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Abstract

165Tm has been studied through the reactions150Nd(19F, 4n), Ebeam= 85 MeV and154Sm
(15N, 4n),Ebeam= 70 MeV. The level scheme has been extended to spin 71/2−h̄, and four new
bands have been added. Two are assigned to theK = 17/2, three-quasiparticle configurations,
π[523]7/2− ⊗ ν[642]5/2+ ⊗ ν[523]5/2− andπ[404]7/2+ ⊗ ν[642]5/2+ ⊗ ν[523]5/2− , and the
remaining two are assigned toγ -vibrations coupled to anh9/2 proton. Lifetimes of high-spin states
in the [541]1/2− and [411]1/2+ bands have been measured using DSAM techniques, allowing
transition quadrupole moments to be deduced. Furthermore, crossings between the[541]1/2− and
[523]7/2− bands and between the[411]1/2+ and[404]7/2+ bands are analysed with a band-mixing
calculation to obtain the quadrupole moments of the[523]7/2− and [404]7/2+ bands. While the
[523]7/2−, [411]1/2+ and[404]7/2+ bands all have similar deformations, the[541]1/2− band has
a quadrupole moment approximately 15% larger. The relative deformations are in good agreement
with diabatic potential energy surface calculations performed using the code “Ultimate Cranker”.
The experimental crossing frequency, due to the alignment ofi13/2 neutrons, is found to be delayed
in the [541]1/2− band compared to the other bands. This is a universal feature in the rare-earth

* Corresponding author.
E-mail address:hagemann@alf.nbi.dk (G.B. Hagemann).

1 Present address: Cyclotron and PET unit, Copenhagen University Hospital, Copenhagen, Denmark.
2 Present address: Washington University, Chemistry Department, St. Louis, MO 63130, USA.
3 Present address: Japan Atomic Energy Institute, Ibaraki 319-1195, Japan.

0375-9474/01/$ – see front matter 2001 Elsevier Science B.V. All rights reserved.
PII: S0375-9474(01)01111-3



4 H.J. Jensen et al. / Nuclear Physics A 695 (2001) 3–50

region, and extensive systematic Cranked Shell Model calculations have been performed to predict
deformations and crossing frequencies for nuclei in the region. The model is unable to reproduce the
full delay in crossing frequency, confirming that deformation alone is not responsible for the shift.
 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The phenomenon of delayed alignment ofi13/2 neutrons in theh9/2 bands of odd-proton
nuclei in the rare-earth region is now well established. Shifts in crossing frequencies of
up to 75 keV, when compared with even–even nuclei, have been reported [1–4]. It has
been expected for some time that deformation changes would cause a shift in crossing
frequency [5], but when deformations predicted from potential energy surface (PES)
calculations are used to predict the shift using the Cranked Shell Model (CSM) [6],
an underestimate is obtained [3,7,8]. Recent evidence suggests that proton–neutron
interactions play an important role in contributing to the shift in crossing frequency
[7,9]. However, a possibility is that the deformations are underestimated in the PESs, and
therefore, it is important to have experimental measurements of the deformation associated
with theh9/2 bands. Until now, relatively few measurements of deformation for theh9/2

bands in the rare-earth region have been made [10–13]. This work presents new results on
the nucleus165Tm. High-spin states have been observed in order to determine the crossing
frequency and gain in aligned angular momentum in theh9/2 band, and quadrupole
moments have been obtained using the DSAM technique. The results are compared with
new, diabatic PES calculations, which are then applied in an extensive investigation of
shapes and crossing frequencies in the rare-earth region. Partial results of these calculations
have been presented in earlier reports [1,14].

2. Experimental details and data analysis

2.1. Experimental method

The two heaviest stable beams that can be used to produce165Tm in a heavy-ion,xn
reaction,19F and15N, were used to study excited states in165Tm in two experiments, using
the accelerator facility of the Tandem Accelerator Laboratory at the Niels Bohr Institute
together with the Nordball spectrometer [15,16].

2.1.1. The first experiment
In the first experiment,165Tm was populated in the150Nd(19F, 4n) reaction at a beam

energy of 85 MeV. Two target combinations were used: (i) two thin stacked 0.73 mg/cm2
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150Nd metallic foils and (ii) 1.35 mg/cm2 150Nd evaporated onto a backing of 8.3 mg/cm2

197Au. The target material was enriched to 97.84%. The Nordball detector system equipped
with 20 Compton suppressed HPGe spectrometers and the full 60-element BaF2 crystal
inner ball was used to detect the emittedγ -radiation in the thin target experiment. More
than 1.4 × 109 double- and higher-fold events in prompt coincidence with at least oneγ

ray detected in the inner ball were recorded. With the backed target, a total of 0.8 × 109

double- and higher-fold events in prompt coincidence with at least threeγ rays detected in
the inner ball were recorded. In the latter case, two of the HPGe detectors were replaced
by planar Low-Energy Photon (LEP) Ge detectors. The high sensitivity for low-energy
transitions of the LEP Ge detectors was important for the study of the neighbouring odd–
odd nucleus164Tm, which was populated by the dominant 5n reaction channel. The results
from the analysis for164Tm are published by Reviol et al. [17] in a separate article.

2.1.2. The second experiment
In the second experiment165Tm was populated in the154Sm(15N, 4n) reaction at a beam

energy of 70 MeV. Three target combinations were used: (i) two thin stacked 0.65 mg/cm2

and 0.78 mg/cm2 154Sm metallic foils, (ii) 1.0 mg/cm2 154Sm with a 5.3 mg/cm2 gold
backing and (iii) 1.0 mg/cm2 154Sm with a 5.0 mg/cm2 lead backing. The target material
was enriched to 98.69%. More than 0.5, 0.3 and 0.9× 109 double- and higher-fold events,
in prompt coincidence with two or moreγ rays detected in the inner ball, were recorded in
the three measurements, respectively.

In the first and the second experiment,165Tm was populated with approximately 20%
and 80% of the total fusion cross section, respectively. The angular momentum input was
slightly lower (by 4–6̄h) in the second experiment. The level scheme for165Tm was
consequently built entirely on the basis of data from the second experiment, except for
the high-spin part of the scheme, for which a better population was obtained in the first
experiment.

2.2. Analysis methods

Energy and efficiency calibrations of the detectors were made with a mixed radioactive
source (133Ba, 134Cs, 152Eu) for both experiments. The relativeγ -ray intensities for the
sources were taken from Ref. [18]. Offline, the calibrated and checked events were written
to new magnetic tapes in a compact event format by means of the sorting codeJugglerby
J. Wrzesinski [19].

2.2.1. Building the level scheme
Thin- and backed-target data from both experiments were sorted into symmetric two-

dimensionalEγ –Eγ matrices for coincidences between any two Ge detectors and into
one three-dimensionalEγ –Eγ –Eγ cube with an energy range of 60–1230 keV. Prompt
coincidences between any of the Ge detectors were defined by a narrow energy dependent
time gate, which excluded events caused by neutrons and ensured no degrading of the
efficiency for the low-energy gamma rays, which were delayed due to their slower charge
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collection times. Additional software gates on both BaF2 sum energy and fold were used to
enhance the 4n channel. A nonlinear gain [20] was used for the sorting of the cube in order
to save disk-space. Matrices and cubes were corrected for background, using a prescription
similar to the one given by Palameta et al. [21].

Information from theEγ –Eγ matrices was used to built the main part of the level
scheme and to extract gamma-ray energies and relative intensities. The analysis of
triple coincidences, accounting for approximately 10% of the total events, was important
to establish complicated parts of the level scheme. For the construction of the level
scheme, the analysis programs GF2, ESCL8R and LEVIT8R by D.C. Radford [20] were
used.

2.2.2. Analysis of DCO data
A technique used frequently to determine multipolarities and multipole mixing ratios,δ,

of transitions depopulating nuclear levels, using multidetector arrays, is to use Directional
Correlations ofγ rays deexciting oriented states (DCO) [22–24]. The 20 Nordball Ge
detectors are grouped into four rings, at polar anglesθ = 37.4◦, 79.2◦, and the equivalent
angles of 100.8◦ and 142.6◦ relative to the beam axis, with 5 detectors equidistantly placed
in each. Information about multipolarities and mixing ratios were extracted from the DCO-
ratio

RDCO = W(“37 × 79”)

W(“79 × 37”)
(1)

and information about the dealignment parameter,σ/I , was obtained from the ratio

W(“37 × 37”)

W(“79 × 79”)
. (2)

Three different DCO matrices were constructed: two symmetric matrices (“37× 37”)
and (“79× 79”) for determining the dealignment parameter and one asymmetric matrix
(“37 × 79”) for determining multipolarities and mixing ratios.

Examples of calculated ratios between the correlation function for the two symmetric
matrices,W(“37 × 37”)/W(“79 × 79”), are presented in Fig. 1(a) as a function ofσ/I

for selective stretched quadrupole–quadrupole cascadesI → I − 2 → I − 4. An average
value of 0.26± 0.04, with a negligible dependence on the initial spinI , was measured for
the dealignment parameter for transitions from states withI � 49/2.

The DCO ratio (1) for a stretched quadrupole–quadrupole cascade has a value of 1.0,
whereas the ratio for a quadrupole–dipole cascade, has a strong dependence on the E2/M1
mixing ratio,δ, and a somewhat weaker dependence onσ/I . Examples of calculated DCO
ratios (1) for the geometry of Nordball, are presented in Fig. 1(b) as a function of arctan(δ)

for appropriate values ofσ/I . The ratio for a pure stretched quadrupole–dipole cascade,
when gating on the stretched quadrupole, is, for the geometry of Nordball, expected to be
RDCO = 0.60± 0.03 forσ/I = 0.26± 0.04.

DCO ratios were measured for most of the transitions in the established level scheme for
165Tm, and were used to distinguish between quadrupole and dipole transitions. As gating
transitions, lines known to be of stretched quadrupole type were chosen consistently. The
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Fig. 1. (a) Calculated ratios,W(“37× 37”)/W(“79× 79”), as a function of the dealignment parame-
ter,σ/I , for selective examples of stretched quadrupole–quadrupole cascadesI → I − 2 → I − 4,
and (b) calculated DCO ratios,RDCO =W(“37× 79”)/W(“79× 37”), as a function of arctan(δ) for
representative values ofσ/I . Gating is done at the stretched quadrupole transition.

DCO ratios were also used to determine mixing ratios for bands known to have mixing
ratios significantly different from zero (i.e., the[541]1/2− and[404]7/2+ bands), and for
the transitions depopulating the newly observedγ -vibrational bands.

3. Experimental results

3.1. The level scheme

Prior to the present work the nucleus165Tm had been studied by in-beamγ -spectroscopy
experiments using the reactions165Ho(α,4nγ )165Tm and 158Gd(11B, 4n)165Tm [25–
27]. Seven rotational band structures with intraband transitions and the assignments
— πh11/2[523]7/2− (α = ±1/2), πh9/2[541]1/2− (α = +1/2), πd3/2[411]1/2+ (α =
±1/2) andπg7/2[404]7/2+ (α = ±1/2) — were established to maximum spins of 27/2–
37/2 h̄. Candidates for the lowest levels of theπd5/2[402]5/2+, πd5/2[411]3/2+ and
πh11/2[514]9/2− configurations, and the 3/2−h̄ band head of theπh9/2[541]1/2− (α =
−1/2) band were established too [25–27].

The full level scheme of165Tm obtained in the present work, is presented in Fig. 2.
The previously known bands are labeled according to the Nilsson orbital occupied by the
odd-proton, whereas new bands are labeled numerically. A partial level scheme for165Tm
showing details of the[541]1/2−, [411]1/2+ and[404]7/2+ bands and the new bands 3
and 4, is shown in Fig. 3. Level and transition energies are listed in Table 1, together
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Fig. 2. The level scheme of165Tm, established in the present work. The thickness of the black part of the arrows represents measured relativeγ -ray
intensities and the white part represents the expected intensity due to internal conversion.
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Fig. 3. Partial level scheme of165Tm showing details of transitions connecting the bands[541]1/2− ,
[411]1/2+ , [404]7/2+ and the new bands 3 and 4.

with relative intensities, spin and configuration assignments, and in some cases DCO and
E2/M1 mixing ratios.

3.1.1. [523]7/2− band
The band built on the[523]7/2− configuration, previously known to maximum spin

35/2−h̄, was fully confirmed in the present work. New transitions assigned to the
[523]7/2− band can be seen in Fig. 4, (a) and (b). The high-spin part of the level scheme
is seen up to the maximum established spins of 65/2−h̄ and 71/2−h̄ for the positive and
negative signature, respectively. Some contaminant lines due, for example, to the 882.0
keV transition depopulating band 3, are seen too.
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Table 1
Configuration assignments, level energies,Ei , γ -ray energies,Eγ , relative intensities,Irel

γ , DCO-
ratios,RDCO, E2/M1 mixing ratios,δ, γ -branching ratios,λ, and electromagnetic branching ratios
B(M1)/B(E2),B(E1)/B(E2) andB(E2)/B(E2) for 165Tm

[Nn3Λ]ΩπIπ
i

→ [Nn3Λ]ΩπIπ
f

Ei [keV] Eγ [keV] Irel
γ RDCO δ

[523]7/2− 9/2− → [523]7/2− 7/2− 252.2(3) 91.7(2) 21.68(108) 0.90(4)
[523]7/2− 13/2− → [523]7/2− 11/2− 510.8(3) 142.2(2) 25.64(107) 0.87(6)

→ [523]7/2− 9/2− 258.7(2) 8.26(48) 1.05(15)
λ(258.7,142.2) = 0.32(2) B(M1)/B(E2)= 0.867(62)

[523]7/2− 17/2− → [523]7/2− 15/2− 865.7(3) 190.8(2) 43.34(175) 0.83(3)
→ [523]7/2− 13/2− 355.0(2) 30.53(124) 0.97(5)
λ(355.0,190.8) = 0.70(4) B(M1)/B(E2)= 0.798(46)

[523]7/2− 21/2− → [523]7/2− 19/2− 1308.3(3) 236.2(2) 30.41(123) 0.80(3)
→ [523]7/2− 17/2− 442.5(2) 37.05(150) 1.02(6)
λ(442.5,236.2) = 1.22(7) B(M1)/B(E2)= 0.733(42)

[523]7/2− 25/2− → [523]7/2− 23/2− 1827.1(4) 277.3(2) 20.45(83) 0.78(3)
→ [523]7/2− 21/2− 518.8(2) 33.23(135) 0.98(4)
λ(518.8,277.3) = 1.62(9) B(M1)/B(E2)= 0.752(43)

[523]7/2− 29/2− → [523]7/2− 27/2− 2408.3(4) 312.1(2) 13.17(54) 0.79(10)
→ [523]7/2− 25/2− 581.2(2) 30.30(123) 1.01(6)
λ(581.2,312.1) = 2.30(13) B(M1)/B(E2)= 0.657(38)

[523]7/2− 33/2− → [523]7/2− 31/2− 3015.3(4) 320.8(2) 8.78(36) 0.70(3)
→ [523]7/2− 29/2− 607.0(2) 20.91(85) 0.99(10)
λ(607.0,320.8) = 2.38(14) B(M1)/B(E2)= 0.726(42)

[523]7/2− 37/2− → [523]7/2− 35/2− 3518.9(4) 252.1(2) 9.22(38) 0.69(4)
→ [523]7/2− 33/2− 503.7(2) 9.22(38) 0.96(6)
→ [541]1/2− 33/2− 690.8(2) 2.60(35)
λ(503.7,252.1) = 1.00(6) B(M1)/B(E2)= 1.403(82)
λ(690.8,252.1) = 0.28(4) B(M1)/B(E2)= 24.142(3399)
λ(690.8,503.7) = 0.28(4) B(E2)/B(E2)= 0.058(8)

[523]7/2− 41/2− → [523]7/2− 39/2− 4037.9(5) 271.8(2) 8.08(33) 0.70(5)
→ [523]7/2− 37/2− 519.0(2) 9.93(44) 1.01(7)
λ(519.0,271.8) = 1.23(7) B(M1)/B(E2)= 1.058(64)

[523]7/2− 45/2− → [523]7/2− 43/2− 4633.6(5) 314.9(2) 3.97(18) 0.70(23)
→ [523]7/2− 41/2− 595.6(2) 7.52(32) 1.02(23)
λ(595.6,314.9) = 1.89(12) B(M1)/B(E2)= 0.878(55)

[523]7/2− 49/2− → [523]7/2− 47/2− 5308.8(5) 364.8(2) 2.07(31)
→ [523]7/2− 45/2− 675.5(2) 3.31(17) 0.94(13)
λ(675.5,364.8) = 1.60(25) B(M1)/B(E2)= 1.256(199)

[523]7/2− 53/2− → [523]7/2− 49/2− 6060.4(6) 751.6(2) 1.70(10)
[523]7/2− 57/2− → [523]7/2− 53/2− 6883.3(7) 822.9(2) 0.72(7)
[523]7/2− 61/2− → [523]7/2− 57/2− 7774.1(8) 890.6(2) 0.44(6)
[523]7/2− 65/2− → [523]7/2− 61/2− 8730.9(15) 956.8(3) 0.20(10)
[523]7/2− 11/2− → [523]7/2− 9/2− 368.5(3) 116.1(2) 23.66(118) 0.88(4)

→ [523]7/2− 7/2− 208.0(2) 4.26(26) 1.00(5)
λ(208.0,116.1) = 0.18(1) B(M1)/B(E2)= 0.958(76)

[523]7/2− 15/2− → [523]7/2− 13/2− 674.8(3) 163.9(2) 37.25(152) 0.85(3)
→ [541]1/2− 13/2− 177.5(2) 0.80(6)
→ [523]7/2− 11/2− 306.3(2) 22.13(92) 1.04(4)
λ(306.3,163.9) = 0.59(3) B(M1)/B(E2)= 0.715(42)
λ(306.3,177.5) = 27.66(237) B(M1)/B(E2)= 0.012(1)

[523]7/2− 19/2− → [523]7/2− 17/2− 1072.0(3) 206.0(2) 37.14(150) 0.80(3)
→ [523]7/2− 15/2− 397.1(2) 38.80(157) 1.00(4)
λ(397.1,206.0) = 1.04(6) B(M1)/B(E2)= 0.750(43)
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Table 1 —continued

[Nn3Λ]ΩπIπ
i

→ [Nn3Λ]ΩπIπ
f

Ei [keV] Eγ [keV] Irel
γ RDCO δ

[523]7/2− 23/2− → [523]7/2− 21/2− 1549.7(4) 241.1(2) 27.29(110) 0.78(4)
→ [523]7/2− 19/2− 477.6(2) 43.86(177) 0.97(5)
λ(477.6,241.1) = 1.61(9) B(M1)/B(E2)= 0.765(44)

[523]7/2− 27/2− → [523]7/2− 25/2− 2096.0(4) 268.8(2) 16.53(67) 0.75(3)
→ [523]7/2− 23/2− 546.4(2) 38.29(155) 1.01(5)
λ(546.4,268.8) = 2.32(13) B(M1)/B(E2)= 0.751(43)

[523]7/2− 31/2− → [523]7/2− 29/2− 2694.3(4) 285.8(2) 10.04(41) 0.73(4)
→ [523]7/2− 27/2− 598.3(2) 31.58(128) 0.98(5)
λ(598.3,285.8) = 3.15(18) B(M1)/B(E2)= 0.723(42)

[523]7/2− 35/2− → [523]7/2− 33/2− 3266.7(4) 251.2(2) 8.68(37) 0.71(3)
→ [523]7/2− 31/2− 572.5(2) 16.50(67) 0.99(7)
λ(572.5,251.2) = 1.90(11) B(M1)/B(E2)= 1.414(83)

[523]7/2− 39/2− → [523]7/2− 37/2− 3766.0(4) 247.0(2) 9.04(37) 0.74(8)
→ [523]7/2− 35/2− 499.4(2) 11.04(46) 0.99(6)
λ(499.4,247.0) = 1.22(7) B(M1)/B(E2)= 1.170(68)

[523]7/2− 43/2− → [523]7/2− 41/2− 4318.6(5) 280.7(2) 5.65(24) 0.70(11)
→ [523]7/2− 39/2− 552.8(2) 7.73(33) 1.03(16)
λ(552.8,280.7) = 1.37(8) B(M1)/B(E2)= 1.183(71)

[523]7/2− 47/2− → [523]7/2− 45/2− 4943.8(5) 309.8(2) 3.41(15) 0.69(20)
→ [523]7/2− 43/2− 625.3(2) 6.04(26) 0.95(15)
λ(625.3,309.8) = 1.77(11) B(M1)/B(E2)= 1.258(77)

[523]7/2− 51/2− → [523]7/2− 47/2− 5640.0(6) 696.2(2) 3.21(15) 0.82(16)
[523]7/2− 55/2− → [523]7/2− 51/2− 6402.3(7) 762.3(2) 1.67(9)
[523]7/2− 59/2− → [523]7/2− 55/2− 7228.6(8) 826.3(2) 0.58(6)
[523]7/2− 63/2− → [523]7/2− 59/2− 8111.8(9) 883.2(3) 0.29(4)
[523]7/2− 67/2− → [523]7/2− 63/2− 9053.3(11) 941.5(4) 0.10(4)
[523]7/2− 71/2− → [523]7/2− 67/2− 10050.8(19) 997.4(10) 0.05(4)

[404]7/2+ 9/2+ → [404]7/2+ 7/2+ 210.4(3) 130.0(2) 8.34(191) 1.27(3) 1.00+0.12
−0.12

[404]7/2+ 13/2+ → [404]7/2+ 11/2+ 544.7(3) 178.9(2) 11.86(50) 1.23(5) 1.00+0.14
−0.14

→ [404]7/2+ 9/2+ 334.3(2) 29.76(125) 1.04(5)
λ(334.3,178.9) = 2.51(15) B(M1)/B(E2)= 0.101(28)

[404]7/2+ 17/2+ → [404]7/2+ 15/2+ 967.3(3) 221.6(2) 6.74(28) 1.10(4) 0.57+0.06
−0.06

→ [404]7/2+ 13/2+ 422.8(2) 35.29(144) 1.01(4)
λ(422.8,221.6) = 5.24(30) B(M1)/B(E2)= 0.124(11)

[404]7/2+ 21/2+ → [411]1/2+ 19/2+ 1465.8(3) 250.6(10) 1.20(15)
→ [404]7/2+ 19/2+ 260.9(2) 3.81(17) 1.02(12) 0.46+0.19

−0.13
→ [404]7/2+ 17/2+ 498.5(2) 31.50(129) 1.01(3)
λ(498.5,260.9) = 8.27(50) B(M1)/B(E2)= 0.120(19)
λ(498.5,250.6) = 26.25(345) B(M1)/B(E2)= 0.052(7)

[404]7/2+ 25/2+ → [404]7/2+ 23/2+ 2026.7(3) 281.9(2) 3.17(15) 0.85(7) 0.27+0.08
−0.08

→ [411]1/2+ 23/2+ 298.7(2) 2.17(20)
→ [404]7/2+ 21/2+ 560.8(2) 26.05(106) 0.98(5)
λ(560.8,281.9) = 8.22(51) B(M1)/B(E2)= 0.195(15)
λ(560.8,298.7) = 12.00(121) B(M1)/B(E2)= 0.120(12)

[404]7/2+ 29/2+ → [404]7/2+ 27/2+ 2620.9(4) 291.1(2) 1.85(10) 0.85(30) 0.27+0.37
−0.37

→ [411]1/2+ 27/2+ 315.8(2) 0.65(7)
→ [404]7/2+ 25/2+ 594.3(2) 19.84(82) 0.99(4)
λ(594.3,315.8) = 30.52(352) B(M1)/B(E2)= 0.053(6)
λ(594.3,291.1) = 10.72(73) B(M1)/B(E2)= 0.181(34)
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Table 1 —continued

[Nn3Λ]ΩπIπ
i

→ [Nn3Λ]ΩπIπ
f

Ei [keV] Eγ [keV] Irel
γ RDCO δ

[404]7/2+ 33/2+ → [404]7/2+ 31/2+ 3126.6(4) 233.0(2) 2.59(12) 0.89(10) 0.32+0.12
−0.12

→ [404]7/2+ 29/2+ 505.9(2) 11.88(50) 0.99(4)
λ(505.9,233.0) = 4.59(29) B(M1)/B(E2)= 0.359(35)

[404]7/2+ 37/2+ → [404]7/2+ 35/2+ 3621.9(5) 248.4(2) 1.60(9) 0.82(8) 0.25+0.10
−0.10

→ [404]7/2+ 33/2+ 495.3(2) 9.70(41) 1.01(5)
λ(495.3,248.4) = 6.06(43) B(M1)/B(E2)= 0.209(18)

[404]7/2+ 41/2+ → [404]7/2+ 37/2+ 4187.3(6) 565.4(2) 6.94(30) 0.94(7)
[404]7/2+ 45/2+ → [404]7/2+ 41/2+ 4827.1(6) 639.9(2) 4.20(19) 0.94(4)
[404]7/2+ 49/2+ → [404]7/2+ 45/2+ 5550.6(7) 723.4(2) 1.19(8)

[404]7/2+ (53/2+)→ [404]7/2+ 49/2+ 6332.1(8) 781.5(2) 0.45(6)

[404]7/2+ 11/2+ → [404]7/2+ 9/2+ 365.7(3) 155.2(2) 16.33(74) 1.24(6) 1.00+0.16
−0.16

→ [404]7/2+ 7/2+ 285.3(2) 20.79(96) 1.04(3)
λ(285.3,155.2) = 1.27(8) B(M1)/B(E2)= 0.138(44)

[404]7/2+ 15/2+ → [404]7/2+ 13/2+ 745.6(3) 200.8(2) 9.15(39) 1.15(6) 0.67+0.17
−0.11

→ [404]7/2+ 11/2+ 380.0(2) 34.04(140) 1.00(6)
λ(380.0,200.8) = 3.72(22) B(M1)/B(E2)= 0.126(24)

[404]7/2+ 19/2+ → [404]7/2+ 17/2+ 1204.8(3) 237.4(2) 3.45(16) 1.01(12) 0.45+0.19
−0.14

→ [541]1/2− 17/2− 409.4(2) 3.95(18) 0.56(4)
→ [411]1/2+ 15/2+ 436.9(2) 8.12(35) 0.98(6)
→ [404]7/2+ 15/2+ 459.4(2) 24.87(102) 1.00(3)
λ(459.4,237.4) = 7.21(45) B(M1)/B(E2)= 0.122(19)
λ(436.9,237.4) = 2.35(15) B(M1)/B(E2)= 0.291(46)
λ(459.4,436.9) = 3.06(18) B(E2)/B(E2)= 2.381(142)
λ(459.4,409.4) = 6.296(386) B(E1)/B(E2)= 0.036(2)
λ(436.9,409.4) = 2.056(129) B(E1)/B(E2)= 0.087(5)

[404]7/2+ 23/2+ → [404]7/2+ 21/2+ 1744.7(3) 278.7(2) 2.25(11) 0.83(11) 0.26+0.12
−0.11

→ [411]1/2+ 19/2+ 529.5(2) 22.74(94) 1.02(6)
→ [404]7/2+ 19/2+ 539.8(2) 4.19(20) 0.99(10)
→ [541]1/2− 21/2− 560.1(2) 4.46(20) 0.59(13)
λ(529.5,278.7) = 10.11(65) B(M1)/B(E2)= 0.123(11)
λ(539.8,278.7) = 1.86(13) B(M1)/B(E2)= 0.738(67)
λ(539.8,529.5) = 0.18(1) B(E2)/B(E2)= 0.167(11)
λ(529.5,560.1) = 5.099(311) B(E1)/B(E2)= 0.036(2)
λ(539.8,560.1) = 0.939(62) B(E1)/B(E2)= 0.213(14)

[404]7/2+ 27/2+ → [404]7/2+ 25/2+ 2329.7(3) 302.9(2) 1.75(9) 0.86(16) 0.29+0.18
−0.18

→ [404]7/2+ 23/2+ 585.0(2) 22.62(93) 1.00(3)
→ [541]1/2− 25/2− 670.8(2) 3.17(15) 0.75(16)
λ(585.0,302.9) = 12.93(85) B(M1)/B(E2)= 0.122(15)
λ(585.0,670.8) = 7.136(447) B(E1)/B(E2)= 0.024(2)

[404]7/2+ 31/2+ → [404]7/2+ 29/2+ 2893.3(4) 272.3(2) 1.97(10) 0.70(9) 0.11+0.10
−0.10

→ [404]7/2+ 27/2+ 563.7(2) 14.83(62) 1.00(4)
λ(563.7,272.3) = 7.53(50) B(M1)/B(E2)= 0.256(18)

[404]7/2+ 35/2+ → [404]7/2+ 33/2+ 3373.5(4) 246.8(2) 2.30(11) 0.79(10) 0.21+0.13
−0.13

→ [404]7/2+ 31/2+ 480.3(2) 10.43(43) 1.03(4)
λ(480.3,246.8) = 4.53(29) B(M1)/B(E2)= 0.249(21)

[404]7/2+ 39/2+ → [404]7/2+ 37/2+ 3904.9(5) 283.0(2) 1.48(8) 0.84(11) 0.27+0.13
−0.13

→ [404]7/2+ 35/2+ 531.5(2) 7.87(34) 1.01(6)
λ(531.5,283.0) = 5.32(37) B(M1)/B(E2)= 0.227(22)
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Table 1 —continued

[Nn3Λ]ΩπIπ
i

→ [Nn3Λ]ΩπIπ
f

Ei [keV] Eγ [keV] Irel
γ RDCO δ

[404]7/2+ 43/2+ → [404]7/2+ 39/2+ 4510.4(6) 605.5(2) 6.76(30) 0.98(7)

[404]7/2+ 47/2+ → [404]7/2+ 43/2+ 5185.3(7) 674.9(2) 2.19(13) 1.09(11)

[404]7/2+ (51/2+)→ [404]7/2+ 47/2+ 5931.3(7) 746.0(2) 0.55(6)

[404]7/2+ ⊗ AE 17/2− → [404]7/2+ 15/2+ 1633.3(3) 887.7(2) 5.30(60) 0.61(6)

[404]7/2+ ⊗ AE 21/2− → [404]7/2+ ⊗ AE 19/2− 1899.0(3) 145.5(2) 2.11(26) 1.40(26)

→ [404]7/2+ ⊗ AE 17/2− 265.8(2) 1.04(18) 0.81(15)

→ [404]7/2+ 19/2+ 694.1(2) 2.39(36) 0.65(14)

λ(265.8,145.5) = 0.49(10) B(M1)/B(E2)= 0.606(129)

λ(265.8,694.1) = 0.435(100) B(E1)/B(E2)= 0.007(2)

[404]7/2+ ⊗ AE 25/2− → [404]7/2+ ⊗ AE 23/2− 2256.8(4) 189.3(2) 2.00(28) 1.38(39)

→ [404]7/2+ ⊗ AE 21/2− 357.8(2) 4.15(52) 1.05(17)

λ(357.8,189.3) = 2.08(39) B(M1)/B(E2)= 0.289(54)

[404]7/2+ ⊗ AE 29/2− → [404]7/2+ ⊗ AE 27/2− 2692.1(4) 226.5(2) 1.05(18) 1.51(49)

→ [404]7/2+ ⊗ AE 25/2− 435.3(2) 4.35(58) 1.11(17)

λ(435.3,226.5) = 4.14(90) B(M1)/B(E2)= 0.225(49)

[404]7/2+ ⊗ AE 33/2− → [404]7/2+ ⊗ AE 31/2− 3193.0(5) 258.7(2) 0.70(16)

→ [404]7/2+ ⊗ AE 29/2− 500.9(2) 5.20(72) 0.94(11)

λ(500.9,258.7) = 7.43(199) B(M1)/B(E2)= 0.170(45)

[404]7/2+ ⊗ AE 37/2− → [404]7/2+ ⊗ AE 35/2− 3748.7(5) 283.4(2) 0.31(14)

→ [404]7/2+ ⊗ AE 33/2− 556.0(2) 4.57(70) 0.95(12)

λ(556.0,283.4) = 14.74(703) B(M1)/B(E2)= 0.110(52)

[404]7/2+ ⊗ AE 41/2− → [404]7/2+ ⊗ AE 37/2− 4352.7(6) 604.1(2) 3.62(62)

[404]7/2+ ⊗ AE 45/2− → [404]7/2+ ⊗ AE 41/2− 5003.1(7) 650.3(2) 1.70(32)

[404]7/2+ ⊗ AE 49/2− → [404]7/2+ ⊗ AE 45/2− 5701.0(8) 697.9(2) 0.91(26)

[404]7/2+ ⊗ AE (53/2−)→ [404]7/2+ ⊗ AE 49/2− 6452.3(8) 751.3(2) 0.45(24)

[404]7/2+ ⊗ AE 19/2− → [404]7/2+ ⊗ AE 17/2− 1753.5(3) 120.3(2) 1.26(20)

→ [404]7/2+ 17/2+ 786.1(2) 1.53(24) 0.59(21)

[404]7/2+ ⊗ AE 23/2− → [404]7/2+ ⊗ AE 21/2− 2067.4(4) 168.4(2) 2.25(30)

→ [404]7/2+ ⊗ AE 19/2− 314.0(2) 2.07(32) 0.96(17)

λ(314.0,168.4) = 0.92(19) B(M1)/B(E2)= 0.482(98)

[404]7/2+ ⊗ AE 27/2− → [404]7/2+ ⊗ AE 25/2− 2465.5(4) 208.6(2) 1.28(22) 1.36(24)

→ [404]7/2+ ⊗ AE 23/2− 398.0(2) 4.25(56) 1.05(14)

λ(398.0,208.6) = 3.32(72) B(M1)/B(E2)= 0.230(50)

[404]7/2+ ⊗ AE 31/2− → [404]7/2+ ⊗ AE 29/2− 2934.3(5) 242.1(2) 0.83(22)

→ [404]7/2+ ⊗ AE 27/2− 468.8(2) 3.27(48) 0.99(11)

λ(468.8,242.1) = 3.94(119) B(M1)/B(E2)= 0.281(85)

[404]7/2+ ⊗ AE 35/2− → [404]7/2+ ⊗ AE 33/2− 3464.9(5) 271.8(2) 0.48(12)

→ [404]7/2+ ⊗ AE 31/2− 530.6(2) 2.47(44) 0.96(14)

λ(530.6,271.8) = 5.15(158) B(M1)/B(E2)= 0.282(87)

[404]7/2+ ⊗ AE 39/2− → [404]7/2+ ⊗ AE 35/2− 4045.9(6) 580.9(2) 2.50(48)

[404]7/2+ ⊗ AE 43/2− → [404]7/2+ ⊗ AE 39/2− 4673.3(7) 627.5(2) 1.60(36)

[404]7/2+ ⊗ AE 47/2− → [404]7/2+ ⊗ AE 43/2− 5347.0(7) 673.7(2) 1.03(34)

[404]7/2+ ⊗ AE (51/2−)→ [404]7/2+ ⊗ AE 47/2− 6071.6(8) 724.6(2) 0.81(28)
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Table 1 —continued

[Nn3Λ]ΩπIπi → [Nn3Λ]ΩπIπf Ei [keV] Eγ [keV] Irel
γ RDCO δ

[411]1/2+ 5/2+ → [411]1/2+ 3/2+ 129.3(2) 116.9(2) 8.21(36) 0.73(6)
→ [411]1/2+ 1/2+ 129.8(2) 1.00(40) 1.40(24)
λ(129.8,116.9) = 0.12(5) B(M1)/B(E2)= 0.131(53)

[411]1/2+ 9/2+ → [411]1/2+ 7/2+ 361.6(2) 202.9(2) 6.22(41) 0.57(5)
→ [411]1/2+ 5/2+ 232.2(2) 4.44(28) 1.06(5)
λ(232.2,202.9) = 0.71(7) B(M1)/B(E2)= 0.078(7)

[411]1/2+ 13/2+ → [411]1/2+ 11/2+ 688.5(3) 275.3(2) 7.89(34) 0.47(4)
→ [411]1/2+ 9/2+ 327.0(2) 12.45(53) 1.02(6)
λ(327.0,275.3) = 1.58(10) B(M1)/B(E2)= 0.079(5)

[411]1/2+ 17/2+ → [411]1/2+ 15/2+ 1101.2(3) 333.3(2) 6.01(26) 0.51(5)
→ [404]7/2+ 15/2+ 354.8(2) 0.88(9)
→ [411]1/2+ 13/2+ 412.8(2) 16.91(70) 1.00(3)
λ(412.8,333.3) = 2.81(17) B(M1)/B(E2)= 0.080(5)
λ(412.8,354.8) = 19.22(212) B(M1)/B(E2)= 0.010(1)

[411]1/2+ 21/2+ → [411]1/2+ 19/2+ 1589.4(3) 374.3(2) 3.02(14) 0.43(3)
→ [404]7/2+ 19/2+ 384.5(2) 2.51(13) 0.54(14)
→ [411]1/2+ 17/2+ 488.1(2) 20.34(83) 0.99(4)
λ(488.1,374.3) = 6.74(42) B(M1)/B(E2)= 0.054(3)
λ(488.1,384.5) = 8.10(53) B(M1)/B(E2)= 0.042(3)

[411]1/2+ 25/2+ → [411]1/2+ 23/2+ 2135.6(3) 407.7(2) 3.28(15) 0.46(8)
→ [411]1/2+ 21/2+ 546.3(2) 19.76(82) 0.99(5)
λ(546.3,407.7) = 6.02(37) B(M1)/B(E2)= 0.083(5)

[411]1/2+ 29/2+ → [411]1/2+ 27/2+ 2662.6(4) 357.6(2) 2.79(14) 0.73(14)
→ [411]1/2+ 25/2+ 526.9(2) 17.91(74) 0.99(3)
λ(526.9,357.6) = 6.42(42) B(M1)/B(E2)= 0.096(6)

[411]1/2+ 33/2+ → [411]1/2+ 31/2+ 3098.5(4) 240.2(2) 1.46(8) 0.65(13)
→ [411]1/2+ 29/2+ 435.8(2) 15.11(63) 1.01(4)
λ(435.8,240.2) = 10.35(71) B(M1)/B(E2)= 0.076(5)

[411]1/2+ 37/2+ → [411]1/2+ 35/2+ 3581.8(4) 256.8(2) 1.03(6) 0.50(14)
→ [411]1/2+ 33/2+ 483.3(2) 13.55(56) 1.03(8)
λ(483.3,256.8) = 13.16(94) B(M1)/B(E2)= 0.082(6)

[411]1/2+ 41/2+ → [411]1/2+ 37/2+ 4140.2(5) 558.4(2) 9.11(38) 0.95(9)
[411]1/2+ 45/2+ → [411]1/2+ 41/2+ 4775.0(6) 634.8(2) 5.87(26) 0.89(9)
[411]1/2+ 49/2+ → [411]1/2+ 45/2+ 5483.4(7) 708.4(2) 2.94(14) 0.96(13)
[411]1/2+ 53/2+ → [411]1/2+ 49/2+ 6263.3(8) 779.9(2) 1.29(8) 1.09(45)
[411]1/2+ 57/2+ → [411]1/2+ 53/2+ 7109.6(8) 846.3(2) 0.50(8)
[411]1/2+ 61/2+ → [411]1/2+ 57/2+ 8023.0(10) 913.4(3) 0.17(4)

[411]1/2+ (65/2+)→ [411]1/2+ 61/2+ 8997.3(12) 974.3(5) 0.08(4)

[411]1/2+ 7/2+ → [411]1/2+ 3/2+ 158.8(2) 147.0(2) 71.98(308) 1.00(26)
[411]1/2+ 11/2+ → [541]1/2− 9/2− 413.2(2) 119.9(2) 6.58(51) 0.72(5)

→ [411]1/2+ 7/2+ 254.6(2) 43.80(181) 1.04(7)
λ(254.6,119.9) = 6.657(585) B(E1)/B(E2)= 0.071(6)

[411]1/2+ 15/2+ → [541]1/2− 13/2− 767.9(3) 270.8(2) 8.28(71) 0.59(3)
→ [411]1/2+ 11/2+ 354.8(2) 29.60(121) 1.01(7)
λ(354.8,270.8) = 3.575(340) B(E1)/B(E2)= 0.061(6)
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Table 1 —continued

[Nn3Λ]ΩπIπ
i

→ [Nn3Λ]ΩπIπ
f

Ei [keV] Eγ [keV] Irel
γ RDCO δ

[411]1/2+ 19/2+ → [404]7/2+ 17/2+ 1215.2(3) 247.6(2) 1.50(10)
→ [541]1/2− 17/2− 419.7(2) 7.08(60) 0.55(3)
→ [411]1/2+ 15/2+ 447.1(2) 20.43(168) 0.99(3)
→ [404]7/2+ 15/2+ 469.9(2) 5.12(23) 1.03(6)
λ(447.1,247.6) = 13.62(144) B(M1)/B(E2)= 0.060(6)
λ(469.9,247.6) = 3.41(27) B(M1)/B(E2)= 0.306(25)
λ(469.9,447.1) = 0.25(2) B(E2)/B(E2)= 0.196(18)
λ(447.1,419.7) = 2.886(341) B(E1)/B(E2)= 0.064(8)
λ(469.9,419.7) = 0.723(69) B(E1)/B(E2)= 0.329(32)

[411]1/2+ 23/2+ → [404]7/2+ 21/2+ 1727.8(3) 262.1(10) 1.34(15)
→ [411]1/2+ 19/2+ 512.4(2) 8.19(35) 0.95(6)
→ [404]7/2+ 19/2+ 523.1(2) 25.68(210) 0.98(4)
→ [541]1/2− 21/2− 543.2(2) 8.45(70) 0.52(3)
λ(523.1,262.1) = 19.16(266) B(M1)/B(E2)= 0.079(11)
λ(512.4,262.1) = 6.11(73) B(M1)/B(E2)= 0.222(27)
λ(523.1,512.4) = 3.14(29) B(E2)/B(E2)= 2.827(261)
λ(523.1,543.2) = 3.039(354) B(E1)/B(E2)= 0.062(7)
λ(512.4,543.2) = 0.969(90) B(E1)/B(E2)= 0.174(16)

[411]1/2+ 27/2+ → [411]1/2+ 23/2+ 2305.0(3) 577.2(2) 28.81(195) 0.99(3)
→ [541]1/2− 25/2− 646.1(2) 8.37(60) 0.54(3)
λ(577.2,646.1) = 3.442(339) B(E1)/B(E2)= 0.053(5)

[411]1/2+ 31/2+ → [411]1/2+ 27/2+ 2858.3(4) 553.3(2) 25.22(103) 1.02(4)
→ [541]1/2− 29/2− 648.4(2) 3.97(73) 0.50(4)
λ(553.3,648.4) = 6.353(1197) B(E1)/B(E2)= 0.023(4)

[411]1/2+ 35/2+ → [411]1/2+ 31/2+ 3325.1(4) 466.8(2) 21.84(89) 1.00(4)
[411]1/2+ 39/2+ → [411]1/2+ 35/2+ 3840.8(5) 515.7(2) 17.08(70) 0.99(4)
[411]1/2+ 43/2+ → [411]1/2+ 39/2+ 4429.1(6) 588.3(2) 12.00(49) 0.92(10)
[411]1/2+ 47/2+ → [411]1/2+ 43/2+ 5089.9(7) 660.8(2) 6.76(29) 0.89(5)
[411]1/2+ 51/2+ → [411]1/2+ 47/2+ 5819.3(8) 729.4(2) 2.61(13) 1.11(14)
[411]1/2+ 55/2+ → [411]1/2+ 51/2+ 6613.2(8) 793.9(2) 1.22(8)
[411]1/2+ 59/2+ → [411]1/2+ 55/2+ 7481.0(9) 867.8(2) 0.36(4)
[411]1/2+ 63/2+ → [411]1/2+ 59/2+ 8409.9(11) 928.9(4) 0.12(4)

[411]1/2+ (67/2+)→ [411]1/2+ 63/2+ 9405.3(11) 995.4(6) 0.02(1)

[541]1/2− 5/2− → [411]1/2+ 3/2+ 181.6(2) 169.9(2) 0.50(40) 0.63(3)
[541]1/2− 9/2− → [541]1/2− 5/2− 293.1(2) 111.4(2) 5.83(45) 1.07(7)

→ [411]1/2+ 7/2+ 134.4(2) 72.95(298) 0.66(3)
λ(111.4,134.4) = 0.080(7) B(E1)/B(E2)= 0.068(6)

[541]1/2− 13/2− → [411]1/2+ 11/2+ 497.0(2) 83.9(2) 13.91(57) 0.70(4)
→ [523]7/2− 11/2− 128.4(2) 3.39(19)
→ [541]1/2− 9/2− 204.0(2) 84.68(341) 1.08(5)
λ(204.0,128.4) = 24.98(172) B(M1)/B(E2)= 0.005(0)
λ(204.0,83.9) = 6.088(350) B(E1)/B(E2)= 0.075(4)

[541]1/2− 17/2− → [541]1/2− 13/2− 795.3(3) 298.3(2) 108.47(436) 1.00(7)
[541]1/2− 21/2− → [541]1/2− 17/2− 1184.7(3) 389.3(2) 92.73(372) 0.98(6)
[541]1/2− 25/2− → [541]1/2− 21/2− 1659.0(3) 474.3(2) 70.77(284) 0.99(5)
[541]1/2− 29/2− → [541]1/2− 25/2− 2209.9(3) 551.1(2) 43.45(175) 1.01(7)
[541]1/2− 33/2− → [541]1/2− 29/2− 2828.2(4) 618.3(2) 27.26(112) 0.98(4)
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Table 1 —continued

[Nn3Λ]ΩπIπ
i

→ [Nn3Λ]ΩπIπ
f

Ei [keV] Eγ [keV] Irel
γ RDCO δ

[541]1/2− 37/2− → [541]1/2− 33/2− 3502.4(4) 674.3(2) 13.41(55) 0.98(6)
[541]1/2− 41/2− → [541]1/2− 37/2− 4219.7(5) 717.3(2) 6.58(28) 0.98(10)
[541]1/2− 45/2− → [541]1/2− 41/2− 4961.6(6) 741.9(2) 2.96(14) 1.06(31)
[541]1/2− 49/2− → [541]1/2− 45/2− 5724.4(7) 762.8(2) 1.68(9) 0.90(33)
[541]1/2− 53/2− → [541]1/2− 49/2− 6520.7(7) 796.3(2) 0.75(5)

[541]1/2− 3/2− → [411]1/2+ 1/2+ 275.6(3) 276.2(2) 0.03(2)
[541]1/2− 7/2− → [541]1/2− 3/2− 449.9(3) 174.9(2) 0.03(2)

→ [411]1/2+ 5/2+ 319.9(3) 0.43(40) 0.64(13)
λ(174.9,319.9) = 0.070(80) B(E1)/B(E2)= 0.055(63)

[541]1/2− 11/2− → [541]1/2− 7/2− 701.2(2) 251.4(2) 0.81(12) 1.03(14)
→ [411]1/2+ 9/2+ 339.6(2) 2.52(26) 0.59(4)

→ [541]1/2− 9/2− 408.0(2) 0.47(6) 0.58(12) −0.03+0.16
−0.23

λ(251.4,408.0) = 1.72(34) B(M1)/B(E2)= 0.006(1)
λ(251.4,339.6) = 0.321(58) B(E1)/B(E2)= 0.061(11)

[541]1/2− 15/2− → [541]1/2− 17/2− 1030.1(3) 234.8(5) 0.14(8)
→ [541]1/2− 11/2− 328.9(2) 2.89(20) 1.02(8)
→ [411]1/2+ 13/2+ 341.5(2) 2.60(19) 0.62(4)

→ [541]1/2− 13/2− 533.3(2) 1.58(10) 0.44(17) −0.22+0.24
−0.78

λ(328.9,533.3) = 1.83(17) B(M1)/B(E2)= 0.009(2)
λ(328.9,234.8) = 20.64(1188) B(M1)/B(E2)= 0.010(6)
λ(328.9,341.5) = 1.112(112) B(E1)/B(E2)= 0.067(7)

[541]1/2− 19/2− → [541]1/2− 21/2− 1433.5(3) 248.9(10) 0.27(16)
→ [411]1/2+ 17/2+ 332.1(2) 2.04(20) 0.61(10)
→ [541]1/2− 15/2− 403.5(2) 5.76(26) 0.99(5)

→ [541]1/2− 17/2− 638.1(2) 3.53(17) 0.37(9) −0.36+0.16
−0.38

λ(403.5,638.1) = 1.63(11) B(M1)/B(E2)= 0.015(3)
λ(403.5,248.9) = 21.33(1268) B(M1)/B(E2)= 0.023(13)
λ(403.5,332.1) = 2.824(305) B(E1)/B(E2)= 0.079(9)

[541]1/2− 23/2− → [411]1/2+ 21/2+ 1903.7(3) 314.1(2) 1.13(10) 0.65(13)
→ [541]1/2− 19/2− 469.9(2) 8.10(35) 1.04(10)

→ [541]1/2− 21/2− 719.4(2) 3.33(18) 0.24(8) −1.00+0.47
−0.86

λ(469.9,719.4) = 2.43(17) B(M1)/B(E2)= 0.009(8)
λ(469.9,314.1) = 7.168(706) B(E1)/B(E2)= 0.079(8)

[541]1/2− 27/2− → [541]1/2− 23/2− 2427.1(3) 523.4(2) 5.88(27) 0.97(10)

→ [541]1/2− 25/2− 768.1(2) 2.99(16) 0.31(8) −1.68+0.68
−2.19

λ(523.4,768.1) = 1.97(14) B(M1)/B(E2)= 0.008(13)
[541]1/2− 31/2− → [541]1/2− 27/2− 2999.2(4) 572.1(2) 5.10(27) 0.99(11)

→ [541]1/2− 29/2− 789.5(3) 1.33(25) 0.34(8) −2.11+0.61
−1.57

λ(572.1,789.5) = 3.83(75) B(M1)/B(E2)= 0.004(9)
[541]1/2− 35/2− → [541]1/2− 31/2− 3618.1(4) 618.9(2) 3.35(22) 0.99(12)

→ [541]1/2− 33/2− 789.7(2) 1.77(19) 0.34(8) −2.11+0.61
−1.57

λ(618.9,789.7) = 1.89(24) B(M1)/B(E2)= 0.012(26)
[541]1/2− 39/2− → [541]1/2− 35/2− 4276.1(5) 658.0(2) 2.40(100) 1.01(28)

→ [541]1/2− 37/2− 773.8(2) 0.75(7)
λ(658.0,773.8) = 3.20(137) B(M1)/B(E2)= 0.058(25)

[541]1/2− (43/2−)→ [541]1/2− 39/2− 4964.3(5) 688.1(2) 1.49(10)
→ [541]1/2− 41/2− 744.6(2) 0.92(7)
λ(688.1,744.6) = 1.62(16) B(M1)/B(E2)= 0.160(16)
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Table 1 —continued

[Nn3Λ]ΩπIπ
i

→ [Nn3Λ]ΩπIπ
f

Ei [keV] Eγ [keV] Irel
γ RDCO δ

{[541]1/2−;K ± 2} 15/2− → [541]1/2− 13/2− 1289.7(3) 792.8(2) 0.74(16) 0.35(14)
{[541]1/2−;K ± 2} 19/2− → {[541]1/2−;K ± 2} 15/2− 1614.5(3) 324.9(2) 0.56(6)

→ [541]1/2− 17/2− 819.2(2) 2.47(17) 0.36(11)
λ(324.9,819.2) = 0.23(3) B(M1)/B(E2)= 0.020(3)

{[541]1/2−;K ± 2} 23/2− → {[541]1/2−;K ± 2} 19/2− 2032.0(3) 417.5(2) 2.89(14) 0.91(10)
→ [541]1/2− 21/2− 847.0(2) 5.86(27) 0.40(6)
λ(417.5,847.0) = 0.49(3) B(M1)/B(E2)= 0.029(2)

{[541]1/2−;K ± 2} 27/2− → {[541]1/2−;K ± 2} 23/2− 2540.7(4) 508.5(2) 6.24(28) 0.98(12)
→ [541]1/2− 25/2− 882.0(2) 1.02(9) 0.26(16)
λ(508.5,882.0) = 6.12(61) B(M1)/B(E2)= 0.006(1)

{[541]1/2−;K ± 2} 31/2− → {[541]1/2−;K ± 2} 27/2− 3123.1(5) 582.4(2) 4.16(21) 0.94(6)
{[541]1/2−;K ± 2} (35/2−)→ {[541]1/2−;K ± 2} 31/2− 3738.6(6) 615.5(2) 2.07(13) 0.90(15)

{[541]1/2−;K ± 2} 17/2− → [541]1/2− 17/2− 1442.4(3) 646.9(2) 0.92(16) 0.74(18)
→ [541]1/2− 13/2− 945.5(2) 0.39(8)
λ(945.5,646.9) = 0.42(11) B(M1)/B(E2)= 4.562(1227)

{[541]1/2−;K ± 2} 21/2− → {[541]1/2−;K ± 2} 17/2− 1806.9(3) 364.4(2) 2.35(12) 0.91(17)
→ [541]1/2− 21/2− 621.9(2) 4.39(21) 0.88(18)
→ [541]1/2− 17/2− 1012.4(2) 1.92(13) 0.77(14)
λ(364.4,621.9) = 0.54(4) B(M1)/B(E2)= 0.035(2)
λ(1012.4,621.9) = 0.44(4) B(M1)/B(E2)= 7.007(581)
λ(1012.4,364.4) = 0.82(7) B(E2)/B(E2)= 0.005(0)

{[541]1/2−;K ± 2} 25/2− → {[541]1/2−;K ± 2} 21/2− 2252.2(3) 445.6(2) 4.09(19) 0.98(17)
→ [541]1/2− 25/2− 592.7(2) 2.69(15)
→ [541]1/2− 21/2− 1067.6(2) 1.11(9) 0.76(25)
λ(445.6,592.7) = 1.52(11) B(M1)/B(E2)= 0.038(3)
λ(1067.6,592.7) = 0.41(4) B(M1)/B(E2)= 11.186(1101)
λ(1067.6,445.6) = 0.27(3) B(E2)/B(E2)= 0.003(0)

{[541]1/2−;K ± 2} 29/2− → {[541]1/2−;K ± 2} 25/2− 2770.5(4) 518.4(2) 4.77(24) 0.99(8)
{[541]1/2−;K ± 2} 33/2− → {[541]1/2−;K ± 2} 29/2− 3344.8(5) 574.2(2) 3.60(19)

{[541]1/2−;K ± 2} (37/2−)→ {[541]1/2−;K ± 2} 33/2− 3914.3(6) 569.5(2) 1.23(9)

[402]5/2+ 9/2+ → [402]5/2+ 7/2+ 551.8(3) 131.9(2) 0.51(8)
→ [402]5/2+ 5/2+ 236.3(2) 0.38(6)
λ(236.3,131.9) = 0.75(17) B(M1)/B(E2)= 0.298(66)

[402]5/2+ 13/2+ → [402]5/2+ 11/2+ 891.7(3) 184.4(2) 1.05(7)
→ [402]5/2+ 9/2+ 340.0(2) 0.61(6)
λ(340.0,184.4) = 0.58(7) B(M1)/B(E2)= 0.865(103)

[402]5/2+ 17/2+ → [402]5/2+ 15/2+ 1322.0(4) 232.5(2) 0.96(7)
→ [402]5/2+ 13/2+ 430.4(2) 1.01(7)
λ(430.4,232.5) = 1.05(11) B(M1)/B(E2)= 0.775(78)

[402]5/2+ 21/2+ → [402]5/2+ 19/2+ 1828.4(4) 275.8(2) 0.88(7)
→ [402]5/2+ 17/2+ 506.6(2) 1.50(10)
λ(506.6,275.8) = 1.70(18) B(M1)/B(E2)= 0.647(67)

[402]5/2+ (25/2+)→ [402]5/2+ 21/2+ 2378.4(6) 550.0(2) 0.90(9)

[402]5/2+ 7/2+ → [402]5/2+ 5/2+ 419.7(3) 104.1(2) 0.50(8)
[402]5/2+ 11/2+ → [402]5/2+ 9/2+ 707.3(3) 155.4(2) 0.90(9)

→ [402]5/2+ 7/2+ 287.8(2) 0.57(6)
λ(287.8,155.4) = 0.63(9) B(M1)/B(E2)= 0.575(84)



18 H.J. Jensen et al. / Nuclear Physics A 695 (2001) 3–50

Table 1 —continued

[Nn3Λ]ΩπIπ
i

→ [Nn3Λ]ΩπIπ
f

Ei [keV] Eγ [keV] Irel
γ RDCO δ

[402]5/2+ 15/2+ → [402]5/2+ 13/2+ 1089.5(4) 197.7(2) 1.03(7)
→ [402]5/2+ 11/2+ 382.2(2) 0.94(7)
λ(382.2,197.7) = 0.91(9) B(M1)/B(E2)= 0.802(81)

[402]5/2+ 19/2+ → [402]5/2+ 17/2+ 1552.3(4) 230.0(2) 0.89(5)
→ [402]5/2+ 15/2+ 462.7(2) 1.58(10)
λ(462.7,230.0) = 1.78(15) B(M1)/B(E2)= 0.680(58)

[402]5/2+ 23/2+ → [402]5/2+ 21/2+ 2079.2(5) 250.6(2) 0.49(6)
→ [402]5/2+ 19/2+ 527.1(2) 1.78(11)
λ(527.1,250.6) = 3.63(50) B(M1)/B(E2)= 0.493(68)

[402]5/2+ (27/2+)→ [402]5/2+ 23/2+ 2671.0(6) 591.8(2) 1.13(9)

[523]7/2− ⊗ AE 17/2+ → [523]7/2− 15/2− 1740.8(3) 1066.0(3) 1.83(70) 0.51(23)
[523]7/2− ⊗ AE 21/2+ → [523]7/2− ⊗ AE 19/2+ 1989.3(4) 132.2(2) 1.52(14)

→ [523]7/2− ⊗ AE 17/2+ 248.4(2) 0.30(15)
→ [523]7/2− 19/2− 917.4(2) 6.12(56) 0.60(5)
λ(248.4,132.2) = 0.20(10) B(M1)/B(E2)= 1.436(730)
λ(248.4,917.4) = 0.049(25) B(E1)/B(E2)= 0.019(10)

[523]7/2− ⊗ AE 25/2+ → [523]7/2− ⊗ AE 23/2+ 2304.7(4) 166.0(2) 5.56(48) 1.06(12)
→ [523]7/2− ⊗ AE 21/2+ 315.5(2) 3.04(30) 1.13(23)
→ [523]7/2− 23/2− 754.9(2) 4.00(38) 0.74(14)
λ(315.5,166.0) = 0.55(7) B(M1)/B(E2)= 0.866(114)
λ(315.5,754.9) = 0.760(104) B(E1)/B(E2)= 0.007(1)

[523]7/2− ⊗ AE 29/2+ → [523]7/2− ⊗ AE 27/2+ 2689.3(4) 200.9(2) 5.53(48) 0.97(13)
→ [523]7/2− ⊗ AE 25/2+ 384.7(2) 5.83(50) 1.02(8)
λ(384.7,200.9) = 1.05(13) B(M1)/B(E2)= 0.682(83)

[523]7/2− ⊗ AE 33/2+ → [523]7/2− ⊗ AE 31/2+ 3142.2(5) 234.7(2) 4.13(36) 0.88(8)
→ [523]7/2− ⊗ AE 29/2+ 453.0(2) 6.01(50) 0.96(11)
λ(453.0,234.7) = 1.46(18) B(M1)/B(E2)= 0.702(85)

[523]7/2− ⊗ AE 37/2+ → [523]7/2− ⊗ AE 35/2+ 3658.9(5) 265.7(2) 2.86(26)
→ [523]7/2− ⊗ AE 33/2+ 516.8(2) 6.23(54) 1.06(12)
λ(516.8,265.7) = 2.18(27) B(M1)/B(E2)= 0.625(79)

[523]7/2− ⊗ AE 41/2+ → [523]7/2− ⊗ AE 39/2+ 4233.9(6) 293.4(2) 1.40(18)
→ [523]7/2− ⊗ AE 37/2+ 575.2(2) 4.09(38) 0.97(19)
λ(575.2,293.4) = 2.92(46) B(M1)/B(E2)= 0.591(94)

[523]7/2− ⊗ AE 45/2+ → [523]7/2− ⊗ AE 41/2+ 4861.6(6) 627.7(2) 3.08(30)
[523]7/2− ⊗ AE 49/2+ → [523]7/2− ⊗ AE 45/2+ 5525.3(7) 663.7(2) 0.92(18)

→ [404]7/2+ 45/2+ 5526.0(7) 698.9(2) 1.39(10)
λ(698.9,663.7) = 1.51(31) B(E2)/B(E2)= 1.17(24)

[523]7/2− ⊗ AE (53/2+)→ [523]7/2− ⊗ AE 49/2+ 6244.8(8) 719.6(2) 0.41(6)

[523]7/2− ⊗ AE 19/2+ → [523]7/2− ⊗ AE 17/2+ 1857.1(4) 116.2(2) 0.27(20)
→ [523]7/2− 17/2− 991.4(2) 4.65(50) 0.54(5)

[523]7/2− ⊗ AE 23/2+ → [523]7/2− ⊗ AE 21/2+ 2138.5(4) 149.0(2) 4.30(38) 1.00(11)
→ [523]7/2− ⊗ AE 19/2+ 281.5(2) 1.09(20) 1.07(14)
→ [523]7/2− 21/2− 830.2(2) 3.65(34) 0.56(6)
λ(281.5,149.0) = 0.25(5) B(M1)/B(E2)= 1.460(297)
λ(281.5,830.2) = 0.299(61) B(E1)/B(E2)= 0.008(2)

[523]7/2− ⊗ AE 27/2+ → [523]7/2− ⊗ AE 25/2+ 2488.3(4) 183.5(2) 6.20(52) 0.96(10)
→ [523]7/2− ⊗ AE 23/2+ 349.8(2) 4.53(40) 0.98(12)
λ(349.8,183.5) = 0.73(9) B(M1)/B(E2)= 0.804(98)
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Table 1 —continued

[Nn3Λ]ΩπIπ
i

→ [Nn3Λ]ΩπIπ
f

Ei [keV] Eγ [keV] Irel
γ RDCO δ

[523]7/2− ⊗ AE 31/2+ → [523]7/2− ⊗ AE 29/2+ 2907.3(5) 217.9(2) 5.10(42) 0.96(16)
→ [523]7/2− ⊗ AE 27/2+ 419.1(2) 6.37(54) 1.04(9)
λ(419.1,217.9) = 1.25(15) B(M1)/B(E2)= 0.693(82)

[523]7/2− ⊗ AE 35/2+ → [523]7/2− ⊗ AE 33/2+ 3393.0(5) 250.6(2) 3.18(28) 0.87(10)
→ [523]7/2− ⊗ AE 31/2+ 485.8(2) 6.60(56) 1.00(12)
λ(485.8,250.6) = 2.08(25) B(M1)/B(E2)= 0.574(70)

[523]7/2− ⊗ AE 39/2+ → [523]7/2− ⊗ AE 37/2+ 3940.3(5) 281.2(2) 2.25(30)
→ [523]7/2− ⊗ AE 35/2+ 547.4(2) 5.99(54)
λ(547.4,281.2) = 2.66(43) B(M1)/B(E2)= 0.575(93)

[523]7/2− ⊗ AE 43/2+ → [523]7/2− ⊗ AE 39/2+ 4543.8(6) 603.5(2) 4.94(44)
[523]7/2− ⊗ AE 47/2+ → [523]7/2− ⊗ AE 43/2+ 5202.9(7) 659.1(2) 1.86(22)

[523]7/2− ⊗ AE (51/2+)→ [523]7/2− ⊗ AE 47/2+ 5890.7(8) 687.8(2) 0.77(20)
→ [404]7/2+ 47/2+ 5891.3(7) 705.9(2) 0.87(6)
λ(705.9,687.8) = 1.13(30) B(E2)/B(E2)= 0.99(26)

Spectra illustrating the crossings and the weak interband transitions between the
[523]7/2− and[541]1/2− bands around spin 13/2−h̄ and between the[523]7/2− ⊗ AB
and[541]1/2− bands around 37/2−h̄, both established in this work, are shown in Fig. 4,
(c) and (d).

3.1.2. Band 1
Two new strongly coupled sequences, feeding into the[523]7/2− band between spin

15/2−h̄ and 23/2−h̄ via five transitions of energies 754.9, 830.2, 917.4, 991.4 and
1066.0 keV, and with DCO ratios consistent with pure stretched dipole character, have
been established. The pure dipole character of the depopulating transitions supports our
assignment of a bandhead spin of 17/2h̄, and positive parity is suggested, after considering
possible configurations in Section 4.2.1.

A gate on the 917.4 keV dipole transition is shown in Fig. 4(e). All transitions below spin
19/2−h̄ of band[523]7/2− and above spin 21/2+h̄ in the new band are seen in agreement
with the proposed level scheme. A few contaminant lines are seen too, but these can all be
explained by a 916 keV transition4 populating band[541]1/2− at spin 25/2−h̄. Fig. 4(f)
shows a gate on 349.8 keV, suggested to be the 27/2+ → 23/2+ transition of the new band.
The E2 transitions in coincidence with the 349.8 keV line and the four strongest transitions
depopulating the new bands are seen in agreement with the proposed level scheme.

3.1.3. [541]1/2− band
The favoured signature(αf = +1/2) of the [541]1/2− band, which was known

previously to spin 37/2−h̄, has been confirmed and extended with four new E2 transitions
to spin 53/2−h̄. A double gate between the previously highest known transition energy,

4 Since it has not been possible to connect unambiguously a band to this transition, it is neither included in the
level scheme nor in Table 1.
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Fig. 4. ((a) and (b)) Coincidence spectra (from the first experiment) obtained by gating on a sum
of transitions placed in the high-spin part of band[523]7/2− . ((c) and (d)) Double gated spectra
illustrating interband transitions between bands[523]7/2− and[541]1/2− . ((e) and (f)) Coincidence
spectra showing the two signatures of band 1 and the dipole transitions depopulating the band.

674.3 keV, and a sum of transitions below spin 29/2−h̄ (134.4, 204.0, 298.3, 389.3, 474.3
and 551.1 keV) is shown in Fig. 5(a).

The unfavoured signature,[541]1/2− (αu = −1/2), has been extended from spin 3/2−h̄
to 39/2−h̄ (43/2−h̄). A double gate between the 572.1 keV transition and the 719.4 keV
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Fig. 5. (a) Sum of double gated spectra showing band[541]1/2− (α = +1/2). ((b) and (c)) Double
gated spectra showing band[541]1/2− (α = −1/2). (d) Double gated spectrum illustrating the
low-spin part of band[541]1/2− (α = +1/2) and interband E1 transitions between bands[411]1/2+
and[541]1/2− . ((e) and (f)) Double gated spectra showing the new bands 3 and 4.

M1 transition depopulating the unfavoured signature is shown in Fig. 5(b). The three
transitions above 31/2−h̄, and part of the favoured signature, is seen in agreement with
the proposed level scheme. The complicated structure of the level scheme, with the three
doublets 717.3, 719.4, 618.3, 618.9, 789.5 and 789.7 keV, could be solved only by means
of the cube. Fig. 5(c) illustrates the lower part of the level scheme, the decay to the favoured
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signature via the weak 408.0 keV transition and the decay to band[411]1/2+ (α = +1/2)
via the two E1 transitions of energy 319.9 and 339.6 keV. A double gate between the
466.8 keV 35/2+h̄→ 31/2+ transition of the[411]1/2+ band and the 389.3 keV transition
of the [541]1/2− (α = +1/2) band, shown in Fig. 5(d) illustrates the low-spin part of
[541]1/2− (α = +1/2) and the interband E1 transitions between the two bands.

Interband transitions between the[541]1/2− and[411]1/2+ bands all have DCO ratios
close to 0.6 in agreement with a pure dipole (E1) character, whereas the intenseI →
I −1 transitions between the unfavoured and favoured signatures of[541]1/2− have ratios
smaller than 0.6 and values decreasing with increasing spin. Large negative mixing ratios
in the range from≈ 0 to≈ −2.1 (for spins 11/2−h̄ to 35/2−h̄) have been extracted for the
latter transitions, indicating a strong E2 mixing.

3.1.4. Bands 3 and 4
Two new decoupled rotational band structures which decay to band[541]1/2− have been

established — bands 3 and 4. Fig. 5, (e) and (f) show examples of coincidence spectra for
bands 3 and 4, respectively. It should be mentioned that in gate (f) some contaminants
come in via an unresolved coincidence between a 621.9 keV transition and the 447.1 keV
19/2→ 15/2 transition of the[411]1/2+ band.

DCO ratios for four out of five inband transitions for band 3 are consistent with stretched
E2 multipolarity. The weighted average of the DCO ratios for the four interband transitions
from band 3 to the[541]1/2− (α = +1/2) band is 0.36± 0.05. Hence it is suggested that
they have mixed E2/M1 multipolarity and that band 3 has negative parity. The most likely
spin for the lowest level is therefore 15/2−h̄. The average DCO ratio corresponds to two
possible values for the mixing ratioδw = −0.38+0.11

−0.19 andδw = −2.49+0.77
−1.14, which both

indicate a considerable E2 mixing.
DCO ratios for the three lowest inband transitions of band 4 unambiguously confirm

that they are stretched quadrupole transitions. Due to low intensities, the determination of
the multipolarity for the out of band transitions of band 4 is difficult. However, a weighted
average of DCO ratios of 0.81± 0.13 was found for the 646.9 and 621.9 keVI → I

transitions, which gives two possible values for the mixing ratioδw = −0.65+0.38
−0.88 and

δw = 1.64+4.34
−0.79. The three lowest levels of band 4, decay to levels of band[541]1/2− (α =

+1/2) with both spinI andI − 2. This gives only three possibilities5 for the spin of the
lowest level; 13/2h̄, 15/2h̄ and 17/2h̄. Spin 17/2h̄ is suggested, as with this choice band 3
and 4 resemble signature partners, but without transitions connecting them. This implies
that band 4 has negative parity, too. Further arguments for this assignment will be given in
Section 4.2.3.

3.1.5. [411]1/2+ and [404]7/2+ bands
The [411]1/2+ and [404]7/2+ bands were previously reported to spins 29/2h̄ and

33/2h̄, respectively. These have now been extended to spins 67/2h̄ and 53/2h̄. Near spin
19/2h̄, theα = −1/2 signatures of the two bands come close in energy and interact, caus-

5 If multipoles higher than quadrupoles are excluded.



H.J. Jensen et al. / Nuclear Physics A 695 (2001) 3–50 23

ing numerous cross-over transitions between the bands. To obtain a smooth progression
of the moments-of-inertia for these bands, it has been necessary to change the previous
assignment above spin 19/2+h̄ and interchange levels between the bands in the interacting
region. In this way it is ensured that the two signatures of the[404]7/2+ band behave as
normal signature partners with no signature splitting before and after the alignment ofi13/2

neutrons. The two bands are given a detailed band-mixing analysis in Section 5.1.
Spectra illustrating the high-spin part of the[411]1/2+ band are shown in Fig. 6,

(a), (b), and Fig. 5(d), while the double gated spectra of Fig. 6, (c) and (d), emphasize the
[404]7/2+ band and its link to the[411]1/2+ band. Note that the E1 transition between the
[404]7/2+ and[541]1/2− bands are a consequence of the mixing between the[411]1/2+
and [404]7/2+ bands as they would otherwise beK-forbidden. Measured DCO ratios
support the pure stretched dipole structure of these transitions. This interpretation is at
variance with Ref. [27].

3.1.6. Band 2
A new strongly coupled band, labeled 2, which decays to the[404]7/2+ band between

spin 15/2+h̄ and 19/2+h̄ via transitions of 694, 786 and 888 keV, has been found. Spectra
illustrating the coincidence relations for the established level scheme are shown in Fig. 6,
(e) and (f). DCO ratios for the 694, 786 and 888 keV interband transitions strongly indicate
stretched dipole character.

3.1.7. [402]5/2+, [514]9/2− and [411]3/2+ bands
New levels have been added to the[402]5/2+ band, see Fig. 2, and the band has been

extended from spin 9/2+h̄ to spin 27/2+h̄. The previously reported transitions linking
the[402]5/2+ band to the[404]7/2+ band, have not been observed, and neither have any
of previously reported transitions associated with the[514]9/2− and [411]3/2+ bands.
Presumably, these bands are too far from the yrast line to be populated with sufficient
strength with the present reactions.

3.2. DSAM analysis of transitions in the [541]1/2− and [411]1/2+ bands

The Doppler Shift Attenuation Method was used to obtain lifetimes of high-spin states
in the [541]1/2− and [411]1/2+ bands. The method is discussed in detail by Gascon et
al. [11], and only an outline is given here.

The stopping process of the recoiling ions in the target and backing is first dominated by
electronic stopping and then, at lower energies, nuclear stopping, which involves collisions
between nuclei of the host material and the recoiling nuclei. The velocity distributions of
the recoiling ions are calculated in a Monte Carlo approach developed by W.M. Currie [28],
using empirical electronic stopping powers [29], corrected for shell effects [30,31], and
nuclear stopping described by the differential Lindhardt cross section [32]. The simulation
code, by J.C. Bacelar [33], is used to calculate lineshapes as a function of time, in steps
of 5 fs. By solving the Bateman’s equations for the yield emitted in the same time steps,
the lineshapes for each step are weighted by the yield and added together to form the
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Fig. 6. ((a) and (b)) Coincidence spectra illustrating the high-spin part of band[411]1/2+ . ((c) and
(d)) Double gated spectra illustrating the high-spin part of band[404]7/2+ , and the crossing between
bands[411]1/2+ and[404]7/2+ . ((e) and (f)) Double gated spectra showing the new band 2.

simulated lineshape for a given set of lifetimes of all states involved in the cascade and its
feeding. A least-squares fitting procedure finds the optimal lifetimes for states involved in
the cascade [11,33].

For each of the two backing materials (Au and Pb), fourγ γ -matrices — one for
each polar angleθ = 37◦, 79◦, 101◦ and 143◦, versus the sum of all angles — were
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used in the DSAM analysis. Gates on transitions in all bands were inspected to find
suitable spectra, free of contaminating lines, for the analysis of the Doppler broadened
lineshapes of E2 cascade transitions down the bands. It was not possible to gate above
any transitions of interest (and consequently eliminate the uncertainty connected to the
simulation of the time-structure in the side-feeding) due largely to a lack of statistics, but
suitable gates below were found for both signatures of the[411]1/2+ band and for the
favoured signature of the[541]1/2− band. They were the 483 keV 37/2+ → 33/2+ and
527 keV 29/2+ → 25/2+ transitions of the positive signature of the[411]1/2+ band and
the 516 keV 39/2+ → 35/2+ and 467 keV 35/2+ → 31/2+ transitions of the negative
signature, and the 474 keV 25/2− → 21/2− transition of the[541]1/2− band.

The decay times of the states were successively determined from above. The side-
feeding intensities were fitted by modeling the time structure of the side-feeding intensities
as a cascade of three transitions all sharing the same effective transition quadrupole
moment,Qs , and a fixedJ (2) moment of inertia of 65.0 h̄2 MeV−1. Examples of fitted
spectra are shown in Fig. 7.

Transition quadrupole moments were extracted from lifetimes using the rigid rotational
model formula. The lifetimes and quadrupole moments obtained from the Pb-backed data
are listed in Table 2 and presented in Fig. 8. The statistics for the Au-backed data are less
than a third of that collected with the Pb backing. The quadrupole moments are identical,
within the uncertainties, for both backings. An additional 5% systematic error has been
added to the uncertainties listed in Table 2 to account for uncertainties in the electronic
stopping powers.

Table 2
Level lifetimes and quadrupole moments of the#I = 2 transitions of the[541]1/2− and[411]1/2+
bands in165Tm

[Nn3Λ]Ωπ Ii → If Eγ (keV) τ (ps) Qt (b) Qs (b)

[541]1/2− 33/2− →29/2− 618.3(2) 0.27+0.05
−0.05 9.8+0.9

−0.9 6.40+0.25
−0.25

37/2− →33/2− 674.3(2) 0.26+0.04
−0.04 7.9+0.6

−0.6 6.40+0.25
−0.25

41/2− →37/2− 717.3(2) 0.22+0.03
−0.03 7.3+0.5

−0.5 6.40+0.25
−0.25

45/2− →41/2− 741.9(2) 0.15+0.02
−0.02 8.1+0.6

−0.6 6.40+0.25
−0.25

49/2− →45/2− 762.8(2) 0.10+0.03
−0.04 9.3+1.6

−1.5 6.40+0.25
−0.25

Weighted averageQt = 8.3± 0.5 b,β2 = 0.33± 0.02

[411]1/2+ 45/2+ →41/2+ 634.8(2) 0.27+0.05
−0.06 9.0+1.0

−0.9 7.55+0.50
−0.60

47/2+ →43/2+ 660.8(2) 0.29+0.05
−0.04 8.0+0.6

−0.7 7.45+0.30
−0.30

49/2+ →45/2+ 708.4(2) 0.20+0.04
−0.05 8.1+1.0

−0.8 7.55+0.50
−0.60

51/2+ →47/2+ 729.4(2) 0.18+0.03
−0.02 7.9+0.5

−0.6 7.45+0.30
−0.30

53/2+ →49/2+ 779.9(2) 0.20+0.07
−0.05 6.2+0.8

−1.1 7.55+0.50
−0.60

55/2+ →51/2+ 793.9(2) 0.21+0.07
−0.04 5.8+0.5

−1.0 7.45+0.30
−0.30

Weighted averageQt = 7.4± 0.5 b,β2 = 0.30± 0.02
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Fig. 7. Examples of observed and fitted peak shapes at the four detector angles,θ = 142.6◦ , 100.8◦ ,
79.2◦, and 37.4◦, for the 717.3 keVI = 41/2− → 37/2− transition of the[541]1/2− (α = +1/2)
band (left column), 708.4 keVI = 49/2+ → 45/2+ transition of the[411]1/2+ (α = +1/2) band
(middle column), and the 729.4 keVI = 51/2+ → 47/2+ transition of the[541]1/2− (α = −1/2)
band (right column). Data from the experiment with lead backing are shown as histograms and the
fitted shapes as dashed lines.
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Fig. 8. Measured quadrupole moments for band[541]1/2− (α = +1/2) (squares) and[411]1/2+
(α = ±1/2) (triangles). The weighted average is shown with solid (8.3 ± 0.5 b) and dashed
(7.4± 0.5 b) lines for the[541]1/2− and[411]1/2+ bands, respectively.

4. Interpretation of band structures

Figs. 9, (a) and (b), show experimental aligned angular momenta,ix , while Figs. 10, (a)
and (b), show the corresponding Routhians. Backbends (or upbends) in the alignment plots
are understood as being due to band crossings. In the rare-earth region, the first backbend
is attributed to the alignment ofi13/2 neutrons, which in the CSM terminology is denoted
as the AB crossing [6]. Crossing frequencies,h̄ωc , and gain in aligned angular momenta,
#ix , for the crossings observed in the various bands are listed in Table 3 together with the
corresponding values for the neighbouring even–even nuclei.

The new bands in165Tm are assigned configurations by examining properties such as
aligned angular momenta, crossing frequencies andB(M1)/B(E2) ratios.

4.1. B(M1)/B(E2) values

Experimental ratios ofB(M1)/B(E2) for the high-K bands (K � 5/2) are shown in
Fig. 11, where they are compared with theoretical estimates based on an extension of the
semiclassical formula by Dönau and Frauendorf [36,37]. The experimental values were
obtained from the data according to:

B(M1, I → I − 1)

B(E2, I → I − 2)
= 0.6967

E5
2(I → I − 2)

E3
1(I → I − 1)

1

λ(1+ δ2)
. (3)

In addition to the branching ratioλ, the E2/M1 mixing ratio,δ, is required. Of the bands in
Fig. 11 the mixing ratio has only been determined from the DCO analysis for the[404]7/2+
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Fig. 9. Aligned angular momenta for bands in165Tm with (a) negative and (b) positive parity versus
rotational frequencȳhω. Data are shown relative to a reference configuration with a moment of
inertia parameterized by the Harris parametersJ0 = 35.0 h̄2/MeV andJ1 = 43.0 h̄4/MeV3.

Fig. 10. Experimental Routhians for bands in165Tm with (a) negative and (b) positive parity versus
rotational frequencȳhω. Data are shown relative to a reference configuration with a moment of
inertia parameterized by the Harris parametersJ0 = 35.0 h̄2/MeV andJ1 = 43.0 h̄4/MeV3.

band. For the remaining bands,δ was taken to be zero, and sinceδ is expected to have
a magnitude of less than 0.3, the experimentalB(M1)/B(E2) ratios may be overestimated
by up to 10%. Levels that are mixed due to known band-crossings (e.g. the[404]7/2+ and
[411]1/2+ crossing near spin 19/2h̄) were corrected to obtain pure branching ratiosλ.
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Table 3
Rotational frequencies,̄hωc and gain in aligned angular momentum,#ix , at the AB-band crossing
for rotational bands in165Tm, and for the yrast band in the neighbouring even–even nuclei164Er [34]
and166Yb [35]

Nucleus [Nn3Λ]Ωπ α h̄ωc (keV) #ix (h̄) #e′ (keV)a

165Tm [523]7/2− +1/2 270+2
−4 7.9+0.3

−0.3 < 5

−1/2 272+2
−4 7.9+0.3

−0.3
[541]1/2− +1/2 355+15

−5 > 5.3 442± 3

−1/2 ∼ 300+20
−20 ?

Band 2 +1/2 Blocked – < 1
−1/2 Blocked –

Band 4 +1/2 > 280 ? ∼ 8 ± 2
Band 3 −1/2 > 290 ?
[404]7/2+ +1/2 261+2

−4 8.1+0.3
−0.3 < 3

−1/2 261+2
−4 8.1+0.3

−0.3
[411]1/2+ +1/2 247+4

−4 8.2+0.3
−0.3 113 ± 3

−1/2 262+4
−4 8.2+0.3

−0.3[402]5/2+ +1/2 ? ? 8± 2
−1/2 ? ?

Band 1 +1/2 Blocked – < 3
−1/2 Blocked –

164Er Yrast band 0 281± 2 7.0+0.5
−0.5

166Yb Yrast band 0 269± 2 7.9+0.5
−0.5

a Signature splitting,#e′, extracted at̄hω= 200 keV.

The measuredB(M1)/B(E2) values are in good agreement with the semiclassical
estimates for the[404]7/2+, [402]5/2+ and [523]7/2− bands. In these calculations,
gR was taken to be 0.32, thegK values were obtained from Ref. [38] andQ0 taken to
be 7.2e b, an average of the measured values (see Sections 3.2 and 6.2.1). The alignments
ix were obtained from Fig. 9 and similar plots for164Er and166Yb.

4.2. New bands: configuration assignments

4.2.1. Band 1
The excitation energy of the head of band 1, around 2 MeV, is compatible with

a three-quasiparticle excitation. Considering its decay to the[523]7/2− band, a candidate
configuration would be a[523]7/2− proton coupled to the negative-parity configuration
ν[642]5/2+ ⊗ ν[523]5/2− (or AE and AF in CSM terminology) observed in the even–
even neighbours. The band has a large value of aligned angular momentum at low rotational
frequencies, which increases gradually to around 10h̄ at the highest frequency, see Fig. 9.
The large aligned angular momentum at low frequency is consistent with a contribution
from an alignedi13/2 neutron, in which case the gradual upbend would be due to the
development of a BC alignment with a strong interaction. This is consistent with the CSM,
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Fig. 11. Experimental and calculatedB(M1)/B(E2) ratios for band[523]7/2−, bands 1,[404]7/2+ ,
bands 2 and[402]5/2+ . See text for further details.

which predicts that the BC crossing has a much larger interaction strength (∼ 200 keV)
than the AB crossing (∼ 50 keV). This prediction is also qualitatively confirmed by
observations in the neighbouring even–even isotopes.

The proposed configuration,π[523]7/2− ⊗ ν[642]5/2+ ⊗ ν[523]5/2−, would have
a bandhead withKπ = 17/2+, consistent with the data, and hasB(M1)/B(E2) values
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which are in good agreement with the experimental values, see Fig. 11(b). The most
obvious alternative at higher excitation, the[523]7/2− proton coupled to the negative-
parity configurationν[642]5/2+ ⊗ ν[521]3/2− (AG or AH), could easily be excluded
due to large deviations (typically more than 0.4(µN/eb)2) between the experimental
B(M1)/B(E2) values and the semiclassical estimate.

4.2.2. Band 2
Band 2 has similar excitation energy and alignment to band 1, and thus similar arguments

apply to its configuration assignment. The negative parity and the decay to the[404]7/2+
band argues for aπ[404]7/2+ ⊗ ν[642]5/2+ ⊗ ν[523]5/2− configuration assignment.
This assignment implies a value ofKπ = 17/2−, which is compatible with the observed
bandhead, and hasB(M1)/B(E2) values in good agreement with the measured values, see
Fig. 11(d). The most obvious alternative, the[404]7/2+ proton coupled to the negative-
parity configurationν[642]5/2+ ⊗ ν[521]3/2− (AG or AH), could be excluded with the
same arguments given for band 1.

4.2.3. Bands 3 and 4
At low frequencies, the aligned angular momentum of bands 3 and 4 is consistent with

one aligned quasiparticle, which is unlikely to be ani13/2 neutron as the band evidently
does not show a strongly interacting BC crossing, as do bands 1 and 2. Instead they show
a crossing at the same frequency as the (unblocked) AB crossing in the[523]7/2− band.
The decay to the[541]1/2− band suggests the aligned particle to be anh9/2 proton. The
energies for the spin 15/2 and 17/2 levels, 1289.7 and 1442.4 keV, respectively, while
low, do not completely exclude a three-quasiparticle structure. However, due to the loss of
intensity to the[541]1/2− band, it is likely that the bandheads have not been observed. In
the even–even neighbours164Er and166Yb, γ -vibrational bands based on levels at 860 and
932 keV (similar to the difference in excitation energy at low spins for band[541]1/2−
and bands 3, 4) have been reported [34,35], opening the possibility that bands 3 and 4 are
members of aγ band coupled to anh9/2 proton.

This interpretation is supported by similarities to164Er for the ratio between the decay
strength out of theγ band,B(E2)out, and the inband strength,B(E2)in. The average values
for the ratios

B(E2; I → I)out

B(E2; I → I − 2)in
and

B(E2; I → I − 2)out

B(E2; I → I − 2)in

are 0.03(2) and 0.0017(12), respectively, for even spins in164Er. The corresponding values
for band 4 are 0.14(2) and 0.0042(11), respectively. The average values for the ratios

B(E2; I → I + 1)out

B(E2; I → I − 2)in
and

B(E2; I → I − 1)out

B(E2; I → I − 2)in

are 0.08(4) and 0.020(9), respectively, for odd spins in164Er. Only theI → I−1 transitions
were observed for band 3, and with an average ratio of 0.03(2). The expectedB(E2; I →
I +1)out/B(E2; I → I −2)in ratio for band 3 implies intensities for the missingI → I +1
transitions below the detectable limit in the present experiments. TheB(E2)out/B(E2)in
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decay strength ratios for bands 3 and 4 in165Tm are all slightly larger than found for the
γ -vibrational band in164Er, which indicate vibrational rather than single-particle strength
for B(E2)out in 165Tm.

M1 decay strength is not expected for#K = 2 transitions form aγ -vibrational band,
but can occur, presumably caused by mixing. Some examples of admixed M1 strength are
found for the decay between bands 3 and 4 and the[541]1/2− band (see Section 3.1.4).
Mixing ratios of similar magnitude and sign are also measured in the decay from the
γ -vibrational band to the ground band in164Er. Furthermore, gamma bands of similar
excitation energy have been suggested [39] in167Tm.

5. Band mixing and relative deformations

In Fig. 12, the energies of the positive and negative-parity bands, relative to a rigid rotor
reference, are plotted as a function of spin. A close inspection of Fig. 12, and the level
scheme, reveals many examples of bandcrossings. In Table 4, all pairs of bands that have
a minimum level separation of less than 40 keV are listed. The minimum separation energy
gives an estimate of the maximum interaction strength. When interband transitions are also
observed, it is possible to deduce relative quadrupole moments by means of a two-band (or
two-level) mixing analysis. Such crossings occur between the[411]1/2+ and[404]7/2+
bands, and the[541]1/2− and[523]7/2− bands.

5.1. [411]1/2+ and [404]7/2+ bands

To obtain the relative transition quadrupole moments between the[411]1/2+ and
[404]7/2+ bands, a two-band mixing analysis was performed using the model described in

Fig. 12. Excitation energy versus spin for the negative (a) and positive (b) parity bands of165Tm
relative to a rigid rotor with a moment of inertiaJrig = 67.0 h̄2/MeV.
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Table 4
Minimum level distances between rotational bands of165Tm

α #E [keV] I [h̄]

[523]7/2− [541]1/2− +1/2 13.8(4) 13/2
[523]7/2− [541]1/2− −1/2 16.5(6) 37/2
[541]1/2− Band 2 +1/2 23.4(11) 49/2
[541]1/2− Band 2 −1/2 38.4(5) 27/2
Band 4 Band 2 +1/2 4.6(5) 25/2
Band 3 Band 2 −1/2 35.4(5) 23/2
[404]7/2+ [411]1/2+ +1/2 28.1(6) 33/2
[404]7/2+ [411]1/2+ −1/2 10.4(4) 19/2
Band 1 [404]7/2+ +1/2 15.6(7) 33/2
Band 1 [404]7/2+ −1/2 14.0(6) 31/2
Band 1 [411]1/2+ +1/2 18.5(11) 53/2

Energy distance,#E, and spin,I , is given for “crossings” if the separation is less than 40.0 keV.

Table 5
Parameters determined from two band-mixing calculations for band[411]1/2+ and[404]7/2+

Band �0i (10−2 keV−1) Ci (106 keV3) ixi (h̄) Ki (h̄) E0i (keV) Q0i (b) Vint (keV)

[404]7/2+ 3.37 4.32 0.0 ≡ 3.5 28.9 7.1(6) 5.0(5)
[411]1/2+ 3.77 7.88 0.0 ≡ 0.5 −46.2 ≡ 7.4

I (h̄) Wave-function amplitudes Excitation energy (keV)

“ [404]7/2+” “ [411]1/2+” “ [404]7/2+” “ [411]1/2+”

[404]7/2+ [411]1/2+ [404]7/2+ [411]1/2+ Eexp Ecalc
a Eexp Ecalc

a

3.5 0.9979 −0.0643 0.0643 0.9979 80.3(2) 80.16 158.8(2) 157.75
5.5 0.9950 −0.1003 0.1003 0.9950 365.7(3) 365.82 413.2(2) 415.68
7.5 0.9773 −0.2118 0.2118 0.9773 745.6(3) 744.78 767.9(3) 768.81
9.5 0.7460 −0.6660 0.6660 0.7460 1204.8(3) 1203.13 1215.2(3) 1213.14

11.5 0.9274 0.3741 −0.3741 0.9274 1744.7(3) 1743.98 1727.8(3) 1729.64
13.5 0.9323 0.3618 −0.3618 0.9323 2329.7(3) 2343.32 2305.0(3) 2328.57

A labeling “[Nn3Λ]Ωπ ” and [Nn3Λ]Ωπ for perturbed and unperturbed bands respectively, is used.
≡ Denotes value kept fixed in the fit.
a Ecalc is the calculated perturbed energy.

Ref. [40]. Briefly, two unperturbed bands are parameterized using a VMI [41] expression
and allowed to interact with a spin-independent interaction,Vint. The parameters describing
the unperturbed bands, the interaction, and the relative quadrupole moments of the
unperturbed bands, are varied to obtain a best fit to the level energies and inband/outband
branching ratios. The resulting parameters are listed in Table 5, and the quality of the fit can
be judged in Fig. 13, where calculated energies and branching ratios, according to the best
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Fig. 13. Results of two-band mixing calculations for bands[411]1/2+ and [404]7/2+ . Filled
symbols are included in the fit. Solid and dashed lines for the calculated perturbed and unperturbed
bands, respectively.

fit, are compared with the experimental quantities. An interaction strength of 5.0(5) keV
and a value of 0.96(5) is found for the ratioQ([404]7/2+)/Q([411]1/2+). If it can be
assumed that the quadrupole moment of the[411]1/2+ band is constant as a function of
spin, then the average values ofQt measured for the[411]1/2+ band imply a value for the
[404]7/2+ band of 7.1(6)e b. Consequently, within uncertainties, the two bands have the
same deformation.

5.2. [541]1/2− and [523]7/2− bands

The crossing between the[541]1/2− and[523]7/2− bands, at spin 13/2−, is illustrated
in Fig. 14. Because no E2 transitions between the bands are observed at this crossing,
a different approach, which compares the strength of the inband E2 transitions with that of
the#I = 1 transitions linking the two bands, is employed. In this analysis, it is assumed
that the two bands are only mixed in the vicinity of the crossing at the 13/2 levels.
This assumption is justified by the observation that the interaction strength must be less
than 6.9 keV, and that the level separation at the adjacent spins are considerably larger,
see Fig. 12(a). Then writing the wave-functions of the perturbed levels in terms of the
unperturbed levels atI = 13/2 as∣∣“ [541]1/2−”

〉 := α · ∣∣[523]7/2−〉+ β · ∣∣[541]1/2−〉,∣∣“ [523]7/2−”
〉 := −β · ∣∣[523]7/2−〉+ α · ∣∣[541]1/2−〉, (4)

a mixing angleθ can be defined and related to the interaction strengthVint and the perturbed
energy difference#E =Eye −Eyr via the amplitudesα andβ
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Fig. 14. Illustration of mixing between the[541]1/2− and[523]7/2− near the spin 13/2− levels.

α = cos(θ/2), β = sin(θ/2)=
√

1− α2 and sin(θ)= 2 · Vint

#E
.

With no off diagonal matrix elements the M1 branching ratio from theI = 15/2 state in
band[523]7/2− can be written

Tγ (163.9)

Tγ (177.5)
=
(

0.1639

0.1775

)3

·
(
β

α

)2

.

Similarly, the ratio of M1/E2 branching ratios from the twoI = 13/2 states can be
expressed as

λ13/2(“ [523]7/2−” )

λ13/2(“ [541]1/2−” )
= Tγ (258.7)/Tγ (142.2)

Tγ (204.0)/Tγ (128.4)

=
(

0.2587

0.2040

)5

·
(

0.1284

0.1422

)3

·
(
α

β

)2

·
(〈13

2
7
220

∣∣9
2

7
2

〉
〈13

2
1
220

∣∣9
2

1
2

〉
)2

×
(
Qt([523]7/2−)
Qt ([541]1/2−)

)2

, (5)

where the decay pattern, notation for admixed amplitudes and transition energies, are
explained in Fig. 14.

With these equations it is possible to solve for the mixing amplitudes and obtain the
interaction strength,Vint = 1.75(18) keV, and deduce the relative quadrupole moments:
Q([541]1/2−)/Q([523]7/2−) = 1.16(9). The wave-function for the[541]1/2− configu-
ration is known to be mixed withΩ � 3/2 states. In the evaluation of the uncertainty for
the relative quadrupole moments a possible 50%Ω = 3/2 mixing was included in Eq. (5).
If the average experimental value,Qt = 8.3(5) e b is used for the[541]1/2− band, then
a quadrupole moment ofQ([523]7/2−)= 7.2(7) e b is deduced.
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Fig. 15. Excitation energy versus spin relative to a rigid rotor with a moment of inertia
Jrig = 67.0 h̄2/MeV, for bands[541]1/2− , 3 and 4. Solid lines for the empirical bands, and dashed
lines for the calculated unperturbed bands withα = −1/2.

5.3. γ -band–[541]1/2− crossing

A small signature splitting between bands 3 and 4 develops above spin 25/2, which can
be seen in Fig. 12. The figure also suggests that the splitting could be due to an interaction
of band 3 with the unfavoured signature of the[541]1/2− band. This possibility was tested
using a two-band mixing calculation with the model described in Section 5.1. The results
are illustrated in Fig. 15. The interaction was found to be 55 keV. Thus, in this model
band 4 is unperturbed by the favoured signature of the[541]1/2− band due to a large
energy separation of≈ 600 keV, and the unperturbed levels of band 3 are found to have
a negligible signature splitting relative to band 4. No signature splitting has been observed
in theγ -vibrational bands of the neighbouring even–even nuclei at low spins. It is therefore
expected (as a first approximation) that theγ -vibrational band built on the[541]1/2−
configuration in165Tm has no signature splitting.

6. Crossing frequencies and alignments

Some pronounced similarities and differences can be seen in the alignment curves shown
in Fig. 9. The three positive-parity bands,[404]7/2+, [411]1/2+ and [402]5/2+ have
a similar alignment pattern with almost identical AB band-crossing frequencies,h̄ωc ,
and gain in aligned angular momentum,#ix . Likewise, the negative-parity[523]7/2−
band has a crossing at the same frequency as that associated with the positive-parity one-
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quasiparticle bands. They all haveh̄ωc ’s and#ix ’s which are close to the values observed
in the neighbouring even nuclei164Er and166Yb. However, the AB crossing associated
with the other negative-parity band, based on the[541]1/2− configuration, occurs at
a much higher frequency, 0.355 MeV, compared with 0.275 MeV for the positive-parity
bands. The crossing frequency is shifted up by about 80 keV. Such shifts inh̄ωc are now
a well recognized feature of the[541]1/2− bands in the rare-earth region, with systematics
documented in, e.g., Refs. [1,2,14].

In the CSM, a change in crossing frequency and alignment can be generated by a change
in quadrupole deformation. This is because both the neutron pairing gap,∆ν , and the
degree of Coriolis mixing depend on the position of the neutron Fermi level,λν . The
pairing depends upon the level density and the Coriolis mixing is stronger near low-Ω

components of theνi13/2 intruder shell. Sinceλν depends on the shape parameters an early
explanation put forward for the shift in crossing frequency was that the[541]1/2− proton
polarized the core, and the resulting change in deformation caused the shift. Indeed the
present and previous measurements ofQt confirm the core polarization effect, but CSM
calculations [6,42] using frequency adiabatic configurations based on both experimentally
determined [10,11] and expected changes in equilibrium deformations [43] were only able
to explain a fraction of the observed shift inh̄ωc , varying from 20–60%, in the cases where
these shifts are large [3,8,10,11]. A major drawback of the formeradiabaticcalculations is
that constant deformation parameters and pairing gaps were used. These could be expected
to be different for the one-quasiparticle bands and the three-quasiparticleS-bands, formed
by the alignment ofi13/2 neutrons. Furthermore, the calculations did not address how
well the CSM describes a second quantity observed in experiment, namely#ix , and no
systematiccomparisons between data and predictions, for either quantity, have been made.

6.1. CSM calculations

To obtain a systematic understanding of the shifts and alignment gain in the rare-earth
region, calculations have been performed for the[541]1/2− bands of all odd-proton nuclei
in the rare-earth region with 68� Z � 77 and 94�N � 102, and for the yrast bands of all
even–even nuclei in the same region. Potential energy surfaces were calculated using the
cranked Nilsson–Strutinsky code “Ultimate Cranker” [44–46]. The calculations were fully
diabatic [44,45,47,48] up to a rotational frequency of 0.35 MeV, so that configurations
such as theh9/2 and h11/2 orbitals could be separated unambiguously. The diabaticity
enabled the energies and deformations of both the one-quasiparticle, and corresponding
three-quasiparticle bands, to be calculated independently, free of mixing at the crossing,
by minimizing the potential energy surfaces. Frequency independent monopole pairing
was used at each mesh point of the potential energy surface, expressed as a fraction
of the BCS pairing gap at̄hω = 0, for the proton one-quasiparticle configuration, and
the neutron zero- and two-quasiparticle configurations. These fractions were calculated
self-consistently at deformations appropriate for the band crossing [45]. Particle number
projection was performed. Further details of the calculations have been given in [14], where
the results forN = 98 isotones are presented.
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6.2. Comparison of measured and calculated deformations

6.2.1. Deformations in165Tm
The quadrupole moments measured for the four bands are summarized in Table 6, where

they are compared with the results of calculations. According to the calculations, the
alignment ofi13/2 neutrons does not change the deformation of the bands significantly,
and the bands maintain a constant quadrupole moment (typically changing by less than
0.2 e b) over the calculated frequency interval. This is the justification for the use of
average quadrupole moments to deduce the values for the[404]7/2+ and [523]7/2−
bands. However, the calculated deformations are in general lower than the experimentally
measured values by 1–8%. The largest deviation is for the[541]1/2− band, but even there
the calculated value is just outside the range allowed by the uncertainties. Since there may
be systematic errors in the stopping powers used in the DSAM analysis, it is also interesting
to compare relative deformations. In Table 6, both the measured and calculated values,
normalized to the quadrupole moment of the[541]1/2− S-band, are compared and found
to be in good agreement. The[541]1/2− intruder orbital stands out with a quadrupole
moment approximately 12% higher than the[411]1/2+, [404]7/2+ and[523]7/2− bands,
confirming the core polarization.

6.2.2. Deformations in the rare-earth region
In Table 7, a complete set of calculated deformations for the mass region is listed.

The core-polarizing effect of the[541]1/2− proton on the deformation is predicted as
a general feature. This prediction is in qualitative agreement with previous measurements
of Qt ’s for the [541]1/2− band in157Ho, 161Tm, 167Lu and 169Lu, [10–13], and with
calculated deformations in the rare-earth region using the Woods–Saxon potential [43]. The
[541]1/2− proton is found to drive the shape towards slightly positiveγ -deformations, and
generallyε2 increases by around 0.04, compared with the even–even neighbours. However,
the alignment ofi13/2 neutrons is predicted to have a smaller effect on the deformation,
reducing theε2 deformation by typically less than 0.01 and driving to slightly negative
γ -values.

Table 6
Calculated and experimentally deduced transition quadrupole moments and ratios of quadrupole
moments,R

Band Qt (eb) Ra Qcalc (eb) Qcalc(S-band) (eb) Rcalc
b

[541]1/2− 8.3(5) 1.00 7.6 7.7 1.00
[411]1/2+ 7.4(5) 0.89(8) 7.3 7.1 0.92
[404]7/2+ 7.1(6) 0.86(9) 6.8 6.8 0.88
[523]7/2− 7.2(7) 0.87(10) 6.9 6.8 0.90

a Normalized to experimentalQt of [541]1/2− band.
b Normalized to theoreticalQt of [541]1/2− S-band, usingS-bandQt for [411]1/2+ band and

one-quasiparticleQt for [404]7/2+ and[523]7/2− bands.
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Table 7
Predicted shape parameters,ε2, ε4 andγ , for the[541]1/2− (g-) and[541]1/2− ⊗ AB (S-) band in isotopes of Tm, Lu, Ta, Re and Ir, and for the(0,+) yrast (g-) and (S-)
bands in the neighbouring even–even isotopes

Nucleus N = 94 N = 96 N = 98 N = 100 N = 102
g-band S-band g-band S-band g-band S-band g-band S-band g-band S-band

Ira ε2 – – 0.209 0.205 0.221 0.208 0.229 0.214 0.229 0.217
ε4

b – – ≡ 0.00 ≡ 0.00 ≡ 0.01 ≡ 0.01 ≡ 0.02 ≡ 0.02 ≡ 0.02 ≡ 0.02
γ ◦ – – 5 −1 5 −1 2 −2 2 −2
h̄ωc / #ix – 220 keV / 10.9̄h 244 keV / 10.2h̄ 252 keV / 10.1h̄ 253 keV / 9.1h̄

Rea ε2 – – 0.232 0.227 0.241 0.234 0.252 0.245 0.251 0.241
ε4

b – – ≡ 0.00 ≡ 0.00 ≡ 0.01 ≡ 0.01 ≡ 0.02 ≡ 0.02 ≡ 0.02 ≡ 0.02
γ ◦ – – 3 −2 5 1 1 0 1 0
h̄ωc / #ix – 226 keV / 9.9h̄ 263 keV / 9.4h̄ 260 keV / 8.4h̄ 274 keV / 8.4h̄

W ε2 0.197 (0.186)c 0.220 0.216 0.228 0.216 0.240 0.233 0.244 0.233
ε4 0.001 (0.013)c 0.003 0.008 0.010 0.018 0.020 0.027 0.029 0.034
γ ◦ −7 (9)c −2 −6 −1 −5 −2 −4 −2 −5
h̄ωc / #ix 193 keV/ 10.8h̄ 204 keV/ 10.7h̄ 232 keV/ 10.1h̄ 245 keV/ 9.4 h̄ 249 keV/ 9.1 h̄

Ta ε2 0.242 0.228 0.250 0.242 0.263 0.254 0.277 0.272 0.278 0.262
ε4 -0.004 0.003 0.004 0.008 0.013 0.019 0.024 0.028 0.032 0.034
γ ◦ 1 3 4 −2 2 −1 1 0 1 −1
h̄ωc/#ix 231 keV/ 9.4 h̄ 234 keV/ 9.5 h̄ 276 keV/ 8.9 h̄ 275 keV/ 7.8 h̄ 298 keV/ 7.4 h̄

Hf ε2 0.214 0.205 0.236 0.231 0.252 0.237 0.264 0.253 0.266 0.250
ε4 −0.001 0.008 0.004 0.011 0.013 0.019 0.024 0.028 0.033 0.036
γ ◦ −4 3 −3 −5 −1 −4 −2 -2 −1 −3
h̄ωc/#ix 201 keV/ 10.0h̄ 210 keV/ 10.1h̄ 251 keV/ 9.5 h̄ 259 keV/ 8.6 h̄ 271 keV/ 8.2 h̄

Lu ε2 0.270 0.255 0.271 0.264 0.281 0.275 0.295 0.290 0.302 0.273
ε4 0.006 0.008 0.012 0.016 0.020 0.024 0.030 0.033 0.041 0.045
γ ◦ 1 0 2 −1 1 −1 1 0 1 −1
h̄ωc/#ix 255 keV/ 9.4 h̄ 245 keV/ 9.3 h̄ 295 keV/ 8.0 h̄ 283 keV/ 7.7 h̄ 354 keV/ 5.9 h̄

Yb ε2 0.241 0.217 0.250 0.240 0.268 0.258 0.278 0.271 0.285 0.258
ε4 −0.002 0.010 0.007 0.012 0.019 0.027 0.031 0.035 0.039 0.043
γ ◦ −5 4 −2 −5 −1 −3 −1 −1 −1 −3
h̄ωc/#ix 218 keV/ 9.7 h̄ 217 keV/ 9.8 h̄ 264 keV/ 9.0 h̄ 270 keV/ 7.7 h̄ 296 keV/ 7.2 h̄

Tm ε2 0.279 0.257 0.271 0.262 0.280 0.275 0.289 0.288 0.297 0.272
ε4 −0.001 −0.001 0.003 0.007 0.008 0.015 0.019 0.023 0.030 0.031
γ ◦ 1 −1 1 −4 1 −1 1 0 1 −2
h̄ωc/#ix 263 keV/ 9.0 h̄ 255 keV/ 9.5 h̄ 298 keV/ 7.6 h̄ 288 keV/ 7.3 h̄ 363 keV/ 5.6 h̄

Er ε2 0.245 0.237 0.254 0.249 0.267 0.259 0.276 0.274 0.286 0.263
ε4 −0.005 0.001 0.004 0.009 0.010 0.017 0.022 0.026 0.032 0.034
γ ◦ −3 -3 −3 −6 −4 −5 −1 −2 −2 −4
h̄ωc/#ix 235 keV/ 9.4 h̄ 225 keV/ 9.4 h̄ 270 keV/ 8.6 h̄ 274 keV/ 7.8 h̄ 309 keV/ 7.1 h̄

Values are given for spin values just before and after the crossing, respectively. Predicted rotational frequencies,h̄ωc , and gain in aligned angular momenta,#ix , at the AB-band crossing are given too.
a Values for Re and Ir are from [47].
b ε4 was fixed in the calculations for Re and Ir isotopes.
c Values for theS-band in168W are uncertain.
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A comparison between predicted and measured quadrupole deformations for the
[541]1/2− band, with available data in the rare-earth region, reveals that the typical
deviations are of the same relative size as for165Tm. For 169Lu [10] and 179Ir [49]
the predicted values are, for example, higher by 5 and 7%, respectively. For the even–
even nucleus168W [50] they are higher by 6% and lower by 9% for theg- andS-band,
respectively.

6.3. Comparison of measured and calculated crossing frequencies and alignments

The crossing frequencies and gain in aligned angular momentum of the even–even
nuclei are considered first. The experimental values are listed in Table 8 and plotted
in Fig. 16, where they are compared with the experimental quantities. The crossing
frequencies and alignment gain for the even–even nuclei are, respectively, under- and
overestimated by the calculations. The reason for the discrepancy is not understood,
but may be related to pairing. Note that in the CSM calculations of Bengtsson and
Frauendorf [6], empirical values of the pairing gap parameter∆ were employed, which are
larger than those calculated self-consistently here. An increase in pairing would increase
the crossing frequency and decrease the gain in aligned angular momentum. Thus the
present discrepancy could indicate that the pairing strength used here is inadequate, or that
higher terms, such as quadrupole pairing, are necessary to explain the even–even cases.

It is interesting to test the predictions for rotational bands in odd-Z nuclei which are
known to have bandcrossings similar to those of their even–even neighbours. Calculated
h̄ωc ’s and#ix ’s for theπh11/2[514]9/2− configuration, in the Ta isotopes, are compared
with the neighbouring even–even Hf and W isotopes in Fig. 17, (a) and (b), respectively.

Fig. 16. Experimental (solid lines) and predicted (dashed lines) (a) frequency,h̄ωc , and (b) gain in
aligned angular momentum,#ix , at the crossing with theS-band for the(0,+) yrast configuration
in even-N isotopes of Er, Yb, Hf and W.
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Table 8
Experimental rotational frequencies,h̄ωc (in keV), and gain in aligned angular momenta,#ix (in h̄), at the AB-band crossing for the[541]1/2− band in
isotopes of Ho, Tm, Lu, Ta, Re and Ir, and for the yrast band (g-band) in the neighbouring even–even isotopes of Er, Yb, Hf and W. Data for157Ho are
from [51], 158–164Er from [34,52–54],161,163Tm from [3,55],165,167Tm from the present work and [14],160–170Yb from [35,56–60],165–171Lu from
[8,10,61,62],162–176Hf from [57,63–69],167–177Ta from [4,70–73,103],166–180W from [74–79],171–181Re from [40,80–84] and173–185Ir from [85–90]

Nucleus N = 90 N = 92 N = 94 N = 96 N = 98 N = 100 N = 102 N = 104 N = 106

Ir h̄ωc 263+4
−4 274+6

−7 300+5
−6 305+5

−6 300+7
−8 280+10

−10

#ix 9.4+0.7
−0.7 � 7.5 7.5+0.6

−0.6 7.3+0.6
−0.5 7.0+0.4

−0.3 6.5+0.7
−0.5

Re h̄ωc 274+3
−4 288+10

−10 314+4
−5 329+5

−5 335+8
−9 325+11

−13

#ix 7.9+0.5
−0.5 6.1+0.4

−0.4 6.0+0.5
−0.5 6.3+0.4

−0.4 � 4.0

W h̄ωc 264+4
−4 242+3

−3 249+2
−2 262+10

−10 290+3
−3 291+3

−3 306+3
−3 290+2

−2

#ix 11.5+1.0
−1.0 10.6+0.6

−0.6 9.6+0.6
−0.6 7.9+0.5

−0.5 7.8+1.0
−0.5 8.2+0.5

−0.5 8.1+0.6
−0.6

Ta h̄ωc 292+5
−5 303+3

−3 300+11
−11 350+2

−2 373+2
−2 333+17

−23

#ix � 6.0 7.4+0.4
−0.4 4.4+0.4

−0.4 5.6+0.5
−0.5 6.6+0.8

−0.8

Hf h̄ωc 274+2
−2 260+2

−2 258+2
−2 260+3

−3 269+10
−10 311+3

−3 307+8
−5 325+25

−25

#ix 11.4+0.6
−0.6 10.3+0.6

−0.6 9.3+0.7
−0.7 8.6+0.8

−0.8 7.2+0.5
−0.5 6.6+0.7

−0.7 5.9+1.0
−1.0

Lu h̄ωc 318+5
−5 337+4

−4 306+11
−11 350+5

−5

#ix � 9.0 6.9+0.5
−0.4 2.8+0.5

−0.5 4.6+0.7
−0.5

Yb h̄ωc 270+2
−2 268+2

−2 272+2
−2 269+2

−2 280+10
−10 306+6

−6

#ix 10.4+0.6
−0.6 8.9+0.5

−0.5 8.3+0.5
−0.5 7.9+0.5

−0.5 7.1+0.5
−0.5 � 6.0

Tm h̄ωc 340+2
−2 350+10

−10 355+15
−5 321+12

−12

#ix � 7.2 � 6.0 � 5.3 2.4+0.4
−0.4

Er h̄ωc 271+2
−2 281+2

−2 279+2
−2 281+2

−2

#ix 9.3+0.2
−0.3 8.1+0.5

−0.3 7.5+0.4
−0.3 7.0+0.5

−0.5

Ho h̄ωc 347+10
−13

#ix 5.2+0.9
−0.6
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Fig. 17. Experimental (solid lines) and predicted (dashed lines) (a) frequency,h̄ωc, and (b) gain
in aligned angular momentum,#ix , at the crossing with theS-band for theπh11/2[514]9/2−
configuration in even-N isotopes of Ta, and for the(0,+) yrast configuration in the neighbouring
even–even Hf and W isotopes.

The deviation between experiment and theory for the[514]9/2− configuration is very
similar to that of the even–even Hf and W isotones. The deformation parameters of the
[514]9/2− configuration and the(0,+) bands in the even–even nuclei are, in addition,
predicted to be very similar. Thus we must conclude that the present CSM calculations
systematically underestimate the crossing frequency by about 45 keV.

Attention is now turned to the[541]1/2− bands. Their crossing frequencies and
alignments are listed in Table 8 and are compared with theory in Fig. 18. Although a modest
shift in crossing frequency is predicted, in comparison to the(0,+) bands in the even–
even nuclei, and the[514]9/2− band, the calculations for the[541]1/2− bands are clearly
at a larger discrepancy with the experimental values. Whereas the discrepancy in crossing
frequency is around 45 keV for the even–even cases, the discrepancy for the[541]1/2−
bands is as large as 100 keV, especially at low neutron numbers. For the gain in aligned
angular momentum the discrepancy is typically 1–3h̄, with large fluctuations. Note that
N = 98 stands out as being rather unique, with low crossing frequencies and alignment
gains (see Fig. 18), as discussed in detail recently [14]. As in the even–even cases, part
of the discrepancy might be due to pairing, but as pointed out in [3], an increase in
deformation is accompanied by adecreasein pairing correlations, which would normally
reduce the crossing frequency. If there are no systematic uncertainties in the measuredQt ’s
for the [541]1/2− bands due to stopping powers, the present calculations underestimate
the deformation of the[541]1/2− band (see Section 3.2) by about 0.02 inε2, but such an
increase in deformation would be insufficient to increase the crossing frequency by more
than 20 keV [3]. The additional discrepancy between data and theory for the[541]1/2−
remains unexplained in the present model.
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Fig. 18. Experimental (solid lines) and predicted (dashed lines) (a) frequency,h̄ωc , and (b) gain in
aligned angular momentum,#ix , at the crossing with theS-band for the[541]1/2− configuration in
even-N isotopes of Tm, Lu, Ta, Re and Ir.

Another approach to the problem of the delayed crossing in the[541]1/2− bands has
been the Projected Shell Model (PSM) [2,91–94]. Although this model has been claimed
to be able to reproduce the systematic trends in the crossing frequency, the manner in which
the results of these calculations have been presented [2,94] in the form of alignment curves
rather than calculated crossing frequencies, makes it difficult to evaluate whether the PSM
is any more accurate than the CSM.

Recently, empirical evidence has come in support of a suggestion that a residual proton–
neutron interaction may contribute to the shift [7]. In odd–odd nuclei, a signature inversion
has been reported in theπh9/2 ⊗ νi13/2 bands in a variety of odd-proton nuclei of the
rare-earth region, see, e.g., [17,95–98]. Particle-rotor model calculations are only able to
explain these inversions if a residual proton–neutron interaction is included [9,17,95,97].
These inversions were also analysed by transforming the data into the rotating frame and
extracting an empirical proton–neutron interaction,Vpn, between theπh9/2 proton, (e) and
i13/2 neutron, (A,B) by making use of the additivity of Routhians in the CSM. It can then
be shown that the expected shift in crossing frequency due toVpn is given by [9,99]

δh̄ωc(eAB)= VeA + VeB
iAB

. (6)

Estimates [9,17] ofVpn in the neighbourhood of164Tm and 174Ta give Vpn � 100–
200 keV, implying shifts of 15–40 keV. Therefore, up to 50% of the shift in crossing
frequency may originate in a proton–neutron interaction, and the rest may be accounted
for by deformation changes, as implied by the present systematic CSM investigations.
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7. E1-transition probabilities

Interband#I = 1 transitions have been observed between the bands built on the
[411]1/2+ and [541]1/2− configurations, in both directions, in the spin range between
I = 7/2 and 31/2, see Fig. 3. DCO ratios listed in Table 1 support the assignment of E1
character for these transitions. Decay between these two configurations have been observed
and analysed in other odd-Z rare-earth nuclei [10,62,100–103] and the observed reduced
E1 transition rates are considerably enhanced, by orders of magnitude, compared to the
calculated single-particle E1 strength. Coupling to octupole vibrational degrees of freedom
for the core may play an important role for the understanding of the observed enhancement.

The reducedB(E1) values for the observed E1 transitions between the bands built
on the[411]1/2+ and [541]1/2− configurations can be extracted from the experimental
branching ratios, if the transition quadrupole momentsQt for the bands are known.

B(E1)= 7.63× 10−4Q2
t

1

λ
〈IK20 | I − 2K〉2 [Eγ (I → I − 2)]5

[Eγ (I → I − 1)]3
[
e2 fm2], (7)

whereEγ is in MeV andQt in units of b. The branching ratio is defined as

λ= Tγ (E2, I → I − 2)

Tγ (E1, I → I − 1)
.

The values ofQt for the E2 transitions in the two bands used in the extraction are the
measured values given in Table 6, originating from the DSAM analysis. The correction for
the possible mixing of the wave-function withΩ � 3/2 states, as in Section 5.2, was found
to be negligible compared to the relative large uncertainties for the extractedB(E1) values.

The B(E1) values extracted from the data are presented in Fig. 19 as a function
of If (If + 1) − Ii(Ii + 1). There are in principle three different kinds of transitions

Fig. 19. (a) ExperimentalB(E1) values for transitions between band[411]1/2+ and [541]1/2−
plotted as a function ofIf (If + 1)− Ii (Ii + 1). (b) Examples of calculations with different values

of the parametersb0 andb±1, which are given in units of fm−2.
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differing according to direction and signature. They are all shown in the figure converted to
B(E1, Ii [411]1/2+ → If [541]1/2−) by applying the statistical factor(2If + 1)/(2Ii + 1)
when necessary.

The analysis includes states in the[411]1/2+ band which have admixed amplitudes of
the [404]7/2+ configuration in the wave-functions. It is assumed that the E1 decay does
not involve these admixtures, since such transitions would beK-forbidden with#K = 3.
The branching ratios are in such cases corrected for the admixed amplitudes, which are
determined from the mixing analysis (see Section 5.1 and Table 5). The influence of the
mixing analysis on the extracted E1 strength has been investigated, and the error-bars
include this extra uncertainty.

The data presented in Fig. 19 cover a broad spin range of transitions including both
negative and positive values ofIf (If + 1) − Ii(Ii + 1), which is rather unique. In
the right-hand side, Fig. 19(b), the data are compared to particle-rotor calculations by
I. Hamamoto [104]. The expected single-particleB(E1) strength is based on an effective
chargeeeff = 0.2e is shown in solid. Large deviations, 3 and 5 orders of magnitude,
respectively, for positive and negative values ofIf (If +1)−Ii(Ii+1) are seen. An attempt
to explain this enhancement of the E1 strength by introducing a coupling to octupole–
vibrational degrees of freedom of the core [104] is also shown in Fig. 19(b).

Assuming that the particle octupole–vibrational coupling can be treated as a perturba-
tion, the E1 transition operator of the odd particle in the intrinsic system is [102]:

O(E1, ν)= eeff(E1)rY1ν + ebνr3Y3ν, (8)

where the parametersbν are expressed in terms of the sum over octupole vibrations (i)
with frequencies (̄hωi ) of the core:

e bν = x3

∑
i

( −2

h̄ωi

)
〈i|r3Y ∗

3ν |0〉〈0|(E1)ν|i〉, (9)

wherex3 expresses the strength of the octupole–octupole interaction. The dependence of
bν on rotational frequency was ignored in the present calculation. More details of the
calculations are found in [102]. A fit of the coupling parameters,b0 and b±1 was not
attempted as in [102], examples of calculated E1-strength for different combinations of
b0 and b±1 are shown in Fig. 19(b). The large irregularities in some of the curves are
probably due to several components, which in some cases happen to partly cancel, close to
a change of sign in the E1 operator of Eq. (8). It appears that a large overall improvement is
obtained when the coupling to octupole vibrations is included, and the data and predictions
are in qualitative agreement forb0 = −0.025 fm2 and b±1 = 0, although the signature
dependence is somewhat overestimated forIf (If + 1) − Ii(Ii + 1) > 0, and the spin
dependence at variance forIf (If + 1)− Ii(Ii + 1) < 0.

8. Summary and conclusion

The level scheme of165Tm has been extended by the observation of several bands
and high-spin states. Lifetimes obtained for the[541]1/2−, [523]7/2−, [411]1/2+ and
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[404]7/2+ bands imply deformations which are in reasonable agreement with diabatic
calculations performed with the code “Ultimate Cranker”. The deformation driving
properties of theπh9/2 orbital are confirmed. However, in the model, the core-polarization
effect is only able to reproduce part of the full shift in crossing frequency observed in
the [541]1/2− band. Systematic calculations of crossing frequencies throughout the rare-
earth region confirm the inadequacy of the model, requiring other effects, such as residual
proton–neutron interactions, to make up the remainder of the shift. A comprehensive
understanding of the role of p–n interactions in connection with intruder bands based on
πi13/2 andπh9/2 orbitals in the rare-earth region is now required.

The E1 transitions observed here present a unique set of data, which allows both
signature directions to be analysed in terms of coupling to octupole degrees of freedom.
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