
PHYSICAL REVIEW C APRIL 1998VOLUME 57, NUMBER 4
Weak coupling and dipole bands in 191Pb
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Excited states in the nucleus191Pb have been investigated by in-beamg-ray spectroscopic techniques using
the Gammasphere array. The reaction173Yb(24Mg,6n) at a beam energy of 134.5 MeV was used to populate
states of191Pb. The level scheme of191Pb 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 13/21 isomer, with bandlike structures that follow weak-coupling expectations. In
the upper part of the level scheme two dipole bands are observed with bandhead energies of;2.512 and 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 coupling of thei 13/2 neutron
hole to the yrast states in the even-mass192Pb core. The dipole bands are interpreted asM1 cascades which
arise from the coupling of two protons in high-j orbitals above theZ582 gap to neutron holes in thei 13/2

orbital. @S0556-2813~98!02504-7#

PACS number~s!: 23.20.Lv, 23.20.En, 27.80.1w
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I. INTRODUCTION

The excitations of theN'114 lead isotopes show a wid
variety of structures. At low angular momentum, the stru
ture is dominated by a single neutron coupled to the wea
collective, spherical even-A cores. At higher spins, cascad
of dipole transitions with single-particleM1 strengths, but
weak E2 strengths, have been observed in more than
isotopes in this mass region@1–29#. Proton particles in the
h9/2 and i 13/2 orbitals coupled toi 13/2 neutron holes at smal
oblate deformations have been invoked for their interpre
tion. The tilted axis cranking~TAC! model @30# describes
successfully the coupling between these orbitals with the
tation of the core to reproduce the increasing of spin withi
band and the strength of theM1 transitions. The regula
energy spacings of these dipole bands are expected to
come less regular as the quadrupole collectivity increa
Finally, at high angular momenta superdeformed bands
come yrast@31#.

In this paper the first extensive level scheme of191Pb built
upon the 13/21 isomer is reported. While there are only pr
liminary reports available on189,190Pb @32#, the heavier odd-
mass Pb isotopes have been extensively studied@1–10#. The
spectroscopy of191Pb has been published only in the wo
reported in@33#, where four intense transitions in191Pb were
observed and the first three positive-parity states and
negative-parity state above the 13/21 isomer were deduced

In the present work 63 transitions were identified a
placed connecting 47 levels in191Pb. Four of these transi
tions were also reported in@33#, and their assignment con
firmed. Spin and parity assignments for many of these n
levels were possible. A strongly populated dipole band,
assumedM1 character, has been observed. The propertie
this level scheme, and in particular of the dipole bands,
compared with those observed in the heavier Pb isotope
570556-2813/98/57~4!/1624~10!/$15.00
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II. EXPERIMENT

The 173Yb(24Mg,6n) reaction was used to populate e
cited states of 191Pb with a beam energyE(24Mg)
5134.5 MeV from the 88-Inch Cyclotron Facility a
Lawrence Berkeley National Laboratory. The 1 mg/cm2 tar-
get consisted of isotopically enriched173Yb evaporated onto
a 7 mg/cm2 gold backing. The angle between the target a
the beam was 27°. The predominant exit channel is192Pb;
these data were also used to study the decay of the y
superdeformed band in192Pb @34#. The 191Pb and189Hg exit
channels were the second most predominant;193Pb, 190Hg,
and 191Tl were also identified in this data set.

Gamma rays were detected using the Gammasphere
tector array which consisted of 92 large-volume,n-type hy-
perpure Ge detectors, each surrounded by a BGO Comp
suppression shield and Ta-Cu absorbers in front of the
crystals. A total of approximately 2.33109 coincidence
events, of three- and higherfold, was collected and stored
magnetic tapes for subsequent off-line analysis.

Gamma rays from standard152Eu, 182Ta, and 56Co
sources were recorded in singles mode for efficiency
energy calibrations. In addition to determining the total e
ciency of the array, the efficiency ratio between the set
detectors at 90.0° and the set comprising the 17.3°~forward!
and 162.7°~backward! detectors~forward-backward set! has
been deduced. This ratioReff is shown in Fig. 1. Ratio values
of Reff'1.0 are only observed forEg.600 keV. This is
mainly attributed to the higher setting of the low-ener
thresholds for the detectors in the forward-backward set a
in particular, those at forward angles, compared to
thresholds for the detectors at 90.0°. To accomodate the
ficiency correction necessary in angle-dependent analyse
empirical function was fit to the ratio

Reff5exp@~A1Be1!2C1~D1Fe21Ge2
2!2C#2~1/C!,

~1!
1624 © 1998 The American Physical Society
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57 1625WEAK COUPLING AND DIPOLE BANDS IN 191Pb
where e15 log(E/100) ande25 log(E/1000), for theg-ray
energy, E in keV. The parameters extracted wer
A50.3973~1!, B50.6474~1!, D50.0364~40!,
F520.0253~1!, and G50.1100(1), and C530 was held
fixed. The strongly angle-dependent efficiency correction
a function ofg-ray energy noted here is probably unique
the present experiment, because the locations in the arra
specific detectors are regularly changed, and often detec
are removed to be reannealed. However, this observa
suggests that care is required when angle-dependent ana
are performed.

The recorded data were unpacked into threefold coin
dences and stored in a symmetrized, three-dimensi
40963409634096 channel cube, which was used to inve
tigate coincidence relationships between the transitions.
events from the 90.0° and the forward-backward sets of
tectors were unpacked into twofold events and stored i
two-dimensional 409634096 channel matrix. This matrix
was constructed to establish the directional correlatio
DCO ratios, of theg rays, I (17°1163°;90°)/I (90°;17°
1163°), whereI (u1 ;u2) is the intensity of a transition re
corded by a detector at angleu1 when gated on a detector a
angle u2 . The notation 17°1163° represents the forward
backward set of detectors, which are actually at 17.3°
162.7°. The DCO values calculated from this matrix we
corrected for the efficiency difference observed between
90.0° and the forward-backward detector set using the fi
function of Eq.~1!. When the gate corresponds to a stretch
quadrupoleg ray, a DCO value near 1.0 suggests a stretc

FIG. 1. RatioReff between the efficiency of the set of 90.0
detectors and the efficiency of the set comprising the 17.3°~for-
ward! and 162.7°~backward! detectors deduced from spectra
standard152Eu, 182Ta, and 56Co sources. See text for further dis
cussion.
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quadrupole transition, although aDJ50 dipole transition is
possible, while a DCO value'0.5 suggests a stretched d
pole transition, although aDJ50 quadrupole is possible
When gating on a stretched dipole transition, a DCO va
'1.0 indicates a stretched dipole and 2.0 indicates
stretched quadrupole transition, althoughDJ50 transitions
of quadrupole and dipole character, respectively, are p
sible. Since it is unlikely thatM2 transitions will be ob-
served as promptg rays, we assumed that stretched quad
pole transitions areE2 in character. Because we have use
heavy-ion-induced reaction, which preferentially popula
yrast or near-yrast states, we also assume thatDJ,0 transi-
tions are unlikely, unless a level also has dominantDJ.0
transitions that depopulate it.

III. EXPERIMENTAL RESULTS

A. Isotopic assignment

The level scheme of191Pb deduced from the present wo
is shown in Fig. 2. The four intense transitions, at 818
482.5, 562.1, and 339.0 keV, were previously seen in co
cidence with mass 191 with the164,166Er1164 MeV 32S re-
action @33#. In the previous work the possibleA5191 reac-
tion channels were191Po (5n), 191Bi ~p4n and p6n!, and
191Pb ~an and a3n!; the only one of these which can b
populated in the24Mg1173Yb reaction is191Pb. This further
supports the assignment of these four transitions and, he
of the entire level scheme, to191Pb. There are three add
tional arguments which support the191Pb assignment.

~i! Extrapolating the systematics of the 17/21 states in the
odd-mass Pb isotopes, displayed in Fig. 3, we expect an
ergy value in191Pb for the 17/21→13/21 transition between
770 and 830 keV. In the total projection of the cube in Fig.
the 818.5-keV transition is the only strong transition in th
energy range which is in coincidence with Pb x rays.

~ii ! The intensity of the 818.5-keV transition is'27% of
the intensity of the 853.8-keV transition, which is the stro
gest transition in192Pb, as seen in Fig. 4. The 5n channel
(192Pb) is dominant in the24Mg1173Yb reaction at 134.5
MeV, for which the 191Pb isotope is the 6n channel. This
intensity ratio is in accordance with the expected cro
section ratio of the 5n and 6n reaction channels.

~iii ! The levels assigned to191Pb follow the systematics in
Fig. 3 of the corresponding levels in the heavier Pb isotop
This argument was also used in@33#.

B. Level scheme

In the present work 63 transitions connecting 47 levels
191Pb were identified to establish the level scheme in Fig
All excitation energies of the levels are given relative to t
138-keV excitation energy of the 13/21, 2.18-m isomer@35#.
Theg-ray data are summarized in Table I. The placement
the transitions are based on the coincidence relations
tween these transitions, their relative intensities, and exc
tion energy sums. Examples of spectra obtained by set
double gates (Eg1

,Eg2
) on theg-g-g coincidence cube are

displayed in Fig. 5. Tentative spin and parity assignme
were made based on DCO ratios and/or the systematic
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FIG. 2. Level scheme of191Pb obtained in the present work. The width of the arrows is representative of the intensity of the trans
while the white part of the arrows is the correction due to expected internal conversion. Theg-ray energies and excitation energies
specified levels are in keV. See text for further discussion.
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the heavier odd-mass Pb isotopes@1–10#. In addition, the
data suggested three additional low-energy transitions, w
will be discussed below.

The most strongly populated levels at low excitation
191Pb decay by parallel cascades of stretched transitions
on the 13/21 isomer. If we assume that the 818.5-keV tra
sition is E2 in character, then the DCO ratios support t
482.5-, 562.1-, and 631.6-keV lines as a stretchedE2 cas-
cade up to the 29/21 state at 2494 keV. Above this 29/21

level, the regularity of the transition energies ends with
change to a more fragmented structure.

The DCO ratios for the cascade that populates the 8
keV level support the conclusion that the 893.4-keV line i
stretched transition of multipolarity different from the line
that feed the 893-keV level. If we assume that the 893.4-k
line is a stretchedM1 transition, then the 476.1- and 580.
keV lines are stretched quadrupole transitions up to
23/21 state at 1950 keV. Although its intensity is too we
to extract a DCO ratio, we have also assumed that the 65
keV transition is of stretchedE2 character, depopulating th
(27/21) level at 2609 keV. Above this (27/21) state, the
level pattern suggests the onset of irregular behavior, sim
to that observed for the yrast quasiband.

The 339.0-keV transition was also observed in@33# and
placed to depopulate a 21/22 state based on systematics. T
present work confirms the placement of this transition.
support the 21/22 assignment, the DCO ratio for the 270
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keV line gated on the 893.4-keV stretched dipole transit
is consistent with a stretched dipole, which we assume to
E1 in character, based on systematics. This 21/22 level at
1640 keV has a 25/22 level above it, with the assignmen
supported by the DCO ratio for the 576.8-keV line. T
21/22 and 25/22 levels follow the systematics of these stat
in the odd-mass Pb istotopes, as displayed in Fig. 3. Un
the 21/22 levels in the heavier isotopes, this state in191Pb
does not appear to be isomeric, because of the relati
large energy (Eg5339.0 keV) available for the 21/22

→21/21 transition, compared, for example, to the 184.3-k
energy for this transition in193Pb @2#.

The sequence of eight transitions, 234.0, 383.6, 40
426.1, 346.7, 314.1, 238.6, and 277.2 keV, is similar to
quences which have been assigned toM1 bands in the
heavier Pb isotopes@1–10#. Henceforth, we will refer to this
sequence as dipole band 1. A spectrum associated with g
on transitions in the band is displayed in Fig. 5~a!. Because
of low statistics, a DCO ratio consistent with stretched dip
character could only be determined for the lowest transit
at 234.0 keV. We have assumedM1 character for this line,
and based on systematics, have tentatively assignedM1 to
the other transitions in this cascade. In the middle of
band, above the 426.1-keV transition, a backbending is
served. Two weak, crossover transitions, at 792.9 and 83
keV, have been placed. These transitions are presumablyE2
in character, although no DCO ratio determination was p
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57 1627WEAK COUPLING AND DIPOLE BANDS IN 191Pb
sible. The ordering of the transitions is based on inten
and coincidence arguments associated with the cross
transitions.

The intensity of dipole band 1 in191Pb is ;10% of the
intensity of the channel, determined from the intensity of
234.0-keV transition corrected for conversion. This stro
population in the reaction channel is similar to what is o
served for the dominant dipole bands in the heavier Pb
topes@1–10#.

It is difficult to assign excitation energy and spin-par
values for this proposed dipole band 1, without invoking t
systematical behavior of the strongestM1 bands observed in
the heavier Pb isotopes. The deexcitation of the propo
M1 band 1 in 191Pb is fragmented along two paths, whic
involve low-energy transitions.

The first path itself is fragmented and carries;60% of
the band intensity towards the lower-lying positive-par
levels. This path involves the 148.8- and 184.6-keV tran
tions, both of stretched dipole character, orDJ50 quadru-
poles, based on their DCO ratios. We have ordered th
transitions based on coincidence relations with the casc
built on the 337.2-keV line. With the proposed ordering,
tensity arguments require the 184.6-keV line to haveM1
multipolarity.

The fragmentation of the first deexcitation path for dipo
band 1 proceeds by feeding two close-lying excited state
2082 and 2106 keV, which are separated by only 24.3 k

FIG. 3. Systematics of the excitation energies of the 17/2, 2
25/2, and 29/2 positive-parity states and the 21/2 and 25/2 nega
parity states in the odd-mass Pb isotopes~solid symbols! together
with the 2, 4, 6, and 8 positive-parity states and the 5 an
negative-parity states in the even-mass Pb isotopes~open symbols!.
Excitation energies of the states are taken from@35# and the presen
work.
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Because the transitions above the 2106-keV level and be
the 2082-keV level are in coincidence, a 24.3-keV transit
connecting these levels should be present. However, bec
of intense conversion, low-energy discriminator levels, a
attenuation by the Ta-Cu absorbers, such a transition is
possible to observe in our experiment. The spin and parity
these levels have been established, 25/21 for the 2106-keV
level and 21/21 for the 2082-keV level, based on DCO ratio
of transitions feeding states in the dominant stretchedE2
cascades. A similar case of two close-lying levels~6 keV
apart! has been observed in the deexcitation of the strong
negative-parity dipole band in195Pb @5#.

The second deexcitation path of dipole band 1 bypas
the (208212106)-keV pair of levels and carries the remai
ing ;40% of the intensity to the negative-parity states
lower excitation. This fraction was determined by the ratio
intensities~corrected for internal conversion! of the 148.8-
and 200.1-keV transitions.

The two paths by which the proposed dipole band 1
excites to the low-lying states do not converge on the sa
initial level. Also, the systematics of the excitation energ
of the strong dipole bands in the heavier isotopes sug
that additional low-energy transitions are probably involv
in the decay ofM1 band 1 in191Pb. First, we would like to
propose that the spin parity of the head of theM1 band in
191Pb, the level fed by the 234.0-keV transition, is 29/22, as
is the case for the strongestM1 bands in the heavier iso
topes. We also propose that both deexcitation paths invo
low-energy (Eg,100 keV) transitions. Such transition
would not be observed in our spectra because they are hi
converted, attenuated by the Ta-Cu absorbers, and obsc
by the Pb x rays. For the first path, we tentatively suggest
existence of aD-keV transition between theM1 bandhead

2,
e-

7

FIG. 4. Part of the total projection spectrum of theg-g-g coin-
cidences cube. The energies of the transitions are given in k
Transitions from fission products are labeled as ‘‘Fis’’ while tra
sitions from the gold backing are labeled as ‘‘Au.’’ The inset sho
the Pb x rays from the gate on the 818.5-keV transition.



ly

1628 57N. FOTIADESet al.
TABLE I. Energies, intensities, DCO ratios, excitations, and assignment for all transitions in191Pb. Values in parentheses are not firm
established. DCO values marked with an asterisk were obtained by gating on aDI 51 dipole transition.

Energya Intensityb DCO Excitationc Assignment
~keV! ~‰! Ei ~keV! Ef ~keV! I i

p ° I f
p

131.6 ,5 2081.9 1950.2 21
2

1 ° 23
2

1

148.8 140~10! 0.54~5! 2439.6 2290.8 ( 27
2

1, 29
2

2) ° 27
2

1

156.0 ,5 2106.2 1950.2 25
2

1 ° 23
2

1

184.6 105~10! 0.48~4! 2290.8 2106.2 27
2

1 ° 25
2

1

200.1 100~10! 1.05~5! 2416.9 2216.8 29
2

2 ° 25
2

2

208.7 100~10! 1640.0 1431.4 21
2

2 ° 17
2

2

218.5 80~8! 2081.9 1863.1 21
2

1 ° 25
2

1

224.7 8~2! 1431.4 1206.7 17
2

2 ° ( 15
2

1, 17
2

1)
234.0 56~8! 0.47~8! 2746.1 2512.1 31

2
2 ° 29

2
2

238.6 6~2! 4864.5 4625.9 ( 43
2

2) ° ( 41
2

2)
243.0 75~7! 1.07~10! 2106.2 1863.1 25

2
1 ° 25

2
1

270.5 115~10! 0.79~15! 1640.0 1369.6 21
2

2 ° 18
2

1

277.2 ,5 5141.7 4864.5 ( 45
2

2) ° ( 43
2

2)
314.0 25~5! 1431.4 1117.3 17

2
2 ° ( 15

2
1, 17

2
1)

314.1 7~2! 4625.9 4311.8 ( 41
2

2) ° ( 39
2

2)
337.2 33~5! 2628.0 2290.8 ° 27

2
1

339.0 235~20! 1.01~7! 1640.0 1301.0 21
2

2 ° 21
2

1

346.7 8~2! 4311.8 3965.1 ( 39
2

2) ° ( 37
2

2)
375.5 17~5! 3003.5 2628.0
383.6 44~8! 3129.7 2746.1 ( 33

2
2) ° 31

2
2

394.8 26~5! 2081.9 1687.3 21
2

1 °

409.3 27~6! 3539.0 3129.7 ( 35
2

2) ° ( 33
2

2)
409.9 8~2! 3413.4 3003.5
425.8 ,5 3560.0 3134.2 ° ( 33

2
1)

426.1 19~3! 3965.1 3539.0 ( 37
2

2) ° ( 35
2

2)
439.4 8~2! 3218.6 2779.2
476.1 170~10! 1.75~10! 1369.6 893.4 19

2
1 ° 15

2
1

482.5 740~30! 0.98~5! 1301.0 818.5 21
2

1 ° 17
2

1

498.2 10~3! 2138.2 1640.0 ° 21
2

2

538.0 26~5! 1.05~30! 1431.4 893.4 17
2

2 ° 15
2

1

551.2 100~10! 1369.6 818.5 19
2

1 ° 17
2

1

562.1 330~30! 1.02~6! 1863.1 1301.0 25
2

1 ° 21
2

1

562.4 17~4! 2779.2 2216.8 ° 25
2

2

576.8 200~20! 1.05~6! 2216.8 1640.0 25
2

2 ° 21
2

2

580.6 115~10! 2.3~4! 1950.2 1369.6 23
2

1 ° 19
2

1

583.8 8~2! 3802.4 3218.6
598.4 7~2! 3817.0 3218.6
604.3 ,5 4406.7 3802.4
612.9 50~10! 1.01~9! 1431.4 818.5 17

2
2 ° 17

2
1

613.2 ,5 2751.4 2138.2
613.6 ,5 4430.6 3817.0
631.5 ,5 3817.0 3185.6
631.6 105~10! 0.99~10! 2494.7 1863.1 29

2
1 ° 25

2
1

639.5 30~5! 3134.2 2494.7 ( 33
2

1) ° 29
2

1

649.1 24~5! 1950.2 1301.0 23
2

1 ° 21
2

1

653.4 11~3! 3262.9 2609.5 ° ( 27
2

1)
659.3 21~5! 2609.5 1950.2 ( 27

2
1) ° 23

2
1

664.8 26~5! 2527.9 1863.1 ° 25
2

1

712.2 62~7! 2081.9 1369.6 21
2

1 ° 19
2

1
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TABLE I. ~Continued).

Energya Intensityb DCO Excitationc Assignment
~keV! ~‰! Ei ~keV! Ef ~keV! I i

p ° I f
p

716.4 9~2! 3325.9 2609.5 ° ( 27
2

1)
768.7 7~2! 3185.6 2416.9 ° 29

2
2

780.9 120~10! 1.05~8! 2081.9 1301.0 21
2

1 ° 21
2

1

792.9 6~2! 3539.0 2746.1 ( 35
2

2) ° 31
2

2

801.7 12~3! 3218.6 2416.9 ° 29
2

2

805.2 55~5! 2106.2 1301.0 25
2

1 ° 21
2

1

818.5 [1000 1.05~7! 818.5 0.0 17
2

1 ° 13
2

1

835.5 5~2! 3965.1 3129.7 ( 37
2

2) ° ( 33
2

2)
868.8 44~8! 1687.3 818.5 ° 17

2
1

878.5 8~2! 3373.2 2494.7 ° 29
2

1

893.4 240~20! 0.42~7! 893.4 0.0 15
2

1 ° 13
2

1

898.9 ,5 4033.1 3134.2 ° ( 33
2

1)
1117.3 13~3! 1117.3 0.0 ( 15

2
1, 17

2
1) ° 13

2
1

1206.7 6~2! 1206.7 0.0 ( 15
2

1, 17
2

1) ° 13
2

1

aThe uncertainties on theg-ray energies vary from 0.2 to 0.4 keV for the strong transitions and from 0.8 to 1.0 keV for the weakes
bIntensities relative to the intensity of the 818.5-keV transition derived from coincidence gates.
cThe 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
~see text!.
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and 2440-keV level. A possible value forD based on sys-
tematics is discussed in Sec. IV B.

For the second deexcitation path, we propose a di
(D123.6)-keV transition and/or a two-step path, via t
2440-keV level, which connects the dipole bandhead and
29/22 level at 2417 keV. Again, it is unlikely we could ob
serve such low-energy transitions with the present exp
mental conditions.

The dipole bandhead is probably an isomer because o
low-energy transitions which depopulate this state. This
also the case for the strongest negative-parity dipole ban
the neighboring193Pb isotope@2,3,29#, where the lifetime of
the 29/22 isomer is 13.6~10! ns @29#.

Above the 27/21, 2291-keV level a sequence of thre
weak transitions has been observed~337.2, 375.5, and 409.9
keV!. This sequence could be a second dipole band in191Pb,
but the statistics are not sufficient to establish a DCO ra
for these transitions. However, in most of the heavier
isotopes more than one dipole band has been observed,
that leads us to expect the presence of more than one d
band in 191Pb. Moreover, this sequence in191Pb is almost
identical to dipole band 3 of193Pb @2#: Both sequences ar
built on the 27/21 state at about the same excitation ene
and the transitions have similar energies. As expected f
systematics, the excitation energies in191Pb are slightly
lower than in 193Pb. The crossover transitions which wou
be associated with this second dipole band in191Pb are not
observed, because they would have very low intensity. Th
similarities strongly suggest that this sequence of three t
sitions above the 27/21 state at 2291 keV determines the fir
levels of a dipole band 2, of positive parity, in191Pb.

The remainder of the level scheme in Fig. 2 forms t
spherical level scheme of irregularly spaced levels of po
tive or negative parity, similar to spherical level schem
observed in the heavier odd-mass Pb isotopes@1–10#. The
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levels determined by the 1117.3- and 1206.7-keV transiti
are worth highlighting. Given the DCO ratios for the 538.
and 612.9-keV transitions to the 15/21 and 17/21 states,
respectively, and the placement of the 208.7-keV line
populating the 21/22 level, the only allowedJp for the 1431-
keV level is 17/22. Given that the 1117.3- and 1206.7-ke
lines feed the 13/21 isomer and are fed by the 17/22 state,
we propose (15/21,17/21) assignments for the 1117- an
1206-keV levels. A non-M1 character for the 224-keV line
is preferred, to preserve the intensity balance associated
the 1206-keV level. Similar states have been establishe
197Pb and199Pb @7–10#.

IV. DISCUSSION

A. Spherical states

The pattern of the lower part of the191Pb level scheme is
similar to the corresponding parts of the level schemes in
heavier Pb isotopes and suggests a single-particle, we
collective, nuclear motion. In Fig. 6 we summarize the yr
states in 190,192,194Pb and compare them to excitations
191,193Pb.

The first excited positive-parity levels in191Pb at 818 and
893 keV arise from the coupling of a hole in the neutroni 13/2
orbital to the first positive-parity, 21 state of the even192Pb
core at 854 keV@1#. The@ i 13/2^ 21# configuration gives rise
to a multiplet of states, of which we expect the 17/21 and
15/21 members to be lowest in energy. This weak-coupli
picture reproduces the trends in energies of the 17/21 state at
818 keV compared to the 893- and 774-keV energies of
21 states in the neighboring192Pb and190Pb cores, respec
tively. As summarized in Fig. 6, this weak-coupling pictu
extends to the 21/21,19/21 multiplet, from coupling to the
41 state at 1356 keV in192Pb; the 25/21,23/21 multiplet
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from coupling to the 61 state at 1921 keV in192Pb; and the
29/21, (27/21) multiplet from coupling to the 81 state at
2520 keV in 192Pb. The nonyrast (15/21,17/21) states at
1117 and 1206 keV could be the weakly coupled states
sociated with the 22

1 state at 1237.9 keV in192Pb. In addi-
tion to these positive-parity states, the 21/22 and 25/22

negative-parity states at 1640 and 2216 keV, respectiv
are proposed as arising from the coupling to the 52 and 72

states at 1860 and 2303 keV in192Pb, respectively. That the
state with maximum angular momentum, which arises from
weak coupling of the neutroni 13/2 orbital to the 52 state of
the core, is not yrast in191Pb, reflects the importance of th
neutroni 13/2 unique-parity orbital in the negative-parity 52

configuration in the core.

B. Dipole band

The dipole band 1 built on the 234.0-keV transition
Fig. 2 dominates the upper part of the level scheme of191Pb
with intensity.10%. This band is regular up to spin 37/22,
then undergoes a backbending, and becomes regular a
above the 41/22 level. In Fig. 7 the alignment of dipole ban
1 of 191Pb is shown as a function of the rotational frequen
From this figure it can be seen that the backbending star
about\v;0.34 MeV and suggests a crossing frequency
about\vc;0.28 MeV.

FIG. 5. Selected spectra obtained from double gates on thg-
g-g coincidence cube from the24Mg1173Yb reaction at 134.5 MeV:
~a! background-subtracted spectrum from the~482.5, 818.5!-keV
gate, ~b! sum of background-subtracted spectra from the~234.0,
818.5!-keV and~383.6, 818.5!-keV gates.
s-

ly,

a

ain

.
at
f

The similarities with the strongest bands reported in
heavier odd-mass Pb isotopes@2,3,5,7,8# are striking. As in
the heavier odd-A Pb isotopes displayed in Fig. 8, the pr
posedM1 band 1 in191Pb is a strongly populated cascade
transitions with energies similar to those in the heavier i
topes and following the trend of a backbend at frequen
\vc'0.3 MeV.

In order to highlight this similarity in the sequence
transitions, the spins of the levels above the 29/22 level of
theseM1 bands are shown in Fig. 8~a! as a function of
rotational frequency. It can be seen that, except in the cas
193Pb, all of the curves are almost identical. The band
question in 193Pb has been reported as dipole band 1a
Baldsiefenet al. in @2# and as dipole band 1 by Ducrou
et al. in @3#. This exception in the case of193Pb led us to
question the spin assignment of the dipole band levels
193Pb, because we have no reason to expect such an ex
tion. Furthermore, if one shifts the spin assignment in th
levels by21\, the curve shown in Fig. 8~b! for the dipole
band of 193Pb is obtained. It is clear from Fig. 8~b! that this
shift results in a sequence of level spins in193Pb very similar
to all the neighboring odd-mass Pb isotopes. A second a
ment supporting this shifting is illustrated in Fig. 9, whe
the evolution in the odd-mass Pb isotopes of the excita
energies of the 29/22 and 31/22 levels of the dipole bands
relative to the excitation energy of the 13/21 isomer, is
shown. With the existing assignment, a discontinuity in t
evolution appears in193Pb ~dashed lines in Fig. 9!, while by
shifting the spin assignment by21\, this discontinuity dis-
appears and a gradual downward trend in the excitation
ergies of these states is established~solid lines in Fig. 9!. It

FIG. 6. Systematics of the yrast positive- and negative-pa
states in190,192,194Pb compared to candidates for weakly coupl
states in191,193Pb. Data taken from@35# and the present work.
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57 1631WEAK COUPLING AND DIPOLE BANDS IN 191Pb
should be noted that plotting the excitation energies w
respect to the excitation energy of the ground state lead
almost the same picture without affecting the discontinuity
193Pb. A third argument comes from the extrapolation of t
systematics of the transitions depopulating the 29/22 mem-

FIG. 7. Alignment in units of\ of the quadrupole and dipole
bands of191Pb as a function of rotational frequency\v, in MeV.
An alignment of (10v130v2)\ for the core has been subtracte
based on the Harris parameters for191Hg @36#. K511 has been used
for dipole band 1 andK58 for dipole band 2.

FIG. 8. ~a! Spin in units of\ as a function of rotational fre-
quency\v, in MeV, for the strongest negative-parity dipole ban
observed in odd-mass191– 199Pb isotopes~@3,4,6,8,9#, present work!.
~b! Same as in~a! except that the spins of the levels of the strong
negative-parity dipole band in193Pb @2,3# have been shifted by
21\ ~see text!.
h
to

e
ber of the strong dipole bands in195,197,199Pb. This extrapo-
lation results in a 108-keV transition in193Pb, almost equal
to the observed 102-keV line, which has been reported as
31/22→29/22 transition@2,3,29#. It is on the basis of these
three arguments that we suggest here that the spin as
ment in the strongest negative-parity dipole band of193Pb
should be reconsidered. It is more likely that the spin of
31/22 level at 2686 keV@2,3,29# is 29/22. Likewise, the
spin of all the dipole band levels, as well as all the repor
levels above this level, should be shifted by21\.

Based on the systematics for dipole bands displayed
Figs. 8 and 9, we propose a value of'72 keV for the low-
energy transitionD at the bottom of dipole band 1 in191Pb,
as well as a 29/22 spin assignment for the bandhead fed
the 234.0-keV transition. For the corresponding dipole ba
observed in195Pb @5#, 197Pb @7#, and 199Pb @8# the 29/22 to
27/22 transitions are reported to be 129.7, 152.6, and 17
keV, respectively. In the case of193Pb the corresponding
transition depopulating the 29/22 state is 102 keV, as dis
cussed above. A 72-keV value for the transition depopulat
the 29/22 state in 191Pb is expected after extrapolating th
decrease of the energy of these transitions in the heavie
isotopes. Almost the same value~69.8 keV! is obtained if
one extrapolates the excitation energies of the correspon
levels, to determine the transition energy. Hence, a
65 keV energy for the 29/22→27/22 transition in191Pb has
been adopted, which determines the uncertainty of65 keV

t

FIG. 9. Systematics of the excitation energies of the 29/22 and
31/22 levels of the strongest negative-parity dipole bands in o
mass 191– 199Pb isotopes~@3,4,6,8,9#, present work! ~solid lines!
relative to the excitation energy of the 13/21 isomer. The published
results@2,3# for 193Pb are indicated by dashed lines. By shifting t
spins of the levels of the strongest negative-parity dipole band
193Pb by21\ the solid-line systematics is obtained.
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in the excitation energies of the levels of dipole band 1
ported in Table I.

Apart from the similarities established above, there i
difference between dipole band 1 in191Pb and the corre-
sponding dipole bands in the heavier odd-mass Pb isoto
In 191Pb dipole band 1 deexcites to negative-parity spher
states, as well as to positive-parity states, with compara
intensities in the two branches. In contrast, in the hea
odd-mass Pb isotopes the corresponding dipole bands d
cite only to lower-lying positive-parity states, althoug
negative-parity states are available.

The ‘‘shears’’ effect@8,30# has been suggested to accou
for the gain of spin within the dipole bands in the Pb regio
According to this picture, at the bandhead the spins of
proton particles and neutron holes are perpendicular to e
other, resulting in a total spin pointing somewhere in b
tween these vectors. Within the band, the total spin increa
as the spin of both the proton particles and the neutron h
align gradually onto the direction of the total spin, like th
closing of the blades in a pair of shears, hence the na
shears effect. The tilted axis cranking model@30# ~TAC! has
been successfully used to describe quantitatively this eff
In the Pb isotopes, two proton particles below theZ582
shell gap ~from the s1/2 orbital! are excited into orbitals
above the gap~h9/2 and/or i 13/2!, align with the symmetry
axis ~high-K orbitals!, and drive the core to oblate deform
tion. On the other hand, the neutron orbitals close to
Fermi level are thei 13/2 orbitals, which, at oblate deforma
tion, prefer to align with the collective rotation axis~low-K
orbitals!. Thus, the picture of the total spin pointing som
where in between the rotation and symmetry axis emerg

It is expected@30# that theM1 bands will become les
regular, and eventually disappear, as the Pb isotopes bec
more collective and the middle of the neutron shell is a
proached. The increase in level density as the nucleus
comes less spherical would increase the mixing betweenM1
configurations and other excitations at moderate energy
spin. However, the excitation energies of theM1 bands, dis-
played in Fig. 9, decrease as the neutron number decre
This decrease in excitation energy could compensate for
increased level density expected in more collective nu
with additional valence neutrons and result in anM1 band in
191Pb which exhibits the same regular behavior as analog
bands in heavier isotopes.

The proposed configurations for the dipole bands in191Pb
are summarized in Table II. For all of the strongest negati
parity bands in the heavier odd-mass Pb isotopes
p@s1/2

22h9/2i 13/2#11^ n@ i 13/2
21 #13/2 configuration has been used

interpret the bandhead@2,3,5,7,8,10#. This configuration also
reproduces the empiricalg factor @29# for the isomer at the
bottom of this dipole band in193Pb. Using the TAC mode
abbreviations the above configuration is written asA11. In
this model the neutron configurations follow the stand
cranking shell model convention, while the proton config
rations are only labeled by the total proton spin. Based on
above-established striking similarities between these ba
and the dipole band observed in191Pb in this work, we sug-
gest that the same configurations should be used to inte
this band. Above the backbending, in all of the heavier o
mass Pb dipole bands, the additional alignment of two m
neutron holes from thei 13/2 orbital along the rotational axis
-
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has been invoked. This alignment adds 10 units to the t
angular momentum on the rotational axis. Hence, the res
ing configuration above the backbend is no
p@s1/2

22h9/2i 13/2#11^ n@ i 13/2
23 #33/2 or ABC11 in TAC notation. In

the case of191Pb, displayed in Fig. 7, the'9\ gain in align-
ment of dipole band 1 above the backbending suggests
the additional alignment of the two-neutron holes is also
case here.

AssumingM1 andE2 multipolarity for the in-band and
crossover transitions, respectively, theB(M1)/B(E2) ratios
in 191Pb for the 35/22 and 37/22 levels are 2365 and 20
65 mN

2 /(eb)2, respectively. These values are comparable
the B(M1)/B(E2) values reported for the dipole bands
191Pb @2,3# and 195Pb @5# and tend to be smaller than th
values reported in the heavier odd-mass Pb isotopes@7–10#.
In @2# it is suggested that this fact may be evidence for
tendency of the neutron system towards prolate deformat
which, in turn, is supported by recent shell model studies
the shears bands@37#. TheB(M1)/B(E2) values reported in
191Pb may be further evidence for this effect.

The candidate for a second dipole band in191Pb exhibits
similarities to a positive-parity dipole band in193Pb @2,3#.
Two possible configurations have been proposed for
band in 193Pb: the 2p-2hp@s1/2

22h9/2
2 #8^ n@ i 13/2

21 #13/2 configu-
ration ~A8 in TAC notation! or the 1p-1h p@s1/2

21i 13/2#7

^ n@ i 13/2
21 #13/2 configuration~A7 in TAC notation!. Both con-

figurations are possible because they reproduce the lo
spin and excitation energy of this band with respect to
other dipole bands identified in193Pb and heavier isotopes
Based on the similarities between this band in193Pb and the
candidate dipole band 2 in191Pb, the same configuration
could be adopted for both.

V. CONCLUSIONS

Excitations in 191Pb have been studied using in-beamg-
ray spectroscopy with the Gammasphere array following
173Yb(24Mg,6n) at 134.5 MeV. The level scheme of191Pb
above the 13/21 isomer has been enriched and extended
to ;5.1 MeV excitation energy and spin (45/22).

A spherical lower part of the level scheme has been
tablished. We observe two cascades ofE2 transitions which
define two members each of the multiplets which arise fr
coupling thei 13/2 neutron to the 21, 41, 61, 81, and 22

1

states of the192Pb core. We also observe weak coupling

TABLE II. Configurations proposed for the interpretation of th
dipole bands observed in191Pb.

Protons Neutrons TAC notation

Dipole band 1
@s1/2

22h9/2i 13/2#112 @ i 13/2
21 #13/21 A11

and
@s1/2

22h9/2i 13/2#112 @ i 13/2
23 #33/21 ABC11

Dipole band 2
@s1/2

22h9/2
2 #81 @ i 13/2

21 #13/21 A8
or

@s1/2
21i 13/2#7

1 @ i 13/2
21 #13/21 A7
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57 1633WEAK COUPLING AND DIPOLE BANDS IN 191Pb
the i 13/2 neutron to the 52 and 72 states in the core.
At higher excitations a strong negative-parityM1 band,

dipole band 1, has been found to dominate the level sche
Comparison of this band with the strongest negative-pa
dipole bands in the heavier odd-mass Pb isotopes rev
striking similarities between them. This comparison led to
suggestion that the spin assignment be reconsidered fo
levels of the strongest negative-parity dipole band in193Pb.
Based on the similarity with positive-parityM1 cascades in
heavier isotopes, we have also identified a sequence of t
transitions as a candidate for a second dipole band in191Pb.

The dipole band 1 in191Pb has a regular sequence
transitions, including a backbend at\vc;0.28 MeV, which
is similar to observations in the heavier Pb isotopes. HighK
proton 2p-2h excitations coupled to high-j neutron holes
were invoked for the interpretation of the dipole bands
191Pb. They involve proton excitations from thes1/2 orbital,
below theZ582 proton shell, to theh9/2 and/ori 13/2 orbitals
e.
y
als
a
he

ee

above the shell gap. Classifications as magnetic rotat
within the TAC formalism@30,38# have been suggested fo
both dipole bands. The similarities between dipole band 1
191Pb and theM1 bands observed in the heavier isotopes
only supports the same multiparticle configuration for t
191Pb band, but also demonstrates the persistence of the
posed magnetic rotation@38# in an N5109 isotope.
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