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1. INTRODUCTION

Nuclear decay studics far-from-stability are performed not merely to characterize new isotopes, but to
establish an experimental footing for improving our theoretical understanding of nuclear structure and
decay. Although progress has been made in explaining low-lying level structure for a broad range of
nuclei, transition probabilities are not yet quantitatively undersiood. The ability to understand nuclei far-
from-stability is important to astrophysics for exiending r- and s-process calculations w0 unknown nuclei,
and to nuclcar engineering for decay-heat calculaions. Mass formulas are particularly sensitive to the
known Q-values for nuclei far-from-stability, Finally, by studying nuclei far-from-stability, we probe
extremes of both decay energy and proton-neutron ratios where unforseen and important new nuclear pro-
perties may be exhibited. To understand these nuckei it is important that compleie decay information be
determined without resorting o nuclear models which will bias the interprelation of the results.

The decays of nearly 100 isotopes and isomers have been studied with the OASIS mass-sepuration
facility on-line at the Lawrence Berkeley Laboratory SuperHILAC. These studies have concentrated 1
ncutron-deficient nuclei with $5SZ<71 up to A=157 and neutron-rich nuclei with 1665A<174. An exic:
sive deteclor array has been construcied o detect x-rays, Y rays, proions, alpha particles, belas, and thei:
coincidences either beta- or particle-delayed or directly emitted by ground-state or isomeric decay. From
these data fairly complete decay schemes have been construcied for many isotopes, and decay Q-values
and EC/B* ratios have been determined. Analysis tachniques have been developed 1o infer the electron-
capture intensities from x-ray data, positvon inensities from 511-keV annihilation insensities, internal
conversion coefficients from coincidence data, and spins from beta-delayed proton final-state feedings.

The results of these experiments are combined in this paper with those from many other laboratories
to provide insight into sysiematic trends of beta- and y-ray transition probabilities near Na82. 1t is hoped
that the smooth sysiematic trends in these transition probabilities will provide clues towards interpreting the
underlying nuclzar structure. Nuclei near N=82 and Za64 are expecied to be spherical and should be
described by simple Shell Mode! considerations. Away from the shell closures, deformation sets in which
should exhibit itself in the transition probabilities. The Z=64 shell closure is expected 1o disappear near
N=78. The qualitative nature of these phenomena will be discussed.

2, SOURCE PREPARATION

Most nuclides investigsiad at OASIS' were produced by bombarding various targets with heavy-ion beams
of up to 8.5 MeV/u from the Berkeley SuperHILAC, The reactions and beam energies were chosen on the
basis of compound nuclear reaction cross sections calculaed with the ALICE 2 evaporation code. Targets
were mounted near the high temperature surface ionization source of the OASIS on-line mass separator
facility in a configuration optimized for fow transverse velocity recoils from compound nucieus reactions.
The ion source is efficient for all isolopes between Cs and Lu, however elements outside that region had
ionization potentials that were to0o high to allow them to be observed. Mass resolution of about one part in
800 was used, and no impurities from adjacent mass chains have been observed. After mass separation of
the cvaporation residues, a beam of the radioactive reaction products was deflecied by an electrostatic mir-
10r 10 a shiclded spectroscopy laboratory ~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 B, yand charged particle detectors. Sources could be transporied from the collection to detection
points in 70 ms and tape cycles as short as 1.28 s have been used. The ALICE calculations could not be
tested quantitatively due to uncertainties in the jonization efficiency and the diffusion time, however the
results appear to qualitatively agree with the predictions in most cases. A diagram of the OASIS mass
separator is given in fig. 1.

Neutron-excess nucki were produced by multinucleon transfer reactions. Here the targels are
located inside the high iemperature region of the ion source and are restricted to refractory materials like W
or Ta. To overcome this restriction, heavy-ion rarc-earth beams were used w0 produce projectile-like
neutron-rich rarc-carth isotopes. In these experiments natural tungsien targets were bombarded with 8.5
MeV/fu ™Er and YD ions 1o produce isotopes of Dy, Ho, Er, and Tm. Low cross-sections, expected for
the desired product nuclei, were partially offset by the scarcity and relatively long-half lives of the reaction
impurities within an isobaric chain. A principal source of contamination came from Lu isotopes produced



in these reactions.

3. DETECTORS

The detecior ammay used for these measurements has evolved significantly since the first OASIS measure-
ments were begun. The present detector geometry is shown in fig. 1. A Si AE-E particle telescope and a
hyperpure Ge (HPGe) face the front (deposit) side of the the collection tape. The Ielescope records proton
and alpha events and identifies betas which are stopped in the HPGe detector. The HPGe detector also is
used 10 measure x-rays and low-energy v rays. A l-mm thick plastic scintillator and a 52% n-type Ge
detecior faces the opposite side of the tape. The scintillator allows the veloing of belas which would other-
wise be recorded in the 52% Ge spectrum. A 24% n-type Ge detector, orienied at 90° o the other two, was
placed ~4.5 cm from the radioactive source. This detector was Jess subject to the summing of coincident ¥
rays than the 52% Ge detector and was used to analyze the y-ray singles intensities.

The singles spectra in the HPGe and 52% Ge delectors were recorded in multispectrum mode with
the tape cycle divided into eight equal time intervals. These spectra were used to determine precise half-
lives and to establish the genetic relationghips between parent and daughter species. Coincidences and tim.
ing information between the various detectors were recorded event-by-event and monitorsd by on-line sort-
ing with preselecied gates; all coincidence events were tagged with a time signal relative to the beginning
of a tape cycle for half-life information.

4, DATA ANALYSIS TECHNIQUES

4.1. DECAY SCHEME NORMALIZATION

In order 10 determine the emission probabilities of ¥ rays and to infer the beta feedings, it is necessary to
determine the toial electron capture and positron decay branching intensities. When the ground state is not
directly fed by beta decay, the normalization factor necessary (0 convert relative transition intensities to
intensity per decay is the sum of transition intensities feeding the ground siate and long-lived excited states
plus the branching intensities for other modes of decay (e.g. alpha, B-delayed proton, 254 IT modes). The
statistical methods required w0 comrectly calculate this normalization were discussed by Browne ** and Fire-

stone %, If the decay scheme is not well known, and substantial, unobserved transitiv.a intensity might
popuhte the ground stale, this method is unreliable,

Another method for desermining the normalization is to follow the genetic relationship of parents and
daughters. If the daughter activity is much shorer lived than the parent, equilibriurn will occur, and if the
normalization of either species is determined, meothermmalunonunbednmuyculcuhwd It is
important 1o remember that at equilibrium the daughter activity R, is greater than the parent activity R and
related (o the parent and daughter half-lives by the equation

4np) =~ ta(d)

=R ——
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‘When equilibrium is not possible the relative parent/daughier normalizations can be determined by follow-
ing the growth and decay.

In the OASIS studies, nwnsoﬁenpos‘blelodetmnmemedecayxhunenmmlwmﬁm the
measured electron capture and positron decay intensities. The methods used to investigats these iniensities
are discussed below.

4.1.1, ELECTRON CAPTURE INTENSITY

A signawre of electron caplure decay is K x-ray emission. For the nuckei discussed here, the resolution of
the HPGe detector was sufficient to resolve the Ka, 2 8nd KB, 2 X-rays of adjacent elements. This analysis



was performed using a modificd version of the SAMPO code & The relative x-ray intensities for each ele-
ment are well known 7, and our measured intensity ratios normally agreed well with the expected values.
Table 1 shows a representative comparison of our measured values with the known branchings. To Jet~r-
mine the relative inlensity of electron capture, the K x-ray intensities were corrected for contributions from
internal conversion, although in some cases internal conversion was negligible and could be ignored. Oth-
erwise, the K-conversion coefficients must be estimated and a correction applied. Often, this correction
was large with respect 10 the electron capture intensity and the electron capture feeding could not be reli-
ably determined. If the positron feeding were known (Sec. 4.1.2) it was sometimes possible to estimate the
electron capture branching intensity from the decay scheme and expected EC/B* ratios. After the K x-ray
intensity associated with electron capture was determined, additional corrections for fluorescence yield *

and Lo Ty * Were applied.

4.1.2. POSITRON INTENSITY

A signature of positron decay is the emission of 511-keV annihilatio radiation sy.» wlized by 4. In most
experiments several positron emitiers were produced simultaneously. Distinciion between the various
positron emitters could only be made on the basis of half-life and was particularly difficult when complex
relationships between parent and daughter activities occwred. To solve this problem, a multilinear analysis
method was developed. The key 10 this method was to follow the decay of a prominent y ray associated
with each positron-emitting isolope. The relative ¥* intensity associated with each y ray is consiant st all
times. Thus, the total observed ¥ intensity in any spectrum from § positron-emitting species is given by

I3 (o) = CTANAN + CEAA) +.. .+ CFENLD) @
where C.f (i) is the proportionality constant relating the y-ray intensity to the annihilation intensity associ-
ated with that decay. An advantage of this method is that data taken at various dwell times with differing
reactions could be analyzed simultancously. The calculation was performed using the computer code
BANAL 1° with the IMSL multilinear analysis subroutine RLMUL !, An example calculation is shown in
table 2.

The resulting 4 intensity for each isotope must be comrected for annihilation-in-flight !2 and source
geometry. These corrections were not entirely straightforward because a 4x positron annihilator was not
used. The correction facior was determined by comparison of results using this method with other tech-
niques discussed above, and with B-delayed proton data where the positron and eleciron capture iniensities
in coincidence with protons must equal the total proton intensity. The uncertainty in this correction was
estimaied as 10% by comparison with results obtained by the equilibrium method. This comparison for
Ax142 nuclei is shown in Table 3. The multilinear analysis method described here can also be used 10
resolve y-ray multipiets and unusually complex x-ray spectra.

42. Q; DETERMINATION

Two methods have been employed in these experiments to determine Q. values. The EC/B* ratio for the
decay 10 a level can be inferred from the K x-ray and ¥* inensities in coincidence with transitions deexcit-
ing that level. If the level is not significantly populated from above and the deexciting transitior: is not in
coincidence with a K x-rays from intemal conversion, then this method is straightforward. For the 4.7-
MeV level in "*Ho, populated by "“PEr™ decay, coincidence data for the intense 4.7-MeV 7 ray gives
EC/B*=0.6810.34 which corresponds 10 Qp=9.1233. The excitation energy of **Er™ is 0.74 MeV, 30 for
the Er ground-state Qe =8.4:03. Similarly, *Er® populates four narrow resonances in “*Ho which
decay by B-delayed proton emission. From the ratio of intensitics in the proton singles and positron-
coincident proton spectra, (EC+B*)V/B* can be determined. The value of (Qp-Bj) can be determined by
minimizing the differences between the experimental and theoretical values as a function of Qe The
result of this minimization for *Er is shown in fig. 2 where (Q,.-B,)=x7.0:07 was delermined. Wapstra et



al. 3 report a sysiematic proton binding energy By=1.2+0.2 which gives Q. =8.2+0.5 in good agre.ement
with the value from the 4.7-MeV level analysis.

A second method for determining Q. was 10 vary the decay energy so that the measured electron
capture and positron decay branching inensities [see 4.1.1 and 4.1.2] maiched those predicied from the
established decay scheme. This method is most effective when the decay scheme is well known. Decays
in the A=140 and A=142 m.ss chains are particularly suited to this method because their decays are dom-
inated by iniense ground-state B-feedings. These high-energy, low logf! transitions are so dominant that
missing higher level feedings are not expecied to be significant for all but the most neutron-deficient iso-
topes. A summary of these results is given in Table 4 where they are compared with the evaluated values
of Wapsira ef al. 1%, and the calculated values of Liran and Zeldes '*, Agreement is excelient, particularly
for the previously known values, lending confidence o this method.

4.3, INTERNAL CONVERSION COEFFICIENTS

Internal conversion data are necessary (0 delermine the spins and parities of levels populated in these
decays. Unforunately, conversion electrons were not measured at OASIS so other methods have been
employed to oblain some inlemal conversion information. One method was o determine the K-conversion
coelficient from the ratio of K x-ray 10 y-ray iniensities in coincidence with transitions feeding a level.
Another method was 10 utilize the intensity balance in singles or coincidence data to infer wotal conversion
coefficients. For exampie, these methods were used 10 deiermine the multipolarities of transitions follow-
ing 4*Tb™ IT decay. This decay scheme is shown in fig. 3 and the coincidence spectra gating on the 182
and 212-keV transitions are shown in fig. 4. From the 212-keV gate we determined that o, (68.5)=6115
which is consistent with the theoretical &, (M2)e64 '€, From the relative iniensities of the 29.7-, 68.5-keV
y-ray transitions and the Tb K x-rays in the 182-keV gate we determined that o, (29.7)=44115 which is
consistent with the multipolarity M1+{(6£3)%E2. A summary of the conversion coefficients determined in
these experiments is given in Table 5.

4.4. SPIN VALUES FROM FINAL STATE B-DELAYED PROTON FEEDINGS

The spins of isoiopes decaying by B-delayed proton emission are reflected in the distribution of final-state
feedings to the proton decay daughier. Unlike alpha-particle decay where the formation of the alpha in the
nucleus is complex, proion decay is a simple process which is well understood. Thus, if the beta-strength
distribution associated with the decay to the region of proton emission is known or the decay can be treated
within the framework of a statistical model, the final-stae feedings can be calculaied and compered with
experiment. A detailed discussion of this method for spin assignment has been discussed by Wilmarth!”,
The experimental final-state feedings were dewermined from py-coincidence information where the
ground-state feeding was determined by the difference in the coincidence proton intensity and the total pro-
ton intensity. Results of this method for odd-A precursors are shown in Table 6, and a comparison of
results using various B-strength models for 1$*Yb decay is given in Table 7.

S, SUMMARY OF NUCLEI STUDIED WITH OASIS

The nuclei studied with OASIS have been summarized in Table 8. It is not possible 10 discuss all of the
decay schemes which wer investigated in this paper so only a few decays of particular nuciear structure
interest will be discussed below.

$.1. N=81 NUCLEI

The decay of nuclei with N=81 and Z>64 is characterized by hindered B-transitions o low-lying levels in
the N=82 daughter and strong transitions 10 levels above 4 Me'V, These nuclei can be undersiood in terms



of the shell model where the single neutron vacancy in the vs, , orbital cannot be filled by decaying protons
in nd,, or mg, , orbitals. Only by exciting neutron pairs can orbitals be made available for beta decay. The
decay of *5Gd(1/2+) has becn explained'" with a weak coupling model. In this model, single-particle pro-
ton states in the daughter are assumed o o ict as spectators only weakly interacting with the core excita-
tions. For 15Gd decay, two levels near the 2* and two levels near the 4* 14Sm core excitations dominate.
Above 4 MeV, however, about 12.8% of the beta intensity was observed'? despite a Q=507 MeV. The
logft=4.3 10 this region is similar o that of nearby xh,, ,—vh,,, spin-flip transitions. This strong transition
presumably populaies 3-quasiparticle levels with the structure (xh,, n)(vhm)(vsl A

Similar decay systematics have been observed for decay of the 1/2* and 11/2” isomer pairs in
149Dy 0021 1952 and 151YHPM, Remarkably, the spin-flip decays of the isomer pairs are nearly identical,
confirming the weak-coupling assumption that the odd vs, , or vh,, ., neutron is a speciator. A comparison
of the log/t values for the dominant configurations contributing to the N=81 decays is given in Table 9.
The odd-odd decays display similar decay patterns further confirming the weak-coupling assumptions,

The speclator neutrons become important when the 3-quasiparticle configurations deexcite to the
ground configurations. The vh,, ncutron can decay by a fast M1 spin-flip to fill the vh,,, vacancy, an
analogous transition o the beta decay, but is very hindered filling the vs, p Yocancy. This affect has been
observed in several ways. In 'Gd(1/2*) decay, the 3-quasiparticle levels deexcite preferentially o levels
above 1.7 MeV. Transitions ©0 low-lying single-particle states are weak and both M1 and E2 transitions
are of comparable intensity, For 3 McV transitions, this corresponds to a factor of 60 greater hindrance for
M1 transitions. In '*Er{11/2") decay, the 3-quasiparticle levels deexcite primarily by M1 spin-flip transi-
tions to the vh,, , ground state and by weaker E1 transitions to the vg,, level, No evidence for low-energy
y-ray transitions is observed. Additional evidence is obtained from B-delayed proton data. The proton
spectrum from M*Er®*™ decay is shown in fig. 5. The structured part of the spectrum is known to belong to
the low-spin decay, and the 7(2)% branching intensity is much larger than the 0.4% predicied from Gross
Theory®2, Similarly, the low-spin 3-delayed proton branching intensity for 14’Dy decay is enhanced by a
factor of 20 and Schardt et al*’ have measured the very weak y-rays deexciting the levels corresponding 1o
the structured part of the proton spectrum. The ¥-ray transitions appear to be hindered, enhancing the pro-
ton intensity. The nature of this hindrance has been discussed by Nitschke ez al.®

§.2. ONSET OF DEFORMATION AT Z=64

Unlike the Z=50 and N=82 shells, the Z=64 subshell gap is small, about 1.8 MeV, compared 10 the ~4.5
MeV gap observed al N=82. The Z=64 subshell rapidly disappears as we move off of the N=82 shell clo-
sure. Above Z=64 we observe the emergence of nearly degencrate ®s, , and xh,, , isomeric states in 0dd-Z
even-N nuckei. For odd-A Tb isotopes this patiern holds for BOSNS86. At N«78, Redon ef al.2* have esta-
blished a 5/2* ground stale, and no evidence exists for the B-decay of the 11/2” isomer. In fig. 6 the decay
scheme for ''Tb, measured st OASIS, is presented. The decay data support a 5/2" spin assignment for
WiTh, Mdller® has performed a Nilsson/QRPA calculation of the excited states in ''Tb which is
presented in fig. 7. For deformations in the €,20.1-0.2 range, the 5/2°(532] orbital is predicted for the
ground state in agreement with experiment. The '“*Tb ground-staie spin is less obvious from the QRPA
calculation, however, the 5/2*[402] state increases rapidly with deformation and at £,~0.1 its energy is near
t04 or 5 other states and it may be the ground state,

6. SYSTEMATICS OF SHELL MODEL TRANSITIONS NEAR N=82
The available proton and neutron shell model states important for nuclei near N=82 are listed in figure 8.

Single particle levels corresponding to these states are well known and observed at low excitations in the
odd-A nuclei in this region. Additional levels occur in the odd-A nuclei near energies close to the energies



of the even-even core excilations (2*, 37, 4*, ec). The energetics of these nuclei can be explained, simply,
by a weak-coupling model where the single-particle levels are combined with core levels to create the
observed configurations. Residual inderactions break the degeneracy of these configurations, creating the
obeerved level scheme, up 10 at least 3 MeV.

The preceding arguments are qualitative in nature and appear to explain the level schemes for many
nuclei ncar N=82. Transition probabilities for decays between levels in this region are a more rigorous test
of a model. In the following discussions, the logfi and reduced -ray transition probabilities of nuclei in
this region are explored.

6.1, LOGFT VALUES

Most transitions in the Nu82 region have logft>5. A few transitions are much faster and can dominate a
particular decay scheme. Inspection of the shell model states in fig. 8 reveals two, important spin-flip tran-
sitions which may be expected. Below Na82, the ndm—wdm transition is important, and above Z=54 the
%h;, ,—vh,, transition is significant, Evidence for both transitions is found in a serics of 0*—1* transi-
tions. In these transitions either & (udm)2 or a (zh,, n)’ pair can be assumed to decay by the spin-flip tran-
The experimental logft values for these transitions are plotied in fig. 9. For N<80, the transitions
should involve the xd,, protons, and for transitions with N282 the =h,, ,, protons are involved. In fig. 10
the prediction from the simple shell model for each transition is included for comparison. From the shell
model,
6160

s =m 1K)

where g,=1.263, B (crpuffl—. and  is the number of valence protons. The shell mode] predictions are

nearly an order of magnitude fasier than cxperiment, a phenomenon commented on previously by Nolte et
al¥ for the N=82 region and by Barden ef al.* for the Z=50 region (%g,,—Vg,, transitions). Towner®
has argued that these discrepancies arc due to pairing cormrelations, core polarization, and higher-order
phenomena. Nevertheless, several curiosities remain to be explained.

The a dependence appears to be reproduced in the spin-flip transitions where the average logft value
changes between n=2 and a=6 by 0.47(9) for N=76,78 and N=82,84, This agrees closely with the shell
model expectation of 0.48, The N=80 transitions have beea excluded from the average because the shell
model predicts that the vd, , orbital is filled, blocking the spin-flip transition. This can be demonstrated by
comparing the N=76 and N=78 logf values. They differ, on average, by 0.22(12) which is consistent with
0.3 predicied if the vd,, orbital were half-filled at N=78. It is remarkable that these shell model trends are
pm;lived. although cakeulations by Towner® do indicate that the hindrance should be constant for 1=5
orbitals.

Additional trends in the logft values can be seen in fig. 9. A constant logfi=5.0 is consisient with all
values where Z=60 or N=80. The vs,, and vd,, orbital are nearly degenerate in this region, perhaps
explaining the residual B-strength at N=80. Another intriguing trend in fig. 9 is the low logft values for
142140y, The valence protons in these isotopes should be (:th,m)2 yet the logft follows the xd,, spin-flip
trend. It is possible that the measured values are somewhat low due 10 missed B-strength to levels near 2
MeV in the daughter where the vh,, orbitals are expected. This transition has been observed in Dy
decay™ with Jogft=3.8(2), consistent with the heavier Dy decays. Assuming that this transition cccurs with
the same log/t in the lighter Dy isotopes, about 35% of the dezay would populate that resonance in Dy
decay, effectively raising the logf for the ground state wransition to the value from %°Gd decay. A ~7%
affect would occur for Dy decay which is not sufficient to bring the ground-state logft to the value for
2Ga.



Other spin-flip transitions have been observed in odd-Z decays. The measured logft values for
7d,,—xd,, arc summasized in fig. 11, and the xh,, —sxh, , transitions are summarized in fig. 12. These
transitions are substantially more retarded than the even-cven decays and show little » dependence. The
calculations of Towner> support the disappearance of » dependence, predicting a rapidly decreasing hin-
drance with increasing n. The 1*—0* decays are shown in fig. 13. They are similar to the nearby 0*—1*
transitions and their Jogf values increase by 0.50(11) from a=1 to n=5, nearly the 0.70 value predicted by
the shell model. These transitions are comparable with the 0*—1* transitions because they are transitions
between the identical levels. Finally, there is a sequence of 9*—8* transitions in odd-odd nuclei with
N283. The logft systematics for these transitions are shown in fig. 14. These decays have been described
as (xh,, anL,n)—p(vhm)(vfm) transitions. Their logfr values fall intermediate to the single-particle and
even-even decays.

6.2. REDUCED GAMMA-RAY TRANSITION PROBABILITIES

Several families of reduced transition probabilities for single-particle shell model transitions have been stu-
dicd for nuclei ncar Nu82. The M4 Weisskopf-reduced transition probabilities for the vh,, .—svd, , transi-
tion are given in fig. 15. The B(M4) values exceed the Weisskopf estimates and slowly decline with
increasing proton number. The large strength is consistent with the near closure of the N=82 shell but
inconsisient with the expected blocking of the vd,, orbital at N=81. The near degeneracy of the vs, pand
vd,,, orbitals apparently contribuies to the large quasipanticle strength in vdy,. At N=79 the B(M4) values
are similar to those st N=81 and slightly exceed them for Z260, This probably reflects the opening of the
vd,, orbital which offsets the greater distance from the closed shell.

At Z=52, B(M4) increascs rapidly which is consistent with the proximity to the Z=50 closed proton
shell. The B(M4) strength decreases until at mid-shell, Z=66, a minimum is reached. A small sub-shell
effect may be observed at Z=64, It is tempting 10 predict that the B(M4) values will increase for Z268.
This effect appears to be observed at Z=68 where a small increase in B(M4) is observed.

The E3 Weisskopf-reduced transition probabilities for the zh,, ,—xd, , transition are shown in fig,
16. The B(E3) values increase rapidly near N=82 greatly exceeding the Weisskopf estimates, In addition,
the B(E3) values decrease with increasing proton number. As protons are added, the xd,,, orbital is pro-
gressively filled, partially blocking the E3 transition. At Z=59 there are no protons occupying the rd,,
orbital (the odd proton is in the zh,, , orbital), while at Z=63 four protons block that orbital. The B(E3)
should be propartional 10 the number of xd,, vacancies and decrease by 0.33 from Z=59 to Z=63. At
N=82, the experimental B(E3) values decrease by 0.37(6) in that interval, Also, st Z=65 B(E3) is nearly
zero, consistent with complete blocking of the xdm orbital.

M2 Weisskopf-reduced transition probabilities for the zh,, ,—xg,,, transitions are summarized in
fig. 17. These transitions are significantly hindered, except for 13°La which is nearly a full Weisskopf unit.
The hindrance is not surprising because, except for '*'La, the g, orbital is fully blocked. The modest
strength at Z=57 is consistent with the xg, , orbital being 2/3 full,

A considerable success for the shell model near N=82 has been its ability to explain numerous yrast
E2 transition energies and transition probabilities. Lawson™ has shown that seniority v is & good quantum
number and the decays between (zh,, n). configurations give B(E2) values proportionate to (%)2.

14
Several experiments®-%* have confirmed the predictions which are summarized in table 10.

7. CONCLUSIONS

A considerable body of data for the neutron-deficient rare earth nuclei have been measured at OASIS and
other facilities. Improved experimental techniques and methods of data analysis have increased the amount
of useful information in this region. Smooth trends in the logft data near N=82 and qualitative consistency



with the shell model for beta and gamma transitions give hope that a consistent, simple explanation of these
phenomena may be obtained. Towner has shown that pairing effects and core polarization may explain the
discrepancies with the shell model, however these affects are difficult to calculate. Conversely, Lawson
has found success in explaining shell model transitions in several nuclei with very few parameters. Similar
explanations of the beta transitions may be found by the correct parameterization of the problem. It is
remarkable that while the absolute transition probabilities vary from shell model transitions, the 0*—1*
beta transitions, E3 y-ray transitions, and N=82 even-Z E2 transitions all scale with proton number exactly
as predicted in the shell model.

The need for more precise measurements and additional data is apparent. Complete decay scheme
information, including beta and gamma strength measurements, absolute delayed-particle emission proba-
bilities, mass measurements, and level lifetimes are important for understanding nuclear decay and improv-
ing our ability 10 predict unmeasured decay properties. In particular, the neutron-deficient rare-carth nuclei
above Z=64 need more investigation because of the importance of the xh,, » orbital in fast spin-flip beta-
and gamma-ray transitions, Additional data is also required for the neutron deficient nuclei with Z272
where virtually no beta-decay data studies have been done. These nuclei offer experimental difficulties
because they cannot be easily oblained at most mass separstors. The low logfim2,3 for Z=74, predicied by
the shell model, suggests that this region will provide some of the fasted beta transitions observed st any
mass.
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Table 1. Comparison of experimental and theoretical K x-ray intensities

12

K, Ko, Kp, Ky

Expt Th Expt. Th Expt Th Expt Th
Nd 1002 100 50(4) 549  248) 300 83
Pm 1000(12) 100 536(8) 551 30.6(12) 301 84
Sm 100.0(13) 100 S46(7) 552 3L0(3) 302 833} 86
Eu 1000(10) 100 557(8) 554 309%6) 305 85(2) 87
Gd 1000(11) 100 564(9) 556 3038 39
To  100(3) 100 502) 558 344) 310 10(3) 89
Dy 1002) 100 552(13) 560 312 10(2) 89
Ho  100(2) 100  56.6(17) 562  29(6) 315 879 88
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Table 2a. Multilinear analysis of A=142 ¥* intensitics using the equation

12 (t0t)= CEAN LD + CEQIL2) + ...+ CEEN ).

Input Relative y-ray Intensities /(i) Input Iyt(100) Fitted 1y8(20t)
Ew(768) Gd(179) Tb{515) Dy(182) I(511) AlI{511) I511) xz
426 100 678 0 6839 280 6830 0.001
531 100 56 7 5330 280 5482 0.298
60 100 0 0 944 90 958 0.024
1051 100 289 32 11476 574 11507 0.003
850 100 157 16 8835 442 8882 0.0it
693 100 88 13 7342 367 Nn72 0218
492 100 S0 93 5230 262 5162 0.066
383 100 38 84 4148 207 4136 0,003
30 100 25 8.1 3356 168 3354 0.0001
251 100 21 6.3 2811 140 2859 0.120
201 100 19 34 2380 119 2347 0.075

Table 2b. Parameters CF (i) calculated with the compuler code BANAL

142gy, 8.83 837 9.30 0.16
2G4 428 313 542 040
1421y 3.89 357 421 0.11

142
Dy

20.9

6.6

35.3

50
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Table 3. Summary of decay branchings for A=142

Branching intensity
Isotope (I g EC Proton E, > 1
2pm  40.5(5) s 0.77127) 0.229227) 1576.1 0.0196(11)
H26m  72.49(5) min <0.05 >0.95
WEy  234(12)s  0.899(16) 0.101(16) 7680 0.102(7) =0.102(3)
Gd  70.2(6) s 048(5)  0.52(5) 1789 0.112(12)  0.113(5)

U2y SO7(17)ms  0.968() 0.032(4) 24(10)x10° 5153 0.249(17) =0.249(13)
Wpy 23%3)s 090(4) 0.10(4) 8@3)x10° 1813 0.0438) 0.51(%)

*Values for *2Pm and '“2Sm are from LK. Peker, Nucl. Data Shects 43, 579 (1984). Other values from this work.
®Normalized to measured EC+8* intensity
Equlibrium intensity normalized to indicated transitions
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Table 4. Comparison of experimental and theoretical decay
energies

QEC(MeV)
Isotope Experiment Wapstraelal®  Liran-Zeldes®
WEy 8.6(4) 8.4(5) 83
WGd 4.8(4) 4.5(7) 55
Wy s113 10.7(11) 109
M2pp, 4,88(16) 4.87(4) 5.1
25m <2.1 2.104) 22
g, 7.03) 7.40(10) 7.5
2G4 43(3) 4.2(4) 46
21y 10.4(7) 10.0(7) 9.9
H2py 712) 6.4(11) 71
Mg, B.4(5) 70(9) 8.65
Qg B, (MeV)
Experiment __ Wapstra e al* _ Liran-Zeldes®

WSpy 5.8(4) 59(7) 6.1
Wipy 44(3) 4.5(1) 48
Wg, 8.403) 8207 86
%8Ho 5.7(5) 5.203) 59
16, 7.0(5) 5809) 7.3
0T 7.5(3) 7.6(7) 84
Blyp 8.8(4) 8.909) 9.7
152 9.6(9) 10(1) 107
153yp 5.7(4) 6.1{5) 6.0

* A H. Wapstra, G. Audi, and R. Hoekstra, At. Data Nucl,
Data Tables 39, 281 (1988).

b S. Liran and N. Zeldes, At. Data Nucl. Data Tables 17,
431 (1976).
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Table 5. Experimental and theoretical conversion coefficients from QASIS

ox (theory)*
Adopied
Parent E, ox(exp) El E2 E3 M1 M2 M3 M4  Multipolarity
Wpym 1853 0.194) 0046 019 070 028 155 683 29.5 E2
Wmym 207 05 150 S21 - 125 130 - - M1+E2
68.5 61(5) 068 248 593 560 638 278 91 M2
Mmoo 1137 459200 018 081 300 132 1001 510 241 E3eMé
282 021 165 226 157 134 961 855
o 663 6510) 024 240 459 683 773 298 788 Ml
Wesm 1113 18211) 020 082 271 182 136 631 268 M1
1715  057(7) 0064 025 087 049 275 118 488 M1
3439 014 @ 0011 0034 0097 0074 027 084 256 Ml
436.7 ) 0006 0018 0048 0040 013 036 096 Ml
6305 0273 0003 0008 0018 0017 0047 011 025 M4
Béypb 1332 004 013 051 169 119 771 340 14 El
By 966 133) 031 109 294 324 262 109 394 E2

* F. Rosel, H.M. Fries, K. Alder, and H.C. Pauli, AL Data and Nucl. Data Tables 21 91(1978).
> o, (expl)
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Table 6. Comparison of experimental and calculated proton final state branches.

Precursor I Encrgy Branching Intensity (%)
(AdopledJ®) Daughter (kev) Exp. 12* 32 52¢ Int
19p, o* 0 71(10) 60 46 2] -
rn" 2* 337 25 33 45 60 -
8 810 1) 1 1 9 -
12Ce o 0 36 - 337 14 9
Y 2* 197 666 - 55 66 54
& 570 93 - 14 32
6 1083 20 - . - 1
12ce o* 0 3@ - 49 20 14
(5124 2* 230 534 - 50 7 65
'y 651 %« - 1 8 2
6 1228 - . . .
127Ng o* 0 60I5) S0 37 14 .
QY 2* 170 3513 48 60 70 -
4 520 55 2 3 16 -
13Ng 0* 0 3m - 4 1 12
r2*) 2 207 68mn - 4 71 6l
4 607 93) 2 12
1INg 0* 0o 32Mn - 51 26 20
2% 2¢ 254 6uH - 41 68 67
4+ 710 1 1 4 11
13igm o 0 4115 47 35 13 7
52" 2* 158 36(15) 51 61 68 52
4 483 218) 2 4 19 3
6 938 33 - - 1 2
133¢m 0 0 359) 56 43 18 -
(k77 2* 213 639) 43 54 70 -
4 611 W 1 3 12 -
1355m o* 0 42103) 64 52 .
52 2* 294  4104) 31 41 &l .
2* 754 106 4 6 8 -
4 789 15 1 5 -
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Table 7. Experimental and calculated B-delayed proton beanches from “¥2Yb
to levels in **%Er.

Levels in “%Er Final State Branches (%)

J*  Energy  Experiment GrossTheory QRPA  Constant
(keV) L 2 U

0* 0 51(17) 50 66 49

2" 808 40(12) 44 32 45

4* 1481 3(3) 4 2 4
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Table 8. Isotopes Studied at OASIS

Tsolope 1,,() Decay Isotope 1,5 Decay Isotope 1,6 Decay
i : 1 603 Pp MIEY(S2*) a By MIge 262 Bp
120 5 284) Bp 12gy 2.34(12) By g, 442 Pw
1214 87D  PBp 91Gd 3) Bp 8E11,27) 892 Pw
12ce 382 Bp "Ge (1) Bp 19E112%) 2) B
125Ce 9.8(8) Bw Ga 158@4) Bw 1S1gy a By
134p, 1220  Bp WG4 2455 By 1MEr 198(12) By
126pr 32660 Bw “iGa12Y) 14(4) Bw “Tm 092 PBw
12py 41) Bp “iGd 702(6) Py 1%0Tm 222 Pw
121Ng 184) Bp Ty 2422) Bw BiTm a By
12Ng 4% Bp My 352 By 3 Tm(11727) 172)  opy
1N 25(5) Bp 1275(14) 0.597(17) By Bm(12*)  ~0525  apy
1%0pm 21) Bp 127H(57) 0.30317) IT *Tm a By
132pm 50 Bw TH(1%) 2 By Byl L&) Bp
1¥pm(2*) ~320 Py 4TH(6) 410) By Blyp(12°) 16(1) Py
14pm(s*) 226(5)  Br 1o a By 15yb 39%(1) Bw
15pm(s2) 45 By “py 092 Bw 1Yb 0425) o,By
pm(1127)  4%3) By 12 233) Bw 15y 175(5) ofy
13%pm(2*) ~30-150 By Wpy 313  Bp 182y 071) Bp
1%pm(s*) a By “py 215 Bw WLy 092 Py
142pm 2 By 1 81  Bw Sy 12()  Pwe
13gm 120 Pp Wpy11720) a By SLu(3nR12Y)  0.140(14) o
13sm 28(5) Br “Dy(172*) a Pw 155Lu(11/27) 0066(7) a
1¥m 103) By i a By Lu(12'32%)  576)  apy
135gm 1035 Bw 18py a BY SLu(1112) 4805 apy
1%5m a By Dy 55(3) By 1Lu(07) a By
Mism a By %Ho 07(2) Bp 19%1.4(39) a By
2sm a B %Ho 24(1) By 1 467 a By
¥Ey 052 Pp 1%Ho (9 Pw 191 u(3%) a By
13gy 152 By 14 Ho 97(3) Pw 191 067 a By
1%6Ey(3*) 373)  Pw WH1127) 214(3) By 1914(172) a IT
¥En(6*7Y) -3 Bw WHo(12') 542 By MLw(1/7) » IT
EN(1%) 1L.512) By ®Ho a By 2L y(17) a IT
WEW(ST) 0.125Q2) IT YHo 54(3) By )
WEL11/2) 3303) By 145g, 05(3) Bp * Half-life not determined in these experiments
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TABLE 9. Systematics of N=81 Beta Decays

Dominant core configuration®
23 4567 (vhy)
Transition E® logr | E® logh | E,® loght
e o 1523 5.2 | 2498 50 | 4530 44
Wrpt 19y, 1797 >42 4700 4.2

Mhorem ¥y | 1682 -55 | 2653 ~49 | 4300 <51

WIDy™ 57T 1482 52 [ 2260 49 (4800 39
WDyt ,147Tp 1763 50 4100 ~3.7
WeThem %G | 1971 ~54 | 2841 46 | 4730 45

Gt ey 1819 54 4500 4.4
pytem 40y | 1660 49 | 2450 S5

*Core configuration that is coupled W the #ts, , of the xh, , , odd proton
in the daughter nucleus.

®Intensity weighled average excilation energy of the core-coupled
configurations populated by beta decay.
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Table 10. Comparison of experimental and calculated B(E2)
values al N=82,

B(E2) 6*fm*
Transition n  Experiment  Shell Model*
14Dy(10°*—8*) 2 4403 4
WHo 2127232 3 88(6) 92
10Er(10*—8") 4 11.4(14) 10.8
10Er(8*—36*) 4 37 27.3
Blrm@2712°-2320) 5 12.1(7) 9.2
H2yp(10°—8Y) 6 0.%(1) 0
W@ 23 7 0.45(9) 9*
1H1110*—8*) 8 2,9(14) ne

4 R.D. Lawson, Z. Phys. A303, 51 (1981),
b Estimaed valucs assuming (6-n)? scaling.
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FIGURE CAPTIONS

Figure 1. OASIS experimental apparatus. The exploded drawings circled on the left show the detectors
(upper) and ion source (lower) in greater detail.

Figure 2. Fit 10 Q,-B, for "Er$ decay to levels associated with stnicuured proton decay. The x%/f from

comparison of the experimental B*AB*+EC) values with the theoretical ratios is plotted on the ordinate for
various Qg.-B,, values indicaled on the abscissa. The uncertainty is chosen W encompass all values with

<1,

Figure 3. Decay scheme for M3Tt™.

Figure 4. "2Tb™ coincidence data.

Figure 5. Spectrum of f-delayed protons from *Er decay.
Figure 6. Decay scheme for '“!Tb.

Figure 7. Proton (a) and neutron (b) single-particle level energies for ¥'Dy as a function of spheroidal
deformation, based on the Nilsson mode] with a folded Yukawa potential, In the calculations, the range of
the Yukawa function was a =a =0.90 fm and the proion spin-orbit inieraction strengths were A =31.52 and
A =34.14, respectively. A constant £,»0.04 was assumed.

Figure 8. Proton and Neutron single-particle shell model orbitals for rare earth nuclei.

Figure 9. Logft systematics for 0*—1" transitions.

Figure 10. Single-particle shell model predictions for logft values of xd,,—vd,, and zh,, ,—nh,, spin-
MNip transitions as a function of a particles in the valence proton orbitals,

Figure 11, Logft systemalics for 5/2*—3/2* transitions.

Figure 12. Logft systematics for 11/2°-9/2" transitions,

Figure 13. Logft systematics for 1Y—0* transitions.

Figure 14. Logft systematics for 9*—8"* transitions.

Figure 15. Systematics of Weisskopf-reduced B(M4) y-ray transition probabilities,
Figure 16. Systematics of Weisskopf-reduced B(E3) y-ray transilion probabilities.

Figure 17. Systematics of Weisskopf-reduced B(M2) y-ray transition probabilities.
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EXTRACTION AND FOCUSING
ANALVZING MAGNET

FOCAL PLANE DETECTOR BOX
ELECTROSTATIC MIRRNR

TRANSFER LINE
CONCRETE SHIELDING
TAPE DRIVE (IBM 729)

&)

17. MAGNETIC TAPE

18. DETECTOR BOX

19. N-TYPE Ge DETECTOR (52%)
20. N-TYPE Ge DETECTOR (24%)
21. HPGe DETECTOR

22, 718 um SiDETECTOR

23, 10.4 1 m SiDETECTOR

24. 1mm PILOT F SCINTILLATOR



Fig. 2

1.0 Eaheddd LLELES T LT

(T
.
>

o~

4 ®
™~
N
h.‘
>
2
~<
-9
oW
h"o
w
qo
[ -]
©
©
o
[=]



Fig. 3

lt/
*/ \s-.

21160




Counts

Fig. 4

N 182-keV Cate

2001 4
8 2 " b

0 hluuras w
F 212-keV Gate

20001 4

0 I, JL\ .3 ,
20 40 60 80 100

Energy (keV)



Counts

Fig. 5

140

120.

100

80|

60

40,

2000

’if'_;_ -
= m

3947

3869

,Nw\,

3000 6000

Energy (keV)

7000

1




AS s

l-ﬁTb

8350
A% 56

Quc=

11318

1100, 3.5% 58

9297 . .. 100%353 |

940.5

-

8952 . 296% 49 |

7526 . 114% 53 |

Fig. 6

MlGd

a3 § & = b=
v 3
] -
(&
¥/
&.@QN.
N\~
Ww'o.
%7
.
Q.\u. bﬂ\s—
\ﬂ:\@\hﬂ
)%
8. O
w e, %
5y
&S\W.mwx
e, o
2, i
Pl
\D-Qm! M.\
2y, P02
x%n&.. @w._
\qlnu
@«M.&v
W.\«.hw ]
by - - oo
\w&n_ﬁ

(R:)
(R:)
aR-)
aR:

-

ORY
5R+)
112
SR+
R+
3R+
12+



(a)

7/2* [404]
5/2* [402)

9/2°[514]

1/2*[411]
7127 [523)

5/2"[532)

3/2" [541)
1/2°[550]

Single-Proton Energies (MeV)
o

33/2 *hom

1/2*[400

7/2° [404]
9/2-[514]
5/2* [402]

7/2°[523)

Single-Neutron Energies (MeV)
o

-
o

0.0 0.1 0.2 0.3
Spheroidal Deformation ¢;



Fig. 8

SHELIL MODEL STATES NEAR Z=64 AND N=82

hopp 5300
i13p 4900
f32 3900
dajp 1372 g —,_._———-——:“-3
12 1138
hin 1046
bup 666
dsp 330 dsp 300
g2 0 8172 0

PROTONS NEUTRONS


file:///13J1S

log ft

54 |

49

4.4 -

3.9

34

Fig. 9

O+—’1+

N=78
N=76

N=80

N=74 l\.

1 |

1 b 1

58 80

62 4 es
PROTON NUMBER

70




log ft

a5

2.5

2.0

Fig. 10

SHELL MODEL PREDICTION




log ft

59

5.4

4.9

Fig. 11

N=78 52 = 32%
N=80
N=81
N=7g O
59 81 a3

PROTON NUMEBER



log ft

4.9

4.4

3.9

Fig. 12

N=86
N=80
0
N=84 12" —+9/2
N=82
85 a7 89

PROTON NUMBER




log ft

4.0

Fig. 13

59 61 63 65 67
PROTON NUMBER




log ft

5.0

4.5

4.0

Fig. 14

gt .gt
" N=87
N=85
| N=83
65 87 89 71

PROTON NUMBER




B{M4)

5.0

4.0

3.0

2,0

1.0

Fig. 15

N=g1

12" — 372+

bl ) ] J 1 ] ] ] J

52 5. 56 53 80 682 64 83 68
PROTON NUMBER




B(E3)

13.0

1.0

9.0

7.0

50

3.0

1.0

Fig. 16

i 1/2" — 572+

- ze57
o

| Z=59
Z=61 7=83

78 78 &0 82 84 1] se
NEUTRON NUMBER




B(M2)

0.9

0.8

07

0.8 |-

0.5

0.4

0.3

0.2

0.1

0.0

Fig. 17

2-557
w2 -2t
Zm61
Z=63
Z=59
76 78 80 82 84 1. ]

NEUTRON NUMBER




DISCLAIMEK

This document was prepared as an account of work sponsored
by the Unite® States Government. Neither the United Staves
Government nor any agency thercof, nct The Regents of the
University of California, nor any of their employees, makes any
warranty, express or implied, or assunies any legal iiability or
responsibility for the accuracy, completeness. or usefulness of
any information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned nights.
Reference herein io any specific commercial products process, or
service by its trade name, trademark, manufacturer, or other-
wise, does not necessarnily constitute or imply its endorsement,
recommendation, or favoring oy the United States Government
or any s ency thereof, or The Regents of the University of Cali-
fornin. The views and opinions of authors exp d herein do
not necessarily state or reflect those cf the United States
Government or any agency thereof or The Regenis of the
University of California and shall not be used for adventising or
product crdorsement pue,\oses.

Lawrence Berkeley Laboratory is an equal opportunity employer.



