2091. 7 keV state was interpreted as
(rg7/5vfi2) ez » the new levels at and above the
3122. 8 keV excitation in " Ba (see Fig. 8§) were
tentatively interpreted as excitation of the two g7/
holes coupled to the [f7

proton neutron,

3 _ _ _ _ [7.8]
(rgradspvfim) e cesm 2 312 .

The level structure of '* Ba exhibits remarka-

ble differences in comparison with that of '*Te,
T and " Xe. Unlike the cases of " Te, "I and
""Xe, no enhanced stretched E3 cascade is ob-
served in ' Ba (Fig. 8). However, similar level
patterns are seen in *Ba and '"Cs. Like the case
of " Cs, a yrast (17/2" ) level has interposed itself
between the (15/27) and (19/27) levels in "*'Ba,
and in both the """ Ba and '**Cs one does not see the
E3 cascade. This interesting diversity may be part-
ly attributed to the difference of particle-particle
coupling in "** Te (two valence protons), "*I (three
protons), and ¥"Xe (four protons), and particle-

hole coupling in ' Ba (a pair of proton-holes), re-

spectively.
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Fig. 8 New level scheme of ' Ba extended and expanded by

detecting fission ¥s by Gammasphere.

In Ref. [ 3] the PCC model calculations did not
reproduce the level at 2091. 7 keV. So the interpo-
sition of the yrast (17/27 ) level was not ex-
plained. In Ref. [ 8] of our collaboration this inter-
position was qualitatively explained by particle-hole
coupling. Recall that the odd-odd nuclei near doub-

le-closed-shell particle-particle or hole-hole nuclei
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have a multiplet splitting pattern that makes the
stretched (maximum spin) and antistretched (min-
imum spin) multiplet members lower in energy
than intermediate-spin members. For the particle-
hole cases the lowest energy member is usually of
spin one less than the stretched maximum. Thus
one would expect that the particle-hole coupling in
¥ Ba would have the (17/27) lying below (19/27)
in the multiplet of (ng;3)svf7;. In other words,
the particle-hole coupling in '*Ba case has lowered
states of spin one less than that of the fully
stretched configuration, which explains why the
(17/27 ) level interposes itself between (15/27)
and (19/27) levels in " Ba. The interposed level
effectively “short circuits” the possible analogous
stretched E3 transitions with lower multipolarity
transitions in the nucleus.

The interposed yrast (107 ) level and the ab-
sence of a stretched E3 cascade in '"Cs (see the
previous section) are likely analogous to the inter-
position of the yrast (17/27) level and the non-ob-
servation of a stretched E3 cascade in "*Ba, and

can probably be explained in a similar way.

2.3 Resemblance of spectroscopy and the counter-
parts observed between the N =83 isotones in *?*Sn
region and the corresponding N = 127 isotones in

28 Ph region

Based on the new level schemes proposed and
interpreted for the N=283 isotonic chain, a resem-
blance of spectroscopy and the counterparts are ob-
served between the yrast three-particle states in
Te and ?'Po, and between the possible yrast
five-particle states in " Xe and **Rn(see Fig. 9,
and Refs. [8, 11, 23]), and also in "I and *"*At.
In Fig. 9 similar level patterns and spectacular
stretched cascading E3 transitions are seen in each
pair of nuclei. One sees the possibility that the
well-studied *®Pb region may provide important in-

formation like nucleon-nucleon interactions for the

calculations in corresponding nuclei in "**Sn region.
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Fig. 9 Comparison of yrast three-particle states in ' Te and
“"'Po, and of the possible yrast five-particle states in

57Xe and ?*Rn?). See text.

2.4 Concluding remarks for Section 2

By using the high statistics triple-coincidence
fission ¥ data at Gammasphere, high-spin yrast
and near-yrast level schemes of the N=283 isotones
B Te, Y1, " Xe and '"Ba were considerably ex-
tended and expanded, and that of "*Cs was identi-
fied for the first time. Spin/parity and configura-
tions were assigned based on ICC measurements,
angular correlation measurements, shell model
(SM) calculations and level systematics. The de-
tailed studies of yrast and near-yrast spectroscopy
of the N=83 isotonic chain were extended to '"*Cs
(Z=55) which had long been missing. The level
schemes of the N =83 isotonic chain and the SM
calculations indicated the key role played by the
coupling of the excitations of the few valence pro-
tons (g;;) outside the Z=150 major shell closure
and the valence neutron ( f;,,) outside the N =82
major shell closure. Strong shell effects of the N=
82 major shell is seen in the level evolution in
197, 138. 139, 140, 12 Cs - While similar level patterns
were observed in N = 82 isotones ""Cs and '"I,

differences were seen in N =83 isotones “*Cs and
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T, and in isotopes "*Cs and "' Cs, implying the
important role played by the coupling between the
valence f7/; neutron with the fifth valence proton.
The spectacular stretched E3 cascading transitions
were seen in ' Te, "1 and """ Xe, but were not
found in " Cs and ' Ba. Interposition of the yrast
(107); level in *®Cs and of the yrast (17/27 ), in
"“Ba were observed in the two N = 83 isotones.
The level interposition and the lack of the stretched
E3 cascading transition in "*Ba and " Cs may be
qualitatively explained by the particle-hole coupling
approach. Tilted rotation (magnetic rotation) was
observed in ' Te, which is the first observation of
such a shears band in the vicinity of the doubly-
magic "*Sn. The resemblance of spectroscopy and
counterparts were observed between the three-par-
ticle states in " Te and *'Po, and between the

five-particle states in "’ Xe and *”*Rn.
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THANEGE, EEFAEENHEEINNETF P IR EARETL, ABEVRET —HEFHEAME 2]
MHANE ERERANA.

EE-BEFTFZ R Mo FAH BT FAEMSFEE LN, FEF U PRUMAEH =B
THAEARBKNGEE, ACNZFERATERARAEN=ZHH LT, AX L RuM Mo Bl L & # W K 7|
B FAER & Er B FAER G VAL, FAHAZLELANREFN, RACNELSCRENFEH
B, ARG FAESE., FARTFAEEMNEH vy HEHN “RuBBEH A =8B Lo " "“Ruiy
HE., BEEE(TAO BN L L(RPAERITE RGNS T EXLEE-BFF FHRI AL FA
MEREHHEYE, IR THEIRFERDIS, EXBE- BRI RNEINFERELTREINNF-THF
MHMERGTEEG, MHEREATAATIAS FHMHEIER.

MR AZ S I N=83 B RHENWAEAHARNIXAMERIN I EERET REFNELEFE L,
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