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The level structure of several Zr isotopes néar 94 (°2939497r) has been studied in the fission of the
compound nucleus®Pb, formed in the?Mg+"3Yb reaction atE(?>*Mg) =134.5 MeV. Sequences gf-ray
transitions, observed in coincidence with known transitions in the complementary Mo fragments, have been
newly assigned td®°%Zr. The previously known level scheme 81Zr has been considerably extended to
higher excitations, and exhibits structural similarities to the level schenf&Zofup to spin 1@. The level
schemes of3Zr and °Zr can be generally interpreted as the coupling dfa neutron to the levels ot>%Zr
and °Zr, respectively. The observed experimental states are compared with theoretical shell-model calcula-
tions.
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[. INTRODUCTION Identification of high-spin excitations in Zr isotopes near the
line of stability is important to determine what extensions of
The Zr isotopes betweet?Zr and °6Zr are expected to be the shell-model space are needed in this mass region.
spherical with structural similarities that can be interpreted in  In the present paper, excitations i %Zr have been
terms of simple excitations across the subshell closures &tudied as fission products from a fusion reaction that pro-
Z=40 andN=50,56. On the other hand, the comparison ofduced a"*’Pb compound nucleus of high spin and excitation
the relative excitations of certain states between these nucléNergy. This method enabled the use of coincidences with

can give information on the interplay between proton andransitions in the complementary Mo fragments to assign
neutron excitations across these gaps. transitions to °3%%Zr and construct level schemes up to

Many properties of these nuclei, including energy spectra, > MeV excitation energy in the Zr isotopes. Extensions of
have been well reproduced in shell-model calculations usin e level schemes of**Zr to higher excitations were also
a [ 2p1/2,19g2] v[ 2d5),,351/2] space[ 1], which support the ade.
picture of simple excitations across the subshells. A more
extended shell-model space, comprising théfs, and Il. EXPERIMENT
w23, orbitals, has been used to reproduce better the mea- 11,0 197 compound nucleus was formed in th#dg
sg,lzjged B(E2) values for the first positive-parity states in | 173yp reaction with a 134.5-Me\V?*Mg beam from the
%Zr [2]. More recently,g-factor measuremen{s8] have g |nch Cyclotron Facility at Lawrence Berkeley National
confirmed the expected dominance of the neutrodsg?*  Laboratory. The target was 1 mg/€rin areal density and
particle/hole configuration in the 2 and 4" states in  consisted of isotopically enriched”Yb evaporated on a
92Zr/%“Zr, respectively. Calculations in a large shell-model7-mg/cn? gold backing.
space by Zhang, Wang, and Gd] support a 70—-80% The Gammasphere arrd92 Ge detectojswas used for
contribution of the &g, neutron configuration in these y-ray spectroscopy. A symmetrized, three-dimensional
excitations. There have also been recent -calculationéy-y-v) cube was constructed to investigate coincidence re-
by Holt and co-workers, in a nontruncated lationships between thes-ray transitions. All previously
[ 2P1/2,199/2] V[ 2ds5/5,351/2, 2052, 1072, 1h115]  Space [5]  known[7] Zr isotopes, from®?Zr to °8Zr, and Mo isotopes,
with a fully realistic effective interaction, which predict from %Mo to ®2Mo, were identified in the present analysis.
high-spin states. Additional information on the experiment and the analysis of
It is difficult to study Zr isotopes witiA>90 to moderate the data are given in Reff8].
and high spins because they are too close to the line of sta-
bility to be readily populated in reactions that bring in high
angular momentum. Alternatively, these isotopes can be
studied via the prompty-ray spectroscopy of fission frag- High-spin excitations in’?Zr have been previously stud-
ments following fusion reactions of much heavier nuclei.ied in heavy-ion fusion-evaporation reactions and the level
Such methods have been used recently to collect informatioscheme extended up te8 MeV excitation energy9-11].
on high-spin states of nuclei near the line of stabili6}. Additional states at low excitations are also known from

IIl. EXPERIMENTAL RESULTS
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FIG. 1. Level schemes ofzr and %*Zr as obtained in the present paper. Transition and excitation energies are in keV. The widths of the
arrows are proportional to the intensities of the transitions.

light-ion induced reactions anf-decay studiegll]. In the  excitation path in®Zr now resembles the one observed in
present paper, only three new weak transitions have bee?zr. Although in the present data the 1463—ke\/2*e421+)
added, based on coincidence relations, to the level schemgansition in Fig. 1a) could not be separated from the strong
displayed in Fig. (a): the 471.3-keV (6 —57), 559.6-keV  1461.8-keV (6 —4") transition, the placement of the 1463-
(6"—47), and 1681.3-keV (18—16") transitions. With  keV transition had been previously establish&H

the addition of the 471.3- and 559.6-keV transitions, the de- The only levels established previously ¥&Zr were low-
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FIG. 2. Level scheme assigned #Zr in the present paper. 5/2t 0

Transition and excitation energies are in keV.
FIG. 3. Level scheme assigned #6Zr in the present paper.

spin states observed in light-ion induced reactions orfransition and excitation energies are in keV.
B-decay studiefl2]. Although transitions had been assigned
to %Zr in an earlier study of fission fragments following a to change significantly the intensities reported here. The pos-
heavy-ion fusion-evaporation reacti¢s3], no levels were sible exceptions are the 65.6-keV transition®tZr and the
established because of the limitedray energy range&e, ~ 103.0-keV transition in%Zr. The intensities of the 774.3-
<2 MeV. The assignments of these transitions®@r are  and 1159.0-keV transitions of°Zr in Table | are equal
confirmed in the present paper by coincidences with Mowithin error; hence, their placement in the level scheme in
fragments. The level scheme in Fig. 2 was constructed basddg. 3 could be interchanged. The intensities reported in
on coincidence relations betweeffZr transitions. The Table | for transitions of’°Zr are in general agreement with
present data provide information up B,=2.7 MeV. No those quoted in Refl3]. However, there are significant dif-
additional transition could be assigned %8zr in the 2.0 ferences between the intensities of the transitions’f
MeV <E,<2.7 MeV region. observed in the present paper and those in R&. Given

In %4Zr the levels below the 5 state at 2605 keV were the limited details reported in Reff13], a detailed compari-
previously observed in light-ion reactiofs4]. In the present  son with the present results was not possible; therefore, the
paper the yrast levels above this state were established up pgesent measurements are adopted.
~9 MeV in excitation energy, as shown in Fig(bL Of Spin and parity assignments of the new levels assigned to
particular interest are the (6, (8*), (10%), and (7))  **7°Zrinthe present paper are difficult to deduce because of
states that can be directly compared to the correspondinie lack of directional correlation information for the fission
states in®Zr and to theoretical shell-model calculations. ~ products. However, the tentative spin assignments in Figs. 1,

The low-spin levels in%Zr were established from light- 2, and 3 are supported by a comparison with known states in
ion induced reactions and-decay studie$15]. Transitions the neighboring Zr isotopes, as well as the results of theoret-
were assigned t&°Zr in previous fission fragment studies ical shell-model calculations, as discussed below.
[13]. In the present paper these transitions were observed in
coincidence with known trans_,itions in Mo complementary IV. DISCUSSION
fragments and a comprehensive level scheme, based on co-
incidence relations and relative intensities, is proposed in The resemblance between the levels’fdr and %zr up
Fig. 3. to spin 1@ in Fig. 1 is striking, which suggests that similar

The y-ray transitions assigned t&*9°Zr are summa- orbitals are involved. The dominant neutrahf)? particle/
rized in Table I; intensities reported in Table | were not cor-hole parentage of the @ 2", and 4" states in%2zr/%zr,
rected for internal conversion because of limited knowledgaespectively, has been experimentally established by mea-
of the multipolarities. However, since the internal conversionsurement of the factors of these staté8] and is supported
coefficients, even for low-multipolarity, low-energy transi- by shell-model calculationgt,5].
tions, in Zr isotopes are small, this correction is not expected A large gap is expected between the first 4nd 6
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TABLE I. Energies and relative intensities of transitions assignet#t6-°Zr.

937, %7, 957,
Energy? Intensity Energy! Intensity Energy Intensity
(keV) (per thousand (keV) (per thousand (keV) (per thousand
65.6 250100 ° 145.7 193) 103.0 20280) °
111.2 36070) 152.3 6615) 115.9 =1000
115.4 16250) 202.3 85%20) 177.9 10440)
214.8 415) 313.6 8820) 208.1 30260)
274.9 53070) 333.1 10130) 229.4 71050)
325.7 36960) 364.9 11230 240.8 27650)
391.6 12630) 489.2 56090) 270.7 13130)
503.4 20840 537.2 7020) 425.3 10230)
646.9 6@5) 550.6 58180) 556.2 19850
705.0 19150 629.3 173) 561.4 24060)
949.8 =1000 683.3 5810) 603.6 24140)
1333.9 15830 736.8 5410) 607.5 24280)
1424.1 38250 782.0 214) 774.3 6820)
1823.8 5410) 812.5 39180) 815.4 15830
837.4 27650) 836.8 22040
847.7 35460) 877.0 12930)
860 <10 1045.3 16(@30)
918.7 =1000 1056.4 6(@0)
1011.6 9930) 1159.0 6220)
11355 28750) 1676.3 800100
1188.8 <15 1792.3 9(B0)
1194.4 8020)
1410.8 35150)
1672.9 1%3)

&The uncertainties of the-ray energies vary from 0.2 to 0.4 keV for the strong transitions and from 0.6 to 0.8 keV for the weakest ones.
PMost likely the 65.6-keV transition is oM1 or E1 character; internal conversion correction fdrl multipolarity could increase its
intensity by a factor of-1.5. The 103.0-keV transition is likely &2 multipolarity, because no crossover transitions bypassing the 3955-
and/or 4058-keV levels were observed. In this case the correction for internal conversion would approximately double the intensity reported
in Table I, which supports its placement below the 4058-keV level in Fig. 3.

states, as previously observed$fZr [9], due to the energy cludes a protond,,p1/,) excitation[9]. The 5 state in%#zr
needed to excite a pair of protons from the;2to the 1gg,  is the analog of the 5 states in°°Zr [7] and %?Zr. The
orbitals to form the (ng/z)§+’8+ states. The same gap is spacing between the 5and (7°) states in%Zr is similar to
present in®Zr. The (6") and (8") states that originate from the spacing between the"Cand 2" states in this isotope, as
this proton excitation are pushed to slightly higher excita-is also the case for the 5and 7  states in®%Zr and °°zr.
tions in *Zr compared ta’Zr. The energy spacings between These spacings suggest that thestates in all three isotopes
the 8+, 10+, and 12 states in%Zr are analogous to those arise from the Coup]ing of th&j5/2 neutron pair to the
between the 0, 27, and 4" states, supporting the interpre- (g, .n. ) configuration.
tat!on of these excitations as the coupling of.m@ neutron _ The spin assignments fofZr are suggested by a weak
bair to two ggp, protons. A similar structure is observed in ¢4 njing of the valences, neutron to the excitations in the
Zr up Fo the (.1C‘T1) §tate. However: none of the levels 9294, cores, as displayed in Fig. 4. The 5/round state
\?v%ci)gr? tchéfr;atgn'jsz{olsfﬁggﬁdnﬁgﬁt'dﬁetgg g iiritagf'the and (9/2") state at 950 keV can be readily associated with
nucleons thatpform the(gg,z)zv(gds/z)z configuratic?n Based the 0" and 2" states of the cores, which are predominantly
' [4] (vds)? configurations. Similarly, the proposed (17)2

on the energy systematics of thé o 10" states, the 12 _ , _
state in%Zr would be about 150—350 keV higher in excita- and (21/2) states can be associated with coupling of the

tion than the 4947-keV 12 state in 92Zr. In contrast, the Vvalenceds;, neutron to the 6 and 8" (7ge/)” states of the
sequence of levels above the (J0state in%Zr is entirely ~ core. The decay pattern of thg Btate in®’Zr to lower-lying
different from the corresponding ones fzr, which sug- 57, 4; , and 4 states is similar to that observed for the
gests excitations of a different nature. (17/2]) state, which suggests a (15)Rassignment for the

A large gap in energy between the 4and 5 states is 2485-keV level and (13/2) assignments for the states at
also observed i%Zr [7] and %2Zr, since the 5 state in- 1655 and 2774 keV. However, the reduced branching ratios
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(i.e., taking into account the energy dependence of the tran-

sition probability for the decay of the § state in*Zr and FIG. 5. Comparison betweeffZr states observed experimen-
the (17/2) state in®*Zr are different. This is not unexpected tally in the present paper and theoretical shell-model predictions of
since the 4 state in the core is predominantlyds,)?, Ref.[1], Fig. 6, and Ref[5].

while the 13/Z state in®3Zr must include components of the

4" core state outside of thevds;;)? configuration, since a 7 Pasz,Jora] [ dsjz,S1/5] Space[1], as well as Holt and co-
13/2*' state gannot be.ge'nerated fromdg,) 3. This cou!d workers[5] using a larger neutrosy ;,ds/,g-,h11/, Space with
explain the higher excitation energy of the (13f2state in  reqjistic effective interactions, which provide predictions for
%°Zr compared to the # states in°*Zr. That the energy of high-spin states in these nuclei. At the time when these cal-
the proposed (13 state in®Zr is also higher than the4  culation were performed, high-spin states were only known
states in the cores also suggests that core components outsige®zr and %?zr for a direct comparison to the calculations
of (vds»)? are important in this excitation if*Zr. The pro-  [1,5,9]. In general, the comparison to the experimental ener-
posed (11/2) state at 2374 keV could be associated with thegies showed that these calculations succeed in reproducing
236310-keV, 9/27,11/2" state observed previously in the positive-parity states, while underestimating the excita-
light-ion transfer reactiongl2]. tion of the negative-parity states. This comparison can be
9Zr has only one neutron less than the subshell closure adursued further with many high-spin states established in
Z=40 andN=56. Hence, the low-lying states are expected®3Zr, °*zr, and %Zr isotopes in the present paper.
to originate from the coupling of ds;, neutron hole to the In Fig. 5, the experimentally observed states®®r are
levels of the®Zr core. However, the lack of directional cor- compared to the theoretical calculations of R¢fs5]. The
relations of they rays makes even tentative spin-parity as-yrast positive-parity states up {6*) are reproduced very
signments difficult. The coupling of thes, neutron hole to  well by the calculations of Ref.1]. In particular, the ob-
the 0",27,3” levels of the®Zr core is a likely assignment served (6') state lies exactly where predicted. The"j8and
only for the 5/2°, (9/27), and (11/2) states, respectively, (10") states, as well as all negative-parity states, are under-
of 9Zzr. The proposed (1172 state at 2022 keV could be estimated by the calculations, although the spacing between
the 9/27,11/2" state at 2025 keV previously observed inthe (8") and (10°) states is reproduced. In contrast, essen-
light-ion transfer reaction$15] as a candidate fowh;,,  tially all of the excitations are underpredicted by the calcu-
strength. lations of Ref.[5] that used a realistic effective interaction,
Shell-model calculations for all Zr isotopes discussed inincluding the spacing between the*(Band (10') states.
the present paper have been carried out by Gloeckner using a In Fig. 6 the experimentally observed statesd?%Zr, for
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low up to spin~14# and up to~6 MeV excitation energy

PBzr 212" to be populated in a fission fragmeste, for example, Refs.
P7Zr [13,16). Of course, the population of high-spin states de-
@1/zh 175* 15/2° pends strongly on the particular reaction and the fissioning
X any as/2) compound nucleus.
a32h a3/2* as/2) V. SUMMARY
% _ In conclusion, Zr isotopes near stability, produced as frag-
= a5/2°) ) 112 ments following fission of a compount?’Pb nucleus popu-
m 15/2 _— lated in a fusion-evaporation reaction, have been studied up
15/2 to high-spin and excitation energy-ray transitions have
L a2y 1yr been assigned t8°Zr and %°Zr based on coincidences with
a7y — !<nown transitions in the complementary fissi_on.fragment Mo
a13/2% — 9/2+ isotopes. Level schemes up to4.5 MeV excitation energy
- 9/2%) have been constructed for these isotopes. The previously

known level schemes ot?Zr and ®*Zr have been enriched
and extended to higher excitations. The similarities in the
levels of %?Zr and %Zr up to ~3.5 MeV excitation energy
1 92hH are striking. The states iffZr up to the same energy can be
interpreted as originating from the coupling of the adlg,
neutron to the levels of?Zr and %Zr. The states irP°Zr up
92t to ~2 MeV excitation energy can also be interpreted as the
coupling of the oddls/, neutron hole to the levels of th&zr
core. The observed experimental states are compared with
theoretical shell-model calculations with a truncated space
and empirical effective interactiorfd] and a nontruncated
space with a realistic effective interacti¢f]. The calcula-

FIG. 6. Comparison betweel#%Zr states observed experimen- tions of Ref.[1] are able to reproduce well the excitation

tally in the present paper and theoretical shell-model predictiongnergies of the positive-parity states ?f‘_Zr, but underesti-
[5]. mate the energies of the negative-parity states. In contrast,

the calculations of Ref[5], which have been extended to

which tentative spin-parity assignments have been proposefigh spin, predict spectra fot?*zr, which are compressed

are compared to the theoretical calculations of R&f. For ~ compared to the data, except at high spin where the agree-
%37 the agreement between experiment and theory is conf€nt between experiment and theory is improved. While the
parable to that for th&*Zr core, except for the 13{2state in ~ €XCltation spectrum for’Zr is predicted[5] to be com- _
93zr, which is grossly overpredicted. Unfortunately, the the-Pressed compared to the data, the agreement beMgen experi-
oretical predictions for®®Zr above 2 MeV can provide no ment and theory for the lowest levels fZr is surprisingly

uidance in proposing tentative spin-parity values to the ley900d. With the identification of high-spin states in these
J proposing Pinpatiy 92.93.9497¢  theseZ=40 isotopes with 58 N<56, which

els displayed in Fig. 3. The spins and parities need to be . :
determined for the extensive level schemes deduced fo§hould be amenable to shell-model calculations, continue to

93,95y hefore additional comparison between theory and exProvide a challenge for theoretical interpretation.
periment would be fruitful.
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