
PHYSICAL REVIEW C 68, 024303 ~2003!
High-spin structure of normal-deformed bands in 84Zr
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The reaction58Ni( 32S,a2p) at Elab5135 MeV was used to populate high-spin states in84Zr. The complete
GAMMASPHERE and MICROBALL arrays were used to obtain cleang2g2g 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 between 2.4~3! and 2.0~1!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 fourthg cascade as pertaining to a noncollective structure
terminating atI 5201.

DOI: 10.1103/PhysRevC.68.024303 PACS number~s!: 21.10.Tg, 21.10.Ky, 27.50.1e
th
n
r

er
,
ic
u
fle
e
et
. F
ie
a
ct

le to
ass
that

ble
ate
e-
ore

the
ple
the

ota-
or

ve
ight

on-
-
p-

al

rd
I. INTRODUCTION

One of the main tasks of nuclear structure research is
study of the nuclear shape, which in the case of rotatio
nuclei becomes a study of collective deformation. Expe
mental signatures of deformation can be sought in sev
measurable quantities: level energies, moments of inertia
electromagnetic quadrupole transition strengths from wh
electric quadrupole moments can be deduced. Of these q
tities, the quadrupole moments are the best suited to re
quantitatively the deformation. However, the measurem
of lifetimes, needed to determine them, demands much b
statistics than needed to determine, e.g., level energies
this reason the investigation of the transition probabilit
was for a long time limited to low-spin states, a situation th
has changed, since the present availability of large dete
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arrays for both particles and gammas has made it possib
study the high angular momentum region for most m
numbers. Reaching higher spin states means in particular
in lifetime measurements the gate from above~GFA! tech-
nique can be used, overcoming the otherwise unavoida
uncertainties brought about with side-feeding when only g
from below ~GFB! is possible. Quadrupole moments d
duced in this way become very accurate and allow a m
stringent test of models predicting shape evolution.

There are instances in which the gross features of
shape evolution are not difficult to understand, for exam
in the case of band termination. It is clear that because of
successive alignment of nucleon trajectories at higher r
tional frequencies, the nucleus may evolve into an oblate
prolate ‘‘noncollective’’ shape. These investigations ha
shown very interesting facets since the exact evolution m
depend on particular features of each nucleus, as is dem
strated by the fact that in the massA;100 bands are pre
dicted to lower their quadrupole deformation as they a
proach termination@1,2# whereas in62Zn, although in fact
the B(E2) values are smaller with higher spin, theoretic
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calculations predict that the quadrupole deformation stay
about the same value within the terminating bands@3#.

In theA;80 mass region the three upperN53 p3/2, f 5/2,
andp1/2, and the lowestN54 g9/2 orbitals are the building
blocks to both rotational band heads and uncoupled h
spin terminating states at medium deformation (ub2u'0.2),
for both oblate and prolate shapes~see Fig. 1!. The maxi-
mum spin in this valence-space configuration isI'35, but,
of course, the actual value for a given nucleus depends on
position of the Fermi level. Terminating bands at a low
value have been reported in86Zr at I 527,30@5# and in 73Br
at I 563/2 @6#.

Among theA;80 nuclei, 84Zr was very early identified
@7# as one of the best examples of rigid rotation at high sp
i.e., one in which the moment of inertia does not change w
rotational frequency. This fact attracted theoretical as wel
experimental research on this nucleus. Woods-Sa
Strutinsky-Bogolyubov cranking model calculations@8# pre-
dicted the frequency and nature of the crossing in
ground-state band, whose experimental verification ca
later with the measurement ofg factors up to the first cross
ing @9#. The same calculations also predicted the occurre
of superdeformed bands at very high spins, which have
been observed@10#. Lifetime measurements were carried o
using the recoil distance and Doppler-shift attenuation me
ods ~DSAM! @7,9,11# providing values in the ground-stat
band for states belowI p5221 and in two of the lowest
negative parity states. Additional measurements on the l
scheme and further analysis were also done@12–14#, as well
as renewedg-factor measurements below the first bandcro
ing @15#.

The above mentioned importance of electric quadrup
measurements makes very interesting investigation in
high-spin states of a nucleus such as84Zr, which are in fact
the main goal of this work. Using the GFA technique, w
measured the lifetimes of almost all the known norma
deformed states in84Zr.

II. EXPERIMENTAL PROCEDURE AND CHANNEL
SELECTION

With beams from the 88-Inch Cyclotron at Lawrence B
keley National Laboratory, high-spin states in84Zr were

431 3/2

422 5/2

440 1/2

413 7/2

301 3/2
301 1/2

404 9/2

312 3/2

321 1/2
310 1/2

303 7/2

303 5/2

FIG. 1. Quasiparticle energies as a function of the quadrup
deformation in theA;80 region@4#.
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populated using the fusion-evaporation reacti
58Ni( 32S,a2p) at 135 MeV and a beam intensity of 3.5 pa
ticle nA. The recoil velocity of the reaction products wasb
5v/c'0.035. The experiment, optimized for lifetime me
surements using the Doppler-shift attenuation method, m
use of a 415mg/cm2 thick 58Ni target which was evaporate
on a 10.3 mg/cm2 Ta backing used as the stopping mater
for the recoiling nuclei.

TheGAMMASPHERE @16# array with 95 high efficiency Ge
detectors was used to collect prompt coincidence events.
evaporated charged particles were detected and ident
with the MICROBALL @17# array. This array consists of 9
CsI~Tl! scintillators covering 97% of the full sphere aroun
the target. During the experiment, a fourfold or higherg-
multiplicity trigger condition was used. Of the total numb
of events, 10% were associated with84Zr.

The collected data were sorted into different 300033000
channel square matrices. To obtain optimum selection
84Zr events, all matrices were gated on the requiremen
one or two protons and onea particle detected in theMI-

CROBALL. Nondetection of one particle can produce contam
nation especially coming from the four-particle chann
3p1a (83Y) and 2p2a (80Sr). Given that detection efficien
cies for protons anda’s are about equal~84%! for the MI-

CROBALL, the intensity of the leak-throughg’s finally de-
pends also on the relative evaporation cross sections. In
case, to remove contamination from the stronger83Y channel
(80Sr appeared clearly weaker!, 1.6 times the correspondin
3p1a gated matrices were subtracted.

The matrices were also gated on the requirement of
additionalg ray. To select the ground-state band, this ad
tional g ray was required to be one of the following line
within the strongest~positive-parity! populated band: 540.0
723.0, 873.2, 952.0, 979.2, or 1067.1 keV. The higher ene
lines are broader, so the possibilities of overlapping pe
are increased. Separate matrices were sorted to enhanc
negative-parity bands by requiring either the 488, 540
668.2, 723.0, 832.1, 873.2, 885.1, 915.6, 1290.2, 1357.1
1562.1 keV lines as the additional coincidentg ray.

Gamma rays detected in any of the detectors were so
onto one axis of the square arrays to allow for a secong
gate in selecting the line shapes. Only lines from detector
approximately the sameu angle were sorted onto the secon
axis, from which the line shapes to be fitted were obtain
The following pairs of detector rings were combined: 31.7
with 37.38°, 50.07° with 58.28°, 121.72° with 129.93°, a
142.62° with 148.28°. These combinations yield weight
average angles of 34.95°~seven active detectors! 52.81°~15
active detectors!, 127.19°~15 active detectors!, and 145.45°
~ten active detectors!, respectively.

With these sorted data it was possible to create spectr
adding up many gates set on84Zr transitions. These pro
jected spectra provided line shapes for the determination
lifetimes. Examples of such line shapes in the case of ban
at forward and backward angles are shown in Fig. 2. Band
and 3 present similar Doppler shifts. For the transitions
band 4, on the contrary, no shift was observed, as it is sho
in Fig. 2~b! in the case of the 1224-keV transition.
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3-2



in
th
th

nc
19
er
te

ac

ac
e

te
o
he
th
he
fits
th
e
re
ne
an
m

el
st

1.2
ted
.
es

the
ex-

een
ion

the
is
ted
ix,

his
g

me
re
na-
ly
ten-

gh

te
4

th

1°
de-

e
ates
keV
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III. LIFETIME MEASUREMENTS

Mean lifetimes for the shorter-lived higher-lying states
all bands 1 to 3 were analyzed by applying the DSAM to
experimental line shapes. The analysis carried out in
present work, using the computer codeFITS @18#, exactly
follows the procedure described in previous reports@19,20#
on data from the same experiment.

The theoretical line shapes generated byFITS for a range
of possible mean lifetimes were compared to the coincide
spectra at each of the four angles, 34.95°, 52.81°, 127.
and 145.45°. The best fits provided lifetime values that w
found to be consistent within uncertainties. The weigh
average~based on the number of detectors! of the lifetimes
resulting from the best individual fits was taken as the
cepted lifetime at each average angle.

Except for the two highest transitions in each band, e
line shape was fitted taking into account side and direct fe
ing from the upper levels. Side-feeding times were de
mined by fitting line shapes obtained GFA the transition
interest to eliminate the contribution of side-feeding. T
lifetimes, determined separately at each angle, were
held fixed in fitting the same line shapes GFB. Only t
side-feeding lifetimes were allowed to vary until the best
were obtained. This is a very important characteristic of
method: side-feeding and lifetime are determined indep
dently, a fact to take into account when comparing with
sults from other methods. An example of GFA and GFB li
shapes is given in Fig. 3 in the case of the 1196.2-keV tr
sition. The side-feeding times determined were then co
pared with the effective lifetimes of the states immediat
above. Although there is some dispersion, due mainly to

FIG. 2. ~a! Comparison of forward~34.95°! and backward
~145.45°! angle spectra generated by adding positive-parity hi
spin gates: 1432, 1645, 1845, 1995, 2146 keV.~b! Comparison of
forward ~70°! and backward~110°! angle spectra to demonstra
that no Doppler-shift appears for the 1224-keV transition in band
The 1246-keV transition belongs to band 1. The arrows show
expected positions of the unshifted peaks.
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tistical variations, the side-feeding times averaged about
times the effective lifetime above. This average was adop
for the fits of lines which could only be gated from below

The procedure to make gates with very low intensity lin
is based on the following reasoning. The84Zr nuclei initially
are produced with a recoil velocity ofv'0.035c, which is
reduced to zero by collisions with electrons and atoms of
thick backing material. Thus a Doppler-broadened line
tending betweenE0 ~energy of theg rays emitted by a
nucleus at rest! and some valueE01D is observed in theg
spectrum, whose shape depends on the relationship betw
lifetime and stopping time and also on the angular posit
of the detector. A very short lived state~t,0.02 ps! mainly
decays at the beginning of the stopping process when all
nuclei are moving at the same velocity. In this way, it
possible to correct the Doppler effect and find the expec
position of the unshifted peak. When building the matr
everyg energy is corrected according to a proposedb value
and its angle of detection. Figure 4 shows the effect of t
procedure in an extendedg-energy region when recoverin
back the peaks.

IV. RESULTS

A. Level scheme of84Zr, band 4

Figure 5 shows a summary of the high-spin bands in84Zr
as observed in previous investigations@7,12,10,13,14#,
complemented by the results of the present study. So
known medium- and low-spin states, omitted in the figu
since they are not relevant in this study, are thoroughly a
lyzed in Ref.@14#. The present study confirms the previous
published high-spin level scheme and has allowed the ex
sion of band 4 by two transitions.

-

.
e

FIG. 3. The comparison of the 1196.2-keV transition at 52.8
GFA and GFB. Observe the dramatic effect of the long-lived si
feeding that strongly populates the lower spectrum~GFB! when the
nuclei have already stopped (Eg'E0). Unless otherwise noted, th
calibration is 1.33 keV/channel on the line shape graphs. The g
used are for GFA: 2477, 2146, 1995, 1845, 1165.8 and 1432.0
transitions; for GFB: 1165.8 keV line.
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B. DSAM Analysis

Line shapes were extracted for as many transitions
angles as possible to measure the lifetimes with the DSA
All lifetimes measured in the present work refer to ban
1–3 and are listed in Table I. Surprisingly, theg transitions
in band 4 show sharp line shapes up to the highest obse
level @see Figs. 2~b! and 4# which indicate less collectivity.
The effective lifetimes are the average of values obtaine
the various angles at which lifetimes could be measured

The line shapes of the 1645.3-keV transition in band 1
shown at all four average angles in Fig. 6 as an exampl
the variation with angle. Figure 7 illustrates the variation
the line shapes from a short one to that of the longest l
times measured.

In most cases it was possible to fit each transition in
vidually, without interference from other peaks, by a jud
cious choice of gates. Where this was not possible, a m
fied version ofFITS was used to fit two overlapping lin
shapes simultaneously, by comparison with the prope

0
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1645
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Energy (keV)

1845
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2146

2477

No Doppler correction

1645

1702

1723

FIG. 4. Comparison of spectra with Doppler correction
b50.03 ~top!, b50.025 ~middle!, and no Doppler correction~bot-
tom!. A coincidence matrix with all detectors in they axis and the
detectors at 34.95° in thex axis was made. The spectra shown a
the projection on they axis. For the transitions with very sho
lifetimes ~2477, 2146, and 1995 keV!, the spectra withb50.03
were taken to make gates. For transitions with longer lifetim
~1845 and 1645 keV!, the spectra withb50.025 were used instea
because the lines are narrower. In the bottom panel, with no co
tion, the ground-state transitions show very wide line shapes. H
ever, the unshifted 1702- and 1723-keV transitions of band 4 ca
seen clearly.
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scaled sum of the two theoretical line shapes. This proced
was carried out to find the lifetimes of the statesI p5232 in
band 2 andI p5(242) in band 3 whose transitions overla
with transitions at 1663 and 1808 keV, respectively, of t
superdeformed band. In each case a very short lifet
(tSD,0.001 ps)@10# was assumed for the state in the sup
deformed band.

A comparison between state and feeding times found
the present work and Refs.@7,9,11# for the ground-state band
of 84Zr is shown in Table II. With the exception of two state
(I p5101,201), there is agreement between the previou
reported lifetimes. There is also agreement between the
ues obtained in this work and the previously reported o
for statesI>16. However, a striking difference is observe
for lifetimes of states withI<14. Ours are 2.223.5 times
shorter than those in Ref.@11#. This is a big difference and
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FIG. 5. Partial level scheme of84Zr based on the present stud
and previous work@7,12,10,13,14#. A few low- and medium-spin
states have been omitted. The energies forg transitions in bands
1–3 have been adopted from Refs.@10,13#.
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deserves a closer examination. A related issue always t
considered when evaluating state lifetimes is that of si
feeding times: although the information provided in Ref.@11#
is not very precise, it is clear that our feeding times a
;5–10 times longer than in Ref.@11# and 1–2 orders of
magnitude larger compared to those of Ref.@9#. These enor-
mous differences do not seem to be accounted for only
the difference in the position of the entry states produced
each reaction, which in fact may have a sizeable effect on
length of theg cascades but account for only small diffe
ences in feeding time. It is, however, not straightforward
compare our values with those obtained before, since
though all of them have the DSA method in common, th
are outstanding differences in statistics and in the met
used to obtaintF . In this respect it is important to stress th
our lifetime measurements are insensitive to the si
feeding, since the GFA technique eliminates its contribut
in the line shape of the analyzed transition.

TABLE I. Energies, initial spins of the states,g-ray energies,
effective lifetimes, mean lifetimes, and accepted lifetimes in84Zr.
Effective and accepted lifetimes are the average of all poss
angles. The GFA technique has been used for all except for the
upper transitions of each band. Energies and spin assignments
taken from Ref.@10#.

Ex ~keV! I i
p Eg ~keV! te f f ~ps! tacc ~ps!

Band 1
20283 (301) 2477 0.047~14! 0.047(14)
17806 (281) 2146 0.057~14! 0.014(11)
15660 261 1995 0.087~18! 0.028(13)
13665 241 1845 0.125~18! 0.019(13)
11820.0 221 1645.3 0.176~13! 0.044(10)
10174.7 201 1432.0 0.282~12! 0.092(11)
8742.7 181 1246.2 0.494~18! 0.189(16)
7496.5 161 1196.2 0.97~3! 0.240(22)
6300.3 141 1165.8 1.61~7! 0.226(21)
5134.5 121 1067.1 2.93~16! 0.358(32)
4067.4 101 979.2 6.9~6! 0.517(48)
3088.2 81 952.0 . 7 0.56(10)

Band 2
14938 (252) 1860 0.121~29! 0.121(29)
13078 232 1665 0.195~28! 0.064(23)
11413 212 1477 0.385~82! 0.131(55)
9936.4 192 1328.1 0.79~13! 0.215(56)
8608.3 172 1196.9 1.07~18! 0.232(78)
7411.4 152 1087.3 1.91~43! 0.43(11)
6324.1 132 1008.2 3.5~10! 0.66(14)

Band 3
18461 (282) 2405 0.081~20! 0.081(20)
16056 (262) 2086 0.14~4! 0.03(3)
13970 (242) 1808 0.187~28! 0.030(25)
12162 222 1567 0.284~53! 0.056(23)
10594.8 202 1400.9 0.319~43! 0.084(25)
9193.9 182 1266.0 0.523~39! 0.154(33)
7927.9 162 1133.1 1.11~60! 0.334(28)
6794.8 142 1011.0 3.4~2! 0.73(11)
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In an effort to further understand the differences in sid
feeding and lifetimes mentioned above, we analyzed som
the transitions in the ground-state band following a meth
customarily used when there is no possibility of followin
the ‘‘gate from above’’ method, i.e., when one has only t
opportunity of gating below the transition studied@21#. In
this kind of analysis the feeding time is kept fixed while t
lifetime is fitted. By varyingtF over a given range one ob
tains a correlation between this value andt. From the mini-
mum of the reducedx2, it is then possible to extract value
for both side-feeding and lifetimes. The resulting values
the analyzed lines are listed in the two last columns of Ta
II. The two values for the 1432.0- and 1246.2-keV transitio
come about because theirx2 plots have two minima, as ca
be seen in Fig. 8 for the 1432.0-keV case, one with a sh
side-feeding and long lifetime and the other minimum w
their relative length interchanged. The ‘‘correlation’’ metho
does not provide a way to decide between short or long s
feeding and one has then to rely, for example, on systema
and/or model calculations, as was done in Ref.@22#, where
two-minima correlation plots in the DSAM investigation o
83Y were also obtained. One can even decide to take
shorter side-feeding, as was believed for a long time, beca
of the lack of convincing experimental arguments on lo
side-feeding times. The conclusion from Table II is twofol
on one hand it shows the weakness of the correlation me
that may lead to not well justified short side-feeding tim
~and longer lifetimes!; and on the other hand, the sam
method supports the long side-feeding times and shorter
times produced by the GFA method, since besides those
in which only one minimum is found,I p51212161, in
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FIG. 6. The 1645.3-keV transition in band 1 fitted individual
at all four angles. Fits representing the uncertainty limits are sho
with dashed and dashed-dotted lines. The expected position o
unshifted 1645.3-keV line is indicated with an arrow.
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which case the correlation results are very similar to the G
ones, also the upper minimum of the double-minima fits p
ducet andtF similar in both methods.

Another eventual origin for differences in results fro
DSAM lifetime measurements is the modeling of the sto
ping power, which may not be the case in the present c
parisons since Refs.@11,9# quote the use of the Ziegler
Biersack-Littmark parametrization@23#, a predecessor to th
computer codeSRIM @24# used in the present work. There a
in the literature other stopping power functions which ho
ever, have proved@25# not to be as adequate as the para
etrization ZBL.

Considering the values obtained in the present w
~Table II!, it is important to note that the side-feeding tim
are much larger than the state lifetimes. A graphical way
convince ourselves of this fact is to observe the dram
increase in the ‘‘stop-peak’’~slow feeding intensity! when
gating from below as compared to when gating from abo
~no side-feeding! in Fig. 3. The ratio^tF /t& for states 12
<I<20 averages to'3.6, which compares well with
^tF /t&'3.4 measured in the ground-state band of82Sr @26#.
The highest state in which feeding time was measuredI
526) has a ratio of 2.9, consistent with the average, whe
the ratio for the stateI 524 is the largest one witĥtF /t&
57.4. The large error bars of the side-feeding and lifetim
for this state make, however, the latter value less certain
recent version of the Monte Carlo codeGAMMAPACE @27,28#
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FIG. 7. Typical fits at 34.95° taken from band 1 to illustrate t
sensitivity of the line shape to the state lifetime. The calibration
the 2146 and 1432 keV graphs is 2.67 keV/channel.
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was used to investigate the possible origin of these long s
feeding times. In order to obtain the observed values in84Zr,
it is necessary to assume that the continuum decay is do
nated by slowly decaying single-particle structures in co
trast with the fast collective decaying states assumed@21,28#
in other nuclei in this mass region. Although one could rel
this result with a probable transitional character of84Zr in
the continuum states, there is no obvious interpretation
these side-feeding time results and additional experime
and theoretical investigations are needed.

C. Transition strengths and quadrupole moments

The electric quadrupole transition strengthsB(E2) were
determined from the accepted lifetimes and transition en
gies given in Tables I and II by means of

B~E2;I→I 22!@e2b2#5
0.0816

Eg
5@MeV#t@ps#

. ~1!

If an axially symmetric nucleus is supposed, the rotatio
model gives a simple relationship between quadrupole m
ment and reduced transition strengths,

B~E2,I →I 22!5
5

16p
^IK20uI 22K&2Qt

2 , ~2!

where ^IK20uI 22K& is a Clebsch-Gordan coefficient. A
value ofK50 was used for band 1. The choice ofK for the
negative-parity bands deserves a short discussion: pu
asideK mixing, with the present experimental knowledge
is only possible to state thatK<5. Since we are dealing with
high spins,I>13, no essential differences appear regard
the uQtu values forK53, 4, or 5. Assuming the proton cha
acter of these bands as given by the positiveg factor @9#, the
lowest excited configurations~see Fig. 1! haveK55 at small
oblate deformation andK54 at the prolate side. Since th
negative-parity bands are strongly Coriolis mixed, an ‘‘effe
tive’’ K results from a weighted average.K54 seems to be a
representative value.

Quadrupole deformationb2 and triaxialityg are related to
the transition quadrupole moment by@29#

Qt5
6ZeA2/3

~15p!1/2
r 0

2b2~110.36b2!cos~30°1g!. ~3!

The quantitiesB(E2), the transition quadrupole momen
uQtu, and the deformationb2 ~assuming g50° and r 0
51.2 fm) are given in Table III.

Given the observed differences in the lifetimes betwe
our results and the previously reported ones for the grou
state band, it is important to compare their implications
garding transition quadrupole moments. Figure 9 compa
those results and shows also the values for those spins
measured in this work. It is now clear that the difference
lifetimes leads to very different conclusions about the str
ture of 84Zr. The most striking feature in our results is th
apparent constancy of the quadrupole moments over a w
range of spin and the big difference forI<14 with the entire

r
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TABLE II. Summary of state and side-feeding times for the rotational bands of84Zr. In the present work, lifetime determinatio
independent of side-feeding effects~GFA technique! has been used for all except for the two upper transitions. The values under ‘‘co
tion’’ result from an analysis~see text! in which no GFA is used.

GFA Correlation
Ex ~keV! I i

p Eg ~keV! t a t b tF
b t c tF ~ps! c t d tF

d t d tF
d

20283 (301) 2477 0.047~14!

17806 (281) 2146 0.014~11!

15660 261 1995 0.028~13! 0.08~3!

13665 241 1845 0.019~13! 0.14~5!

11820.0 221 1645.3 0.02~1! 0.05~2! 0.08 0.044~10!

10174.7 201 1432.0 0.03~1! 0.10~5! 0.04-0.12 0.092~11! 0.23~3! 0.09~2! 0.24~5!

0.15~2! 0.06~3!

8742.7 181 1246.2 0.16~1! 0.17~6! 0.04-0.12 0.189~16! 0.31~6! 0.16~2! 0.42~13!

0.22~2! 0.13~8!

7496.5 161 1196.2 0.18~2! 0.18 0.01 0.21~7! 0.04-0.12 0.240~22! 1.0~2! 0.28~5! 0.8~5!

6300.3 141 1165.8 0.50~5! 0.49~3! 0.04 0.6~2! 0.12 0.226~21! 1.0~1! 0.19~2! 1.4~4!

5134.5 121 1067.1 0.9~2! 0.87~4! 0.20 0.8~2! 0.16 0.358~32! 1.9~3! 0.40~5! 1.4~4!

4067.4 101 979.2 1.5~3! 0.77~5! 0.24 1.4~3! 0.28 0.517~48!

3088.2 81 952.0 2.0~5! 1.8~1! 0.22 2.1~5! 0.42 0.56~10!

2136.2 61 873.2 2.6~4! 2.8~6!

1263.0 41 723.0 4.0(6)e

540.0 21 540.0 20.3(11)e 24(2) e

3493.3 72 668.2 7.8(30)e

2825.1 52 1562.1 15.7(50)e

a58Ni( 28Si,2p), 58Ni( 29Si,2pn) Elab5952110 MeV, Ref.@7#.
b54Fe(33S,2pn) Elab5105 MeV, Ref.@9#.
c59Co(28Si,p2n) Elab598 MeV, Ref.@11#.
d58Ni( 32S,a2p) Elab5135 MeV, present work.
eRecoil-distance method.
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set of the previous measurements. The reason for these
ferences seems to be in the different treatment of s
feeding time as discussed in Sec. IV B.

V. DISCUSSION

In rotational nuclei the most frequent microscopic chan
of configuration means the breaking of a pair, which acco
ing to a simple interpretation implies~i! that two nucleons do

FIG. 8. Correlation plot for the 1432-keV transition as produc
when fitting bothtF andt simultaneously. This plot produces tw
pairs of acceptable values: (t,tF)5~0.09,0.24! and ~0.15,0.06! ps.
02430
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not participate any more in the collective core moveme
and that~ii ! besides contributing to the shaping of the ent
nucleus through the geometrical position of their orbitals,
new valence nucleons can exert polarizing forces on the
maining core. Both effects may cause the collective sh
and thereforeuQtu to change in some amount. Although th
exact microscopic mechanism depends, of course, on the
tails of the configuration, the appearance of such effects
be detected by examining quantities such as the kinem
and dynamic moments of inertia together with the quad
pole moment. In the following section we will give first
description of the three collective bands, relating them
previously existing theoretical analyses@8#. These calcula-
tions considered pairing only atv50 and therefore strict
correlations with shape parameters cannot be stated in
section, but they are still useful in helping to distingui
the interplaying configurations. Then we will study the r
sults regarding quadrupole moments in the light of new t
oretical calculations including pairing and, therefore, allo
ing correct predictions on deformation parameters. Fina
we will offer an explanation of the origin of the noncollec
tive band 4.

A. Cranking analysis

The moments of inertia, kinematicJ (1) and dynamic
J (2), together with the electric quadrupole transition m
3-7



gths,

R. CARDONAet al. PHYSICAL REVIEW C 68, 024303 ~2003!
TABLE III. Excitation energies, initial spins, transition energies, electric transition quadrupole stren
electric transition quadrupole moments, and quadrupole deformation~assumingg50°! for states in rotational
bands of84Zr. Every transition is stretched quadrupolar (DI 52), 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! I i
p(\) Eg ~keV! B(E2) ~W.u.! a uQtu (eb! b2

Band 1

20283 (301) 2477 922
14 b 0.7220.09

10.14 b 0.0820.01
10.02 b

17806 (281) 2146 59226
1215 c 1.8920.48

12.19 c 0.2120.05
10.21 c

15660 261 1995 42213
137 1.6020.28

10.59 0.1820.03
10.06

13665 241 1845 92237
1199 2.3720.54

11.85 0.2620.06
10.18

11820.0 221 1645.3 70213
121 2.0820.20

10.29 0.2320.02
10.03

10174.7 201 1432.0 6727
19 2.0420.11

10.13 0.2320.01
10.01

8742.7 181 1246.2 6625
16 2.0220.08

10.09 0.2220.01
10.01

7496.5 161 1196.2 6425
16 1.9920.09

10.10 0.2220.01
10.01

6300.3 141 1165.8 7726
18 2.2020.10

10.11 0.2420.01
10.01

5134.5 121 1067.1 7626
17 2.2020.09

10.11 0.2420.01
10.01

4067.4 101 979.2 8027
18 2.2820.10

10.11 0.2520.01
10.01

3088.2 81 952.0 85213
118 2.3920.19

10.25 0.2620.02
10.02

Band 2

14938 (252) 1860 1423
14 b 0.9420.10

10.14 b 0.1120.01
10.02 b

13078 232 1665 46212
126 c 1.7320.25

10.43 c 0.1920.03
10.04 c

11413 212 1477 41212
129 1.6420.26

10.51 0.1820.03
10.05

9936.4 192 1328.1 4229
115 1.6920.19

10.28 0.1920.02
10.03

8608.3 172 1196.9 66216
133 2.1520.29

10.49 0.2420.03
10.05

7411.4 152 1087.3 57212
120 2.0520.22

10.33 0.2320.02
10.03

6324.1 132 1008.2 54210
115 2.0720.19

10.26 0.2320.02
10.03

Band 3

18461 (282) 2405 621
12 b 0.6020.06

10.09 b 0.0720.01
10.01 b

16056 (262) 2086 32216
1` c 1.4220.42

1` c 0.1620.05
1` c

13970 (242) 1808 64229
1322 2.0420.53

12.96 0.2320.06
10.28

12162 222 1567 71220
149 2.1620.34

10.65 0.2420.04
10.07

10594.8 202 1400.9 82219
135 2.3520.29

10.46 0.2620.03
10.05

9193.9 182 1266.0 75213
120 2.2720.21

10.29 0.2520.02
10.03

7927.9 162 1133.1 6025
15 2.0720.08

10.09 0.2320.01
10.01

6794.8 142 1011.0 4926
19 1.9220.13

10.16 0.2120.01
10.02

a1 W.u.521.9e2 fm4.
bValue extracted from effective lifetime.
cLifetime determined from gate from below only.
nd

d
-

s

w
s

tes
r
%
spin
,
her
her
or
with
at

cted
-

arts
mentuQtu are plotted for the three collective bands of84Zr in
Fig. 10. It is convenient to analyze separately the grou
state and the excited, negative-parity bands.

1. Ground-state band

Figure 10 displays strong variations inJ (1) at low fre-
quency which reflect themselves in ‘‘peaks’’ inJ (2) indicat-
ing band crossings that have been successfully explaine
Woods-Saxon cranking@8# calculations. They correctly pre
dict both crossings as caused by first ag9/2 proton alignment
and second ag9/2 neutron alignment. The first alignment wa
confirmed experimentally by ag factor measurement@9#.

The general trend ofuQtu can be considered as a very slo
decrease in the frequency range measured in the pre
02430
-

by

ent

work. In fact, the eight lower values, corresponding to sta
at frequencies 0.48&\v&0.82 MeV have small enough erro
bars to allow the observation of a reduction of only 13
between these two extreme frequencies. The higher-
state at\v'1 MeV, with also a relatively small error bar
indicates that if the quadrupole moment diminishes at hig
frequencies, such a reduction is not drastic. The two ot
values at\v'0.92, 1.07 MeV, although with extended err
bars in the large quadrupole moment side, are consistent
either a constant value or with a very slight reduction
higher frequencies. The last point at\v'1.24 MeV, as the
other data enclosed in square brackets, having been extra
from an effective lifetime, gives only a lower limit and there
fore cannot be used as information about theuQtu ’s trend. It
is worth noting that the frequency region measured st
3-8
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HIGH-SPIN STRUCTURE OF NORMAL-DEFORMED . . . PHYSICAL REVIEW C68, 024303 ~2003!
while the first alignment is taking place and that the chan
in uQtu during the whole alignment process is only 8%
whereas in the same region the kinematic moment of ine
J (1) changes by'80% of the initial value. The data indicat
that the first two alignments do not drastically alter the d
formation or collectivity of this nucleus, a conclusio
supported by the theoretical predictions presented in the
lowing section. This behavior is in marked contrast w
74Kr, in which a drastic lowering inuQtu, explained too by

FIG. 9. Comparison between the transition quadrupole mom
found in the present work and the previously reported ones for
ground-state band@11,9,7#. The value enclosed in square bracke
(I 530) is extracted from the effective lifetime and means theref
a lower limit. Some of the values have been slightly shifted ba
ward or forward around the corresponding spin in order to appr
ate their relative errors.uQtu(I 52,4) were obtained from recoil
distance method measurements, all others from DSAM.

FIG. 10. KinematicJ (1) and dynamicJ (2) moments of inertia
and electric quadrupole transition momentsuQtu for the three bands
in 84Zr studied in the present work. The bands are labeled accor
to Fig. 5 and according to their parityp and signaturea: ~p,a!. The
symbols enclosed in square brackets in the top panel are extra
from the effective lifetime and mean therefore a lower limit.
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cranking calculations, is observed around the band cros
region @30#.

The observed quasiconstancy or very small reduction
uQtu in the ground-state band of84Zr is a singular feature
when compared with other nuclei in theA;80 region in
which the observed tendency foruQtu is to decrease at high
rotational frequency in the region in which the moment
inertia ‘‘saturates.’’ Examples of this contrasting behav
can be seen in several even-even nuclei in theA580 region,
78,80Kr @31–33#, 74Kr @34,35,30#, 72Se @36#.

2. Negative-parity bands

The previous theoretical study@8# identified the two
negative-parity bands as proton excitations and later@12#
it was proposed to have a (g9/2p1/2) configuration. The pro-
ton nature of these bands was confirmed by the measurg
factor @9#.

Regarding the quadrupole moment, though the mean
ues of uQtu for bands 2 and 3 are different above\v'0.6
MeV, their rather large error bars make them consistent w
each other, as it should be if these bands are signature
ners. The picture here is that of an essentially constantuQtu
value, an experimental result also supported by the theo
cal calculations in the following section.

B. Shape evolution

In order to give a theoretical explanation regarding qu
rupole moments, new calculations were performed using
cranking model with the Woods-Saxon potential similar
Ref. @8#, but this time including a parametrization of th
pairing interaction as a function ofv @37#. This represents an
improvement compared to the previous theoretical study
which no pairing was taken into account to calculate to
Routhian surfaces; therefore, a better shape evolution pre
tion is expected now. In the following we will concentrate
the frequency region covered by our data and higher.

1. Ground-state band

Figure 11~a! shows both the predicted and the expe
mental values ofuQtu as a function of rotational frequenc
for the ground-state band in the frequency region above
first alignment. The experimental results are consistent w
the prediction of a slow and steady decrease ofuQtu with v.
The experimental value at\v51.24 MeV is only a lower
limit. The trend of the theoreticaluQtu can be understood in
Fig. 11~c!, in which the shape evolution in the deformatio
plane (b2,g! is displayed. Between rotational frequenci
0.5&\v&0.9 MeV (17<I<27 in the (b2,g) plot!, the
quadrupole deformation stays essentially constant aro
b2'0.2 whereas the triaxial deformation goes fro
g5234° to g5251°. This implies a reduction ofuQtu ac-
cording to Eq.~3!. From there on,g starts to approach the
noncollective limit atg52120° while theb2 deformation
diminishes monotonically. Therefore the states become
collective. This is pretty much the expected behavior fo
terminating band@38#. This means that according to the ca
culation the highest experimentally observed state atI 530
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still has collective character. Higher excited states—not
observed—would correspond to terminating states.

2. Negative-parity bands

Figure 11~b! shows the experimental values ofuQtu for the
negative-parity states together with theoretical predicti
for band 2. Band 3 should present the same behavior if t
are signature partners. Except for the point at\v50.66 MeV
~band 2!, there is agreement between the theoretical pre
tions and the experimental values within the region co
pared. The theoretical calculations for the negative-pa
bands predict a similar decrease as in the positive-pa
band up to\v'0.9 MeV. At larger frequencies the picture
quite different from that for the ground-state band as ther
no essential reduction in the quadrupole moment with
quency. It is predicted that for frequencies\v*0.9 MeV the
quadrupole moment stays constant in the same freque
range where the ground-state band terminates, as show
the preceding section. The reason for that, according to
11~c!, is the clustering of the negative-parity high-spin sta
in a small region withb2'0.2 and254°>g>260°.

The agreement between our calculations and experime
results is gratifying, particularly in the light of the somewh
surprising constancy of the experimentaluQtu. The surprise
appears especially if we compare the present experime

FIG. 11. Comparison between experimental and theoretic
predicted quantities in rotational bands of84Zr: ~a! Electric quad-
rupole moment in band 1~ground-state band!. ~b! Experimental
electric quadrupole moment in bands 2 and 3, and theoretic
predicted for band 2.~c! Calculated equilibrium deformations in th
(b2 ,g) plane. Numbers close to some points denote the appr
mate spin; larger numbers for band 1 and smaller ones for ban
02430
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and theoretical results on band 1~for which the experimenta
uncertainties are smaller! with those in 74Kr @30#, in which
experiment and theory also agree but on the observation
drastic change in shape produced by the mechanisms list
the beginning of this section, related to the breaking of a p
That these two, very contrasting behaviors, are present,
be again a manifestation of the rapid changes expected@39#
in the collective properties when varyingN and/orZ within
the A;80 region, related to the low level density in th
Nilsson scheme of Fig. 1.

C. Long-lived structure

Calculations were performed within the configuratio
dependent shell-correction approach using a cranked Nils
potential ~CNS! @40# in order to understand the long-live
band 4 in Fig. 5. The parameters used were previously fi
to the mass 80 region@41#. This formalism has been ver
successful in describing high-spin and terminating bands
86Zr @5# and other nuclei@42,1,3#. The calculated energie
for the relevant configurations are shown in Fig. 12 af
subtracting a rotating liquid drop reference of ener
(\2/2Jrig)I (I 11) with \2/2Jrig50.0201 MeV. The con-
figurations are labeled by@Np,Nn#, whereNp(Nn) is the
number of protons~neutrons! in the g9/2 high-j orbital.

The experimental energies for the long-lived structure a
the yrast band are shown in a similar way in Fig. 12 f
comparison. The @4,6# configuration with p(N
53)24(g9/2)

4
^ n(N53)22(g9/2)

6 was previously proposed
to represent the yrast band@43#. (N53 represents thep3/2,
f 5/2, andp1/2 orbitals which are strongly mixed.! Note that
agreement below a spin of about 15 is not expected du
the neglect of pairing in the model. Above this, the theor
ical and experimental curves are rather similar. The@4,6#
structure is predicted to terminate at the 341 state, in reason-

ly

ly

i-
2.

FIG. 12. Top: Energies relative to a reference rotor as a func
of spin for states in the yrast band and in the new long-lived ba
Bottom: Similar graphs for states calculated in the indicated c
figurations using the cranked Nilsson-Strutinsky approach~CNS!.
Note that the energies calculated in the CNS approach are no
pected to be realistic below a spin of about 15\ due to neglect of
pairing and, therefore, an absolute excitation energy scale cann
established.
3-10
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able agreement with the Woods-Saxon cranking calculat
discussed earlier.

The @2,4# configurations involve only two proton hole
and no neutron holes in theN53 orbitals. At higher spins
the two protonN53 holes in the@2,4#a configuration couple
to the maximum possible spin of 4 leading to the fu
aligned 241 state~not shown!. By contrast, the two proton
N53 holes do not contribute significantly to the spin in t
@2,4#b configuration because they remain in the orbitals
p1/2 origin. Therefore this band terminates in a fully align
201 state when these holes couple to spin zero. The 161 and
181 states in this configuration, which are only slightly co
lective, as well as the noncollective 201 state, are predicted
to fall significantly below those in the more collective@2,4#a
configuration.

This somewhat counterintuitive situation of noncollecti
structures falling below the more collective ones has a
been predicted for a number of otherA;80 nuclei both in
this model and in the Woods-Saxon cranking model. A som
what similar situation has been confirmed experimentally
25Mg @44#. Now the newly observed long-lived states term
nating in a 201 level may provide experimental evidence f
this phenomenon in theA;80 nuclei. The long lifetime of
the experimentally observed state and its fall in energy
Fig. 12 suggest a correspondence with the@2,4#b configura-
tion. The difference in behavior between the predicted@2,4#
energies and the experimental band is similar to that betw
the@4,6# configuration and the yrast band and probably ari
from the neglect of pairing in the CNS calculations. In su
mary, the most likely assignment for band 4 is@2,4#b , which
has a dominant configuration ofp(g9/2

2 )(p1/2)
22

^ n(g9/2)
6

near its termination at 20\.

VI. CONCLUSIONS

DSAM lifetime measurements were carried out for sta
in the ground-state band and for the first time in highly e
cited states of the known negative-parity bands in84Zr.
From the experimental point of view the most surprisi
result is that the values for spins 8<I<14 in the ground-
state band determined in the present work do not agree
those from several previous experiments. The reason for
disagreement seems to be in the different treatment of s
feeding time: whereas in the present work, thanks to v
M
.
a-

ev
p,
W
L.
.C
-
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good statistics, direct determination~gate from above tech
nique! of this quantity was possible for almost all the stat
involved, the previous works included only simultaneous
of both state and side-feeding time~gate from below only!,
providing only a correlation between both quantities a
therefore leaving ambiguous the individual values.

The deduced transition quadrupole moments behav
high spins in a rather atypical way for theA;80 mass re-
gion: the quadrupole moment in the ground-state band
creases slowly, whereas in the negative-parity bands it s
at a fairly constant value within the frequency region me
sured.

Hartree-Fock-Bogoliubov calculations with a Wood
Saxon potential including a frequency parametrization
pairing reproduces fairly well the experimental quadrup
moments as well for the ground-state band as for
negative-parity ones. The slow decrease ofuQtu for the
ground-state band is explained as due to a small variatio
the quadrupole deformation parameterb2 while the triaxial-
ity deformation parameterg varies fairly monotonically
from aboutg'230° to g'260° for the experimentally ob-
served states. Theoretically the shape evolves further tow
less deformed—not yet observed—single-particle excitati
building a band termination pattern.

The theoretical calculations predict that the negati
parity bands at high spin are highly oblate~g'260°! with a
constant quadrupole deformationb250.2 and evolves to-
wards higher-spin states—not yet observed—without los
collectivity.

The long-lived structure is predicted by configuratio
dependent shell-correction calculations to be a noncollec
structure counterintuitively terminating at lower energi
than collective structures aroundI 5201.
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