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Identification of a dipole band above the I” = 31/2 isomeric state in '*Pb
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A dipole band of six transitions built upon a firmly established /™ = 31/2~ isomeric state has been identified
in '8°Pb using recoil-isomer tagging. This is the lightest odd-mass Pb nucleus in which a dipole band is known.
The dipole nature of the new transitions has been confirmed through angular-intensity arguments. The evolution
of the excitation energy and the aligned-angular momentum of the states in the new dipole band are compared
with those of dipole bands in heavier, odd-mass lead isotopes. This comparison suggests that the new band in

189pp is based upon a H[SD%hg/zi]} nli- @v[i ]731/2+]13 o+ configuration. However, the increased aligned-angular

momentum in '%Pb may suggest evidence for a reduced repulsive proton/neutron-hole interaction compared to

dipole bands in the heavier mass isotopes.
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I. INTRODUCTION

The neutron-deficient, odd-mass, Pb isotopes are known
to exhibit a wide variety of nuclear shapes and structures
[1]. These range from single-particle configurations associated
with the coupling of a single-unpaired neutron to the even-
mass nuclear core at low excitation energies [2—6], through
triple-shape coexisting states at intermediate excitation ener-
gies [7,8], to highly collective superdeformed structures at
the highest excitation energies [9]. The particular behavior
depends on the competition between collective effects from
the many neutrons in the middle of the N = 82—126 shell and
noncollective effects associated with the protons at the fully
paired Z = 82 shell closure [10].

A common feature of this region is the existence of dipole
bands with strong M1 and weak E2 transitions in weakly
deformed nuclei [2-6,8,11-13]. These dipole bands originate
from the coupling of protons in the /9, orbital to neutron holes
in the 13/, orbital [10,12,13]. At the band head, the projections
of the neutron and proton states are near perpendicular to each
other due to the repulsive particle-hole interaction. The total
angular momentum, 7, therefore points somewhere between
the proton and neutron angular momenta. Higher angular
momentum states in the band are formed by the stepwise
alignment of the neutron and proton angular momenta with
I. This mechanism is known as the shears mode, due to the
alignment of the proton and neutron orbits resembling the
closing of a pair of shears [12,13]. For the odd-mass, Pb nuclei,
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with A = 191-199, the most intense shears-mode dipole
bands are based upon a H[Sr/zzhg/zl.m/z]]l— ®v[if31/2]13/2+
configuration [2-6]. The next lightest isotope in this chain,
139Pb, might also be expected to form a dipole band built
upon these orbits.

An isomeric state with a mean lifetime of © = 3271%us
was discovered in '®°Pb by Baxter er al. [14], but was
not definitively linked to the lower-spin states. However,
subsequent work by Dracoulis ef al. firmly assigned the
spin and parity of the isomer to be [™ =31/2~ using
detailed y-ray and internal conversion electron spectroscopic
measurements [10]. Dracoulis et al. also first proposed that the
I™ = 31/2 state was likely to be a shears-mode band head.
As reported in Ref. [10], this band-head spin was predicted
to be higher than those of the most intense shears-mode
bands in the heavier Pb nuclei [2-6]. This increase in spin
was thought to be due to the decreased residual interaction
between the two proton ﬂsl_/zzhg/zim/z excitation and the
i13/2 neutron-hole excitation. The residual interaction between
these excitations is repulsive and so favors a perpendicular
coupling of the angular momentum projections. As the i3/,
neutron shell is depleted in the lighter Pb nuclei, the neutron
quasiparticle excitation becomes less hole-like resulting in a
weaker repulsive interaction and a corresponding increase in
the alignment of the two configurations. This is reflected by
an increase in band-head spin towards the midshell.

In the present paper, the first evidence is presented for
six newly identified transitions, which form a dipole band
built upon the I™ =31/2~ isomeric state in '®Pb. This
measurement extends the established “island” of dipole bands
into the lighter-mass Pb isotopes. It may represent one of
the lightest Pb isotopes in which dipole bands built on
configurations including the i3/, neutron orbital are observed.
This is due to the falling neutron Fermi level, which results in
a higher relative excitation energy, and by corollary, a reduced
occupation of the i3, orbital. The excitation energy and
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aligned-angular momentum of the new '¥'Pb states established
in this work are compared with those of existing dipole bands
in the neighboring heavier-mass isotopes; '*'Pbto '°’Pb. This
comparison also suggests that the new band in '®°Pb is based
upon a n[sl_/%hg/zin/z]lr ® v[il_31/2]13/2+ configuration.

II. EXPERIMENTAL DETAILS

The fusion-evaporation reaction 106pq( 3Ky ,3n) was used
to populate excited states in '*’Pb. A beam of **Kr was
accelerated to an energy of 355 MeV using the K130 cyclotron
at the Accelerator Laboratory of the University of Jyvaskyla.
The beam, with an average current of 10 pnA, was directed
onto a 500 ug/cm? '%Pd target for a total of ~150 hrs.
The JUROGAM-II array surrounded the target position to
detect prompt y-ray decays. JUROGAM-II consisted of 39
Compton-suppressed high-purity germanium detectors with a
photo-peak efficiency of ~6% at 1.3 MeV. The JUROGAM-II
detectors were arranged into four separate rings with different
angles to the beam axis: Ring 1 (157.6°, 5 phase 1 detectors),
Ring 2 (133.6°, 10 phase 1 detectors), Ring 3 (104.5°, 12 clover
detectors) and Ring 4 (75.5°, 12 clover detectors) [15]. The
average rates for the phase 1 and clover detectors during the
experiment were ~18 kHz and ~36 kHz respectively. From
the target position, the recoiling nuclei were transported, with
a velocity of v/c = 4.0%, through the gas-filled recoil ion
transportation unit (RITU) [16], in order to separate scattered
beam from the recoiling reaction products. Upon leaving
RITU, the recoils pass through a multiwire proportional
counter (MWPC) before implanting in one of two double-sided
silicon strip detectors (DSSDs). The average DSSD rate
throughout the experiment was ~6.4 kHz. The MWPC and
DSSDs form the GREAT focal-plane spectrometer along with
three clover germanium detectors and a planar germanium
detector [17]. The GREAT germanium detectors allowed
the detection of isomeric y-ray decays, as well as those
emitted after the fS-decay of implanted nuclei. The planar
detector was placed directly behind the DSSDs to detect low
energy y rays, while the three clover detectors were placed
perpendicular to the sides and top of the DSSDs to detect
higher-energy y rays. All detector events were time stamped
by the total data readout (TDR) system [18], which allowed
the correlation of different detector events. Events were
sorted online using the GRAIN software package [19] and
analyzed using the RADWARE suite of programs [20]. In this
work, all events analyzed were recoil tagged by imposing gates
on the energy loss of recoils in the MWPC and the time of
flight between the MWPC and DSSDs in order to separate
recoils from any scattered or primary beam in the DSSDs. In
addition, recoil-isomer tagging was used to correlate prompt
JUROGAM-II y rays (y,) with the delayed y rays (yy)
in the GREAT clover and planar detectors for recoil-gated
events [21].

III. RESULTS

In order to determine the relative yields of the various
reaction channels populated in the experiment, a recoil-tagged
prompt y,-y, matrix was initially constructed. For prompt
y rays to be included in this matrix they had to be detected
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FIG. 1. Delayed total projections from the prompt-delayed
(Yp-va) matrices for (a) the GREAT clover detectors and (b) the
GREAT planar detector. The timing conditions imposed on the matrix
are discussed in the text.

within 150 ns of each other. In this matrix, the yrast transitions
from '*Pb were observed to constitute ~28% of the observed
y-ray intensity. The other main channels observed were '**Pb
(4n, ~28%), "*°T1 (1p2n ~ 26%), and "*Hg 2na ~ 9%).
In order to correlate prompt (JUROGAM-II) and delayed
(GREAT clovers and planar) events across isomeric states,
recoil-isomer tagged matrices were created. Delayed y rays
were only included in these matrices if they were detected
between 0—60 us after a recoil implantation in the DSSDs.
This time gate corresponds to approximately three half-lives
of the known 7 =31/27, 1 = 3250,us isomeric state in

18pp [10]. A background of random correlation events, and
B-delayed y-ray decays from previously implanted recoils,
were subtracted from these matrices if they were detected
up to 43 us before the recoil implant in the DSSD. These
limits were found to give the best peak-to-background ratio
in the recoil-isomer tagged spectra and were subsequently
imposed on all recoil-isomer tagged matrices in this work.
Figure 1 shows delayed total projection spectra from two y -y,
matrices: Fig. 1(a), a JUROGAM-II versus GREAT clover
detectors matrix and Fig. 1(b), a JUROGAM-II versus GREAT
planar detector matrix. Although the main delayed transitions
in these projections are from **Pb [10], delayed contaminant
transitions from a known t = 1.2 us isomer in 138pp [11] and
known 7 = 11 us and T = 36 us isomers in 190py, [8] were
also found to strongly correlate with the 0—60 ps recoil-isomer
time gate used in the matrices.

In order to avoid any potential contamination when gating
on the transitions below the I™ = 31/2~ isomeric state in
189pb, a recoil-isomer tagged y;-y;, GREAT planar versus
clovers matrix was created with the same time gates as
discussed previously. For delayed y rays to be included in
this matrix they had to be detected within 150 ns of each
other. The matrix was used to identify nine uncontaminated
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FIG. 2. Newly established prompt transitions above the I =
31/2~ isomeric state in '°Pb from a sum of delayed gates in an
isomer-tagged y,-y; matrix, see text for details.

transitions below the known /™ = 31/2~ isomeric state in
'%9Pb [10]. These were found to be the 142-, 267-, and 272-keV
transitions from gates set in the planar detector and the 530-,
609-, 811-, 819-, 911-, and 1142-keV transitions from gates
set in the clover detectors. These uncontaminated delayed
transitions were then used as gates in the recoil-isomer tagged
prompt-delayed (y,,-y) matrices to produce a sum spectrum of
prompt '¥Pb transitions. Figure 2 shows this spectrum of eight
correlated prompt y-ray decays with energies of 180-, 206-,
335-, 389-, 413-, 419-, 435-, and 755-keV. These transitions
are not known in the literature [10,14,22,23] and are proposed
to lie above the I™ = 31/2~ isomeric state in 189pp [10].

In order to check whether any of these new prompt transi-
tions were coincident with each other, a recoil-isomer tagged
prompt y,-y, matrix was created using the JUROGAM-II
detectors with the timing and coincidence conditions discussed
previously. Figure 3 shows spectra gated by the new 3(a)
206-, 3(b) 389-, 3(c) 419-, and 3(d) 435-keV transitions in the
recoil-isomer tagged prompt y,,-y,, matrix. From these gates,
it was concluded that the 206-, 389-, 419-, 435-, and 413-keV
y rays are all in prompt coincidence with each other above
the 1™ = 31/2~ isomeric state in 139Ppb [10]. The ordering of
the new prompt transitions was established using the y-ray
intensities, corrected for efficiency and internal conversion
[24], from the recoil-isomer tagged spectrum shown in Fig. 2.
The relative y-ray intensities from the spectrum are listed in
Table I(a).

In addition to this main sequence of y-ray transitions
above the I™ =31/27 isomeric state, Fig. 2 reveals the
presence of three other transitions with energies of 180-,
335-, and 755-keV. These transitions do not show any firm
¥p-¥, coincidences with the main sequence of y rays shown
in Fig. 3. However, when prompt gates are set on the 180-,
335-, and 755-keV energy transitions in the prompt-delayed
(Yp-va4) matrices, the correlated delayed spectra only show
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FIG. 3. Recoil-isomer tagged prompt y,-y, coincidence spectra
gated by (a) 206-, (b) 389-, (c) 419-, and (d) 435-keV transitions above
the 1™ = 31/2" isomeric state in '%Pb [10]. The timing conditions
are as described in the text.

known delayed decays from the /™ = 31/2~ isomeric state
in '"*°Pb [10], see Fig. 4. This reveals that these transitions
are from excited states above the I = 31/27 isomeric state.
The lack of any prompt y,,-y,, coincidences with transitions in
the main band, have led to the 755- and 180-keV transitions
being tentatively placed directly above the isomeric state.

TABLE 1. (a) Relative efficiency-corrected y-ray intensities and
angular intensity ratios of the newly observed, prompt y rays above
the I = 31/2~ state in "**Pb and (b) the angular intensity ratios of
known stretched M1 and E?2 transitions in '®TI.

Prompt y-ray I, L = 1ia Ring 1 Intensity
energy (keV) versus
Ring 4 Intensity
(a) "Pb
179.8(3) 166(4)  (33/2%) — 31/2~ 0.49(6)
206.4(1)  999(16)  33/27 — 31/2° 0.56(5)
335.1(6) 183(9) (43/27) — (41/27) 0.38(13)
388.8(2)  1000(17) 35/27) — 33/2- 0.49(6)
413.2(3) 167(7) (41/27) — (39/27) 0.69(24)
418.7(3)  396(10) 37/207) — 35/20) 0.44(10)
435.0(3) 247(8)  (39/27) — 37/20 0.62(17)
754.5(10)  198(9) (33/27) — 31/2~ 0.36(20)
(b) "*TI
314.4(1) 13/27 — 11/27 0.51(6)
139.1(2) 25/27 — 23/2° 0.56(6)
M1 weighted
average = 0.54(4)
700.2(1) 13/27 — 9/2~ 1.04(5)
502.5(2) 23/27 — 19/2~ 1.08(3)
E?2 weighted

average = 1.07(3)
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FIG. 4. Recoil-isomer tagged delayed y,-y, coincidence spectra
gated by (a) 206-, 389-, 419-, 413-, and 435-keV (b) 180-, (c) 335-,
and (d) 755-keV transitions above the /™ = 31/2~ isomeric state in
189Pb [10]. The timing conditions imposed on the matrix are described
in the text.

From the statistics available in the recoil-isomer tagged y,-y,,
matrix it is inconclusive whether the 335-keV transition is in
coincidence with the other newly identified transitions due to
its low intensity. However, systematic arguments, presented in
Sec. IV, have led to its placement above the 413-keV transition
in the newly identified sequence. The new partial level scheme,
for the prompt '®Pb transitions above the /7 = 31/2~ isomer,
is shown in Fig. 5.

Angular-intensity ratios were used to determine whether the
newly established prompt '**Pb y rays were predominantly of
dipole or quadrupole nature. Rings 1 and 4 of JUROGAM-II
were used for the analysis as they provided the maximum
angular separation required (157.6°-75.5°). From a recoil-
tagged matrix, dipole and quadrupole control ratios were
first calculated for large intensity transitions with known
multipolarities in the neighboring nucleus '®TI [25], see
Table I(b). For the '3°Pb transitions, the intensities were taken
from recoil-isomer tagged Ring 1 versus focal-plane clover
and Ring 4 versus focal-plane clover matrices. The timing
conditions applied to these matrices were the same as discussed
earlier in the text.

The angular-intensity ratios assign the majority of the
new prompt '*°Pb transitions above the I™ = 31/2~ isomer
as dipoles. The 180-, 206-, 335-, 389-, 419-, and 755-keV
transitions are unambiguously defined. The measured ratios for
these transitions do not overlap within 3¢ with the quadrupole
ratio from the strong neighboring transitions. However, the
413- and 435-keV transitions are not unambiguously defined.

Conversion coefficient analysis was attempted to further
characterise the newly assigned dipole transitions as either
M1 or E1 transitions. The extraction of internal conversion
coefficients from total intensity flow analysis was only possible
for the 206-keV transition that directly feeds the I™ = 31/2~
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FIG. 5. Partial level scheme showing the prompt '%Pb transitions
above the [” =31/2~ isomeric state from this work and the
previously known delayed transitions from Ref. [10]. Excitation
energies are quoted relative to the long-lived /™ = 13/2" isomer.

isomeric state. The 206-keV internal conversion coefficient
was calculated from the ratio of y- and x-ray intensities from
the recoil-isomer tagged y, — y, matrix with a gate set on
the 389-keV transition, see Fig. 3(b) and Table II. In the
calculation, the theoretical x-ray intensity from the internal
conversion of the additional 419-, 435-, and 413-keV y-rays
in Fig. 3(b) was first subtracted from the total x-ray intensity
using the values in Table II. In the calculation it was assumed
that all of these transitions were of stretched M1 character
and the associated internal conversion coefficients were taken
from the Brlcc database [24]. The ratio of the remaining K
x-ray intensity and the 206-keV y-ray intensity was then used
to calculate an internal conversion coefficient of oy = 1.11(4)

TABLEIIL. The efficiency-corrected Pb K x-ray and prompt y -ray
intensities from the 389-keV gated spectrum shown in Fig. 3(b) and
associated Brlcc theoretical internal conversion coefficients, oy, for
the cases of the transitions having stretched E'1 or M 1 multipolarities
[24].

Ey 1y or E, (keV) I, Brlcc
o (M1) o (E1)

K, 75.0 4356(81)

Kpgi 84.9 1277(50)

206.4(1) 4120(100) 0.9840(140) 0.0590(9)
413.2(3) 1367(56) 0.1471(21) 0.0119(2)
418.7(3) 4564(83) 0.1415(20) 0.0115(2)
435.0(3) 1804(72) 0.1280(18) 0.0106(2)
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for the 206-keV transition. The calculated 206-keV «; value
is consistent within 30 with the Brlcc database [24] value
ar(M1) = 0.984(14), but not with a;(E1) = 0.0590(9). The
conversion coefficient analysis, hence, shows that the new
206-keV transition has an M1 rather than an E'1 multipolarity.
If the calculation is repeated assuming the 419-, 435-, and
413-keV y rays are stretched E'1 transitions, then the resulting
conversion coefficient for the 206 keV transition is 1.35(4).
The fact that this does not overlap with either of the Brlcc
values adds weight to the suggestion that the higher lying
transitions are of M 1 nature.

IV. DISCUSSION

In this work, the observation of transitions built upon the
I™ =31/2~ isomeric state in '%°Pb aids its assignment as
a shears-mode band-head state. Through angular distribution
ratios, the majority of the newly observed '®°Pb transitions
were designated as dipoles, see Table 1. Additionally, the
206-keV transition was confirmed as a magnetic dipole from its
calculated internal conversion coefficient. Although this does
not rule out the possibility that the rest of the newly observed
transitions have an E'1 multipolarity, such a sequence would be
quite unusual. Since dipole bands based on sequences of M1
transitions are common in the neutron-deficient Pb isotopes,
it is suggested that these five coincident dipole transitions at
energies 206-, 389-, 419-, 435-, and 413-keV also form an
M1 dipole band above the I = 31/2~ isomeric state. The
prompt transitions, with energies of 180- and 755-keV, are
tentatively placed as directly feeding the /™ = 31/2~ isomeric
state. In this scenario, the greater intensity of the 206-keV
transition indicates that the /™ = 33/2~ state it depopulates
must be the yrast /7 = 33/27 state and that the lower-lying
state depopulated by the 180-keV transition has a different
spin or parity. As the 180-keV transition is a firmly assigned
dipole, see Table I, it is tentatively designated as an E1
transition. The 755-keV transition is assigned as a dipole from
its angular distribution ratios but is not firmly assigned as
either an E1 or M1 transition. Despite the lack of firm prompt
y-ray coincidences, the 335-keV transition is placed above
the 413-keV transition in the dipole band. This placement is
consistent with the existing systematics of rotational frequency
and aligned-angular momenta (see below) seen in the most
intense dipole band states in heavier odd-mass Pb nuclei.

Figure 6(a) shows the aligned-angular momentum, i,, as
a function of rotational frequency for the most intense dipole
bands in the odd-mass '*'Pb- '”’Pb isotopes [2,4-6,26]. The
figure also shows the data for the new dipole band in '*’Pb
(filled circles) including the 335-keV (43/27) to (41/27)
transition tentatively placed on the top of the dipole band.
Each band has been plotted assuming K = 11 and has a
reference band with Harris parameters 3y = 10.0h%/MeV and
X1 = 30.0%*/MeV? subtracted in accordance with Ref. [2].

The negative parity dipole bands in the nuclei *'Pb-*’Pb
are known to be built upon the n[sl_/zzhg/zin/z]]r ®

v[i 1_31/2]13 2+ configuration at low rotational frequencies and

the ﬂ[Sl_/22h9/2i13/2]1 - @i 1_33/2]33/2+ configuration at higher
rotational frequencies above the first band crossing [2,4-6,26].
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This first band crossing involves the alignment of two i3/,
neutrons and takes place around rotational frequencies of
hw ~ 0.30-0.36 MeV, with an aligned-angular momentum
gain of 8-9h [2-6]. From Fig. 6(a), it can be seen that the
new dipole band built upon the /™ = 31/2~ isomeric state in
139pp (filled circles) follows the general alignment trend of
known dipole bands in these odd-mass Pb isotopes [2—6]. The
crossing frequency of hw ~ 0.36 MeV for the '¥Pb dipole
band is within the range of frequencies seen in dipole bands
of the heavier Pb isotopes. Although the full extent of the
aligned-angular momentum gain due to the band crossing is
not established in '3°Pb, the gain of Ai, > 6/ agrees with
that seen in the heavier isotopes within the extent of the
present data. Based on these comparisons, the new dipole
band in '®Pb is expected to be built upon a similar structure
involving the n[sf/éhg/zim/z]n— ® v[if31/2]13/2+ configuration
at low rotational frequencies.

Despite these general similarities in the aligned-angular
momentum behavior, the '*°Pb dipole band states do show
some subtle differences to those of the heavier, odd-mass
isotopes as plotted in Fig. 6(a). The main difference is that
the initial aligned-angular momentum of the dipole band in
189Pb is ~2A larger than that of the neighboring isotopes. The
excitation energies of equivalent states in dipole bands from
191pp - 199Pp are plotted versus mass number in Fig. 6(b). From
this figure, it can be seen that states in the new dipole band in
189Pb lie at a lower excitation energy than might be expected
based on a systematic extrapolation from the higher-mass
isotopes. Although the new results for "*’Pb appear to be
the first nucleus to differ in trend from the heavier mass Pb
isotopes, we note that the values for the band-head state of the
dipole band in '°'Pb were published as tentative [2]. This is
because, although internal conversion coefficients have been
deduced for transitions below the band head in 'Pb [27],
it was difficult to rule out the fact that the decay path may
pass through unobserved, low-energy transitions [2]. In view
of this, the aligned-angular momenta and excitation energy
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systematics relative to the 13/2% neutron-hole excitation
shown in Fig. 6 have been replotted in Fig. 7 with the band-head
spin of '°!Pb raised by 17 [3].

In Fig. 7, with the °'Pb data plotted with an increased
band-head spin of +1A, the aligned-angular momenta appear
to follow a similar trend to that of the new dipole band in
189Pb as a function of rotational frequency. A similar improved
match is also seen in the excitation energy systematics versus
mass number in Fig. 7(b). The increased aligned-angular
momentum at low rotational frequencies in '*’Pb, and perhaps
in °'Pb, relative to the higher-mass isotopes may suggest
that the lighter-mass dipole band-head states are subject
to a smaller repulsive proton/neutron-hole interaction. This
reduced repulsive interaction allows the angular momentum
of the neutrons to contribute more to the total aligned-angular
momentum at low rotational frequencies. At higher rotational
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frequencies, this becomes less noticeable as the proton and
neutron-hole orbits align, see Fig. 6(a). A full theoretical study
of the effects of the proton/neutron-hole interaction, including
the new data for '**Pb, would be very useful to interpret these
systematic differences.

V. CONCLUSION

A new dipole band has been observed built upon the ™ =
31/2~ isomeric state in 189pp based ona [sf/22h9/2i13/2] -

v[i ,}1/2]13 2+ configuration. The M1 multipolarities of the
transitions in the band have been deduced from a combination
of measured internal conversion coefficients and angular
intensity ratios. The configuration that has been invoked for the
most intense, negative parity, dipole bands in heavier odd-mass
Pb nuclei is also invoked for the '3°Pb band due to systematic
arguments. The aligned-angular momentum properties of the
new '®Pb band may suggest that subtle differences are
occurring in the proton/neutron-hole interaction relative to
dipole bands in the heavier mass Pb nuclei.
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