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The lifetimes of states in two of the AI = 1 bands in Pb have been measured using the Doppler
shift attenuation method, and a new AI = 1 band has been observed in this nucleus. States in the
bands were populated in the reaction Er( Si,4n) at a beam energy of 142 MeV. Individual level
lifetimes were extracted from the data by an analysis of the Doppler broadened p-ray line shapes.
Under the assumption of pure Ml radiation, average reduced transition strengths B(M1) 1.5
W.u. were obtained. The B(M1) values in both the "regular" and "irregular" bands exhibit similar
dependence on spin. The neutron and proton con6gurations and nature of the collectivity in these
bands is discussed.

PACS number(s): 21.10.Re, 21.10.Tg, 21.60.Ev, 27.80.+w

I. INTRODUCTION

The region of nuclei with mass A 190 has been stud-
ied extensively over the last few years following the dis-
covery of superdeformation in siHg [1]. The status of
superdeformation studies in this region is reviewed in Ref.
[2]. More recently, considerable interest in the neutron-
de6cient Pb isotopes has developed with the discovery of
a number of bands at high spin connected by dipole tran-
sitions in both even Pb [3—12] and odd Pb
[13—15) nuclei. In contrast with the single-particle na-
ture of the low-spin excitations in these semimagic nu-
clei, the dipole bands exhibit enhanced M1 transition
strength. The majority of the dipole bands in the Pb
nuclei are "regular" in character (i.e. , transition ener-
gies increase smoothly with spin). The regular bands
are characterized by large B(MI)/B(E2) ratios and dy-
namic moments of inertia J'( ) significantly smaller than
the kinematic moments of inertia J'( ), indicative of large
amounts of aligned angular momentum. In addition, se-
quences of dipole transitions exhibiting "irregular" tran-
sition energy characteristics have also been observed in
many of the same nuclei. The properties of the dipole
bands have been interpreted in terms of high-K, mod-
erately deformed oblate states built on con6gurations
involving high-j, shape driving quasiproton excitations
coupled to rotation-aligned quasineutrons.
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In the case of Pb, two regular bands and one irreg-
ular band have recently been identified [6]. It is of inter-
est to note that the irregular band was populated more
strongly than the regular bands. For one of the regular
bands in this nucleus (band 2 in the notation of Ref. [6]),
the transitions linking it to the known yrast levels were
observed, allowing the experimental determination of the
spins and excitation energies of states within the band.
A configuration of vr(hs]2 g) iis)2) Sv(iis)2) was assigned
[6] to this band. On the other hand, the configuration
associated with the irregular band in this nucleus is not
well understood. Various mechanisms leading to a strong
irregular band were explored, but the experimental data
did not allow for a definite configuration assignment [6].

Important information concerning the degree of collec-
tivity of these bands can be provided by lifetime measure-
ments. In addition, lifetime measurements also provide
a means of testing proposed single-particle configura-
tions. Recent Doppler shift attenuation method (DSAM)
and recoil distance method (RDM) lifetime measure-
ments in is7Pb [16,17] and sPb [9,17] have found sig-
nificant dipole strength, B(M1) 1—2 Weisskopf units
(W.u. ) associated with regular bands in these nuclei,
while the observed in-band B(E2) values suggest only
modest (Pz 0.1) quadrupole deformation. In contrast,
the B(M1) and B(E2) values derived from RDM life-
time measurements in the irregular band of Pb [17]
indicate a significant reduction in both dipole strength
and quadrupole collectivity when compared to the reg-
ular bands. Taken in combination with the pronounced
difFerences in the behavior of the transition energies, this
observation supports the interpretation that the irregu-
lar bands are based on very diferent configurations &om
those associated with the regular bands. The presence of
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both regular and irregular dipole bands in the neighbor-
ing nucleus Pb provides an excellent opportunity to
test whether these characteristics are common to dipole
bands in other nuclei of the region. We report on spectro-
scopic and lifetime measurements carried out for regular
and irregular bands in the nucleus Pb.

II. EXPERIMENT AND RESULTS

A. Level scheme

TABLE I. Energies, relative intensities, and directional
correlation (DCO) ratios for transitions assigned to band 1 in

Pb. The transition intensities were obtained from a com-
bination of singles and coincidence data and are normalized
to the 958.6 keV transition, the intensity of which is taken to
be 100.

E~ (keV)
164.4
208.5
249.9
309.1
375.8
404.5

Relative intensity
9.7(9)
io.3(7)
9.3(6)
9.4(6)
5.7(4)
3.9(5)

DCO ratio
0.58(8)
0.61(8)
0.68(10)
0.71(8)

0.78(10)
0.65(8)

Excited states in Pb were populated using the reac-
tion Er( Si, 4n). Two experiments were performed.
The first measurement used a target consisting of two 500
pg/cm Er self-supporting foils isotopically enriched
to 95%. Beam energies of 142, 146, and 151 MeV were
supplied by the ATLAS accelerator facility at Argonne
National Laboratory. The p rays were detected in the
Argonne-Notre Dame BGO p-ray facility, which consists
of 12 Compton suppressed Ge spectrometers (CSG's) sur-
rounding an inner array of 50 hexagonal bismuth Ger-
manate (BGO) elements. The CSG's are positioned at
angles of 34.5, 90, and 145.5' to the beam direction,
with four detectors at each angle. A threshold of two or
more CSG's and a minimum of 3 BGO elements Bring
in prompt coincidence were required for the events to be
recorded. The energy and timing information from the
CSG's and the fold and sum energy derived from the ar-
ray were written on tape. Further experimental details
may be found in Ref. [18]. Approximately 3 x 10
p coincidence events were accumulated during the three
thin-target measurements. By placing appropriate gates
on the array multiplicity distributions, coincidence ma-
trices were produced with the relative Pb content en-
hanced to about 80/0 at each beam energy.

All transitions assigned to bands 1—3 in Ref. [6] have
been observed in the present work and their placement is
consistent with the proposed level scheme. The transition
energies, intensities, and directional correlation (DCO)
ratios of bands 1—3 are summarized in Tables I—III, re-
spectively. The analysis of our data also revealed a fourth
band in Pb with characteristics similar to those of
the other regular dipole bands in this nucleus, but with
weaker intensity. Stretched LI = 1 multipolarity was
determined from the measured directional correlations.

TABLE II. Energies, relative intensities, directional cor-
relation (DCO) ratios, and spin assignments for transitions
assigned to band 2 and the corresponding transitions which
link band 2 to the lower spin states in Pb. The transi-
tion intensities were obtained from a combination of singles
and coincidence data and are normalized to the 958.6 keV
transition, the intensity of which is taken to be 100.

E» (keV)

107.6
137.6
204.1
268.4
332.4
342

367.2
392.1
397.9
408.4
422.1
428.8
472

309.0
502.1
546.4
605.5
855.2

Relative intensity DCO ratio
~ 28

27.7(19) 0.72(20)
22.2(9) 0.54(10)
17.6(6) O.62(7)
15.3(5) 0.53(6)( 2

12.4(6) 0.65(8)
io.3(6) O.59(9)
6.2(4) 0.61(7)
5.9(4) 0.75(9)
3.7(3) 0.70(10)
2.o(3)( 2
9.4(5)
17.6(2)
9.4(5)
ig.o(2)
8.6(4)

0.63(10)
0.51(7)
0.47(9)
1.05(9)
1.12(15)

Assignment
17(-) m 16(
18&-) -+ 17(-)
19~ —+ 18
20&-) ~ 19~-)
21(-) ~ 20(-)

19 + 17
22(-) -+ 21(-)
23( ) ~ 22(
24(-) ~ 23(-)
25(-) ~ 24(-)
26(-) -+ 25(-)
27(-) ~ 26(-)

20 m 18
13 m 12

16~ ) -+ 15
12 -+ 11
15 ~ 13
13 m ll

TABLE III. Energies, relative intensities, and directional
correlation (DCO) ratios for transitions assigned to band 3 in

Pb. The transition intensities were obtained from a com-
bination of singles and coincidence data and are normalized
to the 958.6 keV transition, the intensity of which is taken to
be 100.

E~ (keV)
192.6
314.7
374.6
355.5
341.8
243.6
209.8
239.5
339.1
286.5
398.4
448.6
490.4
696.9
729.8

Relative intensity
36.6(6)
37.0(6)
23.3(7)
20.1(6)
20.4(5)
2i.2(6)
19.1(7)
17.5(6)
15.5(8)
13.4(19)
8.4(3)
4.2(4)
4.3(6)
4.2(4)
4.8(5)

DCO ratio
0.46(6)
0.54(6)
0.54(4)
0.62(6)
0.65(5)
o.54(5)
0.44(4)
0.61(6)
0.60(6)
0.55(6)
o.56(6)
0.74(13)

1.10(11)
1.16(8)

Table IV presents the energies, relative intensities, and
DCO results for the transitions assigned to this band.
Coincidence spectra gated on transitions in bands 1—4
are presented in Figs. 1(a)—(d), respectively. The rele-
vant level scheme of Pb is shown in Fig. 2.

The p-ray energies in band 4 exhibit a regular increase
with increasing spin, consistent with a rotational nature.
Transitions in the lower-lying level scheme of Pb were
observed to be in coincidence with gates on members of
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TABLE IV. Energies, relative intensities, and directional
correlation (DCO) ratios for transitions assigned to band 4 in

Pb. The transition intensities were obtained from a com-
bination of singles and coincidence data and are normalized
to the 958.6 keV transition, the intensity of which is taken to
be 100.
E'~ (keV)

295.?
342.8
379.9
412.7
432.4

Relative intensity
4(1)
4(1)
3(1)( 2

& 2

DCO ratio
0.45(2)
0.72(7)
0.61(5)
0.47(5)

this band, however, the data did not allow the delineation
of the linking transitions. Therefore, it was not possible
to assign spin and excitation energy to this band. It is
worth noting that a level scheme was also obtained for

Pb from these studies, and several dipole bands were
observed in this nucleus [19].

B. DSAM measurement

In the DSAM measurement, the target consisted of 1.0
mg/cm~ of ~~oEr evaporated on a 24 mg/cm thick lead
backing, and a beam energy of 142 MeV was chosen.
Prom an initial recoil velocity of v = 0.015c, the recoiling
Pb nuclei were slowed down in the target and backing be-
fore coming to complete rest in the backing. A total of 72
million coincidence events were stored and analyzed. In
the ofF-line analysis, p-p coincidence matrices were cre-
ated for all CSG angle combinations. In order to enhance
the relative intensity of the 4n channel in the matrices,
the condition of array fold &9 was required during the
sorting process. The total number of coincident events
satisfying this condition amounted to 30 million.

The coincidence spectra used in the line shape analy-
sis were produced &om the angle-sorted matrices by gat-
ing on the low-lying transitions in each band which are
emitted after the residual nuclei have stopped in the Pb
backing. Gated spectra were obtained for each set of de-
tectors located at forward, backward, and 90 angles to
the beam direction. The experimental Doppler broad-
ened line shapes were compared to those calculated with
the computer code LILIFI [20]. The electronic and nu-
clear components of the stopping power were calculated
with the code TRIMs5 [21]. The slowing down histories
of 10 recoiling Pb ions in both the target and backing
were traced in a Monte Carlo simulation. The eB'ects of
lateral and longitudinal straggling were included, as were
corrections for the finite solid angle of the Ge detectors
and the positional dependence of their efBciencies.

The line shape calculations include (i) the decay within
the bands (using measured p-ray energies and intensi-
ties); (ii) a set of precursor transitions (with the same
moment of inertia) preceeding the highest known transi-
tion in each band; and (iii) side feeding into each state,
approximated by a single rotational cascade of five tran-
sitions. The side-feeder bands were assumed to have a
moment of inertia similar to that in the main cascade

[22]. The intensites of the side-feeding cascades were
constrained by the measured intensities of the in-band
transitions feeding or deexciting the levels of interest.
The spectra measured at forward, transverse, and back-
ward angles were Gt simultaneously. I ine shape 6ts were
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FIG. 1. Coincidence spectra gated by transitions in (a)
band 1, (b) band 2, (c) band 3, and (d) band 4. The in-
verted triangles denote transitions belonging to the low spin
part of the Pb level scheme; the upright triangles indicate
contaminant transitions which occur when one of the gating
transitions is an unresolved doublet with a p ray from another
nucleus (in most cases Pb). The experimentally measured
DCO ratios are presented in the insets; the solid circles corre-
spond to transitions within the bands and the open circles de-
note transitions with known multipolarity in the level scheme
f 196Pb
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FIG. 3. Line shape fits to selected transitions in Pb. The data are represented by thin lines. (a)—(c) show fits to the 392,
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performed on individual transitions and global fits to all
transitions in each band were carried out as well. The
global fits allow for correlations between the variable fit
parameters of each state.

As illustrated in Fig. 3, the measured line shapes are
well reproduced in the fitting process. The mean life-
times extracted &om the fits are listed in Table V. The
quoted errors include statistical uncertainties as well as
uncertainties due to the treatment of side-feeding life-
times and intensities. Not included in the errors is the
uncertainty in the slowing down process associated with
the stopping power calculation. While this uncertainty
may be as large as 20%, it does not alter the results when
comparing the relative dipole strength between the two
bands.

After correction for internal conversion, the B(M1)
values were derived Rom the measured lifetimes under
the assumption of pure Ml character. The B(M1) values
extracted from the present data (see Table V) are cozn-
parable to those obtained in similar studies in ' Pb
[16,9,17], i.e. , B(M1) ~ 1.5 W.u. Since E2 branches were
not observed for those states with measurable lifetimes,
it is not possible to extract B(E2) values for the bands
in Pb. However, due to the absence of E2 branches,
one may conclude that the magnitude of E2 collectivity
in these bands is comparable to or smaller than that in

Pb. For example, our experimental sensitivity is
such that a 10% E2 branch in the irregular band should
be observable; if one assumes a 10% E2 branching ratio
limit for the 398 + 287 keV transitions and uses the mea-
sured lifetime of 0.25 ps, one obtains an upper limit of
B(E2) ( 32 W.u. This limit is comparable to the B(E2)
values measured [16,9,17] in 9 ' sPb.

TABLE V. Summary of lifetime results for dipole bands
in Pb. The state lifetimes along with the energies of the
deexciting p rays are given. The reduced transition probabil-
ities B(M1) are presented (W.u. stands for Weisskopf unit),
under the assumption that the transitions are of a pure Ml
character.

Band E» (keV)» (ps) B(M1) (yiv) B(M1) (W.u. )

III. DISCUSSION

A. Structure of the KI = 1 bands

A large number of LI = 1 bands are now known in Pb
isotopes and it is generally accepted that these sequences
are built upon weakly deformed high-K quasiproton con-
figurations coupled to rotation-aligned high-j quasineu-
trons. Configuration-constrained shell model calcula-
tions [23] have shown that the K = 11 isomeric level
observed in ' Pb [24,25] is based on the 2r(h@y2 S
i is~2) two-quasiproton configuration, consistent with the
measured g factors [25]. The calculations indicate that
the deformation corresponding to this configuration is
P2 —0.15. Thus it is expected that rotational bands
built on this con6guration should exist. Other low-
lying high-K quasiproton con6gurations at small oblate
deformations (P2 —0.1) in the Pb isotopes are the
2r(hsi2)~ s and 2r(h9~2 si~2)~ —s structures (see, for
exaxnple, Fig. 13 of Ref. [10]) and rotational bands based
on these con6gurations are possible as well.

For small oblate d.eformation, the neutron shell struc-
ture near N = 114 is determined by the i~3~2, p3y2, and
fsi2 single-particle orbitals; in cranking notation (with
pairing) the iis~2 neutron orbitals are labeled A, B, C,
and. D, whereas the lowest-lying negative parity Routhi-
ans associated with the fsi2 and ps~2 orbitals are denoted
by E and E, respectively. The positive parity neutron or-
bitals consist of the low-0 members of the iq3/2 spherical
state, which carry large amounts of aligned angular mo-
mentum; a feature observed in the LI = 1 bands. The
structure of the Ml bands have been interpreted within
the framework of one- and. three-dimensional cranking
calculations, both as paired and unpaired bands. The
properties of the bands in Pb will be compared to
those of Ml bands in other Pb isotopes and discussed
in terms of the cranked shell model calculations of Refs.
[6,10].

Regular bands
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The moments of inertia for the regular dipole bands
(bands 1, 2, and 4) in issPb are plotted in Fig. 4. The
dynamic moments of inertia (J'i2i = dI/der = 1/b, E»)
were extracted from the p-ray energies, whereas the kine-
matic moments of inertia (g( i = I/~ = I/E») were ex-
tracted &om the p-ray energies and known spins for band
2, and were calculated for bands 1 and 4 under the as-
sumption of bandhead spins of 17' and 18h, respectively.
The experimental uncertainties on these spin estimates
are of the order of 2—4h.

As pointed out above, the fact that the gi ) values are
considerably smaller than those for J'&i) is indicative of
large amounts of aligned angular momentum. A further
indication of large alignment is given in Fig. 5, where
the component of the angular momentum along the ro-
tational axis (I ) is plotted under the assumption of K
= 11 . In particular, the extrapolation to fun = 0 gives
an initial alignment of 10—11h for band 2. Since the
bandhead spins have not been experimentally established
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FIG. 4. Moments of inertia vs rotational frequency for the
regular bands in Pb. The dynamic moment of inertia
(Q = 1/AE~) is denoted by the solid lines; the dashed lines
represent the kinematic moment of inertia (Q~ l = IjE~)
The kinematic moments were derived under the assumption
of bandhead spins of 17 and 18 5 for bands 1 and 4, respec-
tively (see text for details).
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FIG. 5. Component of the angular momentum along the
rotation axis as a function of rotational frequency for the reg-
ular bands in ' Pb (see text for details).

for bands 1 and 4, it is difFicult to draw conclusions as to
the degree of their initial alignment. However, the sim-
ilarities of their J'( ) behaviors when compared to band
2 (see Fig. 4) suggest similar properties.

It is instructive to compare band 2 in Pb to bands
in neighboring Pb isotopes. Figure 6 shows that the be-
havior of g(2) vs Ru for band 2 is very similar to that
of band 3 in Pb [10] and band 3 in Pb [13] (fol-
lowing the notation of the original references, especially
at low &equencies. All three bands have J' ) values of

20 h2 jMeV over the &equency range 0.15 & Ru & 0.30
MeV and exhibit a gradual rise in the range 0.30 & Ru &
0.40 MeV. A dramatic rise in J'(2) occurs at hcu 0.38
MeV in band 2 of Pb, whereas a comparable large rise
in g( ) for band 3 in Pb occurs at sigzuficantly higher
rotational &equency, ~ 0.45 MeV.

As was noted in Ref. [6], most of the flux &om the
decay out of band 2 of Pb proceeds through the ll
state at 3.195 MeV [i.e., the vr(hgy2 I3 izsy2) structure].
From the cranked shell znodel (CSM) calculations of Ref.
[6], band 2 was interpreted as the same (h9~2 S izs~2)

FIG. 6. Comparison of / curves for band 2 in Pb,
band 3 in Pb (in the notation of Ref. [13]),and band 3 of

Pb (in the notation of Ref. [10]).

proton configuration coupled to v(iz3/2) The upbend
jn j(2) at ~ 0.38 MeV could then be attributed [6]
to the alignment of a second pair of iz~g2 quasineutrons
(i.e., the so-called CD crossing). The absence of a sharp
rise in the otherwise very siznilar J'( ) curve for band 3 of

Pb may indicate that either this alignment is blocked
by the occupation of an iq3y2 quasineutron in the C or-
bital, or is delayed beyond the experimentally measured
frequencies (see Fig. 6). In the case of band 3 in i Pb,
it is thought that pairing is very weak and that the band
can be treated as an unpaired structure [10]. In contrast,
the interpretation of the upbend in terms of a CD cross-
ing implies that these bands initially have some degree
of pairing prior to the alignment and that the alignment
in Pb is delayed to higher frequency.

As an alternative, one may interpret band 2 in Pb
as an unpaired structure, as suggested in [10]. The yrast
Ml band in ~ Pb is predicted to have a v6 5 config-
uration [10) (i.e., four neutron holes in the N = 6 orbitals
and two in the N = 5 orbitals relative to neutron number
120). The observed upbend would then result &om the
crossing of an unoccupied JV = 5, n = 1/2 orbital with
one originating &om the hsy2 subshell (see, for example,
Fig. 11 of Ref. [10]). This interpretation then puts band
2 of Pb on the same footing as band 3 in Pb. It is
worth noting that the crossing occurs at lower frequency
in '"Pb.

The single-particle interpretation is also consistent
with the observations in both Pb and Pb, of Ml
bands with nearly constant Q( ) values over the measured
&equency range. This structure has been interpreted [10]
as v(izsy2) in Pb, whereas a neutron configuration
of (izs~2) was assigned [12] to the constant Q( ) band
in Pb, and for both configurations the N = 5 and h9~2
orbitals are occupied, which blocks the crossing observed
in band 2 in Pb and results in the constant moment of
inertia. Both of the interpretations outlined above result
in a band with negative parity, consistent with observa-
tion.

It is diKcult to make configuration assignments to
bands 1 and 4 since neither their spins nor excitation
energies have been measured. En addition, neither band



COLLECTIVITY OF DIPOLE BANDS IN ' Pb 121

exhibits any features associated with band crossings. In
the paired scenario, the bands could be based on AB| E
and ABCE neutron excitations, similar to Pb. How-
ever, the spins would need to be higher than suggested
by the decay patterns in order to have sufhcient initial
alignment. In the unpaired picture, the predicted neu-
tron configurations would involve single-particle excita-
tions from the occupied hoy2 orbital to the N = 5 orbitals
mentioned above. The lowest excitation is, in fact, the
band which crosses band 2 at her 0.35 MeV. The proton
configurations associated with these bands could either
be (he/2 iis/2) or (hz/2) (i.e. , high K), as suggested in
Ref. [6].

2. It't'egular banda

Dipole bands with irregular energy spacings have been
observed in several Pb isotopes. Figure 7 compares the
behavior of angular momentum as a function of rotational
frequency for the irregular band in Pb with those re-
ported in is~ iesPb [13,10] using the spin values proposed
in the original references. The plots exhibit similar char-
acteristics for all the bands. The irregular energy spac-
ings have been interpreted as an indication that these
bands may be based on configurations with smaller col-
lectivity than those associated with the regular bands.

The total Routhian surface (TRS) calculations of Ref.
[10] indicate that the vr(hs/2 C3 si/2) structures are almost
spherical with P2 0.07. The authors propose that the
irregular band in Pb (as well as the irregular band
in Pb) may be based on this weakly deformed pro-

~ 198 pb
197 pb

~ 196 pb

ton configuration. The B(E2) values extracted &om the
lifetime measurements in the irregular band of is~Pb [17]
are consistent with very small deformation (i.e. , values of
P2 0.03 were obtained). It is also possible that config-
urations for which the potential energy surfaces are soft
in the p degree of &eedom may be responsible for the
lack of a well-defined rotational pattern in the transition
energies of these bands. It was proposed [6] that in the
case of Pb, one such configuration may involve the
vr(d3/2 hg/2) orbitals, based on the results of TRS cal-
culations which indicate that this is the lowest negative
parity two-quasiproton configuration at spins of 18h;
a feature which could account for the observed feeding
intensity. While transitions linking the irregular band to
lower-lying states in Pb have not been identified, the
observation that this band is populated with greater in-
tensity than the regular bands suggests that this sequence
is based. on a configuration that is lower in excitation
energy (a similar conclusion was noted for the irregular
band in Pb [13]). Furthermore, the vr(d3/2 h9/2)
configuration corresponds to a small oblate deformation
(P2 0.1) and is also soft in the p direction.

It was shown in Ref. [3] that for the case of Pb, the
irregular Ml sequences could be subdivided into a pair
of LI = 2 bands. This approach has the advantage that
effects due to signature splitting will not distort quanti-
ties of interest such as the aligned angular momentum.
The two AI = 2 sequences are then interpreted as signa-
ture partner rotational bands built on the same intrinsic
configuration. We have performed this analysis on the
irregular bands in ' Pb and the resulting aligned an-
gular momentum curves are plotted in Fig. 8. The ref-
erence parameters used in this analysis (Jo ——8 h/MeV
and Ji ——40 h /MeV2) are typical values used for oblate
bands in this mass region. When the data are repre-
sented in this manner, the bands appear much less irreg-
ular than when they are treated as LI = 1 sequences
(see Fig. 7). In particular, the behavior of the alignment
curves presented in Fig. 8 is consistent with the interpre-
tation that these bands are rotational structures under-
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FIG. 7. Angular momentum as a function of rotational fre-
quency for irregular bands in Pb, "Pb [13], and Pb
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FIG. 8. Aligned angular momentum for each signature of
the irregular bands in Pb and Pb [13]. The reference
parameters used to extract the alignments are Je = 8 h/MeV
and Jz ——40 5 /MeV . The curves are labeled by parity and
signature, see teat for details.
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going quasiparticle alignment. The apparent irregularity
of the LI = 1 sequences then results not only from the
alignments, but also &om signature dependent effects.

From Fig. 8, one notes the following features: (i) a
band crossing in the irregular band in Pb occurs at~ = 0.25 MeV, with a rather large gain in alignment
which difFers between the two signatures; (ii) the irregu-
lar band in Pb undergoes a band crossing at ~ = 0.28
MeV with Li 10 5 and a second upbend occurs at a fre-
quency of 0.35 MeV. The only quasiparticle pairs which
are predicted to align at &equencies lower than 0.30 MeV
are the iqsy2 neutrons. Assuming that the initial config-
uration for the irregular band in Pb contains only one
iis~2 quasineutron (A), then the backbend at hen = 0.28
MeV would correspond to the neutron BC crossing (in
the standard cranking notation). This situation would be
analogous to that of the Pb band discussed in Refs.
[12,26] using the tilted cranking model; both the crossing
frequency and the alignment gain are consistent with the

Pb case. Since the feeding pattern to low-lying states
observed in Pb is indicative of large initial alignment,
this suggests an AEE neutron con6guration at low spin
and a neutron AEEBC configuration above the crossing.
The presence of the EE neutrons gives the required ini-
tial alignment and also allows the BC crossing to occur.
The origin of the upbend at higher &equency is not clear.

A similar situation is proposed for the irregular band
in Pb. One should note that above the backbend,
the aligned angular momentum remains rather constant
at i 205 for seven transitions (see Fig. 8), indicating
a rather regular behavior. Using the same arguments as
for Pb, this con6guration is unlikely to have more than
one iq3yq neutron coupled to it, resulting in two possible
scenarios: (i) the coupling of AE or AI" neutrons to the
protons at low spin with the alignment due to the BC
crossing; (ii) an initial EI" neutron configuration being
crossed by AB (iis~2) neutrons. Without knowing the
initial alignment associated with this band, it is diFicult
to distinguish between the two possibilities.

As the above analysis shows, the irregular bands ex-
hibit signature splitting, unlike the regular bands. Thus,
the proposed m(hsy2 C3 siy2)~ s configuration may well
be appropriate. Therefore, the irregularities observed in
these bands are not necessarily directly related to the col-
lectivity of the bands but rather associated with the con-
figuration of the band. In recent three-dimensional (3D)
cranking calculations [12], the regularity of the Ml se-
quences results in a continual reorientation of the crank-
ing axis which is determined by the competition between
the deformation aligned protons (K = 11) and the ro-
tationally aligned neutrons (the so-called "shear" effect).
It was shown in Ref. [12] that for structures built on the
suggested proton configuration of the irregular bands, the
aligned neutrons force the cranking axis to be perpendic-
ular to the symmetry axis, where signature splitting of
the bands would be expected. Indeed, one-quasiproton
bands built on the iq3y2 and hgy~ con6gurations observed
in the Tl isotopes exhibit some signature splitting (Ref.
[3]). The fact that the B(M1) values for the regular and
irregular bands of Pb are similar also implies a similar
degree of collectivity, as will be discussed below.

B. M1 transition rates
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FIG. 9. Experimental B(Ml) values for band 3 (top), and
band 2 (bottom). The data points presented for band 3 cor-
respond to the assumption of spin 16h, at the bottom of the
band.

In the semiclassical model of Donau and Frauendorf
[27], the enhanced B(M1) values in the dipole bands are
due to structures involving deformation aligned high-K
protons and rotation aligned high-j neutrons. In this
strong-coupling scheme, the proton and neutron contri-
butions to the magnetic moment reinforce each other,
resulting in a large component of the magnetic moment
perpendicular to the angular momentum. Various au-
thors have made use of this geometrical picture to inter-
pret the experimental B(M1)/B(E2) ratios and B(M1)
values within the dipole bands. While calculations within
the Eramework of this model have qualitatively repro-
duced the measured values (providing support for the
high-K proton interpretation), detailed configuration as-
signinents based on B(M1) measurements have not been
forthcoming.

One possible explanation for the diFiculties encoun-
tered in the application of the Donau and Frauendorf
model to dipole bands in the Pb isotopes may be that
the strong-coupling formalism used in this model is not
valid at the small deformations encountered in these
bands. The M1 properties of the oblate bands in Pb
isotopes were recently studied using the tilted axis crank-
ing (TAC) approach [27]. This model predicts that the
B(M1) values decrease with increasing spin since the
tilting of the quasiparticle angular momentum toward
the spin axis results in a reduction of the perpendicu-
lar component of the magnetic moment. However, when
the results of TAC calculations for Pb were compared
to the experimentally measured B(Ml) values, the pre-
dicted decrease was not observed [27]. Clearly, in order
to understand the underlying proton and neutron config-
urations in the dipole bands, both accurate lifetime mea-
surements and refined theoretical calculations are neces-
sary.

The experimentally determined B(M1) values for
bands 2 and 3 in Pb are presented in Fig. 9. The
magnitude of the B(M1) values in each band are similar,
with average values of 1.5 W.u. These values are com-
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parable to those obtained in other lifetime measurements
in ~s7'~ssPb [16,9,17]. The spin dependence of the B(M1)
values evident in Fig. 9 is also consistent with previous
measurements. One somewhat surprising result is that
the B(M1) values in the irregular band are comparable
to those in the regular band.

X. Regular band

As discussed above, the B(M1) values in the regular
band (band 2) of sPb exhibit some spin dependence.
Since this band appears to be of rotational character, a
comparison of the dependence of the B(M1) and J'(2)
values with rotational frequency is useful. Figures 10(a)
and (b) shows that, despite large experimental errors, the
B(M1) values exhibit some correlation with g(2). A sim-
ilar correlation is present in band 3 of Pb, as shown in
Figs. 10(c) and (d). In each case, the maximum B(M1)
values are reached near peaks in the Q(2) curve. One
might expect that as additional pairs of quasineutrons
align, an increase in B(M1) would result from the en-
hancement of the magnetic moment.

It should be pointed out that there is also a rather
large increase in the B(Ml) values in band 1 of ~ssPb
at Ru 0.45 MeV, however, the J'(2) curve remains
flat. Also, neither the B(M1) nor the J(2) values in
the regular band of Pb exhibit signi6cant &equency
dependence. These results point to the need for detailed
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FIG. 10. Experimental B(M1) (a) and dynamic moment
of inertia Q~ i (b) values as a function of rotational frequency
for band 2 in Pb. Experimental B(M1) (c) and g (d)
values for band 3 in Pb (in the notation of Ref. [10]).The
experimental B(M1) values in Pb were derived from the
measured lifetimes of Ref. [9] and the measured branching
ratios of Ref. [17].

calculations of quasiparticle alignments and interaction
strengths in the crossing regions as well as high quality
lifetime measurements for comparison.

2. Irregular band

The measured B(M1) values in the irregular band are
comparable to those in the regular band of Pb and to
those in other regular dipole bands in the region. This re-
sult is in contrast to the case of s7Pb, where the B(M1)
values within the irregular band were, on average, about
a factor of 2 smaller than those in the regular bands.
Due to the absence of E2 branches for comparison, it
was not possible to establish the degree of quadrupole
collectivity within the irregular structure of Pb. How-
&ver, &om the lack of measurable E2 branches, one may
infer that the degree of quadrupole deformation associ-
ated with this band is comparable to that of the regular
bands.

Within the &amework of the geometrical model, the
presence of such large B(Ml) values in an apparently
nonrotational structure would be somewhat unexpected.
However, these results are consistent with the picture of a
rotational structure undergoing quasiparticle alignment,
as described above. It is worth pointing out that the
RDM measurements in the irregular band of ~s~Pb [17]
cover the &equency region below the suggested BC cross-
ing, in contrast to the current measurement where the
lifetimes above the suggested BC crossing are accessible
to DSAM measurements. Hughes et aL [16] report that
the higher-lying transitions in the Pb band. exhibit no
Doppler broadening in a DSAM measurement. However
the presence of very low-energy transitions at the top of
the band (in the region of the second backbend) could
result in effective lifetimes longer than the stopping time
of the residues in the backing. By comparison, in the case
of Pb the transition energies above the 6rst backbend
exhibit a regular increase with spin, resulting in lifetimes
accessible to measurement by the DSAM. Thus, it is pos-
sible that in Pb, an M1 enhancement may also exist at
&equencies beyond the alignment of the i~3g2 neutrons.

Estimates of B(M1) values based on the Donau and
Frauendorf model were presented in Ref. [17] for vari-
ous proton'con6gurations likely to play a role in the
dipole bands. Depending on the number of i&3y2 neu-
trons involved, the B(M1) estimates for the m(hs~2a~~2)
configuration range &om 0.5 to 2 Weisskopf units.
While these simple estimates are consistent with the mea-
sured values, estimates based on other proton con6gu-
rations yield similar results. However, independent of
the adopted proton configuration, this model does give a
qualitative interpretation of the increase in the B(M1)
values above the backbend. Following the alignment of
iq3y2 quasineutrons, the magnetic moment of the system
will be substantially enhanced due to the neutron contri-
bution (see for example, Table V of Ref. [17]). Therefore,
the interpretation of the irregular bands in terms of rota-
tional structures based on con6gurations with some de-
gree of signature splitting, which undergo quasineutron
alignments seems plausible and consistent with experi-
mental observations.
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IV. SUMMARY

The level structure of Pb has been measured and
the lifetimes of states in two of the DI = 1 bands (bands
2 and 3 in Fig. 2) have been determined in a DSAM
measurement. A fourth dipole band (band 4) has been
observed with regular transition energies. A comparison
of the properties of this band with those of the other
regular bands suggests a similar structure.

The B(M1) values for states in both the irregular band
and the strongest of the regular bands (band 2) have been
extracted &om the lifetime measurements. Both bands
exhibit similar Ml strength, B(M1) „s 1.5 W.u. It
was shown that there may be a correlation between the
B(M1) and j( ) values as a function of her for the regular
band. Similar characteristics were demonstrated for one
of the dipole bands in ~ssPb [9,10]. The B(M1) values
within the irregular band in Pb, on the other hand. ,
were found to be much larger than those measured for
a similar band in ~s7Pb [17]. It is proposed that the
contribution to the magnetic moment &om the additional
aligned quasineutrons above the strong backbend at ~
= 0.25 MeV is responsible for the large B(M1) values in
the irregular band of Pb.

The TRS and cranking calculations of Refs. [6,10]
suggest configurations based on (hsg2 i~sy2) or h

&

quasiprotons and i~3y2 quasineutrons for the regular
bands. The large B(Ml) values are then attributed
to the high-K quasiproton configurations coupled to
rotation-aligned quasineutrons. The irregular bands are
likely based on the (hsI2 sqI2) quasiproton configura-
tion. It is suggested that the apparent "irregularity" in
these bands is in fact due to signature and alignment ef-
fects in rotational structures, and the regular bands are
special cases of "shear" bands. Perhaps 3D cranking will
give a more appropriate description of the dipole bands of
this mass region. At present, the question of verification
of configuration assignments based on B(Ml) measure-
ments remains open.
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