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The reactior™®Ni(%?S,a2p) at E ., =135 MeV was used to populate high-spin state&‘#r. The complete
GAMMASPHERE and MICROBALL arrays were used to obtain cleasy—y line shapes to be analyzed by the
Doppler shift attenuation method and to determine 27 lifetimes in the ground-state band and in two excited
bands. Side-feeding times were also measured by comparing the line shapes gated with transitions above and
below the state under study. The deduced electric quadrupole moments for the ground-state band are consistent
with a very slow reduction with frequency with values ranging betwee(82and 2.01)e b. The negative-
parity bands feature also an approximate constancy of quadrupole moment with values similar to those in the
ground-state band. Cranking calculations agree with this behavior in both parity bands and suggest an inter-
pretation of the upper states in the ground-state band as part of a very slowly terminating band. Shell-
dependent cranked Nilsson calculations explain a fogrtascade as pertaining to a noncollective structure
terminating atl =20".
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[. INTRODUCTION arrays for both particles and gammas has made it possible to
study the high angular momentum region for most mass
One of the main tasks of nuclear structure research is theumbers. Reaching higher spin states means in particular that
study of the nuclear shape, which in the case of rotationain lifetime measurements the gate from ab@@®-A) tech-
nuclei becomes a study of collective deformation. Experi-nique can be used, overcoming the otherwise unavoidable
mental signatures of deformation can be sought in severalncertainties brought about with side-feeding when only gate
measurable quantities: level energies, moments of inertia, drom below (GFB) is possible. Quadrupole moments de-
electromagnetic quadrupole transition strengths from whiclduced in this way become very accurate and allow a more
electric quadrupole moments can be deduced. Of these quastringent test of models predicting shape evolution.
tities, the quadrupole moments are the best suited to reflect There are instances in which the gross features of the
guantitatively the deformation. However, the measuremenshape evolution are not difficult to understand, for example
of lifetimes, needed to determine them, demands much bettén the case of band termination. It is clear that because of the
statistics than needed to determine, e.g., level energies. Feuccessive alignment of nucleon trajectories at higher rota-
this reason the investigation of the transition probabilitiestional frequencies, the nucleus may evolve into an oblate or
was for a long time limited to low-spin states, a situation thatprolate “noncollective” shape. These investigations have
has changed, since the present availability of large detect@hown very interesting facets since the exact evolution might
depend on particular features of each nucleus, as is demon-
strated by the fact that in the ma#s-100 bands are pre-
*Present address: Department of Chemistry and Physics, Purdgiicted to lower their quadrupole deformation as they ap-
University Calumet, Hammond, Indiana 46323. proach terminatio1,2] whereas in®?zZn, although in fact
"Present address: GSI, 64291 Darmstadt, Germany. the B(E2) values are smaller with higher spin, theoretical
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populated using the fusion-evaporation reaction
58Ni(%2S,a2p) at 135 MeV and a beam intensity of 3.5 par-
ticle nA. The recoil velocity of the reaction products was
=v/c~0.035. The experiment, optimized for lifetime mea-
surements using the Doppler-shift attenuation method, made
use of a 415ug/cn? thick >®Ni target which was evaporated
on a 10.3 mg/crhTa backing used as the stopping material
for the recoiling nuclei.

The GAMMASPHERE[16] array with 95 high efficiency Ge
detectors was used to collect prompt coincidence events. The
evaporated charged particles were detected and identified
with the MICROBALL [17] array. This array consists of 95
CsI(Tl) scintillators covering 97% of the full sphere around

FIG. 1. Quasiparticle energies as a function of the quadrupoldn® target. During the experiment, a fourfold or higher
deformation in theA~ 80 region[4].

multiplicity trigger condition was used. Of the total number
of events, 10% were associated wittzr.

calculations predict that the quadrupole deformation stays at The collected data were sorted into different 38000
about the same value within the terminating baf&ls

In the A~ 80 mass region the three upper 3 psj, f50,
andpyj;, and the lowesN=4 gq, orbitals are the building  one or two protons and one particle detected in theti-

blocks to both rotational band heads and uncoupled hig

spin terminating states at medium deformatiof,(~0.2),
for both oblate and prolate shapéese Fig. 1L The maxi-
mum spin in this valence-space configuration 4835, but,

of course, the actual value for a given nucleus depends on t

position of the Fermi level. Terminating bands at a lower
value have been reported #Zr at1=27,30[5] and in "*Br
at1=63/2[6].
Among theA~80 nuclei, ®Zr was very early identified
[7] as one of the best examples of rigid rotation at high spin ) .
i.e., one in which the moment of inertia does not change with 1 1€ matrices were also gated on the requirement of an

rotational frequency. This fact attracted theoretical as well a

experimental research on this nucleus.

Woods-Saxo

Strutinsky-Bogolyubov cranking model calculatidréd pre-
dicted the frequency and nature of the crossing in th
ground-state band, whose experimental verification cam
later with the measurement gffactors up to the first cross-
ing [9]. The same calculations also predicted the occurrenc
of superdeformed bands at very high spins, which have als ' o e
been observefl0]. Lifetime measurements were carried out 1562.1 keV lines as the addltlonal coincidgntay.

using the recoil distance and Doppler-shift attenuation meth- Gamma rays detected in any of the detectors were sorted
ods (DSAM) [7,9,1] providing values in the ground-state
band for states below™=22" and in two of the lowest

negative parity states. Additional measurements on the lev

scheme and further analysis were also ddiiz-14], as well
as renewedj-factor measurements below the first bandcross

ing [15].

The above mentioned importance of electric quadrupol

measurements makes very interesting investigation in th
high-spin states of a nucleus such®2r, which are in fact
the main goal of this work. Using the GFA technique, we
measured the lifetimes of almost all the known normally
deformed states if“Zr.

h=

he

channel square matrices. To obtain optimum selection of
847r events, all matrices were gated on the requirement of

CROBALL. Nondetection of one particle can produce contami-
nation especially coming from the four-particle channels
3pla (%) and 2p2«a (8%Sr). Given that detection efficien-
cies for protons andv's are about equald4%) for the mi-
CROBALL, the intensity of the leak-through's finally de-
pends also on the relative evaporation cross sections. In this
case, to remove contamination from the stronf¥rchannel
(8%Sr appeared clearly wealed..6 times the corresponding
3pla gated matrices were subtracted.

additional y ray. To select the ground-state band, this addi-

fjonal y ray was required to be one of the following lines
within the strongestpositive-parity populated band: 540.0,
23.0, 873.2,952.0, 979.2, or 1067.1 keV. The higher energy
ines are broader, so the possibilities of overlapping peaks
are increased. Separate matrices were sorted to enhance the
pegative-parity bands by requiring either the 488, 540.0,
§68.2, 723.0, 832.1, 873.2, 885.1, 915.6, 1290.2, 1357.1, or

onto one axis of the square arrays to allow for a secend
gate in selecting the line shapes. Only lines from detectors at

és}pproximately the same angle were sorted onto the second

axis, from which the line shapes to be fitted were obtained.
The following pairs of detector rings were combined: 31.72°
with 37.38°, 50.07° with 58.28°, 121.72° with 129.93°, and

J42.62° with 148.28°. These combinations yield weighted

gverage angles of 34.9%8even active detector§2.81°(15
active detectops 127.19°(15 active detectoysand 145.45°
(ten active detectoysrespectively.

With these sorted data it was possible to create spectra by
adding up many gates set dfiZr transitions. These pro-

jected spectra provided line shapes for the determination of

II. EXPERIMENTAL PROCEDURE AND CHANNEL

SELECTION

lifetimes. Examples of such line shapes in the case of band 1
at forward and backward angles are shown in Fig. 2. Bands 2
and 3 present similar Doppler shifts. For the transitions in

With beams from the 88-Inch Cyclotron at Lawrence Ber-band 4, on the contrary, no shift was observed, as it is shown
keley National Laboratory, high-spin states #zr were

in Fig. 2(b) in the case of the 1224-keV transition.
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Energy (keV) FIG. 3. The comparison of the 1196.2-keV transition at 52.81°

) GFA and GFB. Observe the dramatic effect of the long-lived side-
FIG. 2. (@ Comparison of forward(34.959 and backward  feeding that strongly populates the lower spect(®&B) when the
(145.45‘) angle spectra generated by adding posmve-p_arlty high-yyclei have already stoppeét (~E,). Unless otherwise noted, the
spin gates: 1432, 1645, 1845, 1995, 2146 k&.Comparison of  cajipration is 1.33 keV/channel on the line shape graphs. The gates

forward (70°) and backward1109 angle spectra to demonstrate ;sed are for GFA: 2477, 2146, 1995, 1845, 1165.8 and 1432.0 keV
that no Doppler-shift appears for the 1224-keV transition in band 4 ansitions: for GFB: 1165.8 keV line.

The 1246-keV transition belongs to band 1. The arrows show the
expected positions of the unshifted peaks. tistical variations, the side-feeding times averaged about 1.2
times the effective lifetime above. This average was adopted
for the fits of lines which could only be gated from below.
Mean lifetimes for the shorter-lived higher-lying states in ~ The procedure to make gates with very low intensity lines
all bands 1 to 3 were analyzed by applying the DSAM to theis based on the following reasoning. TR nuclei initially
experimental line shapes. The analysis carried out in thare produced with a recoil velocity af~0.03%, which is
present work, using the computer codes [18], exactly reduced to zero by collisions with electrons and atoms of the
follows the procedure described in previous repi®,2(q)  thick backing material. Thus a Doppler-broadened line ex-
on data from the same experiment. tending betweerkE, (energy of they rays emitted by a
The theoretical line shapes generatedrhys for a range  nucleus at regtand some valu&,+A is observed in they
of possible mean lifetimes were compared to the coincidencepectrum, whose shape depends on the relationship between
spectra at each of the four angles, 34.95°, 52.81°, 127.19fifetime and stopping time and also on the angular position
and 145.45°. The best fits provided lifetime values that weref the detector. A very short lived state<0.02 pg mainly
found to be consistent within uncertainties. The weighteddecays at the beginning of the stopping process when all the
average(based on the number of detectodd the lifetimes  nuclei are moving at the same velocity. In this way, it is
resulting from the best individual fits was taken as the acossible to correct the Doppler effect and find the expected
cepted lifetime at each average angle. position of the unshifted peak. When building the matrix,
Except for the two highest transitions in each band, eacleveryy energy is corrected according to a propogedalue
line shape was fitted taking into account side and direct feedand its angle of detection. Figure 4 shows the effect of this
ing from the upper levels. Side-feeding times were deterprocedure in an extendeglenergy region when recovering
mined by fitting line shapes obtained GFA the transition ofback the peaks.
interest to eliminate the contribution of side-feeding. The
lifetimes, determined separately at each angle, were then IV. RESULTS
held fixed in fitting the same line shapes GFB. Only the
side-feeding lifetimes were allowed to vary until the best fits
were obtained. This is a very important characteristic of the Figure 5 shows a summary of the high-spin band&'#r
method: side-feeding and lifetime are determined indepenas observed in previous investigatior¥,12,10,13,14
dently, a fact to take into account when comparing with re<complemented by the results of the present study. Some
sults from other methods. An example of GFA and GFB lineknown medium- and low-spin states, omitted in the figure
shapes is given in Fig. 3 in the case of the 1196.2-keV transince they are not relevant in this study, are thoroughly ana-
sition. The side-feeding times determined were then comlyzed in Ref.[14]. The present study confirms the previously
pared with the effective lifetimes of the states immediatelypublished high-spin level scheme and has allowed the exten-
above. Although there is some dispersion, due mainly to stasion of band 4 by two transitions.

lIl. LIFETIME MEASUREMENTS

A. Level scheme of®*zr, band 4
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FIG. 4. Comparison of spectra with Doppler correction of 56%% 11658 369 | 11 Aeﬁ/ﬁg?u
$£=0.03 (top), B=0.025(middle), and no Doppler correctiofbot- 45341029 10+ %—‘}W 9375 4868.2 10
tom). A coincidence matrix with all detectors in tlyeaxis and the 1067.1 43§4_%+51_9KA93036‘1832.1 i
detectors qt 34.95° in th>e.axis was made. The spe.ctra shown are 40674 » +10@Q%493 3y 12 5837 7230
the projection on the/ axis. For the transitions with very short 3033-2H'—8’ 6682 57 s~ TaIs1
lifetimes (2477, 2146, and 1995 keVthe spectra with3=0.03 s1362 9520 4 \;b" 2825.1
were taken to make gates. For transitions with longer lifetimes o752 M/%'L
(1845 and 1645 ke) the spectra with3=0.025 were used instead 12630__{" 4
because the lines are narrower. In the bottom panel, with no correc- sa00_' B0 2"
. .. . . +
tion, the ground-state transitions show very wide line shapes. How- 0054000
ever, the unshifted 1702- and 1723-keV transitions of band 4 can be )
seen clearly. FIG. 5. Partial level scheme &fZr based on the present study
and previous worK7,12,10,13,1# A few low- and medium-spin
B. DSAM Analysis states have been omitted. The energiesfdransitions in bands

Line shapes were extracted for as many transitions an%i_3 have been adopted from Reff$0,13.

angles as possible to measure the lifetimes with the DSAM.
All lifetimes measured in the present work refer to bandsscaled sum of the two theoretical line shapes. This procedure
1-3 and are listed in Table I. Surprisingly, theransitions ~was carried out to find the lifetimes of the statés=23" in
in band 4 show sharp line shapes up to the highest observé®nd 2 and "= (24") in band 3 whose transitions overlap
level [see Figs. &) and 4 which indicate less collectivity. With transitions at 1663 and 1808 keV, respectively, of the
The effective lifetimes are the average of values obtained s@@uperdeformed band. In each case a very short lifetime
the various angles at which lifetimes could be measured. (7sp<<0.001 ps)[10] was assumed for the state in the super-
The line shapes of the 1645.3-keV transition in band 1 argleformed band.
shown at all four average angles in Fig. 6 as an example of A comparison between state and feeding times found in
the variation with angle. Figure 7 illustrates the variation ofthe present work and Refs,9,11] for the ground-state band
the line shapes from a short one to that of the longest lifeof 8Zr is shown in Table II. With the exception of two states
times measured. (1™=10",20"), there is agreement between the previously
In most cases it was possible to fit each transition inditeported lifetimes. There is also agreement between the val-
vidually, without interference from other peaks, by a judi- ues obtained in this work and the previously reported ones
cious choice of gates. Where this was not possible, a modior statesl|=16. However, a striking difference is observed
fied version ofFITs was used to fit two overlapping line for lifetimes of states with <14. Ours are 2.23.5 times
shapes simultaneously, by comparison with the properhghorter than those in Reff11]. This is a big difference and
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TABLE |. Energies, initial spins of the states;ray energies, T
effective lifetimes, mean lifetimes, and accepted lifetime$4zr. 450 1T ¢ 14545° |
Effective and accepted lifetimes are the average of all possible 350 ' |
angles. The GFA technique has been used for all except for the two
upper transitions of each band. Energies and spin assignments were 2 550 |
taken from Ref[10]. 3
© 150 .

E, (keV) Iiw Ey (keV) et (PS Tacc (PS) "w

Band 1 o T145.45=0-(;5+-3:g% p.s g
20283 (30) 2477 0.04714) 0.047(14) 50
17806 (28) 2146 0.05714) 0.014(11) r
15660 26 1995 008718  0.028(13) 600 1
13665 24 1845 0.12518) 0.019(13) 500
11820.0 22 1645.3 0.176L3 0.044(10) 2 400 I
10174.7 20 1432.0 0.28212) 0.092(11) § r
8742.7 18 12462  0.4948  0.189(16) © 300 1
7496.5 16 1196.2 0.9B) 0.240(22) 200 -
6300.3 14 1165.8 1.617) 0.226(21) 100 S [ ]
5134.5 12 1067.1 2.9816)  0.358(32) L Tem=0.04%0Bps | | 112715=0.03 % ps |
4067.4 10 979.2 6.9  0517(48) % 5 10 15 20 250 5 10 15 20 25
3088.2 g 952.0 > 17 0.56(10) Relative Channel Number

Band 2
14938 (25) 1860 0.12129)  0.121(29) FIG. 6. The 1645.3-keV transition in band 1 fitted individually
13078 23 1665 0.195298) 0.064(23) at all four angles. Fits representing the uncertainty limits are shown
11413 2T 1477 0.38682) 0.131(55) with dashed and dashed-dotted lines. The expected position of an
9936.4 19 1328.1 0.7013 0.215(56) unshifted 1645.3-keV line is indicated with an arrow.
8608.3 17 1196.9 1.0718) 0.232(78)
74114 15 1087.3 1.9143 0.43(11) In an effort to further understand the differences in side-
6324.1 13 1008.2 3.510) 0.66(14) feeding and lifetimes mentioned above, we analyzed some of

Band 3 the transitions in the ground-state band following a method
18461 (28) 2405 0.081200  0.081(20) customarily used when there is no possibility of following
16056 (26) 2086 0.144) 0.03(3) the “gate from above” method, i.e., when one has only the
13970 (24) 1808 0.18729) 0.030(25) opportunity of gating below the transition studig2l]. In
12162 22 1567 0.28453) 0.056(23) this kind of analysis the feeding time is kept fixed while the
10594.8 20 1400.9 0.31¢13) 0.084(25) lifetime is fitted. By varyingrz over a given range one ob-
9193.9 18 1266.0 0.52839) 0.154(33) tains a correlation between this value and-rom the mini-
7927.9 16 1133.1 1.1160) 0.334(28) mum of the reduceq?, it is then possible to extract values
6794.8 14 1011.0 3.42) 0.73(11) for both side-feeding and lifetimes. The resulting values for

the analyzed lines are listed in the two last columns of Table
II. The two values for the 1432.0- and 1246.2-keV transitions
deserves a closer examination. A related issue always to lmme about because thgif plots have two minima, as can
considered when evaluating state lifetimes is that of sidebe seen in Fig. 8 for the 1432.0-keV case, one with a short
feeding times: although the information provided in Réfl]  side-feeding and long lifetime and the other minimum with
is not very precise, it is clear that our feeding times aretheir relative length interchanged. The “correlation” method
~5-10 times longer than in Refll] and 1-2 orders of does not provide a way to decide between short or long side-
magnitude larger compared to those of R6i. These enor- feeding and one has then to rely, for example, on systematics
mous differences do not seem to be accounted for only bgnd/or model calculations, as was done in R2g], where

the difference in the position of the entry states produced bywo-minima correlation plots in the DSAM investigation of
each reaction, which in fact may have a sizeable effect on thé% were also obtained. One can even decide to take the
length of they cascades but account for only small differ- shorter side-feeding, as was believed for a long time, because
ences in feeding time. It is, however, not straightforward toof the lack of convincing experimental arguments on long
compare our values with those obtained before, since akide-feeding times. The conclusion from Table Il is twofold:
though all of them have the DSA method in common, thereon one hand it shows the weakness of the correlation method
are outstanding differences in statistics and in the methothat may lead to not well justified short side-feeding times
used to obtairrg . In this respect it is important to stress that (and longer lifetimes and on the other hand, the same
our lifetime measurements are insensitive to the sidemethod supports the long side-feeding times and shorter life-
feeding, since the GFA technique eliminates its contributiortimes produced by the GFA method, since besides those fits
in the line shape of the analyzed transition. in which only one minimum is found|™=12"—16", in
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200 was used to investigate the possible origin of these long side-
L 2146 keV o % - feeding times. In order to obtain the observed value¥m,
150 1=0.02'53 ps 74 R - it is necessary to assume that the continuum decay is domi-
L 4 \ , nated by slowly decaying single-particle structures in con-
100 v s \ i trast with the fast collective decaying states assufaé2g
i . ° NG i in other nuclei in this mass region. Although one could relate
50 |-® ® ; ®s A this result with a probable transitional character®#r in
L i i the continuum states, there is no obvious interpretation for
0 et these side-feeding time results and additional experimental
L o .. il and theoretical investigations are needed.
50 L TR 1432kev |
. — +0.04
@ L 1=0.10"0}03 PS ] C. Transition strengths and quadrupole moments
§ 300 = 7 The electric quadrupole transition streng®@&=2) were
© i ] determined from the accepted lifetimes and transition ener-
150 MY 7 gies given in Tables | and Il by means of
CX ]
0 B(E2:1 1 — 21 &2 0.0816 L
L il ] — — E
2000 1067 keV - (E2; let] Ei[MeV]r[ps]' W
" 1=0.42"333 ps T
1500 = 7 If an axially symmetric nucleus is supposed, the rotational
1000 B ] model gives a simple relationship between quadrupole mo-
i , ment and reduced transition strengths,
500 - e i ]
0 AR ra a2 X Ll B(E2| —1—2)=——(1K20|l — 2K)?QZ, (2
0 5 10 15 20 25 30 167

Relative Ch I Numb
erative hannet Tumber where (IK20|1 —2K) is a Clebsch-Gordan coefficient. A

FIG. 7. Typical fits at 34.95° taken from band 1 to illustrate the Valueé 0fK =0 was used for band 1. The choicetofior the
sensitivity of the line shape to the state lifetime. The calibration forn€gative-parity bands deserves a short discussion: putting
the 2146 and 1432 keV graphs is 2.67 keV/channel. asideK mixing, with the present experimental knowledge it

is only possible to state th&t<5. Since we are dealing with

which case the correlation results are very similar to the GFA"'gh spins.| =13, no essential d|fferenges appear regarding
the|Q,| values forK =3, 4, or 5. Assuming the proton char-

gzﬁz;iiz :-r,leslijrgﬁz: mlggﬁj Tng'rht Qgsdouble—mlnlma fits pro_acter of these bands as given by the posig\actor[9], the

Another eventual origin for differences in results from lowest excited configuratiorsee Fig. 1haveK =5 at small

DSAM lifetime measurements is the modeling of the Stop_oblate deformation an&=4 at the prolate side. Since the

ping power, which may not be the case in the present Comr_?eg"ative—parity bands are strongly Coriolis mixed, an “effec-
parisons since Refd11,9] quote the use of the Ziegler- tive” K resu.lts from a weighted averagé=4 seems to be a
Biersack-Littmark parametrizatiof23], a predecessor to the '€Presentative value. o

computer codsriM [24] used in the present work. There are . Quadrupole deformatiof; and triaxiality y are related to

in the literature other stopping power functions which how-the transition quadrupole moment 9]

ever, have provefi25] not to be as adequate as the param-
etrization ZBL.

Considering the values obtained in the present work
(Table 1)), it is important to note that the side-feeding times
are much larger than the state lifetimes. A graphical way tdrhe quantitiesB(E2), the transition quadrupole moments
convince ourselves of this fact is to observe the dramati¢Q,|, and the deformation3, (assumingy=0° and r,
increase in the “stop-peak{slow feeding intensitywhen =1.2 fm) are given in Table III.
gating from below as compared to when gating from above Given the observed differences in the lifetimes between
(no side-feedingin Fig. 3. The ratio(¢/7) for states 12 our results and the previously reported ones for the ground-
<|=<20 averages to~3.6, which compares well with state band, it is important to compare their implications re-
(7¢I 7y~3.4 measured in the ground-state band*&r[26].  garding transition quadrupole moments. Figure 9 compares
The highest state in which feeding time was measuled (those results and shows also the values for those spins not
=26) has a ratio of 2.9, consistent with the average, whereaweasured in this work. It is now clear that the difference in
the ratio for the staté=24 is the largest one witr-/7) lifetimes leads to very different conclusions about the struc-
=7.4. The large error bars of the side-feeding and lifetimegure of Zr. The most striking feature in our results is the
for this state make, however, the latter value less certain. Apparent constancy of the quadrupole moments over a wide
recent version of the Monte Carlo codeMMAPACE [27,28] range of spin and the big difference fiox 14 with the entire

B 6ZeAR

=————r2,(1+0.368,)cog30°+ ). 3

t ( 1577) 1/2
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TABLE Il. Summary of state and side-feeding times for the rotational band¥Zi In the present work, lifetime determination
independent of side-feeding effedSFA techniqué has been used for all except for the two upper transitions. The values under “correla-
tion” result from an analysigsee textin which no GFA is used.

GFA Correlation
E, (keV) I E, (keV) ré 0 T,:b 7° ¢ (p9) © 74 T,:d 74 TE d
20283 (30) 2477 0.04714)
17806 (28) 2146 0.01411)
15660 26 1995 0.02813) 0.083)
13665 24 1845 0.01913) 0.145)
11820.0 22 1645.3 0.0) 0.052) 0.08 0.04410)
10174.7 20 1432.0 0.081) 0.105) 0.04-0.12 0.0941) 0.233) 0.092) 0.245)
0.152) 0.06(3)
8742.7 18 1246.2 0.161) 0.176) 0.04-0.12 0.18A6) 0.316) 0.162) 0.4213
0.222)  0.138)
7496.5 16 1196.2 0.18) 0.18 0.01 0.27r) 0.04-0.12 0.242 1.02) 0.285) 0.8(5)
6300.3 14 1165.8 0.5(6) 0.493) 0.04 0.62) 0.12 0.22621) 1.02) 0.192) 1.4(4)
51345 17 1067.1 0.92) 0.8714) 0.20 0.82) 0.16 0.35832) 1.93) 0.4Q05) 1.4(4)
4067.4 10 979.2 1.%53) 0.775 0.24 1.43) 0.28 0.51748
3088.2 g 952.0 2.05) 1.8(1) 0.22 2.15) 0.42 0.5610)
2136.2 6 873.2 2.64) 2.8(6)
1263.0 4 723.0 4.0(6¥
540.0 2 540.0 20.3(11F 24(2)¢
3493.3 7 668.2 7.8(30f
2825.1 5 1562.1 15.7(50§

a%8Nii(28si,2p), S8Ni(2°Si,2pn) E p=95—110 MeV, Ref.[7].
b54Fe35,20n) Ejup=105 MeV, Ref.[9].

€59Co(?8si,p2n) E up=98 MeV, Ref.[11].

958Nj(32S,0:2p) E =135 MeV, present work.
®Recoil-distance method.

set of the previous measurements. The reason for these difiot participate any more in the collective core movement,
ferences seems to be in the different treatment of sideand that(ii) besides contributing to the shaping of the entire
feeding time as discussed in Sec. IV B. nucleus through the geometrical position of their orbitals, the
new valence nucleons can exert polarizing forces on the re-
maining core. Both effects may cause the collective shape
and therefordQ,| to change in some amount. Although the
In rotational nuclei the most frequent microscopic changeexact microscopic mechanism depends, of course, on the de-
of configuration means the breaking of a pair, which accordtails of the configuration, the appearance of such effects can
ing to a simple interpretation impli€§ that two nucleons do be detected by examining quantities such as the kinematic
and dynamic moments of inertia together with the quadru-

V. DISCUSSION

6.5 L L B ) B pole moment. In the following section we will give first a
3 B, =1432 keV i : description of the three collective bands, relating them to
6.0 - - previously existing theoretical analysg8]. These calcula-
| - ] tions considered pairing only ab=0 and therefore strict
. / correlations with shape parameters cannot be stated in this
ny 2 [ section, but they are still useful in helping to distinguish
i Y 4 ] the interplaying configurations. Then we will study the re-
501 & \k‘/ s sults regarding quadrupole moments in the light of new the-
L i oretical calculations including pairing and, therefore, allow-
45 | ing correct predictions on deformation parameters. Finally
P N N U BN B we will offer an explanation of the origin of the noncollec-
0.00 0.05 0.10 0.15 0.20 0.25 0.30 tive band 4.

time (ps)

A. Cranking analysi
FIG. 8. Correlation plot for the 1432-keV transition as produced Cranking analysis

when fitting bothre and = simultaneously. This plot produces two ~ The moments of inertia, kinematigZ'® and dynamic
pairs of acceptable valuest, () =(0.09,0.24 and(0.15,0.06 ps. . 7‘?), together with the electric quadrupole transition mo-
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TABLE lll. Excitation energies, initial spins, transition energies, electric transition quadrupole strengths,
electric transition quadrupole moments, and quadrupole deform@ssumingy=0°) for states in rotational
bands of®Zr. Every transition is stretched quadrupolarl & 2), therefore only initial spin is given. Note
that all but the two upper transitions in each band were analyzed with the GFA technique.

Ex (keV) I7(%) E, (keV) B(E2) (W.u,)® |Ql (eb) B2
Band 1
20283 (30) 2477 g+4b 0.72" 044D 0.08°9020
17806 (28) 2146 597 2lsc 1.89'219¢ 0.21°02Lc
15660 26 1995 423 1.60°953 0.18'2%8
13665 24 1845 927199 23758 0.26'018
11820.0 22 1645.3 70°%; 2.08°9% 0.23'9%
101747 20 1432.0 67'9 20038 02338
87427 18 1262 66'S 20288 0228
74965 16 1196.2 64'¢ Lo98% 02258
6300.3 14 1165.8 778 220845 02433
51345 12 1067.1 76%¢ 2.20°05s 0.24" 507
4067.4 10 979.2 B0’ 2288} 02558
3088.2 8 9520 8513 23008 02683
Band 2
14938 (25) 1860 14°3° 0.94°515° 0.11°5.32°
13078 23 1665 46735°¢ 1.73°9%3° 0.19°5:%5°
11413 21 1477 4172 1647051 0.18°005
9936.4 19 1328.1 42t 1.69°528 0.19'293
8608.3 17 1196.9 66" 3 2.159%3 0.24' 3%
741L4 15 1087.3 57" 20598 02333
6324.1 13 1008.2 54°33 20743 023
Band 3
18461 (28) 2405 673" 0.60°008" 0.07°55:°
16056 (26) 2086 32°5°¢ 1.42°5,4,° 0.16505°
13970 (24) 1808 6455 20435 02353
12162 22 1567 78 21695 0243
10594.8 20 1400.9 8215 2.35'533 0.26' 63
9193.9 18 1266.0 75733 2.27°55 0.25'5:65
7927.9 16 11331 60°5 2.07°56 0.23'561
67948 14 1011.0 4973 1.92/335 0.2155;

21 W.u=21.9€* fm*.
bValue extracted from effective lifetime.
‘Lifetime determined from gate from below only.

ment|Q,| are plotted for the three collective bands®#rin ~ work. In fact, the eight lower values, corresponding to states

Fig. 10. It is convenient to analyze separately the ground@! frequencies 0.48%»=0.82 MeV have small enough error
stgte and the excited negative-pyarity bgnds y g bars to allow the observation of a reduction of only 13%

between these two extreme frequencies. The higher-spin
state athw~1 MeV, with also a relatively small error bar,
indicates that if the quadrupole moment diminishes at higher
Figure 10 displays strong variations #i") at low fre-  frequencies, such a reduction is not drastic. The two other
quency which reflect themselves in “peaks” fi® indicat-  values atiw~0.92, 1.07 MeV, although with extended error
ing band crossings that have been successfully explained tyars in the large quadrupole moment side, are consistent with
Woods-Saxon crankinf8] calculations. They correctly pre- either a constant value or with a very slight reduction at
dict both crossings as caused by firgigp proton alignment  higher frequencies. The last point Zab~1.24 MeV, as the
and second gg,, neutron alignment. The first alignment was other data enclosed in square brackets, having been extracted
confirmed experimentally by g factor measuremerg]. from an effective lifetime, gives only a lower limit and there-
The general trend df,| can be considered as a very slow fore cannot be used as information about [t@¢g's trend. It
decrease in the frequency range measured in the presestworth noting that the frequency region measured starts

1. Ground-state band
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cranking calculations, is observed around the band crossing
region|[30].

4= o Ret [11] N . .
| A sz_ 9] The observed quasiconstancy or very small reduction of
o Ref[7] 1 |Q,| in the ground-state band &fZr is a singular feature

n when compared with other nuclei in th®~80 region in

: which the observed tendency fi®,| is to decrease at high
rotational frequency in the region in which the moment of
inertia “saturates.” Examples of this contrasting behavior
can be seen in several even-even nuclei inAke80 region,

. 788K r [31-33, "Kr [34,35,30, "’Se[38].

N Y S I AN BT I N

|Q¢l[eb]

2. Negative-parity bands

The previous theoretical studiB] identified the two
FIG. 9. Comparison between the transition quadrupole momentsegative-parity bands as proton excitations and &1

found in the present work and the previously reported ones for thét was proposed to have &d;,p4;,) configuration. The pro-

ground-state banfll1,9,7. The value enclosed in square brackets ton nature of these bands was confirmed by the measured

(1=30) is extracted from the effective lifetime and means thereforefactor[9].

a lower limit. Some of the values have been slightly shifted back- Regarding the quadrupole moment, though the mean val-

ward or forward around the corresponding spin in order to appreciyeg of|Q,| for bands 2 and 3 are different aboti@~0.6

ate their relative errorsQ(|(l=2,4) were obtained from recoil- eV, their rather large error bars make them consistent with

distance method measurements, all others from DSAM. each other, as it should be if these bands are signature part-
_ ] ) _ ) ners. The picture here is that of an essentially cons@yjt

while the first alignment is taking place and that the changgaiye, an experimental result also supported by the theoreti-

in |Q during the whole alignment process is only 8%, ca| calculations in the following section.
whereas in the same region the kinematic moment of inertia

JD changes by=80% of the initial value. The data indicate
that the first two alignments do not drastically alter the de-

formation or collectivity of this nucleus, a conclusion 1, qger 1 give a theoretical explanation regarding quad-

supported by the theoretical predictions presented in the folz 516 moments, new calculations were performed using the

l%"é'rn%nsviﬁ?ohn' TJ:'S t?era"?{n'si:ﬁ r|‘nar)k(e:j igogtiast bW'th cranking model with the Woods-Saxon potential similar to
' ch a drastic lowering iNQ|, explained t00 by  gef. [8], but this time including a parametrization of the

B. Shape evolution

pairing interaction as a function af [37]. This represents an

L 7 improvement compared to the previous theoretical study, in
25 %4} %_\ '}L 7 which no pairing was taken into account to calculate total
< 20 4““ w ﬁ Routhian surfaces; therefore, a better shape evolution predic-
S 15 tion is expected now. In the following we will concentrate in
1.0 the frequency region covered by our data and higher.
0.5
140 1. Ground-state band
E 100 - Figure 11a) shows both the predicted and the experi-
= mental values ofQ;| as a function of rotational frequency
5 60 for the ground-state band in the frequency region above the
S first alignment. The experimental results are consistent with
00 the prediction of a slow and steady decreasé@f with w.
- The experimental value gtw=1.24 MeV is only a lower
< limit. The trend of the theoretica;| can be understood in
§ 5L Fig. 11(c), in which the shape evolution in the deformation
5 plane (B,,7y) is displayed. Between rotational frequencies
S 5L band 3 (—0) & | 0.5<=hw=<0.9 MeV (1=I1<27 in the (B,,y) plot), the
I S R R quadrupole deformation stays essentially constant around
0z 04 O;)W (1\(}&8\') Lo 12 B,~0.2 whereas the triaxial deformation goes from

FIG. 10. Kinematic7") and dynamic7(?> moments of inertia
and electric quadrupole transition mome}@g| for the three bands

y=—34° to y=—51°. This implies a reduction diQ,| ac-
cording to Eq.(3). From there on,y starts to approach the
noncollective limit aty=—120° while the3, deformation

in 84zr studied in the present work. The bands are labeled accordingiminishes monotonically. Therefore the states become less

to Fig. 5 and according to their parity and signaturev: (m,a). The

collective. This is pretty much the expected behavior for a

symbols enclosed in square brackets in the top panel are extracté@rminating band38]. This means that according to the cal-

from the effective lifetime and mean therefore a lower limit.

culation the highest experimentally observed staté=aB0

024303-9



R. CARDONAet al. PHYSICAL REVIEW C 68, 024303 (2003

3.0F T T T T .
2.5 F 2L ./‘*k\ J
i 201 b yrast
§ 15+ — T=+
10F  ocale Dendd : 5 of Experiment ]
o 5 . H : : :
3.0 : : : : — &g 3F . B
| heor
25 ¢ ®) A q 2b Y]
s 20 fé% | 0P 00—
3 15 IWL 1 Lr 1
4 Band 2
1.0 A Band 3}6.‘{1). w 7 0+ ]
05 O Band 2 calc. I ) ) ) )
04 06 08 10 12 14 0 10 20 30
Fiewo [MeV] Angular momentum (%)

S \“ FIG. 12. Top: Energies relative to a reference rotor as a function
00K W= of spin for states in the yrast band and in the new long-lived band.
2 AN /' Bottom: Similar graphs for states calculated in the indicated con-
i N <60 s figurations using the cranked Nilsson-Strutinsky appro@@Ns).

g N T30 2g8 / Note that the energies calculated in the CNS approach are not ex-
;’é 01 b 38O pected to be realistic below a spin of aboutildue to neglect of
f ggnnal % pairing and, therefore, an absolute excitation energy scale cannot be
: established.
0.0 0.1 0.2 0.3

P conlly +30%) and theoretical results on bandfbr which the experimental

FIG. 11. Comparison between experimental and theoreticalljincertainties are smallewith those in "4Kr [30], in which
predicted quantities in rotational bands ¥r: (a) Electric quad- ~ experiment and theory also agree but on the observation of a
rupole moment in band Iground-state band (b) Experimental ~ drastic change in shape produced by the mechanisms listed at

electric quadrupole moment in bands 2 and 3, and theoreticallfhe beginning of this section, related to the breaking of a pair.
predicted for band 2c) Calculated equilibrium deformations in the That these two, very contrasting behaviors, are present, may
(B2,7) plane. Numbers close to some points denote the approxibe again a manifestation of the rapid changes expd&ed
mate spin; larger numbers for band 1 and smaller ones for band 2n the collective properties when varying and/orZ within

the A~80 region, related to the low level density in the
still has collective character. Higher excited states—not yelNilsson scheme of Fig. 1.
observed—would correspond to terminating states.

C. Long-lived structure

2. Negative-parity bands Calculations were performed within the configuration-

Figure 11b) shows the experimental values|qf;| for the  dependent shell-correction approach using a cranked Nilsson
negative-parity states together with theoretical predictiongotential (CNS) [40] in order to understand the long-lived
for band 2. Band 3 should present the same behavior if thepand 4 in Fig. 5. The parameters used were previously fitted
are signature partners. Except for the poifk@t=0.66 MeV  to the mass 80 regiofd1]. This formalism has been very
(band 2, there is agreement between the theoretical predicsuccessful in describing high-spin and terminating bands in
tions and the experimental values within the region com-2°Zr [5] and other nucle[42,1,3. The calculated energies
pared. The theoretical calculations for the negative-paritfor the relevant configurations are shown in Fig. 12 after
bands predict a similar decrease as in the positive-paritgubtracting a rotating liquid drop reference of energy
band up tohw~0.9 MeV. At larger frequencies the picture is (ﬁ2/2$ig)l(l +1) with ﬁ2/2jrig=0.0201 MeV. The con-
quite different from that for the ground-state band as there ifigurations are labeled byNp,Nn], whereNp(Nn) is the
no essential reduction in the quadrupole moment with frenumber of protongneutrong in the g, high+ orbital.
quency. It is predicted that for frequenciks=0.9 MeV the The experimental energies for the long-lived structure and
quadrupole moment stays constant in the same frequendfe yrast band are shown in a similar way in Fig. 12 for
range where the ground-state band terminates, as shown @omparison. The [4,6] configuration with (N
the preceding section. The reason for that, according to Fig=3) %(ge)*® v(N=3)"2(go,)® was previously proposed
11(c), is the clustering of the negative-parity high-spin stateso represent the yrast bafid3]. (N=3 represents thps,,
in a small region with8,~0.2 and—54°=y=—60°. g0, andpyy, orbitals which are strongly mixedNote that

The agreement between our calculations and experimentagreement below a spin of about 15 is not expected due to
results is gratifying, particularly in the light of the somewhat the neglect of pairing in the model. Above this, the theoret-
surprising constancy of the experiment&@,|. The surprise ical and experimental curves are rather similar. THeb]
appears especially if we compare the present experimentatructure is predicted to terminate at the" 3Btate, in reason-
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able agreement with the Woods-Saxon cranking calculationgood statistics, direct determinatiggate from above tech-
discussed earlier. nique of this quantity was possible for almost all the states
The [2,4] configurations involve only two proton holes involved, the previous works included only simultaneous fits
and no neutron holes in thid=23 orbitals. At higher spins of both state and side-feeding tingate from below only,
the two protorN= 3 holes in thd 2,4], configuration couple providing only a correlation between both quantities and
to the maximum possible spin of 4 leading to the fully therefore leaving ambiguous the individual values.
aligned 24 state(not shown. By contrast, the two proton The deduced transition quadrupole moments behave at
N=3 holes do not contribute significantly to the spin in the high spins in a rather atypical way for thfe~80 mass re-
[2,4], configuration because they remain in the orbitals ofgion: the quadrupole moment in the ground-state band de-
p1, origin. Therefore this band terminates in a fully aligned creases slowly, whereas in the negative-parity bands it stays
20" state when these holes couple to spin zero. THedi®l  at a fairly constant value within the frequency region mea-
18" states in this configuration, which are only slightly col- sured.
lective, as well as the noncollective 2Gtate, are predicted ~ Hartree-Fock-Bogoliubov calculations with a Woods-
to fall significantly below those in the more collectif2,4], ~ Saxon potential including a frequency parametrization of
configuration. pairing reproduces fairly well the experimental quadrupole
This somewhat counterintuitive situation of noncollectivemoments as well for the ground-state band as for the
structures falling below the more collective ones has alsdegative-parity ones. The slow decrease |Qf| for the
been predicted for a number of oth&r80 nuclei both in ground-state band is explained as due to a small variation of
this model and in the Woods-Saxon cranking model. A somethe quadrupole deformation parameggr while the triaxial-
what similar situation has been confirmed experimentally ity deformation parametery varies fairly monotonically
Mg [44]. Now the newly observed long-lived states termi- from abouty~—30° to y~—60° for the experimentally ob-
nating in a 20 level may provide experimental evidence for served states. Theoretically the shape evolves further towards
this phenomenon in thA&~80 nuclei. The long lifetime of less deformed—not yet observed—single-particle excitations
the experimentally observed state and its fall in energy irPuilding a band termination pattern.
Fig. 12 suggest a correspondence with [tBet],, configura- The theoretical calculations predict that the negative-
tion. The difference in behavior between the predidiéd]  Parity bands at high spin are highly obldte~—60°) with a
energies and the experimental band is similar to that betweegpnstant quadrupole deformatigs,=0.2 and evolves to-
the[4,6] configuration and the yrast band and probably arisegvards higher-spin states—not yet observed—without losing
from the neglect of pairing in the CNS calculations. In sum-collectivity.

mary, the most likely assignment for band 4 24],,, which The long-lived structure is predicted by configuration-
has a dominant configuration af(gZ,)(p12) ~2® v(gg;)® dependent shell-correction calculations to be a noncollective
near its termination at 20 structure counterintuitively terminating at lower energies

than collective structures aroume- 20",

VI. CONCLUSIONS
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