PHYSICAL REVIEW C VOLUME 56, NUMBER 5 NOVEMBER 1997

New interpretation of shape coexistence ir’zr
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Levels in %Zr populated byg decay of on-line mass separat& have been studied by-ray spectro-
scopic methods, including-y coincidences recorded with an array of ten Ge detectors and level-lifetime
measurements. The formerly reported strongly collective character of the 53-keV transition turns out to be
questionable. This implies a revision of the experimental evidence for shape coexistefize ifiransition
rates andy-ray branching ratios make a new level at 679 keV with=9 ns another candidate for a deformed
state.[S0556-281@7)00711-3

PACS numbgs): 27.60+j, 21.10.Tg, 23.20.Lv

I. INTRODUCTION protons at the K-130 cyclotron of the Jykyla University.
The isobaricA=99 activities were separated by the ion-
The region of neutron-rich Sr, Y, and Zr isotopes with guide technique at the IGISOL mass-separator fadiitt],
N=58-60 is the stage of a dramatic transition of nucleamllowing the production of®® as a beam. The mass-
ground-state shape. The extreme lowering of theePergy, separated beam was implanted on a movable tape viewed by
from 1223 keV in the spherical nucle¥8Zr to 212 keV in  various detection systems. In one experimepnty coinci-
the strongly deformed nucleu¥%Zr, is the most obvious dences were recorded with the DORIS array consisting of
observable. Shape coexistence has been reported for batine medium size Ge detectors and a LEPS detector. In an-
nuclei. In the spherical nucleu¥Zr, the 0 state at 1436 other experimeni3-y-time andy-y-time coincidences were
keV was interpreted as deformed, based on the@ecorded with a thin plastic scintillator for th@particles and
pZ(Eo,o;Ho;) value of 0.08 implying a large mixture of two Ge detectors for the rays, the detectors being close to
states with very different mean-square rddil. In the de- the implanted source. The separator beam was pulsed in or-
formed nucleus!®%Zr, the very low-lying G level at 331 der to gain half-life information from growth and decay
keV is assumed to be spherical or slightly deformed. Decurves of y-rays and to allow identification of the parent
tailed calculations of transition rates accounting for level@ctivity. While y-y coincidence data were exploited in a
mixing have been performed by the TRISTAN gro[gj.  Standard way to construct level schemksy coincidences
Thus, shape coexistence is expected to occur for the intermiere used for the determination of conversion coefficients by
diate odd-neutron nucleu®’Zr. A level scheme of%%zr,  the fluorescence method ajdy-time spectra for the deter-
based ony-y coincidences measured at the OSTIS separatdfination of level half-lives. Details of the experiments and
at the ILL-Grenoble, was presented in REf]. The low-  their analysis are reported in recent publications on the de-
lying levels in °Zr are spherical, but the 614- and 724-keV cays of *Nb [9] and *Zr [10].
levels have been proposed to be deformed states associated
with the[541]3/2 and[422]3/2 Nilsson orbitals, respectively. IIl. RESULTS
Several authors reported large enhancement of the E2 com-

ponent in the 53-keV transition from the 667-keV level to ~ The data do not lead to new information about a possible
the 614-keV level, suggesting the beginning of a b&3id band structure based on the 724-keV level. Nevertheless, part

Recently, prompt-fission experiments were performed in thi€f the level scheme in relation with the 614-keV level has to

region. The[422]3/2 band in%’Sr [4], the odd-neutron iso- be re.v.|sed. Energy spectra yylth gates on the 53 and 614 keV
tone of %9Zr, could be extended tb=11/2 [5] but no band transitions show new transitions placed above the 614-keV
structure was observed iZr [6]. In order to clarify the level, see Fig. 1. As explained in this section, our new results

nature of the states proposed as being deformed in[REf. €ad to the some changes in the previous level sctidine-
we have reinvestigated the decay 8 to %%Zr with high the addition of two new levels, at 678.6 and 867.6 keV, and

statistics and high-quality-y coincidence data. the removal of the level at 755.0 keV. All levels below 667.8
keV are shown in Fig. 2, but only the two new levels above
667.8 keV are shown. The 87-keV transition, reportefilih
Il. EXPERIMENT is not seen anymore. It could have been due to scattering of
the 140.5-keV isomeric transition if°Tc [3] between the
The %Y parent activity IT1,=1.5 s[3]) of %Zr was ob-  two detectors, giving a false indication of a 87.2-keMay
tained as a fission product 6f%U bombarded by 25 MeV in coincidence with the 53.3-ke¥ ray. Thus, the existence
of the 755-keV level, based only on this transition, is not
supported. This level was postulated to belong to the band
*Present address: Cyclotron Laboratory, RIKEN, Wako-Shi,whose lowest members are the 614- and 667-keV levels. It is
Saitama 351-01, Japan. also worth noticing that, in spite of the low detection limit
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FIG. 1. Gates on the 53top) and 614-keV(bottom) transitions. Transitions discussed in the text are marked with a closed circle. Open
squares refer to additional transitions. In the 53-keV gate, the 119-keV and 179-ka}s are due to overlap of the gate with transitions
of 52 keV (Y [13,14) and 56 keV #°Nb [3]), respectively. In the 614-keV gate, the small peaks at 98 and 138 keV are random
coincidences ofy rays in °®Mo [3]. The 173- and 238-keV lines are listed in Table I.

(about 0.05 intensity unitsno transitions from the 614-keV removed after noticing the changes of the relative intensities
level to the 122-("=3/2") and 252-keV ["=7/2") levels  of the 189-keV(868— 679 and 200-keV(868—667) peaks
[3] are observed. Thus, the only decay mode of the 614-keVh the 53- and 614-keV gates, see Fig. 1. This gives a mea-
level is to thel "=1/2* ground state. This favors a low spin sure of the total intensity of the new 64-keV transiti@v9
for the 614-keV level, in agreement witfi=3/2~ proposed —614) which turns out to be strongly converted with
in Ref.[1]. The total amount ofy ande™ population of the «=8(5), see Table Il. Thus, extrd-x-rays from conversion
614-keV level is estimated, using data listed in Table I, to beof the 64-keV transition are responsible for the former re-
about 11 relative intensity units. This implies a weak diggct ports of a higher conversion of the 53-keV transition. The
feeding. new a(53) value does not rule out aM 1 transition with a
The coincidence data establish two new levels with strongizableE2 admixture. Nevertheless, a fairly puktl is a
decay branches to the 614- and 667-keV levels, see Fig. 2. fore probable alternative and even Eik multipolarity can-
connection between the new level at 679 keV and the 667a0t be excluded. Finally, the 46- and 143-keV transitions
keV level is required by the coincidences of the 189-keVform a cascade which, in agreement with energy sums and
transition (868— 679 with the lines depopulating the 667- weak coincidences, is parallel to the 189-keV transition. An
keV level, from which an estimate of the total intensity of appealing placement is to put the 46-keV transition at the
the 11-keV linking transition is obtained. By the samebottom of the cascade, since the intermediate level would
method, comparison of the 53- and 614-keV peak intensitiehave an energy of 724.3 keV, perfectly matching the well
in the 200-, 1629- and 1733- keV gates yields the total inestablished 724.3-keV levéhot shown in Fig. 2 The y-y
tensity of the 53-keV transition. It is the first time that tran- coincidences, when setting gates on the transitions feeding
sitions above the 667-keV level can be used for this purposehe 724-keV level, are too weak to provide evidence for a
The deduced conversion coefficiem(53)=1.1(4) implies a  46-keV transition from the 724-keV level. The detection
lower conversion than the average of previous reparts, limit corresponds to about 20% of the 724-keNray inten-
=2.0(6) [3]. Nevertheless, the present fluorescence mesasity (I,=37[1]), yet much above the expected intensity to be
surement, comparing the intensities of tkex-rays and of observed. Therefore, the order of the 46- and 143-keV tran-
the 53-keV transition in the 614 keV gate, still gives sitions cannot be determined.
ax=2.4(6), in agreement with Ref.3]. This discrepancy is The analysis of the slope of the time distribution between
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FIG. 2. Partial level scheme &fZr. Only the transitions and levels discussed in this work and levels fed in their decay are shown. Not
all transitions feeding the 614-keV level are shown, but they are listed in Table I. Transitions depopulating the 614-keV level and the levels
below are from[1] and their half-lives fron{3,11].

B particles and the 614-keVj-ray, see Fig. 3, yields;, the 667-keV level via the 11-keV transition, but require
=09.7(6) ns, in reasonable agreement with the half-life oft,,=2.6(14) ns for the 667-keV level. Second, according to
8.7(5) ns reported for the 667-keV levgB]. However, this  the intensities listed in Table |, about 50% of the feeding to
halflife cannot originate from the 667-keV level. The 53- andthe 614-keV level by-passes the 667- and 679-keV levels.
91-keV transitions, which directly depopulate this level, haveThe absence of a clearly visible prompt component in the
smaller centroid shifts than the 614-keV transition, see thgime spectrum for the 614-keV transition implies that the
inset in Fig. 3. These shifts correspond to an avetagef  g14-keV level itself has a measurable lifetime, a fact that
4.88) ns only, whereas the centroid shift for the 614-keV\yas overlooked in previous reports. Expressing the centroid
transition yields a half-life of 10(8) ns, in agreement with gt for the 614-keV transition as being due to the lifetimes
the above ment|one.d_ slope an:_;tIyS|s. The time spectrum Q4 the levels at 679-, 667-, and 614-keV, a half-life of(8)0
the 426.6-ke\( transition, see Fig. 3, shows that the .“fe"mens is derived. A fit of the slope of the time spectrum with two
has to be attributed to the new 679-keV level. Half-lives Ofcomponents whose half-lives have to be very close to each

8.3(15) and 9.512) ns are deduced from the slope and the N . 7 :
centroid shift, respectively. It can be excluded that this resulg g:ﬁg'oggﬁf not significantly improve the fit with a single

comes from interference of the 428.5-keV transition from a .
Nevertheless, a more direct measurement of the 614-keV

9-ns level in %8y [13] since mass contamination was very o ) : .
evel lifetime can be obtained frony-y-time coincidences

weak during this timing measurement. Moreover, there ard _ _
no delayed transitions close in energy. The time centroid fofecorded with a coaxial Ge detector and the LEPS detector.

the neighboring gate, see the inset in Fig. 3, indicates only Although the setup was not optimized for timing, Fig. 4
short lifetime, assigned to the 429.3-keV transition®fb clearly displays a shift of the time distributions for the 53—
[10]. In conclusion, we adopt a half-life of §22) ns for the 614 y-ray coincidences with respect to the prompt 56-594-
679-keV level. The statistically more accurate value deduceieV y-ray cascade if°Nb [15]. After small corrections of
from the 614-keV transition is not the result of a single life- the centroid shift for the walks in both detectors, a value of
time. First, the centroid shifts of the 53- and 91-keV transi-t1,=6.9(12) ns is obtained, in excellent agreement with the
tions cannot be accounted solely by the delayed feeding afstimate using the centroid shifts of tffey-time spectra.
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TABLE I. List of transitions in the decay oY to %°Zr, relevant for the present discussion. Previously reported transftidese listed
only if directly related to the levels of interest. Intensities are calculated from the number of coincidence counts with the normalization
I.(122)=100.
Y

Energy Placed

[keV] Intensity from to Coincidences

11.1(2) a 679 667

45.7 (4) 032" (724 679 (64), (143, (427)

53.3(2) ¢ 2.3(4) d 667 614 189, 200, 614(1629, 1733

64.4(3) 0.18(5) € 679 614 614

91.3(4) ¢ 1.5(5 667 576 1272,(189), (200), (324°), 454° 576° (1629,
(1733

142.6(2) 0.20(6) ® (868 724 (46), (427), 614°

173.3(3) 0.05(2) (788 614 (619

189.1(2) f 0.36(7) 868 679 53,91F (1307) (427), 614°

200.1(2) 0.22(5) 868 667 (539, (919, 614°

237.9(2) ¢ 0.40(8) 852 614 614

391.5(4) 0.11(5) 1005 614 (614) ¢

415.5(3) ¢ 1.5() 667 252 (200, (1733

426.6(2) f 0.56(11) 679 252 127,130° (189

614.2(2) ¢ 12.1(12) © 614 0 53¢ 64, (143, (173, 189, 200, 238,392,
831,(1220, (1629, (1733, 1786°

830.8(4) 0.27(8) (1444 614 (614 °

1220.2(4) 0.37(12) 1834 614 (614 ¢

1629.3(5) 0.40(10) 2296 667 (539, (919, (614°)

1733.3(5) 0.61(15 2400 667 53,91° 122° 130° (454F) (5767) 614°

1786.3(4) ¢ 2.7(7) 2400 614 614

1833.4(8) 0.17(9) 2448 614 (614 °

1869.6(7) 0.25(9) (2484 614 (614 °

#Total intensityl;=2.0 (8) is determined by coincidences of 189-keV line withrays from the 667-keV level.

bIntensity calculated assuming the transition directly feeds the 679-keV level.

“Transition reported in Ref1].

Total intensityl,=4.8 (6) is determined by coincidences gfrays feeding the 667-keV level with the 614-keV line.

®Total intensityl ,=1.6(7) is determined by comparison of coincidences of 189 keV analys feeding the 667-keV level with the lines from
the 667-keV level and the 614-keV line, respectively.

MTransition reported in Ref1] but was not placed.

IV. DISCUSSION Ref. [1]. The new result of a measurable half-life for the
14-keV level is not inconsistent with its interpretation as the

First consequences of this work are that the existence of 41]3/2 Nilsson orbital. If we adopt a half-life of 7 ns, the

strongly enhance2 component in the 53-keV transition is . .
questionable, although not yet ruled out, and that the 87-keVAt€ gf theE1 transition to the 1/2 ground state is 2.0
transition proposed to continue the band is not confirmed< 10 * single-particle units. This large hindrance is not ex-
The upper conversion coefficient value at 1 standard deviapeptlo_nal in this region for transitions betweer_1 deformed and
tion of «(53)=1.5, and the estimate of the 667-keV level spherical states, see Table lll. The other main new result of
half-life yield a reasonable enhancement of about 180 for théhis work is the level at 679 keV, with,,;=8.9 ns and ex-

E2 component in the 53-keV transition. Nevertheless, thdibiting an unusual decay-branching pattern. This level has
fact that higher-spin members of the band are not observe§trong decay branchings by very low-energy transitions of 11
neither in the prompt-fission experiment of RES] nor in and 64 keV. The 64-keV transition has a partiahalf-life of

this work, casts doubts about the interpretation presented 300 ns, which exclude#12 and higher multipolarities. It
could be an alternative to the 53-key}/ray as a transition

TABLE II. Total conversion coefficients for the 53- and 64-keV with a fastE2 component. The enhancement would be 190

transitions. Theoretical coefficients are calculated ffaai. foraM1 + 50% E2 transition and the corresponding con-
version coefficient of about 3 would be consistent with the
Energy @ (theoretical experimental one. In this interpretation, the very strong de-
o

cay branching out of the band by the 11-keV transition is,

[keV] P El M1 E2 M2 however, difficult to understand. High-energy transitions
53 1.1(4) 0.71 1.23 10.8 22.8 from the 679-keV level are strongly hindered. The only other
64 8(5) 0.41 0.71 5.38 10.9 decay is to the 7/2 state by the 427-keV transition. While a

level with branchings such as those of the 679-keV level is
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TABLE Ill. Transition rates in Weisskopf units for the decays

10 5 ; 99 i
E 0 of the 495- and 679-keV levels iffY [17] and ®Zr (this work),
] osd 1 respectively, and of the 614-keV level.
00 |
103—E o5 \l { 3 Transition .
E 5 Partial
a ] e 0 . Nucleus [keV] tisz, El M1 E2
o 85 Trebee . _F
5 1074 . , - 9By 121 (4) 9.3us 19108 1.4x10°° 0.09
o E 200 400 600 800 |
s E Energy [ks] 50 (37) 242us 1.1x10°% 0.7x10°% 0.28
- 1 9zr 427 727 65ns 6108 4.5x10° 0.02
o' B 64 (3/2) 203ns 5%10°% 42x10* 94
E E 614 128 7.0ns 2.k1077 1.4x10°° 0.03
10 | by the authors under the assumption that possibly a very
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FIG. 3. Time distributions fronB3-y coincidences for the 614-
keV (open circles and 427-keV(closed circley transitions. The
solid line is the time spectrum for the 469-keV transition®fiNb

(divided by 20 representative of a prompt distribution. The inset
displays the centroids for the lines of 53, 91, 427, and 614 keV

(closed circles discussed in the text. The prompt cur(@ashed
line) is defined by the lines at 56, 82, 387, 469 ke¥iNb) [15],
192, 194, 276, 724 keV%zr) [1], and the 253-keV line %Mo)
[16].

low-energy transition could have been overlooked. The de-
cay of this level is characterized by very large hindrances of
transitions to lowest-lying T and 2" states, which cannot be
observed, whereas about 96% of the decay intensity is to the
47~ level at 374 keV and the other 4% is to a &vel at 446
keV. This looks similar to the decay of the 679-keV level in

997r, where the 427-keV transition to the 7/2evel at 252

keV is observed in this work, but not the branchings to the
1/2* and 3/2 levels. In both cases, large and similar hin-
drances are deduced, see Table .

Calculations of the spherical low-lying levels have been

made in the frame of the interacting boson-fermion model
for °’Sr[4], %8y [18], and very recently forPZr [19]. The
odd-neutron levels are thg,, ground state and thgy,,, sec-

ond excited state. The first excited state is more complex
h [20]. Spherical levels ir?®Y can be regarded as simply cou-
rpIing ap4, proton to these neutron levels. In particular, the
4~ and 3 levels are built on therp,,,® vg,, configuration

and do correspond to thg,, level at 252 keV in%zr.
Therefore, it is tempting to propose that the 679-keV level is
a deformed state and that its structure is the same as the
neutron component in the 495-keV level $fy. It is impos-
sible to determine the spin and parity of the 679-keV level in
997r. Considerations about the 495-keV level’ft in order

to extract the neutron component are too tentative, due to the
uncertainK =2 or 3 value and the unknown parity.

hard to find in ®’Sr [4], a similarity can be found with the
level at 495 keV {;,,=8.0 1) in the odd-odd nucleug®y,
a nearer isotone o*Zr. This level is the head of a band wit
K=2 or 3, known from experiments at the recoil separato
JOSEF of which only preliminary reports are availakd].
The valueK = 3 results from the dipole character of the 121-
keV transition to the Z level, obtained from its conversion
coefficient. HoweverK=3 leads to a moment of inertia
larger than the rigid rotor value, aii=2 has been favored

3
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5 V. CONCLUSION
07 Shape coexistence if’Zr is expected from systematics
and, mainly based on the presence of a strongly enhda2ed

] 3 component in the 53-keV transition from the 667-keV level,

it was proposed that the 614- and 667-keV levels were the
lowest levels of a deformed band]. In contrast, this work

has shown that the previously reported 8.7 ns half-life origi-
nates from a combination of the lifetimes of the 614-keV
level and of the new level at 679 keV. Nevertheless, a size-
able half-life of about 2.6 ns is still deduced for the 667-keV
level, whereas the amplitude of tH&2 component in the
53-keV transition has to be lowered with respect to previous
measurements and could even vanish. Thus, the new results
do not rule out the interpretation in Réfl], but this is not

keV (stop—614-keV(stary cascadéclosed circlesand the prompt ~ @nymore the only one possible. A better candidate for a de-
56-keV—594-keV cascad®pen circles in %Nb [15] as a refer- formed state is the new level at 679 keV. Whether it is a
ence. Note that the direction of the physical time is from the right tobandhead or thé"=5/2" level of the band built on the

the left. [541]3/2 Nilsson orbital at 614 keV, cannot be established.
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