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Nuclear structure studies in A~100 and A~130 mass
regions
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This paper reports the nuclear structure studies in the mass A~ 100 and A~130 re-
gions. The investigations were performed in °®°°Rh, 2°Pd, °°Tc, 1°6107In, and 29131 Cs
nuclei near the proton (Z = 50) and neutron (N = 50, 64) shell closures with a view
to understand the structural features that result from interplay between single parti-
cle and collective degrees of freedom. The nuclei in these regions are characterized by
a small quadrupole deformation and soft to gamma deformation at low spins. In or-
der to compare experimental results directly with the theoretical calculations, the ex-
perimental spins and level energies have been tranformed into the rotating (intrinsic)
frame of nucleus. The level schemes have been interpreted in the framework of theo-
retical model calculations. Configurations assigned to various bands are discussed in
the framework of Principal/Tilted Axis Cranking (PAC/TAC) model and the deformed
Hartree-Fock and angular momentum projection (PHF) calculations. Level energies and
B(M1)/B(E2) ratios have, on the whole, been reproduced for the assigned configura-
tions. Triaxial deformation in these mass regions has been inferred from the observed
rotational-alignment frequencies, staggering behavior, M1 reduced transition probabili-
ties and chiral-twin bands. Another important feature observed in these isotopes is the
magnetic dipole bands generated through the shears mechanism. Observation of new E1
transitions linking the opposite-parity bands based on the proton/neutron hy1,2 and ds /-
orbitals (Al = 3, Aj =1, Axr = —1) in *'Cs and °°Pd provide fingerprints of possible
octupole correlations in these mass-regions.

1. Introduction N=50 shell closure. The delicate interplay of
strongly shape-driving mgg/2 and vhyy/p or-

Nuclei with A~ 100 in the vicinity of the  pitals can influence the overall shape of the

Z= 50 shell closure have been an interesting
subject of study due to existence of both the
spherical and deformed shapes. Investigations
have revealed diversity in level structures re-
sulting from coupling of gg/2, ds/2, g7/2, and
hi1/2 valence nucleons and the core-excited
configurations [1-9]. The proton particle-
hole excitations across the major shell gap
are energetically possible due to strong pro-
ton pair correlations and proton neutron in-
teraction between the spin-orbit partner or-
bitals. For the nuclei approaching Z=50 from
below, the proton Fermi surface lies near the
oblate-driving high-(2 orbitals of the intruder
Tgg,2 subshell. Strongly prolate-driving low-
2 vhyy 5 subshell orbitals are accessible at low
excitation energies for the nuclei receding the
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nucleus and result in y-soft (triaxial) shapes
with the modest deformation. Similarly, in
the A~130 mass region [10-13], the active
positive parity proton orbitals are g7/, ds /2,
and the gg,o extruder, and neutron orbitals
are g7/2, d5/2, dg/g, Sl/2' In addition, there
is the unique parity high-j hy1/5 intruder or-
bital in both the proton and neutron valence
space, which induce a quadruple nuclear de-
formation and exert strong and specific shape-
driving forces on the core.

Indeed, ~-ray spectroscopic investigations
in the odd-Z nuclei in both these regions have
revealed collective and non-collective struc-
tures representing diverse nuclear shapes. Tri-
axial deformation in both the A~130 and
A~ 100 mass regions have been inferred from
the observed rotational-alignment frequencies,
staggering behaviour, and M1 reduced transi-
tion probabilities. The relevant intriguing tri-
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axiality based phenomena such as magnetic
rotation and degenerate chiral twin bands
have also been reported in these mass regions.
Chiral bands have been observed in various
odd-A and odd-odd nuclei with multiquasipar-
ticle configurations that have substantial an-
gular momentum components along the three
principal axes. Recently the chiral bands in
doubly-odd nuclei in A~130 mass region have
also been interpreted alternatively in proposed
pair truncated shell model (PTSM) [14]. Ac-
cording to PTSM, the level scheme of the
AI = 1 doublet bands does not arise from
the chiral structure, but from different angu-
lar momentum configurations of the unpaired
neutron and the unpaired proton, weakly cou-
pled with the quadrupole collective excitations
of the even-even core. If we follow the Al =1
sequence from the ground state, the angu-
lar momenta of neutron and proton open and
close like scissors and is called chopstic mo-
tion. For nuclei in these regions with few nu-
cleons outside closed shell configurations, the
terminating states had been observed. Spe-
cific noncollective aligned states with the nu-
clear spin made up completely from angu-
lar momentum contribution of the particles
and holes in open shells, are able to compete
energetically with weakly deformed collective
structures in the vicinity of the Z=50 shell clo-
sure. As the pair of orbitals with Al = 3
(Vh11/2 and l/d5/2) and (7Th11/2 and 7Td5/2)
lie near the Fermi surface in the A =100 and
A = 130 regions, respectively, signatures of
octupole collectivity have also been observed
[12, 15].

2. Experimental Techniques

Excited states in the nuclei were investi-
gated through in-beam ~v-ray spectroscopic
techniques following population in the heavy-
ion fusion-evaporation reactions. The ex-
periments were performed using heavy ion
beams provided by 14 UD Pelletron acce-
leartor at Tata Institute of Fundamental Re-
search (TIFR), Mumbai, and 15 UD Pel-
letron acceleartor at Inter-University Accel-
erator Centre, New Delhi. The emitted ~-
rays were detected with the help of pow-
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erful multi-detector arrays (the Indian Na-
tional Gamma Array (INGA)) consisting of
Compton-suppressed clover detectors. The
clover detector array due to its higher effi-
ciency at gamma ray energies above 1 MeV
is optimum for studies involving excitation
of nucleons across the shell gaps, that are
likely to result in the occurrence of high en-
ergy gamma rays. Further, the use of an
array comprising of clover detectors facili-
tates coincidence polarization measurements,
which are crucial to uniquely determine the
parity of the state de-exciting via the ob-
served gamma-transition. The analysis of the
data collected in the experiments yielded in-
formation regarding ~y-ray energies, intensi-
ties, coincidence relationships, angular cor-
relations, which were necessary to generate
the level scheme. The recorded coincidence
events from in-beam ~-ray spectroscopic mea-
surements were sorted into two-dimensional
E,-E, matrices and FE.-FE,-E, cubes using
INGASORT [16]. Background-subtracted co-
incidence spectra were generated and intensity
analysis was performed using the computer
codes RADWARE [17]. The placement of
gamma transitions in the level scheme is based
upon their coincidence relationships, energy
sums and intensities.

In order to determine the
dipole/quadrupole nature of the gamma
transitions, directional correlation (DCO)
ratios were extracted using an asymmetric
matrix made by sorting data with detectors
at two different angles. Two dimensional
angular correlation matrices between the
detectors at 90° and those at 32° and 148°
were constructed. For the INGA geometry,
the expected values of DCO ratio are typically
> 1.0 for the quadrupole transitions and < 0.6
for the dipole transitions. The clover detector
at 90° was used as a Compton polarimeter to
determine the electric or magnetic nature of
the y-rays [18]. The integrated polarization
directional correlation from oriented nuclei
(IPDCO) analysis was done using two asym-
metric polarization matrices corresponding
to the parallel and perpendicular segments
of the clover detector chosen as a Compton
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polarimeter (with respect to the emission
plane) along one axis and the coincident
~y-rays in all the detectors along the other
axis.

3. Results and Discussion

A. The ®'Cs nucleus

Excited states in '3'Cs were investi-
gated through in-beam ~-ray spectroscopic
techniques following its population in the
12480 (1B, 4n) fusion-evaporation reaction at
a beam energy of 46 MeV [12]. The previ-
ously known level scheme has been substan-
tially extended up to ~ 9 MeV excitation
energy and 49/2h spin with the addition of
seven new band structures. The present level
scheme, consisting of fifteen bands, exhibits a
variety of collective features in this nucleus at
intermediate spin. The excitation energies of
the observed levels in different bands and the
corresponding ratios of transition strengths,
i.e., B(M1)/B(E2), have been compared with
the results of projected deformed Hartree-
Fock calculations [19-23] based on various
quasiparticle configurations. A strongly cou-
pled band has been reassigned a high-K three
quasiparticle 7hi /9 ® v(hy1/2ds)2) configura-
tion based on the properties of this band and
that of its new coupled side band. The con-
figurations of these bands are also discussed
in the framework of Tilted Axis Cranking
model calculations [24] and the systematics
of the odd-A Cs isotopes. Additional three
energetically closely placed coupled bands
have been assigned different unpaired three-
quasiparticle configurations. Gamma vibra-
tional bands coupled to the 7hy1/7 and 7g7 /o
single particle configurations have been re-
ported in this nucleus. Observation of new E1
transitions linking the opposite-parity whyy /2
and 7ds /o bands provides fingerprints of pos-
sible octupole correlations. Level energies
and B(M1)/B(E2) ratios have, on the whole,
been reproduced for the assigned configura-
tions based on low-lying intrinsic states of one
and three unpaired nucleons.
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B. The '**Cs nucleus

The '22Sn(!1B, 4n) fusion-evaporation re-
action at Ejqp = 60 MeV was used to pop-
ulate excited states in '2°Cs and the de-
excitations were investigated using in-beam
~-ray spectroscopic techniques [25].  The
level scheme of '2°Cs is established up to
~ 8 MeV excitation energy and 47/2/ spin.
The observed band structures are interpreted
for their configurations in the framework of
Cranking model calculations and systematic
of the neighboring 55Cs isotopes. A negative-
parity AI = 1 coupled band has been as-
signed the mhyi/s ® u(h11/2)2 configuration
as solution of the tilted-axis cranking, which
coexists with the 7hyi/o yrast band result-
ing from the principal-axis cranking. A new
band has been identified as y-vibrational band
built on the 7hy; /5 orbital. A pair of strongly
coupled positive-parity bands exhibiting simi-
lar features have been assigned different un-
paired three-quasiparticle configurations in-
volving the 7hy1/2 ® vhi1/2 component. The
previously identified unfavored signature part-
ners of the mds/; and mg7/, bands are re-
assigned as ~y-vibrations of the core coupled
to the gy /o single-particle configuration, and
the favored signature of the mds,, band, re-
spectively.

C. The °°In nucleus

Excited states in neutron-deficient doubly-
odd 1%In were investigated using "®Se(32S,
p3n) reaction at 125 MeV, with an array of
seven Compton suppressed clover detectors
[26]. The level scheme has been extended up
to 7 MeV of excitation energy for the negative
parity states constituting four dipole bands.
On the other hand, the positive parity states
which mainly exhibit single particle excita-
tions were extended up to 5 MeV. Projected
deformed Hartree-Fock calculations were car-
ried out in order to understand the configu-
rations of different bands in this nucleus. A
pair of closely spaced dipole bands has been
assigned two quasiparticle configurations with
K™ =47 and 5~ based on 7gg 2 and vhyy 5 or-
bitals, originating from slight rearrangement
of the last proton in gg,9 orbital.
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D. The °“In nucleus

Excited states of the 37In nucleus were
populated through the "Se (323, p2n) fusion-
evaporation reaction at beam energy, Ej,p, =
125 MeV [27]. The deexcitations were studied
using in-beam ~-ray spectroscopic techniques
involving Compton-suppressed clover detector
array. The level scheme of 1°7In consisting of
about seven bands is established up to spin
~ 45/2h with the addition of 25 new transi-
tions. Spins and parities of various levels have
been assigned through the DCO and polarisa-
tion measurements. The level structures ob-
served in '°7In have been interpreted in the
framework of a microscopic theory based on
the deformed Hartree-Fock (HF) and angu-
lar momentum projection techniques. Various
bands are reproduced in band mixing calcula-
tions with the configurations involving high-)
Tgg/2 and vds o orbits, and low-§2 wg7 /2, Vg7 /2
and Vh11/2 orbits.

E. The *°Pd nucleus

In-beam gamma spectroscopic measure-
ments were carried out to study level struc-
tures in ?°Pd nucleus populated through the
75 As(?8Si, p3n) fusion-evaporation reaction
at Ejp = 120 MeV [15]. The level struc-
tures observed in *Pd ( Figure 1) have been
interpreted in the framework of a micro-
scopic theory based on the deformed Hartree-
Fock (HF) and angular momentum projec-
tion techniques. Band structures based on
the low-Q2 I/g7/2, l/d5/27 and Vh’ll/Q orbitals
have been observed. Band structures at
higher spins are reproduced with the config-
urations v(g7/2)* @ v(ges2) " @ v(hi1y2)? @
m(g9/2)® with K = 5/2%. Various positive
and negative parity states, which are ener-
getically more favored with respect to the
neighboring ones, are likely to be the max-
imally aligned states obtained by angular
momentum coupling of the 7(gg/2)~! with
v(g7/2)% v(ds/2)?, v(hi1/2)?.  Observation of
new E1 transitions linking the opposite-parity
vhi1/2 and vds ; bands provide fingerprints
of possible octupole correlations. The ex-
tracted values of the B(E1)/B(E2) ratios for
the lower levels in the v(hy;/2) band are ~
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1077 [fm~2.
F. The °*°Rh, and °°Tc nuclei

The level structures in °%9°Rh, and “6Tc
nuclei have been investigated through in beam
gamma ray spectroscopic techniques follow-
ing the "®As(?®Si, xpyn) fusion-evaporation
reaction at Elab = 120 MeV. These in-
vestigations were carried out using Indian-
National-Gamma-Array (INGA) consisting
of Compton-suppressed clover detectors at
the Inter-University Accelerator Centre, New
Delhi. In case of %*99Rh, and ?Tc the previ-
ously reported level schemes have been consid-
erably modified and extended. In the doubly-
odd ?8Rh nucleus, new band structures based
on isomers have been identified at lower spins
and new states below the previously identified
2% ground state (Ty/2 = 8.5 m) are identi-
fied [29]. Various positive and negative parity
states in these nuclei are observed to be en-
ergetically more favored with respect to the
neighboring ones, and are likely to be the
maximally aligned states obtained by angular
momentum coupling of the valence particles
(holes). Further experiments to identify the
isomers in the doubly-odd ?®Rh nucleus are
warranted. The spin-parity assignments for
most part of the level scheme of *Rh is tenta-
tive and is based on the assumption of usual
multipolarity for the decay transitions, DCO
ratios and limited polarization measurements.

The present level scheme of *?Rh as shown
in Figure 2 is built on the I™ = 1/2~ ground
state. Five bands labeled B1-B5 could be
identified in the present level scheme, which is
established up to ~15 MeV excitation energy
and 63/2 h spin. The low lying band struc-
tures are based on the 7(p;/2) and 7(gg/2)
orbitals which further evolve into high spin
structures following v(hi1/2)? alignment. In
the same region the calculations have been
performed by Timar et. al. for '°'Rh
using cranking Nilsson-Strutinsky formalism
[28]. The experimental energies of the ob-
served high-spin bands are compared with
the corresponding theoretical values, subtract-
ing the same rigid rotor reference from all
of them. The yrast positive parity band
at high spin is calculated to have configu-
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FIG. 1: The level scheme of *Pd developed in the present work.
ration, i.e., vgg/y protons and mhy;/; neu-  single-particle configuration [28]. The experi-

trons [28]. The a = +1/2 signature branch of
this configuration is predicted to be favoured
one and terminates at spin 65/2 f. Similar
band has also been observed in °2Rh [30].
The observed 65/ 2% state is terminating and

has m[(go/2)%12.5 v[(ds5/287/2)"]10[(h11/2)]10

mentally observed band B3 in *Rh has same
characteristics.

In the case of %*Tc nucleus the level scheme
is built on I™ = 7T ground state has been ex-
tended substaintly with the addition of about
new twenty five transitions. Four bands la-
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FIG. 2: The level scheme of ®Rh developed in the present work.

beled B1-B4 could be identified in the present
level scheme, which is established up to ~10
MeV excitation energy. Similarly fragmen-
tations at the positive parity bands at spins
around 187 is observed, which are likely to be

maximally spin aligned states similar to the

ones in 191Rh [28].
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4. Theoretical calculations and
Discussion

A. Gamma vibrational bands in A ~ 130

The energy level spacings (staggering pat-
tern) and transition strengths of gamma vi-
brational bands provide information regarding
the triaxiality of the even-even nuclei in the
A ~ 130 mass region [10]. The effect of the
coupling of the valance particle on the triaxi-
ality of the even-even core can be studied by
a systematic comparison of the gamma bands
of even-even nuclei with that of the nearby
even-odd or odd-even nuclei. In the present
work [12], two bands, namely, B1 and B9 have
been observed for the first time. The decay
pattern of the band B9, with bandhead spin
of I™ = 15/27, is found to be quite simi-
lar to that of the gamma vibrational band
built on the favored signature of the 7why; /o
band in lighter Cs isotopes [31]. It will be in-
teresting to experimentally identify the states
of gamma vibrational band with intermediate
spins I™ = 17/27, 21/27, ete. The excited
states of B1 decay to the band B5 via the
AI = 1 transitions with energy higher than
1 MeV. Thus, Bl has been identified as the
gamma band coupled with the mg;,, orbital.
Similar band structure has not been observed
in neighboring odd Cs isotopes [25]. The
bandhead of the gamma band coupled with
mgr7/2 orbital is expected to be I™ = 11/2%.
However, the lowest energy state observed in
B1 has a spin I™ = 13/2%. For comparison
of the relative level spacings of B1 and B9
with that of the gamma band of neighbor-
ing even-even nucleus 3%Xe [11], the 13/2T
state of band B1 and 15/2% state of band B9
have been normalized to 3% and 2% states of
that in 139Xe, respectively (see Figure 3). The
gamma band B1 built on 7g; /5 seems to have
the same staggering pattern as that of 139Xe.
At present similar comparison for B9 is not
possible as the intermediate levels have not yet
been identified. Another negative parity band
B15 has been found in the present work, which
has level spacing and feeding pattern similar
to the favored signature of the 7hy; /o band as
that of B9. Though equivalent band has been
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FIG. 3: Comparison of the relative spacing of
the experimental levels in gamma bands B1 and
B9 of 3'Cs with that of neighboring **°Xe nu-
cleus. Spins of the different states are marked for
each band. The lowest observed states of all these
gamma bands are normalized as explained in the
text.

identified in '2°Cs, more experimental data in
other odd Cs isotopes along with theoretical
calculations are required to identify the micro-
scopic structure of B15 type band. It is im-
portant to note that through such systematic
comparison of the structures of gamma bands
coupled with different quasiparticles in even-
odd and odd-even nuclei (e.g., 131 Cs) one can
understand the coupling of the high-j particles
to the even-even triaxial core (e.g., '**Xe).
This interesting aspect in return would shed
more insight to phenomenon like chiral dou-
blet bands in odd-odd nuclei (e.g., 132Cs)
which arises from the coupling of a triaxial
even-even core with high j particle and hole.

B. Octupole collectivity in A ~ 130

Neutron deficient isotopes around Z = 54
are predicted to show a softness with respect
to octupole deformation at low spin. The sig-
nature for such effects are interleaved positive
and negative parity bands connected by en-
hanced E1 transitions. This is due to both
proton and neutron levels, arising from the
same hy1/o and ds/ orbitals (71 = —1,Al =
Aj = 3) being near the Fermi surface. The
whii/2, Tdsse, and mg7/o bands are seen in
the odd-A 17121-133Cg isotopes [25]. The
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population strength of the mg7/, and 7ds /o
bands relative to that of the mhi;/, band
increases considerably with increasing mass
number. This happens primarily because the
excitation energy of the hj;/, orbital is in-
creasing thus becoming less yrast in the heav-
ier isotopes. These facts are consistent with a
decreasing nuclear deformation with increas-
ing mass. Also, in the lighter Cs and I iso-
topes significant admixture of wds,, orbitals
has been noticed in the 7g;/, bands. Features
of the mg7 /o and 7ds /2 bands become distinc-
tive in the heavier 127:129:13L.133Cg jsotopes.
In '31Cs, these bands are populated with
nearly equal strengths, despite the fact that
the routhian for band B5 is ~170 keV. Similar
features have been observed in 127:129:133Cg,
The relative energy of the states in the mhyy /9
and 7mds/o bands in BlCs allow I — I —1
El transitions. Nevertheless, 13'Cs with Z =
55, N = 76, provides an example of the en-
hanced octupole correlation arisen from less
pronounced pair of octupole-driving orbits,
i.e., 7T(h11/2 & d5/2) with Q = 1/2 Wave
functions are highly localized for lower com-
ponents; therefore, the octupole-interaction
matrix elements (overlaps) between configu-
rations 7,9 and ds/p can be larger for more
stable cases with neutron number around N =
76.

The AI = 1 connecting E1 transitions are
indeed very weak, and further the intensity de-
termination is marred by the presence of dou-
blets. Spectra of the 140.3, 166.6, and 288.2
keV transitions are relatively clean and inten-
sity ratios could be determined. Nevertheless,
the presence of these E1 transitions compet-
ing with highly collective E2 transitions is al-
ready a sign of large B(E1) values. The rel-
ative reduced transition probabilities between
Al = 1, E1 and AI = 2, E2 transitions can
be expressed as

B(E1) 1  E)E2)L(E1),, _,
B(E2) ~ 1.3 x 10° E3(EL) I, (E2) Lfm =]

where, E, is in MeV.
The extracted values of the B(E1)/B(E2)
ratios for 13/2%, 17/2%, and 21/2% levels

are 1.54 x 1078, 2.74 x 1078, and 1.34 x
1078 [fm™2], respectively. Based on the de-
formation of the even-even core 13%Xe [32],
the B(E1) values for the 13*Cs have been esti-
mated to be around ~ 6.0 x 107° W, indi-
cating a similar enhancement of octupole cor-
relation in this nucleus.

C. Octupole collectivity in A ~ 100

Excited states in the *Rh, ?Rh and Pd
nuclei were populated through the 7 As(?8Si,
xpyn) fusion-evaporation reaction at Ejq, =
120 MeV and the deexcitations were investi-
gated using in-beam ~-ray spectroscopic tech-
niques involving Compton-suppressed clover
detector array. The level structures ob-
served in 9Pd have been interpreted in the
framework of a microscopic theory based on
the deformed Hartree-Fock (HF) and angu-
lar momentum projection techniques. Var-
ious bands are reproduced with the config-
urations v(g7/2)™ ®@v(ds/2)" ®(vhiy2)? 4®
(ng/g)ir. As the Vh11/2 and I/d5/2 orbitals
with (Al=3) being near the Fermi surface in
this mass region. The signature for such ef-
fects are interleaved positive and negative-
parity bands connected by enhanced E1 tran-
sitions. Such E1 transitions between the levels
of vhyy/5 band (B3) to vds/, band (B2) have
been observed in the present work. This is
because both the neutron hy;/, and ds/p or-
bitals (7 = -1, Al=Aj=3) are near the Fermi
surface. Neverteless, the presence of these El
transitions competing with highly collective
E2 transitions is already a sign of large B(E1)
values. The AI=1 connecting E1 transitions
are intense in this nucleus. Spectra of the
1056.3, 974.1, and 1379.2 keV transitions are
relatively clean and intensity ratios could be
determined (Figure 1). The relative reduced
transition probabilities between AlI=1, E1 and
Al =2, E2 transitions can be expressed as

B(E1) 1 EYE2L(EL), ., _,
B(E2) 1.3 x 106 E3(E1) I,

where, E, is in MeV. The extracted values of
the B(E1)/B(E2) ratios for 15/27,19/2, and
23/2 levels are 14.7x1078, 13.8x107% and
8.7x1078 [fm~2] respectively[15].
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