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Lifetimes of states in four of thé/1 bands in'*®!'Pb have been determined through a Doppler-
shift attenuation method measurement performed usingMvASPHERE array. The deducef(M1)
values, which are a sensitive probe of the underlying mechanism for generating these sequences, show
remarkable agreement with tilted axis cranking (TAC) calculations. The results represent clear evidence
for a new concept in nuclear excitations: “magnetic rotation.” [S0031-9007(97)02583-0]

PACS numbers: 21.10.Tg, 23.20.Js, 23.20.Lv, 27.80.+w

The observation of long cascades of magnetic dipol@nd rigid enough then regulé(/ + 1) sequences are pre-
(M1) transitions in the neutron deficient Pb nuclei [1,2]dicted. Since the behavior ¢f. and j, is reminiscent
has prompted great interest among nuclear-structuref the closing of a pair of shears this process has been
physicists. The properties of the bands are extremelgubbed the “shears mechanism” [2].
unusual: (i) most of the structures follow the rotational The regular sequences of strongly enhanggd tran-

I(I + 1) rule over many states despite very low de-sitions (sometimes called “shears bands”) and the TAC
formations, (ii) the levels are linked by strony/1  picture suggest a new concept—“magnetic rotation” [4].
transitions with weakE2 crossover transitions [typical This arises as a consequence of breaking the intrinsic rota-
B(M1)/B(E2) ratios =20-40 (uy/eb)?], and (iii) the tional symmetry by a long magnetic dipole vector (which
ratio 3% /B(E2) is roughly an order of magnitude larger rotates abouJ in the TAC picture described above). This
than that for normal or superdeformed bands, indicating
that a substantial portion of the inertia is generated from J,
effects other than quadrupole collectivity.

The initial interpretations of the bands [1,2] suggested Low frequency J
that they were based on highiproton configurations (in- | =~ - High frequency /
volving hg/, andii3/, orbitals) which induce a small oblate
deformation 3, = —0.1), coupled to neutron holes in the

i13/2 subshell which carry angular momentum aligned with
the collective rotational axis. This picture accounts reason-
ably for the occurrence of the structures, but how can long,
regular cascades, which appear rotational, occur when the
nucleus develops only a small deformation?

An intuitively appealing description of the behavior of
the M1 bands arises naturally from the tilted axis crank-
ing (TAC) model [3], and is schematically illustrated in
Fig. 1. Near the band head the proton angular momen-
tum vector, j, is nearly parallel to the symmetry axis
while the neutron angular momentum vectgy, is per-
pendicular to it. The total angular momentum vecthr,
then lies along a tilted axis at an andlewith respect to
the symmetry axis. To generate angular momenjym 0 5 10 15 Js

aan.” gradually alltgnl alongtthet dlcr)ecl:tlon de\ll;th 0 re- IG. 1. Schematic representation of the shears mechanism.
maining approximately constan nly a small componeni,q labeling is described in the text (vector quantities are

of the total angular momentum is from collective rotationdenoted by underbars). The solid (dashed) arrows show the
(denoted byR in Fig. 1). If the spin vectors are long approximate coupling at low (high) frequency.
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is in direct analogy to the familiar concept of (“electric”) beam, which was accelerated by the 88-Inch Cyclotron
rotation when the symmetry is broken by an electricof the Lawrence Berkeley Laboratory, was incident on
quadrupole resulting from the deformed nuclear charga 12.2 mg/cn? thick '86W target for the higher beam
distribution. energy, while the run at the lower beam energy used a
Experimental routhians, angular momenta, and mo500 wg/cn? '8W foil on a 700 wg/cm? Al backing.
ments of inertia for the bands are well reproduced in th&Gamma rays were detected with tB@MMASPHERE ar-
TAC model [2—-4]. However, there is a crucially impor- ray [10] which for this experiment consisted of 60 large-
tant prediction of the model that remained unconfirmedvolume [~(75-80)% efficient] Ge detectors situated at
Since theB(M 1) is determined by the components of thethe following angles relative to the beam: 5 at 31.3

magnetic moments perpendicu|ar Jo(|abe|ed /.L[I;e/rg in at 37.4, 10 at 50.2, 3 at 58.3, 1 at 79.2, 1 at 80.7, 4 at

F|g 1)’ a characteristic drop in the magmtudeﬂ(Ml) 90.(°, 1 at99.3,1at100.8,5at 121.7, 10 at 129.9, 5 at

is expected with increasing rotational frequency. Previl42.6’, 5 at 148.3, and 4 at 162.7 Totals of4.7 X 10°

ous attempts at deducing(M 1) values through lifetime (quadruples and higher fold) anid9 x 10° (triples and

measurements [5—9] proved inconclusive. Indeed, glarbigher fold) events were collected using the thi¢RW

ing discrepancies exist between the results for the fougnd Al-backed targets, respectively.

M1 bands in'®Pb and'®Pb for which measurements had ~ The data were sorted into gated, angle-dependent spec-

previous|y been made [5,7'9](These bands are bands 1 tra andE,/—Ey correlation matrices. All lines in théf1

and 2 in'“Pb, and bands 1 and 3 i##Pb using the label- bands of**!*Pb were at their fully stopped positions

ing conventions of [1] and [2], respectively. Hereafter, wein the thick-target data. These data were used to extract

denote these bands BY’PK(1,2) and '°®PK(1,3)). The branching ratios for the in-band transitions. For the data

deducedB(M1)’s for '?Pu(1,2) [9] were roughly twice taken with the Al-backed target, Doppler-broadened line

the values predicted by TAC although the errors wereshapes were observed for in-band transitions wlith=

large and the results did suggest a dropofBid/1) with 350 keV. Level lifetimes were extracted from these line

increasing frequency. In comparison, the previous resultshapes using the analysis package of Wells and Johnson

for 18PK(1, 3) [5,7] were a factor of 2 smaller than TAC [11]. The complete stopping was modeled using the pre-

predictions and one ban®{Ph(3)] even showed a sharp scription discussed in detail by Gascenal.[12]. The

rise in B(M1) at the highest rotational frequency. Note, tabulations of Northcliffe and Schilling [13] with shell

this previous generation of experiments all suffered froncorrections were used for the electronic stopping pow-

relatively poor statistics. ers. The detailed slowing-down history of the recoils in
We have performed an experiment to determine lifethe target and backing material was simulated using a

times of states in thé/1 bands of'*®!*Pb. High-spin Monte Carlo technique (5000 histories with a time step

states in these nuclei were populated simultaneously usf 0.002 ps) and then sorted according to detector geo-

ing the '*W('30, xn) reactions at 99 and 104 MeV. The metry. Calculated line shapes for each transition were

TABLE |I. Measured lifetimess (ps), M1 branching ratiosB,, and reduced transition strengtiB{M 1) (u3) and B(E2) (2 b?),

of states in the bandsIsr is the percentage of side feeding into each state. The errors oR(Mé&) and B(E2) values were
estimated from the standard (linear) transformation of the errors on the valuesuad B,. Note, systematic errors introduced
through the treatment of the stopping powers are not included.

EY" (keV) E? (keV) Isy (%) 7 (ps) B, BM1) (u3) B(E2) (€*b?)

Pb 506 970 41 (11) 020798 0.90(2) 1.857046 004870013
464 885 36 (8) 0.147 001 0.90(2) 3.1470% 0.10170 03

421 795 30 (8) 0.15700; 0.94(2) 3.3670 % 0.08170 03

374 699 21 (6) 0.141903 0.89(3) 5901179 0.38470133

¥%Pb(3) 471 915 43 (14) 0.2075:0 0.88(2) 2.3370%2 0.081102%°
444 866 33 (10) 0.20 006 0.86(2) 231705 0.107"005

422 811 30 (8) 0.17+008 0.86(2) 3.06705 0.173054

389 731 32 (8) 0.241003 0.94(2) 3.17505% 0.0947003

342 621 24 (5) 0.161 008 0.90(3) 5.82°1% 0.4877055%

9%Pb(1) 508 967 63 (23) 0.21750¢ 0.86(2) 1.667049 0.065100%8
459 870 39 (11) 0.154003 0.93(2) 2.955019 0.0687 003

411 774 35(9) 0.16 00 0.90(2) 4357738 0.1977005

363 679 3709 0.201003 0.90(2) 482412 0.300755

9%PDb(2) 573 1105 40 (17) 0.1475% 0.82(2) 1.517039 0.0500.9%
532 1014 40 (13) 0.134003 0.85(2) 1.897035 0.072205%

482 912 32 (7) 0.161003 0.90(2) 222403 0.069700%%

430 807 20 (5) 0214903 0.89(2) 2.597038 0.1200931
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obtained assuming (i) feeding into the top of the bandmethod discussed above [see Fig. 3(d)]. This lends
through a cascade of five transitions with the samereater confidence to our analysis.
moment of inertia as the in band. The topmost line We obtained lifetimes for the energy levels in the four
shape was fitted and the extracted depopulation timbands for which previous measurements had been made
of this state was used as an input parameter to extra¢see discussion above). The results are summarized in
lifetimes of states lower in the cascade. (ii) Side feedingTable I. The quoted errors reflect the behavior of gte
into each state assuming initially a rotational cascade dfit in the vicinity of the best value as the fit parameters are
five transitions. The intensity of the side feeding wasvaried, including the effect of side feeding. The errors
constrained to reproduce that observed experimentallglo not include the systematic errors introduced through
(see Table I). The quadrupole moment and the momerthe treatment of stopping powers. These may be as large
of inertia of the side-feeding band can be regarded as aams =20%. However, sinceé’®Pb and!”’Pb were formed
effective time parameter. The moment of inertia of thesimultaneously in our reaction the comparative lifetimes
side-feeding cascade was varied and it was found thaif states between the bands are not subject to this effect.
the same lifetimes (within errors) of the in-band states Table | also gives the measurdd1 branching ratio,
were extracted consistently. The side-feeding lifetimes8, = Iy /(Iu1 + Ig2), and the estimated(M1) and
were always found to be faster (1-2 times) than the inB(E2) transition rates deduced from standard formulas
band lifetimes. The sensitivity of the fit due to side [14]. The Al = 1 transitions were assumed to be pure
feeding was found to become less lower in the cascad@/1’s. The conversion of the crossoveeR transitions is
Simultaneous fits to forward, backward, and transverseegligible.
spectra were made. Final results were obtained from a Figure 3 shows the resultar®(M1)’s plotted as a
global fit of an entire cascade with independently variabl€unction of transition energy for each of the bands. For
lifetimes for each state and associated side feeding. Asomparison, absolutB(M 1) values calculated by means
an example, Fig. 2 shows the experimental data, alongf the TAC model using the parameters given in [9]
with the calculated fits, for the full range of line shapesare also shown for the suggested configurations of each
observed in*’Ph2). band. The deformation is kept constant close to the
While this is a standard approach to fitting line shapesequilibrium value forw = 0.3 MeV. Neutron pairing
it is not cleara priori if the assumptions about the feeding is included in the calculation since there are several
are valid. It proved possible to gate cleanly on the twoenergetically favorable quasineutron excitations possible.
topmost Doppler-broadened transitions f8tPh(2), and However, the proton pairing was neglected since the
obtain spectra of sufficient quality to analyze. Gatingproton configurations all involve excitations across the
from above in this way greatly reduces the influence oflarge Z = 82 shell gap. For the calculation & (M1)
side feeding on states lower in the cascade. Remainingalues, a quenching factor of 0.5 was used for the gpin
feeding into the gating states higher in the cascade weractors. As discussed in [9] the calculatBdM 1)'s are
treated in the same manner as before. The lifetimegelatively insensitive to the choice of quenching factor.
of states, extracted from our analysis of these spectra, Clearly, theB(M 1) values deduced from experiment are
were within the errors of those extracted using thein excellent agreement with the TAC model predictions.
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FIG. 2. Experimental data and associated line shape fits for the 573, 532, 482, and 430 keV transiftRig¥0f The spectra

were formed from a combination of all double gates on the stopped transitions (377 keV and lower) in the cascade. The rows are
labeled by the angles at which the detectors were situdtExt: refers to a summation of spectra for detectors situated at 142.6

and 148.3.
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Y ) consistent with the assumption that the nuclear shape is
ol \AB\CDH || apceu | weakly oblate.
G \\l . From the observed behavior of the reduced transi-
g .l = | | wem | tion probabilities we conclude that our results show that,
_— III\ mp.,(g)\\I ~ despite low quadrupole collectivity, regular “rotational”
. T sequences with strongly enhanced magnetic dipole transi-
2 ‘ ‘ ‘ tions can be explained within the framework of the TAC
~~~~~~ 9 o model. The shears mechanism provides both a qualita-
s wen [ ] tively appealing and quantitatively accurate description of
£ AN _ABEN the behavior of the bands in the neutron-deficient Pb nu-
§ ol \EE\\ 1L \\ | clei. Moreover, we suggest that our results represent evi-
i) I\ pb) %31 dence for the concept of magnetic rotation as implied by
o ‘ ‘ , ‘ the shears mechanism. This novel idea extends our con-
0.0 0.2 0.4 06 00 0.2 0.4 0.6 . . . .
Energy (MeV) Energy (MeV) ception of the possible modes for nuclear excitations.
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of D6nau and Frauendorf [15]. The open circles in part (d) are
data points extracted after gating from above.
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