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ABSTRACf 

The f3/yand delayed proton decays of mass separated A= 141 isotopes with Z=63-66 

were investigated with the OASIS mass separator on-line at the LBL Superlffi...AC. 

Branching ratios have been redetermined for the total 13 decay of the 2.7(3) s, 1112- isomer ' 

141Eum at 96.5 keY (13~%), and for the direct 13 feeding of the 1.58 keY 3/2+ level of 

141Sm in the decay of 40-s 141Eug [73(5)%]. Detailed decay schemes have been constructed 

for the decays of the 1112- isomer 141Gdm [11(2)% IT] and the 112+ ground state, 141Gdg. 

Half-lives of 24.5(5) s and 14(4) s, respectively, have been determined for these isomers. A 

delayed proton branch of 0.03(1)% was identified in the decay of 141Gdg. A detailed decay 

scheme was also constructed for 3.5(2) s 141Tb and a J1t = 512- was assigned to its ground 

state, at variance with the systematics of heavier, odd-mass, Tb isotopes. All y-ray 

assignments to the various isotopes are based on Xyand 'YY coincidences and on half-life 

measurements. A 0.9(2) s half-life for 141Dy was determined from its delayed proton decay. 

All spin assignments proposed in this paper are discussed in terms of Nilsson level diagrams 

and nuclear shapes. 

.. 
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I. INTRODUCTION 

The shapes of nuclei with 50Q, NS82 and their effect on the structure and 

spectroscopic properties of these nuclei have been the subject of considerable recent interest. 

Ragnarsson et af.l,2 and Leander and Moller3 have predicted relatively stable prolate ground 

state shapes for N <76. Meyer-Ter-Vehn4 proposed a quasiparticle coupled to a triaxial core 

configuration to interpret the spectra ofN=74-78 odd A nuclei in the A=135 region. More 

recently, Cizewski and Gillmez5 concluded that the Z=64 shell gap disappears below N=78, 

with the resulting onset of prolate or triaxial deformation. Rather extensive calculations 

based on the Strutinsky method and a Woods-Saxon potential for 50<Z, N<82, reported by 

Kern et al.,6 also predict a region of triaxial deformation around N=76 to 78. Self-consistent 

calculations by Redon et al.7 of the potential-energy surface for triaxial quadrupole 

deformations in neutron-deficient samarium isotopes again predict triaxial deformations at 

N=76. 

Experimental data lag appreciably behind the theoretical predictions, with an 

emphasis on in-beam studies of rotational bands more relevant to high spin spectrometry 

than to ground-state shapes and deformations of the investigated nuclides.8-13 The growing 

body of spectroscopic data £E4+1E2+ ratios, B(E2) values, moments of inertia, etc.] yields 

experimental support to theoretical predictions regarding the shapes of 72<N <80 nuclei, 

including a triaxially deformed transition region near N=76.6, 7,10-13 

To throw additional light on these topics, we have undertaken a systematic study of 

the ~/'Y14, and f3-delayed proton 15 decays of nuclides near Z=64 and close to the proton drip 

line, using mass-separated sources produced by (HI, xn yp) reactions. Radioactive f3-decay 

studies offer advantages over in-beam spectrometry for the assignment of ground state spins, 

the identification of long-lived isomeric states, and the spectroscopy of high multipolarity 'Y 

transitions. Some examples of the use of radioactive decay data to address the problem of 

shape changes in neutron deficient rare earth nuclides can be found in the work of 

Kern et al.6 and of Redon et a1.l6 

In the present paper, we report our results for the A=141 isobaric chain, including 

detailed level schemes for 141Tb and 141Gd, as well as the identification of a 24.5 s, f3 

decaying, 1112- isomer in 141Gd, with an 11 % IT branch. Some preliminary results of this 

study, including the identification of the new isotopes 141Dy (0.9 s) and 141Tb (3.5 s) were 

published elsewhere. 14, 15,17, 18 Complementary results on the adjacent even mass chains 

with A=140 and A=142 will be published separately. 
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II. EXPERIMENTAL 

The desired nuclides were produced by bombarding 92Mo targets (enriched to 

97.4%) with 54Pe and 52Cr beams from the Berkeley SuperHILAC (Heavy-Ion Linear 

.ACcelerator). The self-supporting metal foil targets, about 2 mg/cm2 thick, were mounted 

inside the high temperature surface ionization source of the OASIS (Qn-line Apparatus for 

SuperHILAC Isotope Separation) on-line mass separator facility19 in a configuration 

optimized for low transverse velocity recoils from compound nucleus reactions. After mass 

separation of the evaporation residues, a beam of the mass 141 reaction products was 

deflected by an electrostatic mirror to a shielded spectroscopy laboratory located "'4 m above 

the mass separator. There, the activity was deposited on a programmable moving tape which 

positioned it, in a user selectable time cycle, in the center of an array of ~, 'Yand charged 

particle detectors (see below). In the A=141 experiments reported here, tape cycles of 

2.4, 4, 12.8, 40 and 128 s were used. 

The heavy-ion beam energies (276 and 210 MeV at the center of the target for the 
-------

54Pe and 52Cr beams, respectively) were chosen to correspond to the peaks of the excitation 

functions for the production of the desired mass 141 species, as calculated with the ALlCE20 

evaporation code. Table I shows the calculated production cross sections of A= 141 isobars 

for the two target-projectile combinations and projectile energies. Since the beam energy 

loss in our targets (typically 25-30 MeV) is comparable to the FWHM of the calculated 

excitation functions, uncertainties in the calculation should have only a minor effect on the 

overall efficiency and optimization of the experiments. The beam intensities, limited by 

target integrity and ion source temperature, were in the range of 0.1-0.2 particle 

mIcroamperes. 

The identification of 141Dy in these experiments l7, 18 shows that the sensitivity of 

the system is sufficient for the detection and study of products with sub-millibam cross 

sections, in runs of about 24 hours duration: In other mass chains, we have been able to 

measure rare earth activities with half-lives shorter than 100 ms, such as 70 ms 155Lu, 

proving the capability of the system to detect radioactive species in the tens of milliseconds 

range. 

Table I lists no products with Z>66 or Z<63; 141Er and 141Ho can indeed be 

produced in the 54Pe induced reaction, but with cross sections that are well below our 

detection limits. No 141Sm (and lower Z) nuclei can be produced from the 92Mo target 

directly. Production from heavier mass Mo impurities in the target is negligible, due to the 

high target enrichment and low bombarding energy. Thus, any measured 141Sm activity 

must result from the ~ decay of 141Eu. As shown in a subsequent section, this observation 
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is of crucial importance in the establishment of genetic relations and the absolute intensity 

and branching ratio nonnalizations of our data. 

The detector array used for the measurements consisted of a Si 6E-E particle 

telescope and a hyperpure Ge (HPGe) detector facing the front (deposit) side of the tape, and 

of a I-mm thick plastic scintillator and a 24% n-type Ge detector on the opposite side of the 

tape. A third Ge detector (n-type, 52% efficiency), oriented at 9()0 to the other two, was 

placed -4.5 cm from the radioactive source. In the S2Cr experiment series, the relative 

positions of the 24% and 52% Ge detectors were interchanged. The HPGe detector was 

used primarily as a high resolution (-700 eV at 122 keY) x-ray spectrometer, but could also 

serve (with a parallel low-gain amplifier and in conjunction with the E detector of the particle 

telescope) as the E detector in a 6E-E electron/positron spectrometer for endpoint 

measurements up to -10 MeV. The close geometry Ge detector served as the main 'Y-ray 

spectrometer. However, since our Z assignment of the observed particle and 'Y decays is 

based primarily on coincident characteristic x rays, this detector was also used (with a 

separate parallel high-gain amplifier) as a second x-ray spectrometer. The 9()o detector was 

used primarily for yy coincidence measurements. Since the intensity of 'Y-ray peaks in the .. 

close-geometry detector is subject to large multiplicity-dependent summing effects, singles 

spectra taken with the 9()o detector were used in some experiments for the normalization of 

relative transition intensities. 

Coincidences between the various detectors were recorded event-by.-event and 

monitored by on-line sorting with preselected gates; all events were tagged with a time signal 

relative to the beginning of a tape cycle for half-life information. Singles data were also 

taken with the main 'Y-ray and x-ray detectors in a multispectrum mode in which the tape 

cycle was divided into eight equal time intervals. These singles spectra were used for the 

determination of precise half-lives, transition energies, and intensities as well as for the 

identification of non-coincident isomeric transitions (IT). 

A modified version of the SAMPO code21 was used for the analysis of all 'Y spectra. 

An important feature of this version is the ability to resolve strongly overlapping K x-ray 

peaks from sources containing up to four adjacent-Z rare earth x-ray emitters. The total 

electron capture EC branching for a given isobar could be determined from the Ka and K~ 

intensities observed in the HPGe detector after subtraction of internal conversion 

contributions and suitable corrections for fluorescence yields and IEC(I{)IIEC(tot). The 

positron branching was calculated from a multilinear an~ysis22 of the y± (511 ke V) intensity 

(correcting for annihilation-in-flight and source geometry) with respect to the intensities of 

representative 'Y rays for each parent. The total decay strength for each isobar could then be 

..; ·"1 
•. J 

. " 
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nonnalized to the sum of the EC and ~+ intensities. Half-lives were extracted from 

multicomponent decay curves using the least-squares code CLSQ.23 

The OASIS mass separator was operated with a nominal mass resolving power of 

880, which reduces source contamination by adjacent masses to negligible levels. The 

selected mass value is stabilized to ±D.01 u using a feedback system controlled by a PDP 

11110 computer. To avoid transient effects, the 50 ke V beam of particles from the mass 

separator is interrupted by a fast deflection circuit within about one microsecond of any 

malfunction or disturbance (high voltage sparks, etc.). Indeed, in all our experiments on a 

variety of rare earth mass chains over a period of several years, we found no evidence for 

contamination by neighboring masses. Background peaks in the singles spectra not 

attributable to the mass separated reaction products are usually quite low and readily 

identifiable: natural "{ sources (4OK, Th and U decay series), "{-induced fluorescence in the 

support structure, detector and shielding materials (Au, Pb K x rays), and neutron activation 

products (28AI, 71Gem, 75Gem ). Stable rare earth mass markers (e.g. 141Pr for the A=141 

experiments), placed as trace quantities in the ion source, were used to select the desired 

mass chain, with suitable corrections for the different mass defects of the radioactive species. 

We, therefore, consider the mass assignments of the observed transitions as very reliable. 

The Z assignments are based mostly on the observation of coincident characteristic K x rays, 

and are similarly unambiguous. Weaker lines and higher energy transitions often cannot be 

seen in the coincidence spectra, and their half-life determination may be uncertain due to poor 

counting statistics, parent-daughter equilibria and interference from partially resolved lines 

from other isotopes. Assignment errors, although rather improbable, may be possible in 

these cases. 

III. RESULTS 

The decay of the 40 s 141Eug was thoroughly investigated by Deslauriers, Gujrathi 

and Mark,24 who were able to assign 49 ,,{lines between 200 and 2250 keY to this decay. 

Over 40 of these transitions were also observed in our experiments, and apart from minor 

differences in the relative intensities of a few "{ rays, our results are in excellent agreement 

with the earlier data and will, therefore, not be presented in detail. However, from our 

Sm K x-ray and 511-keV annihilation radiation intensities (as described in Section m, we 

obtain EC/~+=0.22(2) for 141Eug decay and an intensity of 9(2)% for the 394.0 keY 

• 
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transition, rather than the 14(3)% derived in Ref. 24 from the growth of the 141Sm daughter. 

With this renorma1ization, and the data from Ref. 24, the direct J3 branch to the 3/2+ level at 

1.58 keY increases from 59% to 73(5)%. 

In the same paper,24 the identification of a 3.3(3) s 1112- 141Eum isomer, decaying 

by a 96.4-keV E3 transition to the 40-s 512+ ground state of 141Eu, and by J3 decay primarily 

to the 176-keV 1112-level in 141Sm was also reported. On the basis of the observed growth 

of the 196.9-keV "(ray, characteristic of the decay of 22.6 min 141smm, a branching ratio of 

67% for the J3 decay of the 141Eum isomer was derived;24 This branching ratio corresponds 

to an unusually low logft value of 4.1 for the trhlll2~vhlll2 J3 transition. 

Our measurements confIrm the 96.4-keV E3 IT decay of 141Eum with a slightly 

shorter half-life of 2.7(3) s. We cannot, however, support the high J3 branch in the decay of 

this isomer. In the 4- and 12.8-s tape cycle experiments, the intensities of the 2.7 s 

component of the annihilation radiation and of the Sm Ka x rays are too low for a direct 

determination of the 141Eum J3 decay; such a low intensity is not compatible with a 67% J3 
branch. Since, as mentioned above, 141Sm can be produced in our experiments only 

through the decay of 141Eu, the activity ratio of the 22.6 min 141smm and the 10.2 min 

141Smg is a measure of the of the J31IT ratio in the decay of 141Eum. In the 128-s tape cycle 

experiment all the intermediate species leading to the 141Sm isomers have essentially decayed 

and the branching ratio can be extracted without detailed evaluation of the growth and decay 

of all the nuclides in the isobaric chain. From the mea~ured intensities of the 196-ke V 

(74% abundance in the decay of 141Smm) and of the 404- and 438-keV (42.5% and 38%, 

respectively, in the decay of 141Smg) "(rays, we derive a 141Smm/141Smg activity ratio 

(at saturation) of 0.124(6). The value of the J3 branch in the decay of 141Eum that 

corresponds to this ratio depends on the relative amount of 141Eug not resulting from IT 

decay of 141Eum, i.e. produced either directly in the reaction or by the decay of 141Gdg+m. 

Assuming no independent production of 141Eug and branching ratios of 2% for the feeding 

of 141smm from 141Eug decay (Ref. 24, renormalized as mentioned above) and for the 

feeding of 141Smg from 141Eum, we derive a lower limit of 11.3(5)% for the J3 branch in the 

decay of 141Eum. A more realistic estimate of the production of 141Eug, based on 

calculated20 reaction cross sections (see Table I), an isomer ratio of 20 for the preferential 

production of high-spin isomers in heavy-ion reactions and decay data for 141Gd and 141Tb 

from this study (see Sections ill B and ill C below), leads to a value of 13~% for the 

branching ratio. This result is quite insensitive to the assumptions regarding the decay of 

higher members of the chain, the isomer ratios and the reaction cross sections; reasonable 

uncertainties associated with all three sources are included in the uncertainty estimate given 

above. The logft value for the 1ChllI2~vhllI2 transition corresponding to the 13% 

" 
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branching ratio and the decay scheme of Ref. 24 is 5.2(2), in good agreement with logft 

systematics in this region. This logft assumes no feeding of higher excited levels in this 

decay; the true value is therefore expected to be somewhat higher. 

B. 141Gdg+m 

The discovery of 141Gd was ftrst reported in a preliminary presentation of this 

work)7, 18 Concurrently, Redon et a/.l6 determined a 141Gd half-life of 22(3) s, assigned 

6 'Y rays to its decay and placed them in a tentative decay scheme. More recently, 

Turcotte et al.25 proposed rather detailed and extensive decay schemes for 20.8(8) s 141Gdm 

(13 and IT) and 1.3(7) s 141Gdg. These decay schemes comprise 45 'Ytransitions between 28 

excited levels in 141Eu, as well as 4 levels and 6 transitions in 141Gd associated with the IT 

decay of 141Gdm. There is substantial overlap between the data of Ref. 25 and our results, 

but there are also some major differences. 

Figure 1 shows a coincident 'Y spectrum gated on the Eu Ka x rays, obtained in a 

40-s tape cycle experiment. The high resolution of the detector and good statistics of the data 

pennit an unambiguous identification and assignment of more than 30 transitions to the 

decay of 141Gd. Some additional (relatively weak or high energy) 'Yrays were assigned to 

this decay on the basis of suitably gated coincidence spectra, half-lives, and energies 

matching the level scheme established by the other lines. Table II lists all of the 'Y rays we 

attribute to transitions in 141Eu following the J3 decay of 141Gd, along with their relative 

intensities and level scheme placements. Coincident 'Y rays observed in spectra gated on the 

relatively intense peaks are listed in Table m. 
Table II also includes rather strong 'Y transitions at 59.8, 85.2, 113.2, 119.6, 145.0, 

198.4 and 258.2 keY that are not seen in Fig. 1. A coincidence spectrum gated on the Gd 

Ka x rays shown in Fig. 2 clearly identifies these lines as transitions in 141Gd. Since their 

half-life is the same, within statistical errors, as that of the prominent 'Yrays associated with 

the J3 decay of 141Gd; we have assigned these transitions14 to an IT cascade from the 1112-

isomeric level at 377.8 keY to the 112+ ground state of 141Gd. The 119.6-keV 'Yray is the 

only one of the seven transitions in the cascade that is not also seen in the decay of 3.5 s 

141Tb, and is clearly the E3 transition to the 5/2+ state at 258.2 keY. The placement of the 

intennediate levels at 198.4 and 113.2 ke V is based on coincidence relationships and 

intensity balances of the 'Y rays in the cascade. The J7t=3/2+ assignment to these levels is 

based on level systematics ofN=77 nuclei, shown in Fig. 3. This sequence of levels seems 

to be more in line with the trends established by the other three isotones than that proposed 

• 
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by Turcotte et al.,25 who place the two 3/2+ levels at 60 and 145 keY, respectively. 

Recently, Beraud et al.26 in an analysis of their own data confirmed our interpretation. 

In the 128-s tape cycle experiment, the decay of the most prominent of the "( rays 

assigned to the IT and 13 decays of 141Gd could be followed for well over three half-lives, 

allowing an accurate and reliable determination of their half-life. Most of these "( rays had a 

half-life of 24 s. Since the 96.4-keV isomeric decay of the 1112- 141Eum (in equilibrium 

with its parent) as well as transitions associated with the IT decay of 141Gdm are included in 

this group, the 24 s activity is identified as the 1112- isomer, 141Gdm• From a weighted 

average of 8 "(rays (some seen independently in two detectors), a half-life of 24.5(5) s is 

adopted. 

The prominent 215.8-keV "(ray, however, had a significantly shorter apparent single 

component half-life. This is illustrated in Fig. 4, which shows the decay of the 215.8- and 

223.9-keV"(rays. Based on this difference, clearly outside statistical error margins, we 

assign the 215.8-keV line to the decay of the 112+ 141Gdg. Using coincidence data and 

energy differences, several additional ,,(rays were assigned to this decay. Also, the -20 s 

delayed proton activity observed in the decay of 141Gd was attributed to 141Gdg on the basis 

of the observed final state feedirigs in the delayed proton decay daughter 140Sm,27 and a 

delayed proton branch of 0.03(1)% was determined. 

As can be seen from Fig. 4, the single component half-life of 141Gdg appears to be 

about 20 s, i.e. very close to that of 141Gdm• The apparent single component half-life of the 

215.8-keV "(ray extracted from the 4O-s tape cycle experiment is 20.3(5) s, while the value 

extracted from the 128-s cycle is 22.1(5) s. Similar discrepancies are also exhibited by the 

336.2-keV "(ray [18.6(9) s and 23.3(9) s, respectively] and by the l3-delayed protons 

[16(4) s and 23(3) s, respectively]; they can be explained by differences in the relative 

contribution of 141Gdg produced directly, and by decay of 141Tb and 141Gdm between the 

54Fe and 52Cr induced reactions used, respectively, in the two experiments. From a growth­

decay analysis of transitions assigned to the decay of 141Gd& in the 128-s cycle experiment, 

we determined a half-life value of 14(4) s for 141Gd&. In our 2.4- and 4-s tape cycle data we 

see no evidence of a short-lived component that would be consistent with the 1.3(7) s 

half-life claimed by Turcotte et al.25 A similar conclusion was also reached by Beraud et al. 

in Ref. 26. 

Using energy differences, intensity balances and coincidence data, all "(rays could 

be uniquely assigned to either the ground state or isomeric state decays of 141Gd, and partial 

decay schemes for both isomers are shown in Fig. 5. The total 13 decay strength from the 

sum of the EC and 13+ intensities could be determined only for the combined 141Gdm+g 

d~ay. Relative to 1351.1=100, the 13+ and EC strengths were 1~+=550(140) and 
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IEC=200( 40). However, the sum of the "(-ray intensities (corected for internal conversion) in 

the 141Eu daughter agreed well with the aggregate ~ strength, so the low- and high-spin 

normalizations could be determined from the sum of the ,,(-ray intensities feeding the 5/2+ 

ground state and the 96.5 keY 1112- isomeric state, respectively. From the decay scheme, 

the branching for IT decay was determined to be 11(2)%~ The double placement of the 

526-keV "(ray is supported by intensity considerations and coincidence with the 301-keV 

transition. The double placement of the I 073-ke V "( ray is based on energy differences 

alone. The major difference between our scheme and that of Ref. 25 is in the placement of 

the 216-ke V transition, and the resulting assignment and identification of low-spin levels. 

C. 141Tb 

For the study of the decay of 141Tb, we used the data from the 4- and 12.8-s tape 

cycles. A coincident "(-ray spectrum gated on Gd Ka x rays is shown in Fig. 6. Due to the 

lower production cross section (see Table I above), the counting statistics are appreciably 

lower than in the case of 141Gd decay. However, peaks associated with the decay of 141Tb 

can be clearly identified. A list of 36 "( rays between 50 and 650 ke V that we have assigned 

to this decay is presented in Table N. Most of these ,,(rays exhibit a single component decay 

behavior with a weighted average half life of 3.5(2) s. Six of the transitions associated with 

the IT decay of 24.5-s 141Gdm (see Section III B above) also have a 3.5-s component. This 

shows that the low-lying, spin 5/2+ and 3/2+ states at 258, 198 and 113 keY are populated 

quite strongly in the decay of 141Tb. Gamma-gamma coincidences seen with various gates 

are listed in Table V. Using these coincidence relationships along with energy differences 

and intensity balances, almost all the observed "( transitions can be placed in a level scheme 

comprising 16 excited levels in 141Gd, shown in Fig. 7. This level scheme reproduces and 

considerably expands the scheme recently proposed by Beraud et al.26 The "( transitions 

included in the decay scheme (after corrections for internal conversion) account for -85% of 

the total ~ strength [I~+=425(l00) and IEC=-250, relative to 1293.3=100] associated with the 

decay of 141Tb. In view of the high Q-value, some unobserved feeding of higher lying 

levels should be expected, however, intensity balance through the fIrst six excited levels 

indicates that the intensity of transitions not included in the scheme is low. These intensity 

considerations leave little room for signifIcant direct ~ feeding of either the 112+ ground state 

or the 377.8-keV 1112- isomeric level in 141Gd, as would be expected if the postulated25, 26 

112+, 1112- spin assignments for 141Tb were indeed correct. Turcotte et al.25 claim to have 

observed the low-spin member of the isomeric pair with a half-life of 7.9(6) s. We see no 

indication of this longer half-life; within statistical uncertainties, all the "(rays we assign to 

.. 
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141 Tb decay with a single half-life of 3.5 s, and we are unable to separate our decay scheme 

into low- and high-spin branches. 

It can be seen that both high- and low-spin levels in 141Gd appear to be populated 

with comparable intensity in the decay of 141Tb. In particular, the levels at 551.6 and 

895.2 keY, fed by low logft ~ transitions, deexcite through 5/2+ and 1112-levels, and the 

752.6-ke V level, also fed by a low logft transition, deexcites through a 3/2+ level. This is 

only consistent with a JX assignment of 512- or 7/2- for the 141 Tb parent Based on a 

consideration of available Nilsson model states (see below) we propose a spin of 5/2- for the 

ground state of 141Tb. 

The experimental situation in 141Tb differs from that seen by Redon et al.16 in the 

decay of 143Tb. A strong ~ feeding of the 45 keY, 3/2+ flrst excited state of 143Gd is also 

observed, indicating a positive parity for the ground state of 143Tb, to which the authors 

assign a spin of 5/2+. Redon et al.16 also postulate the existence of an 1112- isomer, which 

is expected from systematics, but for which there is no compelling evidence in the data. It is 

quite likely that in both 141Tb and 143Tb the excitation energy of the 1112-level is such that 

there is no long-lived isomeric state. 

D. 141Dy 

Due to its low production cross section, we could study in detail only the delayed 

proton branch in the decay of this isotope. As reported in Refs. 14, 15, and 18, the half-life 

of 141Dy is 0.9(2) s. No yrays following its ~ decay were previously identifled, but 

transitions of 307.3,503.8, and 647.5 keY in the daughter 141Tb are now known from in­

beam work by Goettig et al.l0 We observed Tb K~H x rays and two, very weak yrays at 

53.0(1) and 307.3(2) keY in the 2.4- and 4-s tape cycle data with short «1 s) half-lives and 

have tentatively assigned these transitions to 141Dy ~ decay. Feedings of flnal states in 

140Gd observed in the delayed proton decay of 141Dy (speciflcally the intensity ratio of the 

4+~2+ and 2+~0+ transitions) are not consistent with a single low-spin (112+) or high-spin 

(1112-) precursor.27 The data can be reconciled by assuming contributions from both 

spins27 or by postulating a single intermediate spin value of 7/2- or 9/2- for the 141Dy 

precursor. On the basis of available Nilsson states (see below) we suggest a JX of 9/2- for 

141Dy. This would be in agreement with the systematics of the lighter N=75 isotones 131Ba 

28, 133Ce 28, and 135Nd 29 where 112+,9/2- isomer pairs have been seen, and with 137Sm 

16, 30 and 139Gd 13 where 9/2- states have been observed. 
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IV. SUMMARY AND CONCLUSIONS 

Above, we have presented and interpreted experimental data on the J3/'y decay of 

141Eum, 141Gdg+m, 141Th and 141Dy. What conclusions can be drawn from this body of 

data with regard to the fundamental nuclear structure questions of shape changes and 

disappearance of the Z=64 shell below N= 787 For 141Eu, our data confmn previously 

published results;24 the amended logft value of 5.2(2) for the WzJJI2-+vhJJI2 J3 transition 

from 141Eum removes an apparent anomaly in 10gft systematics in the 50<Z, N<82 region. 

The B(E3) value for the 96.4-keV 1112--+512+ isomeric transition is 0.8 W.U. This lack of 

hindrance is indicative of the single particle nature of the relevant Z=63 proton levels. 

The low-lying, low-spin levels in 141Gd, as well as the position of the 1112- isomeric 

state, follow closely the systematics established by the N=77 isotones of lower Z (see 

Fig. 3). The lack of Z=64 shell closure effects should not, however, be construed as 

evidence for the disappearance of the closure, since the N =81 level systematics from Ce to 

Gd also exhibit a smooth sequence (see Fig. 13 of Ref. 16). The B(E3) value of the 119.6 

keY 11/2--+5/2+ isomeric transition is only 8xlQ-4 Weisskopfunits, which is about 5-10 

times slower then the measured rate in the other three isotones.31 This additional hindrance 

may be related to shape differences or to residual effects of the Z=64 shell. The increase of 

the energy gap between the 1112- and 112+ states between N= 79 and N= 77 in Ce, Nd, and 

Sm nuclei has been attributed to changes in deformation near N= 77.16 We observe a very 

similar increase of the energy gap in Gd, again indicating no appreciable effect of the Z=64 

shell closure. 

For 141Th, our ground state J7t assignment of 5/2- deviates from the previously 

assumed 1112- ground state (or 1112-, 112+ isomeric pair).25. 26 This assumption is based on 

an extrapolation from heavier (spherical) Tb nuclides. Figures 8(a) and 8(b) show Nilsson­

type level diagrams for protons and neutrons, respectively, in the appropriate Z and N 

regions, based on the folded Yukawa potential.32 For a spherical nucleus, 1112- is indeed 

the most probable ground state spin for Z=65. For deformations in the £2=0.1-0.2 range, 

the preferred candidate for the Fermi level ofTh is the 5/2- [532] state of the hJJ/2 orbital 

[Fig. 8(a)], in excellent agreement with the decay scheme of Fig 7. A 7/2- assignment, also 

compatible with the data, is ruled out by the lack of suitable candidates in the Nilsson 

diagram. 

The 5/2+ assignment for the ground state of 143Th 16 is more difficult to justify on 

the basis of the Nilsson diagram of Fig. 8(a). However, the energy of the 5/2+ [402] state 

increases rapidly with deformation; at £2=-0.1, its energy is very close to that of 4 or 5 other 

" 

• 
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states, so that the possibility of it becoming the ground state is not excluded by the Nilsson 

diagram. 

Turning to the neutron diagram [Fig. 8(b)], we find that the 9/2- [514] state of the 

hlll2 orbital is an obvious Fermi level candidate for the N=75 141Dy, over a wide range of 

deformations. This is in good agreement with our interpretation of experimental results in 

Section III D above. The 9/2- J1t assignment for 141Dy is further supported by the 

systematics of the other N=75 isotones. This may be another example of a relatively abrupt 

onset of shape changes near N= 76, or of the softness of nuclei in this region. 

In conclusion, the results reported in this paper provide ample evidence for the 

occurrence of shape changes and for the disappearance of the Z=64 shell gap below N= 78. 

The overall consistence of ground state J1t assignments with the Nilsson level diagrams of 

Fig. 8, suggests prolate defonnations, in agreement with theoretical predictions. 

Unfortunately, the data from a single mass chain are not sufficient to search for signatures of 

triaxiality, or for other far-reaching conclusions. Further ~ decay studies of other mass 

chains in this poorly characterized transitional region are necessary to establish the 

systematics from which deeper nuclear structure insights can be obtained .. 
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TABLE I. Cross sections for the production A=141 isobars in the 54Fe + 92Mo and 

52Cr + 92Mo reactions, calculated with the ALICE20 evaporation code. 

==================================== 

Isotope 

141Dy 
141Tb 
141Gd 
141Eu' 

54Fe + 92Mo 
(276 MeV) 

0.7mb 
15mb 
46mb 
18mb 

52Cr+ 92Mo 
(210 MeV) 

0.1 mb 
11 mb 

100mb 
100mb 

.==================================== 
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TABLE n. Transition energies, level assignments, and relative intensities for 1410dg+rn. 
The ~+ and EC strengths for m+g decay were 1~+=550(140) and IEC=200(40), relative to 
1351.1=100. 

------------------------------------------------------------------------------
E(keV)a Level 1 (rel)b,c 

--------------------------------------------------------------------
Eud Kcx2 73 (7) 
EudKal 146 (15) 
EudK~l 49 (5) 
Eud~2 14 (3) 
Ode cx2 10 (2) 
Ode Kal 20 (2) 
Ode K~l 6 (2) 
OdeK~2 2 (1) 
59.8f (I) 258.2 5 (2) 
85.2f (1) 198.4 3 (1) 
96.4g (I) 96.5 13 (2) 

113.2f (1) 113.2 9 (2) 
lI9.6f (1) 377.8 5 (2) 
120.6h (I) 336.2 19 (2) 
145.0f (1) 258.2 6 (2) 
173.Ih (1) 509.3 6 (2) 
189.7h (1) 525.9 7 (2) 
198.4f (1) 198.4 27 (3) 
2I5.8h (1) 215.8 111 (12) 
223.9 (1) 320.4 72 (7) 
258.2f (1) 258.2 23.(2) 
293.3h (2) 509.3 41 (2» 
300.7 (1) 923.2 10 (2) 
336.2h (1) 336.2 35 (4) 
351.1 (1) 447.8 100 (10) 
361.2 (1) 457.6 42 (4) 
389.2 (1) 837.1 14 (2) 
412.2 (1) 869.9 13 (2) 
457.6 (1) 457.6 9 (2) 
475.4 (1) 923.2 13 (2) 
487.5 (1) I~ (2) 
509.0 (5) 509.3 J 
525.9h (2) 525.9 35k (6) 
526.0 (2) 622.5 19k (5) 
544.3 (1) 5 (2) 
557.5 (1) 5 (2) 
560.5 (1) 656.7 27 (3) 
574.9 (1) 671.7 57 (6) 
590.0 (1) 1047.4 13 (2) 
599.6 (1) 1047.4 12 (2) 
647.3 (1) 967.7 23 (2) 
652.9 (1) 749.4 21 (2) 
657.0 (2) 4 (2) 
700.6 (1) 8 (2) 
740.7 (1) 837.1 18 (2) 
746.4 (1) 7 (2) 

--------------------------------------------------------------------
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TABLE II. (Continued.) 

======================================= 
E(keV)a Level I (rel)b,c 

773.5 (1) 869.9 15 (2) 
826.7 (1) 923.2 9 (2) 
841.4 (1) 7 (2) 
864.4 (1) 6 (2) 
972.2 (1) 2019.6 10 (2) 
976.2 (1) 1072.6 9 (2) 

1036.4 (1) 4 (2) 
1072.6h,1 (2) 1408.6 2 (1) 
1072.61 (2) 1072.6 2 (1) 
1097.6 (1) 12 (2) 
1148.5 (1) 1820.4 5 (2) 
1164.0 (1) 1820.4 5 (2) 
1172.2 (1) 6 (2) 
1192.8h (1) 1408.6 14 (2) 
1338.0 (2) 1795.7 6 (3) 
1348.0 (2) 1795.7 6 (2) 
1397.2 (2) 9 (2) 
1922.8 (2) 2019.6 6 (2) 

====================================== 
a Assigned to decay of 141Gdm to levels in 141Eu, except where noted. 
b Intensity relative to I 351.1=100. 
c For absolute intensity per 100 decays of 141Gdm, multiply by 0.138. 
d Prompt x-rays only. Conversion of 96.4 keY E3 IT decay of 141Eum 

not included. 
e From conversion of IT decay of 141Gdm• 
f From IT decay of 141Gdm. For absolute intensity per 100 141Gdm decays, 

multiply by 0.138. 
g From IT decay of 141Eum. 
h Assigned to 1211Gdg decay. For absolute intensity per 100 141Gdg decays, 
. multiply by 0.48. 
~ Seen only in coincidence. 
J Masked by 511ke V annihilation radiation. 
k The 526-keV intensity divided between the 525.9~0 and the 622.4~96.4 

transitions on the basis of coincidence data and "( intensity balance. 
1 By energy difference, the 1072.6(2) "(ray can fit both the 1072.6~0 

transition in 141Gdm decay and the 1408.6~336.2 transition in 141Gdg 
decay. The intensity is apportioned equally. 
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TABLE Ill. Gamma-gamma coincidences observed in 141Gdg+m decays. 

============================================= 
Gate Coincident gamma rays 

-------------------------~----------------------------------------------------
Eu K x rays 121, 173, 190,216,224,293, 301, 336, 351, 

~ 361,389,412,458,475,487,526,544,560, 
575,590,600,647,653,701,741,773,827 

Gd K x rays 60, 85, 113, 120, 145, 198, 258 
60 85, 113, (120), 198 
85 60, 113, 120 
113 60, 85, 120, 145 
121 173,190,216 
145 113, 120 
198 60, 120 
216 120, 173, 190, (293) 
224 488,647 
258 120 
336 190 "'''21' • 
351 389,475,600 

~: 
..... 

361 412,590 t .' 
389 "'"'331 
526 301 
============================================= 

,. 
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TABLE IV. Transition energies, level assignments and relative intensities for 141Tb. The 
(3+ decay strength is 425(100) and the EC strength is -250, realtive to 1293.3=100. 

======================================= 
E(keV)a Level I (rel)b,c 

--------------------------------------------------------------------
GdKa2 133 (13) 
Gd Ka1 241 (24) 
GdK~l 74 (7) 
GdK~2 20 (2) 
59.3 (1) 551.6 18 (4) 
59.8d (1) 258.2 10 (2) 
85.2d (1) 198.4 11 (2) 
91.5 (1) 752.6 2 (1) 
94.5 (1) 646.1 1 (1) 

113.2d (1) 113.2 47 (5) 
119.6e (1) 377.8 e 
131.6 (1) 646.1 47 (5) 
136.7 (1) 514.4 85 (9) 
145.0d (1) 258.2 22 (3) 
173.9 (1) 551.6 15 (2) 
198.4d (1) 198.4 88 (9) 
206.7 (2) 758.3 4 (3) 
234.5 (1) 492.3 5 (2) 
248.8 (1) 895.2 5 (2) 
258.2d (1) 258.2 70 (7) 
268.3 (2) 646.1 29 (3) 
293.3 (1) 551.6 100 (10) 
343.6 (1) 895.2 97 (10) 
379.2 (1) 492.3 29 (3) 
389.0 (1) 940.5 11 (2) 
402.9 (1) 895.2 28 (7) 
406.8 (1) 8 (2) 
426.0 (1) 940.5 7 (2) 
463.4 (1) 661.4 22 (3) 
475.4 (1) 989.7 51 (5) 
480.3 (1) 32 (3) 
492.2 (1) 492.3 41 (4) 
494.3 (1) 752.6 40 (4) 
500.2 (1) 758.3 54 (5) 
517.5 (1) 895.2 27 (3) 
530.9 (2) 15 (2) 
554.2 (1) 752.6 20 (2) 
585.6 (1) 1100.0 21 (2) 
611.8 (1) 989.7 8 (2) 
617.4 (1) 1131.8 28 (3) 
636.9 (1) 895.2 11 (2) 

====================================== 
a Assigned to decay of 141Tb, except where noted. 
b Intensity relative to 1293.3=100. 
c For absolute intensity per 100 decays of 141Tb, multiply by 0.168. 
d Also in 141GdIn IT decaJl' Intensity corrected to include only the 

3.5 s component from 41Tb decay. 
e IT decay of 141GdIn• 

'! 
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TABLE V. Gamma-gamma coincidences observed in 141Tb decays 

================================================= 
Gate 

Gd K x rays 

59+60 
85 
113 
137 
145 
198 
258 
293 
344 
379 

Coincident gamma rays 

59, 60, 85, 92, 113, 120, 132, 137, 145, 174, 198, 
249,258,268,293,344,379,389,403,407,426, 
463,475,480,492,500,531,554,586,617,637 
85,113,198,293,344,379,492 
60,113, (120), 293, 344, 389,554 
59,60,85,120,145,293,344,379,494,554 
132,426,475,586 
113,293,344 
60,293,344,463,500,554 
120,293,344,500,637 
60,85,113,145,198,258,344,389 
60, 85, 113, 145, 174, 198, 258, 293 
113 

================================================= 
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FIGURE CAPTIONS 

FIG. 1. Gamma-ray spectrum of 141Gd decay gated on Eu Ka x rays (40-s tape cycle). 

Peaks marked by energy identify transitions assigned to the decay of 141Gdg+m. 

Peaks associated with the IT decay of 141Gdm do not appear in this spectrum. 

FIG. 2. Gamma-ray spectrum of 141Gd decay gated on Gd Ka x rays (40-s tape cycle). 

Unless marked otherwise, all the peaks are associated with the IT decay cascade of 

141Gdm. 

FIG. 3. Systematics of the first four excited levels of neutron deficient N= 77 nuclides. Data 

for 141Gd from this work, 139Sm data from Ref. 31, and 137Nd and 135Ce data 

from Ref. 28. 

FIG. 4. Decay curves of the 216- and 224-keV yrays populated in 141Gd decay, taken with 

two different detectors. Differences in slope outside statistical error margins are 

clearly visible. 

FIG. 5. Decay scheme for the decay of 141G~+m to levels in 141Eu. The level energies 

have been calculated from a least-squares fit of ~e "I-ray energies to the level 

scheme. The intensities given in parentheses for each transition are relative photon 

intensities and are not corrected for intenal conversion. For absolute "I intensities per 

100 decays of 141Gdm or 141Gdg, multiply by 0.138 or by 0.48, respectively. The 

logft values were calculated without taking into account unobserved transitions to 

higher lying levels; actuallogfi values are therefore expected to be lower by 

0.1-0.2 units. Except for the IT decay cascade, spin and parity assignments are 

tentative, based on J3 andy selection rules. The ~c value is from S. Liran and 

N. Zeldes, At. Data Nucl. Data Tables 11, 431 (1976). 

FIG. 6. Gamma-ray spectrum of 141Tb decay gated on Gd Ka x rays (4-s tape cycle). 

Peaks marked by energy identify transitions assigned to the decay of 141Tb. ," 
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FIG. 7. Decay scheme for the decay of 141Tb to levels in 141Gd. The level energies have 

been calculated from a least-squares fit of the "(-ray energies to the level scheme. 

The intensities given in parentheses for each transition are relative photon intensities; 

multiply by 0.168 for absolute "( intensities per 100 141Tb decays. The log{t values 

were calculated without taking into account unobserved transitions to higher lying 

levels; actuallog{t values are therefore expected to be lower by 0.1-0.2 units. Spin 

and parity assignments are tentative, based on f3 and "( selection rules. The QEC 

value is from S. Liran and N. Zeldes, At. Data Nucl. Data Tables 11, 431 (1976). 

FIG. 8. Proton (a) and neutron (b) single-particle level energies for 141Dy as a function of 

spheroidal deformation, based on the Nilsson model with a folded Yukawa potential 

described in Ref. 32. In the calculations, the range of the Yukawa function was 

ap=an=0.80 fm and the proton and neutron spin-orbit interaction strengths were 

Ap=31.52 and An=34.14, respectively. A constant £4=0.04 was assumed. 
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