GAMMA RAY SPECTROSCOPIC STUDIES
OF MEMBERS OF THE A-=141 DECAY CHAIN

Thesis for the Degree of Ph.D.
MICHIGAN STATE UNIVERSITY
RICHARD ROSS TODD
1971



TCITETIm,

3 1293 00700 3811

This is to certify that the

thesis entitled
GAMMA RAY SPECTROSCOPIC STUDIES

OF MEMBERS OF THE A=141 DECAY
CHAIN

presented by

RICHARD ROSS TODD

has been accepted towards fulfillment
of the requirements for

Ph.D. degreein Ph!SiCS

AN A

Major professor

.Date S"l‘?{' 7'9, 37 'l

©-7639

e cnSLAEYS et € TP T

fff e o
T P e I

::\ < 'é 'S“ﬁ .
R MR
. LY
Univessiy




ot ABSTRACT
e GAMMA RAY SPECTROSCOPIC STUDIES
OF MEMBERS OF THE A=141 DECAY
CHAIN
By

Richard Ross Todd

The techniques of beta and gamma ray spectroscopy have
been applied to a study of the decay schemes of 141m+gSm and
lule. The goal of this study was to increase our understanding
of nuclear structure and to obtaln information about energy
level systematics 1n these members of the A=141 decay chaln
below the N=82 closed shell.

Ge(Li) singles, Ge(Li)-Ge(Li) two parameter coincidence and
Ge(Li)=NaI(T&) (anti) colncidence spectrometers were used to
l1dentify and establish the sequence of gamma ray transitions.
The decay schemes were determined and comparisons are made with
previous studies as well as the results of recent reaction work.

Forty-seven transitions have been identified with the

beta decay of lulmSm and 40 of these have been incorporated in

a decay scheme involving 16 levels in the daughter lule. These

levels are at 0, 196.6, 628.6, 804.5, 837.1, 974.0, 1108.1, 1167.2,
1313.2, 1414.8, 1834.0, 1983.1, 2063.5, 2091.6, 2119.0, and 2702.4
keV. The lifetime of the state at 628.6 keV in 1ule was measured

to be 70020 ns and the E3 transition from this level to the ground



Richard Ross Todd

state was found to exhibit an enhancement of 1.6 spu. The

decay of lL‘lgSm was observed to populate levels at 403.9,

438.4, 728.0, 1292.7, 1495.7, 2004.5, and 2037.7 keV in Wlpy

lule

Of the 50 transitions observed in the decay of R
43 of these have been placed in a level scheme contalning 23
levels. The levels identified are at 0, 193.8, 1223.3, 1345.8,
1564.8, 1596.8, 1820.4, 1897.1, 1968.0, 2066.4, 2073.7, 2109.6,
2145,2, 2246.6, 2265.3, 2303.4, 2354.4, 2388.4, 2430, 2506,
2620, 2805, and 2986 keV.

Limits on the possible spin assignments of the levels
identified, have been made from calculated log ft values and
observation of transitions to levels of known spins. A three-
quasiparticle multiplet of high-spin, odd parity states was

fdentified between 1.4 and 2.7 MeV in 141

Pm. The decay
characteristics of the multiplet suggest the possibility of
obtaining information about its structure from shell model
calculations using a limited basis.

A survey has been made of the energy level systematics
and properties of low-lying states in the N=80, 81, and 82 odd

mass isotones. These observations have led to some predictions

and suggestions for future experiments.
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Chapter I

Introduction

A measure of our current understanding of nuclear
structure 1s demonstrated by the ability of current nuclear
models to explaln observed properties of nuclei and to pre-
dict other properties previously unobserved. The origin and
development of these models involves the observation of
these same nuclear state properties. In thils interplay of
theory and experiment, both the quality and quantity of the
avallable experimental data serve to test the exlsting models
and aid in the development of new and improved ones.

Radiocactive decay studies and nuclear reaction studies
conmplement one another as basic tools of nuclear research.
Thelr ability to determine ::ignificant nuclear state pro-
perties serves to test and advance our knowledge of nuclear
structure. By means of beta and gamma ray spectroscopy,
this investigation seeks to increase our current knowledge,
and, where possible, to improve the existing information
in the field of radioactive decay.

In the past few years there have been many radioactive
decay studies of odd mass 1isotopes in the 5057565, 62sSNs82
region 6f the nuclidic chart (Ti 67)(NDS)(NSA). These
studies attempt to characterize the states in the daughter

as completely as possible by comparing their results with



those of reaction studies and theoretical calculations.
Recently there have also been a number of nuclear reaction
studies on odd mass nucleil in and near the N=82 closed shell.
These involved partlcle transfer studles such as (d,3He),
(3He,d), (p,d), (d,p), (p,t), inelastic scattering experiments
such as (a,a'), (d4,d4'), (p,p') and in-beam gamma experiments
such as (n,n'y), (a,2ny)

This region is bounded by the magic numbers of Z=50
protons and N=82 neutrons. HNuclei with these magic numbers
have tightly bound or relatively inert spherical cores of
protons (Z=50) or neutrons (ll=82). As one moves far from
these spherical cores, 1t i:: expected the nuclei will ac-
quire a permanently deformed shape. The transitional region
between these extremes 1is characterized by a change in the

nature of the levels, produced by the increasing admixture

of various combinations of shell model orbitals and inter-
mixed collective effects. As a result, there are a greater
number of low-=-lyling levels suggesting a softer nucleus. In

the transitional region the line of stability runs approximately

121 127 133, 139
518b70, 53I.”, 550“78’ and 57La82.

These nuclei, along with the large number of stable nuclel

through the nuclel

in the Z=50 and N=82 closed shells, are conveniently located
for systematically probing part of the transitional region by

means of the (3He,xn) and (p,xn) reactions.



The beta and gamma ray spectroscopy group at MSU is
currently conducting a systcmatic study of the region between
the 2=50 and N=82 closed shells. 1In the process of conducting
such a study 1t 1is useful to begin with a knowledge of levels
in the nuclel close to the line of stability. As more in-
formation becomes avallable regarding these levels, it will
be convenient to move away from stability in successive steps
toward the region of permanent deformation.

During the course of earlier investigations in this re-
gion, the study of l39mNd resulted in the 1dentification of
a three-quasiparticle multinlet of low-lying, high-spin states
in 13%pr (Bee 69b). The existence of such states 1s rare, and,
because they can be characterized in rather simple shell model
terms, they yleld a significant amount of information about
nuclear structure. As a recult of the information to be
galned, it seemed worthwhile to attempt to identify these
three-quasiparticle levels 1n other nucleil in the vicinity

e 139

0 Pr. It was suggested by McHarris et al. (McH 69) that

141m 137m

the decays of Sm and Nd would populate similar multi-

plets in the daughters lulrm and 137Pr. The ready accessibility

of lulSm by means of the reaction lu2Nd(3He,lln)lulSm

(9==27.3 MeV) sugpgested it 4s the next system to be studied.

A satisfactory study of 1ulmSm necessitates a knowledge

of other members of the A=141 decay chain as they appear in

lUlm+gSm*lﬂ1Pm»1ulm+gNd*lUl

the sequence Pr (stable). The



decays of 1‘umNd and lulgNd have been previously reported by

Beery et al. (Bee 68), However, little was known about the

41 141m

20.6m 1 Pm and 22.1lm Sm activities other than thelr

half-1lives and the isomer 1ulgSm had not been identifled at
all prior to initiating this investigation. 1In light of the
existing situation, a concurrent study of the decays of

ll‘lm"'gSm and lule was undertaken. The study of 1ulSm was

initiated through a joint effort with R. Eppley. Some

preliminary results concerning 141

141

Sm appear in (Epp 70a).

The decay of Pm is of interest because the daughter

1M‘Nd is one neutron removed from the N=82 closed shell.

As a result, the low-lylng states are expected to be of a

fairly pure single-particle nature, (i.e. neutron hole states).
During the course of this investigation several studies have
appeared directed at locating the neutron hole states in the
N=81 nuclei by means of pickup reactions such as (p,d) and
(d,t) on N=82 nuclei, As a consequence, it has been possible

to compare the 1ule decay study with these data.

During the course of the 141m

141

Sm investigation, a delayed
state was observed in Pm at 628.6-keV. This state is
suggested to decay via M2 and E3 transitions of 431.8- and
628,6-keV, respectively. Lifetime measurements indicate the

E3 transition 1s enhanced. This observed enhancement, coupled
with a study of systematic trends in the N=82 nuclei, suggests

a series of interesting experiments to be performed on odd

proton odd mass huclides in the region.



At the present time there exists little in the way
of theoretical calculations with which to compare the experi-
mental results presented here. Muthukrishnan and Kromminga
have performed a shell model calculation of the three-
quasiparticle odd parity states in 139Pr by using several
phenomenological potentials and 1limiting the basls states
to those suggested by McHarris et al. (McH 69) for the three-
quasiparticle multiplet. The results obtained on the energles
of the states were in rough agreement with experiment. How-
ever, the theoretical transition probabilities did not agree very
well with experiment. Preliminary calculations of energies of
states below 2 MeV 1in 1“Nd have been carried out very re-
cently by Reehal using the pairing-plus-quadrupole Hamiltonian
of Kisslinger and Sorensen (Ree 71), reasonable agreement
was obtalned. The recent shell model calculations of
Wildenthal on the N=82 isotones appear very promising. It
is hoped that 1n the near future these calculations might
be extended to the N=81 and N=80 isotones. Moderately
successful calculations might be performed using a rather
limited basis such as the one proposed for the three quasi-

41 139Pr.

particle multiplets in 1 Pm and

Chapter II describes in a general way the techniques
involved in decay scheme construction and contains a brief
description of the experimental apparatus and technliques

along with a discussion of the methods of data analysis.



Chapter III describes 1n some detail the steps involved
in the systematic identiflication of the transitions assoclated
with the radloactive decay of members of the A=141 chaln below

the N=82 closed shell.

Chapter IV describes thie experimental results of this

study. The decay of 1ulmSm involved the ldentification of

47 gamma rays and the placement of 16 levels in the daughter
1ule populated by this decay. A set of six odd-parity levels
between 1.6 and 2.2 MeV were identified as members of a

three-quasiparticle multiplet having the configuration

[(ndg 503 vy )" vny 00700

5/2 3/2

The properties of these states are compared with the

139

corresponding ones in Pr. The half-1ife of the delayed

11/2° state at 628.6-keV in 1Ule was measured and the

partial half-lives of the 628.6-keV E3 and U431.8-keV M2

l41g

transitions were determined. The decay scheme of Sm

resulted in the placement of an additional 7 levels in the

daughter 1ule and the identification of 12 transitions be-

longing to this decay.

The study of the decay of lule resulted in the place-

ment of 23 levels 1in lulNd and the identification of 50

transitions associated with this decay. A comparison is

made between the levels of lulNd populated via the beta decay

£ 141 141

o} Pm and levels 1dentified in Nd by means of the reaction



studies (p,d) and (d,t) on Lh2

Nd (Jol 71), (Cha T71),
and (Fos 71). These results are compared with very
preliminary theoretical calculations by Reehal (Ree T71)
using the pairing-plus-quadrupole Hamiltonian of
Kisslinger and Sorensen.

In Chapter V the systematlic behavior of some nuclear
properties in the N=82 region are discussed., The
characteristics of the three-quasiparticle multiplet in
141

Pm are discussed and compared with similar states in

other nuclei in and near the N=82 closed shell.



Chapter II

Experimental FMethods and Apparatus

As one moves further away from the region of B-stability
the identification of radloactive 1sotopes and the construc-
tion of thelr decay schemes becomes 1increasingly difficult.
The difficulties arise principally because the half-lives
become shorter and the reactlons used to produce the various
desired isotopes are not as clean. The limitations on
studying a specific acfivity depend on several factors such
as (1) the types of bombarding beams available, (2) the
energies of these beams, (3) the specific nuclear reactions
desired, (4) the stable isotopes available for targets,

(5) the location of these isotopes with respect to the line
of beta-stability, (6) the half-lives of the desired activity
and the competing activities, and (7) the data acquisiton
facilities availlable.

The 1isotopes considered in this study were produced by
either (p,xn) or (3He,xn) reactions (x<4) on stable isotones
in the N=82 closed-shell. The complex decay characteristics
of these 1isotopes required the use of the latest highest
quality electronic equipment such as high resolution
Ge(L1) detectors ("2.0-keV FWHM for the 1332.4-keV transition

in 60

Co), FET preamplifiers, low noise amplifiers with
Gaussian shaplng, base-line restoration, dc-coupling, pile-

up rejection and significant (anti-) coincidence circultry



as well as the PDP-9 and XDS Sigma-7 computers and their avall-
able data acquisition programs.

Section 2.1 describes 1n a general way the pattern fol-
lowed 1in the acquisition of the experimental data and the
construction of parts of a nuclear decay scheme. Section 2.2
discusses the two types of gamma ray detectors used 1in this
study and compares the factors influencing their resolution.

A description of the various gamma ray spectrometers used

in this investigation is also included. 1In Section 2.3 some
of the methods used in the data analysis are broadly outlined.
A detalled description of the logical identification of

the members of the A=141 decay chain considered in this study
1s deferred to Chapter III. Peculiarities pertaining to a
specific experiment are included in the discussion of the

experimental results in Chapter IV.

2.1 Decay Scheme Construction

One of the primary obJectives of this study has been
the incorporation of the significant experimental results
into a consistent description of the manner in which an iso-

tope decays and a comparison of these results with theories

and other data such as reaction studies. The important

features of such a study involve proper identification of
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the activity to be studied, determination of the half-1life
of the parent activity, precise measurement of the energles
of the transitions, beta and gamma transition intensities,
electron capture disintegration energies, calculation of

log ft values for beta decay to each level in the daughter,
and spin and parity assignments. There are a wide varlety
of experimental techniques avallable and each isotope has
special characterlistics requiring variations in the method
of approach.

The placement of energy levels may be suggested
initially by energy sums and gamma-ray intensity balances.
Additional evidence for level placement comes from coin-
cidence evidence such as 511-511-keV-gamma colncidences,
anti-coincidence, prompt and delayed coincidence results,
as well as other accessible parameters. As one moves
further from stability, the energy avallable for decay in-
creases generally resulting in an increase in the number
of transitions to be placed. In addition to this difficulty,
the half-life generally decreases,and , as it becomes shorter,
it makes Ge(Li)-Ge(Li) 2-dimensional coincidence experiments
more difficult. As a result such problems make the inter-
pretation of the data more difficult.

After placing the energy levels, the determination of
beta and gamma transition intensities follows. Then, pro-
viding the EC decay energies are known, the log ft values

for decay to each state in the daughter can be calculated.
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This involves a rather lengthy but generally routine

sequence. A description of the procedure to be followed

in doing these calculations appears in (Bee 69a) and (Epp 70a).
Computer programs are avalilable which calculate per cent
feeding to each level, electron capture to positron ratios

and log ft values. The program used in this study was

DECAY SCHEME written by D. Beery for use on the Sigma-T7
computer and modified by R. Epply for use on the PDP-9 computer
(Epp 70a).

2.2. Gamma-Ray Spectrometers

In the following study we have used two different
photon detectors: NaI(T&) scintillation spectrometers and
Ge(L1) solid state spectrometers. The processes involved
in the detection of the energy deposited in the NaI(T%)
crystal and the Ge(Li) crystal are quite different. As
a result the energy resolution of the two types of spectro-
menters differs markedly. As a means of comparison the
energy resolution of a very good NaI(Tf&) system is ~60 keV
full-width-half-maximum (FWHM) for the 1332-keV y-rays of
6000. The energy resolution of a typlcal Ge(L1) system
is 2.0- to 3.0-keV FWHM for these same °CCo y-rays. The
reason for the difference in resolution can be understood
from the following brief description of the processes in-

volved.
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Each spectrometer relies on the fact that incident
radiation deposits some portion of its energy in the crystal.
In the NaI(Tg) spectrometer the deposited energy appears
as visible and ultraviolet 1light. This light is detected
by a photomultiplier tube optically coupled to the NaI(Tg)
crystal. This produces a voltage pulse proportional to the
intensity of the incident 1light that 1s in turn proportional
to the energy deposited in the crystal. 1In the Ge(Li)
spectrometer the incident radiation creates hole-electron
pairs that are collected by an electric flield across the
crystal. The result 1s a current pulse proportional to the
energy deposited by the radlation; this 1s converted to a
voltage pulse by the preamplifier for purposes of pulse
shaping etc.

The basic reason for the disparity in the energy
resolution of the two systems 1s essentlally statistical.
The signal resolution in NaI(T2) results from the large
statistical fluctuations in the relatively small number of
resultant photoelectrons emitted by the photocathode per
given amount of energy deposited in the scintillating
crystal. Ge(Li) solid state detectors employ direct col-
lection of the 1ionization produced by the radiation. 1In
Ge(Li) a hole-electron pair is produced for every 3-eV of
energy (on the average) absorbed from the radiation.
Correspondingly in NaI(T2) on the order of 300 eV are

required for every photoelectron produced.



13

Hence in the NaI(T&) system the relatively large
statistical fluctuation is due to the small number of
electrons ejected from the photocathode of the photo-
multiplier, whereas in the solid state detector the primary
energy 1s distributed over a far greater number of carriers
and the relative statisticil fluctuation 1s considerably

reduced.

2.2.1 Singles Experiments

In the present study, singles experiments refer
specifically to pulse height spectra taken with the aid of
a single Ge(Li) spectrometer. In point of fact the Ge(L1)
spectrometer 1s an electronic system composed of the following
components: a) A lithium-drifted germanium crystal enclosed
in a cryostat and cooled in liquid nitrogen, temperature (77°K),
b) a high voltage bilas supply and a charge-sensitive pre-
amplifier with an associated field-effect transistor (FET)—
the FET may be either cooled to n~120°K or operated at
room temperature, c) a spectroscopy amplifier (for purposes
of amplification and pulse shaping) with pole-zero can-
cellation, base-line restoration, and dc level adjustment,
d) an analog-to-digital converter (ADC) and computer or
multichannel analyzer (MCA), and e) a storage unit of some
type with associated spectrum readout.

The performance characteristics of a particular Ge(Li)

spectrometer are primarily determined by the Ge(Li) crystal
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and the assoclated FET preamplifier. Such features as the
volume of the Ge(L1i) crystal, the manner in which the crystal
is drifted (i.e. true-coaxlal, trapezoidal or wrap-around,

or planar), the capacitance of the crystal, and the operating
bias all play 1interrelated parts in determining the final
resolution of the system. The cooled FET will usually re-
sult in a lower nolse system and as a result yields
somewhat better resolution as compared to a room temperature
FET preamplifier. The volume and shape of the crystal will
play important parts in determining the efficiency and
peak-to-Compton ratio for a particular detector. 1In

general a larger volume crystal results in increased count-
ing efficiency (related to the size) but this increase in
volume usually results 1n a decrease 1ln the resolution pro-
duced by an increase 1n crystal capacitance and poorer

charge collection.

Other experimental features which are important in
achieving satisfactory resolution are amplifier shaping
constants, proper pole-zero cancellation, base-line re-
storation and correct dc-level adjustment. These can be
determined rather quickly by using an oscilloscope and ob-
serving pulse-shapes and dc-levels at appropriate places
in the system. The use of base-line restoration 1is
strongly dependent on the counting rate and usually 1s best

determined empirically.
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The characteristics of several different Ge(L1)
spectrometers used in the current gamma-ray studiles

are listed in Table I.

2.2.2. Coincidence Experiments

In the course of this study the character of the
overwhelming majority of nuclear states observed suggested
they had lifetimes <<100 nanoseconds (ns). Consequently
it proved beneficial to use two or three singles spectro-
meters in various coincidence configurations to perform
anticoincidence, prompt coincidence and delayed coincidence
experiments. The standard procedure employed in a typical
decay scheme study 1s to determine a) a singles spectrunm,

b) an anticoincidence spectrum, and c¢) coincidence spectra.
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Table I
Peak-to  Res: T

Eff.* Shape Compton 1332-keV ~ Co Manufacturer

0.4% Trapezoidal 4.5:1 3.4 keV MSU Cyclotron Lab
2.5% Trapezoidal 12:1 2.2 keV Nuclear Diodes
3.6%# True Coaxial 18:1 2.0 keV Ortec

4.5% True Coaxial 24:1 1.9 keV Ortec

10.4% True Coaxial 36:1 2.2 keV Nuclear Diodes

*With respect to the 1332 keV peak of 60¢, at 25 cm from a 7.6 x 7.6-cm
NaI(Tl) detector.

#This detector was damaged by an electronic malfunction and replaced
by the manufacturer with the 4.57% detector.
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The techniques involved are routine and are discussed in
greater detail in (Bee 69a) and (Epp 70a).
A "classical" pattern of experiments was used in the

141

study of the Pm decay described in Section 3.2, whereas

the study of the Sm isotopes 1ulgSm and 1ulmSm required the
use of a wlder variety of methods to determine the decay
schemes and theilr characteristics. The study of lMSm
involved isotopes with similar enough half-lives, 11.3m in
the case of 1ulgSm and 22.1m in the case of 1L'lmSm, that the
counting methods had to be modified. As an added feature,

141m

the decay of Sm involved the population of an 11/2°

isomeric level in lule which was observed to be a delayed
state. The measurement of this half-1ife 1is discussed in
Section 3.1.3.D.

By using two Ge(Li) detectors placed in 180° geometry
we were able to perform several useful prompt-coincidence
experiments as described below in Section 2.2.2.A. Other
prompt and delayed coincldence experiments performed with

Ge(Li) detectors inside a split-ring NaI(T&) annulus are

outlined in Section 2.2.2.B.

2.2.2.A. Multiparameter Ge(Li)-Ge(L1) Spectrometer

With the availlability of larger volume and more
efficient Ge(Li) detectors it has become practical

to use them in obtalning 2 parameter colncidence information.
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The goal of such an experiment 1s to simultaneously pro-
vide coincidence information for any and all peaks or
regions of the spectrum in a single run.

Despite the relative inefficliency of Ge(L1i) detectors,
as opposed to NaI(T&) detectors, there are decided advantages
assocliated with their use in a multiparameter experiment.
The most important features are the excellent energy re-
solution and the greater peak-to-Compton background ratio.
As a result, satisfactory coincidence information can be
obtained with fewer counts per channel using a Ge(Li)-Ge(Li)
system than are normally required when using Ge(Li)-NaI(T%).
The electronics arrangement used in thls lab 1s a relatively
standard technique and 1s discussed in more detail in
several theses and journals (Epp 70a). A diagram of the
arrangement can be seen in Fig. 1.

With minor modifications, it 1s possible to obtailn
more information than described above. This information
refers to a third parameter, namely the time between the
two coincident events. It is with this in mind that I
describe an alternate Ge(L1i)-Ge(Li) coincidence spectrometer
as seen in Fig. 2.

This 1s still a double coincidence experiment where
we wish to record the linear signal from each of the de-
tectors. The added feature in this configuration 1s the
presence of a time to pulse height convertor (TPHC) in

place of the fast coincidence unit. This provides us with
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Figure 1.

Block diagram of the apparatus used to collect
two-dimensional "megachannel" y-y coincidence

spectra, using the Sigma-7 computer.
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multiparameter coincidence apparatus with
time-to-pulse-height convertor (TPHC).
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timing information pertaining to the resolving time of the
spectrometer. In the future when 1t 1s posslble to store
and recover more than two parameters of information we can
use the TPHC output as a third parameter.

In the confliguration described above one of the
Ge(Li) detectors must be chosen to start the TPHC and the
other must provide the stop pulse. The logical choice to
provide the stop pulse for the TPHC 1is the detector with
the higher counting rate. Normally this would be the de-
tector with the greater efficlency, however the source
geometry influences the relative counting rate significantly
and as a result thls cholce should be made after experimentally

comparing the count rates in the two detectors.

2.2.2.B. Split Ring NaI(T&) Annulus-Ge(Li) Spectrometer

Several useful coincidence experiments can be performed
using the 8-inx8-in NaI(T%) annulus and a Ge(Li) gamma-ray
spectrometer. The configurations found useful in this study
included an anticoincidence spectrometer and a pair
spectrometer. In addition to these basic techniques, the
annulus was also used in conjuction with a Ge(Li) spectro-
meter to obtaln delayed coincidence spectra. These latter
methods are discussed in Section 3.1.5.C. The electronic
configurations for the anticoincidence and palr spectrometer

experiments are shown in Fig. 3, These last two types of
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experiments are first discussed in (Aub 67) and additional

discussions appear in (Bee 69a) and (Epp 70a).

2.3 Data Acquisition and Analysis

The l1lifetimes of the nuclides consldered in this study
are relatively short, ranging from ~20m down to ~lm. Be-
cuase of this time limitation and the high resolution of
our Ge(L1) detectors (2.0 to 2.5 keV) the spectrum size has
varied from 1024 channels for some x-ray spectra to 8192
channels from some y-ray spectra, with 4096 channels being
the normal spectrum size. These spectra have been taken
using several different data acquisition modes. The vast
majority were taken using either the Sigma-7 or the PDP-9
computers with the particular choice being determined by
the acquisition time and convenience. There are various
data acquisition programs available to users of the Sigma-7
and some of the important programs used in this study were
GEORGE (GEO), HYDRA (HYD), TOOTSIE (TOO), EVENT (EVE) and
POLYPHEMUS (POL).! Choice of a particular program is
governed by the requirements of the particular experiment.

The data analyses required for this study were performed
using the Sigma-7 and PDP-9 and programs written or adapted
for these computers. Brief descriptions of the programs
used to determine gamma-ray energies and intensities, MOIRAE
and SAMPO, are given below. A brief description of EVENT
RECOVERY, the program used in the recovery of two-parameter

information for magnetic tape, also follows in Section 2.3.1.C.

!Brief descriptions of these programs will be found in
the Bibliography.



24

Discussions pertalning to pecullarities encountered in

specific experiments are mentioned in Chapter 1V.

2.3.1. Program MOIRAE

The areas and centroids of many of the photo peaks
appearing in this study were analysed with the aid of the
Sigma-7 computer and program MOIRAE. MOIRAE 1is a machine
language program operated on-lline with the Sigma-7 computer.
It incorporates the major functlions of the program MIKIMAUS,
originally written by G. Berzins and outlined in Appendix
D of (Ber 67).

The program provides a live display of the spectrum
to be analyzed and provides the operator with the ability
to execute instructions on the computer by means of sense
switches arranged below the display oscilloscope. The
spectrum may be expanded both horizontally and vertically
and, i1f desired, the entlire spectrum may be walked across
the screen horizontally. In additlon to the live spectrum
display, the oscilloscope provides a movable channel marker,
a display of the fitted background curve, the centroid
position of the analysed peak, and the option of displaying
the net spectrum resulting from the subtraction of all
points below the fitted background. By means of the channel
marker, the operator 1s allowed to select a set of points

in the spectrum for determination of thé background.
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A polynomial curve of preselected order (up to degree
10) is fit to the data by means of an internal least squares
fitting routine and displayed on the oscilloscope. If the
curve 1s not satlisfactory it may be rejected. If the curve
is satlsfactory the channel markers can then be released
to define the 1limits of a particular peak. The computer
then determines the center of gravity of the peak and its
net area after subtracting the area below the background
curve. This information (i.e. centroid, net peak area)
i1s then output in the form of punched cards and/or via the
line printer.

In order to determine the energles and relative
intensities of the various gamma-ray peaks from such an
analysis, i1t is necessary to use the data with an external
program on the Sigma-7. The primary program for such an
analysis 1is MOIRAE E(I). [t determines the energles by per-
forming a least squares quadratic fit to preselected peak
centrolds and interpolating for the others. Internal pro-
visions allow for the calculation of the relative intensities
of the peaks with an efficlency curve for the particular
detector used in obtaining the spectrum.

There are some distinct disadvantages to the use of
MOIRAE. Among them are the need for auxillary programs and
the inabillity of MOIRAE to strip out the individual peaks
in an unresolved multiplet. Thls must either be performed
by hand or by another program, such as SAMPO (a program which
does many of the same operations as MOQOIRAE and 1s described

in the following section).
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2.3.2. Program SAMIP'O

This program was developed for the express purpose of
performing automatic peak search and analysis of y-ray
spectra from semiconductor systems. It 1s described by
Routtil and Prussin (Rou 69) and, with modifications, has
been adapted by C. Morgan for use on the Michlgan State
Sigma-7 computer. During the course of this study the pro-
gram has been modified to allow the user to interact with
the program via a storage oscilloscope. However, the
majority of spectra in this study were analyzed without
this feature.

The intent of the program 1s a development of a
mathematical formalism for the representation of photopeaks
and the continua 1in their vicinity. This formalism will
then be applicable to the analysis of such spectra taken
under a wide variety of experimental conditions. The pro-
gram and its use on the Sigma-7 computer are described in
greater detail in (Rou 69) and (Epp 70a) and in the MSU Nuclear
Chemistry Annual Report for 1970. An abbreviated description
follows.

The important features of the program are: a) the
fitting of photopeaks to an analytical function (Gaussian -
plus-exponential talls) in order to determine the precise
centroid of each peak, b) a routine that searches the spectra

and finds peaks, c¢) fitting and subtraction of background,
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d) determination of energles and thelr statistical errors
from an internally determined calibration curve, e) cal-
culation of the net area of peaks, including the statistical
error in the area, with conversion of these areas into re-
lative intensitles by means of an internally prepared cali-
bration curve, and f) the stripping of multiplets using para-
meters determined from other well-resolved peaks.

The program determines peak fitting parameters from
preselected, intense, well-isolated lines designated by
the user. These peaks are fit with a Gausslan-plus-exponential
shape function using a linear approximation for the back-
ground continua under the peak. Parameters for the other
peaks 1in the spectrum are calculated by linearly interpolating
between the selected fiducial lines.

Energies are determined by doing a plecewlse linear
fit between successive standard polnts selected by the user.
If it 1s desired, higher order fits may be calculated but
caution should be used in these cases to be sure the curve
i1s smooth and does not oscillate. Relative intensitles are
calculated by means of an internal efficiency curve. This
curve may be calculated for the program or determlned by
supplying external parameters.

Other features of the program include an option which
instructs the program to automatically search for peaks 1in
the spectrum. This option 1s useful in the initial inspection

of the data, but 1s not to be relied on for the final analysis.
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Proper use of the program 1lnvolves conslderable attention
on the part of the user but the overall power of the program

certainly warrants this.

2.3.3. Programs EVENT and EVENT RECOVERY

With the availability of large volume Ge(Li1) detectors,
the capability of doing high resolution Ge(Li)-Ge(Li) 2-
dimensional coincidence experiments 1s easlly realized.

The immediate goal of such an experiment 1s to obtain
coincidence informatlon on any and all peaks or energy re-
gions of a spectrum in a single run. A system capable of
realizing this goal is diagrammed in Fig. 1.

Coincidence infomation 1s recorded using the task
EVENT which runs under the JANUS monitor system of the
Sigma-7 computer. Basically the program does the following.
The addresses of the two coincidence events are each
written in two halves of a word in one of two buffers. When
the buffer 1s filled the 256 words are then stored sequentially
on magnetic tape. Further detalls concerning this can be
found in (Doe 69) and (Epp 70a).

The magnetic tape contalns all the information concern-
ing pairs of colncident events. All that remains 1is to
retrieve the information from the tape. Thils 1s accomplished
by selecting a peak or energy region of interest and searching

the other half of the tape for events 1n coincildence

with those of interest. These gated spectra are recovered
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off-line on the Sigma-7 computer by means of the program
EVENT RECOVERY (EV RE). Thls code allows the user to

search the tape for a maximum of 10 gated regions per single
pass through the tape. If desired, background subtraction
may be affected for any and all of the gates 1ncluded in a
single pass. In the current study all the colncidence runs

used a U096xU4096 array.



Chapter ITT

Identification of Member:: of the A=141 Decav Chain

The ldentification of a radloactlve specles to be
studled relles on several interrelated techniques, such
as a knowledge of the excitatlion function of the reaction
used in the production of the 1sotope, 1dentification of
a known activity in the decay of the daughter, production
of the 1sotope by other reactions (i.e. cross bombardments),
a knowledge of the systematics of other nuclei in the
region being studied, information obtained from charged
particle reaction data, chemical separation, isotopic mass
separation and identification of the x-rays assoclated with
the decay.

What follows 1s a genecral description of the methods
used in identifying the radioactive decays of members of

the A=141 chain below the N=82 closed-shell. These include

lltlm+gNd 141 1U1m+gsm
’ .

Pm, and
141 d_’lltl

The sequence of decay is

141 141

Pm-+=""N Pr (stable), but the identification

1MPr and proceeds

process starts with the stable isotope
away from stability in successive steps.

L41m*8yy constitutes the first link in the chaln and
has been studied by Beery (Bee 68). The following 1is a

brief discussion of his results.

3.1, Hlyg

1l‘lNcl is produced by bombarding Pr203(which is 99.97%

pure) with 9-MeV protons to produce the reaction

141 )1u1

Pr(p,n Nd. The energy at which this reaction occurs

30
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is low enough that 1t 1s relatively free from the pre-
sence of unwanted competing reaction products. As an
additional check on the 1dentification, chemical separa-
tion was also used. The half-life of '1BNd was deter-
mined to be 2.5-hrs. and 10 transitions were identified
with the decay. The energies of the more intense gamma-rays
listed in order of increasing relative intensities 1n the
gamma-ray singles spectrum are 1126.8-, 1292.8-, 145.4-,
and 1298.7-keV.

The decay of 1ulmNd was found to involve a single
transition of 756.7-keV from an 11/2° isomeric level with
a 60s half-life to the 3/2+ ground state. Additional

1ulPr‘ comes from their

3

information about the levels in

observation in reaction studles such as (3He,d), (d, " He)

(Wil 71) and (n,n'y) (Dav 70).
3.2, lule

lulNd results we can then pro-

llllP

Making use of these

ceed to identify the decay of m. The principal means

of producing lUle was via the reaction 14 1ule.

142

°Nd(p,2n)
Targets of Nd203 (enriched to 290% Nd) were usually
bombarded with 25-MeV protons from the Michigan State
University cyclotron. An excitation curve was obtalned
using absorbers of different thickness to vary the in-

cident beam energy from below threshold for the (p,2n)

(Q==-14.2 MeV) reaction to well above the threshold for
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the (p,3n) reaction (Q=-24.7 MeV). Results indicated the
(p,2n) reaction to be relatively free from unwanted

competing activity. Confirmation of the production of

1ule was established by ovbserving transitions associated

1u1N 141

with the decay of the daughter d. The Nd transitions

appeared 1in the spectra with the proper time dependence and

in the correct relative intensity ratio. An additional

check on the identification of 141

141 1U1P

Pm was made by producing

Pr(3He,3n)
l“le

it via the m. These results comfirmed our

identification of .
Several strong transitions associated with thils decay
were ldentified at 1223.3-, 886.3-, and 193.8-keV. Measure-
ment of thelr intensities as a function of time corroborated
previous results which had assigned a half-1life of 22m to
this isotope (Fis 52). Weaker transitions associated with

1ule decay were 1dentified by comparing thelr intensity

the
to that of the 1223.3-keV line as a function of time.
Beginning 2m after each bombardment five successive
10 minute spectra were accumulated with the process re-
peated several times to improve statistics. Those gamma-
rays which maintained a constant 1lntensity relative to the
1223.3-keV 1line 1in the five successive spectra were

lule. Other transitions could

identified with the decay of
be ruled out because their intensities varied erratically

when compared to that of the 1223.3-keV transitilon.
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Additional confirmation of the lule decay scheme

resulted from the identificatlion of several levels in 1LllNd

14 lulNd

populated in the charged particle reactions 2Nd(p,d)

142 )lU]

(Jol 71) (Cha 71) and (d,t Nd (Fos 71).

3.3. hlgn

141

Continuing up the A=141 chain we arrive at Sm.

From studies of systematics in the N=79 isotones it was

expected that l,"lSm would possess two decay modes. A first

mode assoclated with the decay of the 1MSm ground state

and the other mode would involve direct beta-decay from
an 11/2° isomeric level. This latter decay would be
characterized by the population of three quasi-particle

states in the daughter lule.

The primary method of production of 141

lusz(3He,Un)lu1

Sm was via the

reaction enriched to 290% lusz)

Sm (Nd203
with a Q value of -27.3 MeV. This method proved to be
relatively free from unwanted interfering activities. A
careful study of the energy systematics of the reaction was
performed by varying the incident beam energy from below

the (3He,4n) threshold to well beyond the (3He,5n) threshold
(Q=-36.2 MeV) in 1 MeV steps. It was observed that the

maximum yield of 141

Sm occurred at 40 MeV, slightly beyond
the (3He,5n) threshold. These results were found to compare
favorably with theoretical predictions made with the computer

code CS8N. This 1is a Berkeley code used for the calculation
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of heavy-ion cross sections. It has been modified for
use on the Sigma-7 computer by Clare Morgan.

Assurance of the production of 1N1m+gSm came from
the excitation function, the time dependence of the decay
and finally from the growth and decay of the daughter

activity lule. The strong transitions 1in the 1ule de-

cay, such as the 886.3- and the 1223.3-keV lines, were
readily identified in the proper intensity ratio. 1In
addition, the x-ray spectra prominently displayed the Pm
x-rays, which would arise from the beta-decay of a Sm 1so-
tope.

Results of the excitation function work indicated
the presence of two distinct activities with half-lives of
11.3m and 22.1m. The longer 1lived 22.1m activity was

identified as originating from the isomer lhlms

m. This
identification was made after determining that the 22.1m
activity populated a delayed state in the daughter at
628.6-keV, which we concluded had a spin of 11/2 . The
shorter lived activity was then identified with the decay
of lul.gSm. The similarity of the resultant lulgSm decay
scheme with that of 13ggNd is additional evidence which
tends to support this identification.

In order to identify the transitions belonging to

the decay of lulgSm and 141m

Sm, we took 6 successive 5
minute spectra, wilith the first such beginning 2 minutes

after the end of the bombardment. The process was repeated
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several times to enhance the statistics. Those transitions
assoclated with the decay of 1l‘lsSm were identified as
maintaining a constant intensity when normalized to the

403.9-keV transition (11/2-11.3m) in each of the six spectra.

141m

The transitions arising from the Sm decay were identified

as exhibiting a constant intensity when compared to the

431.8-keV transition (T, ,,=22.1lm) in each spectrum. On this

1/2
basis we could then rule out transitions in the spectra

which might arise from the decay of 140

1425 (1

Sm (11/2-6.0m) or

1/2772m).

To further check the ildentification of the 11.3m activity

as arising from the lulgSm decay we produced 141

14

Eu via the

reaction uSm(p,ﬂn)lulEu. We were then able to observe

the presence of lulgSm peaks in the correct intensity ratio
1. gt o1ug

as they were fed by the decay Eu é% Sm, In addition

to this we have been able to identify the vast majority of

contaminant peaks.



Chapter [V

Experimental Results

4,1 Decay Schemes of 1L'ImSm and 1ulgSm

Section 4.1.1. Introduction

These results of our study of the decay of 1“%28m79

complement the similar work done on the decay of 13ggNd

79
by Beery, Kelly, and McHarris (Bee 69b). The decay of

11/2° 139mNd selectively populates six high-spin states at

139Pr.

relatively high energies in These states were

characterized as three-quasiparticle states having the

-1 -1
configuration, (nds/z)(vd3/2) (vhll/2) , and the preferred

EC decay of 139my4 could be written as (nd )~2
-1 -1

2(vd3

5/2) /2

(vhy1/2)
The work on 139mNd decay led to the prediction by McHarris,

-1
*(ndS/Z)(vd3/2) (vh11/2)

Beery, and Kelly (McH 69) that other N=79 or N=77 nuclides
might possess the requisite configurations for similar EC
or B+ decay into three-quasiparticle multiplets. In addition
to the configuratlon, such a nuclide must also have sufficient
decay energy to populate states above the palring gap in 1its
daughter, and it must be "hung up" with respect to other modes
of decay—for example, if 1t 1s a metastable state the energy
for the 1isomeric transition must be low enough to make that
transition quite slow.

Working ones way out from B stability, he finds that

lulmSm and 137mNd are the next likely candldates. For

36
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example, the addition of two protons to the 139mNd configuration

produces the very simllar configuration for 1l'lmSm,

5 MeV, allowing it to populate high-lying states in 1ule.

Finally, as in the other N=79 odd-mass isotones, the h11/2+

d3/2 (metastable + ground state) separation is small
(2171 keV) making the M4 isomeric transition very slow. The
results that we present in thls study do indeed confirm these

predictions—a multiplet of six, possibly seven, states lying

141

between 1U414.8 and 2702.4 keV in Pm receives some 67% of

the decay, and they appear to be three-quasiparticle states

139myq.,

similar to those populated by Prior to the current

investigation very 1little work had been done on lulSm, and,
in fact, 1t 1is doubtful if it had been observed at all prior
to 1967. In 1957 an activity reported (Pav 57) as lMISm

was assigned a half-1life of 17.5 to 22 days, in 1966 another
report (Lad 66) concluded that 1MSm must have a shorter
half-1ife, probably less than three days. The first correct

identification of 1ulmSm seems to have been made at about

the same time by Bleyl, MUnzel, and Pfinning (Ble 67) and

by Arl't et _al. (Arl 67). The results from these studies,
primarily Just half-life assignments are essentially in
agreement with our results—we obtain a half-1ife of 22.1+0.3

llllmS

min for m. In 1969 Hesse (Hes 69) published a more

complete decay scheme and identified 32 Yy rays as belonging
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to the decay of this nuclide. However, hils decay scheme
was incomplete and there was some confusion in his not
recognizing the presence of 11.3:0.3-min lulgSm. The latter
species was first identified by Eppley and Todd (Epp 70a)
and has a decay scheme paralleling that of 139gNd, (Section
4.,1.4). Most recently, we presented (McH 70) a preliminary
decay scheme of lulmSm in a talk at the Leysin Conference
on Properties of Nuclei Far from the Region

of Beta-Stability, and Arl't et al. (Arl 70b) presented an
abstract at the same conference in which they recognized
the three-quasiparticle nature of the three states in

lule that recelve the strongest population and in which

they report a half-life of 9.5+0.5 min for 1MgSm.

Section 4.1.2. Source Preparation and Identification of

llllmSm and 1U1gsm

The principal means of producing 1l‘lgSm and lulmSm

14 141

was via the reaction > '°Nd(3He,4n)l ism (Q=-27.3 MeV). We

have also produced 1u18m indirectly by the

EC
141 llllEu 141

Sm(p,in) - Sm reaction (Q=-36.8 MeV). The

second reaction was used primarily to enhance the pro-

duction of lulSSm with the hope of belng able to distinguilsh

141

it better from MSm which is (too) abundantly produced

in the first reaction.

The targets used in the 3He bombardments consisted of

142 142

10-25 mg of separated Nd203 (>90% Nd) obtained from
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Oak Ridge National Laboratory). These targets were bombarded

with a 40-MeV 3He beam from the MSU Sector-Focused Cyclotron.

Beam currents were typically 0.1-1.0-uA, and bombardments were
usually for periods of 1 to 5 minutes. For the proton

bombardments, the targets consisted of 225 mg 1uuSm 0

273
lL“'Sm, also from ORNL), the beam current

(enriched to 95.1%
was 20.5-uA at 45 MeV, for a period of l-min. No chemical
separation was attempted because of the short half-lives

141m

of 14185y (11.3 min) and Sm (22.1 min).

In order to be certain of the identification of the
two 1isotopes lulgSm and 1ulmSm, several methods of identification
have been employed in this study. The principal reaction
(3He,4n) takes place rather far from the line of stability
and at an energy of 40 MeV, and other reactions such as
(3He,axn) might offer serious competition to the desired
production mechanism making identification of the products
a problem. For thils reason a systematic study was made of
the excitation function for the (3He,un) reaction from below
threshold (Q=-27.3 MeV), to well beyond the threshold for
the (3He,5n) reaction (Q=-36.1 MeV). The study involved
increasing the incident beam energy in 1 MeV steps from
27 MeV to 50 MeV. Several spectra were taken at each energy
to aid in identification of the primary activity produced.

These results demonstrated that the (3He,un) reaction was

the dominant reaction between 34- and 40-MeV and competing
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reactions were of little signifcance. We were able to
identify several strong transitions which exhiblted ex-
citation curves consistent with the energy dependence of
this reaction. The energies of these transitions were 196.6-,
403.8-, 431.8-, 438.4-, and 538.5-keV.

After the initial identification of these transitions

1MSm we measured the half-lives

as belonging to the decay of
of thelr decay. The results of this half-life measurement
indicated the 196.6-, 431.8-, and 538.5-keV transitions
were assoclated with an activity whose half-1ife was
22.140.3m and the U403.8-keV and U438.4-keV were associated
with an activity whose half-1life was 11.3+0.3-min.

The longer lived 22.1-min activity was 1identified

lhlmS 141m,
om

as belonging to m. This 1dentification of the

activity was made by observing that the 538.5-keV transition

141

fed a delayed 11/2  isomeric level in Pm (half-1ife of

700:20 ns). This would be the case if the state in 1MmSm
was a high spin state, i1.e. an 11/2  isomeric level. This
result was anticipated from a previous knowledge of other
odd mass N=79 isotones which possessed 11/2  1isomeric levels.

The 403.9-keV transition (t =11.3-min) was then identified

1/2
as belonging to the decay of 1L'lgSm.

Further evidence that these five transitions are
associated with the decay of a Sm isotope comes from

x-ray-gamma 2-dimensional coincidence studies. This
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experiment 1s identical to a Ge(Li)-Ge(Li) 2-dimensional
experiment except one of the Ge(Li) detectors 1is replaced
by a S1(L1) x-ray detector. Each of these 5 transitions
was found to be in coincidence with the x-rays of Pm,
confirming that their production arises from the beta

decay of a Sm isotope.



42

4,1.3. Experimental Results

4.1.3.A. Half-Life Determinations of 1'18sm ana 1%iMgn

1u1mSm and 1ulgSm were determined

The half-lives of
simultaneously with the aild of the MSU Cyclotron Laboratory
Sigma-7 computer and a computer code called GEORGE (GEOR).
This allowed the accumulation of 40 successive U096-channel
spectra, each of 2-min duration. A pulser peak (60 Hz) was
included in each spectrum to allow determination of the
proper dead-time correction.

The half-1ife of 1M1M

Sm was determined independently
from the 196.6-, 431.9-, and 538.5-keV peaks (cf. next
section). The results were then averaged to yield a value
of 22.1t0.3-min. (The spectra and half-life curves can

be found in (Epp 70). The half-1life of lulgsm was deter-
mined from the 403.9-keV peak and the result obtained was

11.310.3-min.

4.1.3.B. y-Ray Singles Spectra

Two Ge(Li) detectors were used to cross-check each

other in making energy and intensity measurements on the

1nlmSm Yy rays. These were a five-sided coaxial detector
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having 2.5% efficiency (at 1332 keV compared with a

3x3-in. NaI(T%) detector, source distance 25 cm) and a

true coaxial detector having 10.4% efficiency. Under typical
operating conditions, using a cooled FET preamplifier, an

RC linear amplifier with near-Gaussian shaping and DC-coupled
base-1line restoration, and 12- or 13-bit ADC's coupled

to a PDP-9 or Sigma-7 computer, we achlieved a resolution

of 2.2 keV FWHM for the °%Co 1332-keV peak.
The energles of the prominent lulmSm Y rays were
141

determined by counting the Sm source simultaneously with

several well-known calibration standards. Above 800 keV,
5600 was the principal standard, (Cam 71) while at lower
energles SuMn, 57Co, 1u10e, 137Cs, 20781, and 2u3Cm (cf.
(Epp 70) were used. A number of spectra were taken, and

141

the energles of the stronger MSm Y rays were obtained

from the average values. These peaks were then used to
determine the energles of the weaker 1l‘lmSm Y rays, which

were obscured by the standards. The relative intensities

were determined by correcting the net peak areas by using

a previously prepared efficiency curve. For more detalls

on the methods of data reduction used, cf. (Epp 70) or (Epp 71).
The first and sixth of the successive 5-min singles spectra
that were used to determine the energies and intensities and

to assign Y rays on the basis of half-life are shown in

Figs. 4 and 5.
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Table II.

Energies and Relative Intensities of y Rays From

the Decay of 141Mgn

This Work Hesse (Hes69)
Energy Energy
(keV) Intensity (keV) Intensity
108.5+0.3 0.5 +0.1 -—- -—
149.1+0.3 0.7 +0.2 -—- -—-
196.6+0.3 184 +18 196.5+0.5 260 + 30
247.9+0.2 1.91:+0.35 - -—
431.8:0.1 100 5 431.7: 0.5 100 +10
538.5+0.3 20.9 +1.4 538.0+0.5 18 +5
577.8:0.3 2.2 +0.6 -— -
583.4+0.3 0.7 +0.2 -—- -—=
607.9+0.2 2.5 +0.3 -— -—
628.7+0.1 6.6 +0.20 628.3+0.5 6.8:1.0
648.7+0.3 0.9 +0.2 -—- -—
676.8+0.3 3.4 +0.5 -—- -—-
684.6+0.2 19.6 +1.5 684.2+0.5 21.8+2.6
704.2:0.3 1.1 :0.2 -— -—-
725.7+0.5 3.6 +0.6 726.3:0.7 9.9+1.7
750.3+0.3 3.9 +0.60 749.5+0.8 4.6+1.0
764.3+0.3 0.4 :0.1 -—- -
768.2+0.5 0.4 :0.1 -—- -—
777.4+0.3 50.3 +2.0 777.1:+0.5 58.2+7.0
785.9+0.1 16.9 +1.0 785.8+0.5 20.7+£2.5
805.9+0.1 8.8 1.6 806.0+0.6 10.8t1.6
820.7+0.3 0.4 +0.1 -— -—
837.1+0.2 8.87+0.30 836.7+0.7 11.5%3.0
875.0+0.1 3.1 +0.1 874.6+0.7 4.6%1.0
882.0+0.3 0.4 +0.1 -— -
896.5+0.1 3.6 0.4 896.2+0.7 5.6t1.5
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This Work Hesse (Hes69)

Energy Energy

(keV) Intensity (keV) Intensity
911.340.3 22.8 0.6 911.140.5 26.54+3.5
924.710.1 5.7 +0.8 924.4+0.7 6.9+1.3
952.110.2 2.2 #0.1 - -—
955.410.5 1.7 0.1 — -
974.1%0.5 0.5 *0.1 —- -—
983.3%0.3 18.0 *0.8 982.9:0.5 21.643.5
995.80.5 0.9 *0.2 — ——-
1009.1+0.4 7.2 *0.6 1008.3+0.5 10.5%2.0
1029.6%0.6 1.3 0.3 — -—
1108.4%0.2 3.1 0.3 -— ——
1117.6%0.2 8.0 0.6 1117.2+0.6 11.1%1.8
1145.1%0.2 21.6 0.8 1144.9+0.5 27.5%.0
1287.6%0.4 0.7 #0.3 -— —
1380.9%0.6 0.5 0.2 -— -—
1434.90.4 0.9 0.3 -— -—
1463.4%0.6 4.5 0.8 1462.10.8 5.42.0
1490.3%0.1 22.9 *1.5 1490.2+0.5 27.4%3.5
1786.40.4 27.1 *1.1 1785.9+0.6 33.6%4.0
1898.0%1.0 0.94*1.15 1898.5+1.2 2.51.0
1979.6%0.2 0.99+0.12 1979.2+0.8 1.6%0.7
2073.7%0.2 3.53%1,2 2072.9+0.6 11.8£2.0
--- -— 1136.6+0.8% 5.241.5
--- -—- 1530.7+1.0% 2 1
--- -— 1879.9+0.8% 6.3'1.5
-—- -— 1966.9+0.8% 2.511.0
-— -— 2281.1t1.0% 1.5%*0.5
--- - 2302.6+1.0% 1.140.4
-— --- 2582.3*1.0% 2.9*0.8

aThese Y rays could

not be identified in the

present investigatior.
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On the basis of half-lives and relative intensities
we have assigned at least 47 y rays to 1“lmSm decay. The
energles and intensities of these are listed in Table 11
where they are compared with the results obtailned by
Hesse (Hes 69). The two sets of data are in falr agree-
ment, but we see many weak transitions that he did not ob-
serve, and we do not include seven y rays that he assoclated

with lulmSm decay.

4.1.3.C, Prompt y-y Coincidence Spectra

Several types of prompt colncidence experiments were
performed using Ge(L1)-Ge(Li) and Ge(Li)-NaI(T%) spectro-
meters. These included two-dimensional coincidence
experiments, pair spectra experiments, and anticoincidence
experiments.

Detalls of the two-dimensional coincidence experiment
can be found in (Epp 70a), (Epp 71), and (Gies 71) so they
will not be repeated. Suffice it to say that the 2.5%
efficient Ge(Li) detector and another one having 3.6%
efficiency (also 2.0 keV resolution FWHM at 1332 keV) were
placed in 180° geometry, with a graded Pb shield placed
between them to help prevent scattering from one detector
into the other. Coincident events (resolving time,
21=160 nsec) from both sides were processed, and their
addresses were listed in pairs on magnetic tape. This

ylelded a 4096x4096-channel array of prompt coincidence
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Table III. Summary of y—y Two-Dimensional Coincidence

Results for 141Mgp

Gate Energy y-Rays Enhanced

(keV) (keV)

Integral 196.6, 247.9, 538.5, 577.8, 607..,
684.6, 750.3, 777.4, 805.9, 837.1,
875.0, 896.5, 911.3, 924.7, 983.3

196.6 431.8, 607.9, 777.4, 875.0, 911.13,
983.3, 1009.1, 1117.6, 1145.1,

1490.3, 1786.4

247.9 538.5

431.8 196.6, (1490.3)°

538.5 247.9, 896.5, 924.7

577.8 837.1 (weak)

607.9 196.6

676.7+684.6 (196.6)%, 750.3, 805.9
750.3 (196.6)2, 684.6, 858.5"
777.4 196.6, 1117.6, 1145.1
785.9 No coincidence in evidence
805.9 684.6

837.1 No coincidence in evidence
875.0 196.6, 911.3

911.3 196.6, 875.0, 983.3

924.7 (196.6)2, 538.5, (777.4)°
9833 iggfg, 911.3

1009.1 196.6, 777.4
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Table III. - Continued

1117.6 196.6, 777.4

1145.1 196.6, 777.4

1490.3 (196.6)2

1786.4 196.6

3These intensities are less than expected for these transitions to bhe in

coincidence. They are considered to arise from chance coincidences.

PIhis is not a 141Mgm transition.
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events, which could later be sorted off-line in gated slices.
The integrated colncidence spectra from each detector are
shown at the top of Fig. 6. Some representative gated
spectra are shown in the remainder of Fig. 6 and in Fig.

7; the remalning gated spectra can be found in (Epp 70).

In these spectra gates were set on the X side (2.5%
detector) and the displays were taken from the Y side

(3.6% detector). A summary of the two-dimensional coin-
cldence results is given in Table III.

The pair (511-keV-511-keV-y) coincidence spectrum shown
in Fig. 8 was obtained with total annihilation absorbers
around the sources and the 2.5% Ge(L1i) detector placed
inside an 8x8-in. NaI(T%) split annulus (Aub 67). The
single-channel analyzer assoclated with each half of the
annulus had its window adjusted to accept only the 511-keV
region. A triple coincidence (2t=100 nsec) was required
before the fast colncidence unit would generate a gate
signal and allow pulses from the Ge(Li) detector to be
stored. Thus, only double-escape peaks and peaks due to
transitions from levels fed by B+ decay appear in the
spectrum in Fig. 8. The Yt peak 1s a measure of the chance
contributions to the spectrum.

Finally, to complement the varlous coincidence spectra,
an anticoincidence spectrum was taken, agaln employing the

2.5% Ge(Li) detector and the 8x8-in. NaI(T&) split annulus.



54

WS L uth 103 wn1393ads 2DUIPTOUTOD A-AM-TIG-TIS °8§ 2InBT4

H38ANN  13NNVHD
006G¢ 0002 006l 000l 00%

4 oo ampe Sowees wowm sene - ®oco-an eveser = -

P WBe e cF @ tEm L@ WS CE WP T B WIS ¢ CEED e - o eemmme ccame -

v e@cecs o+ cam @ come o sccommemmenm s o s cncan e oanpe w e o o=

—temmatI=——mTt
.
.

Lzee

0°9LS!

Ol

TINNVHDO d3d S1INNOD



06241 V¥ kcawen.

€U0 g0

06V~
el

el l:“:: -
"'aTZ"j"h’

2061

g

ren =

1

“o

*o

TENNVHD

1
-]

d3d

1
o °

© SINNOD

o

3500

2500

1000

CHANNEL NUMBER

1819 5n anticoincidence spectrum.

Figure 9.



56

Table IV. y-Ray Intensities for !“1”Sm Coincidence Experiments

Relative Intensities

gyergy Anti- Integral 196.6-keV Delayed Integral
(«eV)a Singlesa Coinc. Coinc. Gate Coinc.
196.6 100 77.1 60.4 - 5.74
247.9 1.04 1.67 0.98 -—- 1.67
431.8 54.6 2.32 22.3 53.0 2.32
538.5 11.3 11.3 8.81 -== 11.3
577.8 1.22 -—— 1.30 --- -
607.9 1.38 --- 1.79 1.90 -—-
628.7 3.60 - - -— -—
684.6 10.6 8.32 7.30 -——- 8.32
725.7 1.95 -— -— -—- ---
750.3 2.14 1.55 1.70 -— 1.55
777.4 27.4 —— 27.4 27.4 -—
785.9 9.20 10.2 4.99 -— 10.2
805.9 4.78 4.50 3.45 -— 4.50
837.1 4.82 -—— 3.99 -—— -—-
875.0 1.68 -— 1.64 1.97 -
896.5 1.95 -— 1.33 -—— -—-
911.3 12.4 -— 12.6 12.3 -—-
924.7 3.08 1.67 2.06 -— 1.67
952.1 1.20 -— 0.82 -— -
955.4 0.91 -—- - -— -
974.1 0.27 -——- -— -— -
983.3 9.80 -——- 8.03 7.96 -
1009.1 3.93 -— 4.04 4.46 -—-
1029.6 0.68 -— -— -— -
1108.4 1.67 -—- 1.64 -—- -—
1117.6 4.37 -—- 3.99 3.97 -——
1145.1 i1.8 -—— 12.5 14.1 =
1463.4 2.43 — -— - -

1496.3 12.5 17.9 3.50 —— NP
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Relative Intensities

£aergy o __ 00O

(keV) Anti Integral 196.6-keV  Delayed Iutegras
Singles Coinc. Coinc. Gate Coinc.

1786.4 14.6 -— 9.78 17.0 -

1898.0 0.51 -— S _— _—

1979.6 0.54 —— —_— -— _—

2073.7 1.92 -— R — -

“The errors placed on these values are given in Table I.
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This spectrum is shown in Fig. 9. The lulmSm source was

placed at the center of the annulus tunnel, with the
Ge(Li) detector 1n one end and a 3x3-in. NaI(T®) detector
at the other end. The Ge(L1) detector was operated in
anticoincidence with y rays above 100 keV in the NaI(TX)
detectors (2t=100 nsec). 'The true-to-chance ratio was
2100/1. This spectrum enhances those transitions that are
not in prompt coincidence with the other y rays or with
B+ emission. It 1s particularly useful in placing
transitlions to the ground state or to a metastable state,
providing those transitions are primarily EC fed and not
8" fea.

A summary of the relative intensities of 1ulmSm Y rays
in some of the more important colncidence spectra 1s given

in Table IV.

4,1.3.D. Delayed Coincidence Spectra

The systematlic behavior of states in this nuclear

region suggested the presence of a metastable "h11/2
141

in the daughter, Pm. In the earlier work on 139mNd de-

state

cay (Bee 69b) a delayed coincidence spectrum was essential
in elucidating the decay to the higher-lying states, so

we felt compelled to perform simlilar experiments here.

We have identified this state as the state at 628.6-keV

in 1"'le and we have determined its half-1ife to be
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700+20 ns. This half-1life 1s long enough to obtain useful
integral colncidence information using a resolving time
of 100 ns.

Three types of delayed coincidence spectra were ob-
tained. The first two spectra, shown 1n Filgs. 10 and 11
are delayed integral coincidence spectra, the third set of
colncidence spectra pertain to the measurement of the life-
time of the 628.6 keV state and are shown in Fig. 12 and 13.

In the first of the delayed integral coincidence
spectra, shown in Fig. 10, the gate slgnal 1s delayed
250 ns with respect to the linear signal. The result of
this 1s to enhance those transitions that depopulate the
state having an appreciable half-1life. 1In the second,
shown in Fig. 13, the linear signal was delayed 250 nsec with
respect to the gate. Here the result 1s to enhance those
transitions feeding the state having an appreciable half-
life. The latter primarily are the transitions that de-
populate what we propose as three-quasiparticle states, so
this spectrum 1s crucial in identifying these high-lying,
high-spin states.

In order to measure the half-1life of the 628.6 keV
level we used a modified version of a fast-slow colincidence
system, with a 10.4% Ge(L1) detector in the start leg of
the system and one-half of the 8x8-in NaI(T&) split annulus

in the stop leg. Any pulse above 30-keV in the Ge(L1)
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detector started the TPHC (time-to-pulse-height-convertor)
and any pulse arising in the NaI(T%) detector above the
511.0 keV annihilation peak stopped the TPHC. Two-parameter
data were accumulated (time vs. Ge(L1) energy) using
TOOTSIE (Bay 71). The data were stored on magnetic tape
using the auxiliary program EVENT and recovered off-line.
These experimental results are shown in Figs. 12 and 13.
The top spectrum in Fig. 12 is the Ge(Li) integral coincidence
spectrum, the center spectrum in Fig. 12 represents pulses
generated by the TPHC, while the spectrum at the bottom of
Fig. 12 1s the calibration spectrum used to test the TPHC
linearity. In the TPHC spectrum in Fig. 12 the pulse
height is proportional to the time interval between the
Ge(Li) pulses and the electronically delayed NaI(T!L) pulses—
the prompt coinclidence peak appears on the right in the TPHC

spectra.
The three spectra seen in Fig. 13 were obtained by gating

on the peaks at 196.6-, 431.8-, and 628.6-keV, respectively,

in the Ge(Li) integral coincidence spectrum and displaying
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Figure 12. Spectra resulting from two-dimensional coincidence (energy vs.

time) msasurement of the lifetime of delayed state at 628.6-
keV in 1“1pm,
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Figure 13. TPHC spectra obtained from half-life measurement of the delayed
state in 1“1Pm.
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the TPHC colncidence pulses. From the decay scheme 1t can
be observed that the 628.6-keV transition represents decay
from the 1someric level directly to ground whille the
431.8- and 196.6-keV transitions are in cascade. The
431.8 keV transition is from the 11/2° 1someric level to
the first excited state. It should be noted that these
three spectra are not plotted to the same scale. However,
the slope of the three time spectra are essentially the same.
The resolutlon of the system 1s 10.0 ns FWHM, and the
timing calibration was obtained using RF pulses from the
cyclotron. Calculation of the half-1ife followed a least-
squares fit to the logarithms of the data in Fig. 13 (after
subtraction for chance coincidences). The value of the
half-1ife was determined to be 700*20 ns. These results
indicate the E3 transition from the 11/2” isomeric level to
ground is enhanced over the single particle estimate by a
factor of 1.6. Correspondingly, the 431.8 keV M2 transition
is retarded by a factor of 58. A similar 11/2° state

identified in M5

Eu at 62%..-keV has been observed to
have a lifetime of 800 ns.

It should be noted that the 196.6 keV transition from
the 7/2+, first exclted state to the 5/2+ ground state 1nvolves
(vg7/2)+(vd5/2), and hence is an %-forbidden M1l. We were
unable to determine the lifetime of the 196.6 keV state but
we are able to place a limit of, Tl/2<2 ns, for 1ts half-life

from these data.
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4,1.3.E. Energy Separation of the Two lL‘lSm Isomers

Because the ll‘lSm isomers so admirably meet the re-

quirements of essentially separate decays, it is difficult
to determine their energy separation with much precision.
Based on a least-squares fit of the previously measured M4
transitions in the other N=79 nuclel, we arrive at an energy
of 171.6 keV between the two. An M4 transition of this
energy, compared with the EC/B+ half-1ife, would be expected
to be quite weak. The vicinity of 172 keV 1s a particularly
unfortunate region for the observation of a photon of

low Intensity, since the backscatter peak from annihilation
quanta 1s 170 keV. We have looked for the isomeric
transitions both in y-ray and electron spectra (using a
S1(L1) detector) without success. An M4 transition of this
energy should be somewhat easler to see 1n the electron
spectra than in the y-ray spectra, as the converslon
coefficient should be large (Z4) (Hag 68); however, there

is no evidence of any transition peaks above the B+
continuum. Based on the statistics of our y-ray spectra,

we have placed an upper limit of 0.2% of the total lulmSm
decay for this transition. The results of the different
investigating groups who have considered the relations be-

141m

tween Sm and ll‘lgSm arc summarized in Table V.
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Table V. Published Estimated Relations Betwecn
141mgn snd 1419Sm
» E % M4
Authors tl/z(lulmSm) tl/z(‘“lgSm) (%or M4) in decay
Arl't et al. 21.5 min <10 min 215 keV -—
(Arl67)
Bleyl, Minzel, 23.5 min *2 min 2200 keV 1%
and Pfenning
(Bley67)
Arl't et al. 22.5 min 9.5'0.5 min - -
(Arl70)
This work 22.1+0.3 min 11.3'0.3 min ~171.6 keV 0.2%
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4,1.4, 1ulmSm Decay Scheme

We have constructed a decay scheme for lulmSm from

a combination of the foregoing prompt and delayed coin-

cidence spectra, alded only incidentally by energy sums and
intensitlies. This decay scheme 1s presented in Fig. 1lla

along with the decay scheme (Bee 69b) of l39mNd, Fig. 14b, with
which it should be compared. Of the 47 y rays that we con-
cluded belonged to 1ulmSm decay, only six very weak ones

could not be placed. All energles are given in keV, and

since the presence of 1ulgSm in our sources prevented a

precise measurement of the lulmSm B+ spectra, the QEC of
25015 keV 1s a calculated value (Myr 65). The (total)
y-transition intensities are given in percent of the

disintegrations of lMmSm. The B feedings are also given

in percent of 1ulmSm disintegrations, and they include

both the B+ and EC decay—the surprisingly small B+ feedings

will be discussed below. The energy assigned to each

level 1s a welighted average based on our confidence in the

energy preclsion of the transitlions out of that level. 1In

Table VI we compare our level scheme with those obtained

by Hesse (Hes 69) and Arl't et al. (Arl 67) and (Arl T70b).
The discussion of the construction of this decay scheme

will be broken into two parts: discussion of 1) those levels

Whose mode of decay bypasses the (metastable) 628.6-keV level

angq 2) those levels that decay primarily through this

met astable level.
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Table VI. States in !“1Pm Populated by 1“1™Sm Decay

Arl't ot al.
This Work Hesse (Hes69) (Ar167,Ar170)a
State Energy J" State inergy J7 State Energy

(keV) (keV) (keV)

v s/2" 0 (s/2%) 0 (5.
196.6 772" 196.5 s5/2%) 198 (0
628.6 11/2° 628.3 (11/27) 629.9 (11/27)
804.5 11/72%,9/72% -— —- — —-

(837.1) 9/2" -—- —- 850 as/»h
974.0 9/2" 973.6 - 979 9/2")
- - 1033.2 —— ——- -
1108.1 7/2%,9/2%, 1107.6 —- - —
(5/27)
1167.2 13727 11727 1166.3 —- — -
9/2-(+)
1313.2 13727 11727 131205 --- ——- -
972~ ™+
14i4.8 11/27,9/2 -— -— ——- ——-
— _— 1759.4 —- -— _
(1834.0) 11/27,9/2° - --- ~— S
1983.1 9/2” 1982.2 (9/27) 1982.6 b
2063.5 11/27,9/2° -— -— —-— —
2091.6 11/27,9/2° 2090.6 -— 2091.6 b
2119.0 11/27,9/2" 2118.5 —- 2119.0 @/ e
2702.4 13/27,11/27,9/2° --- — —

%Hes 69 did not include the 1982.6- or 2091.6-keV states.

b . .

Arl 70 1includes these plus the revised energy for the 2119.0-keV state and
also recognizes that these three states are low-spin members of thoe rhrece
quasiparticle multiplet.
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4,1.4,A., The 196.6-keV and Related Levels

The 196.6-keV transition has been placed as proceeding

from the first excited state of lule on the basls of 1its

being the most intense transition in the 1ulmSm spectrum.
A first excited state at 196.6 keV 1is completély consistent
with the systematics of this region (cf. Section U4.1.6.).

Placement of the 628.6-keV level itself 1is also
stralghtforward. It decays to ground via the 628.7-keV
transition and to the 196.6-keV level via the 431.8-keV
transition, as indicated in the prompt coilncidence spectra.
Expected to be a metastable state on the basis of systematics,
this was proven by the delayed coincldence spectra.

Placement of most other levels 1s not so stralght-
forward and depends on considerable tortuous logic involving
the prompt and delayed colncidence spectra. For example,
of the eleven y rays in coincidence with the 196.6-keV
Yy, only five feed the 196.6-keV level directly. We present
only a few crucial points here.

The 804.5-keV level 1s placed on the basis of a 196.6-
and 607.9-keV coincidence and the fact that no y ray as
intense as the 607.9-keV y was found in the 607.9-keV gated
spectrum other than the 196.6-keV y. Purely on the basis of
sums, Yy rays at 1029.6 and 1898.0 keV are placed as feeding

this level. These are weak transitions that would not show



73

up in the 607.9-keV gated spectrum. Note that the 805.9-keV
Y, which feeds the 628.7-keV level, has no relationship to
the 804.5-keV 1level.

Very similar logic, aided by the presence of a 974.1-keV
ground-state transition, places the 974.0-keV level. The
two levels at 1108.1 and 1983.1 keV are also placed on the
basis of the prompt coincldence data, and the placements
are corroborated by multiple energy sums and are consistent
with the intensities of the 1interconnecting Yy transitlons.

The level placed at 837.1 keV 1s somewhat of a puzzle.
The 837.1-keV Y is enhanced in the integral coincidence
spectrum and attenuated in the anticoincidence spectrum.
There is weak evidence for coincidence with the 196.6-keV
from inspection of the 837.1-keV gated spectrum. However,
there 1s no enhancement of the 837.1-keV peak in the 196.6-
keV gated spectrum. Possibly, Compton events from other
peaks (e.g., 875.0-keV) could account for the 196.6-keV peak
appearing in the 837.1-keV gate spectrum. With this some-
what conflicting evidence, the 837.1-keV transition has
been placed as originating from a level of the same energy.
This 1s substantiated to some extent by the placement of
the 577.8-keV Y, which we shall see in the next section fits
nicely between the 837.1-keV level and a level at 1414.8 keV

that will be placed by coincidence data.



74

4b,1.4,B. The 628.6-keV Level and Spin-Related Levels

The 628.6-keV level is almost certainly a mh state.

11/2
This is demonstrated both by the systematics of the region

and by the fact that it has a half-life long compared with

the typical resolving times (2717100 nsec) of the prompt coin-
cident spectra. That this 1s in fact the high-spin state 1is
demonstrated by the results of the "delayed gate" coincidence
spectrum (Fig. 10). In thils spectrum only the peaks at

196.6 and 431.9 keV are present, and that these two transitions
are in colncidence 1s substantiated by the coincidence spectra
gated on each one. And further support for the assignment

of an 1isomeric state at 628.6 keV comes from the enhancement

of the relatively weak 628.7-keV Yy in the anticoincidence

141m

spectrum. That Sm is also an 11/2° state means that

its primary B+/EC decay will populate relatively high-spin
(9/2, 11/2, 13/2) states in 1M‘Pm and these states should
decay by cascades that go through the 628.6-keV state.

The "delayed spectrum" integral colncidence spectrum
(Fig. 11) almost immediately places six of the high-lying,
high-spin states fed directly by 1ulmSm. [This assumes
that the six y rays enhanced in this spectrum feed the
628.6-keV level directly. The absence of sum transitions
Or observed colncidences and the fact that the resulting

decay scheme is the simplest consistent with the experimental

data lead us to accept this assumption of direct feeding.]
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These six levels lie at 1167.2, 1313.2, 1414.8, 2091.6, 2119.0,
and 2702.4 keV. In addition to these six levels, we place
a level at 2063.5 keV on the basis of sums—the weak 1434,9-keV
y connects this level with the 628.6-keV level. The
2063.5-keV level is confirmed by the coincidence relations
between the 750.3- and 684.6- and between the 896.5- and
538.5-keV y's.

The remaining level, at 1834.0 keV, is placed only on
the basls of energy sums and should thus be consldered only
tentative.

Numerous corroborations of the placements of most of
the states can be found 1n the coincidence summary of Table

I11 and the coincidence spectra themselves, Figs. 6 and 7.

h,1,5, Discussion

4,1.5.A. The 1ulsm Isomers

Ths odd-mass N=79 1sotones actually consist of three-
hole states, but to a reasonable first approximation their
low-1lying states can be treated as a single-hole state much
in the manner of the N=81 isotones. Among the latter there
are now seven known isomeric pairs having (\)d3/2).1 ground
states and (\Jh11/2)"l metastable states connected by MU iso-
meric transitions (Epp 70b). In Fig. 15 we show the eneryy
)-1

Spacings between the (\)d3/2)"l and (vh states and

11/2
also show the squares of the radial matrix elements, |M|2,
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for the M4 transitions as calculated using Moszkowski's
approximations for single-neutron transitions (Mos 65).

Both the energies and matrix elements follow a gentle-
enough trend that one has reasonable confidence in extrap-
olated values, providing the extrapolation 1is not carried
too far. (The fact that the values of |M|2 are not constant
is discussed in some detall in (Bee 69b), (Epp 70b), and
(Jan 69).)

The |M|2 values for the five known isomeric transitions
in the N=79 1sotones are somewhat larger than for those 1in
the N=81 isotones. This would indicate that they are less
good "single-particle" transitions than the N=81 transitions.
However, they are all indubitably M4 transitions and can
be described with considerable accuracy as (vd3/2)-2(vh11/2)—1+
(vd3/2)-3. As mentioned in Section 4.1.3.E., we were unable
to detect the presence of an 1isomeric transition between
1ulmSm and lMg;Sm, but its predicted intensity should be
so low that one would not expect to observe 1t. More to
the point, the decay properties, Section 4.1.4., of 1ulg’Sm
make it reasonably certain that it has a 3/2+ ground state.

(The Vsl/2 state crosses the vd state in this vicinity,

3/2
145¢g +
but a Gd ground state of 1/2 has quite different decay

properties (Epp 71) from 1ulgSm and, 1n fact, populates three
quasiparticle states somewhat analogous to those populated

by 139MNg ana lulmSm.) Also, the analogy of 1ulmSm decay
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to 139mNd, where the M4 trunsition was easily measured,

gives us reasonable confidence that the primary configuratlon

141m 8 y -2 -1
of Sm is indeed [(ng7/2) (nd5/2) ]0[(vd3/2) (vh11/2) ]11/2_

and that of "18sm 1s th7/2)8(nd5/2)u]o[(vd3/2)-3]3/2+.

141

4,1.5.B. Single Particle States 1in Pm

For convenlence of discussion the states in lule

populated by 1ulmSm decay can be divided into three classes:
1) single-particle states or states exhibiting appreclable
single-particle character, 2) three-particle states, viz.,
the high-lying multiplet receiving most of the direct B+/EC
population, and 3) the remaining states, most of which appear
to contain core-coupled vibratlonal components. As relatively
little has been done in the way of calculations on states in
rare-earth nuclel on the neutron-deficient side of N=82,

one has to rely rather heavily on parallels with 139mNd de-
cay and on general systematics of states in thls region. As
an ald for followlng the systematics and trends, in Figs.

16 and 17, respectively, we plot the known states in neutron-
deficient odd-mass Pm isotopes and in the odd-mass N=80
isotones. Because few reactions studles have been made on
nuclei in thils reglon, the number of states reported 1is

very much a function of QEC'

Between the closed shells at 50 and 82 the available

single-particle orbits are g7/2 and d5/2 lying relatively
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close together and then, after a gap of <500-1000 keV,

h11/2’ 31/2’ and d3/2 also relatively close together

(Wil 71). Systematics as exhibited in Figs. 16 and 17/
and extrapolations of the calculations of Kisslinger and

Sorensen (Kis 60) suggest 5/2% anad 7/2+ for the two lowest

lulP

states in m. As previously pointed out (Bee 69a) six-

teen nucleil in thils region have well-characterized ground
states and first excited states with 5/2+ and 7/2+ or 7/2+
and 5/2+ assignments. In the Pm 1isotopes there is a change
of ground state spin between 1L'7Pm and luSPm, with 1lem
and the heavier 1isotopes having 7/2+ ground states and
lust and lu3Pm having 5/2+ ground states., Similarly, in

the N=80 isotones there is a reversal of these spins between

137La and l39Pr.

In addition to these general arguments, we have three
speclfic arguments for assigning the ground state 5/2+ and

the 196.6-keV first excited state 7/2%. First, the decay

141

properties of Pm itself (Section 4.3.) are consistent

with a ground state assignment of 5/2+ and not 7/2+——the

decay of lule strongly populates the ground state of

1MNd, which has been quite unambiguously characterized as

a (vd3/2)‘1 state (Bee 68)(Jol 71)(Fos 71)(Cha 71).

141m

Second, since Sm is undoubtedly an 11/2  state,

a B transition between it and a 5/2+ ground state of lule

would have to be at least third forbidden and hence negligibly
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small. This is consistent with our findings. On the other
hand, B decay to a 7/2+ first excited state would be first
forbidden unique. Although only a small branch would be
expected, from the y-ray intensity balance (including
corrections for internal conversion) for this state it appears
that as much as 7.6% of the decay might populate directly,
resulting in a log ft 27.0. This compares with 3% decay
(Bee 69b) from 139Nd to the first excited state in 137pr
with a log ft of <7.6. Actually, it would seem reasonable
to attribute much of this apparent feeding to errors in the
Yy-ray intensities and/or to undetected transitions into the
state. However, the palr coincidence spectrum (Fig. 8),
after correction for chance events and feeding via higher
energy states, shows that there 1s in fact some B+ decay

to the 196.6-keV state. (In both '1Msm and 139™ng decays
this first forbidden unique transition would involve
ng7/2+vh11/2, which would be one of the more favorable cases
for such a transitions, but we would expect the log ft to
be greater than 7.0.) Also, in our measurement (Epp T70a)
of the half-1life of the 196.6-keV y we found no evidence
for an 11.3-min component, which means that lMgSm does not
populate the 196.6-keV state either directly or indirectly.
All of the B feedlings are thus consistent with a 7/2+ first

excited state.
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Third, the respective 5/2+ and 7/2+ assignments are
consistent with the branching ratios from the 628.6-keV
state, which will be discussed below. We conclude that the

lule is a 5/2+ state and the primary com-

ground state of
ponent of its wave function is [(ﬂg7/2)8(nd5/2)3(vd3/2)-235/2+,
taken with reference to the closed shells at Z=50 and N=82.
Similarly, the primary component of the 7/2+ 196.6-keV state

is expected to be [(ﬂ87/2)7x(nd5/2)u(vd3/2)’2]7/2+.

That the 628.6-keV state 1s the mhy, ,, state {complete
configuration of primary component ((ng7/2)8(nd5/2)2
(nh11/2)(vd3/2)-2]11/2-} has already been discussed in
Section 4.1.3.D. The log ft of 6.7 for the 3+/EC decay
from 1ulmSm is on the high side for an allowed transition,
but this is entirely reasonable when one examines the
particle rearrangements necessary. These are included in
the stylized diagram presented in Fig. 18. To first
approximation the transition would appear to involve the
conversion of a ‘:13/2 proton into an h11/2 neutron, elther
directly or perhaps through an intermediate state, plus the
simultaneous promotion of the d5/2 proton remalning from

the pair up into the h orbit. Thus the transition un-

11/2
doubtedly goes by smaller components in the wave functions.
That the log ft of 6.7 is smaller than that for analogous

transition from 139mNd (there it 1is 7.0) can be attributed

to the ﬂhll/z orbit's dropping in energy with increasing Z,
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thereby providing larger occupations of hll/2 proton
pairs. Later we shall show that thilis 1s consistent not
only with lulSm and 1ule behavior, but also with the
general trends of slngle-particle states throughout this
region.

Since no conversion-electron data are avallable for
transitions following the decay of lulSm, we show no
multipolarity assignments on the decay scheme. However,
the 431.8- and 628.7-keV transitions are expected to be
M2 and E3, respectively. We measured the half-l1life of the
628.6-keV state to be 700 ns. This leads to a partial
half-1ife for the E3 transition of 10.6 pus. Assuming little
or no mixing in the transition, the Moskowskl single-particle
estimate for its half-life (neglecting the statistical
factor) is 17 us. The M2 retardation (a factor of 58)
determined here 1s quite reasonable, since M2's are
customarily retarded. However, the E3 is enhanced over the
single-particle estimate, and thls enhancement appears to be
at least by a factor of 1.6. Although most E3's are
retarded, this 1s now the fifth known E3 in this particular

nuclear region that 1s enhanced. The others are in

l39Pr, 137La, lu?Eu, and l“9Eu. These all involve similar
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h11/2 states. The simplest explanation 1s for an octupole
core-coupled component of the 5/2+ ground state to be
admixed into the 11/2” states. Unfortunately, the positions
of octupole states in neighboring even-even nuclei are not
known, and a more quantitative persual of the problem must
await such information.

We do not see any states populated by 1“lmSm decay that
we can 1dentify with the nd3/2 or ms, ;5 single-particle orbits,
nor could we expect to do so. Even from the decay of 1ulgSm.,
Section 4.1.7.,1it 1s difficult to associate these orbits

llllP

with particular states 1n m. Both appear to be

fractionated and have their strength spread out over many

states.
: 141,
4,1,5.C, A Three-Qua.:iparticle Multiplet in ’'m
Some 65% of the 8t /EC decay from lMmSm populates the

multiplet of six states at 1414.8, 1983.1, 2063.5, 2091.6,
2119.0, and 2702.4 keV. (There are seven states if we in-
clude the one at 1834.0 keV, which receives about 2% of

the population; however, this state 1s only tentatively
placed and thus omitted from the present discussion.) The
log ft values range from 5.7 to 6.6 implying that these are
all allowed transitions; in fact, they are faster transitions

than the 11/27+11/2" transition populating the 628.6-keV state.
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The explanation for this superficially peculiar be-
havior of 1L‘lmSm i1s actually quite stralghtforward and has
been anticipated in the introduction Section 4.1.1. It is
given in stylized form in Fig. 18, This multiplet of
high-spin, high-lylng states 1is a three-quasiparticle

multiplet that the rather unique structure of l"'lmSm forces

it to populate. 141m

Sm, three neutron holes below the N=82
closed shell, undoubtedly has as its primary structure,

(g 508 (mag )" (way 00720y )71 om s @8 depicted tn
Fig. 18 and discussed in Section 3.1.5.A. Because of 1its larye
QEC it can easlly populate states 1n lule above the pairing
gap(s). Now, the most probable form of B transition, given by
the above structure, is nd5/2*vd3/2, resulting in the
structure, [(mg;,,)%(ndy 5030w, ,5) 7 (vhy) 507152, or more
simply, [(nds/z)(vd3/2)-1(vhll/2)_1]J_. Here J~ can be
anything from 3/2° to 19/27, but note that allowed transition
are limited to 9/27, 11/27, or 13/2 . As can be seen from

Fig. 14, the analogy with 139mNd'

s populating six similar
quasiparticle states 1s striking. Some examples of
narrowing down the spin assignments follow.

The 1983.1-keV state is the only one that populates
anything lower-lying than the 11/2° 628.6-keV state, and,
in fact its 1786.4-keV transition to the 7/2+ 196.6-keV state

i1s its strongest mode of deexcitation. The only J" assign-

ment consistent with this is 9/2°. We shall see later
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(after assigning the 974.0- and 1108.1-keV states) that all
three y transitions depopulating this state are most likely
El, which could be 1in agreement with the branching ratios.
However, we shall not dwell too much on y-ray branching ratios
when speaking to the transitions involving the three-
quasiparticle states. By thelr very nature these states

are quite different in structure from the lower-lying states;
thus, most y transitions will proceed primarlly via small
admixtures in the wave functions, and consequently the
branching ratios can be very misleading. For a rather
striking demonstration of this the reader is referred to
139Pr (Bee 69b), where many of the multipolarities could be
assigned on the basis of conversion coefficients. There

it was almost the rule rather than the exception for Yy
transitions between and out of the three-quasiparticle
states to differ from single-particle predictions by orders
of magnitude.

Assignments for four of the remailning five states, at
1414.8, 2063.5, 2091.6, and 2119.0 keV, can be narrowed down
to 9/27 or 11/27. All except the 2063.5-keV state decay to
the 628.6-keV state, indicating some similarities in their
Wave functions with it, and all four of them also decay
to af least one other state that is 1in the next section
a8Ss1igned 9/2+ as its highest possible spin. Assignments
°f 13/27 would force these branches to be M2 transitions, not

liJ(ely to compete even with retarded Ml's to the 11/2° states.
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After our finding the three-quasiparticle multiplet in

139Pr, it seemed worthwhile to perform a shell-model cal-

culation for the states in the multiplet, using as simple
and truncated a basis set as possible. This was carried
out by Muthukrishnan and Kromminga (Muth 71) who calculated
negative-parity states in 139Pr using only the two con-

figurations, [(nd ) (vd )_l(vh )'l] (the basic three-

5/2 3/2 11/2
quasiparticle configuration), and [(nhll/z)(vd3/2_2)] (the

basic configuration of the 821.9-keV metastable state in

139Pr). Using an exchange mixture postulated by True, they

obtalned excellent results for energy predictions agreeing
with the experimental positions. There was still some
problem, however, with transition probabllities, and 1t
appears that configuratlons of the sort,

)" (vd, )" (wh )7t

[(nd ], will have to be

572" (187 3/2 1172
added to the basls set. Thls can be seen empirically by

the gradations in the properties of the states of the three-
quasiparticle multiplets both in l39Pr and 1ule, e.g., the
Y transitions directly to the 7/2+ first-excited states.

The main point 1s that calculations that intentionally used
a truncated basis set give approximately correct answers for

the three-particle states in 139Pr.
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141

4.1.5.p. The Remalnin- States 1in Pm

The structure of the remaining six states, at 804.5,
(837.1), 974.0, 1108.1, 1167.2, and 1313.2 keV, are not so
stralghtforward and appear to lie somewhere between the
single-particle and the three-particle states. They can
perhaps be described best as weakly core-coupled states.
Thelr wave functions would thus contain many components,
which partly explains why the three-particle states decay
down through many of them. It would also be consistent with
the y-ray branching ratios depopulating them and with the
fairly large log ft values for the B+/EC transitions feeding
them. Although not completely conclusive, there 1s evidence
that the 2+ one-phonon quadrupole vibrational state 1lies
at 770 keV in both of the adjacent even-even nuclides,
1qum and luoNd (Mal 66) and (Rem 63), quite in line with
those in the lighter N=80 even-even isotones. Thus, the

lule states are 1n the right range for

energies of the six
core-coupled states, the lower ones probably involving the
d5/2 or 87/2 single-particle states and the upper ones the
bll/2 state.

The 804.5-keV state (log ft =8.6) appears to be fed by
a first-forbidden transition, implying positive-parity
assignments from 9/2 to 13/2. (A first-forbidden unique

transition would also allow 7/2+ and 15/2+, but we hesitate
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to Include these because all the log ft's are somewhat high,
and 1t 1s difficult, if not impossible, to concoct a
structure for the state that would allow 1t to be populated
by a relatively fast first-forbidden unique transition.)
The 13/2+ possibllity can be eliminated on the basis of
the 607.9-keV y to the 196.6-keV state, for this would force
that transition to be an M3. However, neither of the other
possibilities can be eliminated. With the 11/2+ assignment
the 607.9-keV transition would be a pure E2 and with the
9/2+ assignment it would be a mixed M1/E2. Either way the
E2 component should be collectively enhanced. In fact, an
intelligent guess at the nature of the 804.5-keV state would
be that 1t consists specifically of the g7/2 single-particle
state coupled to a 2+ quadrupole core vibration—hence the
depopulation solely to the 196.6-keV state, 11/2% or 9/2+
is also consistent with the feedings to the 804.5-keV state.
We have been rather cautious about using Y-ray branching
ratios to predict J7 assignments except when the structures
of the states could be corroborated in other ways, viz.,
the =h,, , state at 628.6-keV. It 1is instructive here to
give an example of how such branching ratios could well be
misleading. Of the three possible y transitions depopulating
the 804.5-keV state (ignoring the presence of some low-spin
states, which lie below it—known from the decay (Section
4.1.7.) of 1l'lgSm), one is present. The missing 804.5-

keV transition does not tell us much, and 1t could be
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consistent with single-particle estimates. However, the
missing 175.9-keV transition to the 628.6-keV state must
be an El. And single-particle estimates (Mos 65) for this
El, a 607.9-keV M1, and a 607.9-keV E2 yleld respective

W1 1x10713, and 1.5x10710 sec.

half-lives of 4.6x10"
Obviously the El1 is severely retarded over such estimates.
With our inferred structures for the 804.5- and 628.6-keV
states this retardation is quite understandable, even ex-
pected. However, wrong conclusions could easily have come
out of blindly applying these "external" selection rules.

The 837.1-keV state, if correctly placed (Section 4.1.4.A)

must be a 9/2+ state, probably a coupling of a d single-

5/2
particle state with the 2+ core. The log ft implies a
first-forbldden transition, and the y transition to the
ground state eliminates the l3/2+ and 11/2+ possibilities.

' Similar loglc, involving feedlings both into and out
of the 974.0-keV state allows us to assign it 9/27.

Within the limits of our y-ray intensities there is

no B feeding to the 1108.1-keV state. The y transitions
into it from above, most specifically the 875.0-keV y from
the 9/2° 1983.1-keV state, limit its J" to 5/27, 7/21, 9/21,
11/21, 13/2° (assuming E1, M1, or E2 multipolarities). Its
depopulating y rays, especially the ground-state transition,
further 1imit J" to 5/27, 7/2%, or 9/2%. The fact that this
state is not populated by 1ulgSm decay (Section 4.1.7.) 1is

a weak argument against the 5/2° assignment, but we cannot

Justify eliminating it completely. Also, the internal
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structure of thls state 1s probably the least certain
in the decay scheme.

The states at 1167.2 and 1313.2 keV exhibit similar
properties. The log ft's of 6.9 and 7.0 could mean either
allowed or first-forbidden (non-unique) decay. The
implied J* assignments would be 13/2%, 11/2%, or 9/2°.

The y-ray feedings into them from the three-quasiparticle
states do not allow any narrowing down of these values.

And each state decays by a single Yy ray to the 628.5-keV
state, again allowing no reduction in the possibilities.

It 1s tempting to think of these states as couplings of the
hll/2 single-particle state to a 2+ core. They lie at
approximately the expected energles and such a configuration
would explain why even with a 9/2° assignment there would

be no y branching to the 196.6-keV or ground state. Also,
with such a structure, there should be considerable con-
figuration mixing with the three-particle states (cf., e.g.,
(Muth 71)), which would explain why the log ft's are only
slightly higher than the log ft for B+/EC decay to the
628.6-keV state itself. Thus, we prefer the negative parity

options.
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anat
4.1.5.E. EC/B Ratios and Corrected log ft Values

Straightforward EC/B+ ratios as calculated by the methods
of Zweifel (Zwe 57) are not in good agreement with the ratios
obtalned from the pair coincidence spectrum (Fig. 8 ). This
spectrum shows that the 196.6-, 403.9-, and 438.2-keV
transitions (the latter two resulting from 1ulgSm decay) are
the only ones to receive significant B+ decay. Now, as the
calculated ratios are for "simple" allowed transitions, it
is expected that the B+ components will be much smaller for
the first-forbidden transitions. However, it 1s now be-
coming apparent that hindrances even to an allowed transition
usually reduce the B+ component much more rapidly than the
EC component (Epp 71). Thus, the rearrangement depicted in

Fig. 18 for the decay to the mh 628.6-keV state would

11/2
be expected to result in the EC/B+ ratio being larger than
the calculated value. (Note, however, that because of the
half-1ife of this state the pair coincidence spectrum would
pick up only a small component of 1its B+ feeding.) The log
ft values presented on the decay scheme itself are so-called
"normal" values, obtained using the calculated EC/B+ ratios.
We used these for ease of later improvements and corrections
and also because most people are more famillar with decay

scheme logic based on such values. In Table VII we compare

these with the log ft values we obtained assuming only EC
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Comparison of log ft's Assuming Either the

Theoretical EC/g% Ratios of all EC Decay

Level energy Normal EC-decay only
(keV)

196.6 27.0 6.4
628.6 6.7 6.1
804.5 8.6 8.2
837.1 7.2 6.8
974.0 6.8 6.4
1167.2 6.9 6.5
1313.2 7.0 6.6
1414.8 6.6 6.2
1834.0 6.9 6.7
1983.1 5.9 5.7
2063.5 6.4 6.2
2091.6 5.8 5.6
2119.0 5.7 5.5
2702.4 6.5 6.3
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decay. The latter are expected to be more realistic., Un-
fortunately, very little has been done on the quantitative

theory of EC/B+ ratios.
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4.1.6. Discussion and Conclusions

The decay schemes of 1u1mSm and 139mNd

, presented in
Fig. 14, are remarkably similar. However, there are some
differences, and these differences allow us to glean some
important information about the behavior of shell-model
orbits in this region of the nuclidic chart below N=82.

The most striking difference between the two 1s that
whereas in 139Pr there are many low-energy apparently en-
hanced Y transitions between members of the three-quasiparticle

lule such transitions are fewer and weaker.

multiplet, in
Also, the transitions out of the multliplet to lower-
lying states appear to be much more retarded in 139Pr than

1 141

Pm. Actually, this is more or less what one would
expect from the known behavior of shell-model orbits

in this region. The retardation of transitions down to the
628.6-keV state, for example, is represented in Fig. 18,
With only 57/2 and d5/2 proton states occupled, these
transitions would be formally two-particle transitions.

A d5/2 or g7/2 proton would have to be converted into

an hll/2 neutron, either directly or perhaps through an
intermediate state, and the remaining member of the pair
would have to be promoted up to the h11/2 orbit. Thus

the transitions must proceed instead via small admixtures

in the wave functions. Such happens in 139Pr. It 1s
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known, however, both from reactions studies (Wil 71) and

from the B+/EC decay of some N=81 nuclei that the “h11/2

orbit drops rapldly in energy with increasing Z in this

region. For example, the log ft values for the 11/2  »

141m 141 143m

11/2” transitions in Pr, Sm*lu3Pm, and

145m

Nd~+
Gd*luSEu are >7.0, 6.7, and 6.2, respectively (Fir 71)
(Fel 70)(Epp 70b) and the speed of these transitions
should reflect sensitively the occupation of the "hll/2
orbit by proton pairs. At Sm, specifically 1u18m, it

has acqulred enough population by proton pairs to allow
the Yy transitions to proceed via this component and be
less retarded than those in 139Pr.

The B+/EC decay of 139mNd and lL']'mSm to the "h11/2
state in thelr daughters 1is another indicator of occupancy
of the nh11/2 orbit by pairs (cf. the transition in Fig.
18). Thus, we would expect the transition to be faster in
WImg, A81p0 than 1n 139™a+13%r, quite consistent with
our experimental findings.

The decay of 1ulmSm thus 1s important 1n two respects.
1) Taken by itself it provides information on a whole

lule. Simple shell-model

multiplet of high-lying states in
calculations should provide information on the major com-
ponents of their wave functions, and a closer scrutiny

of the transition probabilities should provide much in-

formation about the smaller components. 2) In the context



99

of this region below N=82, it provides corroboration of

the systematic population of low-lying three-quasiparticle
multiplets by the B+/EC decay of some of the 11/2° isomers
of the N=79 and 77 isotones. One should next look for this

behavior from the decay of 137(m)Nd and perhaps 1“3("‘)(}d.
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4,1.7. 1l‘lgSm Introduction

As mentioned in Section 4.1.1, the first positive

lulmSm was made at about the same time

identification of
by two different groups, Arl't et al. (Arl 67) and Bleyl
Mlinzel, and Pfinning (Ble 67). At that time, lL'lgSm was
not identified, however, its half-1i1fe was estimated to
be less than 10m (Arl 67). The first positive identification
of 1“lgSm was made by Eppley and Todd and reported in
(McH 70). They determined the half-1life to be 11.3:0.3-m
and constructed a preliminary decay scheme. Further
confirmation of these half-1life results was presented by
a Russian group (Arl 70) who reported the half-1ife to be
11+1-m and identified transitions at 403.8- and 438.4-keV
as belonging to the decay of 1ulgSm.

The study of 1MgSm (11.3 m) is a natural outgrowth

of the study of lhlms

m. These results also complement the
previous work by Beery, on the N=79 isotones (Bee 69a), who
studied the decay schemes of l37m+gCe and 139m+gNd.
Additional interest in lulgSm concerns the splin of the
ground state. A glance at the systematics in the region

of 5052365 and 72=N=82 indicates the odd mass, odd neutron
isotopes possess ground state spins of 1/2+ or 3/2+. These
ground states can be characterized 1n shell-model terms as
(V31/2) or (vd3/2). The spin of the ground state changes

from 1/2+ to 3/2+ somewhere in the vicinity of 1ulSm. The

14
ground state spin of 13%8y4 1s 3/2+ while that of 2864
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appears to be 1/2+. Indications are that the 1/2+ and 3/2+
levels are very close in 1u18m with either level being equally
probable for the ground atate; The character of the 1“lgsm
decay scheme could be expected to exhibit quite different
features depending on whether its ground state spin is 1/2+

or 3/2+. If the spin of 1u188m is 3/2+ its decay scheme should
have features in common with that of 1378yq (Bee 69a). If the
spin 1s 1/2+ it might be expected to have features analogous
to those of luSSGd (Epp T1).
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4,1.8. Experimental Results for 1ulgSm

4,1.8.A. 1MgSm Gamma Ray Spectra

The 1dentification of those gamma-rays assoclated with
the decay of lulgSm is a rather difficult task, and the results
are not as definitive as those from the study of lMmSm. The
difficulties arise from the relatively short half-1life of
lulgSm (11.3m) and the character of the ll'lgSm decay (~90%
of the EC/B+ decay 1s directly to the ground state of
1l”‘Pm). As a consequence of 1ts half-l1life, the transitions
of lulgSm must always be observed in the presence of the

141mg,  This makes identifi-

longer lived and more intense
cation of the weak lines in the lulgSm spectra somewhat less
than certain.

The transition at 403.9-keV has been identified as the
most intense transition belonging to the decay of 1l"lgSm.
This placement 1s made from the observation that 1t exhibits
approximately the same excitation threshold as the peaks
identified with the 1ulmSm decay and from consideration of
its half-1ife. 1In the excitation studies it was deter-
mined that two sets of transitlons with different lifetimes
(11.3m and 22.1m) exhibited approximately the same excitation
threshold and they could be assigned to the decay of 1l'lsm.
The longer lived (22.1m) component could be identified with

1ulmSm. This was because 1t was observed to

141

the decay of

feed a delayed state in Pm at 628.7-keV which was identified
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as an 11/2° isomeric level. As a consequence of this
identification, the shorter lived (11.3m) component could
then be identified with the decay of the :'lSm ground
state. After this i1dentification the other transitions of
lulgSm were determined to be those which maintained a
constant intensity relative to the 403.9-keV peak intensity
in six successive 5 min. spectra.

In order to maximize the presence of 1ulgSm relative

to that of LHim

Sm it 1s necessary to observe the activity
as soon as possible after production. To gain some idea
of the problem faced in identifying the 1ulgSm activity it
i1s only necessary to compare the relative intensities of

the 403.9-keV peak (}*18sm) and the 431.8-keV peak (1'1Ms

m)

in the two spectra in Figs. 4 and 5. 1In the first spectrum
counting began 2 min. after the end of the bombardment and
continued for 5 min. The ratio of the intensity of the
403.9-keV line to that of the 431.8-keV transition 1s 100/347.
In the second spectrum counting began 27 min. after the end

of the bombardment and continued for 5 min. In this instance
the relative intensity of the two transitions is now 100/T746.
The intensity difference points up the difficulty of observ-
ing the weaker lulgSm transitlions 1n the presence of the more
intense l“lmSm activity. With very few exceptions, all of

the transitions observed in these spectra have been identified.

These exceptions are transitions with such short half-lives that

they appear in only one or two of the earliest spectra, or
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Table VIII. !“19Sm Summary of Singles and Coincidence

Intensity Information

Singles Anti
Energy Intensity Coincidence Coincidence

324.420.2% <1

403.9:0.1 100 100 100
438.410.1 82.6+3 84.7 82.1
728.00.2 7.9+0.5 -— -—-
854.420.2 3.7:0.3 -— 10.4
1057.4+0.1 5.5%0.4 -— -—
1691.9t0.2 6.110.4 -— 13.2
1292.7+0.1 16.9:0.5 15.9 19.0
1495.7+0.2 12.3+0.4 -— -—
1600.9+0.3 10.3+0.5 - 20.7
2005. *(0.5) 1.2+0.2 -— -
2037.9+(0.5) 5.420.4 2.9 -—-

“This transition is observed to have a small intensity in the 141ggm
decay. It is only possible to estimate its magnitude.
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transitions which display such erratic behavior as to pre-
clude any positive identification.

Yy
In addition to the results of the 1*2Nd(3He,in)'!sm reaction

previously discussed we have observed 1ulSm and 1ts subsequent

decay products as it 1s produced via the B-decay of lulEu

It was anticipated that luluu would not contain a B-emitting

isomeric-level and the resulting lulEu decay would enhance

1lllmS

the ratio of 1ulgSm to that of m. The results tend to

confirm this assumption.

The production of lulEu was via the reaction 14

144

uSm(p,“n)lulEu,
(Q==36.8 MeV). Targets of enriched Sm(95.1%) were bombarded
for periods of 1- to 1.5-m with “1,5uA of 45 MeV protons from
the Michligan State University cyclotron. Counting began within
2m of the end of the bombardment, and continued for approximately
2h., During this time several spectra were accumulated and
the counting intervals were varied from 5m for the earliest
spectrum to 1 h for the final spectrum.
The resultant enhancement of 1ulgSm over that of lulmSm
can readily be seen in the spectra in Figs. 21 and 22. In the second
of these spectra the ratio of the relative intensity of the
403.9-keV transition (1'18Sm) to that of the 431.8-keV

lulmSm) is 100/39.5. This same ratio of relative

transition (
intensities in the 1u2Nd(3He,lm)1“18m reaction is 100/347.3
for the corresponding time after bombardment and the same

duration. In order to reduce the effects of very intense,
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high energy positron decay, a block of paraffin 5 cm. thick
was placed between the source and the detector.

The intense peaks in the first spectrum at 556.8-, 768.3-,
and 1023.6-keV have a half-1ife of 2.0:0.5m and are tentatively

identified as belonging to the decay of lquu.

4,1.8.B lulgSm Coincidence Spectra

As pointed out in the previous section, the (11.3m)
1ulgSm activity can only be observed in the midst of the
more intense (22.1m) lMmSm activity. This limitation becomes
more serious when trying to obtain meaningful colnclidence in-
formation relating to lulgSm.

To obtain the best yleld of *18Sm activity relative to
that of 1l‘lmSm in a source, 1t 1s necessary to begin counting
as quickly as possible after the end of a bombardment. 1In
additiony the counting interval must be kept short since the
longer lived lL”'mSm activity will eventually overwhelm the
shorter-1lived lulgSm activity. With these limitations in
mind,a 2-dimensional Ge(Li)-Ge(Li) coincidence experiment
was performed. The detectors employed were of 10.4% and
L.5% efficiency with 2.2-keV and 1.9-keV resolution (at 1332-
keV) respectively. Counting of the lulm*’g’Sm sample began
within 2m of the end of the bombardment and was continued for
a period of not more than 30m, with the sample replenished
every 5 to 10m. At the end of each 30m period the source

was completely replaced with a freshly prepared source, and
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the procedure was continued. Statlistics were accumulated
in this manner for a period of 12 hrs. The results of thils
effort can be observed in the spectra in Figs. 19 and 20. Though
the results of thils coincldence experiment seem somewhat
meagre they were obtained with some difficulty, and, in con-
Junction with other evidence such as energy sums and intensilty
balances, were of significant value in the construction of the
1ulgSm decay scheme. A glance at these spectra willl emphasilze
the difficulty encountered in constructing the 1ulgSm decay
scheme, namely the lack of significant detected coincidences
between transitions. Thils result was somewhat anticipated
since the decay scheme of 1ulgSm could be expected to exhibit
similar overall features with that of 139gNd. The results
of the l39gNd study (Bee 70) also exhibited few coincidences.
In addition to the above mentioned coincidence data,
we were able to use the same 511-51l1-keV-gamma triple coin-

cidence and anticoincidence spectra for both lMmSm and

lulgSm. These spectra assisted us 1n placing those transitions
which decay directly to ground and those exhlibiting strong
positron-feeding. The anticoincidence spectrum 1s seen 1n

Fig. 9 and the 511-511-keV-gamma triple coincidence spectrum

is seen in Fig. 8. A summary of the various coincidence

data for 1L'lgSm is displayed in Table IX.
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Table IX. Summary of y-y Two-Dimensional Coincidence

Results for !“19sm

Gate Energy (keV)

y-ray Enhanced (keV)

324.4
403.9
438.4
854.4
1091.9
1292.7

1600.9

196.6,
324.4,
854.4,
511.0
403.9,
511.0

403.9

403.8, 511.0, 777.4
511.0, 1091.9, 1600.9

1057.7 (very weak)

511.0
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4h,1.9. lMgSm Decay Scheme

The decay scheme of 1ulgSm we have been able to
construct from our measurements 1s shown in Fig. 23. The
transition energies are glven in keV, and the QEC is a
calculated value (Myr 65). The (total) y-transition in-
tensities and the B feedling, both B+ and EC, are given
in percent disintegrations of lulgSm.

As can be seen from the singles spectra Figs. 4 and 5
the 403.9- and 438.4-keV transitions are the most intense
lines arising from the decay of 1l‘lgSm. Together these
two transitions account for 71% of the 1l‘lgSm gamma-ray
intensity. This evidence seems to support the placement

lule at 403.9 and 438.4 keV. Further evidence

of levels 1in
supporting these placements comes from the observed
enhancement of transitions at 403.9 and 438.4 keV in both
the anticoincidence and 511-511-keV-gamma triple coin-
cidence spectra Figs. 8 and 9, indicating strong EC/B+
feeding to these levels.

The placement of levels at 1495.7 and 2005.0 keV are
suggested by the observation of peaks at 1091.9 and 1600.9
keV in coincidence with the U403.9-keV transition. Con-
firmation of these placements comes from observation of
transitions of 1495.7- and 2005.0-keV.

The level at 1292.7 keV 1s placed on the basis of the

enhancement of a peak at this energy in the anticoincidence
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spectrum and the observed coincidences between the 438.4-
and 854.U4-keV gamma-rays.

The observation of a transition at 2037.7-keV in
the anticoincidence spectrum suggests a level at this

energy in 1ule

Placement of the level at 728.0-keV comes about in the
following manner. A transition of thils energy has been ob-
served to have the proper half-1life and 1n addition, we
have observed an apparent coincidence between the 403.9-keV
line and the 324.4-keV peak 1in the 324.U4-keV gated spectrum.
The evidence 1s somewhat hard to reconcile since the
324.4-keV 1line exhibits decay characteristics closely
approximating the 22.1m half-1life of 1'1™sm. One possible
explanation of these coincidence data is that the 324.U4-
keV peak 1s in the energy reglon of the intense compton
edge from the 511.0-keV annihilation photons. The possibility
exists that these coincldences arise from the very strong
underlying compton background. However, this does not
completely explain the enhancement of the 324.4-keV line
in the 403.9-keV gate. An alternate possibility is that there
are two transitions at this energy with the stronger of these
exhibiting a 22.1m half-life. As a result we have dashed-in
the transitions arising from the 728.0-keV level indicating
that the evidence is not conclusive, although 1t slightly

favors placement of a level at this energy in lule

.
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4,1.10 Spins and Parities of Levels in 1u1Pm Fed by the

Decay of lulgSm

The log ft values shown on the decay scheme are cal-

culated assuming the total EC plus B+ feedlng to the

lule ground state by the decay of lulgSm is 86.2%. Be-

141m

cause of the presence of Sm and the decay of the daughter

lule, the positron feeding by lulgSm to the ground state

141

of Pm 1s difficult to measure directly. We have

estimated 86.2% to be an upper limit for the direct decay

of the ground state of lulSm to the ground state of lule.

This value of 86.2% was arrived at in the following manner.

lnlmSm was

llllmSm

The total B+ feeding arising from the decay of

estimated from the EC/B+ ratios (it was assumed

lanm ground state directly). The EC/B+

141

did not feed the
ratios to the states in Pm fed via the lulgSm decay
were determined and their resultant (total) B+ feeding was
determined. In addition the 511-keV peak intensity was
corrected for the intensity arising from the decay of the

141

daughter Pm. This latter correctlon was made by

normalizing the 511-keV peak intensity to the 1223.3-keV
peak and subtracting the contribution due to the lule
decay as determined in Section 4.2. The intensity of the
511-keV peak after these corrections was assumed to arise
solely from the beta-decay of 1MgSm to the ground state

of lule. This assumes that there is no B+ intensity
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which might arise from contaminants. Thils seems reasonable
in light of the cleanliness of the target materlal, and of
our observation of the reaction products. The log ft values
shown on the decay scheme are calculated assuming the total

beta-decay (i.e. EC+B+) to the 141

Pm ground state is 86.2%.
These log ft values are not significantly affected by this
number, however. An error of 20% in the estimated in-
tensity of the 3+ decay results in a change in the log ft
values of 0.1, at the most.

The spin and parity assignments which appear on the
decay scheme are arrived at by assuming the ground state

1luSm is 3/2+. This assumption is based on

lUle

spin of
the following argument. The ground state spin of
is 5/2+ (arguments substantiating this are presented

in Section 4.1.5.B). The log ft value for the beta-decay

between 1ulgSm and 141

Pm is 5.8. This value is somewhat
higher than the log ft of 5.1 for the decay between

l393Nd and the 139Pr ground state, however it 1s certainly
an allowed transition. This limits the possible spin of
legn to 3/2%, 5/2%, or 7/2%. The values of 5/2% ana 7/2*
seem unlikely, from the systematic behavior of other nuclei
in this region. The odd neutron, odd mass nuclei with
565Z2<63 are characterized by ground state spins of 1/2+

or 3/2+. The 1/2+ assignment 1s ruled out because the log
ft value of 5.8 indicates an allowed transition between

1MSSm and the 1M’Pm ground state.
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In addition to the preceding argument, further evidence
tending to favor the 3/2+ assignment for the ground state of
1ulgSm is the overall character of the decay scheme. The
lulgSm decay 1s similar to that of 139gNd and 1u3Sm, whereas,

ll‘ISm were 1/2t the resultant

if the ground state spin of
decay scheme might resemble that of IMSng (Epp 71). IUSng
was observed to populate several high lying low-spin states

but no direct decay to the 145

Eu ground state was observed.
Apart from the ground state,the remaining seven levels
are all populated by 3+/EC decay from 3/2+ 1ulgSm with log ft
values ranging from 6.9 to 8.0. Because of the total absence
of any direct population of the 7/2+ first excited state from
these levels, 1t 1s difficult to narrow down the spin as-
signments .
The two levels at 403.9- and U438.4-keV both appear to
be populated strongly 1n the 511-511-keV-gamma triple coin-
cidence spectrum, and the log ft value of 6.9 for both levels
indicates they are fed by allowed beta decay. This limits
each of their posslble spin assignments to l/2+, 3/2+, or
5/2+. It is tempting to 1limit these assignments to 3/2+
or 5/2+ because of the absence of an observed transition to
the 7/2+ first excited state. However, the 172% can not be
ruled out, without more positive evidence.

The level at 728.0-keV is populated with a log ft of 8.0.

This 1s high for an allowed transition, and, as a result, the
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possibllity of a first forbidden decay can not be ruled out.
Consequently we have assigned spin possibilities to the
728.0-keV level of 1/2° or 3/2% or 5/2%.

The remaining levels at 1292.7-, 1495.7-, 2004.5-,
and 2037.5-keV all have log ft values between 6.8 and 7.2.
These are probably fed by allowed beta decay. In fact, these
log ft values compare favorably with those arising from de-

llllNd

cay to the high lylng levels in . As a result,we can

assign these states spins of 1/2+, 3/2+ or 5/2+.

4,1.11. Discussion of Levels Populated by 1ulgSm Decay

It is interesting to attempt a brief comparison between
the decay schemes of lulgSm and its nearest odd neutron
neighbors, 1i.e. 1398Nd and 1u3Sm. All three decays populate
the ground state strongly via beta decay 88%, 86%, and 96%
for 1398Nd, 1L'lgSm, and ll‘?’Sm,in that order. The corresponding
log ft values are 5.1, 5.8, and 4.8. None of these B+/EC
decays exhlbits any measureable feeding to the 7/2+ first
excited state 1n the daughter.

The decay of 1398Nd populates two low-lylng states at
405.0 and 589.2 keV both with log ft values of 6.4. The state
at 405.9 keV 1in 139Pr|}p1n (3/2+, 1/2+ﬂ decays directly
to ground, bypassing the 7/2+ first excited state at 113.8 keV.
The 13%Pr state at 589.2 keV 1s assigned (5/2+) and 1s observed to
populate the 5/2+ ground state, the 7/2+ first excited state

and the level at U405.0 keV.
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In the case of 1ulg’;Sm the decay populates two levels
at 403.9 and 438.L4-keV,both with log ft values of 6.9.
These states both decay to the 5/2+ ground state bypassing

the 7/2% first excited state at 196.6-keV in 1 1p

m. Thelr
energy separation 1s 34.5 keV, too low to observe possible
feeding from the 438.4 keV to the level at U403.9 keV.

The decay of 1u3Sm populates three low-lying states
at 1056.5-, 1173.4-, and 1403.2-keV with spins of 3/27,
l/2+, and 3/2+, respectively, (Wil 71) and (DeF 70). The
corresponding log ft value for beta decay to these levels
are 5.9, 6.4 and 6.4, respectively.

It 1s interesting to note that these three levels in
1L‘3Pm all decay directly to ground bypassing the 7/2+ first
excited state at 271.8-keV.

From this comparison, the similarities seem to imply
that the levels fed in the decay of 1ulgSm have more in
common with the levels populated by the decay of 1Ll3Sm than
those populated in the decay of 1398Nd. However, without

more evidence 1t 1s difficult to reach any definite conclusions.
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141

4,2, The Decay of Pm

b, 2.,1. Introduction

lule is twice removed from stability on the neutron

deficient side of the N=82 closed shell and decays with

a 20.9m half-1ife to 2.5h lMNd. The character of lgéNd8l

141

is such that the decay of Pm might be expected to

populate low-lying neutron hole states in the daughter,
which are of a falrly pure single-quasiparticle nature.
This 1s indeed the case, and 1t 1s possible to compare the

beta decay results with those of recent particle transfer

142 d)llll

studies. These include Nd(p, Nd by Jolly and Kashy

(Jol 71) and a similar (p,d) study by Chaumeau et al.

(Cha 71). In addition, Foster et al. (Fos 71) have reported

142 )1u1

on their studlies of the Nd(d,t Nd reactlon.

Our interest in the decay of 141

directions. The decay of 1ulNd has been studied previously

Pm arises from several

by the gamma ray spectroscopy group at MSU (Bee 68), and
this study constitutes the next 1link in the A=141 decay
chain. 1In addition we have been pursuing the identification
of three-quasiparticle multiplets in the odd mass N=80

isotones. The first such multiplet was 1dentified 1n the

139m

decay of Nd and the next decay expected to exhibit these

llllmS

characteristics is that of m. We report on the results

of the 1l']'m"'SSm decay in Section 4.1.
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Because the half-life of 1MmSm (22.1m) decay 1is very
similar to that of the daughter decay lule (20.9), it was
essential to the 1*1Msnm study that we be able to dis-

tinguish between the transitions associated with the decay

of each 1sotope. 1In order to avoid confusion it 1is very

advantageous to produce the lule activity separately from

that associated with 1l'lm+gSm.

141

In carrying out this study

of the decay of Pm we have been able to obtain more

information than has been avallable heretofore.

The first positive identification was made in 1952

1ule was produced

142

by V. Kistiakowsky Fischer (Fis 52).
by bombarding isotopically enriched samples of ( Nd2)03
with 20-30 MeV protons. The half-1ife was determined to

be 22:2m, in good agreement with our results of 20.9:0.2m.
Prior to 1967 little else had been reported about the de-

cay of 141

Pm. At that time Bleyl et al. (Ble 67) reported
the half-l1ife to be 20.90:0.05m and identified several of
the strong transitions and compared thelr results with a
Russian study (Bon 66); no attempt was made to construct

a decay scheme. More recently Hesse (Hes 69) observed 11
transitions that he 1dentifled with the decay of 1u1Pm.
These transitions were identified as a by-product of his

llllmS

study of the decay of m. To date the most complete

study has been performed by Charvet et al. (Char 70). This
study identified 24 transitions arising from the decay of
lule. Of these 24 transitions 19 were placed in a decay

Scheme containing 11 levels.
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As a result of thls current study we have 1ldentified
50 transitions belonging to the lNle decay. Our proposed

decay scheme (Fig. 29 ) places 43 of these transitions and

contains 23 levels.

4,2.2. 1ule Source Preparation
The 21 min. lhle activity was produced primarily
142

Nd (p 2n)lule reaction on targets of
2

by the very clean

1u2Nd O3 (enriched to ~90%

Nd). The bombarding times
were typically 1-2m with Z1puA beams of 24-MeV protons from
the MSU cyclotron. Counting began within 2m of the end of the
bombardment and a particular source was not counted longer
than 50m.

A study of the excitation function was made by varying
the incident beam energy in ~3 MeV steps from below
14 MeV, the -Q value of the (p,2n) reaction, to 30 MeV, which
i1s 5 MeV above the -Q value for the (p,3n) reaction. This
allowed us to determine that our targets were free of the

6m luoPm activity and other possible contamlnants.

In addition to the above experiments, 141

141

Pm sources

1“1

were also produced via the reaction Pr(3He 3n)

(Q==14.7 MeV) at 25 MeV as a check on the identification.

The lM‘Pm peaks were observed in the same intensity ratio

and to have the same decay rates, but this reaction was not

as clean as the (p,2n) reaction. The 1l”'Pm activity has
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14

also been observed in the 18m experiments where it is

141

the daughter of Sm. Combariaon of the strong gamma-rays

in the spectra with the results of reaction studlies, has
allowed us to confirm the identity of several levels in

lthd.
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4.2.3. Experimental Results lule

141

4,2.3.A. Pm Gamma-Ray Singles Spectra

Gamma-ray energies and intensities observed in the

decay of lule were determined with the aid of a Ge(L1)

detector having a counting efficlency of 2.5% with a cooled

FET, and a typical resolution of 2.2-keV FWHM for the 1332.u48-

keV line of 6000.

With the exception of the 193.8-keV transition,the

energlies of the stronger lines in the lule spectrum were

determined by observing them in the lulmSm spectra. These

lines were in turn used to determine the energles of the

141m

weaker transitions. The previously measured Sm

energles were used as standards for the determination of

141

the Pm energies. The results of this method were

checked by subsequently observing the strong lines in the

141 ule to determine these

Nd decay (Bee 68), and using 1
energies. These results proved accurate to within the
quoted error limits. The energy of the 193.8-keV transition
was determined by counting the lule activity in the
presence of 5700, 192Ir, and 2u3Cm (Epp 70a). The results

from several different spectra were then averaged to arrive
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at the value of 193.8-keV for the energy of the first

exclted state in lMNd.

Transitions belonging to the decay of 1ule were
identified by thelir intensities 1in successive spectra
relative to the 1223.3-keV line. Starting 2m after
bombardment, 5 successive 10m spectra were accumulated.
The process was repeated several times with the spectra
in the corresponding time intervals added. Those gamma-
rays which maintained a constant intensity relative to
the 1223.3-keV 1in each of the five 10m spectra were identifled
as belonging to 1ule. The first and fifth of these spectra
are displayed in Fig. 24. We have identified 50 gamma-rays

assoclated with the decay of 141

Pm and 1incorporated
43 of these into the current decay scheme. Table X contains
a complete list of the energles and intensitles of the

transitlions observed in this study.

141

4.2.3.B. Pm y-y Prompt Coincidence Studies

Several prompt colncidence experiments were performed
using two germanium detectors. These 1included two-
dimensional megachannel coincldence experiments using
Ge(Li)-Ge(Li) spectrometers, and anticoincidence and elec-
tron-positron annihilation triple coincidence experiments
utilizing Ge(Li)-NaI(T&)-annulus spectrometers. Results
of the different two-dimensional coincidence combinations
are summarized in Table X. The results of the other coin-

cidence experiments appear in Table XII.
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Table X. Energies and Relative Intensities of

y Rays From the Decay of !“lPm,

This Work Charvet et.al (Char70) Hesse (Hes69)
Energy Intensity Energy Intensity Energy Intensity
(keV) (keV) (keV)

180.2+0.2 0.6:0.2

193.8:0.1 34.9+1.7 193.7¢0.3  32+3

289.4+0.1 3.6:0.6

538.2+0.1 1.7:+0.4

544.7+0.2 1.4:0.4

597.2+0.1 1.2+0.3

622.2+0.2 18.9+1.0 622.0+0.1 20+2 621.2+0.5 19.8:2.3
647.2:0.12 1.3:0.3

706.0+0.6 1.0+0.3

756.7+0.1 1.7+0.4

886.3+0.1 52.5+2.6 886.1+0.2 5245 886.0+0.5 56.7+7.0
901.2+0.2 1,1*0.5

958.7+0.18 1.3:0.4

966.3+0.18 2,0+0.5
1022.8+0.1 2.8+0.5
1029.9+0.1 7.8+0.5 1029.6+0.5 7+0.7 1028.5+0.8 7.8+3.1
1080.7+0.4 1.0+0.2
1223,3+0.2 100. 1223.3+#0.1 100. 1222,9:0.5 100.
1345.8+0.1 27.6*1.4 1345.4%0.2 30%3 1345.0+0.7  49.4%11
1371.0£0.3 2,2%0.7 1370 +1.0 3+0.5

1403.2:0.1 16.0%1.0 1403.2%0.3 16%*2 1403.1+0.7 17.7%*4
1564.8+0.1 17.9*1.0 1564.7%0.2 17+2 1563.7+0.5 21.3%4.7
1596.8+0.1 16.1*1.0 1596.9+0.2 13.6*1.5 1597.740.7 20.6*4
1626.7+0.1 5.8%0.6 1626.5%0.7 61

1703.8%t0.2 1.2%0.2 1703.3*1 110.2

1820.4%0.3 1.6%0.4 1820.2*1 1.7%0.3
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Table X - continued

1872.6#0.1 0.5t0.2
1879.920.1 6.9%0.7 1879.8t0.5 82 1879.9+0.8 9.8:2.3
1897.1+0.1 1.1%0.3 1897.0¢1 0.9:0.2
1967.6:0.1 3.6:0.4

2052.8+0.1 2.6*0.4 2053.3*1 2.4:0.5
2066.2+0.2 1.3+0.2

2073.7¢0.1 13.4%1.0 2073.5%0.4  12¢2 2072.9t0.6 18.4t+3.1
2109.6t0.1 1.8+0.2

2145.2+0.7 0.3%0.1

2246.4*0.2 1.5%0.4 2247 $1.5 1.4%0.3
2265.3t0.3 0.7%0.1 2266 +1.5 1¢0.2
2303.610.2  2.4%0.2 2305 *1.5 1.5%0.5
2311.6%0.2 0.5%0.1

2354.4%0.2 1.0%0.2 2355 +2 0.840.2
2388.4t0.1 1.3%0.2 2389 +2 1 0.2
2419.1+0.58 0.2%0.1

2429.8+0.5 0.6%*0.1

2505.0:0.5 0.6%0.2 2505 +2 0.5+0.1
2602.1#0.5% 0.1:0.05

2612.3+0.5 0.3%0.1

2619.6+0.5 0.4%0.1

2690.3+0.58 0.2%0.1

2804.9+0.5 0.5%0.1 2804 +2 0.4+0.1
2985.5%0.5  0.9%0.2

% hese transitions belong to !“!Pm but we were unable to place them in
the decay scheme.

302.9°

788.9
1037.7
1043.2

o o o

b'l‘hese transitions were observed to have a half-life slightly longer than
that of 1%41lpm, (11/2 est. ~ 30 min.)
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Table XI. y-Ray Intensities for 141

Pm Coincidence Experiment:

Relative Intensitles

Energy Anti- Integral 193.8-keV 511-511-keV
(keV) Singles Coinc. Coinc. Gate Coinc.
180.2 0.6
193.8 34.9 26.4 574.1 7.5
289.4 3.6 39.6 1.9
511.0 2385 65.5
538.2 1.7 7.4
PLL I 1.4
597.2 1.2 4.7
622.2 18.9 7.3 58.7 .6
647.2 .3
706.0 .0
886.3 52.5 20.5 114.3 3.3 b, 2
901.2 1.1
958.7 1.3 .1
966.3 2.0 A
1022.8 2.8 b7
1029.9 7.8 1.9 17.3 6.9 5.3
1051.9 2.0 12.6
1080.7 1.0
1223.3 100 56.1 100 100
1282.1 0.9 3.3
1345.8 27.6 9.0 39.3 8.6
1371.0 2.2 2.7 2.
1403.2 16.0 5.8 17.5 16.0 6.6
1564.8 17.9 13.9 6.5 16.9
1596.8 16.1 16.1 3.2 19.4
1626.7 5.8 7.1 5.8
1703.8 1.2 0.7 0.6
1820.4 1.6 2.0 1.0
1872.6 0.8 1.3
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Table XI Con't.

Energy Anti- Integral 193.8-keV 511-511-keV
(keV) Singles Coinc. Coinc. Gate Coinc.
1879.9 6.9 3.8 4,2 6.0

1897.1 1.1

1967.6 3.6 3.4

2052.8 2.6 2.5

2066.2 1.3

2073.7 13.4 16.0 1.8
2109.6 1.8 2.5

2145.2 0.3

2246.4 1.5 2.5

2265.3 0.7

2303.6 2.u 2.5

2311.6 0.5

2354.4 1.0 1.1

2388.4 1.3 1.5

2429.8 0.6 0.3

2505.0 0.6 0.5

2602.1 0.1

2619.6 0.4 0.3

2690.3 0.2 0.1

2804.9 0.5 0.3

2985.5 0.9
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Figure 24. Singles y-ray spectra for l%lpm.

Upper: First of five successive 10m spectra.
Lower: Fifth of five successive 10m spectra.
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Details of the two-dimenslional megachannel colncldence
experimental set-up are outllined in Section 2.1.2.A. The
detectors used were the 4.5% efficlent and 10.4% efficlent
Ge(L1) detectors with 2.0-keV and 2.2-keV resolution FWHM,
respectively, at 1332.48-keV. The detectors were placed
in 180° geometry with a graded Pb absorber between them
to help prevent scattering from one detector into the other.
The source was placed off-center as shown in Fig. 3 in
order to reduce the 180° coincidences between the 511-511-keV
annihilation photons. Coincidence events were recorded
on magnetic tape using the data taking program EVENT and
the Sigma-7 computer. This yielded a 4096x4096 channel
array of prompt colncidences with a resolving time 21=120 ns,
typically. The integrated (total) coincidence spectrum is
shown in Fig. 25, and the various gated spectra are shown

141

in Figs. 25 and 26. Because the Pm EC/B+ decay 1s

14104 and the half-life is

~90% to the ground state of
21lm, the 2-dimensional Ge(L1)-Ge(Ll) coincidence experi-
ment 1s difficult and information is hard to obtain. This
two-dimensional experiment represents a counting time of
12 hrs with very frequent replenishment of the sample and
replacement of the old source by a new source every 40-
50m in order to achleve higher counting efficiency.

Despite the low statistics involved, these spectra were

invaluable in construction of the decay scheme and their
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results were confirmed by other independent evidences
(Char 70) and charged particle reactions (Jo 71), (Cha 71),
and (Fos 71).

Additional coincidence data were obtalned using the
NaI(T2) annulus and a Ge(Li) detector. The anticoincidence
spectrum shown in Fig. 27 was obtalned under the experimental
conditions described in Section 2.1.2.B. Thils spectrum
was taken with a 0.4% Ge(Li) detector (having a 3.0-keV
resolution FWHM at 1332-keV) placed in the tunnel of the
8x8 in NaI(TfL) annulus with the 1ule source in the center
of the annulus. The Ge(L1i) detector was operated in
anticoincidence with y-rays above 100-keV in the NaI(T®)
detectors (2t=100 ns), and a true-to-chance ratio of
<100/1, resulting in the enhancement of those transitions
not in prompt coincidence with other y-rays, x-rays or with
B+ emission. This was particularly useful in placing
transitions to the ground state or to a metastable state
providing these transitions are fed primarily by EC and
not g'.

The pair (511-keV-511-keV-y) coincidence spectrum
shown in Fig. 28 was obtained wusing absorbers to enclose
the sample to assure total annihilation of the positrons.
The experimental details are described 1in Section 2.1.2.B.
In this experiment the single channel analyzers assoclated

with each half of the annulus had their windows adjusted
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to accept only the 511-keV reglon. A triple colncidence
(resolution <100 ns) was required in order for the fast
colncidence unit to generate a gate signal and allow
signals from the Ge(L1i) detector to be analyzed by the
ADC and stored in the analyzer. The result 1s that only
double-escape peaks and transitions from levels fed by

B+ decay appear in the spectrum. The varlious colincidence

results are summarized in Table XII.

4, 2.4, lule Decay Scheme

The lule decay scheme we have constructed from our

current measurements 1s 1llustrated 1in Fig. 29. All
energles are given in keV and QEC=3.73 MeV 1s the value
determined by Charvet et al. (Char 70). This compares with
the theoretical value of 3.622 MeV (Myr 65). The (total)
y-transition intensities, as well as the total beta feeding,

141,

are given in percent disintegrations of m. The log ft

values were calculated using 20.9-m for the half-1life
of lule.

Placement of the level at 193.8-keV 1is straight-forward
and 1s based on a number of facts. It 1s the third strongest
gamma-ray in the spectrum and 1s not observed in coincidence
with the two strongest lines at 1223.3- and 886.3-keV.

Other evidences include the observation of a large number

of transitions in coincidence with it, Figs. 25 and 26,

complemented by the observation of 7 transitions whose



Table XII.

141

141

Results for Pm Decay

Summary of y-y Two-Dimensional Coincidence

Gated Energy

Energles of y-rays 1n the Gated Spectra

(keV) Strong Medium to Weak
193.8 289.4, 1029.8, 1371.4, 886.3
i g e,
289.4 193.8, 597.2, 1223.3,
1626.7, 1820.3
538.2 622.1, 1345.5
597.2 1223.4
622.2 1345.8
886.3 193.8, 1223.3
1022.8 1223.3
1029.9 193.8, 886.3
1223.3 886.3
1345.8 622.2
1371.0 193.8
1403.2 193.8
1626.7 289.4 193.8
1703.8 193.8
1820.4 289.4
1879.9 193.8
2052.8 193.8
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Figure 29. Decay scheme of 1“!Pm.
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energy 1is equal to the sum of 193.8-keV and the energy
of a corresponding transition observed in the 193.8-keV
gated spectrum. 1In addition, this level has been ob-
served in (p,d) and (d,t) reaction studies (Jol T71),
(Cha 71), and (Fos T71).

The placement of levels at 1223.3-, 1345.8-, 1564.8-,
and 1596.8-keV 1is suggested by the enhancement of gamma-
rays at these energies 1n both the anticolncidence Fig. 27
and 511-511-keV-gamma triple coincidence spectra (Fig. 28).
The levels at 1820.4-, 1968.0-, 2073.7-, 2109.6-, 2246.6-,
2303.4-, 2354.4- and 2388.4-keV can be placed from the
fact that peaks at these energies are enhanced in the
anticoincidence spectrum.

Levels at 1820.4-, 1897.1-, 2066.4-, and 2265.3-keV
are placed by observing that transitions from these states
are in coincidence with the 193.8-keV transition and
transitions from these levels to the ground state are
enhanced in the anticoincidence spectrum.

By relying on energy sums we can postulate levels
at 2506- and 2805-keV. Transitions of 2505.4- and
2804.9-keV have been observed, and corresponding transitions
of 2311.6- and 2612.3-keV are observed to add with the
193.8-keV transition to give 2506 and 2805. The low
efficiency of the Ge(Li) detectors for high energies,

prevented these coinclidences from being readily observed.
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The remaining levels at 2145.2-, 2620-, and 2986-keV
are placed solely on the observation of transitions of these
energies in the singles experiments and our inability to
observe possible sums with other transitions. These
transitions are of sufficlently low intensity, that it
would be very hard to observe them in either the anticoilncil-
dence or triple coincidence experiments.

In addition to these levels, we show the level at 756.7-
keV which is the well known 60 sec 11/2~ isomeric state in
1MNd. Referring to the first spectrum in Fig. 10, which
began 6m after bombardment and was accumulated for 10m, the
756.7T-keV transition appears quite intense. This is

attributed mostly to the direct production of lMmNd via

the reaction 142 141

Nd (p,p'n)” ""Nd (Q=-T7.1 MeV). The 756.7-
keV intensity drops quite rapidly in subsequent spectra,
in agreement with this assumption. However, the second
spectrum in Fig. 10, which was taken for an elapsed time
of 10m beginning Sim after bombardment, shows that the
756.7-keV transition still has a measureable intensity.
One would normally expect that the 1lntensity of this peak

54 in this amount of

would have decreased by a factor of»Z2
time. In fact the relative intensity of this line in the
last four of the five successive ten minute spectra 1s re-
latively constant, with an average value of 1.7 (normalized
to the 1223,.3-keV 1line). This would seem to indicate that

there 1s some indirect feeding of this level in the decay,



145

/11 0612

_/L_/S8°_/€ 2-Gnte

e e e JL/8)  weeote /L /8¢ /96012
e /S 0602 (,/9) 0602 (,/8), 7€ S°€EL02 JS /€ LELoe
e cee (,/9) 0502 ces $/7€°3/5 n°9902
(/L4/9)
.o oo oo A+\>v b L96T /8L 0°8961
‘oo .o cee 0°L681 : /€375 T°L68T
+\H Lggt . e +\A olgt cee oo
(,/9) L1gt 4/ ongt (,/9) 0081t 2°028T (;/€°_/8)°/,S n-o0egl
e e ‘.- (,/9),/€ 67966T  /E°./S 8 96T
(,/9) 1951 /S 0951 (,/9) 09$T L'h9ST  (,/€),/S  8°9ST
(/1) EnEt OLET (/1) 0EET (L/S)_/7L wmeGRET (3/S°_ /L), /L 8°SET
(,/9) t22t /S 0221 /S 002T N4 €221 (/,8),/5  E-Eeet
WAL 961 /1 19 ST 09. (/T _8°9SL ST gLo95L)
+\H £61 WA ece A 06T +\~ L E6T +\A 8- €61
+\m 0 +\m 0 +\m 0 +\m 0 +\m 0
jquauwuldTesy (AdA) juauudIssy (A9N) quauwudissy (AdA) jquauudrssy (A3N) quauudgssy (A3A)
£3aaug A3aaug A8x3uy A3aauy A8aauy
u.am 19 Jd33S0y4 o.am 38 xnawey) - nhnmmx pue AlTop m.aw 39 33AJaeY) HJIOM JuUIsSaIL]

uostaedwo) awaydS-13A3]

IIIX 31Qe;

PN

™l



(1L 804),
(TL ®4d)
(1L 10r)q
(0L aeud)g

*8J0WOST HW Tg=N o:u JO JUO S® POZFINIOBIVYD TTOM USIQ %Y STYJL

(69 uer) (g9 9°9) o o
ﬁnd 30 ARI9P ay3 ug pajeIn jou sg ozadnﬁu

0SEE
00TE

/S ot62

otee

+\~ otee

oL /55 L /€

/S /8
WA
JS° /8

H/L5 /6 /8

9862
sog2
0292
9052
0Ene
h°8gte
h°nSe2

w-gog€e
€°6922

9°9hee

FUEL et h 11 JuaUUB [ 8SY

Q.H@ 39 JI393Ss0yg

(A3Y)

A3aauy

o L€ 3@ xnaweyy

+\m 0LEE
+\b 060€

(1) .14

00ge

06s2

(/L) 00€2

JUIWUBTSSY (AMN)

A3aauyg

uauudyssy (AIN)

Kk3asug

nhnnux pue ArTop

g L€ 32 33ageyp

quamu3ssy

(A1)
KBasuzg

NJI0oM juesaad

*3,u0) IIIX 8TAtL




147

of 141

Pm, or another y-ray of thls same energy. By adding

a level at 1403.9-keV we could place the 607.9- and 706.0-
keV transitions between the level at 2109.6-keV and the

level at 756.7-keV. The intensity of 607.9-keV transition
does not balance with that of the 756.7-keV transition, and
we have placed it elsewhere on the basls of other energy sums,.
However, these transitions have intensitles low enough to
have an error of 10-20% associated with them. Consequently
it i1s difficult to determine whether these are the only
transitions which might possibly feed the level at 756.7-keV.
Others may have gone unobserved.

This decay scheme (Fig. 29) is in good agreement with
that reported by Charvet et al. (Char 70). However, we have
added ten levels to the 13 initially proposed by Charvet and
placed an additional 25 transitions for a total of 43. The
only significant disagreement between our results and those
of Charvet concern the spin of the levels at 1345.8- and
1968.0-keV (discussed in Section 3.2.4.). 1In Table XIII
we compare our results with those of Charvet et al. and

include the results of the (p,d) and (d,t) reaction studiles

(Jol 71), (Cha 71), and (Fos 71).
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4.2.5. Spin and Parity Assignments of Levels in 1L‘lNd

141,

Populated by the Decay of

4,2.5.A. lhle Ground State

The ground state spin of lulNd has been determined by

the atomic beam method to be 3/2 (Alp 62), and in shell-model
terms it 1is predicted to be a (d3/2)-l neutron state. Re-
sults of (p,d) and (d,t) reaction studies have confirmed a
3/2% assignment for this state (Jol 71), (Cha 71), and

(Fos 71). This evidence, coupled with our data, indicates

the ground-state spin of lule is 5/2+, as described below.

Our results show that 89% of the EC/B+ decay of lule

141

populates the 3/2+ ground state of Nd. The log ft value

for the transition is 5.5, and this certainly suggests an

allowed beta decay. This implies the spin assignments of

+ lll].Pm

+
/2, 3/2 , or 5/2+ for the ground-state spin of . We

can narrow down the possible spin by observing the systematics
of odd-proton odd-mass nuclel in the 51<Z<63 region. These
nuclel all exhibit ground-state spins of 5/2+ or 7/2+. In
the Pm 1sotopes the ground-state spins of 1u3Pm and lust

are 3/2+ while the heaviler isotopes, beginnlng with 1lWPm,
exhibit 7/2+ ground state spins. The possibility of a 7/2+

141

spin for the Pm ground state can be elimlnated because

this would require a second-forbidden non-unique B-transition.
This clearly is in conflict with the observed value of 5.5
for the log ft. Hence we will assume in our following argu-

1u1Pm

ments that the ground state spin of is 5/2+.
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4.,2.5.B. The 193.8-keV and Higher States

We observed no direct population (5$0.26%) of the

193.8-keV state in 1M1

Nd. This figure could certainly

be much less since it 1s based on intensity balances of

the gamma rays feeding this level, and these could be 1in

error by as much as *10%. As a result of this situation,

we have calculated a minimum value of the log ft for decay

to this level of 7.9. We feel the actual value 1s certainly

no lower than this and quite probably much higher. These

observations are consistent with thls state being assigned

S1/2 from the (p,d) and (d,t) reaction studies. This state

has also received careful study from Charvet et al. (Char 70).

The lifetime of this state was found to be 1.17+0.15 ns and

the E2/M1 mixing ratio was determined to be: §°=0.15%0.04.
.The log ft values for the remalining states in 1ulNd

range from 6.3 to 7.7. This immedlately suggests elither

allowed or, at most, first forbidden non-unique transitions

and limits their possible spins to 3/2, 5/2, or 7/2. 1In

the following we try to narrow down the spln assignments by

making comparisons with the (p,d) and (d,t) studies (Jol T1),

(Cha 71), and (Fos 71) and the conversion electron work of

Charvet et al. (Char 70).

For reference, we include the electron work of Charvet
et al. (Char 70) in Table XIV. In Fig. 30 we graphically
compare these experimental results with the theoretical

calculations of Hager and Seltzer (Hag 68).
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Table XIV. The lhle Conversion Electron Results of Charvet et al.
(Char 70).

(keV) Intensity Intensity oy X 10 Assigned

193.7+0.3 32 3 1002 180° M1+E2

622.0£0.1 20 %2 1.2 702 2.8 12-2 E1

886.120.2 52 %5 1.7 $0.2 1.9 0.5 E2(+M1)
1223.3:0.1 100 2.1 0.6 1.25%0.4 E2,M1
1345.420.2 30 ¢ 1.6 0.3 3.1 £1.0 M2
1403.2%0.3 16 +2 0.4 +0.2 1.5 1 (E2,M1) or E3
1564.7¢0.2 17 +2 1.4 +0.3 4.4 £1.0 M3
1596.9+0.2 13.6¢1.5 0.36+0.2 1.5 0.8 (E2,M1)
1879.8:0.5 8 2 <0.2 <1.4 (E2,M1) or Il
2073.5%0.4 12 +2 <0.25 <1.1 (E2,M1) or El

aThe value of IK(193.7)=100 serves as the fiduclal value for
the determination of electron intensities.

b

determination of conversion coefficients.

The value of aK=180 serves as the fiducial value for the
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In Table XIII we compare the levels identified and our
spin and parity assignments with those of Charvet and the

(p,d) and (d4,t) studies.

The 1223.3-keV State

The level we have placed at 1223.3-keV has a log ft of
6.3. This implies an allowed transition and suggests spins
of 3/2+, 5/2+, or 7/2+. Because this state feeds both the
172% state at 193.8-keV and the 3727 ground state, this would
tend to rule out the possibility of 7/2+ as a spin assignment.
The 1ntensity ratlo of the 1223.3-keV Y to the 1029.9-keV
from the 1223.3-keV state is 11. If the spin of this level
were 7/2t the multipolarity of the 1223.3-keV transition
could be expected to be E2 and that of the 1029.9-keV
transition would be M3. The single-particle estimate (Mos 65)
predicts a ratio (E2/M3) of Mlxlos, and for a spin of 5/2%
we would have a predicted ratio (M1/E2) of 840, For a possible
spin of 3/2+ (both Ml's) we obtailn a ratio of 1.7. It is
clear from the comparison of the results that the 7/2+
assignment is unlikely. Experimentally it 1s common to find
that E2's are enhanced, (i.e. their transition probability is
greater than that predicted theoretically) and Ml's are re-
tarded (their transition probabllity 1is less than theoretically
predicted). It would not require much E2 enhancement or Ml

retardation to be consistent with the 5/2+ assignment.
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The conversion electron work of Charvet et al. indicates
the multipolarity of the 12.3.3-keV gamma 1s E2+M1 (Table XIV),
suggesting a 3/2+ or a 5/2+ assignment. The spin and parity
of thls level have been assigned 5/2+ because of the observation
of =2 momentum transfer in the reaction studies. The inter-
pretation of these data 1s straightforward and relatively un-
ambiguous. The results of Chameaux et al. include the use
of a polarized proton beam to study the 3/2+ ground state
and the 1lowest 5/2+ state in lu3Sm (Cha 71)., Comparing our
results with with the reaction data, it seems probable that
this 1s the same 5/2+ level that is observed at thls excitation

in the (p,d) and (d,t) reactions.

The 1345.8-keV State

The level at 1345,8-keV 1s observed to decay via a
single transition to the 3/2+ ground state., The fact that
it fails to populate the 1/2+ first excited state suggests
this level possesses a possible spin of 5/2 or 7/2. However,
it should be recognized that this 1s a weak argument and that
3/2 could also be possible, If this were the case there would
probably be certain internal selection rules that would be
operatlve—and we have no information avallable about these
selection rules, It i1s difficult to draw any conclusions
concerning the parity of this level because the log ft value of

7.2 does not allow a definite distinction between an allowed
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or first forbldden beta decay. As a result of this evidence,
the spin assignments could be 5/2t or 7/2t (with 3/2i belng
less likely).

The conversion electron results of Charvet et al.
indicate the experimental K conversion coefficient of this
transition is a,=(3.1 1.0)x1073., Theoretical conversion
coefficlents for M2, E2, or E3 transitions of this energy
are o (M2)=3,4x1073, &, (E2)=1.05x10"3 and a,(E3)=2.04x1073,
and these results suggest the multipolarity of the transition
is M2 (as seen in Fig. 30). Since this state decays to the
3/2+ ground state and M2 transitions involve a parity change,
this evidence implies the spin of the 1345,8-keV level could
be 5/2° or 7/2°. (If the multipolarity of the transition were
either E2 or M3, no parity change would be involved and the
level would have positive parity.)

A state has been observed at this excitatlion energy in

the (p,d) and (d,t) reaction studies on 142

Nd, and the results

seem to suggest 7/2+ for the spin and parity. Jolly and

Kashy have suggested (7/2+) and Foster et al. also 1ndicate

(7/2+), while Chameaux et al. have given no spin assignment.
Evidence from the systematics of energy levels in the

even proton N=81 nuclei can also be considered. A 7/2+

state has been ldentified at 1347.7-keV in 13%ce (Ful 62)

(Bee 69c), and a 7/2+ state 1s seen at 1360-keV in 1u3Sm

(Jol 71). From the similarity of these results, one might

expect this level in lL'lNd to be a similar 7/2+ state.
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At the present time the evidence pertalning to the spin
of thils level is not definitive and an unambiguous assignment
cannot be made. Our preference 1is to slightly favor 7/2+ as

the most 1likely choice, but 7/2° and 5/2t cannot be ruled out,

The State at 1564.8-keV

The level at 1564.8-keV is populated by beta decay with
a log ft of 6.6, This indicates an allowed transition,
suggesting possible spins of 3/2+, 5/2+, and 7/2+. This state
1s observed to feed both the 193.8-keV, 1/2% state and the
3/2+ ground state., The 7/2+ possibility can be ruled out
because this would require the 1371.0-keV y to the first
excited state to be a M3 and the 1564,8-keV y to the ground
state an E2. The experimental ratio of the intensity of
the 1564.8-keV y to the intensity of the 1371.0-keV y is 8.
The theoretical single-particle estimate predicts a ratlo

(E2/M3) of 2."x105. This 1s clearly in disagreement with

the experimental results and there would have to be truly
unusual enhancements (and retardation) to obtain this ratio.
In the case of a 5/2+ spin the theoretical predictions in-
dicate an (ML/E2) ratio of 352, while for a 3/2% assignment
(both M1's) the predicted ratio is 1.5. As a result of

these estimates we can rule out the 7/2+. However we
conservatively retain both 5/2+ and 3/2+, noting it would
require reasonable amounts of E2 enhancement or Ml retardation
(both experimentally observed in other nearby nuclei) to

favor the 5/2+ spin and parity.
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The conversion electron results of Charvet indicate the
multipolarity of the 1564.8-keV transition is M3. This
spin change is somewhat large for a gamma transition, and as
a result, this level might be expected to exhibit a
measureable half-l1ife. Theoretical single-particle estimates
for a M3 transition of this energy suggest a possible life-
time of 700 ns for this state. We have made no special
effort to determine a lifetime for this level, however we
are able to place a limit on its possible magnitude. We
have observed this transition in the 511-51l1l-keV-gamma,
triple coincidence experiment (resolving time 2100 ns).
If this state were delayed, it would not be expected to
exhibit many coincidences with the positrons feeding it
(within the resolving time of the experiment) and as a
result its intensity in this experiment might be expected to
be noticeably less than in the singles experiment. 1In
fact however, these intensities are very nearly the same—
suggesting a half-life less than a two hundred ns. 1In
general, except for E2 multipoles, the other multipolaritiles
are hindered (i.e. they exhibit partial half-lives longer
than the single particle estimates)’ hence, if anything we
would anticipate a half-1ife longer than 700 ns for this state.
The (p,d) and (d,t) studies populate a level at this
excitation characterized by an £=2 angular momentum transfer,
and they are assigned spin and parity of 5/2+. This 1s quite
probably the same level as we observe in the beta decay. As
a result of the evidence, a 5/2+ assignment seems most 1likely,

although 3/2+ remains a possibility.
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The 1596.6-keV State

The level at 1596.8-keV (log ft=6.4) populates the
5/2+ level at 1223.3 keV, the 1/2+ first excited state and
the 3/2+ ground state. The log ft value suggests an allowed
transition limiting the parity to positive. The results of
Charvet indicate the 1403.2-keV transition from this level
to the 1/2+ first excited state may have either E2, M1, or
E3 multipolarity because of the uncertainty in their
measurement. The 1596.8-keV ground-state transition is
an E2 or Ml. The evidence tends to indicate elther 5/2+ or
3/2+ are equally likely. A 7/2+ assignment can be ruled out
because it would require the 1403.2-keV transition to be an
M3. As pointed out earlier thils would not be expected to
compete favorably with the E2 feeding the ground state.

141

The Remalning States in Nd

We have observed a level at 1820.U4-keV (log ft=7.1).
This level populates three lower lylng levels: the 5/2+
1223.3-keV state, the 1/2+ 193.8-keV state, and the 3/2+
ground state. The log ft value makes it difficult to
determine the parity, hence both + and - mﬁst be consldered.
The spin can be limited to 3/2 or 5/2 on the basis that
7/2 would require the 1626.7-keV transition to the 1/2+ state

at 193.8-keV to be an M3 or E3 (considered unlikely). A
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level 1s observed at this excitation in both the (p,d)
studies and the (d,t) work and all three groups favor
5/2%

level. As a result,S/Zt seems to be consistent with the

for the spin. It seems likely this is the same

available evidence but we do not completely rule out (5/2)
or (3/2%).

At 1968.0-keV we have observed a level with a log ft=6.4
implying a spin of 3/2, 5/2, or 7/2. This level feeds the
1345.8-keV state strongly and also populates the 3/2%
ground state. The conversion electron data indicate the
multipolarity of the 622.2-keV transition to the 1345.8-keV
state 1s El. This would imply a parity change between the
levels. If the 1345.8-keV level is 7/2+, this would require
the 1968.0-keV state to be 5/2° or 7/2°. 1If the 1345.8-keV
level is 7/2° it would require spins of 5/2+ or 5/2°. Since
we favor 7/2+ for the level at 1345.8-keV, we then prefer
a 7/2° or 5/27 assignment for the 1968.0-keV level. However,
we cannot rule out either 5/2+ or 7/2+.

The levels at 1897.1, 2066.4 and 2805 keV have log ft
values of 7.4, 7.6 and 7.4 respectively. The decay characteristics
of these two levels are similar in that they decay to the
same states—the 1/2% state at 193.8 keV and the 3/2% ground
state. Consequently we can limit the possible spin assignments
to 3/2 or 5/2 (7/2 is ruled out because this would require E3
or M3 multipolarities for deexcitation to the l/2+ first

excited state). The parity remains uncertain, however.
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The levels at 2073.3 and 2206 keV are beta fed with
log ft's of 5.8 and 6.8 respectively. The log ft values
indicate they are fed by allowed beta transitions and
suggest positive parity. We are able to limit their spins
and parities to 3/2+ and 5/2+ because feeding from 7/2+
states to the 1/2% level at 193.8-keV would require M3

transitions, which would be expected fo be very weak.

The level at 2109.6 keV (log ft=5.8) populates lower
lying states of possible spin 5/2+ or 3/2+. The log ft
value indicates an allowed transition favoring positive
parity, however the spins and parities could be either
3/2+, 5/2+, or 7/2+ with any of these choices being equally
likely.

With a log ft=8.1 the level at 2145.2 keV is probably
fed by a first forbidden beta decay indicating possible
spins and parities of 3/2°, 5/27, or T7/2 .

The level at 2246.6 keV feeds levels with spins and
parities of 1/2*, 3/2*, and 7/2+ (or possibly 7/27).

The log ft value of 7.1 indicates either allowed or first-
forbidden beta decay. This indicates its spin could be
either 3/21, 5/21, or 7/21.

With the exception of the level at 2303.4 keV, the
remaining levels at 2265.3, 2354.4, 2388.4, 2430, 2620,
and 2986 keV have log ft's ranging from 6.9 to 7.7. These
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results are uncertaln enough to prevent any definite state-
ments about the parities of these levels. Hence we can only
say that their spins are 3/2, 5/2, or T7/2.

The level at 2303.4 keV 1is fed with a log ft=T7.0
and, as a consequence, we tend to favor a positive parity

assignment.

4,2.6. Discussion of the States in 1141Nd

The 3/2+ ground state and the two lowest excited levels
in 141Ng at 193.8-keV and 756.7-keV can be characterized in
shell-model terms as (vd3/2)_l,(vsl/2)—l, and (vh11/2)'1,
respectively. These states appear to be of a rather pure
single quasliparticle nature as characterized by the large
spectroscopic factors associated with their population in
the (p,d) and (d,t) studies (Cha 71) and (Fos 71). Our
results appear consistent with these findings, although we

cannot say anything about the parity of the states.

141

We observed that 88.5% of the B+/EC decay of Pm

populates the ground state of L' Nd with a log ft of 5.5.
This appears consistent wilth the transformation of a d5/2
proton into a d3/2 neutron. A similar (Id5/2)+(vh3/2)
decay 1s observed in the case of 139Pr-§8 139Ce, (Bee 69c)
in which 98.8% of the B decay is observed to be directly to

the ground state of 139ce with a log ft of 5.6.
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The first excited state at 193.8-keV receives no apparent
8*/EC feeding (<0.26%), and the log ft value >7.9 is con-
sistent with its being an (81/2)-1 neutron state. The
193.8-keV Y transition from this 1/2% first excited state
is primarily an 2-forbidden M1l multipole transition
(Sl/2+d3/2)' Charvet et al.'s results (Char 70) indicate
the multipolarity 1s (87% M1+13% E2). These values
correspond to an M1l retardation of 51 spu (Moskowskil single
particle units), and an E2 enhancement of 4 spu. The
experimental lifetime (1.17 ns) of this odd neutron state
i1s the same order of magnitude as similar #2-forbidden, low
energy transitions (g7/2*d5/2) in the odd proton N=82
nuclel (Geil 65).

IUImN

The level at 756.7-keV is the well known isomer d

(11/2=6Os) (Bee 68). This state is one of a series of 11/2~

isomeric states found in the odd neutron N=81 isotones
(Jan 69). These isomers are characterized as (vhll/Z)-l
neutron states and all are of a relatively pure single

quasiparticle character. These 1someric states are

characterized by lifetimes ranging from 410m for 133mTe

139m 141m

to the order of 60s for the isotones Ce, Nd, and

lu3mSm. The decay of these states 1is via an M4 transition
directly to the ground state., In this study we have dis-
cussed, in Section 3.2.4., the apparent observation of
indirect feeding to this level from states at higher ex-

cltation 1n 1ulNd. It will be of iInterest to see if a
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similar effect is observed in the beta-decay of 1u3Eu
to states in 1"'3Sm.
The state at 1223.3-keV appears to contaln approximately

one-half to one-third of the (2d ) single-particle

5/2
strength, from the reaction studies, indicating that the
(d5/2) single particle state 1s considerably fractionated.

In the lule decay the 1223.3-keV state 1s fed by four

higher lying states 1in 141

Nd at 1820.4-, 2109.6-, 2246,.6-,
and 2303.4-keV, with the 886.3-keV y transition from the
level at 2109.6-keV being the second strongest line 1in the
gamma-ray spectrum. This would seem to indicate that
these states have some common features in thelr wave
functions, A 5/2+ state is observed in the (p,d) studles
at 2.09 MeV (Jol 71)(Cha 71), and it could correspond to
the level seen at 2109.6-keV in the beta decay. However
the energy resolution 1s not good enough to make a positive
identification.

The level at 1345.8-keV (log ft=7.2) is somewhat of
a puzzle. From the results of the (p,d) and (d,t) data
of Jolly and Kashy and Foster et al. 1t 1s tempting to
assume 1t contains some (vg7/2)-1 component 1n its wave
function. Similar 7/2+ states have been observed 1in 1390e
at 1347.4-keV and at 1369.5-keV in 1*3sm with log ft values
of 7.0 (Bee 69c) and 6.5 (Fir 71), respectively. It should

be notea that this 7/2+ assignment depends on large
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£ transfer 1n the reaction studies, and angular distributions
of this kind are difficult to interpret unambigucusly. The
results of Charvet et al. (Char 70) indicate it deexcites

via an M2 multipole transition to the ground state, thus
favoring a negative parity assignment (probably 7/27). If
it 1s indeed a T7/2° state, it could result from the coupling

of h to a 2t vibrational state, or a less 1likely alter-

11/°2
native might be that the unpaired neutron 1s populating
the f7/2 orbit. This 1is the next shell to be populated
after the closure at N=82. Population of the f7/2 has been

138Ba(d,t)l378a

observed below the N=82 shell in the reaction
(Ful 62) and more recently via the reaction 136Ba(p,d)137Ba
(Von Ehr 70); the energy of this state is 1.8 MeV. Such

a state 1s not expected to be observed in a pickup reaction
such as (p,d) or (d,t). The 7.2 log ft value makes it
difficult to distinguish between an allowed or first for-
bidden beta decay. In light of the various results, the
spin and parity of this level remalns somewhat uncertain,
but the evidence slightly favors 7/2+.

The levels at 2109.6-keV and 2246.6-keV seem to have
some features of thelr wave functions in common with the
lower lying states. The 2109.6-keV state feeds 4 low lying
states, the 1820.4-, 1564,.8-, and 1223.3-keV levels and
the ground state. The level at 2246.,6-keV feeds states 5
lower lying states at 2066.4-, 1345.8~, 1223.3-, 193.8-keV

and the ground state.
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At the present time little is avallable in the way of
theoretical calculations with which to compare our re-
sults. Heyde and Vander Berghe (Heyd 69) have calculated
the 1390e energy spectrum in a unified model with inter-
mediate coupling. These results appeared before decay
work of D. Beery on 139Pr- (Bee 69¢) and they also were
done prior to the appearance of the (p,d) and (d,t)
studies mentioned earlier. Preliminary calculatlons

(Ree T71) of the states in 141

Nd wusing the paliring plus
quadrupole Hamiltonian of Kisslinger and Sorensen (Kis 63)
have been done. The results are for states up to 2 MeV
of excitation, and they indicate the three lowest states
are very much single quasiparticle states. The lowest
S/Zf state seems to have significant admixture of 1/2+
and 3/2+ coupled to one phonon., Simllarly the lowest 7/2+
appears to arise mainly from coupling 3/2+ to one phonon
(2+) and has little single particle character. The
character of the higher lying states apparently arises

from coupling 1/2+ and 3/2+ to one phonon (2+).




Charter V

Discussion of Results and Systematics

The previous chapter includes descriptions of the states

investigated along with some comparisons with states in nelgh-

boring nuclel. One of the results of thils study has been
the identification of a three-quasiparticle multiplet of

Wlp, Dhe

high-1lying, high-spin, odd-parity states in
character of these states is discussed 1n some detall in
Chapter IV. 1In this Chapter the results of the studies of
1luSm and lule are related to other nuclides 1n the region.
This thesis then concludes with a survey of energy level
systematics of odd proton (522£Z565), odd mass nuclei and odd
neutron, odd mass nuclei in the immediate vicinity of the

N=82 closed shell,

5.1. Three-Quasiparticle Multiplets in Other Nuclel

Well characterized three-particle states 1in nuclei are
relatively rare and their recognition has most often been

dependent upon the 1isomeric properties of a few high-lying,

high-spln states. As a result, the excitation of a multiplet

of such states 1n one nucleus, with each state feedlng a
number of low-lying states, is of some theoretical interest.
The particular three-quasiparticle multiplet mentioned
in Section 3.1.5.C. has some stringent requlirements placed
on the mechanism involved 1n its population vlia the electron

llllmS

capture decay of m. These requirements include, (1) a

165
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high-spin parent (e.g. an h11/2 isomer), and (2) sufficient
energy to populate states well above the pairing gap 1n the
daughter nucleus., In addition, the ability of the parent
nucleus to decay by other modes must be severely hindered.
For example, an 1someric transition, if present, must be

sufficliently low in energy to allow the B+/EC decay to compete

=

favorably with it. Finally the nucleus must have an intrinsic
configuration that forces the preferred path of decay 1into

the three-quasiparticle states. These particular requirements

seem to be satisfied for B+/EC decay of some nuclides with
N<82.

The other possible regions where these three-quasiparticle
multiplets might be observed are discussed in (Bee 69b). It

137mNd may populate such a multi-

1s possible the decay of
plet in 137Pr, however, no data are currently available for
thils case,

A comparison of the three-quasiparticle multiplets

1ulmSm has been made

populated in the decay of 139mNd and
in Section 3.1.6. Here these states are compared with
similar states identified in the N=82 region. These involve
different particle confilgurations. The beta decay of

1M5ng (Epp 71) has been observed to populate a quasiparticle
multiplet in luSEu and a multiplet has been populated 1n

138

13912 via the reaction La(d,p)139La (DuB 71),
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The structure of the three-quasiparticle multiplet in

141 8 3 -1 -1
Pm is basically [(mg, ) (nd5/2) (vd3/2) (vhyy 507750,
where J~ 1s restricted to values of 9/27, 11/27, and 13/2°
for states populated by allowed beta decay. The multiplet

in lu5Eu populated by the 1USng decay has the structure

[(rh.. )2 Lo

-1
11/2 9727 (V81 ,5) 154

where J¥ is restricted to 1/2+ or 3/2+ for allowed beta de-
cay (the spin of the parent 1s thought to be 1/2+). The
multiplet 1n 139La i1s populated via a stripping reaction
and the structure of the multiplet involves (g7/2) and

(d ) proton orbitals and (51/2), (d3/2), (f7/2), and

5/2
(p3/2) neutron orbitals, 1t can be seen that i1n each in-

stance a somewhat different group of states 1s involved.

5.2. Levels in the N=80 and N=82 0dd Proton Nuclel

Figures 17 and 31 show the positions of the low-lying
(<4 MeV) levels in the odd mass N=80 and N=82 isotones.
The data for N=90 are from the beta decay studies of (Par 68),
(Alex 68), (Bee T71), (Fra 64), and (Bee 69b) and Chapter U4
of this thesls; the results of the reaction study
1ulPr(p,t)l39Pr (Gol 70) have also been included. The N=82
data are from the reaction studies of (Wil 71), (Jon T71),
(Dav 70), and (Bae 71) and the beta decay results of (Bee 68),

(Ber 69), and (DeF 70).
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A comparison of the two lowest levels in the N=80 and
N=82 odd proton isotones, Figs. 17 and 31, shows that in
both instances the spins of these levels are 5/2+ and 7/2+.

+ and the first excited

For Z<57 the ground state is 7/2
state 1s 5/2+, while the roles are reversed for 2559.

In the case of the odd proton N=82 isotones there 1is
a decilded gap between the first excited state and the next
lowest level. The gap 1s observed to decrease with increasing
Z. At 137Cs the gap 1s v1 MeV and at luSEu it has decreased
to v0.4 MeV. The gap probably arises because of the hard
core formed by the closed neutron shell at N=82., The gradual
decrease in the gap with increasing Z may be due to the in-
crased proton occupation resulting in a somewhat softer
nucleus,

In the case of the odd proton N=80 isotones the energy
difference between the first excited state and the next low-
est level 1s decidedly less. This is related to the presence
of the two neutron holes in the N=82 shell which strongly
influences all of the levels.

The effect of the relatively inert N=82 core 1s observable
in Fig. 33. Here we show the relative energy spacing between
the lowest 5/2% and 7/2% states in the oda proton N=80, 82, 84
nuclei, For the N=82 odd mass isotones the energy separation
is greater and the curve rises more sharply. The relative

spacings in N=80 and N=84 follow a similar trend. In the case
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Systematics of the energy level spacings between the low

lying 7/2% and 5/2% states in the N=80, 82 and 84 odd mass
isotones.
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of the N=80 the primary part of the ground state wave function
is composed of a single proton in the (g7/2) or (d5/2) shell

and two (d ) neutron holes. In the N=84 odd proton iso-

3/2
tones the ground state concists primarily of a single

) or (d ) proton and two neutrons in the (f7/2)

(87,2 5/2
orbit. In either case the nucleus can be plctured as being
softer because of the two neutron holes or particles. The
result 1s that the relative spaclng between the 5/2+ and
7/2+ levels 1s decreased and the variation of the curve 1is

smoother and rises less sharply.

5.3 Levels in the 0dd ileutron N=81 Nuclei

The level structure of the odd neutron, odd mass, N=81
i1sotones is shown in Fig. 32, The data are from the reactlon
studies of (Jol 71), (Cha 71), (Fos 71), (Ful 62), (Von Ehr 70),
(Sch 66), (Yag 68) and the beta decay results of (Tre 69),

(Mac 70), (Bee 69c¢), and (Fir 71) and Chapter 4 of this study.

From Flg. 32 it can be observed that below 1 MeV of
éxcitation there are 3 identifiable levels in each isotope.
These are the 3/2+ ground states, the 1/2+ first excited
states and the 11/2° states. These levels are generally

referred to as neutron hole states and in shell model terms

-1 )—l

and (vh

-1
are characterized as (v3sl/2) , (v2d3/2) 11/2

The results of the reaction studies indicate these states
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are of a fairly pure single particle nature. The (\)hll/z)-1
states are 1somerlic levels which decay to the first excited
state via MU transitions and all exhibit half-lives ranging
from 410m for 1337e to 64s for 1u3Sm. These states have
been studied in detaill by Jansen et _al. (Jan 69).

Above 1 MeV 1in excitation the density of states in-
creases rapldly and the large number of 5/2+ states suggests
that the (vd5/2)-l strength may be considerably fragmented
among several levels. These do not represent all the
levels that exist 1in these nuclel. For instance the states
observed in beta decay studlies depend on the decay energy
avallable and the beta decay selection rules.

The energy difference between the 31/2 and the d3/2
states 1s observed to decrease as a function of 1ncreasing
Z. A plot of this separation energy versus Z can be seen
in Fig. 34. This energy dependence as a function of Z is
reproduced quite well by an equatlion of second order in Z.
With the use of such a curve and by extrapolating the fit to
z=64 (1.e. 1%56d), the results indicate the 1/2% ana 3/2%
cross one another between Z=62 and Z=64 (i.e., the ground
state becomes 1/2+ and the first excited state 3/2+) and the
relative spacing between them at Z=64 is 28 keV.

These results seem to be in agreement wlth those of

Eppley et al. (Epp 71) and Newman et al. (New 70) whose
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beta decay studies of 1u530d indicated the ground state spin
of lusGd is probably 1/2+. The energy of the 3/2+ state
has not yet been determined.

It 1s interesting to note that the relative energy
spacing of the holes in d3/2 and 51/2 neutron orbits exhiblts
a parabolic behavior similar to that observed in the antimony _3
(Sb) isotopes and iodine (I) isotopes by Berzins (Ber 67)

and Beyer (Bey 67).

5.4. Characteristics of Similar (Delayed)

11/2" States in 0dd Proton 0dd Mass Nuclei in the

Region of N=82

In the study of states of lule the 700 ns delayed

state at 628.6 keV was of significant importance in the

determination of the properties of the lulmSm decay scheme.
This state 1is certainly an 11/2° state and it deexcites to
both the 7/2+ first excited state and the 5/2+ ground state

f lule. These transitions are presumably of M2 and E3

o
multipolarity respectively (i.e. assuming the deexcitation

to each level occurs with the lowest multipolarity possible).
From the measurement of the half-1life of the state (700 ns),
the partial half-lives of each transition were determined and
compared with theoretical estimates (Moskowskl single-particle

estimates). These results indicated the U431.8 keV M2

transition was retarded by a factor of 58 over the theoretical
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Table XV Characteristics of Similar Odd Proton (Delayed)

11/2° States Near N=82

Theoretical E3

Transition State Experimental I(E3 T (E3) Enhance-
Isotope (Ref.) Energy t,/, (ns) Intensities I(M2) Ts.;. (MZ) ment ’“3
3Bugg (Berl6l)  496.2 (E3) 1.4 0.6  4.8x107% 1.4 _
346.5 (M2) 248 24 ,
l4TBug, (Berl61) 625 (E3) 740 4.7 0.12  1.75x107% 2.1 '
369 (M2) 36.6 :
¥
e Bug, (Bpp70b) 716 -
386.6 (M2)
1pmg,(W1171) 962 (E3)
689 (M2)
'4lPmg,(Chap.4)  628.6 (E3) 700 3.1 0.07  0.78x10"3 1.6
431.8 (M2) 43.6
l8iPrg,(Dav70)  1117.6 (E3) 10 0.11  0.76x10"% 12.0
(Sho71) 973 (M2) 90
13%Pry,(Bee6%b)  821.9 (E3) 40 1.4 0.05  0.42x107% 2.2
708.1 (M2) 27
'3 Lag, (VanH67) 994 (E3) 0.014 >7.8
1004 (M2+E3) >0.41 0.19 0.07 >1,12x1071

168 (E1) 4.35 >1.18x107%
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estimate. However, this is not at all unusual; typlcal M2
retardations are on the order of 10 to 100. What is more
interesting 1is that the 628.6 keV E3 transition 1is observed
to be enhanced by a factor of 1.6 when compared to the
theoretical value. Thils result is somewhat unusual since in
general, all multipolarities except E2's are retarded.

In the region near N=82 several other odd proton, odd
mass nuclel have been observed to exhibit similar (11/2" —
5/2+) enhanced E3 transitions. In Table XV we compare the
E3 enhancements and the E3/M2 gamma-ray intensity ratios
(where avallable) with the theoretical single-particle
estimates of similar 11/2° states in nearby nucleli.

This somewhat unusual enhancement of E3 transitions
(11/2-,5/2+) could arise from the possible coupling of the
d5/2 single-particle state to the 3~ core octupole vibration.
The amount of admixture necessary to account for this en-
hancement 1s small enough that the 11/2  state retains its
significant single-particle character. Some evidence of this
possibility has been observed in 1lnelastic scattering
studies (E1l1] 69). In cases where the ground state is 5/2+
the 11/2° state seems to be more easily excited via inelastic
scattering than 1n cases where the ground state 1s 7/2+——
possibly indicating the presence of a small [d5/2 ® 37)

11/2-
admixture in the 11/2° state (Wil 71la).

i
,rmi)
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We have included in Table XV the 11/2  states at
962 keV in 1%3Pm and the 716.1 keV state in 1*PEu as possibly
exhibiting decay via enhanced E3 transitions to the ground

141

state. The lifetime of the 1117.6 keV state in Pr has

recently been determined to be 4.920.5 ns (Sho 71). The
partial half-1ife of (25 ns) for the E3 ground state
transition indicates an enhancement of 12.4. This 1is the
largest enhancement observed in thils region and suggests
that further such experiments on the odd proton N=82 iso-
tones could prove interesting. Little 1s known currently
about what appears to be the corresponding 11/2° in 1u3Pm.
In fact, the 962 keV Yy transition to the ground state has
not been observed. In the case of 1uSEu the 11/2° state at
716.1 keV 1is observed to be fed via the beta decay branch

145m

of the Gd decay, however the E3 transition to the ground

state has not been observed in this case elther.
The 1ifetimes of these 11/2~ levels in *3pm and *SEu

may be measured relatively easlly. A possible method of

14

this would be via the in-beam reactions: 1Pr(a,2ny)lu3Pm

144 lNSEu

and Sm(p,Y) We are planning to attempt these '

experiments in the near future.
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