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Excited states of 8’Zr, populated in the reaction *Ni(*'P, 3pn) at a beam energy of 112.5 MeV, have
been studied. Experimental information on two negative-parity bands has been significantly upgraded with the
addition of new y rays and levels. Small values of the reduced transition probability B(E2) and a general
absence of a measurable Doppler shift in the transitions suggest that the states are weakly deformed. Several
positive-parity levels have been grouped into two bands based on their observed properties. Spin parities have
been proposed for a majority of the states belonging to the different bands. Lifetimes have been measured for
the eight states belonging to the two positive-parity bands from Doppler shift attenuation data, including an
upper limit for the highest energy state. The behavior of the deduced B(M 1) and B(E2) values as a function of
level spin supports the interpretation of one of these bands within the framework of the shears mechanism. A
study of these reduced transition probabilities in the light of the semiclassical model of the shears mechanism,
proposed by Macchiavelli and co-workers, confirms this interpretation. The effective gyromagnetic ratio and the
interaction strength between the two blades of the shears have been estimated from this study.
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I. INTRODUCTION

Nuclei in the mass region A = 80-90 possess diverse
structural features such as rapid variation in shape, superde-
formation, and short sequences of weakly deformed dipole
bands. These nuclei display dramatic transitions in shape
from the strongly deformed structures at N = 40 to the near-
spherical ones close to the N = 50 shell closure, depending on
the occupation of specific orbitals near the Fermi surface. The
Zr isotopes (Z = 40), for example, show a remarkable change
in structure from the highly deformed ¥Zr with a quadrupole
deformation of B, =~ 0.4 [1] to the ideal spherical nucleus
97r [2] through the 3+%Zr isotopes that lie in the transitional
region where the structures are neither strongly collective nor
significantly spherical. In addition, high-spin superdeformed
(SD) bands have been reported in 3182835r [3-6], 82Y [7],
and 33-84867; [8-10]. The observation of these superdeformed
bands with B, ~ 0.55 indicates the presence of a large SD
shell gap at this deformation for Z = 38-40. A great deal
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of experimental effort in the past has been devoted to the
study of the evolution of the nuclear structure with change
in neutron number and of the superdeformed structures in this
mass region.

The structure of a majority of the A = 80-90 nuclei with
neutron number close to N = 50 is dominated by spheri-
cal states. However, there are several nuclei in the neutron
midshell region that are weakly deformed and posses short
sequences of levels that are connected by strong M1 tran-
sitions. These bands were first reported in $>%Rb [11,12]
and were found to display properties that resemble those of
the magnetic rotors identified in other mass regions such as
A =110, 140, and 190. Subsequently, similar bands have
been reported in °Br [13], #*Rb [14,15], and ¥ Sr [16]. In ad-
dition, three-quasiparticle bands have been observed in 8!-83Kr
[17,18] that display a sharp decrease of the intraband M1
transition strengths with increasing frequency. Theoretically,
the phenomenon is described within the framework of the
tilted-axis cranking model [19] where the rotational axis is
oriented away from the principal axes but lies in one of the
principal planes.

The nucleus 3Zr, an isotone of ®Kr, 3Rb, and 3°Sr
with N = 47, has been previously studied up to a maxi-
mum spin of (47/27) from the reaction *Co(*2S, 3pn) at
E =118 MeV using an array of seven Compton-suppressed
HPGe detectors [20]. In addition to this, lifetimes of some
of the low-spin states have been reported from Doppler shift
attenuation (DSA) measurements reflecting weak collectivity
[21,22]. However, there is no reported evidence in favor of the
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existence of the phenomenon of magnetic rotation in ¥’Zr so
far, although such dipole bands have been observed in most
of the neighboring N = 47 isotones as noted above. Indeed,
magnetic rotation bands have not been reported in any Zr
isotopes to date. The present work is an attempt to look for the
possible existence of such structures in 8’Zr from a detailed
investigation of level lifetimes and other nuclear properties.

II. EXPERIMENTAL DETAILS

Excited states of %’Zr were populated in the reaction
ONi(*'P, 3pn) at a beam energy of 112.5 MeV using the
BARC-TIFR Pelletron LINAC facility at the Tata Institute
of Fundamental Research, Mumbai, India. The target con-
sisted of 270 pug/cm? isotopically enriched (>95%) *°Ni
deposited on a 9.3 mg/cm? gold backing. Three- and higher-
fold coincidence events (equivalent to about 4 x 10'* two-
and higher-fold events) were recorded using the Indian Na-
tional Gamma Array (INGA) comprising nineteen Compton-
suppressed Clover detectors. Four of these detectors were
positioned at 90° and three detectors at each of the angles 40°,
65°, 115°, 140°, and 157° with respect to the beam direction.

The y-ray coincidence events were recorded in a fast
digital data acquisition system based on Pixie-16 modules of
XIA LLC [23]. The data were sorted to generate symmet-
ric yy matrices and yyy cubes which were subsequently
analyzed using the software package RADWARE [24]. Gated
y-ray spectra with a dispersion of 0.5 keV per channel were
also generated using the computer code INGASORT [25] from
4096 x 4096 matrices, obtained from the sorting of the gain-
matched raw data. Spectra for lifetime analyses using the
DSA technique were generated from matrices formed from
coincidences between the extreme backward angle (157°)
detector events with those in the remaining detectors. The
directional correlation of oriented nuclei (DCO) ratios (Rpco)
for assignment of y-ray multipolarity were determined from
a matrix with events recorded at 90° along one axis and those
at 157° along the other. The y-ray coincidence relationships,
required for building the level scheme, were determined from
the symmetric yy matrices and yyy cubes using INGASORT
and RADWARE, respectively.

Angular correlation information was extracted from coin-
cidence events recorded at 90° and 157° with respect to the
beam axis from which the directional correlation intensity
ratios (Rpco) were extracted. These Rpco ratios were then
compared with the calculated values that were obtained using
the software package ANGCOR [26] for assignment of level
spin / and inferring the y-ray multipole mixing ratios §.
Gates on stretched E2 transitions yield Rpco values close
to unity for quadrupole y rays, although nonstretched pure
dipole transitions between states with A/ = 0 are also known
to yield similar Rpco values. For Al = 1 y rays, gates on E2
transitions yield DCO ratios ranging from 0 to 2, depending
on the value of the E2/M 1 mixing ratio of the y ray. For small
8g2/m1 values, the DCO ratios for the Al = 1 y rays are close
to 0.5.

The lifetimes of the excited states were extracted from
the DSA data using the analysis package LINESHAPE [27].
Details of the procedure adopted for the analyses are discussed

subsequently in this text in Sec. III B. The relative intensities
of the transitions were determined from gated spectra gener-
ated from the symmetric matrices.

III. RESULTS

Experimental results on 8’ Zr have been previously reported
in Refs. [20-22]. Arnell et al. [21] reported states up to
4533 keV with J™ < 27/27 (tentatively up to 5077 keV) from
a-induced reactions on 3+%9Sr targets. Half-lives of several
states using both electronic timing and Doppler shift attenu-
ation techniques were reported in this work. Warburton et al.
[22] subsequently studied the lifetimes of a few low-energy
states in 3’Zr using the recoil distance method (RDM) from
the Ge (natural) + '80 reaction. The most recent experimental
results on ¥’Zr were reported almost twenty years ago when
positive-parity states up to spin (37/2%) and negative-parity
states up to (43/27) were reported for the first time [20].

The level scheme of ¥"Zr deduced from the present work
is shown in Fig. 1. The y-ray relative intensities, indicated by
the widths of the arrows (transitions) in the figure, are also
given in Tables I-V of the Supplemental Material [28]. It is
noted that the y-ray energies inferred from the present work
are consistently larger than those reported in Ref. [20] by up
to akeV or more. This leads to level energies, especially in the
high-energy regions of the bands, that are considerably more
than the values reported in Ref. [20]. However, the present
y-ray and level energies are consistent with those reported in
Refs. [21,22].

The levels are grouped into bands 1 to 4 as shown in Fig. 1.
Bands 1 and 2 are negative-parity sequences presumably built
upon the 2469.4 and 2075.2 keV states and extend up to
spins (37/27) and (43/27), respectively. Bands 3 and 4 are
positive-parity bands. While band 3 is built on the 2896.5 keV
state with spin 21/2%, band 4 is built on the 31/2%" state
with an excitation energy of 5808.4 keV. Bands 1, 2, and 3
decay down to the low-energy part of the level scheme (that
feed into the 9/2% ground state) predominantly through the
416.7, 692.6, and 1004.7 keV y rays. Several new transitions
have been assigned to the level scheme, especially to bands
1 and 2. New transitions and levels observed in this work are
marked with asterisks in Fig. 1. Gated spectra in support of
the placement of the transitions in the level scheme are shown
in Figs. 2, 3, and 6.

A. Bands 1 and 2

New in-band transitions with energies 416.0, 539.1, and
1427.3 keV have been assigned to band 1. The last two
transitions lead to an extension of the band with new states at
7385.4 and 8273.7 keV while the 416.0 keV y ray gives rise
to the new level at 3785.9 keV. Similarly, in-band transitions
with energies 399.3, 521.4, 662.0, 703.8, and 1352.1 keV,
not reported previously, have been observed to connect states
belonging to band 2. Three of these states with excitation
energies 4592.3, 5296.1, and 6936.8 keV are new additions
to band 2. Bands 1 and 2 are connected by several linking
transitions of which the ones with energies 718.3, 740.0,
1055.0, 1239.5, and 1399.2 keV have been observed for the
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FIG. 1. Level scheme of 8’Zr deduced from the present work. The
transitions. New transitions and levels are marked with asterisks.

first time in the present work. Also, a new 5976.5 keV state is
observed to decay to states of bands 1 and 2 through the 441.7
and 281.1 keV y rays, respectively (Fig. 1).

Support for the placement of the new transitions in bands
1 and 2 and the transitions linking the two bands is pro-
vided in the spectra shown in Figs. 2 and 3. Figure 2(a),
which shows the low-energy part of the spectrum obtained
from the sum of the double gates on (1133.4 4+ 110.9) and
(1004.7 4+ 239.6) keV y rays, confirms the placements of
the 416.0 and 539.1 keV transitions in band 1. In addition,
the spectrum in Fig. 2(a) also supports the placement of the
new interband 281.1 and 441.7 keV y rays deexciting the
5976.5 keV state. The latter level is connected by the new
1408.9 keV y ray to the 7385.4 keV level. However, the y
ray is too weak to be observed in the double-gated spectrum
shown in Fig. 2(b), the high-energy part of the same spectrum.
It can, nevertheless, be observed in spectra gated by the 281.1
and 441.7 keV y rays (not shown here). Figure 2(a) also
confirms the placement of the hitherto uncertain 770.7 keV
[29] and the new 718.3 keV transitions from the 3240.2 and
6936.8 keV states, respectively. The spectrum also confirms
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relative intensities of the transitions are indicated by the widths of the

the assignment of the new 662.0 keV y ray from the lat-
ter level belonging to band 2. The spectrum in Fig. 2(b)
lends support to the assignment of the 1352.1 keV, 25/2, —
21/27 transition in band 2 and the interband 1055.0, 1239.5,
and 1399.2 keV y rays from the 3369.9, 7458.2, and the
8784.6 keV states, respectively. Figures 2(c) and 2(d) show
the low- and high-energy regions, respectively, of the spectra
obtained from the sum of the two double-gated spectra with
gates on the (967.6 + 627.8) and (683.8 + 627.8) keV y rays.
Figure 2(c) provides additional support for the assignment of
the new 539.1 keV y ray near the top of band 1 [also see
Fig. 2(a)] and other previously reported transitions belonging
to the two bands. The placement of the new 1427.3 keV
transition at the top of band 1 is supported by Fig. 2(d). The
figure also affirms the assignment of the interband 1399.2 keV
transition connecting band 2 to band 1 [also see Fig. 2(b)].
Figure 3(a) shows the sum of the two spectra with gates on
the 286.3 and 1197.3 keV transitions. Figures 3(b) and 3(c)
show double-gated spectra with gates on the (239.6 4 1352.1)
and (676.4 and 683.8) keV y rays, respectively. The spectra
in Figs. 3(a) and 3(c) provide support for the placement of
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FIG. 2. Gated spectra in support of the placement of new tran-
sitions (marked with asterisk) in bands 1 and 2. (a) and (b) in the
upper panel show the low- and high-energy regions, respectively, of
the sum of the double-gated spectra gated by (1133.4 4 110.9) and
(1004.7 + 239.6) keV y rays. Panels (c) and (d) represent the low-
and high-energy regions, respectively, of the sum of the double-gated
spectra gated by (967.6 + 627.8) and (683.8 + 627.8) keV y rays.
All spectra are corrected for y-ray relative efficiencies.

the interband 718.3 keV y ray connecting the 6936.8 and
6218.6 keV states. In the former spectrum, a 721 keV y ray
(belonging to Zr), marked u3 in Fig. 3(a), overlaps with
the 718.3 keV y ray. The spectrum in Fig. 3(a) also lends
firm support in favor of the placement of another interband
transition with energy 740.0 keV (31/23 — 29/27), linking
bands 2 and 1. The 740.0 keV y ray, along with the previously
reported 741.6 keV transition (see band 1), forms one of the
four doublet pairs that have been assigned to 8’Zr. The other
three pairs have energies 416.0 and 416.7, 521.4 and 521.9,
and 588.2 and 588.3 keV. Incidentally, the lower-energy tran-
sition in each of these pairs has been observed for the first time
in the present work. Evidence in favor of the placement of the
416.0 keV transition is presented in Fig. 2(a). Figures 3(a)

120
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FIG. 3. Gated spectra in support of the placement of new tran-
sitions (marked with asterisk) in bands 1 and 2. The vertical axis
for (a) is shown on the extreme left and those for (b) and (c) are
indicated at extreme right. Panel (a) shows the sum of single gates
on the 286.3 and 1197.3 keV transitions. Gamma rays marked ul
and u2 with energies 655 and 660 keV, respectively, belong to ¥Y
and u3 with energy 721 keV belongs to 3Zr. Panels (b) and (c)
show double-gated spectra with gates on the (239.6 4 1352.1) and
(676.4 4+ 683.8) keV y rays, respectively. The spectra are corrected
for y-ray relative efficiencies.

1.4 - 14

1 (a) Bands 1 and 2 (b) Bands 3 and 4 F
1.2 4 - 1.2
1.0%& o JE - 1.0

Q 1 [y
8 0.8 1 % — 0.8

o i L
0.6 l% E = 0.6

i PR L
47 - 04
0 ] E L] I-IIE E L 0
0.2 4 ~ 02
X J L B O ' 7

400 800 1200 400 600 800 1000 1200
v-ray energies (keV)

FIG. 4. Experimental DCO ratios for y rays belonging to (a)
bands 1 and 2 and (b) bands 3 and 4. Filled squares represent DCO
ratios for A/ = 1 transitions and open squares represent DCO ratios
for AI = 2 transitions. The 1004.7 keV, 13/27 — 13/2" y ray (see
Fig. 1) is a pure nonstretched dipole transition and its DCO ratio is
represented by a filled triangle in (a). The DCO ratios were obtained
by gating on stretched E?2 transitions. The Rpco results are given in
the Supplemental Material [28].

and 3(c) give firm support in favor of the placements of the
740.0 and 521.4 keV y rays, respectively. The 588.2 keV
11/25 — 13/2" y ray is observed in the double-gated spec-
trum with gates on the 239.6 and 416.7 keV y rays (gated
spectrum not shown).

New transitions with energies 399.3 and 703.8 keV have
been assigned to band 2 on the basis of the coincidence rela-
tionships presented in Fig. 3(b) [see also Fig. 2(a)]. The place-
ment of the other new y ray in band 2 with energy 1352.1 keV
is based on the spectrum in Fig. 2(b). The 1352.1 keV y
ray is placed on top of the previously reported 3240.2 keV
state deexcited by the 925.4 keV transition. The double-gated
spectrum with gates on the 239.6 and 1352.1 keV y rays
[Fig. 3(b)] shows a strong 925.4 keV y ray along with the
weaker 399.3 and 703.8 keV y rays. The order of placement
of the y rays is guided by their relative intensities.

Although Zhao et al. [20] have reported spins and parities
(I™) for a majority of the levels in ¥'Zr, the I™ assignments
adopted in the literature are mostly tentative. The I™ assign-
ments adopted in a recent compilation of Nuclear Data Sheets
[29] are tentative for all but the ground state and some low-
energy states. In the present work, experimental Rpco ratios
have been determined for most of the y rays belonging to
bands 14, with the exception of the weakest ones, following
the method described in Ref. [30] and outlined in Ref. [31].
These DCO ratios, determined mostly from gates on E2 tran-
sitions, are shown in Fig. 4 (also see Supplemental Material
[28]) and are consistent with the spin assignments shown in
Fig. 1. Firm spin values of 21/27 and 25/27, for example,
have been assigned to the 3240.2 and the new 4592.3 keV state
in band 2, respectively, on the basis of the present Rpco results
which suggest that the 925.4 and 1352.1 keV transitions
depopulating the two states are stretched quadrupole in nature.
The I™ = 21/2~ for the 3240.2 keV level however contradicts
the previously adopted spin of (19/27) [29]. Only tentative
I™ assignments are indicated in this work for states with
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FIG. 5. Gamma-ray multipole mixing ratios é for (a) bands 1 and
2 and (b) bands 3 and 4. Only the 925.4 keV y ray in (a) and the
692.6 keV y ray in (b) are electric quadrupole in nature. Mixing ratio
results are given in the Supplemental Material [28].

E. > 7 MeV in bands 1 and 2 and the 5296.1 keV state in
band 2 due to the weak observed intensity of the transitions of
interest. Gamma-ray multipole mixing ratios § for transitions
in bands 1 and 2, obtained from the experimental DCO ratios,
are plotted as a function of y-ray energies in Fig. 5(a). It is
noteworthy that most of the Al = 1 transitions belonging to
bands 1 and 2 (e.g., the 378.7, 416.7, 455.7, 579.4, 616.3,
683.8, and 741.6 keV y rays) have Sgz/y values that are
negative. Only the 627.8 and 676.4 keV y rays have small
positive values of §g2/p1.

B. Bands 3 and 4

Several states, connected by strong Al = 1 transitions and
weak crossover E2 y rays, have been grouped into two short
sequences based on their properties and are labeled bands 3
and 4 in Fig. 1. This is discussed subsequently in this text
under Sec. IV (Discussion). Placements of the transitions in
these two sequences are supported by the gated spectra shown
in Fig. 6 which is the sum of the two spectra with double
gates on (1070.5 + 431.9) and (1133.4 4 431.9) keV y rays.
Figure 6(a) shows the low-energy part of this spectrum (250 <
E, <1200 keV) while Fig. 6(b) shows the spectrum for
1200 < E, < 1600 keV. All y rays belonging to bands 3 and
4 (see Fig. 1) have been previously reported although there
are a few changes in the present level scheme in comparison
to that reported earlier [20]. As already mentioned, a single
sequence of positive-parity states, reported earlier [20], has
been grouped into bands 3 and 4. In the latter band, the
1244.3 keV transition from the 7484.6 keV level, reported to
be tentative in Ref. [20], has been confirmed in the present
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FIG. 6. Gated spectra in support of the placement of new transi-
tions (marked with asterisk) in bands 3 and 4. Figure shows the sum
of the double-gated y-ray spectra with gates on (1070.5 + 431.9)
and (1133.4 4+ 431.9) keV. Panel (a) shows the low-energy part of the
summed spectrum for y rays with energies up to 1200 keV and panel
(b) shows the spectrum for the higher-energy y rays. The spectra are
corrected for y-ray relative efficiencies.

work. The transition is clearly observed in the spectrum shown
in Fig. 6(b). Also, the 1244.3 keV y ray is observed in spectra
with gates on the 296.4, 1274.2 keV and other lower-lying
(relative to 1244.3 keV y ray) transitions but is not seen in
the spectra gated by the 340.2 or 904.0 keV y rays. These
gated spectra are not shown here. A more significant change
relates to the ordering of the 340.2 and 904.0 keV transitions.
Relative intensity considerations suggest that the 340.2 keV y
ray should be placed above the 904.0 keV transition as shown
in Fig. 1. The relative intensities of the 340.2 and 904.0 keV
transitions, determined from the double-gated spectrum with
gates on (1070.5 4 1133.4) keV y rays, are 5.8 £0.4 and
7.1 &£ 0.5 units, respectively (see Table IV in the Supplemen-
tal Material [28]). This alteration in the level scheme leads
to the new level at 7144.4 keV in band 4. A new 1336 keV
transition is tentatively proposed to connect the new level at
7144.4 keV and the 5808.4 keV state. The weak 1336 keV y
ray is observed in spectra gated by the 1274.2 and 340.2 keV
transitions but not in any of the double gates. The spectrum
in Fig. 6 does not show the weak 1049.2 and 1235.2 keV y
rays.

In addition to bands 3 and 4, two other positive-parity states
with energies 4131.9 and 5512.0 keV have been observed.
These are strongly linked to bands 3 and 4.

A tentative I™ = (21/2)* is adopted in the literature for
the 2896.5 keV bandhead for band 3 [29]. The stretched
quadrupole nature of the 692.6 keV transition depopulat-
ing the state (Rpco = 0.99£0.03 in E2 gate, Sy3/p0 =
—0.0lfgjgg) confirms the /™ assignment. Firm spin assign-
ments are proposed for states up to 5808.4 keV (I = 31/2%)
on the basis of the quadrupole nature of the crossover 1049.2,
1151.0, 1113.3, and 1274.2 keV transitions inferred from the
measured Rpco values. Firm spin values of 33/2%, 35/2%,
and 37/2% are also proposed for the 6240.4, 7144.4, and
7484.6 keV states based on the inferred M1 4+ E2 character of
the 431.9, 904.0, and 340.2 keV y rays depopulating the three
states [28]. The DCO ratios for the nine Al = 1 transitions
with energies 296.4, 340.2, 402.3, 431.9, 486.7, 525.1, 562.8,
588.3, and 904.0 keV, belonging to bands 3 and 4, derived
from gates on E2 transitions, lie within the range 0.30-0.55
[Fig. 4(b)]. The corresponding multipole mixing ratios §g2/a1
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TABLE 1. Present experimental results on level energies (Ey), y-ray energies (E, ), spins of the initial (") and final states (I}), y-ray
branching ratios (B.R.), multipole mixing ratios 8z>/y1, feeding from continuum as part of total feeding in (%), level lifetimes (7), and reduced
transition probabilities B(M 1) and B(E2) in 8’Zr. The tentative 1336 keV y ray is not included in the table. [1 Weisskopf unit (W.u.) =

22.9 x 10742

Band E, E, 17— I7 B.R. (%) Mixing Feeding from Level lifetime B(M1) B(E2)
(keV) (keV) ratio 8o/ a1 continuum (%) T (ps) (u3) (W.u.)
3 33832 4867 11.5* — 10.57  100+£3.8 —0.1640.05 18.1 0.627913 0.77 £0.19
39459  562.8 1257 — 11.5%  88.6+6.5  —0.11709 73.5 0.35+03% 0.801015
1049.2 1257 — 1057 11.4%1.0 E2 9.2%37
45342 4023 13.57 — 12,57 321420 —0.22+0.03 25.3 0.2540% 1074033
5883 13.5* — 12,57 48.0+£2.0 —0.06=0.03 0.53702
1151.0  13.57 — 11.5%  19.9+1.2 E2 14.17533
5059.3  525.1 14.5] — 135t  89.34+4.8  0.01 £0.04 76.7 1.197043 0.297003
1113.3 145/ — 12.57  10.7+1.9 E2 1.940.2
4 58084 2964 155" — 14.5] 454426 0.0110:9 100 1.91+0.14 0.521004
12742 1557 — 13.57  54.6+3.5 E2 3.0+£0.2
62404 4319 165t — 155t 834434 —0.1540.04 66.2 0.33%001 1.74£0.3
11813  16.5t — 1457 16.6+1.4 E2 78+ 1.4
71444 9040 17.57 - 165t  100£7.0  —0.2170% 100 0.55+0.19 0.13550
7484.6 3402 18.5* — 175t  69.94+4.8  —0.1670% 100 <1.1 >0.90
12443 18,57 — 16.5%  30.14+2.4 E2 >3.3

are negative for all but the 296.4 and 525.1 keV y rays
[Fig. 5(b)] corresponding to E2 admixtures that are less than
5%. This situation is similar to that observed for bands 1 and
2 discussed earlier (see Sec. III A).

Arnell et al. [21] reported half-lives of the order of a
few nanoseconds for low-energy states with E, < 2.5 MeV
in ¥Zr from electronic timing studies. They also reported
subpicosecond lifetimes for states up to about 5 MeV from
centroid shifts of the Doppler-shifted y-ray lines. Lifetimes
have also been reported for several low-energy states using
the recoil distance method [22].

In the present work, level lifetimes have been measured
for all states with E, > 3383.2 keV belonging to the positive-
parity bands 3 and 4 from DSA data using the analysis pack-
age LINESHAPE [27]. The results are summarized in Table 1.
Figure 7 shows the gated DSA spectra for the 486.7, 562.8,
588.3, and 525.1 keV y rays belonging to band 3, observed
at 90° and 157° to the beam direction. The continuous lines
in the figure are theoretical fits to the experimental data using
the code LINESHAPE [27].

In the line shape analysis, the details of the slowing-down
history of the recoils, moving with an initial recoil velocity
of B = 0.03 in the gold backing, have been simulated using a
Monte Carlo technique which involved 10 000 histories with
a time step of 0.002 ps. The level lifetimes are corrected for
the effects of delayed feedings from the discrete states as well
as the unobserved direct feedings from the continuum. The
term “side feeding” is used to refer to the sum of these two
feedings to each of the states. The direct-feeding time from
the continuum was constrained to be zero for an excitation
energy of E* = 9.2 MeV, deduced from the relation E*

Elfrgf +Q — N,E, — N,E,, and increased by 0.05 ps per

MeV of deexcitation. Here Q = —39.5 MeV is the Q value
of the reaction ®Ni(*'P, 3 pn), N, and N, are the numbers
of emitted neutrons and protons, and E,, E, are the average
center-of-mass energies of the neutrons and protons obtained
from statistical model calculations, respectively.

The line shape analysis was started with the highest ob-
served state at 7484.6 keV belonging to band 4 using the code
LINESHAPE. In the absence of information regarding discrete
feeding(s) from the top, only an upper limit of lifetime t <
1.1 ps is inferred for this state. The inherent assumption in
stating an upper limit is that the discrete feeding times are
nonzero and possibly slower than the direct-feeding (from
the continuum) time of 0.085 ps for the 7484.6 keV state,
derived as described above. The upper limit of the lifetime
for the 7484.6 keV level is then used as an input parameter in
the fitting procedure for estimation of the lifetime of the next
lower state at 7144.4 keV.

The procedure is continued for the remaining states
whereby the lifetimes of the 5808.4 and 6240.4 keV states in
band 4 and the 3383.2, 3945.9, 4534.2, and 5059.3 keV states
belonging to band 3 have been determined (see Table I). As
mentioned above, the lifetimes are corrected for the effects
of feedings from both higher-energy discrete states as well
as direct-feedings from the continuum. In each case, feedings
other than the one from the next higher state within the
band, if any, are included in the side feeder for which the
effective feeding time is taken as the weighted average of
the individual feeding times weighted by their respective
relative intensities. The strong feeding to the 3383.2 keV level
through the 748.7 keV transition (see Fig. 1), for example,
has been accounted for in this way using the previously
reported lifetime of 1.15 £ 0.29 ps for the 4131.9 keV state
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FIG. 7. DSA line shapes for the 486.7, 562.8, 588.3, and 525.1 keV y rays belonging to band 3 at 90° (bottom panels) and 157° (top
panels) to the beam direction. The spectra in (a), (b), and (c) are from gates on lower-lying £2 y rays and the spectra in (d) are gated by the
486.7 keV dipole y ray. The bold lines are the calculated fits to the experimental data using the code LINESHAPE [27]. Weak contaminant peaks

present in the spectra in (c) and (d) are also included in the fits.

[21]. The relatively weaker feedings from the 5512.0 keV
state to the 3945.9 and 4534.2 keV states (Fig. 1) are also
considered in a similar way. In the latter case, the 5512.0 keV
state (with no previous lifetime information) was assumed
to have a mean life of 1.00 £ 0.25 ps, comparable to that
for the 4131.9 keV state reported earlier. Relative intensity
errors, errors in the lifetimes of the feeding states, and an
assumed 30% uncertainty in the feeding time from the con-
tinuum have been included in the errors assigned to the level
lifetimes.

It may be mentioned in this context that although the feed-
ings from the discrete states are relatively slower compared to
the direct feedings from the continuum (continuum feeding
times lie within 0.09-0.29 ps), the intensities of the latter
constitute the dominant feeding component (varying from
66% to 100%) for all but the 3383.2 and 4534.2 keV states
(see Table I). For the two latter states, the feeding from the
continuum accounts for about 18% and 25% of the total side
feeding, respectively.

Arnell et al. [21] have previously reported lifetimes for
three of the eight states for which measurements are reported
in the present work. Of these, only the value reported for the
3945.9 keV state in Ref. [21] is in agreement, within errors,
with the present result. The lack of consistency between the
two data sets can probably be related to the uncertainties
involved in the earlier results. As noted by Arnell et al. [21],
the presence of neighboring contaminant y-ray lines made
the determination of centroid shifts difficult and somewhat
uncertain. Besides, the authors noted that the level lifetimes
are all based on the assumption that the unobserved feed-

ing is extremely fast and thus they at least represent upper
limits.

IV. DISCUSSION

The nuclei in the A = 80-90 mass region are in general
more influenced by variations in the neutron number N than
the proton number Z. Isotones of different Z across this mass
region have nearly similar structural features while nuclear
species with different N have significantly dissimilar prop-
erties. Thus, the low-energy states in 8’Zr up to an excitation
energy of about 3 MeV are broadly similar to those in the
two neighboring N = 47 isotones 88r (see Fig. 2 in [16]) and
%Mo (see Fig. 4 in [32]) and are all spherical in nature. Small
experimental B(E?2) values adopted in the literature [29] for
the E2 transitions deexciting the 13/2%, 17/2%, and 21/2%
states in 87Zr are clearly suggestive of the spherical nature of
the low-energy states.

A. Bands 1 and 2

A comparison of the sequence built on the 13/27,
2075.2 keV state in 8’Zr, labeled band 2 in Fig. 1, with similar
bands in the two N = 47 isotones 3°Sr and %Mo is shown
in Fig. 8. The near-linear relationship between the excitation
energies in 8’Zr and those in ¥3Sr and %Mo establishes the
close structural resemblance of band 2 in ¥Zr with the ones
in the two neighboring N = 47 isotones. This, in effect, also
lends strong support to the new experimental results obtained
for band 2 in the present work related to the placement of
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FIG. 8. Plot of the excitation energies (E,) of the states belong-
ing to band 2 in ¥Zr, established in the present work, versus the
excitation energies of similar negative-parity bands in 3°Sr [16] and
%Mo [32].

new transitions that lead to new levels at 4592.3, 5296.1, and
6936.8 keV and their spin-parity assignments. The B(E2)
values for the 239.6 and 925.4 keV transitions from the
2314.8 and 3240.2 keV states, estimated to be 8.2 + 0.4 and
10.7 £2.2 W.u., respectively, using the lifetime results re-
ported in the literature [29], suggest a weak collectivity
for the low-energy states of band 2. Similarly small val-
ues of transition probabilities have been previously reported
for an analogous band in Kr [18]. Probable configura-
tion for band 2 in %’Zr could involve the proton config-
uration 7[(p32 fs2p1/2)"" ® goj2] coupled to (vgos2)™ or
v[(go /2)’2 ® p1,2] coupled to zero proton excitation.

The other negative-parity sequence in 8’Zr, namely band 1
built on the 17/2; state at 2469.4 keV, has no analog in either
of the two neighboring N = 47 isotones ®°Sr and 3*Mo. A
somewhat similar sequence of three transitions, also built on
a 17/2~ state, is however reported in **Kr [18]. Band 1 in
877r is unique in the sense that the sequence is rather long
consisting of a large number of both A/ = 1 and 2 transitions,
extending up to a fairly high excitation energy of 8273.7 keV
[I7 = (37/27)]. Level lifetimes are expected to be long as the
deexciting transitions do not show a measurable Doppler shift
indicating that collectivity is small as for band 2. The large
number of interband transitions connecting bands 1 and 2 also
suggests that the two structures may have significant overlap
in their configurations.

B. Bands 3 and 4

The majority of the positive-parity states in 8’Zr have been
grouped into two short sequences labeled bands 3 and 4 in
Fig. 1 on the basis of their decay patterns. As seen from the

figure, all states in the two bands up to the highest observed
level at 7484.6 keV are connected by strong dipole transitions
(the crossover E2 y rays are weaker in intensity by a factor of
up to eight) with the exception of the 31/27 state and the yrast
29/2% state. The two latter states are not connected. Rather
than decaying to the yrast 29/2% state, the 31/27 state decays
to a second 29/2% state at 5512.0 keV. In fact, the 31/2"
state decays predominantly by the strong 1274.2 keV E2
transition to the 27/2" state in band 3. The 296.4 keV dipole
y ray from the same level is relatively weaker (see Table I).
More significantly, the reduced transition probabilities B(M 1)
and B(E2), which follow a decreasing trend with increasing
spin for states assigned to band 3 (discussed hereinafter),
show an abrupt increase for the 31/2" level. Evidently, the
configuration of the latter state is different from that of the
lower-lying states. Quite justifiably therefore, the five states
with spins from 21/2% to 29/2% are assigned to one band
(band 3) while the four higher-energy states with spins up to
37/27 to another (band 4).

Short sequences built on 21/2% states and extending up
to 29/2% and (31/2") have also been observed in the two
neighboring N = 47 isotones, namely %Kr [18] and *Sr
[16], respectively. The level energies in both sequences, like
the states belonging to band 3 in 8"Zr, approximately follow
the I(I + 1) rule. However, in contrast to 877r, crossover
E?2 transitions are observed in neither of the two previously
reported bands.

The low intensity of the crossover E2 transitions and the
small B(E2) values (Table I) suggest that states of band 3
are weakly deformed. An inspection of the proton single-
particle energies for Z = 40 (as in Figure 4 in Ref. [33]) at
quadrupole deformations of €, >~ —0.10 shows that the Fermi
surface lies in a region where the 1f5/, 2p1/, and 1g9/»
orbitals lie close to each other. This suggests that the positive-
parity band 3 in ¥’Zr could have a probable configuration of
7[(p32fs2P12)"2(89/2)*1 ® v[(g9/2)~'1. The occupation of
the gy, orbital in ¥'Zr (as also in ¥*Kr and *Sr) is due
to the proximity of this orbital to the (fp) orbitals in the
single-particle energy level diagram. Furthermore, although
there are three neutron holes in the N = 50 shell for 87Zr,
two of these may align antiparallel to each other and therefore
would have no contribution to the possible existence of a
shears mechanism [34] in generating angular momentum in
the band. It is worth noting in this context that analogous
positive-parity bands in the N = 47 isotones 3*Kr and *°Sr
have been previously proposed to have a similar 7 (gg /2)2 ®
v(go /2)’1 configuration with a single neutron hole in the go/»
orbital [16,18]. A configuration involving three neutron holes
in the N = 50 shell can generate angular momentum that is
considerably higher than the maximum spin observed for the
positive-parity bands in all these N = 47 isotones.

Tilted axis cranking calculations for 85Sr, based on
this configuration, show an energy minimum at (e, y) =
(0.11, 60°) [16] in support of an oblate shape. It is possible
that the negative sign of the mixing ratio 6g>/y1 for most of
the y rays belonging to band 3 in Zr also represents an
oblate shape for the band. With a sizable proton contribu-
tion to the wave function and considering the large positive
single-particle g factor = +41.27 for the wgy/, orbital [35],
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gk — gr (where ggr = Z/A) is expected to be positive for
the states of band 3. Hence, sgn(8g2/um1) = sgn(Q,); i.e., the
sign of the mixing ratio is directly related to the sign of the
quadrupole moment Q, or the nuclear shape. A sizable proton
contribution to the wave function, as for band 3 in ¥’Zr, has
been sought to account for large positive particle g factors
in Zr [36]. The oblate shape requires that the two proton
particles in the g9/, orbital are deformation-aligned occupying
high-€2 states while the proton quasiparticles in the fp orbitals
and the neutron-hole(s) in the gg,, orbital are rotation-aligned
occupying low- Q2 states. This leads to a near-perpendicular
coupling of the angular momentum vectors of the proton and
neutron quasiparticles near the bandhead. Band 3 is therefore
expected to possess properties similar to those for shears
structures.

Calculations have been performed within the framework of
the semiclassical model of shears mechanism formulated by
Macchiavelli ef al. [37]. The shears angle 6 for a given state
with spin 7 in this model is the angle between the two spin
vectors jj and j, parallel and perpendicular to the symmetry
axis, respectively, and is given by

Ln(sn + 1) — Gy + D —juGe + 1)

cosf = — — T
20 Gy + DjoGie + DIV

ey

Here, ]] + ]1 =T and I, is the shears contribution to /. The
theoretical B(M 1) and B(E?2) values within the framework of
this model are given by

3, .
BIMI I — 1 —1)= —gljzsin [} ], @)

5 3.
B(E2,1 > 1 =2)= E(eQ)gffg sin* 0, [e*b*].  (3)

Here, the proton angle 6, given by tanf, = j sind/(jj +
J1 cos ), is the angle between the proton spin vector j, (=j))
and the total spin /. The effective gyromagnetic factor g is
the difference of the g factors for the quasiparticles that form
the the two blades of the shear.

A proton spin vector j, = 4 h is assumed for the two
protons in the large-Q 7 g9/, orbital. Although the coupling
of two go/> protons can result in a maximum spin of 8 7, their
occupation of the large-<2 states in the 7 g9, subshell can lead
to a small spin value. Thus, assuming a spin vector j, = jj =
4 h and a near-perpendicular coupling of the spin vectors at
the bandhead, a spin j; = 8.5 i (with contributions from the
89,2 meutron and proton quasiparticles in the fp orbitals) is
deduced from Eq. (1) so as to reproduce the bandhead spin of
21/2 h. These j; and j, are then used to calculate the shears
angle 6 and hence 6, for each of the higher spin states in band
3 (see [37]).

Figure 9 shows the arrangement of the spin vectors j; and
ji1 for band 3 at low spin (continuous lines) at the bandhead
with I = 21/2 i and at high spin I = 29/2 h (dashed lines) at
the top of the band. The shears angle 0 (=75.6°atl =21/2 h
and 32.2° at I = 29/2 h) and the proton angle 0, (=53.4°
at I =21/2 h and 22.1° at I =29/2 h) are indicated. The
components of the magnetic dipole moments perpendicular to
I at I = 23/2 (continuous line) and I = 29/2 (dashed line)
are also shown in the figure.

symmetry axis

FIG. 9. Figure shows the angular momentum vectors j; =4 /i
and j, = 8.5/ for band 3 at the bandhead (continuous lines) at
spin I =21/2 and for the state at / = 29/2 (dashed lines). The
corresponding vector sums / are also shown. The configuration for
band 3 is given in the text. The shears angle 6 (=75.6°) and the
proton angle 6, (=53.4°) at the bandhead are indicated. Also shown
are the components of the magnetic dipole moments perpendicular
to I at I = 23/2 (continuous line) and I = 29/2 (dashed line).

The maximum spin that can be generated from the fully
closed blades of the shears, i.e., jj + ji, is 12.5 & while
the band is observed up to 14.5 7. The remaining 2 units of
angular momentum apparently arise from collective rotation
of the core (1) giving rise to the weak crossover quadrupole
y rays.

A comparison of the calculations based on the semiclassi-
cal model of Macchiavelli et al. [37] with the present exper-
imental results, presented in Fig. 10, provides useful insights
into the structure of band 3. The theoretical B(M 1) and B(E2)
values have been calculated using Egs. (2) and (3).

Figures 10(a) and 10(b) show the plots of the experimen-
tal reduced transition probabilities B(M1) and B(E2) as a
function of the level spin. The continuous lines in these plots
represent the fits of the theoretical transition probabilities,
derived from Egs. (2) and (3), to the experimental results.
The fit shown in Fig. 10(a) yields an effective g factor =
0.94. The decreasing trend of the measured B(M1) values
with increasing spin signify the role of the shears mechanism
in generating angular momentum. The proton angle 6, de-
creases as a consequence of the step-by-step closing of the
two blades of the shears (in order to generate higher angular
momentum states) resulting in declining B(M 1) values. The
B(E?2) values [see Fig. 10(b)] are small, the largest value
being B(E2; 27/2+ — 23/2%) = 14.1735 W.u,, and are a
clear manifestation of weak collectivity associated with shears
bands. Ideally, the B(E2) values for a shears band go to
zero at the top of the band where the charge distribution
becomes symmetric around the rotation axis. In addition,
crossover E2 transitions are very weak or absent leading to
large [B(M1)/B(E?2)] ratios (usually >20 M%V/ezbz). In the
case of band 3, [B(M1)/B(E?2)] ratios are indeed large [see
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FIG. 10. Plots of experimental (a) B(M 1), (b) B(E2) values and
(c) [B(M1)/B(E?2)] ratios as functions of level spin for states of
band 3. The continuous lines in (a) and (b) are fits of the reduced
transition probabilities calculated from the semiclassical model of
Macchiavelli ez al. [37] to the experimental results. Plot (d) shows the
B(M1) values as a function of the shears angle 6. The continuous line
represents the theoretical B(M 1) values fitted to the observed results.
The plot in (e) presents the experimental excitation energy of band 3
versus level spin. The corresponding shears angles are shown along
the axis at the top. The full line is the interaction energy according to
Eq. (4) in the text.

Fig. 10(c)] and the B(E?2) for the 29/2% — 25/2% transition
at the top of the band is close to zero (1.9 £ 0.2 W.u.) (see
Table I). However, the B(E2) values for the lower-lying
transitions are not insignificant. The presence of crossover
E2 y rays, albeit with a low intensity, and the small but
significant B(E2) values measured for E2 transitions from
two of the states in band 3 are attributable to a collective
rotation of the core.

Figure 10(d) shows a plot of the experimental B(M1)
values as a function of the shears angle 6 for band 3. The
continuous line shows the calculated B(M 1) values for geir =
0.94, derived from the fit shown in Fig. 10(a). The good
agreement of the experimental and the calculated B(M 1) plots
in Figs. 10(a) and 10(d) shows that the states of band 3 are
described reasonably well by the shears mechanism based on
the schematic model of the coupling of the two spin vectors
with jy =4 fiand j, =8.5h.

The effective interaction between the two blades of the
shears may be expanded as

Vi2(0) = Vo + Vo[ Pay(cosO)] + - - - . )

The interaction energy is minimum at 6§ = 90° for positive
values of the parameter V, which corresponds to a particle-
hole type of interaction. Figure 10(e) shows a plot of the ex-
perimental level energies for band 3 as a function of spin (the
corresponding angles 0 are indicated at the top of this figure)
to which is fitted the P,-type interaction given by Eq. (4) for
Jji=4hand j, =85 h with V, and V, as free parameters.
The solid curve represents the fit for V, = 3.95 MeV and
V, = 2.17 MeV. The positive value of V; indicates that the in-
teraction is of the particle-hole type. The minimum at 8 = 90°
corresponds to a spin close to but less than the bandhead spin
of 21/2 h. The agreement between the experimental data and
the P,-type interaction is good and the general trend is well
reproduced. The unfavored side of the parabola represents
states for which the two shears arms couple to angles greater
than 90°. Although such states are possible in principle, they
are difficult to observe in heavy-ion induced reactions since
their spins decrease with increasing excitation energy.

Considering that V, = 2.17 MeV and there are two protons
in the parallel arm (parallel to the symmetry axis) and at
least 3 quasiparticles in the perpendicular arm, the interaction
strength per quasiparticle pair is about 362 keV. The strength
of the effective interaction has been previously investigated in
the Pb region [38] and for nuclei in the A = 110 mass region
[39—41]. However, such studies are not reported in the A =
80-90 mass region precluding a comparison of the interaction
strength determined in the present work with earlier results.
Although the interaction strength is expected to scale as A~
unexpectedly similar values of V, and strengths per proton-
neutron pair have been reported in nuclei belonging to widely
different mass regions. Shears bands in '°7-'%*Pb are reported
to have an average V, = 2.3 MeV corresponding to a strength
of 400-600 keV per proton-neutron pair [38] while those
in '%19Cd and '""In also have interaction strengths of the
order of 500 keV per particle pair [39-41]. A comment on
the interaction strength derived for 8’Zr in the present work is
therefore unwarranted.

States of band 4 are possibly generated from the aligned
configuration of band 3, namely n(g9/2)2 ® v(gg/g)’3. The
fully aligned configuration will give rise to a spin of 37/2%,
the same as that of the topmost state at 7484.6 keV in this
band. The strong decay out of band 4 into states of band 3 arise
from the overlap of their respective configurations. Significant
structural information for the states of band 4 could not be
deduced from the present data. A study of the level lifetimes
indicates that the states are weakly deformed [small B(E2)
values] and the M 1 transitions are strongly enhanced as in the
case of band 3. The level spacings are however irregular and
do not lend support to the interpretation of the states as arising
from magnetic rotation.

V. CONCLUSION

Excited states of Zr, produced in the reaction 60Ni(31P,
3pn) at a beam energy of 112.5 MeV, have been studied in
the present work. The decay schemes for the two negative-
parity sequences band 1 and band 2 have been upgraded with
the help of three- and higher-fold y-ray coincidence data.
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While band 1 has been extended up to 8273.7 keV and spin
(37/27) with the addition of new transitions near the top of
the sequence, band 2 has been observed up to 10 100.0 keV
with spin (43/27). A large number of new y rays and levels
have been assigned to this band. The absence of a measurable
Doppler shift for y rays belonging to band 1 and the deduced
B(E?2) values for transitions from the low-energy states in
band 2 suggest that both bands may be weakly deformed.
Level spins, mostly adopted as tentative in the literature, have
been established for all but the highest observed states in the
two bands. All Al =1 transitions in bands 1 and 2, except
the 627.8 and 676.4 keV y rays, have been observed to have
negative dgo/p1 values.

The majority of the positive-parity states, previously shown
as a single sequence, have been grouped into two short se-
quences based on their observed behavior. One of these two
sequences, labeled band 3 in Fig. 1, has been explained as
arising due to magnetic rotation. The properties of band 4 are
however not consistent with those for magnetic rotation. The
interpretations are based on the study of the level lifetimes for
eight states with £, > 3383.2 keV belonging to the positive-
parity bands 3 and 4 from Doppler shift attenuation data. Five
of these lifetime results are being reported for the first time.
The decreasing trend of the reduced transition probabilities
B(M1) and B(E2) with increasing spin, derived from the

present experimental results, and the large [B(M1)/B(E?2)]
ratios are all suggestive of the shears mechanism being
responsible for the generation of angular momentum in band
3. The negative values of the multipole mixing ratios dg2/am1
for the y rays are interpreted to imply an oblate shape for
the band. The experimental B(M 1) values and the excitation
energies are also found to be consistent with the semiclassical
description of the shears mechanism of Macchiavelli et al. The
model has been used to derive the effective g factor and the
strength of the effective interaction between the two blades of
the shears for band 3.
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