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ABSTRACT

NUCLEAR SPECTROSCOPIC STUDIES OF NEUTRON-DEFICIENT,
ODD-MASS RARE EARTHS NEAR THE N=82 CLOSED SHELL
By

Richard Earl Eppley

The decay schemes of Gd!%?, G459 and sm!“19%M have
been studied by y- and B-ray spectroscopy in an effort to elucidate
their nuclear properties. Also, a search for Dyl*79*" has been con-
ducted, although no decay scheme can be proposed.

y-ray spectroscopic techniques including Ge(Li) singles,
Ge(Li)-NaI(T1l) coincidence, and Ge(Li)-Ge(Li) megachannel, 2-dimen-
sional coincidence techniques have been employed. Where appropriate,
electron spectra have been obtained by use of Si(Li) surface barrier
detectors.

Twenty-five y rays have been attributed to the electron-
capture decay of 9.4-day Gd!"9 and incorporated in a decay scheme
having 13 levels with energies of 0, 149.6, 459.9, 496.2, 574.2,
666.0, 748.2, 794.8, 812.4, 875.8, 933.3, 939.1, and 1097.3 keV.

The isomeric decay of Gd1*5™ has been characterized as having a half-
life of 85+3 seconds and an M4 transition of 721.4:0.4 keV. A di-
rect e/B+ branch has also been determined as accounting for 4.7% of
the decay from this level. Gd!“*59 is reported to have 38 y rays
associated with its decay, 26 of which (accounting for 397% of the

total y intensity) are incorporated into the decay scheme. This
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Richard Earl Eppley

decay scheme has 19 levels placed at O, 329.5, 808.5, 953.4, 1041.9,
1567.3, 1599.9, 1757.8, 1845.4, 1880.6, 2203.3, 2494.8, 2642.2, 2672.6,
3236.0, 3259.6, 3285.6, 3623.8, and 4411.3 keV. Suw!*!d and sm!“!”
appear to have 9 and 32 associated y rays, respectively. Levels in
sml“19 have been placed at 0, 196.6, 403.9, 728.3, 858.5, 1292.7,
1495.6, and 2005.0 keV. Levels in Sm!“1™ have been placed 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, 2119.2, and 2702.4 keV. The half-
lives of Sm!“19 and Sm!“" have been measured to be 11.3+0.3 and
22.1+0.3 minutes respectively.

Spin and parity assignment: for tine nuclear levels en-
countered in this investigation are based on log ft values, relative
Y intensities, and transition multipolarities (where internal-con-
version-electron intensities were available). Two intense tran-
sitions in Eul"3, which account for =72% of the B decay from Gd!“59,
are interpreted as being three-quasiparticle states. Also, there
are 6 states in Pm!“!, lying between the energies of 1414.8 and 2702.4
keV, which appear to be three-quasiparficle states analogous to those
reported recently for Prl3%, Mechanisms are suggested for these
three-quasiparticle types of decay in terms of simple shell-model
transitions and nucleon rearrangements.

Several families of nuclear isomers are compared with each
other in terms of their level energies and reduced M4 transition
probabilities. These include the Z=82, N=81, N=79, Z-50, Z=49, and
N=49 families. High multipolarity electromagnetic transitions from

these isomers are considered to be quite "pure'" single-particle
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transitions. The experimentally measured transition probabilities
are compared to these single particle predictions in an effort to
determine the degree to which this is true. Finally, levels in the
odd-mass N=82 and Z=63 nuclides are traced as far as possible in an

effort to understand nuclear behavior in this region better.
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CHAPTER 1

INTRODUCTION

"...In the development of atomic physics the interaction
of atoms with electromagnetic radiation has been of paramount im-
portance for the understanding of atomic structure. In the case
of nuclei the interaction has not been so important a tool, since,
unlike the atomic case, the wavelengths of interest are so short
that they cannot be measured by the usual optical devices. The
rather indirect methods which must be employed make the energy de-
termination quite inaccurate compared with spectroscopic standards,
and the available resolution is low. Furthermore, in most cases the
radiation process is only one of many competing processes (such as
particle emission or sometimes even beta-decay) and its probability
is correspondingly lower.

For these reasons the study of gamma-rays from nuclei has
remained on a rather rudimentary level...' (Blat52).

This was written in 1952, not so very long ago in terms of
years but a very long time ago in terms of technological development.
This thesis has been possible precisely because such a statement
about y-ray spectroscopy is no longer valid.

In the early 1960's, when solid state detectors became
available, energy resolution was dramatically improved to the point

where, for the first time, individual transitions could be resolved
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in complex y-ray spectra. Needless to say, a whole new dimension
was then opened for the study of nuclear properties. y-ray
spectroscopy immediately became an important tool for these
investigations.

The present investigation is a good example of the unpre-
dictableness of scientific research. One begins a research project
.looking for answers to predetermined questions and, as in the present
case, finds a few answers and many more unanswered questions. Also,
one is apt to end up investigating certain phenomena which were un-
realized at the outset of the study. The topics of this thesis evolved
in just sﬁch a manner.

The original intent was to study a sequence of neutron-
deficient odd-mass rare earth isotopes in an effort to elucidate
their decay schemes in as much detail as possible. This information
would be of great value for the testing of existing nuclear models
as well as possibly suggesting a means of, at least semi-emperically,
being able to describe in a uniform fashion the change in the var-
ious levels as one goes from permanently deformed nuclei to spher-
ical nuclei near closed shells. Gadolinium was chosen as an element
satisfying this criterion, as well as possessing neutron-deficient
isotopes in the desired spherical region which would be obtainable
with our energy limitations (pmax = 45 MeV and He:‘ax = 70 MeV).

With this intent work was completed on the decay schemes of

Gdlug, Gdlusm, and Gd14°9, However, with our discovery of an 85-
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second isomer in Gd!"®, we became interested in studying other
N=81 isotones (six of which were already known). Preliminary
calculations, based on the known M4 N=81 isotones, indicated that
Dy1“7m should be of a half-life that we could handle by our count-
ing techniques. Thus, a series of experiments was initiated at
Yale University in an effort to identify this species.

At about this same time, states were observed in Nd139m
(McH69j ,Bee69d) which were characterized as three-quasiparticle
states. These states are quite uncommon but where found to be
very useful for determining nuclear properties of relatively high-
lying states. Out of the Nd!39 york came predictions for similar
states in Sm!“*1™ and N41377M,

Consequently, the nuclear species studied during the

course of this thesis work were Gdl%9, cdl4>9, G414 gml*1g,

gmlu1m 147

» and Dy

Chapter 1I describes the many types of experimental set-
ups used during the course of this work. The latter part of the
chapter also describes three chemical techniques, used primarily for
Gd1%9, for separating the Gd fraction of the target material from
contaminents of Eu and Sm.

Since we are fortunate in having two computers at our
disposal, an SDS Sigma-7 and a DEC PDP-9, data analysis could be
accomplished both in the quantity and in the quality needed for
this work. Three of the most useful data reduction codes used in

this laboratory are described in Chapter III.
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The heart of this thesis, the experimental results, com-
prise Chapter IV. During this work, certain 'discoveries' proved
to be particularly interesting. As already mentioned, this invest-
igation began with Gd!“?. The fairly complete study we made of
the Eul"? levels populated by the decay of this species will un-
doubtedly prove valuable for any future theoretical considerations
of this region. Eul“? is in the twilight zone. In § 4.1. we re-
port the observation of more levels than can be incorporated in a
simple shell model picture, while, at the same time, the levels are
such that they cannot be fit into rotational structures as would be
expected of a permanently deformed nucleus. There is presently no
nuclear model which can adequately account for such a situation.

As opposed to higher mass Gd isotopes, Gd!“59 decays pri-
marily to two states at 1757.8 and 1880.6 keV. These states, in turn,
decay predominantly directly to the ground state of Eul“>, We report
over 30 y transitions accompanying the decay of Gd!“59 with the above
mentioned two transitions accounting for *63% of the total y intensity.

This anomaly occurs, most likely, because the s state drops down

1/2
to become the ground state (replacing the 63/2 state). Another in-
teresting facet of this work was the observation of an €/B+ branch
from the isomeric decay of Gdl*5, Of the N=81 isomers which have been
studied previously, only Sm!“3 appears to have a B-decay branch.

From such branchings one can directly arrive at occupation probabil-
ities for the state involved.

In apparent confirmation of the three-quasiparticle pre-

dictions discussed above, Sm!*!™ does exhibit 6 B-allowed states lying
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between 1414.8 keV and 2702.4 keV. These states have properties sim-
ilar to those in Nd!39" with one notable exception. The three-quasi-
particle states in Nd139" have a plethora of interconnecting tran-

sitions; these states in Sm!%1™

have not a single observed intercon-
necting transition. Five of these six states in Pm!“! decay prin-
cipally to an 11/2° state at 628.6 keV. The sixth state, however,
completely bypasses the 11/2” state, preferring to decay to the
ground and lst excited state instead. In § 4.4.11. a mechanism will
be proposed for this three-quasiparticle type of decay.

The decay of sm!%19 gtill remains as a partly unsolved pro-
blem. There are two intense transitions, at 403.9 keV and 438.2 keV,
neither of which can be ruled out as belonging to this ground state
decay. The puzzle is that one of them, the 403.9-keV state, exhibits
a half-1life of 11.3 minutes, while the other level has a measured
half-1ife of 10.0 minutes. We have evidence both for and against both
of these transitions being from levels in Pm!“l., Other than this the
decay of sm!%19 geems to be straightforward, decaying largely to the
Pm!*1 ground state.

The identification of Dy!“79 and Dy!“*7”™ gtill remains a
challenging problem. We began a search (primarily for the Dyl“7m
species) after our experimental determination of the decay properties
of Gd1“5M, The only feasible means of producing this species is with
a C!'2 beam on either a Nd!*2 or a Sm!“" target. Because of the beam
requirement we repaired to Yale University where their heavy ion linear

accelerator was made available for our use. §4.5. will describe our

results to date. We have evidence from several types of experiments



z: ixficates that we
-z evidence that tl
=xc seable half-1if
z=ity. This could v
e ;_'£+ branch.
(kapter V ske:
=it probability ¢
=g vith the Maxwe
5% by weisskopf, ay
23 vhich to compar:
. The Purpose of |
g derivatiog but
K30 {zvloveq in syes
The final Cha;
ey g fazi1jeg
Ty the 50 and §; 1
e Shoy Barked ep

'@;'.‘
“Stopeg (2.32) ar

r
I“““uch a
| u Eiion will b
L T



S5a

which indicates that we do produce Dyl“7. We do have seemingly con-
clusive evidence that there is no Dy1“7m M4 transition (at least not
in our useable half-life range) with a measurable internal-conversion
intensity. This could well mean that Dy1“7m de~-excites predominantly
via an e/B+ branch.

Chapter V sketches the derivation of the single-particle
transition probability expressions for various multipole transitioms,
beginning with the Maxwell equations. These expressions, first ex-
pressed by Weisskopf, are by far the most frequently used estimates
against which to compare experimentally measured transition half-
lives. The purpose of the chapter is not to present a mathematically
rigorous derivation but rather to give a beginner a feeling for
what is invloved in such a derivation.

The final chapter, Chapter VI, is primarily concerned with
the trends in families of nuclear isomers, both neutron and proton,
around the 50 and 82 closed shells. For example, the N=79 and N=81
isotones show marked energy dependence on Z while the isomers of the
lead isotopes (Z=82) are quite similar in energy and consequently
show a constancy in their reduced transition probabilities. The
trends of other isomeric families will be compared to these two
seemingly different types of behavior.

Inasmuch as possible the energy levels of nuclei in the
Gd-Eu-Sm region will be traced as functions of energy. The avail-
able information on much of this region is quite sketchy and few

conclusions can be drawn.
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CHAPTER II1
EXPERIMENTAL EQUIPMENT AND PROCEDURES

All of the nuclear species studied in the present in-
vestigation decay by positron emission and/or electron capture. A
variety of techniques, discussed in this chapter, were used to
construct decay schemes based on the study of these decay char-
acteristics.

This chapter is divided into three main parts. The
first, consisting of § 2.1. through 8 2.3, describes the electronics
set-ups for the y-ray and conversion-electron data taken at Michigan
State University. The apparatus used at Yale University, in con-
junction with the Dy!“7 experiments, is briefly described in § 2.4.
§ 2.5 describes the chemical separation techniques used principally

for the isolation of the Gd!“° activity.
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2.1. y-Ray Spectrometers

As mentioned in Chapter I, the Ge(Li) y-ray detector
has been principally responsible for the resurgence of the study of
complex nuclear structures by measurements of the y-ray de-excitations.
Hand in hand with the development of these solid state detectors has
been the development of vastly improved electronics. In just the ap-
proximately 37 years since the beginning of this study, we have gone
from a y-ray spectrometer system having a resolution of *5.6 keV FWHM
for the 1333-keV y of Co®0, a detector efficiency of <<1%, and an
analyzer having 1024 channels of memory to our present s&stem: a
detector resolutién of 1.9 keV FWHM for Co®?, a detector efficiency
of 3.6% (relative to a 3x3-in. NaI(T1l) detector 25 cm. from a Co®?
source), and the capability of obtaining spectra up to 8192 channels

in length.

2.1.1. Ge(Li) Singles Spectrometer

Our y-ray spectrometer is really a 'system'" that includes,
besides the Ge(Li) detector and bias supply, a charge sensitive FET
preamplifier, a spectroscopy amplifer, an analog to digital converter
(ADC), and some type of memory or storage unit and associated spectrum
readout. The majority of the electronic equipment is modular so that
equipment from vafious manufacturers can be used together for a par-
ticular experimeht.

A typical spectroscopy charge-sensitive preamplifer in-
tegrates and shapes the charge output from the detcctor and presents
a tail pulse (rise time =25 nsec, decay time 350 usec) to the main

amplifier.
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The spectroscopy amplifiers which we use have considerable versatility.
Shaped unipolar or bipolar output pulses with 0.25-us widths are avail-
able for timing purposes or for input to an ADC. These amplifiers have
highly linear amplification responses and include such features as ad-

justable pole-zero cancellation and base-line restoration.

The pole-zero feature permits precise elimination of under-
shoots on the amplifier pulse after the first differentiation. This
becomes important at high counting rates, since if the undershoot
saturates, the amplifier will be blocked not only for the time of the
primary pulse, but also for the duration of the undershoot. Also, suc-
ceeding pulses which may fall into the undershoot will have an ap-
parent area smaller than the actual area, thus causing a loss in
resolution.

Base-line restoration also improves resolution at high
count rates by restoring the undershoot of the amplifier signals to
a DC baseline after all other shaping has been accomplished. The
improved resolution is accomplished by the reduction of pile-up dis-
tortion caused by undershoot.

In this laboratory spectra can be collected in a variety
of analyzers. Of principle use for the present research has been a
Nuclear Data ND-2200 4096-channel analyzer, a PDP-9 computer inter-
faced to a Northern Scientific NS-625 dual 4096-channel ADC, and our
Sigma 7 computer interfaced to four Northern Scientific 8096-channel
ADC's. The NS-625 has a 40-MHz digitizing rate and the NS-629 has

a 50-MHz digitizing rate.






2.1.2. Ge(Li)-NaI(Tl) Coincidence Spectrometers

Coincidence spectra have played an important role in the
present research. Since the vast majority of nuclear excited states
have very short half-lives as compared with our ability to measure
them, coincidence units with resolving times on the order of nano-
seconds can be used to study those transitions which are in fast or
"prompt'" coincidence with one another. In this manner, coincidence
spectra are a useful tool for determining the relationships of the
observed y-transitions and their interconnections with the deduced
nuclear energy levels.

Several types of single parameter coincidence spectra have
proved to be useful. Both prompt and delayed coincidence spectra
have been used, utilizing a Ge(Li) detector for one leg of the timing
circuit. In addition, anti-coincidence spectra and 511-511-keV (pair)
coincidence spectra have been obtained by use of a Ge(Li) detector in
conjunction with an 8x8-in. split annulus. Each of these will be de-

scribed in the following sections.

2.1.2.A. Coincidence Spectrometer using Ge(Li) vs 3x3-in. NaI(T1l)

Before the advent of Ge(Li)-Ge(Li) coincidence techniques,
which will be described in § 2.1.2.C, NaI(T1l) scintillators coupled to
photomultiplier tubes provided the principle means of obtaining timing
pulses for coincidence spectra. Such a sct-up is shown in Figure 1.
In addition to the equipment nceded for the collection of a singles
spectrum, equipment is needed to provide timing information. As

shown in this figure, a 3x3-in. NaI(T1l) detector was used for this

purpose. The pulses from the photomultiplier were fed to a spectroscopy
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amplifer throuéh a cathode follower, which is used simply as a buffer
for impedance mismatch between the photomultiplier and amplifier. The
NaI(T1l) signals are then presented to a timing single channel analyzer
(TSCA). The TSCA, in turn, is used first to determine the energy gate
and then to output a logic pulse to a fast coincidence unit. 1In this
manner timing pulses are output only for pulses which fall in the volt-
age range selected by the TSCA.

Similarly, a timing signal must be derived from the Ge(Li)
linear signal. This is accomplished by the use of a second TSCA which
outputs a}logic signal to the coincidence unit. The function of the
fast coincidence unit is to output a logic signal only when a Ge(Li)
and Nal pulse arrive within a specified time interval of one another.
For most of our coincidence work this resolving time (2t1) was set at
100 nsec.

The majority of coincidence runs utilized an external lin-
ear gaté. A logic pulse from the fast coincidence unit opens the gate
for a pre-determined length of tiﬁe, allowing any linear signal present
at the input during that time to pass through the open gate and on to
the ADC. In this manner, only pulses from y-ray transitions occurring
within the specified resolving time are allowed to pass through the
linear gate and be digitized by the ADC. The delay amplifier shown
in Figure 1 is solely for the purpose of delaying the linear signal
to compensate for the delay incurred by the timing signals while they
are proceeding through the coincidence circuits. The delay can be
adjusted to insure that the linear singnals and coincidence timing

signals arrive simultaneously at the gate.
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2.1.2.B. Ge(Li) vs 8x8-in. NaI(T1l) Split Annulus

Several types of coincidence experiments can be carried
out using the split annulus for one of the detectors. One-half of
the annulus can be used as a simple NaI(T1l) detector. In addition
to the usual prompt and delayed coincidence and anti-coincidence
experiments that can be accomplished with the annulus are Compton
suppression experiments. The annulus can also be used as a pair
spectrometer for obtaining B+ feedings and double escape spectra.

For the present research, the annulus was used primarily for anti-
coincidence experiments and as a pair spectrometer.

While coincidence spectra show the relationship of y-rays
which are related to each other, anti-coincidence spectra enhance
those transitions which are either transitions to the ground state
from levels populated primarily by electron capture with little or
no y-ray feeding from above, or transitions from a level with a
half-life considerably longer than the resolving time of the apparatus,
i.e., transitions from isomeric levels. The electronics set-up using
the annulus in an anti-coincidence experiment is shown in Figure 2.

A 3x3-in. NaI(T1l) detector is positioned in the top of the annular
tunnel in order to increase the solid angle subtended by the detec-
tors. The Ge(Li) detector is positioned in the bottom of the annular
tunnel, facing the 3x3-in. NaI(T1l) detector at the top. The source
is placed between these two detectors, approximately in the middle of
the tunnel. The electronics used is very similar to that used in the
coincidence experiments which have been described in § 2.1.2.A. above

The main difference is that now there are three timing signals
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necessary instead of just one. These timing signals must be combined
in some way so that the fast coincidence unit is presented with a
single logic pulse (no matter whether a signal is present in only one
leg or a combination of the legs). For this purpose we have used an
ORTEC universal coincidence module, shown in Figure 2 as an AND/OR
gate. The number of coincidence requirements is set to 1 on this
module to effect the desired single, well shaped output pulse. 1In
this mode, resolving time for the unit has no meaning and does not
have to be set. The only relevant resolving time consideration is
that associated with the fast coincidence module, which was commonly
set to 100 nsec for these experiments.

Another use for the annulus was as a pair spectrometer for
determining the gt feeding of levels. In this mode of operation the
resulting spectra show enhancement of those y-rays involved in prompt
coincidence with levels which are fed by Bt emission. Of course,
aouble-escape peaks are also greatly enhanced in these spectra. The
apparatus shown in Figure 2 can be employed,with the exception that
the 3x3-in. NaI(T1l) detector and associated electronics are not used.
Since we are now interested in a triple coincidence requirement, i.e.,
a coincidence output pulse only when a timing signal from the Ge(Li)
detector and both halves of the annulus occur within the resolving
time of the fast coincidence module, the AND/OR gate is not needed.
Signals from each half of the annulus, as well as the Ge(Li) timing
signals, are routed directly to the fast coincidence unit, which is
set for the triple-coincidence requirement. With these exceptions
and different settings of the linear gate, the experimental set-up

remains the same as for the anticoincidence experiment.
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2.1.2.C. Ge(Li)-Ge(Li) Megachannel, 2-Dimensional

Coincidence Spectrometer

With the availability of larger volume Ge(Li) detectors
came the technique of 2-dimensional coincidence experiments. The
ultimate aim of such experiments is to obtain coincidence data for
any and all peaks or regions with a single run. (In practice the data
obtained usually fall somewhat short of this goal.)

Even though Ge(Li) detectors are still quite inefficient
with respect to available NaI(Tl) detectors, they compensate for this
in other ways. Due to the Ge(Li) resolution, peak to Compton ratio,
etc., good coincidence data can be obtained with fewer counts per
channel than necessary with NaI(Tl). The electronics used in this
laboratory for the 2-dimensional coincidence experiments is diagrammed
in Figure 3. This is a double coincidence set-up where we want the
linear signal to be recorded fron. each of the detectors, hence the
fast coincidence unit transmits a logic pulse to two linear gates,
one for each detector. The two detectors presently used for these
runs have efficiencies of 2.5% and 3.67%.

Coincidence events are collected on magnetic tape by use of
a task called EVENT which runs under the JANUS monitor system of our
Sigma-7 computer. The data obtained under this system are a 2-dimen-
sional integral coincidence array.

Fach linear gate transmits a linear signal when opened by a
coincidence event. These two linear signals are input to separate
ADC's, operated in a synchronous mode, which are interfaced to the

computer. The encoded coincidence pair is then stored on magnetic
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Figure 3.

Schematic diagram of the megachannel 2-dimensional

apparatus.
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tape as one word, the first half of the word being the address from
detector 1 and the second half of the word being the address associ-
ated with detector 2. The lead absorber shown in the diagram between
the detectors is used to reduce y-ray scattering between the two de-
tectors. Without the absorber spurious peaks appear in the coinci-
dence spectra. These scattering phenomena are discussed in (Gie70)
The data thus stored on the magnetic tape represent infor-
mation on all peaks in coincidence with all other peaks. All that
remains is to strip these 2-dimensional data by taking the appro-
priate slice representing a particular peak on energy region. These
gated specta are recovered off-line on the Sigma-7 computer through
use of the program EVENT RECOVERY (event). This code allows us to
search the tape for a miximum of 10 gates per single pass of the
tape. Background subtraction can be effected for any or all of the

gates on the same pass.

All coincidence runs used in the present work utilize a
4096x4096 array. The system operates satisfactorily at counting rates

up to *2000 coincidence events per second.

2.2, Conversion-Electron Spectrometer
For the conversion electron spectra of Gd!“>™ ye utilized
a 100-p thick Si(L1i) detector. This detector was mounted in the usual
y-ray cryostat and cooled to methanol-dry ice temperature (77°C) for
operation. A 1/4-mil Havar window was used for this detector. A 200~V
bias was used for operation of the detector. A typical resolution of

*5 keV on the Cs!37 K-conversion peak was obtained, thus allowing
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separation of the X- and L- conversion electron peaks. In addition

to the required bias supply, an ORTEC 109A preamplifier and 451 spec-
troscopy amplifier were used in conjunction with an analyzer. To
utilize this detector for the determination of internai conversion
coefficients required the simultaneous counting of the source with
both the conversion-electron detector and Ge(Li) y-ray detector.
Normalization between the detectors (efficiency corrections) was ob-
tained through the counting of standards having known (and measurable)
conversion coefficients, Cs!37 and B1203 being the most suitable.
Conversion electron spectra of Gd!">™ are shown in the experimental

section.

2.3. X-Ray Spectrometer

X-ray spectra also provide a powerful method of studying
nuclear decay. With the resolution presently available it is possible
to determine unambiguously which elements are present in particular
sources. Coincidence experiments using an x-ray detector will be dis-
cussed in § 2.4, The x-ray detector in use at Michigan State is a
Si(Li) detector with a 150 ; gold surface barrier contact. This ORTEC
detector has a warranted resolution of 275 eV at 6.4 keV, counting
through a 5 mil Be window The detector active diameter is 6mm, with a
sensitive depth of 3mm. This detector is operated at a bias of 1500 V
at liquid N, temperature. An integral part of the detector is an ORTEC
model 117 preamplifier with a cooled FET first stage. The preamp is
directly attached to the cryostat to reduce capacitance.

The useful efficiency range of the x-ray detector is from

about 5 keV to <100 keV. This type of detector is also quite sensitive



i x-ray pulses
ses are badly
drizging on the
% il effect of
KN asaroxizate
iy the exner

Zesingle channe:

%5 pracuces a ¢
122 the problenm

% abrerge effect

A few g¢
" tlecting

ey, 20 {mpro

o

et Tequireg Tex

Beny

s, Due to .

S aecms uprac



19

to charged particles such as electrons and positrons. This is both an
advantage and a disadvantage when obtaining spectra with high positron
fluxes, such as the spectra obtained in this research. These charged
particles cause detector output pulses of a much higher voltage than
the x-ray pulses under consideration. As a consequence, the positron
pulses are badly clipped by the amplifier, which cause a great deal

of ringing on the pulses, and present a complex problem for the ADC.
The 111 effect of this situation shows up as a high noise background
below approximately 10 keV. This problem can be partly alleviated by
running the experiment in a self-gated coincidence mode. This allows
the single channel analyzer to stop all pulses above the window level.
This produces a cleaner spectrum but is not completely satisfactory
since the problem is still present in the detector and can still have
the adverse effect of lowering the system resolution.

A few attempts have been made at using various sized magnets
for deflecting the positrons before they reach the detector. Unfor-
turnately, no improvement has been realized. In addition, using a
magnet requires removing the source to a greater distance from the
detector. Due to the already extremely low efficiency of the detector,

this becomes impractical.

2.4. Special Equipment for the Dy!“7 Experiments

The Dyl!“7 experiments, described in Chapter 4, were carried
out at Yale University using their Heavy Ion Linear Accelerator. While
the detectors and electronics used for these experiments were standard
items, most of the equipment was not the same as used for the other ex-

periments reported in this thesis.
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Four types of experiments were accomplished at Yale: elec-
tron singles, y-ray singles, x-ray singles, and y-ray versus x-ray
coincidence experiments.

The search for the predicted M4 transition in Dyl*7 in-
cluded looking for the expected conversion electrons. This was
accomplished with the electron detector described in § 2.2. A 400-
channel RIDL analyzer and an ORTEC 410 amplifier were used in con-
junction with this detector.

For the y-ray and x-ray experiments, the data were taken
with a PDP-8/I cbmputer interfaced to a dual Northern Scientific ADC.

Y-ray spectra were obtained with a Princeton Gamma-Tech
Ge(Li) detector having a 2.3-keV resolution on the 1.33 MeV peak of
Co%0 and an efficiency of 6.5%. The detector was coupled to a Ten-
nelec TC-137 preamplifier, ORTEC 451 amplifier, and the PDP-8/I.

The x-ray spectra were obtained with a Nuclear Equipment
Corporation x-ray detector and preamplifier. The remainder of the
gsystem was the same as for the y-ray detector.

X-ray versus y-ray coincidence spectra were obtained using
the x-ray and y-ray detectors described above in conjunction with a
standard fast coincidence circuit. Representative spectra collected

at Yale are shown in § 4.5.

2.5. Chemical Separations

The rare earth group of elements (Z=57 through Z=71), in
general, pose a real challenge for separation. These elements differ

from one another mainly in the filling of inner 4f shell of electrons,
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the outer electronic configuration being very similar for all of the
members of this group. Consequently, they exhibit similar oxidation
states and oxidation potentials - hence, the separation difficulty.
All rare earth elements exhibit the characteristic +3 oxidation state.
Only cerium has a relatively stable +4 oxidation state, with samarium,
europium, thulium, and ytterbium exhibiting semi-stable +2 oxidation
states.

For the present research, we needed separations of gadolinium
from samarium and from gross amounts of europium. Gd!"*9 was the only
radioactive species involved in the present investigation with a half-
life long enough to make some sort of chemical separation feasible.
For the separation of Gd!"9 three different techniques were tried, two
of them successfully. Two of these techniques utilized the fact that
europium and samarium have 2+ oxidation states, while gadolinium ex-
hibits only the 3+ state under the same conditions.

The first technique was that of HCl-Zn reduction. The
second was an attempt at forming the 2+ europium species by use of
hypophosphorous acid as the reducing agent. The third was that of

ion-exchange. These are described in more detail below.

2.5.1. Zn-HC1l Reduction

This procedure is similar to the one reported by R. N.
Keller (Kel6l). Targets usually consisted of about 100 mg of Eup1°10;.
After bombardment, these samples were dissolved in 3M HCl, keeping the
volume to about 10-15 ml. This dissolution takes anywhere from a few
minutes to an hour. Heating helps to speed up the process. The dis-

solved sample was then heated to boiling in a water bath and powdered



x iled, DALTOgEr
rire period to P
2 s ganrer for
At this 7o
i for precipd
In to cool., Wh
Zselation. wheg
zzted, and reduce
oy counting,
Lsmarim coo- i
% searation proce
%aation vag not o
B g4 ¢ the

wm, The firs:

Mg re;uirmg an

.

W B

The bC1..

 tikeg o !

DimgH

i«!‘!x:\-
“4ge Betho¢

0 i

™ separa,

{que
i ~
% {n t‘:.l

Kooy
“on tethn
.~

s gpg Rt |

Hyp%hos -
'y ]

sy
.n,"’ll’OsCo: F

.
n’l& Re thc



22

zinc added, nitrogen being bubbled through the solution during this
entire period to prevent oxidation. The mixture was allowed to react
in this manner for one hour.

At this point a few drops of H;SO, was introduced to the
solution for precipitation of SmSO, and EuSO,, and the solution was
allowed to cool. While cooling, the N, gas was still bubbled through
the solution. When cool the mixture was centrifuged, the supernate
decanted, and reduced in volume to allow transfer to a small glass
vial for counting. This resulting solution should be free of europium
and samarium contaminants. This solution ceuld be used to run through
the separation procedure a second time if itwas found that a complete
separation wﬁs not obtained. We have found that one pass does separ-
ate Eu and Gd to the extent necessary to obtain a '"clean" Gd y-ray
spectrum. The first separtion takes 2-3 hours, with each succeeding

cycle requiring an additional 1 1/2 hours.

2.5.2. Hypophosphorous Acid Reduction

The HC1l-Zn reduction technique discussed in the last sec-
tion takes a minimum of two to three hours to perform, as does the
ion-exchange method discussed in §2.5.3. A method was sought which
would allow separation of species with shorter half-lives. Again, a
reduction technique was sought which would allow the formation of
Eu++ and Sﬁ++ in the presence of Gd+++. The relevant oxidation
potentials are given in Table 1.

Hypophosphorous acid was tried as the reducing agent. Since

H3P0, 18 hygroscopic as well as being unstable, it must be prepared as

needed. The method chosen for the production and purification of
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Table 1. Oxidation Potentials*

Gd(s) “« > Gd+3(aq) + 3e” +2.40
Eu(s) + > Eu+3(aq) + 3e” +2.41
Sm(s) « > smt3(aq) + 3e” +2.41
Eu+2(aq) « > Eut3(aq) + 1e” +0.,43
sm*2(aq) « > Sm*3(aq) + 1le” +1.55
H3PO,+ Hp0 « » H3PO3 + 2HT + 2e” +0.59

* T. Moeller, The Chemistry of the Lanthanides, Reinhold Publishing
Corp., New York, 1963.
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H,PO0, is that of Klement (Kle49). This method employs the reaction,
NaH,P0O; + HC}—H3PO, + NaCl.

The NaH,PO,; was passed through the H+ form of a cation exchange column
(Dowex 50x4). The resulting solution of H3PO, was dehydrated by evap-
oration on a water bath and then placed in a vacuum chamber over P,0q
and kept there until all of the waterwas removed. The acid was then
recrystallized. This method yields a product with a purity of approx-
imately 98%Z. It was found that the H3PO; could be kept for a long
period of time by keeping it in a closed container at dry ice tem-
perature.

We were primarily interested in separating Gd from the
europium target material. That is, we attemped to reduce Eu+++ to
Eu++, the appropriate reaction being

+++

2Eut T + H3PO,+ H,02 2Eu’' + HyPO; + 21

The addition of H3S0, to this reaction mixture would precipitate
EuS0,, thus effecting the desired separation.
The half reactions for the reduction step are

2Eu + 2~ « > 2Eu++

and
+ -
H3PO3 + 2H + 2e~ « > H3P02 + Ho0
therefore,
0 [e] (e}
Ecell = Ered - on = 0.16v.
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2
° RT 1n ag,t3
E. =E_ += M4 |,
Eu Eu nF 2
a_, +2
Eu
and for H3PO,,
g =g 4B [ uars] af
Acid = TAcid ' nF a H+
H;PO,
244P05
o -
B R In|s 0.0591 (pH).
¢ nF H3PO,

Consequently, the cell reaction can be written as

o o

Ecell = (EEu - EAcid) + 0.0591 (pH)
2 +
Eu"3.%,p0,
+ RT 1n " .
2F aEu+2.aH3P03
Finally, 2
aEu+3 . aH3P02
Ecell = 0.16 + 0.0591 (pH) + 0.0591 1n EOCEp
Eu ' “H3PO3

As a result of this analysis, it is seen that as the pH increases,
there is a better chance for the reaction to take place, all else

being constant.
A reduction attempt was first carried out at a low pH (°1),
with a solution containing equal parts of Eu and Gd. H,;S0, was

added in order to precipitate any Eu++ that might be formed. How-

ever, no precipitate was visible, indicating that the reduction had
not taken place. Reductions were attempted by raising the pll in

small increments. Up to a pH of about 4, no precipitation occurred.
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However, a complicating factor was that as the pHwasraised above 4,
hydroxide precipitation of the rare earths began to occur. Both Gd
and Eu began to precipitate at the same pH and at that point the re-
duction process could no longer be checked.

At this point attempts of Eu reduction by this method were
terminated. Further study is needed to determine whether the hy-
droxide formation can be repressed or whether the apparent activation
energy can be reduced in a manner to allow the reaction to proceed at

a lower pH.

2.5.3. Ion-Exchange Separations

Ion—~exchange is probably the single most powerful, and most
used, technique for the separation of the rare earth elements. Even
a casual inspection of the literature reveals literally hundreds of
separation techniques, each tailored to specific separations and con-
ditions. There are numerous review articles, one of the best being
that of Stevenson and Nervik (Stev60). The abundance of articles
proves, at least in part, that a technique must be developed for the
particular separation of interest. There is no one single method for
the separation of all rare earth mixtures. Many factors influence the
separation, including the column size, the resin particle size and
degree of cross-linkage, the flow rate through the column, the column
temperature, and the mass of the sample.

Cation-exchange techniques all involve two steps. The first
is to adsorb the rare-earth mixture onto the resin. The second step

then involves the desorbtion of specific elements by the appropriate
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eluting agent. For the separation of Gd and Eu target material, we
have chosen a~hydroxyisobutyric acid as the eluant. This eluant was
first used for the separation of actinide elements by Choppin, Harvey,
and Thompson (Cho56a) and later adapted to the separation of the rare
earth elements by Choppin and Silva (Cho56b).

The column bed was composed of Dowex 50x8 (200-400 mesh), a
cation-exhange resin. Dowe 50 is a sulfonated styrene-divinylbezene
compound. The x 'n" designation indicates the degree of divinylbenzene
cross-linking. The lower the cross-linking, the more porous the struc-
ture. All else being constant, very little cross linking is desirable,
inasmuch ag this produces a greater surface area per volume. However,
a resin with a small amount of cross linking, say xl,‘has the unfor-
tunate property of greatly changing volume as the solution acidity
changes. Thus, a compromise must be reached, and in our case we chose
a x8 resin.

Our apparatus, shown in Figure 4, is similar to that de-
scribed by Thompson, Harvey, Choppin, and Seaborg (Thom54). The
column dimensions are 5cm x 2mm, with the column being surrounded by
a liquid jacket used to maintain a constant temperature throughout
the procedure. For our purpose, boiling trichloroethylene allowed us
to maintain the column at 87°C.

The resin bed was composed of Dowex 50x8 (200-400 mesh),
which has been described earlier. 8N HC1l was used to wash the resin.
After thoroughly mixing the resin in the acid, only the resin still
suspended after about 30 seconds was used to pack the column. This

allowed a very densely packed column having a high resin surface area.
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Figure 4. Ion-exchange apparatus. This was used principally for the
separation of Gd!“*2, The side arm contains the ion-exchange
resin. Trichloroethylene vapor (87°C) passes through the
jacket surrounding the resin bed to keep it at this con-
stant temperature. The Trichloroethylene vapor and conden-
sate then passes out the top of the heating jacket and re-
turns to the boiling flask. At the top of the apparatus
is a water cooled condenser to insure that there is no
escape of the "heatant" to the atmosphere. It was generally
necessary to use a pressure head at the inlet of the resin
bed to regulate the flow rate through the bed.
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The eluant is prepared by first making a 0.2 M solution of
ammonium o-hydroxyisobutrate solution, to which HC1l is added drop-
wise to adjust the pH to 4.00. The time necessary to remove a par-
ticular rare-earth element from the column is highly dependent on the
pH of the eluent. Choppin and Silva found that a pH of 4.0 was opti-
mum for lutetium-ytterbium-thulium separations and a pH of 4.6 was
optimum for neodymium-praseodymium-cerium-lanthanum separations.
Rather than lower the pH below 4.2, they found it more desirable to
increase the a-hyroxyisobutrate concentration to 0.3 M or 0.4 M. Ref-
erence (Stev60) shows the time versus pH relationship for Am, Cm, and
Cf. Since the elements are eluted in reverse order, lowering the pH
~to a value less than 4.0 can cause the lower mass elements of a series
to remain on the column for such a long time that the separation be-
comes impractical.

Flow rate has a great effect on the degree of separation,
also. An optimum flow rate was found to be 0.5 drop/min.

The target material was dissolved in 1-2 M HCl1l and diluted
to obtain a final solution 0.05 ¥ in HC1l. Eluant was allowed to
flow through the column, at 87°C, until bubbles no longer formed in
the resin bed. At this point the flow of eluant was stopped and the
space above the resin bed was cleared of any remaining solution.

This space was then washed with hot water to insure removal of all
traces of eluant. Two drops of the water was allowed to flow through
the bed. This procedure was then repeated using hot 0.05 M HC1l. The

top cavity (above the bed) was then cleared of all remaining HC1.
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Two drops of the solution, (adjusted to 0.05 M Hcl), prepared from

the target was then introduced to the top of the resin bed and allowed
to flow through the bed. Two drops of H,0 was then used to wash down
the top cavity. This cavity was then filled with the hot a-hydroxyiso-
butrate solution and a pressure head connected. The pressure was then
adjusted, by the height of the water bulb, to obtain an eluant flow
rate of 0.5 drop/min.

Drops were collected on small aluminum planchets, two drops
each and dried. They were then counted and a graph prepared of counts
per channel versus drop number. An elution curve is shown in Figure 5
for a separation of Gd and Eu, using the above method. The target
material (Eu%5103 + Gdlug) was doped with Eul32,15% go that the Eu
peak could be identified. The separation is not complete for various
reasons, one of the most important being the necessity of having to
separate minute quantities of Gd from a gross amount of target mate-
rial. Running the Gd fraction through a second exchange procedure

would greatly enhance the separation.
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At Michiga:
T prograzs to

ziog from relative

iency curves

27587 @ given

“5 and relatyve

“EHHEs and {nge-




CHAPTER III

DATA REDUCTION

At Michigan State University we have a wealth of
computer progfams to assist us with the analysis of spectra,
ranging from relatively simple programs for determining energy
and efficiency curves to quite complex programs which automat-
ically scan a given spectrum, pick out peaks, and determine their
energies and relative intensities. Once the fundamental parameters
of energies and intensities are determined for the decay of a
particular nuclear species, they must fit together in a coherent
fashion to arrive at a decay scheme.

In addition to the various coincidence and anticoincidence
techniques used to place nuclear levels and y transitions in a
decay scheme, we have programs which look systematically at sums
of y transitions to determine whether certain energy sums equal
other energies or energy sums. For example, a sum of two energies
could be compared in turn to each single y-ray energy. If these
agree to within a predetermined limit, the computer prints the
results. In like manner, threc can be compared to one, ctc.

The results of such a program cannot be used alonc with any degrece
of confidence, but prove to be helpful when used in conjunction
with experimental coincidence data.

One of the more tedious jobs necessary for the con-

struction of a decay scheme is that of determining the B feeding

33
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to each of the daughter levels, and ultimately to arrive at a
reduced transition probability, or log ft, to each level. This
involves a considerable amount of arithmetic, particularly with
decay schemes possessing many levels, and is easily adaptable

to a computer operation.

This chapter singles out three quite useful computer
programs, MOIRAE, SAMPO, and SCHEME and gives a brief description
of each one. Also included in § 3.3.3. is a step by step description

of the operation of our PDP-9 computer and its usefulness for FORTRAN

programming.
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3.1. Gamma Ray Energy and Intensity Determinations

3.1.1. Program MOIRAE

MOIRAE (Moir) could be described as a computerized
"graphical" method of spectral analysis. This program, as
with all programs currently in use in this laboratory, is based
on the analysis of photopeaks only. This method of analysis is
desirable for several reasons. For example, while total response
functions are known for NaI(Tl) crystals and are quite reproducible
for all detectors of a given size, they do not reproduce well
in going from one Ge(Li) detector to another. Also, using total
response functions to strip a y-ray spectrum results in an error
accumulation that is proportional to the complexity of the spectrum
being analyzed. Using only photopeaks for the analysis limits
any errors from one part of the spectrum from having any effect
on the analysis of other parts of the spectrum.

All analysis by means of MOIRAE is performed by instruc-
tions to the computer via interfaced sense switches arranged
below the display oscilloscope. This equipment is shown in Figure
6. The oscilloscope provides a live display of the spectrum as
well as a display of the fitted background curve, channel marker,
centroid position of analyzed peak, and provision for displaying
the net spectrum that results after subtraction of all events
below the background curve. Output is provided by the line

printer and/or punched cards, all controlled by the sense switches.






Figure 6. Oscilloscope and sense switches used for program MOIRAE.
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MOIRAE is used predominantly for the calculation of cen-
troids and net peak areas of y-ray spectra. No provision is cur-
rently available for y-ray energy and y-ray intensity calibrations
within the program. These conversions must be made with one of
several available auxiliary programs.

Another disadvantage of MOIRAE is its inability to strip
individual peaks in a multiplet. These must either ge done by
hand or by SAMPO (to be described in the next section). Also,
MOIRAE requires the constant attention of the user, since all opera-
tions are manually controlled by visual reference. A complete y-
ray analysis by use of MOIRAE can take 2-3 hours for complex spectra.
Figure 7 shows photographs of a segment of the Gd1"*99 Yy-ray spectrum
in various stages of analysis. These will be referred to in the
following description.

Generally, the first order of business when using MOIRAE
is to expand the spectrum horizontally to display only a segment
that can be conveniently displayed on the scope. Figure 7a shows
an expanded segment of the Gd1459 singles y-ray spectrum, includ-
ing the 808.5-keV transition (middle peak). The end peaks are the
double escape peaks from the 1757.8-keV and 1880.6-keV transitionms.
The same horizontal expansion is usually kept throughout the entire
analysis, the specttum being ''walked" across the scope by use of a
senge switch. The vertical display is adjusted for a good view of

the background level and is readjusted as necessary.
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Background can then be fit over all or any portion of
the displayed spectral segment. Channels are selected which are
to be included in a polynomial least-squares fit, lst through 10th
order being available at the discretion of the operator. Figure
7b shows the background fit to a 5th order polynomial. The large
vertical line at the left of the display is the marker used for
choosing channels to be used in the analysis. The shortest vertical
lines along the bottom of the display are markers showing those
channels used in the least-squares background determination.

The background curve can then be modified as seems appropriate
after inspection.

Once the background under a given peak is properly fitted
(in the operator's judgment), the vertical marker is used to
designate the upper and lower channels to be consideréd as end
points for the peak. A center of gravity calculation is then
performed over the channels which fall beetween the markers to
determine the centroid for that peak. This feature is shown in
Figure 7b. The two tallest vertical lines under the 808.5-keV
peak (middle peak) mark the beginning and ending channels used
in the centroid calculation. Notice that the centroid is also
marked on the display.

Figure 7c is a display of the same region after
subtraction of all counts falling under the background curve
shown in Figure 7b, and can be used as another means of checking

the "goodness" of fit for the background curve.
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In this manner all resolvable peaks in the spectrum are
analyzed. The results for each peak are stored on a computer disk
and are output together at the end of the analysis. At that
point all results are output on the line printer and/or punched
cards. Figure 8 shows a sample of the line-printer output from
MOIRAE. Beginning at the top of the figure, the raw data are
presented for the spectral segment which was displayed on the
scope. The center portion of the figure shows the counts per
channel for the segment actually used in the background determination.

' of this curve. This gives a visual

Notice the '"smoothness'
indication of any unexpected fluctuations in the background curve.
The bottom portion of Figure 8 shows the counts in the spectral
segment after subtraction of the background. Also included is
the listing of the analyzed parameters. In particular, the
"difference between raw data and background" is the net peak area
used in the determination of the y-intensity, the '"centroid" is
later used for the energy determination, the '"sum of raw data and
background" is the raw data count of the peak, the ''square root
of above'" is the square root of the raw data, and the '"end points

used" are the beginning and ending channels used for the centroid
and net arca determinations.

The results obtained from MOIRAE are only as good (or bad)
as the user's judgment of the analysis as based on the observation
of the scope display. Net peak areas can change drastically for

peaks situated on Compton edges or other bad-background regions.
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Sample of line-printer output from program MOIRAE.

Figure 8.
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The results depend on ones judgement as to the shape of the back-
ground underlying the peak itself. Since a polynomial background fit
can be performed for any size spectral segment, questions arise as
to the "best" way to perform this fit. In particular: How large a
segment should be fit at one time and what polynomial approximation
should be used? Unfortunately, there is no single answer. There is
always the unanswerable question of the shape of the Compton back-
ground under a peak. For an ideal peak of high intensity situated
on a smooth, horizontal background, a straight-line approximation
for the background would seem appropriate. For peaks situated on
Compton edges, etc., the answer is not so clear cut and must be left
to individual judgement. However, if any rule of thumb is valid, it
could be said that when the actual Compton shape is not known, a
straight-line approximation is as suitable as any other approx-
imation. With this in mind, it seems reasonable that any size inter-
val can be fit to a single polynomial curve as long as the back-
ground is fit smoothly and appromixmates the desired background shape
under each of the peaks included in the interval. Background fitting
over a region is easily accomplished with MOIRAE since the operator
is always in visual control. The great advantage of fitting a whole
region at one time rather than just over individual peaks is the time
saved in the analysis.

It is fortunate that even in the midst of a somewhat un-
certain placement of the underlying background, the peak centroid
changes only slightly with the different background choices that

might be made.
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One other very useful feature of MOIRAE should be men-
tioned. This 18 the ability to study easily the changes of a single
trangition through many spectra in a convenient manner. Ordinarily
one would have to read in a spectrum, adjust the vertical and hori-
zontal gains by means of the sense switches, and move through the
spectrum to the peak of interest. MOIRAE alleviates this bottle-
neck in that any particular peak or spectral region, once displayed
on the scope, can be followed through as many as 20 spectra for such

purposes as determining transition half-lives.

3.1.2. Program SAMPC

This computer program was first described by Routti and
Prussin (Rou69). It utilizes the photopeak method of analysis, with
each experimental peak being fit to a Gaussian function having ex-
ponential tails. The program used at Michigan State University is
an abbreviated version of this program. At present we have no
scope display or light pen capability with this program.

SAMPO performs several analysis tasks including:

1. Fitting of photopeaks to an analytical function

and determining the precise centroid for each peak.

2. Fitting and subtraction of background.

3. Calculation of energy and statistical error of
the energy for each peak from an internally pre-

pared calibration curve.
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4, Calculation of net area and statistical error of
the area for each peak and converting this net
area to a relative intensity by way of an in-
ternally prepared detector efficiency cali-

bration curve.

5. Stripping of multiplets and determining the
parameters of steps 1-4 for each of the

peaks in the multiplet.

The results of SAMPO analysis are output on the line
printer, including plcis of the raw data and accompanying fitted
background and peak curves. Figure 9 shows a portion of SAMPO out-
put for a Gd14>9 spectrum. This figure will be referred to in the
following description.

Peak centroids are determined by fitting the experimental
peak with the Gaussian-exponential function whose parameters must
be determined from 'standard" peaks. The standard peaks should be
chosen from single, well-shaped y peaks spaced at regular intervals
over the whole spectrum under consideration.

Shape parameters for fitting the experimental "standard"
peaks with the mathematical function are determined by minimizing

the function,
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where i = channel number
ni = counts in channel i ,
k = approximate channel of peak ,

2,m = channels limiting the fitting interval ,
£, =p, +p, (i-p,) + p, exp [-1/2(i-p,)’/ 2]
i - P17 P 4 3 47 'Ps

2
for pa - Pg <1icx< Py P; >

= . 2 . 2 2

2
< -
for i P, Pg

]

and

: 2 C . 2,2
£, =py + P, (i-p,) + pyexp [1/2 p; (2p,-21 + p,)/p5]
for i > +2

o P, t Py

and where the minimization process is carried out with respect

to the Py The p; are defined as follows:

= constant in the continuum approximation

Py, = slope of the continuum approximation

Py = height of Gaussian

= centroid of a Gaussian

Pg = width of the Gaussian

Pg = distance in channels to lower Gaussian-exponential
juncture.

Py = distance in channels to upper Gaussian-exponential

juncture.
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Figure 9. Sample output from the computer program SAMPO,
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These shape parameters are part of the output from the
program and can be used in subsequent analysis of y-ray spectra
taken under the same experimental conditions, thus affording a
great saving in computer time.

The remainder of the peaks in the spectrum are fitted
to the Gaussian-exponential function using shape parameters
determined by a linear interpolation between values obtained for
standard peaks.

An energy calibration curve is prepared from the
centroids determined for the standard peaks and the energies
given for these peaks. The usual ca.ibration method is to
perform a piecewise linear fit between succeeding standard points.
Alternatively, higher order polynomials can be used to prepare
the calibration curve. Figure 9 shows the results of such an
analysis. The line printer plot alone shows a wealth of information.
Beginning at the top of the figure,"YFIT" shows the counts per
channel for the fitted peak and background curves, while 'YDATA"
is the actual counts per channel for the raw data. The three rows
of numbers at the bottom of the plot show the counts per channel
for the fitted background curve, the channel deviation between
the raw data, the total calculated counts for each channel,
and the channel numbers for each channel in the plot. ‘The
symbols used for the plot itself are given vertically on the right

hand side of the plot. Further to the right are the results
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of the analysis for the plotted segment. The background under
each peak is determined by fitting it to a polynomial curve. The
net area for a given peak is then determined as the area of the
fitted function for the peak minus the area of the fitted
background counts under the peak. Therefore, with SAMPO the

net areas which are output are areas determined by the fitted
functions and not areas determined directly from the raw data.
These net peak areas can be transformed into relative transition
intensities by means of a detector calibration curve prepared
from intensity data supplied for the designated standard peaks.
If no intensity data are input, only net peak areas and relative
peak areas are output by the program.

The statistical error in an area determination is
expressed as a percentage error. Such an error reflects the
difference between the fitted analytical function and the raw
experimental points for a given peak; therefore, such an error
value partially reflects how well the peak shape matches the
shapes of the bracketing standard peak shapes.

At this point a comment is in order on the use of
higher order curves used for energy calibration. While such a
curve may seem to fit the selected data points with a smaller
standard deviation, when there is a significant nonlinearity in
the system, oscillations can occur in the fitted curve which
may cause significant errors in the peak energies determined
between the fitting points. Consequently, in a system of

unknown or marginal linearity the piecewise linear fit can be
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a better approximation for the calibration curve. This is the
procedure chosen for SAMPO.

Another point to be made is that under no circumstances
should energies be sought from a calibration curve of higher than
first order when the centroid to be converted is outside the range
of standard centroids used in the preparation of the curve. De-
pending on the degree of curvature, energy values so obtained can
actually be off by several keV.

All of the above described tasks can be performed by
SAMPO in two modes, automatic or manual. Generally, a combination
of both 1s used for the complete anulysis of a y-ray spectrum.
First, peaks are picked which are to be used for energy and shape
standards. SAMPO is then allowed to determine and shape parameters
and energy calibration curve from this information. Next, SAMPO
automatically searches the spectrum for all suspected peaks. Each
candidate is screened for statistical significance as well as for
possessing the proper shape before receiving SAMPO's seal of approval.
Each peak passing the required tests is then fully analyzed as al-
ready described. In complex spectra there are always weak peaks
which fall below the minimum statistical limit set for automatic
analysis. The manual mode of operation is then used for the analysis
of these peaks. In the manual mode, analysis is performed only on
those peaks for which approximate centroids are input on FITS cards.
Thus, it usually requires two passes of SAMPO through the computer

to effect a complete analysis of a y-ray spectrum, the second pass
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being required for the manual analysis of the weak peaks and multi-
plets not recognized in the automatic analysis mode on the first pass.
The analysis results, like the sample shown in Figure 9, are given
again in summary form at the end of the lineprinter output. In this
summary the results for all peaks are given in ascending centroid
order.

One of the more powerful features of SAMPO is its ability
to resolve, or strip, peaks belonging to multiplets. Using SAMPO in
its manual mode is the most satisfactory procedure for this purpose.
The approximate centroids for each peak in the multiplet are input
on FITS cards, several cards generalilv being input at one time on
which the centroids are varied slightly. SAMPO outputs the results
for each card along with the chi-square calculation for each one.
Most often, that analysis is chosen which has the lowest chi-square.

In this regard SAMPO has proven itself able to determine accurately

both energies and intensities for each peak in the multiplet. When

more than one pass through the computer must be made for an analysis,
or when analyses are to be performed on several y-ray spectra taken
under the same experimental conditions, the originally determined
shape parameters can be input at the start of the program rather than
requiring SAMPO to recalculate them. This results in less computer
time being used for the analyses. A general rule of thumb is that
the Sigma-7 computer can analyze a complex spectrum (say 50 peaks)

in a period of about 15 minutes. This compares to the 2-3 hours

necessary, under favorable conditions, for the same analysis by use

of MOIRAE.



51

On a few occasions MOIRAE and SAMPO have been used for the
analysis of the same spectrum. For the intense peaks the centroids
agree to less than 0.1 channel, with an overall average of about 0.2
channel for all peaks in the analysis. As might be expected, the peak
area detérminations show a greater variation between the two methods
of analysis. The variation is particularly pronounced on badly
shaped, weak peaks. The better method for these 'bad" cases must be
determined on an individual basis. Area determinations for the ma-

jority of peaks, however, show agreement to usually better than +10%.

3.2. PDP-9 Machine Operation for FORTRAN Programming

Being able to use the PDP-Y computer for running computer
programs, as well as for spectra acquisition, is a great benefit.
This is particularly true when, for one reason or another, the Sigma-7
is not available. The use of DECtape greatly simplifies the operation
of the PDP-9 for this programming. To facilitate the use of the PDP-9
by future personnel in the laboratory, the following descriptions are

offered.

Keyboard Monitor System

This is the monitor system furnished by DEC for use with the
DECtape option. This allows all of the FORTRAN math library, editor,
FORTRAN compiler, Macro assembler and loader, as wcll as the Monitor
to be stored on a single DECtape. In addition, scveral other utility
programs are stored on this same tape.

It is most useful to create and modify FORTRAN programs by

use of the editor supplied by DEC. The description of this program
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is found in the Utility Programs Manual for the Advanced Software
System (UPM). The editor outputs the created FORTRAN program in ASCII
code onto punched paper tape. This tape is then read into the com-
puter under the control of the FORTRAN compiler program, which in turn
outputs a binary coded paper tape in machine language to be used as
the operational program. These binary object programs can be stored
on DECtape and called through the Keyboard Monitor.

Several user programs, including SCHEME which is described
in the next section, are available and are further described in (Ann69).
All input and output communication with these programs is via the tel-
etype.

A sequential guide for loading and using these FORTRAN pro-

grams is the following:

1. Mount SYSTEM TAPE on one of the transports. Set
the transport address to 8. Set the remote-off-
local switch to remote.

2. Mount the user tape on the other transport. Set
the transport address to 2. Set the remote-off-
local switch to remote.

3. Turn on the TTY.

4. Place the Advanced Monitor Bootstrap paper tape
in the reader. Set the address switches to 17637.

Press I/0 Reset on the computer, then press Readin.

At this point the Bootstrap will be read, which in turn initiates the

loading of the keyboard Monitor System into core. When the system is
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ready, "Monitor V4B" will be typed on the TTY.

5. Type in load, then hit the carriage return. This
will cause the Linking Loader to be brought into
core. When accomplished, '"Loader V3A" will be
typed out.

6. Type the name of the program, followed by the
name(s) of any user subroutines which the main
program calls for. Each name is to be separated
by a comma. Press Alternate Mode (not the

carriage return).

The user program and subroutines will be loaded first, followed by all
subroutines, functions, etc., from the system tape which are necessary
for the operation of the user program. As each is loaded, the name
and loading address will be output on the TTY. Any loading error en-
countered is noted by number of the TTY and can be looked up in one of
the manuals (e.g. UPM). When the program is successfully loaded, a

"control S" (4S) is output on the TTY.

7. To initiate program operation, 1S is typed on

the TTY.

At this point control is turned over to the program. Pro-
gram input parameters and formats are obtained from the appropriate
program listing.

A program can be reinitialized at any time by simély typing
+S. Also, control can be returned to the Monitor at any time by typ-

ing #4C.
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3.3. Determination of the Decay Scheme

Parameters with Program Scheme

Program SCHEME is one of the available FORTRAN programs for
use with the PDP-9 computer. This program relieves the user of some
of the drudgery encountered on the way to obtaining log ft values for
B decay. Utilizihg the level energies and B feeding for the daughter
states as the input information, it calculates EC(K)/EC(tot), EC(K)/
g*, and EC(tot)/8% decay to each level. The resulting electron- cap-
ture percentages are then used in the log ft calculations. To use
this program one should have an understanding of the steps necessary

for arriving at the log ft values.

3.3.1. Steps Necessary in the Determination of Log ft values

for B8 Decay.

The following is a summary of the steps necessary for log
ft determinations. These steps will vary to a degree depending on

the nucleus under discussion.

1. Obtain total transition intensities for all
electromagnetic transitions involved in the
decay schems. This must include corrections
to the y-ray intensities for the internal-
conversion process.

2. Total B decay to each daughter level is determined
by subtracting the electromagnetic intensity to
a level from the total intensity out of a level.

B decay to the ground state presents a special
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problem and can be arrived at by a variety of
means, including determination by use of the
annihilation peak, x-ray peaks, or through

the positron intensity to the ground state

as determined from a positron spectrum.

Obtain EC(K)/EC(tot) for each level, where EC(K)=
K-electron capture intensity and EC(tot) = total
electron capture intensity.

Obtain EC/B% for each level, where g% = positron

intensity.

The parameters of steps 3 and 4 are obtained from graphs in the

Table of Isotopes (TI67).

5.

From steps 3 and 4 the ratio EC(tot)/B* is obtained
for each level.

From steps 2 and 5 the total electron capture
intensity to each level is obtained.

Calculate the log ft value for each level, based

on the EC(total) decay to each level.

The log ft values are usually determined through the

equation log ft = log fbt + log (' + Alog ft. All three terms

on the right side of the equation can be read from graphs given

in (TI67) or (NST59).

The above steps assume decay from a single parent level.

If an isomeric level is present in the parent, which can decay by

electromagnetic and B transitions, the procedure becomes more

complicated.
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3.3.2. A Short Look at the Log ft Equation

Retreating one step, to a paper by Moszkowski (Mosz51),
we can take a look at the origin of the parameters involved in
+
the above equation for arriving at log ft values. For B8 decay,

f; is given by

wO
fo = j W(W2-1) (W -W)2dW -
1 o
[wg/so)-a/zo)wg—(z/ls)][wg-l)] + (2.302/4)w0 1og[w§-1) 1,

where Wo is the transition energy in units of mc?. This rather
complex expression reduces to f; = (wo + EK)2, in units of mcz,

for electron-capture. In this equation E, 1is the k-binding energy

k
for the parent species. From this expression, log fbt is easily
obtained. Note that ¢, the half-life, is the total half-life
for the parent species. Log C is a factor arising as a Coulomb
correction term. For EC decay this is a constant for a given
Z and is most easily obtained from available graphs. A log ft is
a correction term for a branch that consists of less than 100% of
the total decay. It is simply A log ft = - log (p/100), where
p is the percent electron-capture decay to the particular level.
Note that to obtain this percentage, the electron-capture intensity
to the level is normalized to the total intensity (both EC and 8+)
to all lcvels, including the ground state.

To go through the procedure described in %3.3.1l. once

would be bad enough, but if it should happen that some number

has to be changed along the way, say a change in a y-ray intensity,
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the whole procedure must be repeated since all parameters are related,
and a change in one means a change in all of them. At this point one
appreciates the convenience of letting the computer do all this busy

work.

3.3.3. Description of Program SCHEME

The following is the computer listing of the program
SCHEME and the required subroutine BRATE. The program requires the
input of the total B intensity to each daughter level, including the
ground state. The program assumes B decay from a single parent level.
The following program listing for SCHEME contains comment statements
as an aid in the use of the program. The parameters A, B, and C are
the coefficients resulting from a least squares fit of EC(K)/BY values,
over the appropriate energy range, from the graph in (TI167). This

could not be incorporated into SCHEME because of memory limitationms.
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PROGRAM SCHEME
THIS PROCRAM IS FOR THE DETERMINATION OF EC/B+ RATIOS»

TOTAL EC INTENSITIES TO EACH LEVEL, PERCENT DECAY TO EACH

LEVEL AND THE LOG FT'S TO EACH LEVEL.
EC = ELECTRON CAPTHURE ENERCY TO THE GRO'IND STATE.

AK1 = TO BE READ FROM THE GRAPHS(TABLE OF ISOTOPES,P.S576)

BK = K BINDING ENERGY

BL1 = L1 BINDING ENERGY

S = L2 TO L1 RATIO

V = TOTAL(M+N+...) TO TOTAL L RATIO

ENCI) = LEVEL ENERGIESCINCL'IDING 0.0)

ANTNCI) = TOTAL INTENSITY TO LEVELS(EC + B+).

CINCI) = K-CAPT'IRE INTENSITIES TO LEVELS

A»B,C = COEFFICIENTS FROM LEAST SQJAREN FIT OF EC(K)/B+
DATA FROM GRAPH IN THE TABLE OF ISOTOPES.

Z = LOG(C) FROM GRAPH FOR EC IN THE TABLE OF ISOTOPES.

HF = TOTAL HALF-LIFE IN SECONDS.

DIMENSION NDE(S2)5R(52)>CAP(52),ANTNCA42)
DIMENSION CINC40),FNCAD) »DELT (48)
COMMON/CY ZENCAD ) »RESIILT (43)
WRITE(C1,100)

FORMAT(27H PROGRAM SCHEME, ENTERXR DATAZ/)
READ(2,220)N

FORMAT(I2)

READ(2,200)ECsAK1 »BKsBL1,S»V
FORMAT(E1S.8)

WRITEC(1,1408)

READ(2,210)(ENCI)d»1I=1,N)

FORMAT(F10.2)

WRITE(]1,140)

READ(2,210) CANTNCI)»I=1,N)

WRITE(C]1,142)

REAND(2,200)A+,BsCoHF»Z

FOR OBTAINING EC DECAY ENERGIES FOR EACH LEVEL.

DO 300 I=1,N

DECI) = EC-ENCI)

CONTINYE

R = L1 TO K RATIO FOR ALLOWED AND 1STe. FOXIBINDDEN TRANS.

DO 310 I=1,N

AN'JM = (DECI)-BL1)**2.0
ADEN = (DE(I)=BK)*%*2 .0
RCI) = AK1*(AN'IM/ADEN)

313 CONTINJE






(e N o]

aoa

Qo0

320

110

120

130
330

140

S0

49
S1

52

S3

59

CALC!'JLATION OF PERCENT DECAY BY K-CAPT!JRE

S'IM = 1 .20+S

DO 320 I=1,N

CAP(CI) = 10701 «AA+R(II*S1JM*(1 «B0+V))
CONTIN'IE

VRITE(1,110)

FORMATC(IHO/Z/77)

CALL BRATE(N,A»B»C»EC)

VRITE(1,120)

FORMAT(8X»7TH ENERGY»8X»8HECL1 /ECK»6X»13HEC(K)/ECC(TOT)>»8X»

18HEC(K)/B+/)

DO 330 I=1,N
VRITEC(1,138)ENCI)SR(IILCAPCI)LRES!ILTC(I)
FORMAT(SXsF10 2, (3(5X,E12¢6)))

CONTIN/IE

VRITEC(1,142)

FOIMAT (1 HO)

SECTION FOR DETERMINING EC(TOT)/B+ RATIOS

DO SO I=1,N
RESULTC(I) = (RES'ILTC(I)/CAPCI))

FOR DETERMINING TOTAL EC TO EACH LEVEL.

DO S1 I=1,N

IF CANTNCI)«GT«@0) CO TO 49
CINCI) = 0.0

GO TO S1

CINCI) = (RES'ILTCI)®*ANTNCI) )/ (1 003+RESILTC(I))
CONT INYE

ADD = 0.00

NO 52 1I=1,N

ADD = ADND+ANTNCI)

CONTINJE

DO S3 I=1,N

ANTNCI)> = C(ANTNCI)/ADDI*100 .0
CINCI) = (CINCI)/ADD)I*1030 .0
ANTNCI) = C(ANTNCI)-CINCI))
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SECTION FOR THE CALC!LATION OF LOG FT VAL'ES

DO 820 I=1,N

FO = ((DECI)+BK)/S511.8)*%2.0

FNCI) = ALOGI1OB(FQ=*HF)
IFCCINCI)«EQ+0.00) DELT(I) = 20.00
IFC(CINCI)«EQ«D.00) GO TO 800

DELTC(I) = -ALOGIO(CINCI)/100.00)
CONTINUE

WRITE(1,365)

FORMAT(SX»7H ENERGY»S5SX»9HZEC DECAY»S5X»9HZIB+ DECAY»2X»86HLOC FT/)
DO 810 I=1,N

VAL'J = FNCI)+Z+DELT(D)
WRITE(C1,378)FENCI)»CINCI)»ANTNCI)» VALY
FORMAT(2XsF 10 25, (2(2XsE125))52XsF642)
CONT INUE

WRITE(1,140)

WRITE(1,150)

FORMAT(19H END OF CALC'JLATION)

MM 1JSED FOR HALTING THE PROGRAM
PRESS CARRIAGE RET/IRN TO REINITIALIZE THE PROGRAM.

READ (2,230 )MM
FORMAT(CI1)

GO TO 1

STOP

END
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The following subroutine, necessary for the determination

of the EC(K)/B+ ratios, must be used with program SCHEME. These

ratios are determined from a quadratic equation whose coefficients

must be determined separately (due to memory limitations) from

data given in (T167).

Xz e Xv Ry Rz Nz X2 X3!

235

15

SIIBROUTINE BRATE

TO BE IISED WITH PROGRAM SCHEME .

FOR THE DETERMINATION OF EC(K)/B+ RATIOS BASES ON THE

GRAPH IN THE TABLE OF ISOTOPES (P+575)e.

A»B,C = COEFFICIENTS FROM LEAST SQ'JARED RESULTS (LOG VAL!ES).
EC = ELECTRON CAPTI!JRE DECAY ENERGY TO THE GRO'ND STATE.

N = NIMBER OF ENERGY LEVELS TO BE CONSIDERED.

EN = LEVEL ENERGIES.

S/IBROITINE BRATE(N»A»B,»C»EC)
COMMON/C1 ZENCAQ ) »RESHLT (40)

CONST = EC~-1022.0

WRITE (2,23S)CONST

FORMAT(2X5s25H TOTAL B+ DECAY ENERCGCY = »F8.2//7)
DO 10 I=1,N

ANJM = CONST=-ENCI)

IFCAN'JMeGT @ 0) GO TO 2

WRITE(2,230)1

FORMAT(1X»7H LEVEL ,1I2,33H IS CGREATER THAN THE DECAY ENERGY/)
RES/IILTCI) = | .0E20

GO TO 10

RES'ILTC(I) = ALOGI9OCAN'IM)

CONTINYE

DO 15 I=1,N

ANSW = A+B*(RESIILTCI))+C*(RES'ILTCI) *RESIILTCI))
RESULTC(I) = 10 .0**ANSVW

CONTINIE

RET!IRN

END






Chapter IV

EXPERIMENTAL RESULTS

4.1. The Electron-Capture Decay of Gd!“9

4.1.1. Introduction

Neutron-deficient Gd isotopes lie in a region of special
interest for the testing of nuclear models. They and their Eu
daughters range from nuclei that have large quadrupole moments,
suggesting permanently deformed nuclei, through closed-shell
nuclei that can be described by an extreme single-particle shell
model. The heavier isotopes (N>90) are permanently deformed and
exhibit well-developed rotational bands and other features that
have been described successfully by the Bohr-Mottelson unified
model. Spherical nuclei appear as one approaches the closed neutron
shell at N=82, It would be of considerable interest to be able
to correlate the nuclear levels, especially in the odd-mass
nuclel where single-particle states are most easily observed,
as one moves from the spheriodal region into the spherical region,
and we have embarked on a program to do this, primarily through
the study of the radioactive decay of neutron-deficient GD isotopes.
As Gd152, Gd!S5%through Gd158, and Gd!60 are stable (Gd1°2 is
slightly a active), Gd153 ig the isotope nearest stability which
permits the study of Eu states. And, because the decay schemes
of Gd133 and Gd15! (refs. Alex 64 and Shir 63) are fairly well
characterized, the logical place to begin the experimental

investigation was with Gd1!%9,
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9.4-d Gdl"9 was first discovered by Hoff, Rasmussen,
and Thompson (Hoff 51) in 1951, who produced the isotope by

the reactions, Eul®l(p,3n)Gd!"“? and sul?

(a,2n)Gd1“9. Since

that beginning, several papers have been published on its partial
decay scheme. Because of the complexity of the y-ray spectrum,
however, the earlier investigations (Hoff 51, Shir 57, Pras 62)
that used NaI(Tl) detectors did not observe a number of the
weaker and/or more closely spaced lines because of the inherently
poor resolution of these detectors.

However, even in more recent investigations, in which
Ge(L1i) detectors (Jak 66, Adam 68) and conversion-electron
detectors (Anto 58, Adam 58, Dah 59, Harm 66) were employed,
discrepancies remain as to many of the Eul“? energy levels and
also even with respect to which transitions properly follow Gdl49
decay. In particular, there has been disagreement in the placement
of transitions appearing at 993, 1013, and 1082 keV in the y-ray
spectrum. We undertook the present investigation to try to
eliminate some of these uncertainties.

G449 decays almost exclusively by electron capture,
although a small a branch of 4.6+1.5x10 © and an energy of
3.01t0.02 MeV has been reported (Siiv 65). We have been able to
put an upper limit of 10-3(B+/K) on the positron branch (cf.§ 1.4).
This means that the electromagnetic transitions become the exclusive
tool for its study. Very good conversion electron data already
existed, so we made use of these and have concentrated on the photon

spectra and coincidence and anticoincidence experiments.
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4.1.2. Source Preparation

Gdl%9 was prepared by the reaction, Eu151Q2,3n)Gd1“9.
Both natural europium oxide (47.82% Eul®l, 52.18% Eul!3) and
separated isotope (96.83% Eul®!, 3.17% Eul®3) obtained from
Isotopes Division, Oak Ridge National Lab., were used in the
proton bombardments. The proton beam was furnished by the MSU
Sector-Focused Cyclotron, using a beam energy of 28 MeV with
a typical current of 2 uA. Typically, 100 mg targets were bombarded
for periods of 1-2 h.

For the first few hours after the bombardments, several
short-lived peaks were evident in the spectra. However, after
these disappeared, essentially pure Gd1"*° remained. This happy
circumstance results because other (p,xn) reactions that should be
possible have product nuclei of long half-lives. Activity
resulting from the decay of the daughter, Eul"d (¢ = 106 d), did
not show up for several days. However, some spectra (particularly
for the anti-coincidence runs and for the study of the 993-,

1013-, and 1082-keV peaks) were obtained after chemical separation
of Gd from the target material. Two different methods of chemical
separation were employed.

The first method was the utilization of Zn-HCl reduction,
described in §II.5.1. Owing to a semi-stable Eu++ state, Eu can
be separated from the reduction mixture by precipitation with K,S0,.
This technique, carried out two successive times on the target

material, yields quite pure (as to the radioactive components) Gd!"“9,
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For y-ray analysis, this was the only step necessary. When the
source must be essentially '"mass free'", as for an electron source,
the an+ must be removed. This can be accomplished by extraction
of the Zn'' with methyl-isobutyl ketone (hexone).

The second method of separation used was cation-exchange,
described in §2.5.3. The resin beds were composed of Dowex 50x8
resin (200-400 mesh) and were 4-5 cm in length and 2 mm in
diameter. A trichloroethylene bath was used to maintain the
column temperature at 87°C during the separation. The eluting
agent was 0.4 M a-hydroxy-isobutyric acid with the pH adjusted

to approximately 3.8-4.0 by the addition of NH3 solution.



s
.



66

4.1.3. Gd!*° Spectra

4.1.3.A. Singles Spectra

Two Ge(Li) detectors, both of which were manufactured
in this laboratory, were used for all spectra. One was a 7-cm?
5-sided coaxial detector, the other a 3-cm’® planar detector.

Both were mounted in dip-stick cryostats having aluminum housings
0.16-cm thick. The detectors were used with low-noise room-
temperature FET preamplifiers, RC linear amplifiers having pole-zero
compensation, and 1024- and 4096-channel analyzers.

The Gd1“9 sources were usually counted after having aged
several days, but spectra were obtained at times varying from
immediately after bombardment to several weeks after bombardment.
This technique, together with the chemical separations, eﬁabled
us to identify impurity y rays.

The y-ray energies were determined by comparison with
the standards listed in Table 2. The larger peaks were first
determined by counting the Gd!"? sources simultaneously with
these standards. The weaker peaks, which would be obscured by
the standards, were later determined by using the then well-
determined stronger Gd1“9 peaks as internal standards. The centroids
of the standard peaks were determined by using a computer program
(Moir), described in §III.1.1. that first subtracts the background
by performing a cubic least-squares fit to several channels on
each side of the peak. The channels included in the peak are fit
to a quadratic curve to determine the centroid, and the centroids

of the peaks are fit to a least-squares nth degree curve, which



-
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Table 2. y-ray Energy Standards used for Gd!"9,

Nuclide v-Ray energies Reference
(keV)

Am241 50.545+0.031 a
Celtl 145.43 +0.02 b
Cm?243 209.85 +0.06 c
228.28 +0.08 c
277.64 +0.02 c
cgl3d7 661.595+0.076 d
Mn>Y 834.85 +0.10 e
Co®0 1173.226+0.040 £
1332.483+0.046 £
Cod6 846.4 *0.5 g
1038.9 +1.0 g
1238.2 0.5 g
1771.2 *1.0 g
D2598.5 +0.5 g

8J. L. Wolfson, Can. J. Phys. 42, 1387 (1964).

b;. s. Geiger, R. L. Graham, I. Bergstrom, and F. Brown, Nucl. Phys.
68, 352 (1965).

°R. E. Eppley, unpublished results (1969).

dD. H. White and D. J. Groves, Nucl. Phys. A91, 453 (1967).

®W. W. Black and R. L. Heath, Nucl. Phys. A90, 650 (1967).

fs. Murray, R. L. Graham, and J. S. Geiger, Nucl. Phys. 63, 353 (1965).

8%. L.)Auble, Wm. C. McHarris, and W. H. Kelly, Nucl. Phys. A91, 225
1967).
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becomes the calibration curve. This calibration curve, in turn,
is used to determine the energies of the unknown peaks by a
similar process.

The relative peak intensities were determined from the
peak areas with the use of relative photopeak efficiency curves
for both Ge(Li) detectors. The curves were obtained by the use
of a set of standard y-ray sources whose relative intensities
have been carefully measured repeatedly with a NaI(Tl) detector.

We have identified 25 y rays as resulting from the e decay
of Gd1l49, Singles spectra are shown in Figure 10 (separated
Eul>l target) and Figure 11 (natural Eu target). A list of
the y-ray energies and intensities is given in Table 3. These
energies and intensities are average values from many runs in
which various counting geometries, both detectors, and different
combinations of associated electronics were used. The listed
errors are the overall experimental errors determined as 1/2
of the range of the values obtained for all the runs included for
each average value.

The X x-ray intensity was obtained by a direct comparison
with Cel"*l, of which 70% decays to the 145.4-keV state of Prl%l,
The Gd!“9 x-ray spectrum is shown in Figure 12 along with x-ray
spectrum of Cel39°1%1 The gain of these spectra is such that
the 149.6-keV y-ray for Gd!“? is included as are the 145.4-keV

and 165.8-keV transitions for Cel“! and Ce139, respectively.
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Table 3- Energies and relative intensities of y rays
from the decay of Gd!“3,
This work Jaklevic, Funk, Adam, Toth,
and Mihelich? and Meyer
Energy Intensity Energy Intensity Energy Intensity®
(keV) (keV) (keV)
K x-rays 468 100 K x-rays 487 35 - -
149,6:0,2 233.4 *10 150.0+0.5 197 20 149.8 258.9 120.0
- - - - 184.8 0.23 ¢+ 0.12
214.5+0.6 0.81+ 0.10 216.0%0.5 1.6+ 0.8 216 0.91 + 0.40
- - - - 230.4 0.65 *+ 0.31
- - - - 235.1 0.14 * 0.07
252,30.7 1.08+ 0.25 - - 252.5 0.54 * 0.15
260.5¢0.3 5.80+ 0.4 262.0+0.5 7.0+ 0.7 260.9 4,70 + 0.80
- - - - 264.6
- - - - 267.8 0.061+ 0.015
- - - - 268.6
212,0+0.2 14.6 + 0.6 272.00.5 16.1+2 272.6 11.6 *+ 1.0
298.5+0,2 126.7 + 10 298.5%0.5 106 +10 298.7 114.8 ¢+ 4.
346,50, 3 =100 347.020.5 100 10 346.8 100.0 * 4.9
405.5+0.7 3.7+ 1.5 - - 404.0 0.70 + 0.30
3o +19 0.33:+ 0.05 - - - -
459.910,3 2.4 ¢+ 0.2 461 1 2.3+ 0.3 460.3 1.81 + 0.30
478,7+0.3 0.95¢ 0.10 480 =1 0.4* 0.1 478.3 1.80 + 0.51
496.410.3 7.2 + 0.4 497.0+0.5 7.2+ 0.7 496.6 6.61 + 1.00
516.4+0.,3 11.1 + 1.5 517.0%0.5 10.7¢ 1 516.8 10.30 + 1.00
334,240.3 13.2 + 0.6 534.0%0.5 12,5+ 1.3 534.4 13.50 + 1.00
845,240, 3 5.9 + 0.5 646.5+0.5 7.0+ 0.7 645.2 6.20 + 0.59
863.3+0.,7 1.1+ 0.2 - - 663.4 4.51 ¢ 0.49
666.2+0,7 3.9+ 0.6 666.50.5 6.0+t 0.6 666.6
148.2:+0.3 34,6 + 4.0 749.5+0.5 37.0+ 749.1 34.1 ¢
188.610.3 29.6 + 3.0 790.5+0.5 34.8% 789.3 31.2 ¢
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Table 3 continued

812.4+0.5 0.55¢ 0.13 | 813 +1 0.7+1 813.0 0.642 0. 14y
863 +1 7 0.32¢+ 0.10 | 865 *1 0.340.05 - -
875.840.4 0.90+ 0.11 | 878 ¢l 0.740.1 876.2 0.980: 0.201
933.340.5 2.2+ 0.5 934 *1 2.8+0.3 934 2.41 + 0.30
939.1#0.4 9.0 + 1.4 | 939.0%0.5 12.1%2 939.0 11.2 * 2.0
947.70.5 3.7t 0.6 949,0+0.5 4.840.5 948.0 3.70 + 0.70

- - 993 *1 1.5%0.2 - -

- - 1013 *1 1.3%0.1 - =

- - 1082 *1 0.8:0.1 - -
4(Jak66)
b (Adam68)

“These intensities were obtained by normalizing the intensity (891:44) for the
346.5~keV y as given in (Adam68) to 100, always retaining the original number
of significant figures.

d
This transition was not seen in the singles spectra but only in the 600-keV region
gated spectrum.(Figure 18).
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Galhe x-ray spectrum compared to a Cel39»141 spectrum.
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Due to the presence of the contaminant cel3?) the
total Ce x-ray intensity had to be corrected appropriately in
order to arrive at the experimental cel*l K -x-ray intensity.

This correction was accomplished by use of the K-shell fluorescent
yield and Iy/IKLX (IC + EC) values reported by Donnelly and
Wiedenbeck (Don 68). The total relative Ce!3% K x-ray contribution,
both electron capture and internal conversion, could then be
calculated from knowing the intensity of the 165.8-keV y ray
accompanying the de-excitation of the Cel39, The ratio of X
x-rays to 145.6-keV y's in Cel!“l has been measured (Nem 61) to

be 0.341*0.010. The area ratio [K x-ray/149.6-keV y] for Gd!“9
was measured to be 2.45. When corrected for efficiency by the
Celtl ratio, this becomes 2.01. The errors involved should be
quite small even though the efficiency curves are changing rapidly
in this region, because the energies of the Gdl“? and Cel"“! x-rays
and y-rays are so similar.

As can be seen from the singles spectrum resulting from
the bombardment of separated Eul3! (Figure 10), peaks are present
at 963, 993, and 1013 keV in addition to those at lower energies.
These three "high-energy'" peaks were also seen in many of the
bombardments using natural Eu, and they have been reported
previously (Jak 66) as belonging to the decay of Gdlqg. We
questioned this because, as can be seen in Figure 11, a spectrum
taken from an older source (in this case using natural Eu target)

no longer contains these transitions. An excitation function
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was run using a natural europium oxide target with proton beams
from 10 MeV to 35 MeV at 5 MeV intervals. The characteristic

Gd!“9 peaks first appeared in the 20 MeV spectrum as expected

(@ = -16.9 MeV) and had all but vanished by 35 MeV, thus exhibiting
an excitation function with a width typical of a compound nuclear
reaction. Of the three peaks (961, 993, and 1013 keV) only the

961 keV peak was in evidence in any of these runs. However, it
first appeared in the 10-MeV spectrum and continued to be present
in all of the higher energy spectra. It was accompanied by

peaks at 121 keV and 841 keV, these three transitions‘being
characteristic of the decay of the 9.3-h isomeric level of Eul®2,
This activity could easily be made by the Eul51(n,y)Eul52™ reaction.
The peaks at 993 keV and 1013 keV did not appear in any of the
excitation function spectra; however, the statistics were such

that very weak peaks at these energies would not be observed.

When observed in other singles spectra these two peaks do appear

to decay with a half-life similar to, but less than, that of Gdl“9,
although no specific half-life determination has been made. It
should be noted that, when present, these peaks do remain with

the Gd fraction after separation in an ion-exchange process.
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4.1.3.B. Prompt Coincidence Spectra

Both prompt and delayed spectra were obtained by a
variety of methods. The 7-cm3 Ge(Li) detector was normally used
for recording spectra, with a 3x3-in. NaI(Tl) detector setting
the gates. For some of the spectra, however, the Ge(Li) detector
was placed at one end inside the tunnel of an 8x8-in. NaI(Tl)
split annulus (Aubl67). The source was placed on top of the
Ge(Li) detector inside the annulus. For an anticoincidence
speétrum a 3x3-in. NaI(Tl) detector was placed at the other end
of the annulus tunnel in order to subtend a greater solid angle
from the source, thereby further reducing the Compton background,
in particular the Compton edges resulting from backscattering
from the Ge(Li) detector. For all of the coincidence experiments
a standard fast-slow coincidence circuit was used and the lower
discriminators of the single-channel analyzers were adjusted to
accept only pulses with energies greater than those of the K x-rays.
For the coincidence runs the resolving time (21) of the fast
coincidence unit was =100 nsec, while for the anticoincidence
run it was =200 nsec. These experimental set-ups are described
in more detail in §8II.1.2.

The anticoincidence and integral or "any" coincidence
spectra are shown in Figures 13 and 14. These spectra complement
each other in helping to elucidate the decay scheme. The enhancement

of a peak in the anticoincidence spectrum implies a ground-state
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transition either from a level fed primarily by direct € decay
or from a level with a half-life long compared with the resolving
time; examples are the 748.2- and 496.4-keV y's. In the integral
coincidence spectrum such transitions should be either absent or reduced
in intensity. The integral coincidence spectrum also confirms much
of the information gained from the individually-gated spectra
below. The relative intensities of peaks in the coincidence runs
are given in Table 4 and a summary of our inferences from them is
given in Taﬂle 5.

Other useful coincidence spectra were obtained by
gating on the 149.6-, 346.5-, and 534.2-keV peaks and on the 600-
and 900-keV regions. These are shown in order in Figures 15-19.
Tables 4 and 5 again summarize the relevant information from these
spectra, but we defer any detailed discussion until §1.5,
where points essential to our construction of the decay scheme

will be covered.
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Table 5. Summary of Coincidence Data

82

Gate energy

Peaks in coincidence

Figure no.

(keV) (keV)
Integral gate 149.6, 214.5, 260.5, 14
272.0, 346.5, 405.5,
459.9, 478.7, 516.4,
534.2, 645.2, 663.3,
666.2, 788.6, 947.7
149.6 272.0, 346.5, 516.4, 15
645.2, 663.3, 788.6,
947.7
346.5 149.6 16
534.2 214.5, 260.5, 405.5 17
600 region 149.6, 272.0, 430.3 18
900 region 149.6 19
149.6 delayed coincidence 252.3, 298.5 20
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4.1.3.C Delayed Coincidence Studies

Many nuclei in this region have an hll/zisomeric state,
and Eul%9 is no exception. The 496.4-keV state was first suggested
to be isomeric by Shirley, Smith, and Rasmussen (Shir 57), who
assigned the 346.7-keV transition as M2 on the basis of its
conversion ratios. The half-life of the state was later measured
by Berlovich, et al. (Berl 61), to be 2.48:0.05x10 ° sec. In
several previous studies (Pras 62, Jak 66) delayed-coincidence
experiments were performed to determine the feeding of the 346.7-keV
state from above, but we obtain somewhat different results from
these.

We used a 3x3-in NalI(Tl) detector to gate on the
346.5-keV y and on the 149.6-keV y that is in coincidence with it
(cf. the decay scheme in Figure 23 below). The 7-cm3 Ge(Li)
detector signal was delayed relative to these gates by inserting
passive delays ranging from 0.25 to 0.50 usec, depending on the
particular run. The fast resolving time (21) again was set at
=100 nsec. The spectrum resulting from the 149.6-keV delayed gate
is shown in Figure 20 and the intensities of peaks in this spectrum
are compared with their intensities in the corresponding prompt
spectrum in Table 6. A summary of the conclusions is also included
in Table 5. The spectrum resulting from the 346.5-keV gate
produced essentially the same results so is not shown.

In all the delayed spectra the 298.5-keV y was enhanced,

indicating that it does indeed feed the 496.4-keV level. There was
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Table 6. Intensities of Gd!“? y rays in delayed

and prompt coincidence.

E} (keV) Relative Intensity (normalized to singles intensity)

149.6-keV 149.6-keV

delayed prompt
149.610.2 4,78 -
252.3+0.7 0.85 -
260.5+0.3 0.86 2,88
272.0%+0.2 2.08 33.3
298.5+0.2 126.7 15.7
346.5%0.3 18.2 272.5
496.4%0.3 1.17 -
516.4%0.3 1.51 z11.1
534.2+0.3 2.73 2.36
645.2+0.3 - 6.22
663.3%0.7

{ - 1.11

666.2+0,.7
748.2+0.3 5.37 -

788.6+0.3 . 5.68 16.3
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also some evidence for enhancement of the 252.3-keV y. However,
the 459.9-keV y, which had previously been reported (Pras 62,

Jak 66) as feeding the 496.4-keV level, is completely missing
from Figure 20. This, and other evidence which will be discussed
in §4.1.5., leads us to the conclusion that the 459.9-keV y does
not proceed to the 496.4-keV level but instead depopulates a

newly proposed 459.9-keV level.
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4,1.3.D. Internal Conversion Coefficients

For the determination of internal conversion coefficients
we used the electron intensities reported by Harmatz and Handley,
(Harm 66) who reported extensive values for X electrons along with
some values for LI and MI electrons. These values were obtained
with flat-field permanent magnet spectrographs using photographic
plates and have reported uncertainties of ~15%Z for the most
prominent lines. For purposes of normalization we assumed the
346 .5-keV transition to be pure M2 and used the theoretical value
of a, from Hager and Seltzer (Hag 68).

Multipolarities or possible multipolarities were
assigned for all transitions where X-electron intensities were
available. The experimental oy X
Seltzer (Hag68), and assigned multipolarities are listed in

's, theoretical o,'s of Hager and

Table 7. Where necessary, (logarithmic) quadratic interpolation

was made between the tabular theoretical values. As our lowest

energy was 149.6 keV, this method yielded satisfactory results.

These theoretical values were used to construct the smooth curves

in Figure 21, upon which we have superimposed the experimental points

along with their estimated errors (ranging between 15 and 30%).
Usually K/L

and K/M ratios can be used as

(tot) (tot)

indicators of transition multipolarities. For the present case
only a few LI and MI values are reported (Harm66). Where possible
the LI conversion values were used with the experimental K-conversion

values to determine experimental values for K/LI ratios. These

values are compared in Table 8 with theoretical values based on
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8 (Hag68)

bNo precise error estimates could be assigned to these conversion
coefficients. Harmatz and Handley (Harm66) assigned intensity
errors as being *15Z for their most prominent lines. Our y-ray
intensity errors are given in Tables 3 and 9.

“These transitions are probably Ml's; the closeness of the M1 and E3
conversion coefficients makes a decision based on these alone

difficult, but M1 assignments are consistent with the remainder of
the decay scheme.
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Table 8. Experimental and Theoretical K/LI ICC Ratios for

Gdl49 Transitions,

Energy Exp. Theoretical K/LI Ratios?d Indicated
(keV) 1(/1,1b EL 2 B3 Ml @ M3 Multipolarity®
149.6 8.5 9.3 9.9 9.5 7.6 5.7 - E1,M1
272.0 8.7 8.2 8.0 7.7 7.3 5.9 4.9 El

298.5 8.5 8.3 8.0 7.5 7.4 6.1 5.1 El

346 .5 7.3 8.9 9.3 8.9 8.0 7.2 6.2 M2

496.4 | 6.5 8.5 8.1 7.5 7.8 6.9 6.1 M2 or M3
516.4 7.2 8.7 9.1 9.0 7.9 7.6 7.2 M3

534.2 9.0 8.8 9.5 9.7 8.0 7.9 7.7 E1l

939.1 | 8.4 8.6 8.9 8.9 8.0 8.0 8.0 El

% (Hag 68)

bBased on values given in (Harm 66),

“These multipolarities are indicated by the theoretical ratios given here.
They are not necessarily the adopted values determined from other experimental
evidence.
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the tables of Hager and Seltzer (Hag 68). As is easily seen,
the ratios are so similar and vary so slowly they are only of
marginal use for multipolarity assignments. The indicated
multipolarities, based on comparison of the experimental and
theoretical ratios, are also shown in Table 8. These values
were not used as the primary factor in assigning transition

multipolarities.
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4.1.4. Electron-Capture Energy

Because there is no measureable B+ emission from the
decay of Gdlug, a direct measurement of its decay energy is not
possible. Various estimates one range all the way from 1.220
MeV (Avot 7) to 2.275 MeV (Harm 11). As an alternative to an
arbitrary adoption of one of the several published values, we
made a graphical estimate of Qe’ using a method similar to that
suggested by Way and Wood (Way 54) and previously used by
Grover (Grov 59).

A plot (Figure 22) was made of all experimentally known
decay energles vs Z for pairs of nuclei having the same neutron
numbers as the pair for which the decay energy is to be determined.
Both electron-capture and B~ decay pairs were plotted, and for
our particular graph, as QE is chosen to be positive and QB- negative,

the abscissa for the former is 2 and for the latter
parent

149

For example, in estimating Qe for Gd , the experi-

zﬁaughter'
mental decay energies of all pairs with M=85286 or ¥=86785 were
plotted. As can be seen from Figure 22, these points all fall

on a straight line, andék for Gd!"9 can be read from the same line.
Using this method we estimate Qe as 1.320 MeV. The plots for

Gd 145, Gd 147, and Gd 15! have also been included for reference.

As read from the graph, Qefor these isotopes is 4.9, 2.2, and
0.56 MeV, respectively. These compare with previous estimates

of 5, 1.8 and 0.4 MeV (refs. Grov 59, Mat 65 and Alex 64,

respectively).
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Figure 22. Graphical estimates for the electron-capture decay energies
for several odd-mass Gd isotopes, including Gd149,
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In essence, this method involves taking the difference
between two paraﬁolas cutting across the mass surface and assumes
that there are no appreciable bumps or ridges to distort the
surface in the region involved. Had we chosen to make a similar
plot based on proton pairs rather than neutron pairs, it is easy
to see that the ¥=82 shell would have introduced a serious distortion.
Although there is no formal justification for the plot we did
make, the fact that no major proton shells or subshells are likely
to be encountered means that such estimates for Qe should be

reasonably reliable.
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4,1.5. Proposed Decay Scheme

On the basis of the foregoing coincidence, delayed

coincidence, and anti-coincidence spectra, aided by energy
sums and intensity balances, we have placed excited states in
Eul"9 as indicated by our decay scheme, presented in Figure 23.
The results of our y-ray energy and intensity measurements,
conversion coefficients, and assigned transition multipolarities
are summarized in Table 9. Unfortunately, as we have intimated
earlier, the preparation of clean Gd!“9 sources, free from
subtle contaminants, is not a trivial task, and many incorrect
transitions and states have accrued in the literature. Thus,
we have included in our decay scheme only those states that
were actually indicated by experiments in our laboratory. To
ameliorate this inflexible position somewhat, we have included
in Figure 23, to the side of our decay scheme, some placements
that we could neither confirm nor deny and which appear to be
reasonable. For the most part these originate from the conversion-
electron work of Harmatz and Handley (Harm 66), who observed
4 number of transitions too weak to be detectable in y-ray
sSpectra,

| Specific evidence for our placing of each level and

its asgociated transitions follows:
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Table 9. Transition data for Gd!“9.

= e =S Tm=— S TSt S OITS=ILTSS S 13 s SUTTE TSI TR OESR o=wro-otoC LI 2

Energy Photon K-Conversio Total Exp. oy Multipole
Intensity Intensity®:°»€ Intensity Order
Kk x-rays 468 +100 - - - -
149.640.2 233 £10.0 124.9 377 0.54 M1
214,5£0.6 0.81% 0.1 - 0.84 - -
252.30.7 1.1 + 0.2 0.14 1.23 0.13 M1
260.5£0.3 5.8 + 0.4 0.15 5.92 2.6 1072 El
212.00.2 14.6 * 0.6 1.75 16.3 1.2 1071 M1
298.5+0.2 127 + 10 10.75 138 8.5 M1
36,50, 3 2100 20.0 123 0.20 M2
405.50.7 3.7 £ 1.5 0.033 3.7 9.0 10°3 El
430 0.33% 0.05 - 0.33 - -
459.9+0,3 2.4 * 0.19 0.073 2.49 3.0 1072 M1
478.7£0.3 1.0 £ 0.1 0.011 0.96 1.2 1072 E2
196.4:0.3 7.2 + 0.35 0.238 7.49 3.3 1072 E3
316.420,3 11.1 * 1.5 0.213 11.3 1.9 102 M1
3%4.210,3 13.2 * 0.55 0.256 13.5 1.9 1072 M1
85.210.3 5.9 £ 0.5 0.018 5.9 3.0 10-3 El
%3.30.7 1.1 + 0.2 0.016 1.10 1.5 10-2 M1
%6.2:0.7 3.9 + 0.6 0.026 4.0 6.6 103 E2
148.2:0.3 34.6 * 4.0 0.071 34.7 2.0 10-3 El
188.6:0.3 29.6 * 3.0 0.15 29.8 5.1 103 ML+E2
N2.400,5 0.55¢ 0.1 - 0.55 - -
3¢ 9 0.32¢ 0.1 weak - - -
375 8+ T
+820.4 0.90+ 0.1 0.0041 0.91 4.6 10-3 M1
133,349,
2.2 + 0.5 - 2.2 - -
939.110 3
. 9.0 *+ 1.4 0.044 9.0 4.9 10~ M1
;47.710 5 -3 ’
. 3.7 ¢ 0.6 0.0062 3.7 1.7 10 (K1)

\
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qntensities from (Harm66) .
bIntensities renormalized such that the ay (346.5 keVv) = 0.20.

“Errors in the relative intensities are reported as being 15%
for the most intense peaks and increasing for the weaker ones.

dFor the purpose of arriving at total intensity values, theoretical
L and M conversion coefficients were used for the indicated
multipolarities. Interpolated values from Hager and Seltzer
(Hag68).

®Not included in the decay scheme.
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149.6-keV level. The 149.6-keV peak is by far the
most intense transition in the y-ray spectrum. If this were
not a ground-state transition, we should see other transitions
of comparable intensity that would de-excite the level fed by
the strong 149.6-keV transition. Therefore, in agreement with
all previous workers, we place the first excited state near 150
keV, specifically, at 149.6 keV. This is also consistent with
an overwhelming mass of systematics showing that odd-proton
nuclei with 51<Z<63 have 5/2+ or 7/2+ ground states or first-
excited states separated by an energy rarely greater than 150 keV.
The coincidence experiment having its gate on the 149.6-keV
peak (Figure 15) showed enhanced peaks at 272.0, 346.5, 516.4,
645.2, 663.3, 788.6, and 947.7 keV. These results agree with
those of Jaklevic, Funk, and Mihelich (Jak 66), with the exception
of the 663.3-keV peak, which they did not see in a coincidence
spectrum. All of these transitions can thus be considered as
feeding the 149.6-keV level, and it will be shown later that, with
the exception of the 272.0-keV y, all feed it directly.
The 149.6-keV coincidence spectrum, in conjunction with
the singles spectra, made it possible to determine the energies
of the peaks in the 663.3- 666.2-keV doublet more precisely than
before. As only the 663.3-keV y was in coincidence with the 149.6-
keV y, its energy and intensity could be determined directly from
the coincidence spectrum. These values were then used to subtract
the 663.3-keV peak from the singles doublet, leaving the 666.2-keV

peak quite well determined by the difference.
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459.9-keV level. Owing to the results of the delayed
coincidence spectra (Figure 20), the 459.9-keV y can no longer
be considered to be feeding the 496.4-keV level, as had been
concluded by previous workers. (Pras 62, Jak 66, Adam 68).

Also, as seen in Figure 13 and Table 4, this y ray is enhanced
in the anti-coincidence spectrum but is absent from most of
the prompt coincidence spectra. From this evidence, we place
the 459.9-keV y as emanating from a level of this same energy.

On the basis of energy sums, the 478.7-keV y could be
placed connecting the 459.9-keV level with the well-established
939.1-keV level (see below). Other evidence for this placement
comes from the 534-keV gated spectrum (Figure 17). While the
459.9-keV peak is less intense than in the singles spectra, it
is still present -- most likely due to some of the 478.7-keV y
in the relatively wide NaI(Tl) gate. The fact that it is present
to more than a very small extent implies that it does not feed the
496 .4-keV level, which has a half-life of 2.48 usec. In Figure 7
the 459.9- and 478.7-keV y's have the same intensity relative to
each other as they do in the singles spectra, suggesting again
that they are related as above.

496.2-keV level. This is the relatively well-known
11/2- isomeric state, again a characteristic of odd-Z nuclei
in this region. 1Its half-life has been measured (Ber 161) to be

2.48+0.05 pysec. As a result of this half-life, the transitions
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to and from this level must be studied by means of delayed
coincidence techniques. From the results of such experiments
(§4.1.3.d., Figure 20 and Table 6), only the 252.3- and 298.5-keV
v's are placed as proceeding to the 496.2-keV level. It is depop-
ulated by the 496.4-keV y to the ground state (cf. Figure 13)
and by the 346.5-keV y to the 149.6-keV level (Figure 15 and §4.1.3.D.).
The adopted energy, as for all of the excited states to be discussed,
is a weighted average of these y rays.

534.2-keV level. In the 534-keV gated coincidence
spectrum (Figure 17) the 214.5- and 260.5-keV peaks are most.
obviously enhanced. Other relatively intense peaks are those at
272.0, 405.5, 459.9, and 478.7 keV, all of which are more intense
than can be ascribed to chance coincidences. We have already
dealt with the 459.9- and 478.7-keV peaks, and the 272.0-keV peak
can be explained from the 516.4-keV y falling within the gate.
This leaves the 405.5-keV y as feeding the 534.2-keV level, although
its coincidence intensity is somewhat less than expected. This
coincidence spectrum does not rule out its feeding the 748.2-keV
level, which in turn feeds the 534.2-keV level. From energy sums
and differences, however, it is one of 5 y rays that depopulate
the 939.1-keV state, and this is the only placement consistent
with our proposed decay scheme.

666.0-keV level. The three primary peaks included in
the gate for the '"600-keV region" coincidence spectrum (Figure 18)

lie at 645.2, 663.3, and 666.2 keV. We have already discussed
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how the 666.2-keV y appears to be a ground-state transition
(above, in the section on the 149.6-keV level), implying the
existence of a level at this energy. The peaks in Figure 18 are
those at 149.6, 272.0, 430.3, and perhaps 516.4 keV (crossover
timing jitter cut down on the intensity of the latter). That
these transitions are involved in cascades is corroborated by

the integral-coincidence spectrum. The 149.6-keV coincidence
spectrum shows the 516.4-keV y to feed the 149.6-keV level; if we
try to place it as feeding this level indirectly through some
higher level, we obtain no consistency whatever with the remainder
of the decay scheme and very quickly exceed the available decay
energy. Thus, it depopulates the 666.0-keV level.

The 272.0- and 430.3-keV y's feed into the 666.0-keV
level from the 933.3- and 1097.3-keV levels, respectively. These
placements are the only ones supported by energy sums.

748.2- and 812.4-keV levels. The 748.2- and 812.4-keV
y's were indicated to be ground state transitions by the anti-
coincidence spectrum. In addition, the 534.2-keV coincidence
(Figure 17) and the delayed coincidence (Figure 20) spectra
indicated our placement of the 214.5- and 252.3-keV y's, making
the level at 748.2 keV reasonably certain. Similarly, the
enhancement of the 663.3-keV y in the 149.6-keV gated spectrum
adds confidence to the placement of a level at 812.4 keV, which
had not been adduced by previous workers (the 812.4-keV Y had

been variously assigned).
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794.8-keV level. There are no transitions to the
ground state from this level, probably because of the proposed
high spin of the state. However, each of the transitions leading
from it was enhanced in the appropriate coincidence spectrum --

260 keV in Figures 14 and 17, 298.5 keV in Figure 20, and 645.2 keV
in Figures 14 and 15.

875.8-keV level. Perhaps the least certain level in our
decay scheme, this placement rests solely on the enhancement of
the 875.8-keV y in the anti-coincidence spectrum and its suppression
in all of the coincidence experiments., Also, there is no other
position consistent with the remainder of the decay scheme in
which to put it.

933.3-, 939.1-, and 1097.3-keV levels. In the "900-keV
region" gated coincidence spectrum (Figure 19), the only peak
present is the one at 149.6 keV. From the integral, 149.6-keV
gated, and anti-coincidence spectra, it is evident that the 947.7-keV
Yy is the only one in coincidence. It indicates a level at 1097.3
keV, which is corroborated by the enhancement of the 430.3-keV
Y to the 666.0-keV level, as discussed above. The 933.3-keV
level is placed on the basis of its sole transition to the ground
state. The 939.1-keV level, on the other hand, depopulates by
5 y rays, all of which are confirmed by coincidence spectra, as
discussed above under the sections concerning the levels to

which each feeds.
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4.1.6. Discussion

63E“é29’ with four neutrons above the y=82 closed shell,
must have its structure interpreted cautiously. Although the
closed shell is only four neutrons away in one direction, well-
defined rotational structure makes its appearance (Alex 64) at
Eu153, only four neutrons in the other direction. This means
that when discussing states in Eul"“? one must be careful not to
draw arbitrary conclusions from the spherical shell model and must
be prepared to accept collective effects and the fractionation
of single-particle strengths over many states.

That Eu'"® should be very soit toward vibrational
deformations is borne out by the fact that Smlue, its even-even
core, has a 2+ one-phonon vibrational state (Baba 63) at only
551 keV, a 3- (octupole?) state at 1162 keV, and a 4+ (from the
two-phonon vibrational triplet?) at 1181 keV.

The simple shell model predicts that above 2Z=50 the available
proton orbits are 97/2 and d5/2 lying close together, then, after
a gap of a few hundred keV, h11/2’ 81/2° and d3/2. The parent,

Gd!%9, should have eight 92/2 and six ¢ protons (or some

5/2
distribution of proton pairs in these nearly degenerate orbits)
outside the 7=50 closed shell. 1Its last three neutrons should

lie in h9/2 and/or f7/2 orbits, the unpaired neutron being in

the f7/2 orbit, similar to many other Iw=7/2- nuclei above N=82.
[This neutron assignment involves somewhat circular logic connected

with the Gd!“?9 ¢ decay properties, but no other assignment gives

any sort of consistent picture.]
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Similarly, the ground state of Eul"*? can be characterized

as (g7/2)8(d )° protons above Z=50 and (hglz)‘+ or (f7/2)“

5/2
(or some combination) neutrons above N=82. This 5/2+ configuration
is well established from its edecay (Harm 61) and again is consistent
with many odd-Z nuclei in this region. The first-excited state
undoubtedly has a g7/2 proton hole as a major component in its
configuration, i.e., (g7/2)7(d5/2)6, again in agreement with many
other odd-Z nuclei in the region. These assignments are consistent
with the 0.32-nsec half-life (Berl 62) of the 149.6-keV state,
a half-life quite in line with %-forbidden M1 transitions between
g7/2 and d5/2 states.

The ¢ decay to the ground and 149.6-keV states demonstrates
quite clearly that they are separate single-particle states and
not members of a K=5/2 rotational band. From our above assignments
the e decay can be pictured as ﬂd5/2+ f7/2 for the ground state
and ﬂg7/2*vf7/2for the 149.6-keV state. The observed branchings
(and log ft's), 17.1% (7.7) and 36.3% (7.3) are perfectly consistent
with such transitions. On the other hand, if the 149.6-keV
state were the 7/2+ member of a k=5/2 rotational band, the relative
€ population should be predictable by the ratio of the squares of

the following vector-coupling coefficients,

(TK R A I TRTKI? | g _ &3/2.7/2.1 -1]7/2 1 772 5/D?
- 2 _ 7
(IiKin(Kf xi)l.riu)y(f:) ground {7/2 7/2 1 -1|7/2 1 5/2 5/2)

=1/3 .
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This is clearly in the wrong direction even before the energy
dependence has been included.

The only other simple single-particle state that can
be clearly identified is the hll/zstate at 496.2 keV. The
measured M2 and £3 multipolarities of the 346.5- and 496.4-keV
transitions indicate the 11/2- assignment, as does the 2.48*0.05-usec
half-life of the state. Single-particle estimates (Mosz 53) for
the half-lives of the M2 and E3 are 3.8x1078 and 8.2x107° sec,
respectively, to be compared with the measured partial half-lives
of 2.7x107% and 3.6x107° sec. The M2 is retarded by a factor of
approximately 70, but, then, M2's are commonly retarded by such
factors. More surprising, the £3 is enhanced by a factor of about
2.3 over its single-particle estimate, and most E3's are also
retarded. However, there are three other known enhanced E£3
transitions (Bee 69, Hise 67) in Lal37, Prl39, and Eu!“7, all
nuclei just above or below N=82 and all involving an h11/2 state.
A cursory attempt (Hise 67) has been made to explain the enhance-
ments on the basis of octupole-coupled admixtures of the ground
states in the h“/2 states, but at this point meaningful
quantitative calculations cannot be made. However, the assignment
of the 496.2-keV state as an hll/? state is warranged, and its
receiving no direct € population from Gd!%? is consistent with
this assignment.

A number of spin and parity assignments can be made for

the other states, but deciding much about their internal structures
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is quite difficult. Many of the states are undoubtedly core-
coupled, e.g., the 459.9- and 534.2-keV states, but most conclusions
at this point would be somewhat arbitrary. Unfortunately,
theoretical studies of this region are all but nonexistent,
and even useful experimental systematics are scarce. We are
currently studying other nearby Gd isotopes and hope to be able
to say more about the structures of states in the various nuclei
in this region at the conclusion of these studies. Meanwhile, in
this paper we confine ourselves to a more or less straightforward
discussion of the spins and parities per se, as they can be deduced
from the Yy transitions. The € decay itself yields little information,
for most of the log ft values lie in the range which indicates
either first-forbidden or allowed transitions, and it will be
necessary to know more about the internal structures of the states
before drawing serious conclusions from these values.

The 459.9-keV state can be assigned 3/2+, 5/2+, or
7/2+ because of the M1 character of its ground-state y-ray
transition. The log ft value of 9.1 seems to imply a first-
forbidden unique transition. However, if one considers this state
to arise from core-coupling to the one-phonon 551-keV state in
Sml48, the log ft value would be expected to be larger than normal.
With this in mind, the € decay could in fact be a normal first-
forbidden transition. Consequently, the spin assignment for the
459.9-keV state cannot be narrowed down from the above. And if

the ds/2 ground state were the single-particle component of
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the core-coupled state, this could easily explain the absence of
a transition to the 149.6-keV state.
The 534.2-keV state can also be assigned 3/2+, 5/2+, or
7/2+ because of the M1 character of its ground-state transition.
It is also tempting to think of this state as the ds/z ground
state coupled to the 2+ quadrupole vibrational state. We shall
see below that the assignment for the 534.2-keV state can be
narrowed down to 7/2+.
The 666.0-keV state is limited to 5/2+, 7/2+, or 9/2+
by the M1 tramsition to the 149.6-keV state. If, as it appears,
the 666.2-keV transition to the ground state does have appreciable
M1l admixing in its EF2 character, the 9/2+ possibility is eliminated.
Assignments for the next two states, at 748.2 and
794.8 keV, can be much more specific because of the many y-ray
branches proceeding from them. The 748.2-keV Fl1 y implies a spin
of 3/2-, 5/2-, or 7/2- for the 748.2-keV state. The 252.3-keV y
to the 11/2- state appears to be an M1, which is inconsistent with
the 748.2-keV y being an E1. However, assuming the 252.3-keV y
to be really an E2 narrows the choice for the 748.2-keV state to
7/2-. The log ft of 7.4 is somewhat high for an allowed transition,
but, remembering that the 748.2-keV state undoubtedly has a complex
structure, one would expect a B transition to it to be hindered.
With a 7/2- assignment, the 214.5-keV y to the 534.2-keV state
allows the narrowing of assignments for the latter down to

5/2+ or 7/2+.
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The strong 298.5-keV M1 transition from the 794.8-keV
state to the 496.4-keV state suggests the possibilities 9/2-,
11/2-, or 13/2- for the upper state. The 645.2-keV El transition
to the 149.6-keV state limits the choice to 9/2-. The log ft for
€ decay to this state is the lowest for decay to any state,
implying that this transition, if any, is allowed, again consistent
only with the 9/2- assignment. The 260.5-keV EF1 y then allows
the assignment for the 534.2-keV state to be narrowed further
to 7/2+.

If we may be forgiven a little speculation at this
point, a word about one component of the wave function of the
794.8-keV state might perhaps be in order. Consider the two facts:
1) a relatively simple mechanism must exist for populating the
state so readily from Gdl“g, and 2) the abnormally large intensity
of the transition to the 496.4-keV state indicates a similarity
to that state. Now, there is ample indication (Fel 70, Wild 70a)

that,below W82 at least, there is appreciable h character

11/2
in the proton pairs of the Gd isotopes, and this should also be
true here. Any € transitions from Gd!“? involving gq/2 ©OF d5/2
protons would not be expected to proceed at all rapidly to the
available final neutron states, nor would they lead to 9/2-
overall final states. On the other hand, a "hlllgvh9/2 transition
not only would proceed relatively quickly, but also it would lead

to the final configuration, (nh11 /2)(vh9 /2)(vf7 /2), which could
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furnish a 9/2- state among its couplings. Similar cases,
resulting in three-particle final states are known (Bee 69d and
McH 69a) in the N=82 region, although the three-particle states
lie considerably higher than 794.8 keV. Thus, although we do not
suggest this as the primary component of the 794.8-keV state,
such an admixture would account satisfactorily for the € decay.

The state at 812.4 keV is assigned 5/2+, 7/2+, or
9/2+ on the basis of its ground-state y transition and the 663.3-
keV M1 transition to the 149.6-keV state. A possible 3/2+ assign-
ment for this state is ruled out on the argument that the large
log ft is probably a result of internal complexities in the state
necessitating multi-particle rearrangement during the e decay
rather than the € decay being first-forbidden unique.

The single y transition of 875.8 keV emanating from
the state of this energy is assigned an M1 multipolarity. This
limits the state spin to 3/2+, 5/2+, or 7/2+, assignments that
are compatible with the € decay to this state.

Harmatz and Handley (Harm 66) do not report conversion-
electron intensity values for the 933.3-keV transition. Therefore,
we cannot make a definite spin assignment to the 933.3-keV state
on the basis of this transition. From the log ft value of 8.3,
assuming this again to be a hindered first-forbidden transition,

the spin could be 5/2+, 7/2+, or 9/2+.
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The 939.1-keV M1 ground-state transition suggests 3/2+,
5/2+, or 7/2+ for the 939.1-keV state. The 788.6-keV transition
(if it really contains an appreciable M1 admixture) eliminates
the 3/2+ possibility, as does the relatively low log ft value of
6.8. Neither the 478.7- nor the 272.0-keV +y's allow this to be
narrowed further. It should be noted that an E1 multipolarity
for the 405.5-keV transition, while experimentally indicated is
incompatible with the other assignments. A three-particle final
state component can also be invoked here to explain the € decay,
this time a "gapn vh9/2 transition resulting in (1197/2)-'l
( vhglz)( vf7/2) as a component of the final state.

The 947.7-keV E1 transition implies 5/2-, 7/2-, or
9/2- for the 1097.3-keV state. The log ft is compatible with
any of these possibilities, but other than this, little can be

deduced about the state.



4.2, The Decay of Gal4s”

4.2.1. Introduction

Gadolinium isotopes cover a wide range of nuclear types, ex-
tending from permanently deformed nuclei to spherical single closed-
shell nuclei at N = 82. As a result, systematic studies of their de-
cay properties and structures should prove quite rewarding, for here
is one of the few regions in the nuclidic chart where one can follow
trends in nuclear states when moving from one extreme nuclear type to

another. Gdl45m

was our second invesigation of the Gd isotopes; an
isotope on the neutron-deficient side of the N = 82 closed shell. In
this region the Gd isotopes have not been very well characterized un-
til quite recently, although their decays present some interesting
anomalies, such as the peculiar ground-state decay of Gd!"*> into what
appear to be three-quasiparticle states in its Eul%> daughter, the
subject of which forms § 4.3. On the neutron-deficient side of N =
82, a systematic study of the odd-mass isotones also appears well
worthwhile because of the appearance of long series of nuclear isomers
having quite different and distinct decay properties. The longest
series of these isomers, in the N = 81 nuclei, extended from Tel 33
to Sm1“3, and it seemed reasonable that Gd1“5, as the next nuclecus in
line, should also exhibit isomeric states.

We subsequently observed the metastable state in cd!"® and
its isomeric transition. The energy of the transition was found to
be 721*+0.4 keV and the half-life of the state, 85+3 sec. These values

were consistent with our predictions based on the systematics of the

other N = 81 isotones, and they were first reported in November 1968
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(Epp70B). Since that time, Jansen, Morinaga, énd Signorini (Jan69)
have published results in very good agreement with our y-ray energy
and half-live values. Since our first preliminary report we have
also observed the conversion electrons from the isomeric transition,
clearly identifying it to be of M4 multipolarity, and we have ob-
served a B+/e branch from Gd!*>" directly to states in Eul®>,

Even by 1951 some 77 nuclear isomers had been classified by
Goldhaber and Sunyar (Gold51). Since then, of course, isomers have
been one of the prominent nuclear properties used to test the validity
of nuclear models. In particular, M4 transitions are of interest for
testing the extreme single-particle model. If such a thing as a '"pure"
single-particle transition exists, these transitions are good candi-

dates for that distinction. The M4 transitions observed in the N =

od states, and the

81 nuclei are thought to proceed from hll/2 t 3/2

h“/2 state should be particularly pure owing to its being the only
odd-parity, high-spin state at low excitations. We discuss the pro-

perties of these M4 transitions in § 4.2.3.
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4,2.2. Experimental Results

We proauced Gd!"*5 in this laboratory by both the sml44(1,2n)
Gd'*5™ and the Sm!“%(a,3n)Gd!*>" reactions. The calculated @-values
for these reactions were -10.4 and -30.9 MeV, respectively (Myer65).
For all of these experiments separated isotope Sm!*"* (95.10%, obtained
from Oak Ridge National Laboratory) in the form of Sm;03 was used as
the target material. The T and a beams, typically 20 MeV and 40 MeV,
respectively, were furnished by the Michigan State University Sector-
Focused Cyclotron. Excitation functions were run to determine the
energy for maximum Gqlh5m yield in each case. Most of our experiments
were performed with the 1 beam, and typically a 10-mg or smaller tar-
get would be bombarded with a 0.5-pA beam for 1 min. Because of the
short half-life of Gd!“*>", no chemical separations could be carried
out. Fortunately, they proved to be unnecessary, owing to the clean-
ness of the reactions. After most bombardments it took less than 2 min
to retrieve the target and transport it to the counting area.

We also produced Gd1*¥ in a set of confirming experiments
performed at the Yale University Heavy-Ion Accelerator. C!2 beams
ranging between 70 and 120 MeV were used, and the reactions of inter-
est were Nd!1%2(C12,a5n)Gd14>" and Sm!“*(C!2,203n)Gd!*, The latter
was discovered quite by accident and has an unexpectedly large cross
section. It must proceed by a combination of cluster stripping and
compound nucleus formation.

The y-ray energies were determined by simultaneous counting
with the standards listed in Table 10. A y-ray singles spectrum is

shown in Figure 24. The peaks appearing in this spectrum without
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Table 10. y-ray energy standards used for cdls",

Nuclide Y-ray energies Reference
(keV)
Celtl 145.43+0.02 a
Cm243 209.85+0.06 b
228.28+0.08 b
277.64+0.02 b
Coo6 846.4 0.5 c
1038.9 +1.0 c
1238.2 +0.5 c

5. s. Geiger, R. L. Grahs:. T. Bergstrdm, and F.Brown,
Nucl. Phys. 68, 352 (1965).

R. E. Eppley, unpublished results (1969).

%R. L. Auble, Wm. C. McHarris, and W. H. Kelly, Nucl.
Phys. A91, 225 (1967).
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energy assignments listed come from the decay of the ground state of
Gd1"5 (see § 4.3). The detector used was a five-sided trapezoidal
Ge(Li) detector fabricated in this laboratory. It had an active
volume of *7-cm?® and a resolution of 2.9 keV FWHM for the Co®
1.333-MeV y. The y rays associated with the decay of Gd!“>" had
energies of 721.4%0.4, 386.6+0.3, and 329.5+0.3 keV, as determined
from the averages of a number of experiments.

The Gd!"5™ half-life was determined with the help of a com-
puter code called GEORGE (Geor). This code allows us to accumulate
data through an 8192-channel ADC interfaced to the MSU Cyclotron Lab-
oratory Sigma-7 computer. We can dump segments of the spectrum in
successive time intervals: counting can be stopped, the spectrum seg-
ment dumped onto a Rapid Access Disc (for punching on cards at a later
time), the memory erased, and the counting resumed, all in consider-
ably less than one second of elapsed time. In the present case the
spectra were dumped at 15-sec intervals. A pulser peak was included in
each spectrum for later determination of the proper dead-time corrections.
The net peak areas, corrected for dead time, then yielded the half-life
information in the usual manner. A plot of a Gdlus" decay curve, cor-
rected for dead time, is shown in Figure 25. The reported half-1life
is an average of three such least-squared decay curves.

A listing of our EY and half-life values is given in Table 11,
where they are compared with those of Jansen, Morinaga, and Signorini.

The electron spectra were obtained by use of a 1000-u thick
S1(Li) surface barrier detector, cooled to methanol-dry ice tempera-

ture and operating with a bias of +200 V. The resolution of this
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Table 11. Transition data summary for Gd!“"

This work Jansen, Morinaga, and
Signorini?
E'Y(Ma) 721.4+0.4 keV 721.3+0.7 keV
EY(MZ)b 386.6+0.3 keV o
1‘5’1{(1‘!1)b 329.5+0.3 keV —
t% 8513 sec 85+7 sec
8(Jan69).

PThese transitions occur in I' '““ and result from the direct
feeding of the hll , state in that nucleus by Gdl*Sm, The
multipolarities aré assumeu from the properties of the states
as determined from Gd1“59 decay and scattering. Cf. refs.
§4.3. and (New70).
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detector was typically 5 keV FWHM in the 600-keV region, the electrons
having passed through a 0.25-mil HAVAR window. A resulting electron
spectrum is shown in Figure 26.

In order to arrive at a value for the conversion coefficient
of the isomeric transition, the y-ray and electron spectra were mea-
sured simultaneously from the same source, which was placed in a fixed,
reproducible geometry. Again, owing to the short half-life, "mass-
free" sources could not be made. However, as can be seen from the
electron spectrum, our 'thick" sources led to a minimum of straggling.
For calibrating the detector efficiencies and the geometry corrections,

137

a Cs source was used as a standard. A value of 0.094 was used for

the Oy of its 661.6-keV transition; this is an average of the values
given in (Dan62 and Hult 61).

Two separate experiments, made at widely differeng times,
were performed to determine the Gd!“%" K- and L-internal-conversion
coefficients. The results, compared with theoretical values for var-
ious multipolarities, are shown in Table 12. The logarithms of the
theoretical values were interpolated from a quadratic least-squares
fit to the tabulated values of Hager and Seltzer (Hag68). The experi-
mental @y value definitely shows the isomeric transition to be M4 in
character. The measured K//, ratio places it as being either M3 or M4.
The former is a more sensitive test, howcever, and an M4 assignment ity
in quite well with the systematics of transition probabilities in the
N = 81 isotones, as we shall see in the next section.

We shall see later that the 386.6- and 329.5-keV y's fit be-

tween known (§ 4.3 and New70) states and imply that 4.77% of the decay
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Table 12. Conversion coefficients for the isomeric transition

in Gd1%°.
Experimental Theoretical?
E3 E4 M3 M4
ay 0.12:0.2 0.011 0.024 0.054 0.118
aK/aL 5.4x0.7 3.50 3.53 5.77 4,88

i
i

a(Hag68).
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of Gdl45" goes via a direct B+/e branch to an A state in Eu

11/2
the other 95.3%Z going via the isomeric transition. The 4.77 branch
was determined by correcting the 386.6-/721.4-keV photon ratio (found
to be 0.048) for conversion, again using the conversion coefficients
of Hager and Seltzer and assuming the 386.6-keV transition to be a
pure M2 transition. The 329.5-keV y results also from the decay of

the ground state of Gd!"*>, so no quantitative information about its

intensity could be obtained from these experiments.

4.2.3. Gd'*9" and N = 81 Isomers

Figure 27 shows our decay scheme for Gd!">", While the other
known N = 81 odd-mass isotones have been assigned d3/2 ground-state
configurations, there is some evidence (see § 4.3) that in Gd!"“> the
S1/2 state has replaced the d3/2 state as the ground.state, which may
account partly for the peculiar ground-state decay of Gdlus. Newman,
et al., (New70) also came to this conclusion whe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>