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Excited states in the nucled$'Pb have been investigated by in-beasmay spectroscopic techniques using
the Gammasphere array. The reactidfyb(?>*Mg,6n) at a beam energy of 134.5 MeV was used to populate
states of'*%Pb. The level scheme df'Pb has been extended up to 5.1 MeV excitation energy and spin 45/2.
The lower part(below ~2.3 MeV) presents the general features common in all odd-mass Pb isotopes, i.e.,
spherical states built on the 13/2somer, with bandlike structures that follow weak-coupling expectations. In
the upper part of the level scheme two dipole bands are observed with bandhead enerdleésl@fand 2.291
MeV. A comparison of dipole band 1 with the strongest negative-parity dipole bands in the heavier odd-mass
Pb isotopes reveals striking similarities. The spherical states are interpreted as the couplinggfrieatron
hole to the yrast states in the even-ma¥®b core. The dipole bands are interpretedvils cascades which
arise from the coupling of two protons in higherbitals above th& =82 gap to neutron holes in thgs,
orbital. [S0556-28188)02504-1

PACS numbd(s): 23.20.Lv, 23.20.En, 27.80w

I. INTRODUCTION Il. EXPERIMENT

. . . The 3vb(?*Mg,6n) reaction was used to populate ex-
The excitations of thé\~114 lead isotopes show a wide jiaq states( of gglpl)) with a beam energi;EF()z“Mg)

variety of structures. At low angular momentum, the struc-— 134 5 Mev from the 88-Inch Cyclotron Facility at
ture is dominated by a single neutron coupled to the weakly awrence Berkeley National Laboratory. The 1 mgdar-
collective, spherical eveA-cores. At higher spins, cascades get consisted of isotopically enrichéd®b evaporated onto
of dipole transitions with single-particl1 strengths, but a 7 mg/cnd gold backing. The angle between the target and
weak E2 strengths, have been observed in more than 2¢he beam was 27°. The predominant exit channel®f#®b;
isotopes in this mass regiqd—29]. Proton particles in the these data were also used to study the decay of the yrast
hg;» andi 5/, Orbitals coupled td 3, neutron holes at small superdeformed band it?Pb[34]. The %Pb and'®*Hg exit
oblate deformations have been invoked for their interpretachannels were the second most predomind?®b, **Hg,
tion. The tilted axis crankingTAC) model [30] describes and ***TI were also identified in this data set.
successfully the coupling between these orbitals with the ro- Gamma rays were detected using the Gammasphere de-
tation of the core to reproduce the increasing of spin within dector array which consisted of 92 large-volumetype hy-
band and the strength of thé1 transitions. The regular Perpure Ge detectors, each surrounded by a BGO Compton-
energy spacings of these dipole bands are expected to bgYPPression shield and Ta-(_Zu absorbers in frc_)nt_ of the Ge
come less regular as the quadrupole collectivity increase&'yStals. A total of approximately 2810° coincidence
Finally, at high angular momenta superdeformed bands bee_vents,'of three- and higherfold, was coIIected_ and stored on
magnetic tapes for subsequent off-line analysis.

come yras{31]. p ¢ tandardS?Eu. 1627 4 56C

In this paper the first extensive level schemé8Pb built amma rays irom standard—tu, a, and =0

. : . sources were recorded in singles mode for efficiency and

upon the 13/2 isomer is reported. While there are only pre- nergy calibrations. In addition to determining the total effi-
liminary reports available ont%19Pb[32], the heavier odd- o1 o & ' g

. . . ciency of the array, the efficiency ratio between the set of
mass Pb isotopes have been extensively stdied0. The detectors at 90.0° and the set comprising the 1#¥@Wward

spectrosgopy of “Pb has peen publisheg °“'.y in the work and 162.7%backward detectorgforward-backward s¢thas
reported in33], where four intense transitions i'Pb were oo gequced. This ratRyq is shown in Fig. 1. Ratio values
observed and the first three positive-parity states and on

. ; b he 13/B deduced &t Re~1.0 are only observed foE,>600 keV. This is
hegative-parity state above the 13/lsomer were deduced. mainly attributed to the higher setting of the low-energy
In the present work 63 transitions were identified and

. , ' “thresholds for the detectors in the forward-backward set and,
placed connecting 47 levels ifP*Pb. Four of these transi-

; | di 4 thei , in particular, those at forward angles, compared to the
t!ons Were also repo_rte '[8_3]' and their assignment Con- ,eqhoids for the detectors at 90.0°. To accomodate the ef-
firmed. Spin and parity assignments for many of these ne

| / iciency correction necessary in angle-dependent analyses, an
levels were possible. A strongly populated dipole band, o y y g P 4

X mpirical function was fit to the ratio
assumed 1 character, has been observed. The properties of
this level scheme, and in particular of the dipole bands, are Reg=ex{ (A+Be;) ¢+ (D+Fe,+Gel) €]~ 0,
compared with those observed in the heavier Pb isotopes. (h)
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' quadrupole transition, although/&J=0 dipole transition is
possible, while a DCO value=0.5 suggests a stretched di-
¥ pole transition, although &J=0 quadrupole is possible.
When gating on a stretched dipole transition, a DCO value
—Ir ~1.0 indicates a stretched dipole and 2.0 indicates a
stretched quadrupole transition, althou§gi=0 transitions

of quadrupole and dipole character, respectively, are pos-
15 . sible. Since it is unlikely thatM2 transitions will be ob-

I served as prompy rays, we assumed that stretched quadru-
pole transitions ar&2 in character. Because we have used a
:i heavy-ion-induced reaction, which preferentially populates

yrast or near-yrast states, we also assumeAlat 0 transi-
t

tions are unlikely, unless a level also has dominadt-0

Refl'

transitions that depopulate it.
g
H Ill. EXPERIMENTAL RESULTS
A. Isotopic assignment

ol A - 1 The level scheme of*’Pb deduced from the present work
is shown in Fig. 2. The four intense transitions, at 818.5,
482.5, 562.1, and 339.0 keV, were previously seen in coin-
0 500 1000 500 cidence with mass 191 with th¥*1°Er+164 MeV S re-
E, (keV) action[33]. In the previous work the possibke=191 reac-
tion channels weré®Po (5n), %Bi (p4n and p6n), and
FIG. 1. RatioR.4 between the efficiency of the set of 90.0° 191pp (an and a3n); the only one of these which can be
detectors and the efficiency of the set comprising the 17#@&® populated in theé*Mg+1"3b reaction is***Pb. This further
ward a”f'S 162.178°(backwa£g detectors deduced from spectra of g\;nnorts the assignment of these four transitions and, hence,
standard'®*Eu, **Ta, and**Co sources. See text for further dis- ¢ o entire level scheme, t5%Pb. There are three addi-
cussion. . . .
tional arguments which support tHé'Pb assignment.

(i) Extrapolating the systematics of the 17/&tates in the
where e; =log(E/100) ande,=log(E/1000), for they-ray  odd-mass Pb isotopes, displayed in Fig. 3, we expect an en-
energy, E in keV. The parameters extracted were:ergy value in'®Pb for the 17/2 —13/2" transition between
A=0.39731), B=0.64741), D=0.036440), 770 and 830 keV. In the total projection of the cube in Fig. 4,
F=-0.02531), and G=0.110q1), and C=30 was held the 818.5-keV transition is the only strong transition in this
fixed. The strongly angle-dependent efficiency correction agnergy range which is in coincidence with Pb x rays.

a function ofy-ray energy noted here is probably unique to  (ji) The intensity of the 818.5-keV transition 4627% of
the present experiment, because the locations in the array gfe intensity of the 853.8-keV transition, which is the stron-
specific detectors are regularly changed, and often detectoggest transition in'92Pb, as seen in Fig. 4. Then5channel
are removed to be reannealed. However, this observati0(192pb) is dominant in the?Mg+73Yb reaction at 134.5
suggests that care is required when angle-dependent analy3@gy, for which the 1°%Pb isotope is the 16 channel. This
are performed. intensity ratio is in accordance with the expected cross-
The recorded data were unpacked into threefold coinCisection ratio of the 6 and & reaction channels.
dences and stored in a symmetrized, three-dimensional (jji) The levels assigned tPb follow the systematics in
4096<4096< 4096 channel cube, which was used to inves-Fig. 3 of the corresponding levels in the heavier Pb isotopes.
tigate coincidence relationships between the transitions. Thepis argument was also used|[i83].
events from the 90.0° and the forward-backward sets of de-
tectors were unpacked into twofold events and stored in a
two-dimensional 40984096 channel matrix. This matrix o ) )
was constructed to establish the directional correlations, !N the present work 63 transitions connecting 47 levels in
DCO ratios, of they rays, (17°+163°;90°)4(90°;17° Pb were identified to establish the level scheme in Fig. 2.
+163°), wherel (6;;6,) is the intensity of a transition re- All exuta’uon_ energies of the levels are given relative to the
corded by a detector at angle when gated on a detector at 138-keV excitation energy of the 13/22.18-m isomef35].
angle 6,. The notation 17% 163° represents the forward- The y—ray_data are summarized in Tab_Ie . The placements of
backward set of detectors, which are actually at 17.3° andhe transitions are based on the coincidence relations be-
162.7°. The DCO values calculated from this matrix weretween these transitions, their relative intensities, and excita-
corrected for the efficiency difference observed between th#0n energy sums. Examples of spectra obtained by setting
90.0° and the forward-backward detector set using the fitteouble gatesg, ,E, ) on the y-y-y coincidence cube are
function of Eq.(1). When the gate corresponds to a stretchedlisplayed in Fig. 5. Tentative spin and parity assignments
quadrupoley ray, a DCO value near 1.0 suggests a stretchesvere made based on DCO ratios and/or the systematics of

B. Level scheme
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FIG. 2. Level scheme of°'Pb obtained in the present work. The width of the arrows is representative of the intensity of the transitions,
while the white part of the arrows is the correction due to expected internal conversion-rllyeenergies and excitation energies of
specified levels are in keV. See text for further discussion.

the heavier odd-mass Pb isotogds-10. In addition, the keV line gated on the 893.4-keV stretched dipole transition
data suggested three additional low-energy transitions, whicls consistent with a stretched dipole, which we assume to be
will be discussed below. E1l in character, based on systematics. This 21&vel at
The most strongly populated levels at low excitation in1640 keV has a 25/2 level above it, with the assignment
191pp decay by parallel cascades of stretched transitions buitupported by the DCO ratio for the 576.8-keV line. The
on the 13/2 isomer. If we assume that the 818.5-keV tran-21/2 and 25/2 levels follow the systematics of these states
sition is E2 in character, then the DCO ratios support thein the odd-mass Pb istotopes, as displayed in Fig. 3. Unlike
482.5-, 562.1-, and 631.6-keV lines as a stretcB@dcas- the 21/2 levels in the heavier isotopes, this state'iPb
cade up to the 2972 state at 2494 keV. Above this 29/2 does not appear to be isomeric, because of the relatively
level, the regularity of the transition energies ends with darge energy E,=339.0 keV) available for the 2172
change to a more fragmented structure. —21/2" transition, compared, for example, to the 184.3-keV
The DCO ratios for the cascade that populates the 893energy for this transition if*Pb[2].
keV level support the conclusion that the 893.4-keV line isa The sequence of eight transitions, 234.0, 383.6, 409.3,
stretched transition of multipolarity different from the lines 426.1, 346.7, 314.1, 238.6, and 277.2 keV, is similar to se-
that feed the 893-keV level. If we assume that the 893.4-ke\guences which have been assignedMd bands in the
line is a stretched 1 transition, then the 476.1- and 580.6- heavier Pb isotopgd—10]. Henceforth, we will refer to this
keV lines are stretched quadrupole transitions up to th&equence as dipole band 1. A spectrum associated with gates
23/2" state at 1950 keV. Although its intensity is too weak on transitions in the band is displayed in Figa)s Because
to extract a DCO ratio, we have also assumed that the 659.8f low statistics, a DCO ratio consistent with stretched dipole
keV transition is of stretcheB2 character, depopulating the character could only be determined for the lowest transition
(27/2") level at 2609 keV. Above this (2713 state, the at 234.0 keV. We have assumdtil character for this line,
level pattern suggests the onset of irregular behavior, similaand based on systematics, have tentatively assighedo
to that observed for the yrast quasiband. the other transitions in this cascade. In the middle of the
The 339.0-keV transition was also observed33] and  band, above the 426.1-keV transition, a backbending is ob-
placed to depopulate a 21/3tate based on systematics. Theserved. Two weak, crossover transitions, at 792.9 and 835.5
present work confirms the placement of this transition. TokeV, have been placed. These transitions are presunizbly
support the 21/2 assignment, the DCO ratio for the 270- in character, although no DCO ratio determination was pos-
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FIG. 4. Part of the total projection spectrum of tiey-y coin-
. . . L ! cidences cube. The energies of the transitions are given in keV.
185 190 195 200 205 210 Transitions from fission products are labeled as “Fis” while tran-
Pb isotopes

sitions from the gold backing are labeled as “Au.” The inset shows
FIG. 3. Systematics of the excitation energies of the 17/2, 21/2the Pb x rays from the gate on the 818.5-keV transition.

25/2, and 29/2 positive-parity states and the 21/2 and 25/2 negative-
parity states in the odd-mass Pb isotopeslid symbol$ together  Because the transitions above the 2106-keV level and below
with the 2, 4, 6, and 8 positive-parity states and the 5 and %he 2082-keV level are in coincidence, a 24.3-keV transition
negative-parity states in the even-mass Pb isotépesn symbols  connecting these levels should be present. However, because
Excitation energies of the states are taken f{@8] and the present of intense conversion, low-energy discriminator levels, and
work. attenuation by the Ta-Cu absorbers, such a transition is im-
possible to observe in our experiment. The spin and parity of
sible. The ordering of the transitions is based on intensitjhese levels have been established, 25 the 2106-keV
and coincidence arguments associated with the crossovégvel and 21/2 for the 2082-keV level, based on DCO ratios
transitions. of transitions feeding states in the dominant stretcked
The intensity of dipole band 1 if®Pb is~10% of the cascades. A similar case of two close-lying levé8skeV
intensity of the channel, determined from the intensity of theapar} has been observed in the deexcitation of the strongest
234.0-keV transition corrected for conversion. This strongnegative-parity dipole band i®**Pb[5].
population in the reaction channel is similar to what is ob- The second deexcitation path of dipole band 1 bypasses
served for the dominant dipole bands in the heavier Pb iscthe (2082-2106)-keV pair of levels and carries the remain-
topes[1-10]. ing ~40% of the intensity to the negative-parity states at
It is difficult to assign excitation energy and spin-parity lower excitation. This fraction was determined by the ratio of
values for this proposed dipole band 1, without invoking theintensities(corrected for internal conversipof the 148.8-
systematical behavior of the strongééf bands observed in and 200.1-keV transitions.
the heavier Pb isotopes. The deexcitation of the proposed The two paths by which the proposed dipole band 1 de-
M1 band 1 in*®¥Pb is fragmented along two paths, which excites to the low-lying states do not converge on the same
involve low-energy transitions. initial level. Also, the systematics of the excitation energies
The first path itself is fragmented and carrie$0% of  of the strong dipole bands in the heavier isotopes suggest
the band intensity towards the lower-lying positive-parity that additional low-energy transitions are probably involved
levels. This path involves the 148.8- and 184.6-keV transiin the decay oM1 band 1 in'®*Pb. First, we would like to
tions, both of stretched dipole character,/03=0 quadru- propose that the spin parity of the head of Md band in
poles, based on their DCO ratios. We have ordered thes&'Pb, the level fed by the 234.0-keV transition, is 29/2is
transitions based on coincidence relations with the cascade the case for the strongebtl bands in the heavier iso-
built on the 337.2-keV line. With the proposed ordering, in-topes. We also propose that both deexcitation paths involve
tensity arguments require the 184.6-keV line to hawé low-energy €,<100keV) transitions. Such transitions
multipolarity. would not be observed in our spectra because they are highly
The fragmentation of the first deexcitation path for dipoleconverted, attenuated by the Ta-Cu absorbers, and obscured
band 1 proceeds by feeding two close-lying excited states dty the Pb x rays. For the first path, we tentatively suggest the
2082 and 2106 keV, which are separated by only 24.3 keVexistence of aA-keV transition between th#11 bandhead
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TABLE |. Energies, intensities, DCO ratios, excitations, and assignment for all transitidf%tm Values in parentheses are not firmly
established. DCO values marked with an asterisk were obtained by gating ba & dipole transition.

Energy' Intensity DCO Excitatior Assignment
(keV) (%o) Ei (keV) E¢ (keV) | > |7

131.6 <5 2081.9 1950.2 a+ > B+
148.8 14010) 0.545) 2439.6 2290.8 (2,27 > g+
156.0 <5 2106.2 1950.2 S+ > B+
184.6 10%10) 0.484) 2290.8 2106.2 o+ > L+
200.1 10010) 1.0505) 2416.9 2216.8 2- > -
208.7 10010) 1640.0 1431.4 a- > -
2185 808) 2081.9 1863.1 A+ > L+
224.7 82) 1431.4 1206.7 i- > (L8+ L4y
234.0 568) 0.47(8) 2746.1 2512.1 - — 2-
238.6 62) 4864.5 4625.9 (%) > (4-)
243.0 7%7) 1.0710) 2106.2 1863.1 S+ > L+
270.5 11510 0.7915) 1640.0 1369.6 a- > 8+
277.2 <5 5141.7 4864.5 (%) > (4-)
314.0 255) 1431.4 1117.3 i- > (L8+ i1+
314.1 12) 4625.9 4311.8 (4 > (2
337.2 335) 2628.0 2290.8 > 2+
339.0 23520) 1.01(7) 1640.0 1301.0 - > L+
346.7 82) 4311.8 3965.1 () > (2
3755 175) 3003.5 2628.0

383.6 448) 3129.7 2746.1 () > -
394.8 265) 2081.9 1687.3 a+ >

409.3 276) 3539.0 3129.7 (&) > (2
409.9 82) 3413.4 3003.5

425.8 <5 3560.0 3134.2 > )
426.1 193) 3965.1 3539.0 &) > (2
439.4 82) 3218.6 2779.2

476.1 17010) 1.7510) 1369.6 893.4 L+ > 5+
482.5 74030) 0.985) 1301.0 818.5 A+ > i+
498.2 1@3) 2138.2 1640.0 > -
538.0 265) 1.0530) 1431.4 893.4 i- > 5+
551.2 10010) 1369.6 818.5 L+ > i+
562.1 33030) 1.026) 1863.1 1301.0 2+ > 4+
562.4 174) 2779.2 2216.8 > L=
576.8 20020) 1.056) 2216.8 1640.0 2- > a-
580.6 11%10) 2.34) 1950.2 1369.6 L+ > L+
583.8 82) 3802.4 3218.6

598.4 12) 3817.0 3218.6

604.3 <5 4406.7 3802.4

612.9 5010) 1.01(9) 1431.4 818.5 i- > i+
613.2 <5 2751.4 2138.2

613.6 <5 4430.6 3817.0

631.5 <5 3817.0 3185.6

631.6 10%10) 0.9910) 2494.7 1863.1 2+ > L+
639.5 3@5) 3134.2 2494.7 (£ > 2+
649.1 245) 1950.2 1301.0 8+ — 4+
653.4 113) 3262.9 2609.5 > (2
659.3 215) 2609.5 1950.2 (2 — g+
664.8 265) 2527.9 1863.1 > L+
712.2 627) 2081.9 1369.6 a+ > 19+
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TABLE I. (Continued).

Energy' Intensity? DCO Excitatiofy Assignment

(keV) (%o) Ei (keV) Ef (keV) I > |7
716.4 92) 3325.9 2609.5 > (24
768.7 12) 3185.6 2416.9 — -
780.9 12010) 1.058) 2081.9 1301.0 A+ - 2+
792.9 62) 3539.0 2746.1 () > -
801.7 123) 3218.6 2416.9 > 20—
805.2 55%5) 2106.2 1301.0 S+ — L+
818.5 =1000 1.0%7) 818.5 0.0 o > i3+
835.5 52) 3965.1 3129.7 (&) > ()
868.8 448) 1687.3 818.5 — i+
878.5 82) 3373.2 2494.7 — L+
893.4 24020) 0.427) 893.4 0.0 e > 8+
898.9 <5 4033.1 3134.2 > (24

1117.3 183) 1117.3 0.0 (l+ i+ — B+

1206.7 62) 1206.7 0.0 (L8+ Lty — i3+

&The uncertainties on the-ray energies vary from 0.2 to 0.4 keV for the strong transitions and from 0.8 to 1.0 keV for the weakest ones.
bIntensities relative to the intensity of the 818.5-keV transition derived from coincidence gates.

“The uncertainty on the excitation varies from 0.2 to 0.8 keV. The uncertainty in the excitations for the levels of the dipole band 1 is 5 keV
(see text

and 2440-keV level. A possible value fdr based on sys- levels determined by the 1117.3- and 1206.7-keV transitions
tematics is discussed in Sec. IV B. are worth highlighting. Given the DCO ratios for the 538.0-
For the second deexcitation path, we propose a direcind 612.9-keV transitions to the 15/2and 17/2 states,
(A+23.6)-keV transition and/or a two-step path, via therespectively, and the placement of the 208.7-keV line de-
2440-keV level, which connects the dipole bandhead and thgopulating the 21/2 level, the only allowed ™ for the 1431-
29/2" level at 2417 keV. Again, it is unlikely we could ob- eV |evel is 17/Z. Given that the 1117.3- and 1206.7-keV
serve such I_o_w—energy transitions with the present experiines feed the 13/2 isomer and are fed by the 17/tate,
mental conditions. _ _ we propose (15/2,17/2") assignments for the 1117- and
The dipole bandhead is probably an isomer because of thf?OG-keV levels. A noM 1 character for the 224-keV line

low-energy fransitions which depopqlate th_is state. This iﬁs preferred, to preserve the intensity balance associated with
also the case for the strongest negative-parity dipole band 'he 1206-keV level. Similar states have been established in
the neighboring*®¥®b isotopd2,3,29, where the lifetime of '

197, 19
the 29/2" isomer is 13.610) ns[29]. Pb and***Pb[7-10).
Above the 27/2, 2291-keV level a sequence of three
weak transitions has been obsery887.2, 375.5, and 409.9 IV. DISCUSSION
keV). This sequence could be a second dipole bantdiRb, A. Spherical states

but the statistics are not sufficient to establish a DCO ratio .
for these transitions. However, in most of the heavier Pb  1he pattern of the lower part of the'Pb level scheme is
isotopes more than one dipole band has been observed, a f&#ilar to the corresponding parts of the level schemes in the
that leads us to expect the presence of more than one dipofi€avier Pb isotopes and suggests a single-particle, weakly
band in 1°%Pb. Moreover, this sequence #%Pb is almost  collective, nuclear motion. In Fig. 6 we summarize the yrast
identical to dipole band 3 of*®Pb[2]: Both sequences are States in1°1921%bh and compare them to excitations in
built on the 27/2 state at about the same excitation energylgl’lgq:‘b-
and the transitions have similar energies. As expected from The first excited positive-parity levels i?*Pb at 818 and
systematics, the excitation energies 1'Pb are slightly 893 keV arise from the coupling of a hole in the neutrog,
lower than in1%Ph. The crossover transitions which would orbital to the first positive-parity, 2 state of the evert®Pb
be associated with this second dipole band'3#Pb are not core at 854 ke\[1]. The[i3,® 2] configuration gives rise
observed, because they would have very low intensity. Thes® a multiplet of states, of which we expect the 17/2@nd
similarities strongly suggest that this sequence of three trant5/2" members to be lowest in energy. This weak-coupling
sitions above the 27/2state at 2291 keV determines the first picture reproduces the trends in energies of the L tate at
levels of a dipole band 2, of positive parity, #'Pb. 818 keV compared to the 893- and 774-keV energies of the
The remainder of the level scheme in Fig. 2 forms the2" states in the neighboring®®Pb and°%Pb cores, respec-
spherical level scheme of irregularly spaced levels of positively. As summarized in Fig. 6, this weak-coupling picture
tive or negative parity, similar to spherical level schemesextends to the 21/219/2* multiplet, from coupling to the
observed in the heavier odd-mass Pb isotddesl. The 4" state at 1356 keV int°%Pb; the 25/2,23/2" multiplet
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FIG. 6. Systematics of the yrast positive- and negative-parity
states in1%21921%h compared to candidates for weakly coupled
states in'®>1%Pb. Data taken fromi35] and the present work.

E_’(ke\/)

FIG. 5. Selected spectra obtained from double gates on/the
¥-v coincidence cube from th&Mg+173Yb reaction at 134.5 MeV:

(a) background-subtracted spectrum from t#82.5, 818.5keV The similarities with the strongest bands reported in the
gate, (b) sum of background-subtracted spectra from (#84.0, heavier odd-mass Pb isotopes3,5,7,8 are striking. As in
818.5-keV and(383.6, 818.5keV gates. the heavier oddd Pb isotopes displayed in Fig. 8, the pro-

posedM 1 band 1 in'®Pb is a strongly populated cascade of

i 199 transitions with energies similar to those in the heavier iso-
from coupling to the 6 state at 1921 keV it*Pb; and the topes and following the trend of a backbend at frequency
29/2", (27/2") multiplet from coupling to the 8 state at % .~0.3 MeV.

2520 keV in '*Pb. The nonyrast (15/217/2") states at In order to highlight this similarity in the sequence of
1117 and 1206 keV could be the weakly coupled states asransitions, the spins of the levels above the 29%vel of
sociated with the 2 state at 1237.9 keV it®Pb. In addi- theseM1 bands are shown in Fig.(® as a function of
tion to these positive-parity states, the 21/and 25/2  rotational frequency. It can be seen that, except in the case of
negative-parity states at 1640 and 2216 keV, respectively:>Pb, all of the curves are almost identical. The band in
are proposed as arising from the coupling to theend 7~ question in 193Pb has been reported as dipole band la by
states at 1860 and 2303 keV #%Ph, respectively. That the Baldsiefenetal. in [2] and as dipole band 1 by Ducroux
state with maximum angular momentum, which arises from &t al- in [3]. This exception in the case df*Pb led us to
weak coupling of the neutron, orbital to the 5 state of %Jestlon the spin assignment of the dipole band levels in
the core, is not yrast if®%Pb, reflects the importance of the *Pb, because we have no reason to expect such an excep-

: ; . wot ; - tion. Furthermore, if one shifts the spin assignment in these
neutroni 3, Unique-parity orbital in the negative-parity 5 B ' A .
configuration in the core. levels by —1#, the curve shown in Fig.(8) for the dipole

band of 1%pPb is obtained. It is clear from Fig(l8 that this
B. Dipole band shift results in a sequence of level spins'fiPb very similar
: to all the neighboring odd-mass Pb isotopes. A second argu-

The dipole band 1 built on the 234.0-keV transition in ment supporting this shifting is illustrated in Fig. 9, where
Fig. 2 dominates the upper part of the level schemé&®$b  the evolution in the odd-mass Pb isotopes of the excitation
with intensity>10%. This band is regular up to spin 37/2  energies of the 29/2 and 31/2" levels of the dipole bands,
then undergoes a backbending, and becomes regular agaiative to the excitation energy of the 13/dsomer, is
above the 41/2 level. In Fig. 7 the alignment of dipole band shown. With the existing assignment, a discontinuity in this
1 of %Pp is shown as a function of the rotational frequency.evolution appears it®¥b (dashed lines in Fig.)9while by
From this figure it can be seen that the backbending starts ahifting the spin assignment by 1%, this discontinuity dis-
aboutZ w~0.34 MeV and suggests a crossing frequency ofappears and a gradual downward trend in the excitation en-
aboutf w,~0.28 MeV. ergies of these states is establisfigdlid lines in Fig. 9. It
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FIG. 7. Alignment in units ofi of the quadrupole and dipole FIG. 9. Systematics of the excitation energies of the 2%8d
bands of*%Pb as a function of rotational frequend, in MeV. 31/2" levels of the strongest negative-parity dipole bands in odd-
An alignment of (1&+30w?)% for the core has been subtracted mass °1~°Pb isotopes([3,4,6,8,9, present work (solid lines
based on the Harris parameters t8Hg [36]. K= 11 has been used relative to the excitation energy of the 13/&omer. The published
for dipole band 1 andk =8 for dipole band 2. results[2,3] for *°%b are indicated by dashed lines. By shifting the

spins of the levels of the strongest negative-parity dipole band in

should be noted that plotting the excitation energies with'* PP by —1% the solid-line systematics is obtained.
respect to the excitation energy of the ground state leads to
almost the same picture without affecting the discontinuity inber of the strong dipole bands #>%7:2%Ph. This extrapo-
193ph. A third argument comes from the extrapolation of thelation results in a 108-keV transition i#*Pb, almost equal
systematics of the transitions depopulating the 29t%em-  to the observed 102-keV line, which has been reported as the
31/2-—29/2" transition[2,3,29. It is on the basis of these

20 e — I — three arguments that we suggest here that the spin assign-
ment in the strongest negative-parity dipole band'&Pb
should be reconsidered. It is more likely that the spin of the
31/2" level at 2686 keV[2,3,29 is 29/2". Likewise, the
spin of all the dipole band levels, as well as all the reported
levels above this level, should be shifted byi7.

Based on the systematics for dipole bands displayed in
Figs. 8 and 9, we propose a value-ef/2 keV for the low-
energy transition\ at the bottom of dipole band 1 it?*Pb,
as well as a 29/2 spin assignment for the bandhead fed by
the 234.0-keV transition. For the corresponding dipole bands
observed in***Pb[5], 1*Pb[7], and **Pb[8] the 29/2 to
27/2 transitions are reported to be 129.7, 152.6, and 173.9
keV, respectively. In the case df¥b the corresponding
transition depopulating the 29/2state is 102 keV, as dis-
cussed above. A 72-keV value for the transition depopulating
the 29/2 state in°%Pb is expected after extrapolating the

FIG. 8. (a) Spin in units of# as a function of rotational fre- Qecrease of the energy of these transitions_ in the_heav_ier Pb
quencyie, in MeV, for the strongest negative-parity dipole bands iSOtopes. Almost the same vali€9.8 keV) is obtained if
observed in odd-mas€-1%Ph isotopes[3,4,6,8,9, presentwork ~ ONe extrapolates the excitation energies of the corresponding
(b) Same as irfa) except that the spins of the levels of the strongestlevels, to determine the transition energy. Hence, a 72
negative-parity dipole band if®Pb [2,3] have been shifted by =5 keV energy for the 29/2—27/2" transition in'¥Pb has
— 1% (see text been adopted, which determines the uncertainty-8fkeV

25
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20

00 0z os Tz 0 06
Frequency (MeV)



1632 N. FOTIADES et al. 57

in the excitation energies of the levels of dipole band 1 re- TABLE Il. Configurations proposed for the interpretation of the

ported in Table I. dipole bands observed it**Pb.

Apart from the similarities established above, there is & -
difference between dipole band 1 #¥*Pb and the corre- Protons Neutrons TAC notation
sponding dipole bands in the heavier odd-mass Pb isotopes. Dipole band 1
In 1°¥Pb dipole band 1 deexcites to negative-parity spherical [552hgsi 137511 [i7,]13/2" A1l
states, as well as to positive-parity states, with comparable = *2 2 ¥ -
intensities in the two branches. In contrast, in the heavier _ _, . _ L
odd-mass Pb isotopes the corresponding dipole bands deex-[Sy2No 132111 [i19133/2" ABCLL
cite only to lower-lying positive-parity states, although .
negative-parity states are available. 212 s Dipole ba;? 2

The “shears” effec8,30] has been suggested to account [s1/2h218 [i132113/ A8

for the gain of spin within the dipole bands in the Pb region. or

According to this picture, at the bandhead the spins of the  [Suzi1sal7” [i1512]13/2° AT
proton particles and neutron holes are perpendicular to each
other, resulting in a total spin pointing somewhere in be- ) o ]

tween these vectors. Within the band, the total spin increasd¥s been invoked. This alignment adds 10 units to the total
as the spin of both the proton particles and the neutron holegNgular momentum on the rotational axis. Hence, the result-
align gradually onto the direction of the total spin, like theing _configuration above the backbend is now
closing of the blades in a pair of shears, hence the nam@l S5/ 13/7111® v[i 13051332 0r ABCL1 in TAC notation. In
shears effect. The tilted axis cranking mof20] (TAC) has  the case of*Pb, displayed in Fig. 7, the- 9% gain in align-
been successfully used to describe quantitatively this effectnent of dipole band 1 above the backbending suggests that
In the Pb isotopes, two proton particles below the82  the additional alignment of the two-neutron holes is also the
shell gap (from the s,, orbital) are excited into orbitals case here.

above the gagthg, and/oriyz,), align with the symmetry AssumingM 1 andE2 multipolarity for the in-band and
axis (highK orbitals, and drive the core to oblate deforma- Crossover transitions, respectively, 8éM1)/B(E2) ratios

tion. On the other hand, the neutron orbitals close to thén '*Pb for the 35/2 and 37/2 levels are 235 and 20
Fermi level are the 5, orbitals, which, at oblate deforma- =5 ,uﬁ/(eb)z, respectively. These values are comparable to
tion, prefer to align with the collective rotation axi@w-K the B(M1)/B(E2) values reported for the dipole bands in
orbitals. Thus, the picture of the total spin pointing some- ***Pb [2,3] and %Pb [5] and tend to be smaller than the
where in between the rotation and symmetry axis emergesvalues reported in the heavier odd-mass Pb isotppesq.

It is expected30] that theM1 bands will become less In [2] it is suggested that this fact may be evidence for the
regular, and eventually disappear, as the Pb isotopes becortendency of the neutron system towards prolate deformation,
more collective and the middle of the neutron shell is ap-which, in turn, is supported by recent shell model studies of
proached. The increase in level density as the nucleus béhe shears band87]. TheB(M1)/B(E2) values reported in
comes less spherical would increase the mixing betwéén  *Pb may be further evidence for this effect.
configurations and other excitations at moderate energy and The candidate for a second dipole band"#Pb exhibits
spin. However, the excitation energies of #d bands, dis- similarities to a positive-parity dipole band i¥Pb [2,3].
played in Fig. 9, decrease as the neutron number decreasdsvo possible configurations have been proposed for this
This decrease in excitation energy could compensate for theand in °*Ph: the 2p-2hm[sy,2h3,]s® v]i1a]13/2 configu-
increased level density expected in more collective nuclefation (A8 in TAC notation) or the 1p-1h W[Sf/%ilslﬂ7
with additional valence neutrons and result inMf band in y[i )3, configuration(A7 in TAC notation. Both con-
'%'Pb which exhibits the same regular behavior as analogouggurations are possible because they reproduce the lower
bands in heavier isotopes. spin and excitation energy of this band with respect to the

The proposed configurations for the dipole band$#®b  other dipole bands identified it*®b and heavier isotopes.
are summarized in Table II. For all of the strongest negativeBased on the similarities between this band$#Pb and the
parity bands in the heavier odd-mass Pb isotopes thgandidate dipole band 2 iA®*Ph, the same configurations
7 S5 Nor2i 1312111® [ 1375132 cOnfiguration has been used to could be adopted for both.
interpret the bandhed®,3,5,7,8,1Q This configuration also

reproduces the empiricg factor [29] for the isomer at the V. CONCLUSIONS
bottom of this dipole band ift®Pb. Using the TAC model o . o
abbreviations the above configuration is written/ekl. In Excitations in**/Pb have been studied using in-beam

this model the neutron configurations follow the standard@y spectroscopy with the Gammasphere array following the
cranking shell model convention, while the proton configu- *"?Yb(**Mg,6n) at 134.5 MeV. The level scheme ¢f'Pb
rations are only labeled by the total proton spin. Based on thgbove the 13/2 isomer has been enriched and extended up
above-established striking similarities between these band® ~5.1 MeV excitation energy and spin (45/R

and the dipole band observed 1{'Pb in this work, we sug- A spherical lower part of the level scheme has been es-
gest that the same configurations should be used to interpri&blished. We observe two cascade<£@f transitions which
this band. Above the backbending, in all of the heavier odddefine two members each of the multiplets which arise from
mass Pb dipole bands, the additional alignment of two moreoupling thei 3, neutron to the 2, 4%, 6%, 8%, and 2
neutron holes from thé,s, orbital along the rotational axis states of the'®Pb core. We also observe weak coupling of
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thei,s, neutron to the 5 and 7 states in the core. above the shell gap. Classifications as magnetic rotations

At higher excitations a strong negative-pariyl band, within the TAC formalism[30,38 have been suggested for
dipole band 1, has been found to dominate the level schemeoth dipole bands. The similarities between dipole band 1 in
Comparison of this band with the strongest negative-parity!9pp and theM 1 bands observed in the heavier isotopes not
dipole bands in the heavier odd-mass Pb isotopes reveaily supports the same multiparticle configuration for the
Striking similarities between them. This Comparison led to algle band, but also demonstrates the persistence of the pro-
suggestion that the spin assignment be reconsidered for thg,sed magnetic rotatidi3g] in an N= 109 isotope.
levels of the strongest negative-parity dipole band%#Pb.
Based on the similarity with positive-parity 1 cascades in
heavier isotopes, we have also identified a sequence of three
transitions as a candidate for a second dipole band'Rb.

The dipole band 1 in'®'Pb has a regular sequence of We would like to thank the staff at the 88-Inch Cyclotron
transitions, including a backbend fato.~0.28 MeV, which  for excellent operation of the accelerator and Professor S.
is similar to observations in the heavier Pb isotopes. High- Frauendorf for stimulating discussions. This work has been
proton 2p-2h excitations coupled to highreutron holes supported in part by the National Science Foundati®ut-
were invoked for the interpretation of the dipole bands ingerg and the U.S. Department of Energy, under Contract
1%1ph. They involve proton excitations from tisg, orbital, ~ Nos. W-7405-ENG-48 (LLNL) and ACO03-76SF00098
below theZ=82 proton shell, to thég, and/ori5, orbitals ~ (LBNL).
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