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Rotational bands and noncollective structures in®%zr
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The structure of the transitional nucled&r has been investigated through spectroscopy and lifetime
measurements. States up to spingdf and 324 in the positive and negative parity bands, respectively, have
been established through+y coincidence measurements. The results indicate that there is a competition
between collective and noncollective modes of excitation. Two pronounced band crossings have been observed
in the positive parity sequence, while none is evident in the negative parity states. The pattern of shape
evolution in the positive and negative parity bands is markedly different. The results of the experiments
qualitatively corroborate the predictions of total Routhian surface calculations.

DOI: 10.1103/PhysRevC.65.054307 PACS nuni$)er23.20.Lv, 21.10.Ky, 21.10.Tg, 21.10.Re

. INTRODUCTION ness of 550ug/cn? and was enriched to>99% purity.
Twelve high-purity, Compton-suppressed Ge detectors from
The shape of nuclei with valence particles in th@-g the Gamma Detector Arra§GDA) were used to recorg-vy
shell is influenced by large gaps between the single-particleoincidence data. There were four detectors each at 49°, 98°,
levels at various nucleon numbers for prolate and oblate deand 144° with respect to the beam direction. Thenulti-
formations, as well as the spherical shell gap at nucleoplicity information was recorded by a 14 element BGO filter.
number 50. These differing, and occasionally opposing influin the second experiment, to determine tB® transi-
ences, lead to the coexistence of different shapes and a rapidn strengths, the reactioffFe(?S,20n)%zr, with a 120-
evolution in shape with a change in excitation energy andviey %2S beam, was used. The target was a thick
angular momentum. Nuclei withN~45 lie in the region of (=20 mg/cni) natural Fe foil. During this experiment,
transition from deformed to spherical shapes, where thesgere were only six detectors in the GDA, two each at the
effects are particularly evidefit—5]. The structure of nuclei  forward and backward angles and another two at 98°. The
in the Zr isotopic chairi6,7] is seen to vary from strongly -y coincidence data were acquired using the program
collective through moderately deformed to near sphericalgreepom running on a Linux platform. The data were col-
with an increase in neutron number towalf=50. The |ected and sorted offline intokd 4k matrices, and one-
nucleus ®Zr (N=45) is therefore particularly suitable for dimensional energy spectra were extracted from these matri-
studying these phenomena. Although the neighboringAdd ces by gating on the appropriate energies. The analysis of the
isotones viz.#Kr, #°Sr, and®'Mo [8—10] have been studied spectroscopic data was carried out using the progrREs-
in detail, information about high-spin states®¥r was lack-  powm and RADWARE.
ing. Therefore, two experiments were performed, the first to  The analysis of the data from the lifetime experiment was
determine the level structure of the excited states. In theerformed in the following manner. The velocity distribu-
second experiment the lifetimes of the levels in the rotationations were calculated using a Monte Carlo simulation pro-

bands were sought to be determined using the DSAM techgram with the shell-corrected Northcliffe and Schilling stop-

nique. ping powers[11]. These velocity histories were converted
into time-dependent velocity profiles for both the forward
II. EXPERIMENTAL PROCEDURE AND LINE-SHAPE and backward angle detectors. The theoretical line shapes
ANALYSIS were generated by the programesHAPE[12], and the life-

times were obtained by minimizing? obtained from a com-

" EXCite;z' states in the nucleuSZr were populated using parison of these with the experimental line shapes. The de-
P and *°S beams obtained from the 15 UD pelletron attajls regarding the line-shape analysis can be found

Nuclear Science Center, New Delhi, India. These beamg|sewherd13].

were made incident on enrichediNi and natural Fe foils

during the course of two experiments to determine the level

structure and lifetimes of states in®Zr. The

58Ni(3P,30n)®Zr reaction, using a 130-MeV*P beam, was The level structure of°Zr was studied previouslyl4] up

utilized to determine the structure of excited states througho an excitation energy of 6.2 MeV in the positive parity

y-y coincidence measurements. TH#i target had a thick- band and 4.8 MeV in the negative parity band. It has been
possible to determine states up to an excitation energy of
11.1 MeV and a spin of2# in the positive parity band, and

*Email address: sujit@nuclear.mu.ac.in up to 9.2 MeV and2# in the negative parity band. Evidence

Ill. RESULTS
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of a second band crossing has been observed in the posititained, only one of the several decay branches constituting
parity states, while none is visible in the negative paritythe deexcitation of the low-spin single particle states, has
states. Since no low-energy detectors were used in the been shown in Fig. 1. The multipolarities for the observed
present work, and as the threshold for the Ge detectors wdgnsitions are based on those obtained from the previous
set to be around 80 keV, coincidences between the 50-keWork, and, for in-bandy rays at high spin, an electric quad-
transition deexciting thé * state and the other rays in &zr rupole character has been assumed.

could not be observed. The level scheme at low spins, deter- There is a forking in intensity observed above the
mined from this work, is in good agreement with the onestate in the positive parity sequen@gnd 1 in Fig. 1 and
obtained from the previous wofl4]. However, for reasons two distinct branchegbands 1 and 2 having comparable

of clarity and in order to highlight the high-spin data ob- intensities, are observed upto a spin $f.. Band 2 lies
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TABLE I. Initial level and y-ray energies, spins of initial and
Gate 1038 keV final states, and relative intensities for the transition$%r. The
uncertainty in the energies of the transitions is about 1 keV for a
1-MeV transition.

1012

800 -

600

940"

2 Eie, (keV) E, (keV)* |7 (%) I7(h) 1, (rel)
3 400 ) .
O Positive parity band
854 804 (11/12)  (9/2%) 12.52)
200 872 822 (13/12)  (9/2%) 100
1884 1012 (17/2)  (13/2Y)  79.75)
! - - ! - 1941 1087 (15/2)  (11/2%) 9.1(2)
1000 1200 1400 1600 1800 2625 684 (17/2)  (15/2")  8.82)
Energy (keV) 3018 1134 (21/2)  (17/2°)  24.63)
FIG. 2. Transitions in the positive parity band $%r, as seen in 3073 1189 (21/2) (17/2") 29.14)
the gate on the 1038-keY ray. 3516 498 (2312)  (212") 852
3516 443 (23/2)  (21/2")  20.73)
lower in energy than band 1, above the" state. They rays 3958 940 (25/2)  (21/2") 10.12)
constituting bands 1 and 2 have been shown in the gatetP>8 442 (252)  (23/2")  12.92)
spectrum for the 1038-keV transition in Fig. 2 and the 12434589 1073 (272)  (23/12°)  6.92
keV transition in Fig. 3. In the negative parity sequence 4589 631 (2712)  (25/2")  10.93)
band 3 is favored and is observed up to high spins. The othe996 1038 (29/2)  (25/2") 1222
branch(band 4 becomes unfavored and is not seen beyond #996 407 (29/2)  (27/12")  10.02)
spin of 2%. The energies and relative intensities of fheay ~ 6239 1243 (33/2)  (29/2") 17.23)
transitions shown in Fig. 1 are listed in Table I. 7482 1243 (37/2)  (33/2") 9.2(3)
Lifetimes for only three levels in the positive parity band 7720 1481 (37/2)  (33/2") 7.32)
could be determined. Due to the lack of statistics in theg918 1436 (41/2)  (37/Z%) 7.812)
DSAM data, it was possible to use only the spectra obtained332 1612 (41/2)  (37/2Y) 6.32)
by gating on the transitions below therays of interest, for 10828 1910 (45/2)  (41/2) 4.503)
the line-shape analysis. The transitions deexciting $he 11141 1809 (4512)  (41/2%) 4.33)
and they ™ states appear to be fully stopped in the DSAM Negative parity band
data, indicating lifetimes which are much longer than thesggg 333 (19/2)  (17/2) 17.32)
stopping times of the evaporation residues in the target. Thgzgy 429 (21/2)  (19/2°)  14.62)
1134-, 940-, and 1038-ke\y rays have discernible line 3g3g 880 (23/2)  (19/2) 2.51)
shapt_as, as does the 1243-keV transition. Th_e experimentghag 451 (2312)  (21/2) 9.2(1)
and fitted line shapes for the 1134-keV transition are show 087 (25/2)  (21/2) 5.2(2)
in Fig. 4. However, the 1243-keV line being a doublet and aII4374 536 (25/2)  (23/2°) 9.12)
the y rays below having a coincidence with both components
of the doublet, it was not possible to extract the lifetimes 01‘4887 1049 (27/2) - (23127) 40D
’ 4887 513 (27/2)  (25/2°) 7.3
a0 5602 1228 (29/2)  (25/27)  3.903)
5602 715 (2912)  (27/2)  2.92)
2 Gate 1243 keV 6076 1189 (312) (27/2) 5.1
woE T 6076 474 (31/2)  (29/2°) 1.2(1)
7527 1451 (35/2)  (31/2) 6.52)
9232 1705 (39/2)  (35/2") 3.1(3)
300
g either thel* or 3 * levels. Further, it was observed that the
o 200 E2 transitions in the negative parity band for which suffi-
cient statistics could be obtained in the gated spectra appear
100 to be almost completely stopped. Therefore, it was not fea-
sible to reliably extract lifetimes, and as a result, the line-
shape analysis was not performed for the negative parity
1 R I , 1 . ] . band.
1200 1400 1600 1800
Energy (keV) IV. DISCUSSION
FIG. 3. Transitions in the positive parity band $%r, as seen in The structure of the odé isotones®Kr (Z=36), &sr
the gate on the 1243-keY ray. (2=38), and®Mo (Z=42) has been experimentally deter-
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FIG. 5. Dynamic moments of inertid® for the positive and
negative parity bands if°Zr.

from the first band crossing, the gain in collectivity is appar-
ent from the deduce@; values. The signature splitting again
increases and only the favored braribhnd 1 is seen above

1 \ 1 \ 1 A I a Spin%gﬁ.
1128 1132 1136 1140 Another forking in intensity is visible above tH& " state.
Energy (keV) A pronounced crossing is seen in one of the branc¢Féas

5), while no alignment is evident in the other brand@and
FIQ_. 4._ Experima_ar)tal da@a and line-shape fit for the 1134-keV1)_ The branch in which the alignment is observed is the
transition in the positive parity band. five-quasiparticle branctband 2. It becomes yrast and car-
. ries the major fraction of the intensity. The gain in alignment
mined up to large values of spi8-10]. It has been found s m,ch more gradual in the collective bran@hg. 6). Both

that the proton number play.s a major ro[e in influ.encing the.’the branches, the five-quasiparticle band and the collective
shape, especially after the first proton alignment in the POSiranch. are seen to continue up to a spin‘dk. The dy-

tive parity band._ The negative parity bands,_ which res“"namic moment of inertia)? for the five-quasiparticle
from the occupation of thés,, p3,, andpyy; orbitals by the 1y 500h gecreases sharply to much below the rigid body value
valence particles, in addition to thgr,, subshell, exhibit a ~23k2 MeV~Y) as the’2* state is approached, while it
behavior distinct from the positive parity states. These an emains in the vicinity of the rigid body value for the collec-
other aspects of the structure BLr (Z=40) were sought to ;¢ branch(Fig. 5). This indicates the large contribution to
be determined in the present work. the total angular momentum from the aligned quasiparticles
- _ in the five-quasiparticle branch. The second alignment at
Positive parity states hw=0.62 MeV, is aBC neutron crossing, since the proton

The positive parity levels at low excitation can be BC crossing is blocked by the aligned pair from the first
grouped into two distinct categories viz. the collective state§AB) proton crossing. These crossing frequencies are very
which are part of the rotational band and those arising fronsimilar to those in the positive parity band $&r, where the
single-particle excitations. A large number of these singlefirst alignment occurs dtw=0.48 MeV and the second one
particle levels are present at low sgit4]. The level struc- at7io=0.59 MeV. The proton or neutron character of the
ture for 85Zr, shown in Fig. 1, shows only one of the single- crossings is also the same in both nuclei.
particle branchegthe 1087- and 684-keV transitionsThe
signature splitting between the favored and unfavored Negative parity states
pand is large, Indioatve of & decoupled confluration. i thg, T NEgatve pariy levels i restit mainly from the
band, there ié a forking of intensity above tHe" state }nto occupation of the,,, orbital by the unpaired neutron. These
two branches. A pronounced band crossing, with a very weak
band interaction, is visible above the" state at a frequency
hw=0.52 MeV (Fig. 5. This results from the breaking of a
Og/»> Proton pair, since the neutron crossing is blocked. Th T\

d . . . . . . y " — 1% T B(E2) |Qt|

ecrease in collectivity, immediately following the first (keV) ) 03 (W.u) (eb)
crossing, is evident from the values of the transition quadru- "
pole moments@,), extracted from the DSAM measurement 1134  (21/2)—(17/2") 02903 89¢)  2.61(1)
(Table Il). The M1 transition rates above th¢ * state in- 940 (25/2)—(21/2")  1.16@Q3) 58Gy)  2.01Q3
crease considerably. This is associated with a correspondingass (29/2)—(25/2")  0.42039) 97() 25163
decrease in the signature splitting. At higher excitation, away

TABLE II. Lifetimes, transition strengths, and quadrupole mo-
ments of a few states in the positive parity band®¥r.

054307-4



ROTATIONAL BANDS AND NONCOLLECTIVE ... PHYSICAL REVIEW C 65 054307

8 T T T T T

n=- band

o0 N
6 . ® 24 - i
S / o
o— T ¢ <
4F / & ]
[ — /
ol
= - S 20 A\A \ B
g Ny A
=
A A 1 4
A —e— Band 1 = &
or ] —O— Band 2 =
L / —4A— Band 3 16 i
o —4A— Band 4
2k ./
1 N 1 N 1 N 1 N 1 A 1 N L . L . L .
04 0.5 0.6 0.7 08 09 1.0 10 12 4 16
fio (MeV) Spin LAy

FIG. 6. Quasiparticle alignments for the positive and negative FIG. 7. Signature splitting in the negative parity band of
parity bands inf°Zr. A reference rotor withl,=18 MeV 42and  %°Zr.
J;=0 was used in the calculations.

second energy minimum is seen for a spherical shape. These

states are nonyrast compared to the positive parity level§eatures exhibit good agreement with the level schemes ob-
and are therefore weakly populated. The negative parity roined from the present work and from previous wgtK],
tational band is a strongly coupled one, compared to thguherein rotational and single-particle structures are found to
positive parity band, which is apparent from the strand  coexist up to 3 MeV of excitation. Abw=0.9 MeV [Fig.
transitions observed. This behavior is similar to the ofder g(b)], a well-defined minimum is seen aB{, y)=(0.05,
=45 isotones[8-10]. The E2 transitions in the negative +4°) reflecting the loss in collectivity at high spin. In ad-
parity band, for which sufficient statistics could be obtained dition, a secondary minimum a3, y)=(0.24-55°) is
are almost completely stopped in the DSAM data. Furthergptained, which is slightly higher in energiaround 500
there are no pronounced band crossings visible, unlike thRev) than the first minimum. This aspect is mirrored in the
positive parity band. These factors seem to indicate that thexperimental level structure, wherein the five-quasiparticle
magnitude of deformation for the negative parity band ishand becomes yrast after the second band crossing, while the
quite different from the positive parity states. The gain incontinuation of the collective branch lies about 300—400 keV
alignment in the negative parity banhand 3 is very  higher in terms of excitation energy. The loss in collectivity
gradual, and is about over a frequency range of approxi- in the five-quasiparticle branch is also visible from tH&
mately 0.2 MeV(Fig. 6). Beyond a frequency of 0.6 MeV, moment of inertia obtained from the experimental level
the magnitude of alignment does not change. The signaturgructure, which is seen to drop sharply below the rigid body
splitting in the negative parity band is small up to a sgifi,  value. On the other hand, the secondary energy minimum,
beyond which the magnitude of splitting increases suddenlfor a moderate oblate deformation, corresponds to the con-
(Fig. 7). The unfavored signature bran@and 4 is not ob-  tinuation of the collective band, which lies higher in energy

served above this point. compared to the five-quasiparticle band. It is possible to ex-
tract the transition quadrupole mome,} predicted by the
Predicted shape evolution TRS calculations using the relations
The shapes of the positive and negative parity bands in .=0.010ZA233.(1+0.3
8zr were determined by performing Hartree-Fock- (QUy-0-=0. Bal 3682).

Bogolyubov cranking calculations, using a Woods-Saxon po-
tential and a short-range monopole pairing fof&&]. The
BCS pairing formalism was used and the Strutinsky shell
correction procedure was employed. The total Routhian sur-
faces(TRS'’s) were calculated in ag,, y) mesh for various For a rotational frequencyw=0.4 MeV in the positive par-
rotational frequencies and, at each mesh point, the total ernty band, a value of 2.26 eb is predicted by the TRS calcu-
ergy was minimized with respect to the hexadecapole defortations, which compares reasonably well with the values 2.61
mation B,. The results of the TRS calculations can be sum-and 2.51 eb obtained below and above the first band cross-
marized as follows. ing, from the DSAM measurement.

For the favored signature in the positive parity band, at a For both the signatures of negative parity band, a rather
rotational frequencyiw=0.4 MeV[Fig. 8@)], shallow en- smaller oblate deformationg;, y)=(0.12-60°) is pre-
ergy minima are seen in two distinct regions in thg ( y) dicted by the calculations. Figuréd shows the TRS for the
plane. The minimum atg,, y)=(0.23-53°) corresponds favored signature at a rotational frequerfcy=0.4 MeV.
to an almost oblate shape, with moderate deformation. Thé&he predicted low value of the quadrupole deformation is

coq y+30°)
(Q1) y20°= (Qt)y:0°w
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supported by the weak in-barkR transitions observed and #Kr, where it is found to decrease substantially above the
also by the fact that thesg rays did not exhibit discernible 2!+ |evel, while there is a marked increase in the case of
lineshapes, indicating either long half-lives or feeding times.87\1o with the Sr and Zr isotones exhibiting an intermediate
At a frequencyfw=0.5 MeV, the minimum in energy is pehavior.(ii) The relative population of the one- and three-
obtained for a triaxial shapgFig. 8(d)], at (82, ¥)  quasiparticle bands follows a different pattern. The three-
=(0.18,-28°). This change to a triaxial shape is assoc'ate%uasiparticle band is not observed above #é level in
with an increase in the magnitude of signature splitting in th681Kr, while the same is true for the one-quasiparticle band in

experimental level structure. The shape transition is probablyg7Mo_ These observations, taken together, indicate that the

responsible for the absence of an alignment in the negative . o .
! . " . rmagnitude of deformation in these nuclei is strongly depen-
parity states, in contrast to the positive parity states, wher(a

pronounced crossings are seerat=0.52 and 0.62 MeV. ent on the number of protons in the nucleus. This is due to
' ' " the fact that with an increase in the number of protons above

the shell gap for oblate deformation, expected at36, the
collective behavior becomes more pronounced. The first
A comparison of the positive and negative parity bands inband crossing in the heavier isotones is due to the alignment
the odd A, N=45 isotones®Kr, #Sr, &zr, and Mo  of a pair ofgg, protons. Such a crossing is not observed in
[8—10] leads to the following observations. The positive par-8Kr, probably due to the lower magnitude of deformation.
ity states in these nuclei, below the first proton crossing, arerhe negative parity bands in these isotones, which appear to
similar. The bandhead is the" state, with a smalifew tens  have a similar and smaller magnitude of deformation as com-

of keV) energy separation between thé and the3 * states. pared to the positive parity states in the heavier isotones,
EnhancedE2 transitions are observed between #é and  therefore exhibit a similar behavior.

the 2* and the¥. " and thell" states, indicative of a rota-

tional behavior. The transition strengths in this region of spin

are larger in the case of KiZ(=36) as compared to MoZ( V. SUMMARY

=42). This situation is reversed above the" state. Two

states with a spirt# are observed in the positive parity — The high-spin structure dt®Zr has been investigated, and
bands of all the isotones. The states which are built upon théhe evolution of shape in both the positive and negative par-
2E* level, which is lower in excitation energy, constitute the ity states has been studied. The measured transition strengths
three-quasiparticle band. The other states built uporitiie  and the calculated total Routhian surfaces indicate a moder-
level, which is higher in excitation energy, constitute theate oblate deformation for the positive parity band. At low
one-quasiparticle band. The following features are evidentspins, this is found to coexist with an almost spherical shape.
(i) The magnitude of the deformation in the isotones is foundAt the highest spins, a considerable loss in collectivity is
to vary with spin. The trend of this variation is different for evident. The magnitude of the deformation in the negative

Systematics for theN=45 isotones
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parity band is significantly less compared to the positive parlifetimes and feeding times at the highest spins, is also nec-
ity band. A change in shape from oblate to triaxial occurs aessary.
a rotational frequency ot w~0.5 MeV in the negative par-

ity band. The difference in shapes probably leads to the ACKNOWLEDGMENTS
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