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Lifetimes of magnetic-rotational bands in °Pb
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Lifetimes have been measured for states in four magnetic-rotational bahtf®éhusing the Doppler-shift
attenuation method. Line shapes of several transitions in each band have been anajyzayl éoincidence
spectra measured with the EUROBALL spectrometer array. Bfid 1) values deduced from the lifetimes
show a decrease with increasing spin within the bands as expected for the shears mechanB@ The
values are compared to calculations within the framework of the tilted-axis cranking model.
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[. INTRODUCTION been called “magnetic rotations,6]. This is very different
from the conventional rotation of a deformed charge distri-
In many near-spherical nuclei rotational cascades obution that gives rise to bands of enhan&l radiation.
strongly enhanced magnetic dipol®1{) transitions have Within the magnetic-rotational bands angular momentum
been observed in recent yeads2]. TheseM1 bands occur and excitation energy are increased by a step-by-step align-
when the symmetry is broken by the current distributions ofment of the particle and hole spins into the direction of the
a few high-spin particles and holes outside a near-sphericabtal spin[3—7]. Since this resembles the closing of a pair of
core and by the magnetic moments associated with thesshears, theM1 bands have also been called “shears bands”
currentg 3—7]. The particle-hole interaction is repulsive; be- [3]. A consequence of the shears effect is a decrease of the
cause of this, the lowest energy is obtained for a perpendicyserpendicular component of the magnetic moment and, thus,
lar coupling of the particle and hole orbitals. This is thea well defined decrease of tlB¢M 1) values with increasing
configuration of the bandhedd]. The perpendicular cou- angular momentum in the ban{,8]. This decrease of the
pling of the proton-particle and neutron-hdler vice versa@  B(M1) values, which is considered to be the clearest signa-
spins gives rise to a large component of the magnetic moture of the shears mechanism, has been observed experimen-
ment perpendicular to the total angular momentum. Thigally for M1 bands in different mass regiof8—17]; how-
component of the magnetic moment is responsible for thever, lifetimes have generally only been measured for the
strongly enhance®11 radiation. Since it is a magnetic mo- most strongly populated band in each isotope.
ment that breaks the symmetry and rotates around the angu- In our recent spectroscopic investigation'd¥Pb[18] us-
lar momentum vector, this mode of nuclear excitation hasng the EUROBALL y-ray spectrometer arrgyl9] we have
established nine magnetic-rotational bands in that nucleus. In
this paper, we report on a Doppler-shift attenuation method
*Present address: Nuclear Science Division, Lawrence BerkelefDSAM) analysis of lifetimes of states in four of these bands.

Nat. Lab., Berkeley, CA 94720. For the remaining bands a lifetime analysis was not possible
"Present address: Department of Nuclear Physics, RSPhS, ANWue to the lack of sufficient uncontaminated energy gates to
Canberra ACT 0200, Australia. produce cleany-ray coincidence spectra or a lack of statisti-
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cal accuracy. It was the aim of this investigation to verify angles with respect to the beam direction: 15.5°, 34.6°,
whether theB(M 1) values deduced from the lifetimes show 52.3°, 76.6°, 103.3°, 129.7°, 137.1°, and 156.2°. For each of
the characteristi_c decrease expected for shears bands. these angles-ray coincidence spectra were produced by set-

In the following section the experimental methods andting double or triple gates on the transitions in the low-spin

results are described; these results are then discussed t of the bands which were emitted after the nuclei had
compared to filted-axis crankindTAC) calculations i ¢ome to rest in the Au backing. Background corrected spec-
Sec. Il. tra which were obtained by subtracting a fraction of the spec-

trum with the next lower coincidence fold were used for the
line-shape analysis. Figure 1 shows examples of such spectra
High-spin states in®Pb were populated using the reac- from forward and backward detectors of bands 1 and 4. The
tion Y%Er(*°Si,4n). The *Si beam of 144 MeV was pro- spectra are not symmetrical due to the different detector
vided by the Vivitron tandem accelerator at the Institut detypes under forwardtapered Gp and backward(Clustep
Recherches Subatomiques at Strasbourg. An enricHed  angles in the EUROBALL array. In the intermediate-energy
foil of 1.65 mg/cnt thickness on a 6.64 mg/dnhick Au  region of the bands, typically for transition energies between
backing was used as a target. Coincidences between th@) and 500 keV, the Doppler-shifted line shapes could be
emitted y rays were measured with the EUROBALL spec- gnalyzed. Spectra from the near-90° detectors were used to
trometer array[19]. It comprises 30 Compton-suppressed|scate possible contaminations at the position of the shifted

conventional(tapered Ge detectors and 41 composite Ge noays in the spectra from the forward and backward detec-
detectors. Of the latter, the 26 Clover detectors are compos qﬁ

.tors. Sufficiently clean spectra for a line-shape analysis could
of four Ge crystals each and the 15 Cluster detectors consi y P b y

) : e observed for bands 1, 4, 7, and 8%Pb[18]. In order to
of seven Ge crystals each. At the time of the experiment, 23obtained sufficient statistics, it was necessary to work with
individual Ge crystals out of the total of 239 crystals of the ' y

full array could be used. An inner ball of 210 BGO scintil- spectra created by setting gates on transitions below the tran-

lation detectors was used as a multiplicity filter. Coincidence'toNS for which the lifetimes were to be determined. For
events were written to tape when four or more Ge crystaldis reason, the side-feeding lifetimes had to be taken into
before Compton suppression and five or more BGO detectordccount; the side-feeding model used in the analysis is de-
showed a signal. In the presorting of the data gain matchingscribed below. . .
pile-up suppression, Compton suppression, and add-back for Line shapes were calculated and fitted to the experimental
the composite detectors were carried out. After setting a winspectra using the program developed by Bacetaal. [20]
dow on the prompt time peak, a total of k10° events with ~ and modified by Gascoat al. [21]. In the first step of the
y-ray coincidence fold greater than or equal to 3 remainedalculation, a Monte Carlo simulation of 5000 histories of
for further analysis. nuclei recoiling through the target and stopper foils is per-
The Ge crystals of the EUROBALL spectrometer arrayformed. Starting with the initial recoil velocity ob/c
can be grouped into eight rings at the following average=1.53%, calculated for the center of the target, this results

II. EXPERIMENTAL METHODS AND RESULTS
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FIG. 2. Examples of experimental and calculated line shapeg-fay transitions belonging to bands 1, 4, 7, and 8 for forward, near-90°,
and backward angles. Fits to contaminations are included. The shape of the contaminant for the 433&ykef\band 7 is different in the
different angle spectra due to the presence of the short-lived 420.8ykmy at higher spin in the same bafief. [18]) which shows
different line shapes at the different angles.

in statistical velocity distributions of about 720 different times for the levels were obtained by taking averages from
times with time intervals of 2 fs. In the second step, thethe different fits. In the fits the in-band and side-feeding life-
details of the detector geometry are taken into account and times, the background, and contamination parameters for
line shape is calculated for each decay time, using the veloeach transition were allowed to vary. The calculated line
ity distributions from the first step of the calculation and theshapes were fitted to experimental spectra by a
stopping powers. The electronic stopping powers were caly?-minimization procedure, starting with the highest transi-
culated using the tables of Northcliffe and Schillifg2], tion of a cascade. The effective lifetime of the highest level
corrected for shell effects. The nuclear contribution waswas then fixed and used as the in-band feeding time for the
treated according to the prescription given by Lindhetrél.  next lower level. In addition, a global fit for all the transi-
[23]. Finally, the calculated line shapes were fitted to thetions of a cascade with independent in-band and side-feeding
experimental ones with the lifetimes as free parameters. Thifetimes was performed. Examples of the fits of calculated
side feeding was modeled by a rotational cascade of fivéine shapes to experimental spectra are shown in Fig. 2.
transitions with a moment of inertia typical of that of the Lifetimes of states in four magnetic-rotational bands in
investigatedVl 1 bands in a spin region where they show no!®®Pb, bands 1, 4, 7, and[&8], have been determined. We
crossing. Calculations were also performed with differentwere unable to extract reliable results for the other bands in
moments of inertia for the side-feeding cascade, but it washis nucleus either because of poor statistics or because of
found that the level lifetimes were not sensitive to this pa-contaminations in the spectra. In band 1 we could not mea-
rameter. The intensities of the side-feeding transitions intsure lifetimes of transitions below the 2tate due to pres-
each level were obtained from the difference of measureénce of intense unshiftegt rays from low-lying levels of
intensities of they-ray transitions populating and depopulat- energy close to that of the band. The side-feeding lifetimes
ing the level of interest. were varied within reasonable limitabout 10% around the

In the line-shape fitting procedure, spectra from three difvalues obtained from the lowegt fits to determine the in-
ferent angle groups of forward, near-90°, and backward defluence on the in-band lifetimes. It was found that the uncer-
tectors were always used simultaneously. The results frortainties of the in-band lifetimes due to changes in the side-
different combinations of these angle groups were in agreefeeding lifetimes diminish for the transitions lower down in
ment within the limits of error and final values for the life- the band. The lifetimes of the transitions of the side-feeding
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TABLE |. Measured lifetimesr and reduced transition probabiliti&M1) andB(E2) of states of magnetic-rotational bands'#fPb.

Side-feeding intensitiek;; and the branching ratiB,, (see text are also given.

PHYSICAL REVIEW C 66, 064314 (2002

M » E®? T B(M1) B(E2)?
(keV) (%) (keV) B, (ps (1) (e’b?)
Band 1 526.4 481) 1016.6 0.816) 0.16"3%3 1.80°9:38 0.078 5531
490.2 339) 938.9 0.8%5) 0.13°3% 2.75°9%8¢ 0.131°3%%
448.7 427) 846.4 0.8%5) 0.14°902 3.24' 9% 0.191° 3083
397.7 5110) 736.4 0.8%2) 0.13"39%3 5.12°289 0.269°35%2
Band 4 454.0 340) 0.13"3.92 4.08053
443.7 218) 0.11°9.0 5.12°9:53
4325 279) 0.14°503 4.30°0%5
412.3 3610) 0.13°903 5.24°9%1
379.4 3%9) 0.15°9.% 5.60°% 1
342.9 266) 0.17" 903 6.30"117
Band 7 362.8 2®) 0.15"03 6.26"15
413.7 268) 0.20°00 3.38°02¢
423.7 3%8) 0.16°903 3.97°072
348.8 408) 0.16"504 6.45 15
Band 8 513.2 342) 0.14°903 272703
464.1 3310) 0.14°9%3 3.57°05
399.5 3910) 0.13°907 5.68"0 3
3393 288) 0.15"9.92 7.37°0%
289.0 226) 0.23'902 6.84°173

&Calculated fromB(M1)/B(E2) ratios obtained from Ref18].

cascade with Simi|6_ll’ energi_es as those of kh& band are  magnetic-rotational bands 1, 4, 7, and 8#Pb. The re-
comparable to the in-band lifetimes. The results for the life-qycedM 1 transition probabilitiesB(M1), were calculated
times of states in the fouvl1 bands that could be analyzed assuming that tha1 =1 in-band transitions are of puid1
are summarized in Table I. The quoted errors include theparacter. A smalE2 admixture(s) would not influence the
statistical and systematic uncertainties, determined as deagits since it enters a2 in the analysis. For band 1\l
scribed above, but do not include the systematic errors intro- 5 ~.5ssover transitions were observed and the branching
duced through the treatment of the stopping power which. ; _ _ _ _
iy B e T b6 o 160 Matios  B,=1,(AI=1)/[I (Al=1)+1(AI=2)]  were
adopted from Ref.18]. The totalM 1 conversion coefficients
were taken from Ref[24]. The resultingB(M 1) values are
summarized in Table I. Figure 3 presents plots of these val-
From the lifetimes presented above reduced transitiomies as a function of spin for all four bands. Band 7 is not
probabilities can be obtained for high-spin states in thdinked to lower-lying states and its configuration is therefore

Ill. DISCUSSION
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uncertain. The spin values adopted in Fig. 3 are suggested 3ig. 3. As can be seen, the overall slope of the decrease of
the decay pattern of the band. theB(M1) values is reproduced reasonably well by the cal-
For band 1 lifetimes have been measured previously irculations. However, for bands 7 and 8 the absolute values
the lower part of the band, below the band crossing, and imnderestimate the experimental results. This discrepancy
the upper part of the band, above the crossing, by thenay be either due to uncertainties of the calculations or due
Doppler-shift recoil-distance methdd2] and the DSAM to the configuration assignments, in particular for band 7,
[10], respectively. Thé8(M 1) deduced from the previously which is not connected to lower-lying level$g].
measured lifetimes are included in Fig. 3. Our results for the A comparison of theB(M1) values of the four bands
high-spin region of band 1 are in agreement with these valshows that they are rather similar. This is expected for bands
ues. _ _ ~ based on similar configurations. Bands 1, 4, and 8 all have
Configuration asgggnments have been made previoushyee quasineutrons afiqs, origin and one natural-parity
[18] fc_)r the pands ml_ %b on the baS|§ of the|r.ex0|tat|on quasineutron ops,f s, origin coupled to ther(hgpi 13911
energies, spins, parities, and systematic behavior as well @5 itation in their configuration. For band 7 the tentatively
by comparison to TAC model calculations. The nomenclatureSuggested configuratidiig] differs from those of the other

IS ad_opted from _the work of BaIdS|efee1t_aI. 3], where ands as it probably involves only twigs, quasineutrons.
guasineutron orbitals are labeled according to the cranke. . S .
he main contribution to the magnetic moment stems from

shell model by letter&\,B, . . ., and theproton excitation is th i itati hich is th in all four bands. It
given by its spin quantum number. In the four bands inves- € proton excitation, which IS theé same in all four banas. 1ts
component perpendicular to the nuclear spin,, deter-

tigated in this work, the proton contribution to the configu- -~ , .
ration is them(hepi5,) 11 excitation. This particlelike ex- Mines the size of thB(M1) values. Thus, the observed size

citation is coupled to different quasineutron-hole excitations@nd the decrease should be similar in all four bands, despite

For the occurrence of the magnetic-rotational bands the higthe difference in neutron excitations. The decrease is also a

Spin quasineutron ho|dA'B,Q of Vi13/20rigin are of impor- direct confirmation of the shears eﬁd:ﬁ] Although small

tance. At the bandhead the high-spin particles and holedecreases oB(M1) values may occur itM1 bands based

couple with their orbitals approximately perpendicular for aon highK multiquasiparticle states, the reductions observed

maximum overlap of their density distributions. Within the here can only be explained by involving the shears concept.

bands, energy and spin are increased by the shears [@fect This observation agrees with previous results for the stron-
The experimentally observed decrease ofBli# 1) val-  gest magnetic-rotational bands in a series of Pb isotopes with

ues with increasing spin within the bands is a direct consemass numbers between 194 and [9912].

guence of the shears effect. As the proton and neutron spins

align step by step with the direction of the total angular

momentum, the component of the magnetic moment that is IV. SUMMARY

perpendicular to the total spiny, , decreases. Since this

component of the magnetic moment is responsible for the To summarize, we have measured lifetimes of states in

Mll-t_ransitio_n strer)gth,. th.B(Ml) values have to decrease four magnetic-rotational bands 1%Pb. Doppler-broadened
with increasing spin within the bands. However, a Smooﬂ\ine shapes iny-ray coincidence spectra measured with the

decrease is only expected within a band if the ConflguratIO%UROBALL spectrometer have been analyzed. The deduced

does not change. In spin regions where configuratio M1 | h d it i . |
changes occur the transition strength can vary drastically?(M1) values show a decrease with increasing angular mo-

This is clearly demonstrated in Fig. 3 by the large differencdMentum, as expected for the shears eff@(fM1) values
of B(M1) values of band 1 below and above B€ align- calculated within the framework of the TAC model repro-

ment. Band 4 shows an alignment around spifi B8] and duce_ the qualitative behavior reasc_)nabl_y weII._ Together with
the configuration change is also reflected by the largePrevious analyses d@(M1) values in neighboring isotopes,
B(M1) values in that spin range. As mentioned above, thdhe data_ support the suggestion that the shears mechams_m is
configuration assignment for band 7 is tentatji®]. The _responslble for the generation of angular momentum with
increase iNB(M1) observed at a tentative spin of/26s  Increasing energy within thedd 1 bands.
caused by a configuration change which causes a backbend-
ing in that spin rang¢18].
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