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THE DECAY OF Pd’ , Pdlllg, AND Pd

INTRODUCTION

A primary concern of low energy experimental nuclear physics
is the determination of the properties of the ground and excited states
of nuclei. These properties include the excitation energy, a.ﬁgular
momentum, parity, mean life, and the electric and magnetic moments
of the states. Certainly one of the most definitive methods employed
to study these properties is the detection of gamma radiation emitted
by nuclei as a result of transitions from one nuclear level to another.
In the past the use of curved-crystal spectrometers and Nal scintilla-
tion crystals as gamma ray detectors has provided much fruitful
information. However, the curved-crystal spectrometer with its
excellent energy resolution of about 0. 3% suffers from an exceedingly
low detection efficiency, while the Nal detector has high efficiency
but an energy resolution of about 7% at best. With the development
of lithium-drifted germanium detectors in the early 1960's a particu-
larly favorable compromise was struck between the requirements of
resolution and efficiency, so that today the Ge(Li) spectrometer has
largely replaced other types of detectors in gamma ray spectroscopy.

In the present study the excellent energy resolution of the Ge(Li)
detector (0.3% at 1 MeV) has begn employed in the study of the decay

09 1 109

1 11
of Pd and Pd . Pd decays with a 13.5 hour half life by beta



emission to the excited levels of Aglog, followed by gamma ray
transitions to the ground state. Similarly, levels of Ag111 are popu-
lated by the beta decay of both the 22 minute ground state of Pdl H and
the 5.5 hour Pdlllrn state. Prior to the start of this investigation
neither isotope had been studied with Ge(Li) detectors. Decay
schemes, primarily based on Nal and beta spectrographic measure-
ments (9, 18, 50 48, 5), showed numerous contradictions with re-
gard to energy level and gamma transition placements. In addition
it was evident that, particularly in the case of Pdlll, the gamma ray
spectra were too complex to be adequately studied by Nal detectors.

Moreover, recent theoretical interest in the nuclei of mass
A= 100 has been high, centering on the question of whether their
properties are adequately described in terms of the ''spherical"
models: the vibrational, weak-coupling, and pairing-plus-quadrupole
theories. For instance the initial failure of the pairing-plus-quad- -
rupole model to account for the low-lying 7/2+ state in the odd-mass
Ag isotopes (35) has led to several modifications of the theory (33,
31,59, 24). It therefore seemed evident that additional experimental
information might prove useful in answering certain of these the-
oretical questions.

The findings of this study have revealed many new gamma ray
transitions. The measurement of transition energies to within several

tenths of a keV has allowed the construction of decay schemes in which



new levels are proposed. Spin-parity assignments have been made
on the basis of gamma and beta branching ratios as deduced from
gamma ray intensity measurements. The experimental results have
then been compared to theoretical predictions.

Since the present study was begun, four papers have appeared

111
09 and Pd spectra

describing Ge(li) measurements of the Pd1
(27, 4, 57, 3). Their results are generally in good agreement with
those reported here. These papers are discussed in detail in the
final chapter. In addition recent proton and alpha particle scattering

and Coulomb excitation studies are discussed in conjunction with the

results of the present study.



EXPERIMENTAL APPARATUS AND PROCEDURES

In the gamma ray spectroscopy system used in this study a pho-
ton is detected by the transfer of its energy to charged particles in
a semiconductor detector. An electric field sweeps out the charge
carriers to produce a pulse of charge proportional to the energy ab-
sorbed from the radiation. The pulse is then amplified and shaped
by a preamplifier, a main amplifier, and biased amplifier to obtain
at the output a pulse whose amplitude is proportional to the energy
lost by the photon in the detector. The final component of the system,
a multichannel analyzer, sorts the pulse according to its pulse height
into one of many hundreds of energy intervals or channels. In this
way the energy spectrum of a gamma emitting source may be deter-
mined.

Each of the components of the detection system will be dis-

cussed in detail.

Detector

The starting material for the lithium drifted germanium detec-
tor is p-type germanium. Lithium, which acts as a donor, is diffused
into the crystal creating an intrinsic region. The p-i-n device is
completed with the undrifted portion of the germanium serving as the

p-type region. Because of the narrow band gap energy in germanium



and the extreme mobility of lithium ions, Ge(Li) crystals must be
kept at liquid nitrogen temperature.

In order to collect free charges from the intrinsic region the
n-type region is biased positively with respect to the p-type region.
When a gamma ray interacts with the crystal, e.g., via the photo-
electric effect, many electron-hole pairs (1 pair/3 eV) are produced
as the primary and secondary electrons lose energy. The electrons
are collected at the n-type region and the holes at the p-type region
in a time of a few nanoseconds. The current pulse produced has a
time integral or charge very nearly proportional to the energy lost by
the gamma ray in the crystal (39).

The only truly fundamental limit to the energy resolution of the
Ge(Li) detector is the statistical fluctuation in the number of electron-
hole pairs created after an ionizing event (25). There would be no
fluctuations at all if the entire energy lost by the ionizing particle
were converted into ionization. On the other hand, if all the energy
were mainly converted into thermal heating of the lattice, we would
expect the number N of hole-electron pairs produced to have, for
a Poisson distribution, a variance of N. In semiconductor detectors
the situation lies between these two extremes with the result that the
variance is FN, where F is a number between 0 and 1 called the
Fano factor. Recent measurements suggest a Fano factor of approx-

imately 0.12°(36), implying an ultimate resolution capability of 1.4keV



for an energy loss of 1 MeV in germanium. However, noise in the
associated electronics, particularly noise in the input stage of the
preamplifier, is generally of the order of the statistical spread due
to the basic charge production mechanism. The best detector sys-
tems presently available have a resolution of about 1.7 keV for 1 MeV
gamma rays (47).

Detector efficiency, defined as the fraction of incident gamma
rays which impart their total energy to the detector, is another im-
portant consideration. Photons interact with the detector primarily
through the photoelectric effect, Compton scattering, and pair pro-
duction (above 1.02 MeV). Only in photoelectric absorption, how-
ever, is the gamma ray certain to deposit its total energy in the de-
tector. Compton scattering results in incomplete energy deposition
if the scattered photon escapes from the crystal and hence contributes
a lower energy continuum to the spectrum that unfortunately may
mask the presence of other weak peaks. Following pair production,
one or both of the annihilation gamma rays may escape the crystal,
resulting in a peak whose energy is less than the full energy of the
incident gamma ray by 511 or 1022 keV. Since full energy absorp-
tion does consist largely of photoelectric events, detector efficiency
decreases rapidly with increasing gamma ray energy in corres-
pondence with the photoelectric cross section. For this reason the

high energy portion of the spectrum generally must be counted for



much longer periods than the low energy portion. Larger detector
volumes mean greater efficiency because of an increase in single
photoelectric events as well as in secondary events leading to total
energy deposition, such as photoelectric absorption of Compton
scattered photons. However, Ge(Li) crystals can rarely be fabri-
cated with active volumes larger than 50 cc and hence compare poorly
with the typical Nal detector as far as efficiency is concerned. For
example the photopeak efficiency of a 50 cc Ge(Li) detector at 1 MeV
is approximately 5% that of a 3" X 3" Nal crystal.

A figure of merit which characterizes the ability of a detector
to show the presence of gamma rays in a complex spectrum is known
as the peak to Compton ratio.. This is the ratio of the height of the
full energy peak due to gamma rays of a particular energy to the
height of its mean Compton distribution. Generally this ratio is
quoted for the 1.33 MeV gamma ray of Coéoq In a complex spectrum
weak gamma rays appear as tiny bumps riding on the Compton distri-
bution of higher energy gamma rays. The better the peak to Compton
ratio, the more probable it is that these weak peaks will be observed,
Clearly the peak to Compton ratio: depends both upon the energy reso-
lution and the efficiency of the detector and provides a valuable indi-
cation of the detector's performance. The best Ge(Li) detectors
presently available have peak to Compton ratios of about 20/1 for

1 MeV gamma rays.



In this study a Ge(Lli) detector fabricated by the Lawrence
Radiation Laboratory was used. With dimensions of 1 cm2 area X 6
mm depletion depth, it is of the planar type, i.e., a wafer of germa-
nium whose faces are the n- and p;type regions. The resolution of
the detector system was typically 3.6 keV for the 1.33 MeV gamma
ray of Coéo. Its peak to Compton ratio at 1.33 MeV was 4.0. A ten
liter dewar of the '"chicken-feeder' type supplied liquid nitrogen to
the backing plate of the crystal. To avoid condensation on the cold
detector a Varian Associates eight liter/sec Vaclon pump maintained
a pressure of 10-7 Torr within the detector housing. A 510 volt re-

verse bias was applied to the detector by a RIDL Model 40-14 Power

Supply.

Preamplifier

The signal from the detector consists of a pulse of charge col-
lected on the capacitance between the detector electrodes. The pre-
amplifier performs the function of amplifying this signal before it
enters a long cable leading to the main amplifier, thus increasing
the signal-to-noise ratio with respect to cable-induced noise. The
preamplifier used in this study was a TMC Model 327 A. Itis a
charge-sensitive rather than a voltage-sensitive preamplifier, giv-
ing an output signal size independent of the input capacitance. This

feature is convenient because any fluctuation in the bias voltage
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applied to the detector causes the detector capacitance to vary. For
low noise performance the Model 327A uses a room temperature field
effect transistor in the input stage. Since preamplifier noise in-
creases with input capacitance (52), the preamplifier is mounted as
close as possible to the detector in order to minimize stray capaci-
tance due to the lead-in wire from the detector. The output signal
of the preamplifier has a rise time of about 100 nanoseconds and

a decay time of about 100 microseconds.

Main Amplifier

Signals from the preamplifier were fed into an Ortec Model 440
Selectable Active Filter Amplifier. This amplifier uses active filter
circuits for pulse shaping rather than passive networks. Pulse shap-
ing has two purposes: preventing the overlap of pulses by making the
pulse width short compared to the average spacing of the pulses and
enhancing the signal-to-noise ratio by removing the relatively wide
bandwidth noise components from the signal. Pulses of a Gaussian
shape have been shown to give especially good signal-to-noise ratios
19). In the Model 440 an active RC filter produces pulses of approxi-
mately Gaussian shape, a task not easily performed by passive filter
networks. In this study a 1 microsecond shaping time was used with
a unipolar output wave form to obtain the optimum resolution at the

typical counting rates encountered (20, 000 counts per second).
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Another useful feature of the Model 440 is pole-zero cancella-
tion. In an amplifier without pole-zero cancellation the output pulse
will have an undershoot that results from differentiation by the first
clipping network of the exponential tail of the preamplifier output
signal. Under overload conditions this undershoot is often sufficiently
large to saturate the amplifier causing excessive deadtime. Further-
more, at high enough count rates the apparent amplitude of pulses
overlapping such undershoots will be decreased. The result, known
as baseline shift, is a smearing of the spectrum toward low ener-
gies. In pole-zero cancellation a dc path across the clipping capaci-
tor of a differentiating network is provided in order to add an attenu-
ated replica of the preamplifier pulse to just cancel the negative

undershoot.

Biased Amplifier

The biased amplifier permits expansion of any portion of the
pulse height spectrum. This it does by providing a continuously ad-
justable dc bias voltage to reduce the amplitude of all input pulses
to the biased amplifier. The portion of the input signal above the
bias level may then be amplified without saturating the amplifier.
By this means the effective number of channels in the multichannel
analyzer is multiplied by the biased amplifier gain.

Throughout much of this study two biased amplifiers, anOrtec
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Model 408 and a RIDL Model 30-21, were used simultaneously in
order that the combined capacity of two multichannel analyzers might
be utilized. The Ortec Model 408 includes a baseline restoration
network which forces the signal to return to baseline immediately
after each pulse thus helping to reduce baseline shift at high count
rates. This biased amplifier was used for expanding the low energy,
high intensity portion of the spectrum. Since not all output pulses

of the Model 408 Biased Amplifier may be wide enough to allow accur-
ate amplitude analysis of the signal by the multichannel ahalyzer, an
Ortec Model 411 Pulse Stretcher was employed to stretch the peak

voltage of all pulses to a minimum pulse width.

Multichannel Analyzers

Two multichannel analyzers were used simultaneously in this
study, providing a total capacity of 912 channels. Lower energy por-
tions of the spectrum were recorded with a TMC Model 404 400-
channel analyzer, while a Nuclear Data Model ND-130A 512-channel
analyzer was used to record the higher energy portions. Integral
linearity was stated to be 0.5% for the TMC and 0. 259% for the Nuclear

Data over the top 97% of the range.
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THE DECAY OF Pdlo9

First studied by Rall (53)inl1946 with the aid of a mass spec-
09

10 1
trometer, Pd ? was shown to beta decay to levels of Ag with a
half life of about 13 hours. Siegbahn et al (62)in 1949 made beta
spectrographic measurements which indicated only a single beta
component of ¥*1MeV end point energy feeding an isomeric level 88
1
keV above the Ag 09 ground state. In 1957 Wapstra(76) reported for
1
the first time the possibility that additional levels of Ag 09 may be
fed. Subsequent studies made with Nal spectrometers by Starner(66 ),
Brandhorst and Cobble (.9), and Eccles (18) have shown numerous
gamma ray transitions in addition to the 88 keV isomeric transition.
. 109
Approximately 99.9% of the beta decays of Pd proceed to the
109m
Ag state, however (66). The decay scheme proposed by
Brandhorst and Cobble (9 ) is shown in Figure 1.
109 . . .

Levels of Ag have also been studied by Coulomb excitation
(1,44,5,54), (p, p') reactions (65, 21), (d,d') reactions (14), (n,n')
reactions (73), and excitation by bremsstrahlung irradiation (12).
The most useful of these studies are the Coulomb excitation inves-
tigations of Black and Gruhle ( 5 ) and Robinson et al. (54). The lev-

9

els of Ag10 observed by Black and Gruhle (5) are shown in Figure 1.

During the course of this investigation several Ge(Li) studies

09

of the PdI decay were published (27,4,57). A comparison of their

results with the findings of this study will be found in a later section.
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No use of this recent material is made in this section.

Sources of Pd109 were prepared by irradiating Pd108 in a
thermal neutron flux of 101'2 n/cmzsec in the Oregon State Univer-
sity Triga Reactor. A total of 27 irradiations of natural and isotop-
ically enriched palladium targets were made. Irradiation times
varied from 30 minutes to nine hours.

It was of great importance to identify any radioactive impurities
that might be present in the source, especially since coincidence
measurements could not be made, as is explained later in this sec-
tion. Several steps were taken to insure the identification and,
where possible, the removal of contaminants:

1. Three different types of target material were used with
the assumption that any impurities would be present in varying pro-
portions and hence could be identified by a simple comparison of
spectra.

First, natural palladium was furnished by the Bureau of Mines,
Albany, Oregon. Impurities were estimated to be as follows: copper
(300-3000 ppm), iron (30-300 ppm), silicon (10-100 ppm). Six irrad-
jations were made of targets of this material.

10 10
Isotopically enriched palladium (Pd 6, 2.8%; Pd 8, 94, 2%;

11
Pd 0, 2.1%) obtained from the Oak Ridge National Laboratories

served as target material for 19 irradiations. The estimate of

impurities was: silver (100 ppm), calcium (200 ppm), copper
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(200 ppm), silicon (500 ppm), titanium (200 ppm).

Finally, natural palladium was obtained from Johnson, Matthey
and Co., Limited, London. Estimates of impurities present were:
iron (8 ppm), aluminum (1 ppm), and calcium, copper, magnesium,
silicon (each less than 1 ppm). Two irradiations of this target mater-
ial were made.

2. Natural palladium targets were chemically purified after
irradiation by a procedure due to Glendenin (30). The target was
dissolved in hot aqua regia, and silver and iron were removed by

AgCl, Agl, and Fe(OH), scavengings. Palladium was then precipi-

3
tated with dimethyglyoxime, the residue filtered and allowed to dry.
No chemistry was performed on isotopically enriched targets
so that they might be repeatedly re-irradiated.
3. Other radioactive isotopes of palladium which were pres-
ent in the sources had to be accounted for. The natural abundance
and, where applicable, the thermal neutron activation cross sections

1
of the palladium isotopes are: Pd 02 (0. 8%, 4.8b), Pd104 (9.3%),

Pdlos (22. 6%), Pd106 (27.1%), Pdlo8 (26.7%, 12b), Pd“o (13.59%,

0.36 b - ground state, 0.02b - metastable state). Neutron irradia-

1 |
tion of natural palladium produces activities of Pd 03 (17d), Pd 07
10 111 111
(7x10%), Pa'®? (13n), Pa''! (22m), palll™ (5.5h).
111 111
Of these isotopes only Pd and Pd = ' are produced in suf-

10
ficient quantity to interfere with the Pd 9 activity. The isomers
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111 111
of Pd subsequently decay to 7.5d Ag , which fortunately has
only two major gamma ray transitions of energy 245 and 345 keV (56).

111
To reduce the amount of Pd activity the majority of irradiations

1
d08 0

were made on isotopically enriched palladium (P , 94.2%; Pd11 ,

2.1%). In any event the irradiated target was allowed to age until

111
the most intense gamma ray of Pd m, the 175 keV isomeric transi-
tion, had disappeared.
4. A variety of bombardment times, ranging from 30 minutes

to nine hours, were used to vary the relative yield of those contami-
. . . 109
nants with half lives different from that of Pd .
5. Care was taken to measure the relative intensity of the
individual lines in the spectrum during a great variety of the stages
of decay. In this way, any contaminant decaying at a different rate

than Pd109 could be identified. This procedure was perhaps the most

important in assigning gamma rays to the Pdlo9 decay.

6. The decay scheme (38) of every nuclide with a half life
in the range of five to 20 hours was examined for correspondence
with lines in the spectrum. Conversely, with the use of a table of
gamma rays listed according to energy (64) it was possible to check
the source of any suspicious lines in the spectrum.

Isotopically enriched targets gave spectra freest of impurities.
With a few exceptions contamination lines appeared only after the

109

Pd activity had largely decayed away. Impurities identified were
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24 2 56
Na ',Br8 , and Mn . Br82 was a major contaminant of the

Johnson, Matthey and Co. sources. The Bureau of Mines mater-
ial contained a host of impurities and no attempt was made to iden-
tify each of them.

The gamma ray spectrum of Pd109 appears in Figures 2, 4, 6.
Figure 2 shows the low energy region from 50 to 320 keV. The in-
tense 88 keV gamma ray depopulates the well known (77) 41 second
first-excited state of Aglog. A bremsstrahlung continuum accompa-
nies the beta feeding of this state which, along with the Compton
background from the higher energy transitions, tends to obscure
the weak peaks at 104, 133, and 145 keV. By greatly expanding
this region of the spectrum, sufficient peak and background defini-
tion could be obtained for energy and intensity measurements of
these transitions (Figure 3).

Figure 4 shows the region from 350 to 680 keV. Thisand
higher energy portions of the spectrum were usually recorded with
a 60 mil cadmium absorber between source and detector to reduce
the intensity of the 88 keV gamma ray and the problems associated
with high count rate. The peak at 415 keV was found to have a line
width consistently greater than that of other peaks of comparable
energy, as is shown in Figure 5. This evidence is used to support
the existence of two transitions of nearly the same energy in a dis-

cussion of the decay scheme below. The line at 511 keV is due to
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an unidentified contaminant of long half life.

The high energy portion of the spectrum from 700 to 1150 keV
is shown in Figure 6. Because of the generally low intensity of
transitions in this region and the poor efficiency of the detector for
high energy photons, runs comparable in length to the half life of
the decay were necessary. The resulting difficulty in determining
accurately the relative intensity of these transitions as a function of
time made assignments to Pd109 somewhat questionable for several
high energy peaks. Above 780 keV, peaks at 823 keV and 865 keV
repeatedly appeared with constant heights relative to other peaks and
can be attributed to the Pd109 decay with reasonable certainty. The
less intense peaks at 965 and 1010 keV were observed in 9 and 4
spectra respectively and also appeared to decay with a half life
comparable to that of Pdlog.

A possible source of spurious lines is the summing of twe ir-
radiations which have been detected within the resolving time of the
detector. Attempts to produce sum peaks in the recorded spectra of
several standard sources failed, indicating that the detector efficiency
is too small to produce summing effects at the count rates used.

An attempt to measure the gamma - gamma coincidence spec-
trum of Pd109 proved unsuccessful. A 3 in X 3 in Nal detector was

gated on major peaks while observing the coincident energy spectrum

with the Ge(Li) detector. Cross-over timing was employed with a
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resolving time of about 100 nsec. To prevent scattering from one
detector to the other, Pb and Cd absorbers were placed between the
detectors.

Even with very high singles count rates in each detector, the
coincidence rate was too low to be useful. Several factors other than
a lack of coincidence relationships were felt to be responsible. The
first is a limitation on the maximum useable count rate due to signal
degradation in the electronics. Probably the most serious cause
of signal distortion at high count rates is the fluctuations in the base-
line caused by random pulse bursts charging and discharging the
coupling and bypass capacitors of the amplifier (29). Baseline shifts
due to pulse pile-up also contribute to a smearing of the spectrum.
Added to this limitation on count rate is the unfortunate circumstance
that most counts result from radiation which provides no useful co-
incidence information--the intense 88 keV isomeric transition, Comp-
ton scattered gamma rays, and bremsstrahlung. The use of a larger
volume Ge(Li) detector and of such electronic devices (29) as long
time constant amplifiers, baseline restorers, and fixed dead time
circuits would mitigate these problems. A large capacity multi-
channel analyzer operated in a two-parameter mode would make
possible the acquisition of many coincidence spectra simultaneously.

In deducing the decay scheme, reliance was placed on the pre-

cision energy measurements made possible by the Ge(Li) detector.
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Radionuclides whose gamma ray energies are accurately known were
used to determine energy as a function of channel number for the mul-
tichannel analyzer at a particular amplifier gain setting. The ener-
gies of Pd109 lines in a spectrum recorded at the same setting were
then computed by a least squares program. Peak positions were de-
termined to within 0.1 channels by finding the mean position of the
three highest points in each peak. In some cases it was necessary to
correct for the steeply sloping continuzum on which some peaks rode.

A serious source of systematic error associated with the energy
measurements was pulse height shift with counting rate. To reduce
its effect the calibration sources must be measured at the same count
rate as the Pd109 source. For this purpose a scalar connected to the
output of the amplifier served to monitor these rates. In this way
shifts in the spectrum of as much as 2 keV were reduced to <0. 3 keV.
Shifts could not be entirely eliminated, possibly because the amount
of shift depends on the character of the pulse height spectrum as well
as on the count rate. An alternative method of avoiding problems
connected with baseline shift is to record the calibration sources
simultaneously with the Pdlog source. It has the disadvantage of
complicating an already complex spectrum, however, thus requiring
an additional series of runs to be made without the calibration sources.

Nonlinearity in the pulse height versus energy scale introduced

by the amplifiers and multichannel analyzer posed an additional
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problem. In principle calibration of even a nonlinear system can be
done to any desired accuracy. Butin practice the limited number
of calibration lines that are available forces reliance on system
linearity. It was found that by avoiding the lowest 100 chamels of
the multichannel analyzers nonlinearity could be significantly re-
duced. To allow for any remaining departure from linearity a
quadratic equation, E =a +bN + cN‘2 where E is the energy and N
is the channel number, was least squares fit to the calibration points
by the Oregon State University CDC 3300 computer. The least
squares program was also weighted according to the precision with
which each calibration energy was known. Typical values for the
coefficients were b = 1 keV/channel, ¢ = -0.0005 keV/( channel)z.

Relative intensity measurements were obtained by correcting
peak areas according to a detector efficiency curve established by
Donald A. Walker (74). The relative efficiency curve was determined
by the '"pair-point'' method (17) in which ratios of well-known gamma
ray intensities are compared to corresponding ratios of measured
peak areas in the spectrum. Some 44 data points from seven cali-
bration sources were least squares fit in determining the curve. It
is estimated to be accurate to about 10%.

In those cases in which a cadmium absorber was used, correc-
tions of intensity data were made using the attenuation coefficients

of White (79).
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Gamma ray energies and intensities observed in the decay

Energy (keV)®)

Relative intensity

87.8
103.7
133.8
144.7
311.0
390. 2
414.3 b)
423.8
447.2
454. 1
551.1
557. 8
602. 4
636.3
647.2
701.6
706.7
736.5
781.2
822. 4
862.6
967.1 + 1
1011.8 + 1

c)

c)

9700 £+ 1000
3.2 £ 1
3.2 £ 0.5
2.5 + 0.7
100
2,3 £0.3
47.2 £ 5
1.6 £ 0.2
1.8 £ 0.3

0.92 = 0.2
1,9 + 0.2
6.4 £ 0.7
20.9 = 2
31.1 =+ 3

64.0 = 6
9.3 £ 1
3.8 £ 0.5
4.4 = 0.5
34.4 = 3

0.47 £ 0.06

0.44 £ 0.06

0.12 £ 0.03

0.11 £ 0.03

a)
b)

c)

All errors are £0.5 keV unless otherwise indicated

Complex peak

Not placed in decay scheme
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The energies and intensities of the gamma rays observed in the
decay of Pd109 are listed in Table 1. For all but the weakest lines,
energy uncertainties are given as +0.5 keV. This uncertainty is
several times the standard error of the mean as calculated typically
from at least 20 measurements and is intended to include systematic
errors introduced, for example, by baseline shift. A shifting in
energy of <0.3 keV is indicated by a comparison of the measured
energies of several contaminant lines appearing in the spectra with
their well known values. Since count rate shifts affect all energies
to the same extent, it is expected that the Pdlogenergy results have
an internal consistency which is more nearly characterized by the
standard errors of the mean, typically 0.1 to 0.2 keV,

The intensities have been normalized to the area of the 311 keV
peak which is taken to be 100. Uncertainties listed for the intensities
include errors in measuring the areas of peaks as well as an esti-
mated 10% error in the efficiency curve. The latter error usually

accounted for the greater part of the total error.

The Decay Scheme

The proposed decay scheme appears in Figure 7, It is deduced
in the following way: energy balance relationships are sought which
indicate the presence of two or more cascade gamma rays and the

corresponding crossover transition. Energy levels which would
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accommodate these transitions are then proposed. To distinguish
between bona fide and accidental energy relationships, recourse is
made to previous well established gamma-gamma coincidence,
Coulomb excitation, and reaction data.

The following groups of energies have the characteristic that
the sum of the first two energies equals the third within the experi-

mental error:

1) 103.7, 311.0, 414.3 11) 144.7, 636.3, 781.2
2) 103.7, 447.2, 551.1 12) 144.7, 822.4, 967.1
3) 103.7, 454.1, 557.8 13) 311.0, 390.2, 701.6
4) 103.7, 602.4, 706.7 14) 311.0, 551.1, 862.6
5) 103.7, 862.6, 967.1 15) 311.0, 701.6, 1011.8
6) 133.8, 423.8, 557.8 16) 390.2, 390.2, 781.2
7) 133.8, 602.4, 736.4 17) 414.3, 447.2, 862.6
8) 133.8, 647.2, 781.2 18) 414.3, 551.2, 967.1
9) 144.7, 414.3, 557.8. 19) 454.1, 557.8, 1011.8

10) 144.7, 557.8, 701.6

From the extensive study of the electron capture decay of

c1109 9

1
C (77), Ag 0 is known to have an 88 keV, 41 second first ex-

cited state. The 88 keV gamma ray observed in the decay of Pdlo9

is taken to be this isomeric transition on the basis of the good energy

9

10 1
agreement between the Pd and Cd 09 gamma rays. In addition

the relative intensity of the 88 keV transition is consistent with the
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known spin and parity of the Pd109 ground state and the Aglo9 ground
and first excited states, as will be discussed later in this section.

Excited states at 311 keV and 415 keV have been established by
(p,P'), (d,d"'), and (n,n') reactions (65, 14, 73), by Coulomb excitation
(1, 44, 5,54), and by beta decay studies (66, 9). These states will be
assumed to give rise to the 311 keV transition and one member of the
415 keV complex. The 104 keV gamma ray of relation 1) is taken to
be the transition between these two states. Supporting this assign-
ment is the Coulomb exictation study of Black and Gruhle (5) which
found a 104-311 coincidence relationship.

Relations 2) and 14) suggest the existence of a level at
863 keV accommodating the 447, 551, and 863 keV transitions. A
state of approximately this energy has been established by previous
studies (66,9, 65,5,54). In particular the 863 keV level seen in
Coulomb excitation (5,54 ) is depopulated by gamma rays whose
energies and relative intensities agree closely with those of this
study.

A level 558 keV above the 311 keV level, at 869 keV, is sug-
gested by relation 3). This level also accommodates the 781 keV
transition feeding the 88 keV state. The existence of the 863 and
869 keV levels is consistent with the gamma-gamma coincidence
data of Starner (66) and Brandhorst and Cobble (19) which show 552-

311 keV and 448-415 keV coincidence relationships. However, the
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use of Nal detectors in these studies did not allow the 447, 454 keV
and 551, 558 keV pairs to be resolved. That an 869 keV state is not
observed in Coulomb excitation may be explained by the fact that
because of the E2 character of the excitations only odd-parity states

are populated.

As has been previously mentioned, the peak at 414 keV is com-
plex as evidenced by its greater line width. Since all available
gamma-gamma coincidence data (66,9, 5) indicate a 310-415 cascade,
it may be assumed that one of the 414 keV components feeds the 311

keV level from a state at 724 keV. Such a state would also accom-

modate the 145 keV transition between the 869 and 724 keV levels
and the 636 keV transition between the 724 and 88 keV levels. Rela-
tion 11) bears on the latter of these transitions.

Relations 6) and 8) imply the existence of a level at 735 keV

which is fed by the 134 keV transition originating at the 869 keV

level and depopulated by the 424 and 647 keV transitions feeding the
311 and 88 keV states, respectively. The existence of this state as
well as the 724 keV state is consistent with the coincidence data of
Starner (66) and Brandhorst and Cobble (9) which show a 643-129
keV coincidence relationship. Since it was not possible for them
to resolve the 636, 647 keV and 133, 145 keV pairs, however, their
data does not provide conclusive proof of these assignments.

A level 602 keV below the 735 keV state, at 133 keV, is sug-

gested by relation 7). The 602 keV transition must follow rather
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than precede the 133 keV transition as a result of the 1113 keV excita-
tion energy of the Pd109 ground state ( 9 ). Support is given to the
existence of this level by coincidence data 66,9) which indicate a
601-129-45 keV relationship. No 45 keV line was observed in the
spectra of this study. However, at this low energy contributions
from Compton scattered gamma rays, bremsstrahlung, and electronic
noise would obscure transitions were they of low intensity. Since
the energy difference between the 88 keV first excited state and the
proposed 133 keV state is 45 keV, a 133-602-45 keV cascade con-
necting the 869 keV and 88 keV levels seems likely in view of these
energy and coincidence relationships.

Relation 13) suggests a level at 702 keV. There is no coinci-
dence data bearing on either the 702 keV or the 391 keV transitions
and so the existence of this state can only be considered plausible.
The fact that the 702 keV gamma ray was not found to be in coinci-
dence with the 311 keV transition (66,9)may be taken as evidence that
a state at 1012 keV as suggested by relation 15) does not exist.

Two gamma rays remain to be fit into the decay scheme: the
707 keV and the 822 keV transitions. As no energy balance or coinci-
dence relations apply, these transitions could conceivably feed the
ground, first, second or, in the case of the 707 keV gamma ray, the
third excited states in view of the beta disintegration energy of 1120

keV. These two transitions are taken to feed the 88 keV state for the
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following reasons, which should be considered quite speculative.
Since gamma rays of these energies were not observed in Coulomb
excitation (5,54), it is likely that they proceed from positive-parity
states. The spins of these states are 3/2+, 5/2+, 7/2+ unless the
states are populated by gamma transitions from above or beta fed by
second forbidden transtions, which is quite unlikely. Levels of spin
5/2+ and 7/2+ would preferentially decay to the 88 keV 7/2% level.
From a 3/2+ level oﬁe might expect to observe transitions to the 1/2"
ground state, the 7/2+ first excited state, and the 3/2 third excited
state, although it is entirely possible that only one of these transi-
tions is intense enough to be observed.

Gamma rays of energy 967 and 1012 keV were observed in the
spectra but with such low intensity that they could not be definitely
assigned to the Pdlo9 decay. It is of interest to note that their energy
difference is approximately that of the first and second excited states,
suggesting that they might feed these states from a level at 1099 keV.
These transitions are not included in the decay scheme.

In the decay scheme of Figure7 the number in parentheses after
each gamma ray energy indicates the relative intensity of the transi-
tion. The log ft values, which follow the percentage of beta branch-
ing to each state, were determined from the nomogram of Moszkowski
(46). A total internal conversion coefficient of 24.2 was used for the

1
88 keV transition (58 ) and the Pd 09 disintegration energy was taken
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to be 1116 keV (9 ) in the calculations. In the decay scheme the
intensity of the 415 keV complex has been divided equally between
the (presumably) two members on the basis of the symmetric shape

of the peak.

1
Spins and Parities in the Decay of Pd 09

Spin and parity assignments are based on the usual beta and
gamma decay selection rules. Except for the 88 keV isomeric transi-
tion, it will be assumed that gamma ray transitions are limited to
El, M1, and E2 multipolarity.

Many of the spins and parities of the levels populated in the

1
decay of Pd 09 have been previously established. The ground state

1 1
of Pd109 is known to be 5/2+ from the Pd 08(d, p) Pd 09 reaction

(13). This assignment is in agreement with the shell-model predic-
tion which has the 13 neutrons past the closed shell of 50 in a

(2d5/2)5 (1g7/2)8 ground state configuration. Hyperfine structure

9

1 -
studies have shown the ground state of Ag 0 tobe 1/2 (32) in

8

1
agreement with the shell-model prediction of a (Zpl/z) (1g9/2)

configuration for 47 protons in the ground state. These assignments

are consistent with measurements of the end point energy of the

109

1
Pd beta spectrum which, when compared to the Pd 09 disintegra-

tion energy (15), show no evidence of beta branching to the ground

1
state of Ag 09.
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The 88 keV Ag109m isomer is known to be 7/2+ since the half-
life and internal conversion coefficient (77 ) of the gamma ray transi-
tion imply an E3 multipolarity. The log ft value of 6.2 for the beta
group feeding this level is consistent with an allowed (5/2+e 7/2+)
transition.

Coulomb excitation studies have established the spin and parity
of many of the excited levels of Agloga Table 2 lists those levels
observed in Coulomb excitation which energy and intensity consider-
ations imply are identical to those seen in this work. These are the
levels at 311, 415, 702, and 862 keV, each of which will be discussed
in detail.

The 311 keV level is assigned a spin of 3/2 by Coulomb excita-
tion studies (1, 44,5,54). This assignment is consistent with the log ft

value of 9.4, indicating a first forbidden transition for the beta group
associated with this level.

A 5/2" spin is assigned to the level at 415 keV by the Coulomb
excitation studies. The first forbidden log ft value 0f 9.5 is also
consistent with this assignment.

Robinson et al. (54 ) were able to uniquely establish the spin
of the 702 keV level as 3/2 by measuring the angular anisotropy of
the gamma rays emitted following Coulomb excitation. This assign-
ment is supported by a first forbidden log ft value of 9.0 and gamma

ray branching to the 3/2" and 1/2 levels but not to the 5/2° 415 keV
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level.

Black and Gruhle (5) indicate possible spins of 3/2  or 5/2°
for the 863 keV level while Robinson et al (54 ) make the 5/2" assign-
ment. The log ft value of 8.8 associated with this level is consistent
with either spin. Gamma ray branching to 5/2° and 3/2  levels but
not to the 3/2 702 keV level and very weakly to the 1/2  ground state,
however, slightly favor the 5/2 assignment of Robinson.

The spins and parities of the other Ag109 levels may be inferred
from log ft values and gamma transition selection rules. Since these
levels are not observed in Coulomb excitation, they are likely to have
positive parity.

The 132 keV level is likely to have high spin since it is not fed
from any of the 3/2 or 5/2  levels. There is no evidence for a
132. 6 keV transition to the 1/2  ground state, and so the level must

1
decay by a 45 keV transition to the 7/2+ Ag 09m

isomeric state, a
gamma ray too low in energy to be detected in this study. Assign-
ments of 7/2, 9/2, or 11/2 are possible. Of these alternatives the
9/2+ spin is chosen in analogy with the 126 keV second excited state
. 107 . . + .

in Ag whose spin has been established as 9/2 (37). In view of

1
the identical spins of the ground and first excited states of Ag 07 and

1
Ag 09, the very similar energy spacings of their three lowest levels,

and the close correspondence in general between the level schemes

of these isotopes (5,54), the 9/2+ choice seems the most plausible.
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Presumably, this is the lg9 /2 state expected at low energy in the
odd-mass Ag isotopes.

The level at 724 keV is depopulated by transitions to 7/2+ and
3/2  levels. This suggests an assignment of 7/2 5/2i, or 3/2+
on the assumption that the gamma transitions have El, M1, or E2
multipolarity. Choosing the positive parity members, we have 3/.2+
or 5/.2+ as possible assignments.

Levels at 735 keV and 869 keV both feed states whose spins
range from 3/2 to 9/2+., The only likely positive parity assignment
under these circumstances is 5/2+.

Not enough is known about the proposed levels at 795 keV and
910 keV to make meaningful spin-parity assignments.

It is of interest to note the high log ft values encountered in the

109

Pd beta decay. Beta transitions to the 724, 735 and 869 keV

levels which are expected to be allowed have log ft values ranging

. . - X 109
from 7.7 to 8.4. The first forbidden transitions in Pd have log ft
values which in all cases exceed 9.0. This phenomenon has been

observed in the neighboring odd-A nuclei and is discussed in a later

section.



Table 2.

Gamma ray energies and branching ratios from levels observed in both Coulomb excitation
and in the Pa109 decay.

This work Black and Gruhle (5) Robinson et al. (54)
Level Evy y-branching Evy y-branching Evy y-branching
(keV) (keV) (%) (keV) (%) (keV) (%)
311 311.0 100 311 100 311.3 100
415 414 91 415 92 415.1 95.3
103.7 9 104 8 103.5 4.7
702 701.6 80 704 100 701.7 81
390.2 20 390.7 19
862 862.6 10 863 4 862.8 9
551.1 46 552 51 551.1 41
447. 2 44 448 45 447. 3 50

6€
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THE DECAY OF Pd111

111

Only a few studies of the energy levels of Ag have been

made and these have been largely limited to the investigation of the
111
decay of Pd using scintillation detectors. In 1952 McGinnis (43)
111 111

reported the production of 22 minute Pd € and 5.5 hour Pd =~ by
a 20 MeV deuteron bombardment of natural palladium. His studies
indicated a 2150 keV beta group and a 170 keV isomeric transition

. . 11lm -
associated with the Pd decay and a 2100 keV beta group feeding

. . . 111 . .

a low energy isomeric state in Ag in the decay of 22 minute

111g

Pd Shell model predictions give the following spin-parity as-

111m l11g

11 : -
signments for these states: Pd lg (5/2+), Pd (11/2 ), Ag

I11lm

- +
(1/2 ), Ag (7/2 ). Scintillation spectrometer studies by Pratt

and Cochran (50), Eccles (18), and Pandharipande et al. (48) have
disclosed a complex gamma ray spectrum associated with the Pd111
decay. The decay scheme proposed by Pandharipande et al. (48) is
shown in Figure 8. This complexity is not surprising in view of the
large beta disintegration energy and the feeding of Ag111 levels from
two states of widely different spin.

While this study was in progress, two investigations of the
decay of Pd111 using Ge(Li) detectors were published (57,3). A

comparison of the re sults of these studies will be made in a later

section and no reference to them will be made in the discussion
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below.

111
Sources of Pd for this study were produced by irradiating

11 1 1 1
isotopically enriched Pd 0 (Pd 04, 0.5%; Pd 05, 0.5%; Pd 06,

11
8, 10. 6%; Pd 0, 87.5%) with thermal neutrons. Sam-

10
1.0%; Pd
. . . 12 2
ples of 10 to 20 mg were irradiated in a flux of 10" neutrons/cm -
sec at the Oregon State University Triga Reactor for one hour periods.
In total 26 irradiations were made. Natural palladium targets could
not be used since the natural abundance and neutron activation cross

1 1
section of Pd 08 produce large amounts of Pd 09. Even with the use

09

110 1
of targets enriched in Pd the presence of Pd in the sources

tended to mask those portions of the spectrum in proximity to the
more intense lines of Pdlog.

Most of the same procedures mentioned in the last section were
used to identify radioactive contaminants in the sources. Impurities
in the samples were specified by the manufacturer as follows: silver
(100 ppm), calcium (200 ppm), copper (200 ppm), silicon (500 ppm).
No interfering activities of these elements were detected. Contami-

1
nants which were identified were Na24, Mn56, and In 16

. These
contaminants did not appear in large enough amounts to make chem-
ical purification necessary. Therefore, sources were counted after
the completion of irradiation as soon as they could be transported
from the reactor to the laboratory, a period of about 15 minutes.

111 111
Another '"contaminant" is 7.5 day Ag which decays to Cd
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with the emission of two gamma rays having energies of 245 keV and
345 keV. Re-irradiation of the several targets was alternated to
prevent large accumulations of this long-lived isotope.

Thermal neutron irradiation of Pd1 10 produces both 22 minute

1l1g

Pd and 5.5 hour Pdlllm

in relative proportions that depend on
the cross section for the formation of each state, 0.2 b for Pdlllg
11lm . —
and 0. 04b for Pd (23), and the length of irradiation.
. . . 11lm
Gamma lines associated with the Pd decay have a 5.5 hour

half life while, because of the 172 keV isomeric transition to the

111 ) ) . ll1g
Pd ground state, the half life of lines associated with the Pd
decay is initially 22 minutes increasing to 5.5 hours as equilibrium

. 11lm . ) . .. .
with Pd is established. An irradiation time of one hour as used
. . i 111g
in this study produces an initial supply of Pd large enough so
111
that Pd € lines decay with a 22 minute half life for 1-2 hours.
iy . . 11lm
When equilibrium has been established, lines of the Pd decay
are generally the more prominent. It is therefore possible to study .
the two spectral components separately to a large extent by compar-
ing spectra taken shortly after irradiation with those taken many
hours later.
. . 111 .
Experimental techniques used to study Pd were similar to
. . . . 109 .

those described in the section concerning Pd with a few excep-

tions. In order to follow the -half lives of the various lines of the

111
spectra, the Pd source was typically counted for four periods
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of 20 minutes each. Then the source was moved closer to the detec-
tor and counted again for about six periods of 100 minutes each.

Uncertainties in energy measurements caused by count rate
shifts were largely eliminated in the Pd1 H study by the use of the
contaminant lines of Inllé, Mn56, Na24, Pdlog, and Ag111 as inter-
nal calibration sources. The energies of impurity lines were used
both as checks on the energy values determined by external calibra-
tion sources and in other instances as calibration values themselves.

For many of the same reasons mentioned in the discussion of
the Pdlo9 decay, gamma-gamma coincidence measurements were
not possible. Additional difficulties in the case of Pdlll are its
shorter half life and the greater complexity of its gamma ray spec-
trum.

Some gamma ray transitions depopulate levels fed only in the

Im l111g

11
decay of Pd or Pd while others belong to both decays. In

this regard it is convenient to consider the total gamma ray spectrum

1lm

1 111
as the sum of two components, the Pd and the Pd g spectra.

111
Every line in the Pd m spectrum has a constant relative intensity
o .. Illg .. . .
in time and similarly for every Pd line. The relative contribu-

tion of each component to the total spectrum at any given time may

llg

be determined, knowing the relative intensities of a pure Pd and

111
a pure Pd ™ line. Clearly, the 172 keV isomeric transition is a

pure Pdlllrn line. By following the decay of the major transitions
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seen shortly after irradiation, the 1388 keV gamma ray was found
. lllg . . s
to belong exclusively to the Pd decay, its half life deviating only
slightly from 22 minutes after 60 minutes of counting. A plot of in-
tensity versus time for several of the more prominent lines is given
in Figure 9.
Consider the area A of a peak in the gamma ray spectrum which

111
is due to a ""mixed'' transition, belonging tc the decay of both Pd g

11lm

111 111
and Pd . If G and M are the areas of pure Pd g and Pd m

peaks in the same spectrum, then

A = aG + bM,

where a a.ndl) are the relative intensities of the mixed line in the

l1g 11lm i
and Pd spectra, respectively. By finding the values

Pd1
of A, G, and M in a second spectrum taken at a different stage in
the decay, it is possible to solve for a and b. In this way the rela-
tive intensity of each line in the Pdlllg and Pdllln[1 spectra may be
determined.

The energies and relative intensities of the gamma rays ob-

g 111

111
served in the decay of Pd and Pd " ™ are listed in Tables 3 and

4. Energy uncertainties are the standard error of the mean as calcu-

lated from at least ten measurements. The intensities have been

111
normalized to the area of the 1388 keV peak in the decay of Pd g

111
and the 172 keV peak of Pd ™ Uncertainties listed for the inten-

sities include an estimated 10% error in the efficiency curve and
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the standard error of the mean in measuring the areas of peaks.

111
Figures 10,11, and 12 show the gamma ray spectrum of Pd g.

l1lg

111 1
The spectrum of Pd ™ in equilibrium with Pd is shown in

Figures 13 throughlé. Many peaks are of such low intensity that a
single spectrum is not sufficient to establish their identity conclusive-
ly. These peaks are labeled in the figures. Since some 26 irradia-
tions were made and typically eight spectra per irradiation were tak-
en, it was possible to gather sufficient evidence to determine the

energies and intensities of these weaker lines.

09

1
In regions close to the more intense lines of Pd an unfolding

111
of peaks was performed to reveal any hidden Pd gamma rays.
10
The unfolding was accomplished by subtracting a Pd ? spectrum of

111
proper energy/channel spread from the Pd spectrum. A signifi-

Im

11
cant portion of the 415 keV peak in Pd was found to be due to

1
Pd 09, The additional presence of an intense 417 keV peak due to

1 111
54 minute In 16 masks this region of the Pd g spectrum. Subtrac-

9

1
tion of the 647 keV transition of Pd 0 revealed a peak at 645 keV in

111
the Pd~

spectrum. Figures 17 and 18 show the subtracted spec-
tra in the 415 keV and 645 keV regions.

The 415 keV peak, as shown in Figure 17, is broader than peaks
of comparable energy, indicating two or more gamma transitions of

nearly equal energy. Because of the smooth, symmetric appearance

of the peak, it is likely to be composed of two gamma rays of



)
. . . 109
101 o . 88 (Pd )
= N —
e g
Q . e
© . =
o
=9
=
. «~
. .. o
[Z] 1o . &~
k<] “e o . -
E: PR
O ! s .
A -
E i
i
3 o
. e <
’, D—‘ S
o <
.. o
1K4— 4] o o
-~ —
s, Q . s —
g g 3 <
’ - © o ©0 ~
R TP T < ; X
. o B N ) =
<] & o ~ ~
% . NT g N B ~
Lo has B R - oA
To M —
..":"- ‘o L [+)}
‘"'i-‘.", . A 8
Lot '
A
il sue . * Y
st Crnele, :‘.‘ , l. :. . o
UM ey, 0 .
SR e e .
.".; ok * o
P
- " - .
1= T —
150 300

Channel number

111
Figure 10. Low-energy gamma spectrum of Pd g. The energies given in parentheses indicate gamma rays whose presence cannot

be conclusively established on the basis of this spectrum alone,

174



Counts
—-
T

580.0

- [=}
=) N
g o o B
< . Q
~ (=}
L i) —~
N E
o B
_ . B o‘
. n oo n
. : ‘ o T (Vo)
e tet - o & —_
o e B . N g
te v, | * . =) :
DR . o 4 -
- .-‘4\. "' ., “ N ‘ % o~ E
Lol ) . 3, =
e, N — o 00
B . , . . n o4 .
- . o2}
s, . w8 g
LN ©
e 2
() .
= l
]
150 300

Channel number

111
Figure 11, Intermediate-energy gamma ray spectrum of Pd g. The energies given in parentheses indicate gamma rays
whose presence cannot be conclusively established on the basis of this spectrum alone.

6v



—
el
i
-

—
Lo
- g
]
g >3 —
: © (o)) 8
~— on =]
© © | g
| ] 3
o
- [V
i -
< o
100077 . 1 ) g
. o
4 ) n
4t ._al PR DA " (?; $
‘ e I ~
.0..“....
= K JEOISCAPN .
= -
[¢] e
O L4 ) .
< -
: s L
100~ .
0' -
' .
P T R . e
. t".‘. P .
ol
- A
.
L i
¥ 1
150 300
Channel number
111g
Figure 12, High-energy gamma ray spectrum of Pd .

0§



100K]

Counts

10K

0n A
o v
l\ .
L}
)
e
Y

88 (Pd

109

)

— 172,2

‘\ L4
-
o
Al
- ‘__‘A
— Al
. - -
- o0
i o0 i
2 S ~
B [o))
wn 32 9
. S o
A
+
o
S g
< i Ll
o - ~—
. i
&', & ~ o
D Y © - o [y
e — . ~— o ~
eote o (o) [32] v
g o & . 3
o
" ~ . -
i . o ~
) - e .
"‘;— NeJ
“eetar, . . O’\. rl; Q:
. —
] . S N C>. E
‘. . . o Y
& " . g
% . L
'Y g ., . ‘ . <
frens o ° . *
T et te  * .
. -
Vs e, . . «
o BALWINER B . . N
MTEN o' A .
L 1 KR AT P
Ui '
150 300
) Channel number 111
m
Figure 13, Low-energy gamma ray spectrum of Pd .

1S



Counts

SK -
4Ki— o
B
X o -
. o)
2 i 3 9
3K|— & g N o
«Q ~
-— O
- -
wn £ PD'O
*". -9 i
Q g g
» S o o
p =
B S, %, 08
K| . . = q ' 9 °
. ~ —~ 'O A
: z @ o 5
O l\ - » % _—
. ! 5 . o0 Q o
o © S — )
s . = © o a Sy © §
XX ‘. —_ —_ 9 ~
vt .. 4 i ., © | o ™ g = <« e =
. . O —_ a ~ = w
.. . vy uﬁ; . ©~ ~i [e)) ? & 0 g — o~
. . w T oee < . ol o~ — - “o.
. .o wn © o
N . . ~ [o0]
Yie b, i . . . ~ g o0
.-‘ ‘s * . v . ~— S~
'l Ll 14 -
o e .
x| P - | |
S . ¢ el .
| et ROTRT "'c'. * o . )
R . i - PR
’ . 4'--',..,4.’.5""' . S e ‘ .
. o ¢ . o A oo RPTLRLR
=8 « v Ty e et o0 e % v
Ve ol et o -
. - . .l 3
B ~
L |
is50 300
Channel number
. 111m
Figure 14, Intermediate-ener amma ray spectrum of Pd . The energies given in parentheses indicate gamma rays whose
gy &

presence cannot be conclusively established on the basis of this spectrum alone,

[4°]



Counts

400T

200+

—947
(Contam,)

997.1

~——975.5

-

.

.
o
i
i
.
-
i
.
. d -
- -
-
..
. ve » ot
s s ec PRI
..
. ae e -
. .. -
. - -
.
. v e
. .
. . - -
. .
- <, " . -
.
.
e
P AR S T
- . .
. . ¢ .
.
] -~ .,
- - . e
. .
L ..
.
- . . .

-

1282, 2

1369 (Na24)

e

Figure 15,

-+

150

300

Channel number

11im

Intermediate-energy gamma ray spectrum of Pd

11
1388 (pa’ 1)

€S



Counts

100

80

60

40

30

20

. 1732(Na24)

1690.9

.
- 4
1650, 8 .
3
. =] o
. .
i w
[\ ~
&~ [
— —
.. » - o
. . ‘et
v . e
.
. - ..
<
e e, Py
-
’ . -
o ¢ -~
. " IO .
, v O e ‘. ¢
L A «_, Yo e
- -~
. . o, DTS . o %
bl . g o
. ¢ . . .
. . ° . . ¢ - N
- A . o ‘.‘
¢, o N
. * &
c o’ PR . .- ..
. .e .
. " bR
-
1 . o o PIS ¢

1970.3

T 1
150 300

Channel number

Figure 16, High-energy gamma ray spectrum of Pd

111lm

va



Counts

18~

14—

14}~

121~

IOF-

391,1

L4

414. 6

3.3 keV —y 1¢—

- 4.9 kev

S

160 180 200 220

Channel number

111 109
Figure 17, The complex 415 keV peak of Pd ™ with Pd subtracted, The
contribution to the area of the 415 keV Pql11m peak from P09 yyas
approximately 30%,

55



Counts

16 —
14
o
oF
o
©
12 +
10 +
8 b
€0
i
i
. =i
61 £
N
o e
G B©
3 73
©
4 i l
2 - * es .
04
| | | 1
100 120 140 160
Channel number
11im | i i 109
Figure 18. Gamma ray spectrum of Pd in the region of 650 keV with Pd

subtracted.

56



Table 3.

of Pglllg,

57

Gamma ray energies and intensities observed in the decay

Energy (keV)

Relative intensity

60.
70.
230.
289.
316,
376,
391,
405.
439,
476.
509.
547,
552.
580.
623,
642.
650.
685.
709.
775.
803.
808.
835.
1,002.
1, 120.
1, 388.
1, 459.

+

+

°

.

°

O O O O O O O O O O o o o o o o o

[
°

°

o O O O O o o o o

a)

110 £ 30

155
2.7
20
2.3
89
5.8
13
7.7
8.9
38
59
2.5
140
56
8
90
6.3
23
5.2
4.1
3.3
49
7
23
100
109

+

+

+

H

H H H H

H

40
.5

0
2
0.4
9
0

11

a) Not placed in the decay scheme
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Table 4. Gamma ray energies and intensities observed in the decay

of Palllm,
Energy Relative Energy Relative
(keV) intensity (keV) intensity
70.3 £ 0.2 190 + 50 668.2 + 0.2 19 + 2
101.7 =+ 0.4 4 £ 1 694.0 £ 0.2 39 + 4
172.2 + 0.2 1, 000 703.2 + 0.3 13 + 2
272.0 £ 0.3 3.1 £ 0.5 718.3 = 0.4 a) 2.3 £ 0.5
289.6 £ 0.2 22 + 2 752.9 + 0.4 2.1 £ 0.6
357.9 £ 0.3 7.9 + 0.8 762.2 + 0.3 20 + 2
376.7 + 0,2 17 + 2 797.4 + 0.3 17 + 2
391.1 + 0.2 112 + 11 863.1 = 0.4 2.4 = 0.5
414.6 = 0.5 b) 80 + 20 88l1.6 = 0.4 3,2 £ 0.5
439.0 + 0.3 5.4 + 0.7 975.5 + 0.4 3.8 £ 0.5
454.4 + 0.2 24 £ 3 997.1 + 0.4 5.4 + 0.6
485.7 + 0.3 8.2 + 0.8 1,063.3 + 0.4 a) 5.1 + 0.8
525.4 = 0.2 21 + 2 1,115.8 + 0.3 21 £ 2
552.5 = 0.3 5 + 1 1,163.3 + 0.4 4.9 + 0.6
556.4 = 0.4 321 1,199.5 + 0.4 5.4 £ 0.6
575.2 = 0.2 67 £ 7 1,282.2 £ 0.3 23 + 2
617.5 + 0.4 2.3 +£ 0.8 1,650.8 £ 0.3 14 + 2
623.0 + 0.3 11 £ 1 1,690.9 + 0.3 23 £ 2
632.9 = 0.2 65 = 7 1,721.6 = 0.4 5.0 = 0.8
645.3 = 0.5 4 £ 2 1,775.0 + 0.4 7+ 1
654.6 £ 0.4 a) 4 £ 1 1,970.3 = 0.5 10 = 1

a) Not placed in decay scheme

b) Complex peak
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approximately equal intensity.

111
The Decay Scheme of Pd g

l1g

1
The decay scheme constructed for Pd is shown in Figurel9.

A great deal of previously established data was available re-
garding the energy levels of Aglog., Such is not the case for Ag“l.
Reaction data pertaining to Ag111 do not exist. The only gamma-
gamma coincidence study (48) was performed with scintillation de-
tectors and because of the complexity of the decay the results are
of little value.

Energy balance relationships are therefore heavily relied upon
in determining the decay scheme which follows. Because of the pos-
sibility of energy relationships that are purely accidental or of am-
biguities in the ordering of the gamma rays, a unique decay scheme
cannot be demonstrated by energy balance considerations alone. In
choosing among alternative level arrangements, preference is given
to that scheme having the fewest number of levels needed to accom-
modate the observed transitions. Otherwise one must explain the
absence of transitions connecting the additional states. Occasionally,
intensity balance relationships and beta or gamma decay selection
rules are helpful in making a choice.

l1g

1
A complete list of the Pd gamma ray energy groupings such

that the sum of the first two energies equals the third within the
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experimental error is given below. These energy balance relations

indicate the possibility of two cascade gamma rays and the corres-

ponding crossover transition in the decay of Pdl ! lga

1) 60,0, 316.9, 376.7 8) 70.3, 1388.3, 1459.0
2) 60.0, 650.2, 709.8 9) 230.6, 316.9, 547.0
3) 60,0, 775.5, 835.6 10) 316.9, 685.5, 1002.2
4) 70.3, 439.0, 509.0 11) 316.9 803.5, 1120.0
5) 70.3, 476.9, 547.0 12) 552.5, 835.6, 1388.3
b) 70.3, 552.5, 623.0 13) 580.0, 808.5, 1388.3
7) 70.3, 580.0, 650.2 14) 623.0, 835.6, 1459.0

15) 650.2, 808.5, 1459.0
The placement of each of the low-lying levels will be discussed
in detail.
, . . 111 |
The known(78)74 second 60 keV first excited state of Ag is
assumed to give rise to the 60.0 keV gamma ray observed in the

1
1 €. The lifetime of this state strongly suggests an E3

decay of Pd
transition and a spin of 7/2+. The strong intensity of the 60 keV
gamma line is consistent with the findings of McGinnis (43) and Pratt
and Cochran (50) which show a large fraction of beta transitions
feeding the 60 keV level from Pdlllg. In fact a calculation of the
beta branching to the 60 keV level using an E3 internal conversion
coefficient of 180 shows that 96% of the b eta transitions proceed to

1
the Ag11 ™ level.
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The 70.3 keV gamma ray is an intense transition in both the

111g m

Pd and Pd111 spectra and would be expected to lie low in the
decay scheme for the following reason. The large difference in spin
between the 5/2+ Pdlllg state and the 11/2° Pd11 Im state means

that a level of Ag111 fed by an allowed transition from qune of the
isomers must be fed by a first forbidden unique or higher order
transition from the other. Hence, any intense gamma rays common
to the decay of both must be fed by gamma ray transitions from higher
lying levels rather than by direct beta decay.

In analogy with the level structures of Ag107 and Aglog, the

70. 3 keV transition is taken to feed the 60 keV first excited state of

111 9

' 107 1
Ag . As shown in Figure 20, Ag and Ag 0 each have a first
+
excited state of spin 7/2 at 93 and 88 keV, respectively, and the
. . . . 111 . +

corresponding first excited state in Ag is the 7/2 60 keV level

. . 107 109 ..
mentioned above. The second excited states of Ag and Ag lie
at 126 and 133 keV, respectively, and have spin 9/2+. Hence, a
second excited state at 130 keV, as provided by the 70 keV transi-
tion, seems reasonable in view of these level systematics. It is
argued below in the section on spins and parities that if indeed the
70 keV transition feeds the first excited state, its calculated internal

+

conversion coefficient implies a 9/2° spin assignment for the state.

A level is placed at 376.7 keV accommodating a 316.9 keV

111
transition to Ag ™ and a 376.7 keV transition to the ground state
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on the basis of energy relation 1).

The 289.6 keV and 391 keV transitions appear prominently in

11lm

both the Pd' 118 and Pd spectra. These transitions probably feed

the same level since the 101.7 keV gamma ray observed in the pglllm
spectrum suggests a 101, 7-289.6 keV cascade and a 391.1 keV cross-

over transition. (One would not expect to see the 101 keV line in the
pallle spectrum because of the reduced intensity of the 289 keV and
391 keV lines.) Since the intensity of the 289 keV gamma ray exceeds
that of the 101 keV transition and since there is no evidence of any

other transition depopulating the intermediate level, the 101 keV
transition must precede the 289 keV transition.

The 289 keV and 391 keV gamma rays are placed as transitions

to the ground state by the following argument. In the decay of
.Pdlllm, energy relations indicate that three gamma rays are in
cascade with the 391 keV transition and two are in cascade with the
289 keV transition. In addition the levels from which these transi-
tions proceed are themselves a part of a larger network of levels,
many of which give rise to transitions which feed the low-lying levels.
If the 391 keV and 289 keV gamma rays fed, for instance, the first

or second excited levels rather than the ground state, one would ex-
pect gamma rays proceeding from levels in the network to these
low-lying states whose energies indicated this fact. No such gamma
rays are detected. It is therefore concluded that the 391 keV and

289 keV gamma rays are transitions to the ground state.

With the low-lying levels in place, it is relatively easy to con-

struct the remainder of the level scheme using the energy
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relationships. A list follows of the remaining levels and the energy

relations upon which they are based.

Energy level Depopulating transition Energy relation
569.0 439.0, 509.0 4)
607.0 230.6, 476.9, 547.0 5),9)
683.0 552.5, 623.0 6)
710.2 580.0, 650.2 7)
1062. 2 685.5, 1002.2 10)
1180, 2 803.5, 1120.0 11)
1519.0 808.5, 835.6,1388. 3, 8), 12), 13), 14),
1459.0 15)

Relations 1), 2), and 3) are not listed above. Relation 1) was
discussed in connection with the low-lying levels.

Relation 2) would suggest that the 709. 8 keV gamma ray feeds
the 1/2  ground state from the level at 710 keV. Relation 7) has the
580 keV and 650 keV transitions feeding the 9/2+ and 7/2+ first and
second excited states from the 710 keV level. Both of these relations
cannot be valid since it is not possible to feed states of such widely
different spin with comparable intensity from the same level. The
positions of the 750 keV and 580 keV transitions are substantiated
by energy relations 13) and 15). Therefore, the 710 keV transition
is not placed in the decay scheme since no other relations bear uponit

Relation 3) is in contradiction to relations 12) and 14). Since
the levels at 1519 keV and 683 keV seem well- established and since
there is no other evidence that a state at 835 keV exists, itis con-

cluded that relation 3) is invalid.



66

lllg which have

Two gamma rays observed in the decay of Pd
not been placed in the level scheme are the 775.5 keV and 405. 2 keV
transitions. None of the energy relations except the invalid relation
3) bears on these. Itis seen, however, that the energy sum 1775.5 +
405.2 = 1180, 7 equals the energy of the 1180.2 keV state within the
experimental error, suggesting that the two transitions form a cas-
cade from the 1180 keV state to ground. If this were the case, the
775 keV transition would precede the more intense 405 keV transition,
implying the existence of a level at 405.5 keV. Because of the scarc-
ity of data supporting such a cascade, this level appears as a dashed
line in the decay scheme.

1
te is shown in Figure 19.

The proposed decay scheme of Pdl
The number~in parentheses after each gamma ray energy indicates
the relative intensity of the transition. The log ft values, which
follow the percentage of beta branching to each state, were deter-
mined from the nomogram of Moszokowski (46). In calculating the
log ft values total internal conversion coefficients of 180 and 1. 15
were used for the 60.0 keV and 70. 3 keV transitions respectively,

based on the theoretical value for an E3 and M1 transition (28). The

111
Pd & disintegration energy was taken to be 2.2 MeV (50).
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. 111
Spin and Parities in the Pd g Decay

For the most part spins and parities have been deduced on the
basis of log ft values and gamma decay selection rules. In a few
cases arguments by analogy with the level structure of the neighboring
odd- A isotopes of Ag and Pd have been used. Except for the isomeric
transitions it will be assumed that gamma ray transitions are limited
to E1, M1, and E2 multipolarity. Because of the high log ft values
encountered in the decay of Pdlog a transition will be considered
definitely allowed when the log ft value is less than 7.0 and definitely

first forbidden when it exceeds 8.5,

The Pdl 1 Ground State

The spin of this state has not been directly measured. In anal-

+ 1
ogy with the known (13) 5/2 ground state spins of Pd 07 and Pdlog,

+
a 5/2 assignment is made for Pd“lg° From the shell model point

+
of view, a 5/2 state would correspond to the configuration

5 8 2
(st/z) (lg.,/z) (lhll/z) for 65 neutrons. The usual ground

+
state spin for the 65 to 75 neutron region is 1/2, corresponding

8

6 1 . ) +
to the (ZdS/Z) (1g7/2) (351/2) configuration, whereas a 5/2 ground

state is more typical of the nonspherical 65 proton nuclei. How-

Ilg

1
ever, a spin> 5/2 is strongly suggested for the Pd state on the

+ 111
basis of intense beta feeding to the (7/2 ) first excited state of Ag .
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111
The Ag Ground State

A spin of 1/2 has been established for this state by an atomic
beam experiment (80). The magnetic moment has been measured
to be -0. 146 nm which lies close to the j = £ - 1/2 Schmidt line for

j = 1/2, implying an odd parity.

The 60.0 keV Level

The lifetime of this level has been rhea.sured to be 74 seconds
(61), which, based on the single particle estimate, indicates an E3
or M3 multipolarity. A measurement of the internal conversion co-
efficient of this transition has not been made. The energy and life-
time of this level are very similar to those of the first excited states

1
of Aglo7 and Ag 09

whose gamma ray transitions have been estab-
lished as E3 in cha.racter by internal conversion coefficient measure-
ments (38). An E3 multipolarity is therefore strongly suggested for
the 60.0 keV transition, implying a 7/2+ spin assignment. Beta

+ 111 111
transitions from a 5/2° Pd  © level to a 7/2+ Ag ™ level are

consistent with the log ft value of 5. 8.

The 130. 3 keV Level

111
In the decay of Pd m, which is discussed below, several

- 111
levels are fed from the 11/2 Pd ™ state by allowed transitions,
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as indicated by their associated log ft values. These levels with
possible spins of 9/27, 11/27, or 13/2" decay preferentially to the
130 keV state rather than to the 7/‘2+ isomeric state, indicating a
spin higher than 7/2 for the 130 keV level. Beta transitions from
Pdlllg to the 130 keV level are therefore at least first forbidden
unique, implying little beta feeding. Under this assumption the in-
ternal conversion coefficient of the 70. 3 keV transition may be calcu-
lated as the difference between the gamma intensities feeding and de-
populating the 130 keV level divided by the gamma intensity of the
depopulating transition. This calculation yields an internal conver-
sion coefficient of 0.7 which is midway between the El value of 0. 15
and the M1 value of 1.15. An El multipolarity would mean a 9/2"
state while a 9/2+ state would be indicated by a M1 multipolarity.
Unfortunately, the uncertainties involved in the detector efficiency
at low energies and in how the baseline is drawn in determining the
70. 3 keV peak area do not make it possible to resolve this ambiguity.

1 1
Because Ag 07 and Ag e

both have second excited states at about
f +
130 keV with 9/2T spins, the 9/2 assignment will be made for the

111
Ag second excited state.

The 289. 6 keV Level

Gamma transitions from this level populate the 1/2  ground

+ +
state but not the 7/2 or 9/2 first and second excited states,
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implying a low spin. The log ft value of 8. 6 for this state indicates
a first forbidden transition, making 1/2°, 3/27, and 5/2  the possible

assignments.

The 376.7 keV Level

+ -
A spin of 3/2 or 5/2 is indicated for this level since gamma
+ -
transitions feed states of 7/2 and 1/2 . The log ft value of 8.1 is
+ +
not large enough to rule out the allowed (5/2 —> 3/2 ) transition, in

1
view of the Pd 09 results.

The 391.1 keV and 405. 2 keV Levels

These levels have gamma transitions to the 1/2° ground state,
+
while the 7/2+ and 9/2 levels are not fed from them. First forbidden
transitions are indicated by the log ft values of 9.1 and 9.0. There-

fore, spins of 1/27, 3/27, or 5/2 are most likely for these levels.

The 569.0, 607.0, and 683.0 keV Levels

Gamma transitions from these levels feed the 7/2+ and 9/2+
first and second excited states. The log ft values of 8.0, 7.9, and
8. 4 suggest allowed or first forbidden transitions. Spin assignments

of 5/Z+, 7/2+, and 9/2  are therefore possible.
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The 710. 2 keV Level

+ +
A spin of 5/2 and 7/2 is indicated for this level on the basis
+
of an allowed log ft value of 7.2 and gamma transitions to the 7/2

+
and 9/2 states.

The 1062.2 keV and 1180.0 keV Levels

Allowed or first forbidden beta transitions for these levels, as
implied by log ft values of 8.0 and 7. 4, and gamma transitions to the
+ +

+ +
7/2 level indicate possible spin assignments of 3/2, 5/2, 7/2,

and 9/2 .

The 1519.0 keV Level

This level is fed by an allowed beta transition, the log ft value
. s + +
being 5.9. A gamma transition to the 9/2 state rules out 3/2,
. + + . .
leaving 5/2 and 7/2 as possible assignments.

The Decay Scheme of Pd1 1lm

111
The decay scheme proposed for Pd ™ is shown in Figure 21.

Energy-balance relations pertaining to the gamma ray transi-

111
tions observed in the decay of Pd m are:
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1) 70.3, 552.5, 623.0 10) 272.0, 703.2, 975.5
2) 70.3, 414.6, 485.7 11) 289.6, 414.6, 703.2
3) 70.3, 575.2, 645.3 12) 357.9, 439.0, 797.4
4) 170.3, 632.9, 703.2 13) 357.9, 618.4, 975.5
5) 70.3, 1650.8, 1721.6 14) 376.6, 376.6, 752.9
6) 101.7, 289.6, 391.1 15) 439.0, 1282.2, 1721.6
7) 101.7, 454.4, 556.4 16) 575.2, 1115.8, 1690.9
8) 101.7, 762.2, 863.1 17) 575.2, 1199.5, 1775.0
9) 272.0, 525.4, 797.4 18) 694.0, 997.1, 1690.9

l11lm
Constructing the decay scheme of Pd from these energy

llg

1
relations is not as straightforward as in the case of Pd and so

the arguments are presented in some detail.
Gamma rays of energy 70. 3, 289.6, 376.7, and 391.1 keV

Ilg

1
which were discussed in connection with the decay of Pd are also
) 11lm
observed in the Pd decay. Levels at 60.0, 130.3, 289.6,
. 111lm
376.7 and 391.1 keV are therefore indicated for the Pd level
. . . 11lm
scheme. The 60.0 keV line is not observed in the Pd spectrum
. . 11lm
because of the absence of direct beta feeding to the Ag level
and because of the large internal conversion coefficient associated
with this level.
Relations 3) and 5) suggest energy levels at 705.5 and 1781.1

keV, respectively.
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Relation 6) was discussed in connection with the Pdlllg decay.

Relations 7) and 8) indicate the existence of levels at 845.5 keV
and 1152.7 keV, respectively.

Levels at 1821.2 keV and 1905. 3 keV are indicated by relations
16) and 17) in conjunction with relation 3). The 752.9 keV gamma ray
has the right energy to fit between the 1905.3 keV and 1152.7 keV
levels.

Relations 9), 10), 12), and 13) suggest a network of levels built
around the 975.5 keV gamma ray, which has just the right enérgy to
fit between the 845.5 keV and the 1821. 2 keV levels. Because the
797. 4 keV gamma ray is in common with the 357.9 keV and the 272.0
keV transitions, these latter two transitions must either both precede
or both follow the corresponding members of the 358-618 and 272-703
cascades. If both precede, levels at 1549, 1463, and 1023 keV are
indicated. If both follow, one expects levels at 1641, 1203, and
1118 keV. Two gamma rays which have not yet been placed in the
decay scheme support the existence of a level at 1204.0 keV, thus
favoring the situation in which the 272.0 keV and 357.9 keV transitions
are the preceding members. These two gamma rays are the 632.9
keV transition, which has the right energy to lie between the 391.1
keV level and the proposed 1024.0 keV level, and the 881.6 keV
transition whose energy equals the energy difference between the

1905. 3 keV level and the proposed 1024.0 keV level.
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Relation 18) suggests a 694.0-997. 1 keV cascade paralleling
the 1690.9 keV transition, which was shown by relation 16) to go
between the 1821.2 keV and the 130. 3 keV levels. An intermediate
level exists at either 1127 keV or 824 keV depending on whether the
694.0 keV or the 997.1 keV transition precedes. A level at 824. 3 keV
is the more likely in view of the fact that the 1163.3 keV and 1282.2
keV gamma rays have the right energy to fit between a level at
1987.5 keV and the 824. 3 keV and 705.5 keV levels, respectively.

A 414-289 keV c'ascade and a 703. 2 keV crossover transition
are implied by relation 11). That a member of the 414 keV complex
feeds the 289. 6 keV level seems improbable for several reasons.
There is no additional evidence supporting a level 414 keV above
the 289.9 keV level. The 703.2 keV transition fits logically between
the 1549 keV and the 845 keV levels in accordance with relation 10).
Furthermore, a 414-289 keV cascade is ruled out if the intensity of
the 414 keV transition exceeds that of the 289 keV transition, which
is likely. Itis therefore concluded that relation 11) is invalid.

Relation 4) has the 632.9 keV transition feeding the second ex-
cited level with the 703. 2 keV gamma ray as the crossover transi-
tion. This relation is invalid for the following reasons. The 632.9
keV transition fits between the well-established levels at 391.1 keV
and 1024.0 keV so that an additional level need not be postulated. The

intensity balance at the 1024. 0 keV level cannot be explained without
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the presence of the depopulating 632.9 keV transition. Finally, addi-
tional gamma ray transitions whose energies indicate the presence of
a level 633 keV above the second excited state are not present.

A 376-376 keV cascade is implied by relation 14). However,
the 376.7 keV peak does not appear to be complex. There is no addi-
tional evidence of transitions feeding or depopulating a level at 753
keV. Furthermore, the 753 keV gamma ray fits between the 1905
keV and 1153 keV levels without the assumption of an additional level.
It is therefore concluded that relation 14) is invalid.

Relation 15) has the 439.0 keV and 1282. 2 keV gamma rays in
cascade and the 1721.6 keV gamma ray as the crossover transition.
However, additional levels for which there is no other supporting
evidence would be required to satisfy this relation, while a more
reasonable placement for these transitions is given by relations 5)
and 12).

The placement of the 1970. 3 keV transition in the decay scheme
is not indicated by any of the energy relations. Since the beta dis-
integration energy of Pdlllrn is 2400 keV, the 1970 keV transition
may feed any of the five lowest lying levels. However, the maximum
log ft value associated with a level depopulated by a gamma ray of
this energy and intensity is 6.9, implying an allowed transition.
Hence, the level has possible spins of 9/2°, 11/27, 13/2° and will

+
feed preferentially the 9/2 second excited state or, less probably,
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+
the 7/2 first excited state. The 1970. 3 keV transition is therefore
taken to depopulate a level at 2100. 6 keV.

1
™ is shown in Figure 21.

The proposed decay scheme of Pd11
In calculating the log ft values theoretically derived internal conver-
sion coefficients of 180, 1.15, and 1.2 were used for the E3 60.0 keV,
the M1 70. 3 keV, and the E3 172, 2 keV transitions respectively. The

beta disintegration energy was taken to be 2. 4 MeV (50).

111
Spins and Parities in the Decay of Pd o

Levels at 0, 60.0, 130.3, 376.7, and 391.1 keV have been dis-

111
cussed in connection with the decay of Pd g,

111
The Pd m Isomeric Level

The spin of this level is taken to be 11/27 in analogy with the
measured (13) spins of the 214 keV and 189 keV isomeric levels of
107 109 . . .
Pd and Pd . Such an assignment is explained from a shell
del point of vi the (2d )6(1 8(1n )l onfigurati
model point of view as the ( 5/2 g7/2 11/2 configuration,

which would be expected to lie close in energy to the

5 8 2
1 : on.
(st/z) (lgg ;) (1hy)5) ground state configuration

The 545.7, 683.0, 705.3, and 824. 3 keV Levels

These levels have similar gamma decay modes, feeding the

+ -
7/2 and 9/2 first and second excited states, and log ft values
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ranging from 8.4 to 8.9. Noting that an allowed transition cannot
+
be ruled out for the 545.7 keV level and that the 7/2 state is not
fed from the 824. 3 keV level, we have the following possible spin
, + + +

assignments for these levels: 545.7 (7/2, 9/2, 11/2 ); 683.0
+
)

(7/2, 9/2, 11/2)+; 705.3(7/2, 9/2, 11/2); 824.3(9/2, 11/2, 13/2)+.

The 845.5, 1024.0, 1152.7, and 1463.0 keV Levels

Gamma ray transitions from the first three of these four levels
feed exclusively the low-spin (1/2, 3/2, 5/2) , odd-parity levels at
289.6 keV and 391.1 keV. The 1463.0 keV transition in turn feeds
the 845.5 keV and 1024.0 keV levels. The spins of these four levels
cannot be lower than 5/2° since all four are fed from higher lying
states having allowed log ft values. Nor can the spin be greater
than 9/2, since levels of spin 5/2 or less are fed. The four levels
most likely have odd parity, since they do not decay to the 7/2+ and
9/2+ excited states. So possible spin assignments of 5/2°, 7/2°,
9/2  are indicated by the gamma decay selection rules.

Second forbidden or, in the case of the 9/2 assignment,
allowed log ft values are expected to be associated with these levels.
The 1152.7 keV and 1463.0 keV levels indeed receive no detectable
beta feeding. The 845.5 keV and 1024.0 keV levels have first for-
bidden log ft values of 9.1 and 8.5, respectively, which probably

signal the presence of low intensity gamma ray transitions which
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were not observed in the spectra or the gamma rays not placed in the

decay scheme (see Table 4) feeding these levels.

The Levels at 1549.4, 1781.1, 1821.2, 1905. 3,
1987.5, and 2100. 6 keV

These levels have log ft values indicating allowed beta transi-
tions and, hence, spins of 9/27, 11/2, or 13/2°. The 13/2" possi-
bility is ruled out for the 1781.1, 1821.2, 1905.3, and 2100. 6 keV
levels because of gamma decay to states of spin 9 /2+ or lower. The
level at 1781.1 keV is restriéted to a spin of 9/2" since the 11/2°
and 13/2  possibilities are excluded by a gamma transition to the
7/.2+ level. Thus, the spin assignments are 1549.4 (9/2, 11/2,
13/2)7; 1781.1 (9/27); 1821.2(9/2, 11/2)"; 1905.3 (9/2, 11/2)";

1987.5 (9/2, 11/2, 13/2) ; 2100.6 (9/2, 11/2) .
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DISCUSSION OF RESULTS

09

A comparison of the Pd1 and Pd111 decay schemes of Figures
7,19,and 21 with those of radioactive decay studies made prior to the
start of this investigation (Figures 1 and 8) shows many significant
differences. Many new gamma ray transitions have been identified,
different assignments of previously reported gamma rays have been
made, and new energy levels have been proposed.

In this discussion little emphasis will be placed on these earlier
studies. Rather, the discussion will be concerned with the very re-
cent data provided by Coulomb excitation (5, 54, and Ge(Li) decay
scheme measurements (27, 4, 57, 3).

99 by Black and Gruhle (5)

1
Coulomb excitation studes of Pd
and Robinson et al. (54) have already been mentioned in connection
. 109 109
with the Pd decay scheme. The levels of Ag observed by
Black and Gruhle are shown in Figure 1. In these studies isotopic-
10
ally enriched targets of Ag ? are bombarded with 45 MeV oxygen

09 by E2 excitations of

ions, populating the odd-parity levels of Ag1
the 1/2° ground state. De-excitation gamma rays are then studied
with Ge(Li) detectors. The comparison of gamma ray energies and
branching ratios given in Table 2 indicates that the 311, 415, 702,

and 862 keV levels are populated both in Coulomb excitation and in

10
the Pd K decay. Gamma ray energies and intensities are generally
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in good agreement. An exception is the ratio of intensities for the
415 keV and 104 keV transitions. Robinson et al. (54) report a 20/1
ratio, compared to the 8/1 ratio of this study and the 11/1 ratio of
Black and Gruhle ( 5). A similar discrepancy regarding the inten-
sity of the 104 keV gamma ray occurs in the beta decay studies, as
is mentioned below.

The 728 and 915 keV levels seen by Black and Gruhle are appar-
ently not the same as the 724.1 and 910. 2 keV levels of this study,
since different sets of gamma ray transitions are involved. Black
and Gruhle also report a 781 keV gamma ray of low intensity which
they are unable to definitely place in their decay scheme. If the
781. 2 keV gamma ray seen in this study is identical with it, then it
must proceed from an odd-parity state rather than from the 5/2
state at 869.0 keV proposed in this study. There is no evidence, such
as a 557-311 keV or 454-415 keV coincidence relationship, which
would suggest a level at 869 keV populated in the Coulomb excitation
experiments. Rather, the 781 keV gamma ray of Black and Gruhle
may arise from a level at 1092 keV, in which case the two transitions
are not identical since the companion 677 keV line would have been
observed in this study.

Three Ge(Li) detector studies of the decay of Pd109 have ap-
peared since the present study was begun(27,4, 57). In all three

108

studies activities were produced by neutron irradiation of Pd
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Graeffe and Gordon (27) obtained gamma-gamma coincidence results
with a Ge(Li)-Nal(T1l) coincidence spectrometer. Berzins, Bunker,
and Starner (4 ) used a Ge(Li)-Ge(Li) system to perform coincidence
measurements. Schick and Talbert (57) on the other hand, relied on
singles spectra in their investigation of the Pd109 decay.

The energy and intensity values of the gamma rays associated
with the Pd109 decay are compared in Table 5. All intensities have
been normalized to a value of 21 for the 602 keV peak to facilitate
comparison. There is generally good agreement between this and
the other studies. The energy values of this study tend to lie several
tenths of a keV lower than do those of the other studies. With a few
exceptions intensity measurements agree closely in all studies. The
intensity values of Berzins et al. ( 4 ) for gamma rays of 311 keV
energy and less lie about 30% lower than those of this study. Their
intensity measurement for the 104 keV gamma ray is only one-fifth
that of this study. It may be mentioned in this regard that Berzins
et al. (4), as well as Graeffe and Gordon (27), observed the 104 keV
transition only in coincidence spectra. Intensity measurements made
from singles spectra, as in this study, avoid the complications of
variations in coincidence efficiency with energy and the subtraction
of chance coincidences.

The 967 keV and 1010 keV gamma rays observed in this study

are also seen by Berzins et al. ( 4) but with half the intensity. They
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Table 5. Comparison of gamma ray energies and intensities observed in the decay of Pd .

This study Graeffe and Gordon a) Berzins et al, b) Schick and Talbert c)
Energy d)
(keV) Intensity Energy (keV) Intensity* Energy (keV) Intensity* Energy (keV) Intensity*
44,8+ 0.2g) 3.5 £1 44,7+ 0.2 5) 2.7

87.8 9700 * 1000 88,2t 0.5 8650 * 790 88.1+ 0,2 7180 + 720 88,04 = 0,05 9460 £ 860
103, 7 3.2 £1 103.6%. 0.7 g) 2.2 £0.6 103.7 £ 0.2 g) 0. 62 103.9+ 0.4 2.5 % 0,5
133, 8 3,2 £0.5 134.7% 0.7 g) 3.1 £0.9 134.3 £ 0,2 2.3 134,2+ 0.2 3.4+ 0.7
144.7 2.5 £0,7 145.9+ 0.7 g) 2.6 £0.8 145.4+ 0.3 1.6 145.1% 0.2 3.0+ 0,5
286.3 0.5 0.37 £ 0,1
309.3+ 0 5.7 £0.5 309,11+ 0.5 12,3+ 3,7

311.0 100 311,5% 0.5 99 311.3 % 0.1 52,6 5,3 311.4 £ 0.1 84 + 7
390.2 2.3 *0,3 390.9% 0.8 2,5 £0,5 390.5 % 0,3 1.8 390.6 =+ 0,2 2,5+0.5
- 395.6 £ 0.5 0.17 £ 0,07
414.3 e) 47 *5 4135+ 1.0 25,4 £7.7 413,0+ 0.1 14 1 413,0+ 0.4 17 £ 2,5
415.2%* 0.6 22 +7 415,.0* 0.1 28 £3 415.2+ 0.3 28 £ 2,5
423.8 1.6 £0.2 4247+ 0,8 1,7 £0.4 423,9 £ 0,3 2.3 4239 + 0,2 2.5 £ 0.5
447,2 1.8 0.3 - 448.2 £ 0,8 2.5 0.6 447.5+ 0,2 2.0 447, 6+ 0,2 2.2 0,5
454,1 0.9 0.2 454.3 £ 0,2 1.5 454,3 £ 0.3 1.4 +0.6
551, 1 1.9 £0.2 551,3 + 0.8 1.4 *o0.5 551.3 £ 0,2 1.6 551.4 £ 0.4 1.6 £0,4
557.8 6.4 £0.7 557.8 + 0.5 6.2 0.7 558,1 £ 0,1 6.0 £0.6 558,1 = 0,2 6.4 £0,7

602, 4 21 +£2 602,4 £ 0,5~ 21 2 602,5 + 0,1 21 £2 602,5 0,1 21 +1
609.5 £ 0,5 fy 0.37 +0, 02

636,3 31 %3 636,1 £ 0,5 26.4£3,0 636.4 £ 0,2 25 £2 636.3 £ 0,1 26 1

647. 2 64 T6 647.3 £ 0.6 64 *5 647.3 £ 0,1 61 £6 647.3 £ 0,1 64 5
701.6 9 1 701.8 £ 0,8 8.4 +1 702,0 £ 0,2 9.3 £0.9 701,9 £ 0,2 8,2 £0,7
706.7 3,8 0.5 707.3 £ 0.8 4.4 10,5 706.9 £ 0.3 4,2 +0.4 707.0 £ 0.2 4,2 £0,5
724.6 + 0,3 0.7 724,7 £ 0,3 0.49 £0,1
736.5 4,4 0,5 736.7 £ 0,7 4,9 0,5 737.7 £ 0,2 4.9 0.5 736.7 £ 0,2 4,4% 0,5

778.3 £ 0.5 2.5 778.3 ¥ 0.5 3.9+ 1

781, 2 34 £3 781,8 £ 0,7 32 +3 781.4 £ 0,2 32 £3 781.4 £ 0.2 20 + 3

€8



Table 5. Continued.

This study Graeffe and Gordon a) Berzins et al. b) Schick and Talbert c)
Energy d)
(keV) Intensity Energy (keV) Intensity * Energy (keV) Intensity* Energy (keV) Intensity*
822,4 0.47 £ 0,06 822,9 £ 0,3 0.49 822.9 + 0.4 0.49 + 0,07
862. 6 0.44 £ 0,06 <0.5 862.8 ¥ 0,5 0.37 862,5 + 0.4 - 0.35 + 0,07
868.8 £ 1.0 %) 0.1 +£0.05
967.1%1f) 0.12% 0,03 966,3 * 0.5 0.06
1011, 8%1¢) 0,11 * 0,03 1010.5 ¥ 0,5 0.06

a)
d)
e)
f)

g)
*

Reference 27, b) Reference 4. c) Reference 57.
All errors are £ 0, 5 keV unless otherwise indicated.
Known multiplet,

109 . .
Assignment to Pd decay is uncertain,
Determined from coincidence spectra.

Renormalized to 21 for the 602 keV transition,

¥8
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take these transitions to depopulate a level of 1099 keV on the basis
of energy balance considerations. A 5/2+ or 7/2+ spin-parity as-
signment is indicated by the log ft value and gamma decay modes.
By partially resolving the 415 keV peak in their singles spectra,
Berzins et al. (4 ) confirm the existence of a doublet there. In
addition they find that the lines at 311 keV and 781 keV have weak,
lower energy companions at 309 keV and 778 keV. On the basis of
these additional lines and a reported 496.9 keV transition, they pro-
pose levels at 911.0 keV and 912 keV. The former of these, which
corresponds to the 910. 2 keV level suggested in this study, is given
a possible 5/2+ or 7/2+ spin assignment. The latter level is seen
in Coulomb excitation and is assigned a 1/2  or 7/2" spin by Robinson
et al. (54).

Schick and 'I"a,lbert (57) report the additional presence of 286. 3,
395.6, 609.5, and 868.8 keV gamma rays. The first two of these
feed the 415 keV and the 311 keV levels respectively. The latter two

09 decay with certainty. Schick and

cannot be assigned to the Pd1
Talbert (57) are unable to confirm or deny the existence of gamma
rays at 966 keV and 1010 keV. Their level scheme is very similar
to the one proposed in this study. They place the 707 keV gamma
ray as a ground state transition on the basis of observing a 395.6

keV gamma ray, which has the right energy to fit between the 707

and 311 keV levels.
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Graeffe and Gordon(27) claima 707-45 keV coincidence relation-
ship which would suggest the existence of a level at 840 keV. How-
ever, this relationship is not confirmed by Berzins et al. (4) In
all other respects the Graeffe and Gordon decay scheme closely re-
sembles that of this investigation.
Table 6 compares the energies, log ft values, and spin-parity
. . 109 .
assi gnments of the levels populated in the decay of Pd . Schick
and Talbert (57) warn that odd-parity levels might not be observed
in Coulomb excitation if E2 transitions to the ground state were suffi-
ciently retarded, as in the case of transitions between single-particle
levels. They therefore list both odd and even parity assignments for
the 707, 724, 735, 869, and 911 keV levels.
. L L . 111
Since the start of this investigation, two studies of the Pd
decay have appeared. Berzins, Bunker, and Starner ( 3) produced
111
sources of Pd by neutron bombardment of natural and enriched
palladium and by the (d, p) reaction on Pdllo, Spectra were recorded
with a Ge(Li) detector and a Ge(Li)-Ge(Li) coincidence spectrometer.
Some of the low-energy singles spectra were taken with a Si(Li) de-
tector. Schick and Talbert (57) used Ge(Li) and Ge(Li)-NaI(T1) de-
. . 111 .
tector systems to investigate the Pd decay. Their sources were
. . . 110
reactor-produced from palladium targets enriched in Pd .

A comparison of the gamma ray energy and intensity measure-

111 111
ments associated with the decay of Pd EandpPd appears in
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Table 6, Comparison of experimental data on the energy levels of Ag

This study Graeffe and Gordon a) Berzins et al. b) Schick and Talbert ¢)
Energy Energy Energy Energy
(keV) *log ft Spin=-parity _(keV) *log ft Spin-parity (keV) *log ft Spin-parity _(keV) *log ft Spin-parity
0 1/2; 0 1/2; 0 1/2:r 0 1/2;
87.8 6.2 7/2, 88.2 6.2 7/2, 88.1 6.3 7/2, 88,0 6.1 7/2,
132, 6 (9/2") 133.0 9/2") 132.8 9/2) 132.8 9/2")
311.0 9.4 3/2° 311,5 9.3 3/2° 311,3 9.8 3/2" 311.4 9.4 3/2°
415 9,5 5/2° 415,2 9,6 5/2" 415,0 9.6 5/2° 415.3 9.8 5/2°
701.6 9.0 3/2° 701, 8 9.1 3/27 701.9 9.1 3/2:r 701.9 9.0 3/2:r ,
. R 706.9e) 9.5 (3/2) 707.0 9.4 5/2,,3/2
724.1 8.4 3/2.5/2 724.3 8.3 5/2,3/2, 724.5 8.5 (5/2") 724, 4 8.3 3/2,5/2_
735.0 8.1 (5/2)) 735.5 8.1 5/2,7/2 735.3 8,2 735.3 8.1 5/2°,7/2
840, 3 8.9
794.5 d) 9.2
862, 6 8.8 5/2:r 863, 2 8.7 5/ 2; . 862, 6 9.0 5/2; 862.7 8.8 5/2; i
869, 0 7.7 (5/2") 870.0 7.6 5/2,7/2 869.4 7.8 (5/2.) 869.5 7.7 5/2,7/2
910,2 d) 9.4 911,0 8.8 5/2°,7/2 911.0 8.5 5/2°,7/2*%
912 9.8 1/27,7/2
1099 6.9 5/2% 7/2

a) Reference 27, b) Reference 4.

d) Existence of level uncertain,

e) Or 795.0 keV

c) Reference 57,

* Missing log ft values imply no significant amount of beta feeding to the level.

L8
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Tables7 and 9. The intensity values of Berzins etal. ( 3) and
Schick and Talbert (57) have been renormalized to 140 and 65 for the
580 keV and 633 keV transitions of Pdlllg and Pdlllm respectively.
For those gamma rays whose intensities were not below the limit of
detection of this study, there is excellent agreement in general be-
tween the results of the other studies and the results of this work.
As in the case of Pdlog, the intensity values of Berzins et al. (3)
lie generally lower for the low energy transitions. This discrepancy
can no doubt be attributed to a systematic error in one or more of
the detector efficiency curves at low energies.

Of the gamma rays associated with the Pdlllg decay several
of moderate intensity are listed by Schick and Talbert (57) but not
by Berzins et al. ( 3). These are the gamma rays at 245.5, 507.0,
620.0, and 752.9 keV. Peaks of these energies are also seen in the
spectra of this study. However, these transitions may arise from
the beta decay of the 60 keV Aglllm first excited state to levels of

11
Cd l. If such were the case, the peaks would initially decay with

111 111
the 22 minute Pd g half-life, since the life-time of the Ag 1im

state is only 74 seconds. Gamma transitions of these energies and

111
intensities have been observed in the Coulomb excitation of Cd

(41). Further, performing a rapid chemical separation of Ag from
111

Pd , Berzins et al ( 3 ) were able to report the presence of gamma

rays having energies of 170, 203, 245, 342, 413, 509, 620, and 753



111

Table 7. Comparison of gamma ray energies and intensities observed in the decay of Pd

g

This study Berzins et al. a) Schick and Talbert b)
Energy (keV) Intensity Energy (keV) Intensity* Energy (keV) Intensity*
60.0 £0.2 110 + 30 59.9 +0.1 88 +7 59.8 +0,1 f) 115 + 27
70.3 +£0,2 155 140 70.5 +0,2 112 27 70.4 £0,1 147 + 27
101,7 0.5 0.3 1
141.8 £0.5 0,07 +0,03
166 £ 1 1.4 1 165.8 + 1.0 ~ 2.5
169 +0.5 d,e) 8.4 +3 168,8 £1,0 ~ 4.8
202,1 0.5 d) 1,0 £0,3 202,2 +0,4 1.5 +0.4
230,6 20,3 2,7 +0,5 230.5 20,5 2.8 £0,3 230,5 £0.3 4,2 £+0,8
245.5 +£0.1 f) 81 +4
278.8 +1,0 q) 0.8 +0,4 278,9 +£0,3 2.3 £0,6
289.,6 +0,2 20 2 289.8 +0,5 14 +0,7 289,8 +0,1 17 £ 2
308 +1 1,0 +0,4 307.6 +0.5 1.7 £0,6
316.9 £ 0.4 2,3 +0,4 316,9 £0,5 2.5 £0,3 316.9 +0,3 3,6 £+0,6
336,3 +0,5 ¢) 0.8 +£+0,4
352,6 +£0,5 1.8 +0.4 352.3 +0,4 1.3 £0,4
376.7 +0,2 89 +9 376,7 £0,3 77 £3 376.7 £0,1 80 =6
391,1 £0.2 5.8 +0,6 391.3 £0,5 5.6 +1 391.2 0,1 5.0 £1,5
405.2 +0,2 13 +14,5 404,9 +0,5 12 + 1,4 404,9 £0,2 13 £ 1.1
415 d) 14 +3 415,3 +0,3 10 +3
418 =1 0,7 £+0,4
439,0 20,2 7.7 £0,8 438,7 +0,5 8.8 +1.4 438.4 +£0.3 8.8 +0.8
476,9 +0,2 8.9 +1 476.7 +0,5 11 3 476,6 +0,3 ~ 8,5
478.5 =1 3 1 478.5 0.5 ~ 1,9
485.9 +0,5 5,6 1 485,8 +0,2 5.4 £1,3
494,.2 1 1.4 £0,7 494,1 £ 0,5 ¢) 1,5 0,8
507.0 +1,0 ¢, g) 4,8 +2
509,0 0,2 38 +4 508.9 +0,5 d) 39 £3 508.9 +0,2 32 +4
516.5 +0.5 2.8 +1 516,6 +0,5 2,9 +0,8
519,2 £1.,0 1.4 £0.7 519.2 £0,7 c) 1,1 +0,6
514 +1 2,5 0,7 540,9 +0.4 3.5 1
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Table 7. Continued.

This study Berzins et al. a) Schick and Talbert b)
Energy (keV) Intengity Energy (keV) Intensity* Energy (keV) Intensity*
547,0 £0,2 59 +6 547.1 £0,5 62 +3 547.0 £0.1 65 +4
552,5 +0,4 2.5 0.4 552,9 +0,5 2.8 =1 552.5 +0,4 3.4 £2
572 +1 e) 1.4 0.7
580,0 +0,2 140 + 15 580,1 +0.5 140 580.1 +0,1 140 £38
603 +1 ) 1.4 £0,7
611,4 +0,5 2,1 £0,7 611,1 +0,4 ¢) 2.5 +0.6
620,0 £0.4 ¢, g) 17 +2
623.0 +0,2 56 +6 623,2 +0.5 55 +4 623,2 +0,2 53 +4
624 +1 e) 2.8 +0,7
635 +1 e) 0,6 +0.3
642,0 +0,4 c) 8 1 642 +0,5 d) 8,0 1 642,0 £ 0,2 9.0 1
650,2 +0,2 90 +9 650,6 +0,5 95 +6 650.5 0,1 88 +6
657.7 0.5 2.4 £0,7 657.4 +0.4 2,7 £0,6
685.5 +0,3 6,3 0,8 685.7 +0.,5 6.3 1 685,6 £0.2 7.1 £0.8
709,8 £0.2 ¢ 23 £2 710,0 £ 0.5 21 +3 709.9 +0,2 20 £2
743 1 2,0 £0,7 742.6 0.5 ¢) 1,5 £0,6
746,0 + 1 2,0 +0,7 746,1 £0,5 1,7 £0,6
752.9 +0.4 ¢, g) 6.2 1
773 +1 e) 0,7 +0,3
775.5 +0,3 5,2 +0,5 775.6 £0,5 6.4 1 775.4 +0.3 7.6 +1,4
794 t1 2,1 £1 793.9 £ 0.5 ¢) 3,3 £+0,8
803,5 +0,3 4,1 +0,4 803,9 +0,7 5.6 £0,2 803.6 +0.5 5,5 £1,6
808.5 +0,3 3,3 £0.4 808,5 1 d) 4,2 0,2 808.2 +0.5 5,0 £1,6
816,5 +1 1.3 £0,7
828 +1 0.7 £0.4
833 +1 ) 1.4 £0,7
835,6 £0,2 49 £5 835.8 + 0,5 48 +3 835.7 £0.3 46 +3
890 1 o) 0.7 +0,3
920,5 +0.7 1.3 £0,7 920.6 +1,0 ¢) 1,5 +0,8
937.3 ¢1 1.1 £0,6 937.4 +1,0 ¢) 1.2 £0.6
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Table 7. Continued,

This study Berzins et _al. a) Schick and Talbert b)
Energy (keV) Intensity Energy (keV) Intensity* Energy (keV) Intensity*
950.0 =1 1.4 £0,6
955,1 +0,7 5.6 £1 955.1 0,4 6,5 £1,3
1002,2 +0,4 7 1 1002,2 +0.7 8.4 +3 1002.2 £ 0.5 8.2 +1.3
1015 +1  e) 1.4 +0,7 1014.5 £1,0 ¢) 1,0 £ 0.6
1022 £1 e) 1,1 +0,6
1026, 6. = 1 1.4 +0.7 1026.8 +1.0 1,3 £0,6
1050.5 +1.0 h) 0.8 +0.6
1053 +1  e) 0.7 +0.4
1059.8 1 2.1 £0,7 1060.2 +1.0 c) 1.7 +0.8
1067.1 +£0,5 e) 2,1 £0,7 1066.8 +1,5 ¢, h) 1,2 £0,6
1098 +1 e) 1.1 £0.5
1120,0 +0,3 23 +2 1120.2 +0.5 25 +7 1120,7 +£0,3 23 +2
1147.2 £1,0 ¢) 1.3 £0.8
1246 +1  e) .6 £0,3
1269.7 +0.5 .4 £0,4
1311,2 1 .3 0.7 1311.5 £1,0 ¢) 1.0 £ 0.6
1346,6 +1.5 ¢, h) 0.4 +0.4
1388.3 +0,3 100 1388,4 +0.5 119 + 11 1388.5 +0,2 82 +4
1395 + 1 e) 0.7 +0,4
1459,0 + 0,3 109 + 11 1458,7 + 0,5 123 + 11 1458.9 +0,2 90 +4
1506 +1 0.1 +0,1
1542,4 1 3,9 £0,7 1542,7 + 0.4 c) 3.1 +0,8
1549 +1 0.8 £0,4 1547.2 +£0.4 3.3 £0.8
1574.1 + 1 5.2 £1
1644,3 +1 3,2 20,7 1645.0 £0.7 1,9 +0,6
1705 + 1 0.1 £0,1
1863.2 + 1 0.4 £+0,3 1864,3 +1,5 ¢, h) 0.4 £0,2
1933 1 0.1 0.1

a) Reference 3

b) Reference 57
f) Observed in the decay of Ag11

* Renormalized to 140 for the 580 keV transition,

c) Not placed in decay scheme

d) known multiplet
g) Possibly due to the decay of Aglllm.

e) Observed in coincidence data only
h) Existence of gamma ray is uncertain,
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i . I11lm . . .
keV which decay with the Ag half-life. No intensities were re-
ported. Schick and Talbert (57) were similarly able to show that

111
the 245 keV gamma ray is associated with the decay of Ag o,

111
The approximate beta branching of the Ag ™ state may be

11
found assuming that the intensity of the 245 keV line due to the Pd g

111
decay equals the total beta feeding from the Ag ™ Jevel. The 22
minute portion of the 245 keV intensity is 96, which is at least four
. . . . 11lm .. .
times the combined intensity of the other Ag lines. Using an
internal conversiton coefficient of 180 for the 60 keV transition, we
. . 11lm . .
obtain a beta branching of 0.5% for Ag . This result is compar-
able to the 0.5% and 0.3% values of Schick and Talbert (57) and
Berzins et al. (3).
. 111g

Berzins et al. ( 3) deduced the Pd decay scheme largely
from Ge(Li)-Ge(Li) coincidence data and to a lesser degree from
energy balance considerations. Schick and Talbert (57), on the other
hand, relied mainly on gamma ray energy relationships. The pro-

111
posed levels populated in the Pd g decay, their associated log ft
values and spin-parity assignments are compared in Table8.
111g . . .

The Pd decay schemes of these studies are consistent in
most respects with the decay scheme of this study. Major gamma
ray transitions are similarly placed in all level schemes. However,

Berzins et al. ( 3) have divided the intensity of some lines between

two or more levels either because they found the lines to be complex



Table 8, Comparison of experimental data on the energy levels populated in the decay of Pd“lg.
This study Berzins et al. a) Schick and Talbert b)
Energy Energy Energy
(keV) *log ft Spin-parity (keV) *log ft Spin-parity (keV) *log ft Spin-parity
0 1/2; 0 1/2; 0 1/2;
60.0 5.8 7/2, 59.9 5.9 7/2, 59, 8 5.8 7/2,
130, 3 (9/27) d) 130, 4 (9/27) 4d) 130, 2 (9/27) d)
289.6 8.6 1/2°, 3/2:, 5/2° 289, 8 9.2 (3/2;) d) _ 289. 8 8.7 (3/21) 4
376.7 8.1 3/2",5/2 376.7 8.2 3/2",5/2 376.7 8.2 3/2,5/2
391.1 9.1 1/27,3/27,5/2" 391.3 9.1 (5/2;) d) ) 391,2 8.9 (5/27) d)
405,2 c) 9.0 1/27,3/27,5/27 404,9 1/2,, 3/2%5/2 404.9 4
T . 4 546.0 8.3 5/2,, 7/2_i 545, 6 8.5 7/2,5/2
569, 0 8.0 5/2,7/2,9/2 568. 8 8.0 5/2,, 7/2;|_- 568.7 8.0 5/2,7/2,
607, 0 7.9 5/2',7/2,9/2 607. 1 7.7 5/2",7/2 606, 9 7.7 5/2,7/2
. . 642,4 9.1 3/2;; 5/2°
683.0 8.4 5/2°,7/2,9/2 683, 2 8.6 7727 683,0 8.4 -
710. 2 7.2 5/2,7/2 710.5 6.7 5/2",7/2 710.3 7.3 5/2',7/2
809 9.0 5/2"
876.4 7725 9/2% 11727 876.3 8.6
. . 959 9/2% 11/2*
1062, 2 8.0 3/2",5/27,7/27,9/2 1062, 5 7.8 3/2",5/2 1062, 3 8.0
1085, 4 8.0 5/2,7/Z | 1085.3 8.0
1086, 7 7.6 3/2.,5/2,7/2 1086.5 7.6
1119.8 7.7 3/2°,5/2,7/2
s e . 1170 8.2 3/2%, 5/ ,7/2f .
1180, 0 7.4 3/2",5/27,7/2%,9/2 1180, 4 7.4 32t 5/2% 7/2 1180.4 7.3 5/2" 72
1210, 2 8.2 3/2% 5/2% 772"
. . 1506, 1 8.3 32t 5/2" . .
1519,0 5.9 5/2,7/2 1518, 8 5.8 5/2°,7/2 1518.7 5.9 5/2",7/2
a) Reference 3 b) Reference 57

c) Existence of level uncertain,

d) From analogy with Ag

109,

* Missing log ft values imply no significant amount of beta feeding to the level.
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Table 8, Continued.,

This study Berzins et al. a) Schick and Talbert b)
Energy Energy Energy
(keV) *log ft Spin-parity (keV) *log ft Spin-parity (keV) *log ft Spin-parity
1622 7.6 3/2%5/2% 7/2%
1674.4 7.2 3/2t 5/2t 7/2%
1705 6,6 5/2+, 7/2 1704, 6 6, 6 5/2+, 7/2+
1994 c) 6.8 (5/2)

¥6
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or because there was an unresolved ambiguity in the placement.
These are the lines of energy 476, 623, 642, 775, 808, 835, and
1120 keV. Spin-partiy assignments and log ft values are in general
agreement, although the observation of additional gamma ray transi=
tions has enabled in some instances the other investigators to narrow
the range of spin-parity choices. It may be mentioned that the unique
assignments for the 289 and 391 keV levels made in the other studies
are based primarily on analogy with the Aglo9 level scheme.

Tables 9 and 10 compare the results of Berzins et al. ( 3),
Schick and Talbert (57), and this study concerning the gamma ray
transitions and energy levels populated in the decay of Pd1 ! Im.
Berzins et al. (3 ) used Ge(Li)-Ge(Li) coincidence measurements in
deducing a decay scheme, whereas Schick and Talbert (57) used a
Ge(Li)-NaI(T1) coincidence spectrometer. While all studies agree
in basic respects on the details of the Pdllln1 decay, there are

several discrepancies upon which the results of this study have a

bearing.

The 1463 keV level

This level is proposed by Berzins et al ( 3) and by this study
but not in the investigation of Schick and Talbert (57). Major transi-
tions suggested as being associated with this level have energies of

358, 439, 617, and 654 keV, the latter gamma ray not placed in the



111
Table 9, Comparison of gamma ray energies and intensities observed in the decay of Pd m.

This study Berzins et al. a) Schick and Talbert b)
Energy (keV) Intensity Energy (keV) Intensity* Energy (keV) Intensity*
59,9 +0.1 13 + 3 59.8 +3
70,3 £.0,2 190 50 70.5 +0,2 136 + 10 .70.4 +£0,1 185 + 40
101.7+ 0.4 4 =1 101,7 0.5 5 %1 ~ 101
119.1 +1.0 1.1 £0.5 118,9 +0.5 1+0.5
167,0 £ 0.5 e) 1 +1 168.8 +1.0
169.4 £ 0.5 e) 14 +3
172,22+ 0,2 1000 172.2 + 0.5 600 + 20 172,0 + 0,1 905 + 50
178 £ 1 0.5 +£+0.3
259.5 + 0.5 ¢) 1.5 £ 0.5
263.0 + 1 0.4 £0,2
272,0+ 0.3 3,1 £0.5 272,0 £ 0,5 2,4 +0,5 271.9 + 0, 2,3 + 0,8
289.6% 0,2 22 £ 2 289.8 + 0.5 14 =2 289.8 + 0,1 19 + 2
307.5 1 2,4 1
316,9 + 0.5 e) 0.3 £0,1
357.9 + 0,3 7.9 £+0,8 358.1 + 0.5 7.8 £2 358.1 £ 0,2 8.8+ 1
376,7+ 0,2 17 £ 2 376,7 £ 0.3 14 +£3 376.7 + 0.1 17 + 4
381,0 £ 0.5 ¢) 0.8 + 0.4
391,11+ 0.2 112 + 11 391,3 £ 0.5 97 391,2 + 0,1 104 + 5
413.3 + 0.3 34 + 6
414,6 £ 0,5 d) 80 1+ 20 415 d) 66 + 10 415,3 + 0.3 29+ 6
418 +1 .1 +£0,5
439.0 + 0.3 5.4 0,7 439,2 £ 0,5 4,7 £1 439.1 £ 0,7 4,3+ 1.8
443,9 + 0,5 ¢) 2.9+ 1
454.4 + 0,2 24 +3 454.6 + 1 d) 24 + 2 454.4 + 0,1 25 + 2
465.7 + 1.0 ¢)
467.2 £ 1.0 ¢) }18*0‘8
476 1
485,7 + 0.3 8.2 +0.8 485.9 + 0.5 11 +1.5 485.8 + 0,2 10+ 1
504 t 1 1 :0,5 505.5 + 1.0 ¢, h) ~q
519,2 + 0.5 2 21 519.1 ¢+ 0.3 ¢) 3,9+ 1
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Table 9. Continued.

This study Berzins et al. a) Schick and Talbert b)
Energy (keV) Intensity Energy (keV) Intensity* Energy (keV ) Intensity *
525.4 £ 0.2 21 £ 2 525,6 £ 0,5 d) 24 £3 525,5 £ 0,1 27 £2
552.5 £0.3 51 552,5 £0.7 d) 5.0 £1.,5 552.3 +0.4 5.2 £2
556,4 + 0.4 3 +1 556.3 +0.7 3.2 £1.,5 556.5 + 0,7 3.9 1
5§75.2 £0.2 67 +7 575.1 £0.5 67 £5 575.0 £+ 0,1 60 £5
: 584 5 583.5 £+ 0.5 c) 4.7 +1
595.5 + 0,3 c) 2,9 £0.8
617.5 +0.4 2.3 £0,8 617 +1 1.4 £0,5 618.0 £+1,0 ¢) ~1.6
623.0 +0,3 11 21 623.2 £ 0.5 4.8 £1
632.9 +0,2 65 +7 632,7 +£0.5 65 +7 632,6 +0.1 65 +5
645.3 +0.5 4 £ 2 645, 6 + 0,5 e) 1.9 =1
654.6 £0.4 c) 4 1 654.0 £+ 1.0 3.4 1 654,5 £ 0,5 ¢) 1.8 £+ 0.5
668.2 +0.2 19 £ 2 668.3 + 0,5 20 £ 2 668,2 £+0.1 18 +2-
694.0 £ 0,2 39 +4 694,1 £ 0.5 38 +3 694,1 +0,1 38 +3
697 £1 e) 1 0.5
703,2 £0,3 13 +2 703.6 +0.7 12 £ 3 703.6 £0,3 i3 £3
‘716 £ 1 0.8 £+0.4 715.4 £ 0,7 0.9 £0.4
718.3 £+ 0.4 ¢) 2.3 £0,5 718.9 x1 3.4 £0,5 718.6 £ 0.4 ¢) 3.4 +1
724.6 £ 0.5 4,5 +0,5 724.4 £0.3 4.2 +1
746,3 +0.7 2,010 746,4 + 0.4 c) 3.1 1
752.9 £ 0.4 2.1 £0,6 752.7 £0.5 d) 1.4 £1,0 752,6 £ 0,3 2.1 +1
762.2 £0,3 20 2 762,0 £0,5 20 £2 761,9 £0,1 21 2
785.7 +0,7 0.6 £0,4
797.4 £0,3 17 +2 797.6 £0,5 17 +2 797.6 £0,1 17 +2
808.5 £1 1,0 £0,5
816.8 +1 1,7 £0.5 816,6 £+ 0,5 ¢) 1.5 +0.4
'828 1 4) 2 £1 828.6 + 0,4 2,6 £+0,8
844.7 +1.0 0.4 £+0,3
863,1 +0,4 2.4 +0,5 863.1 1 d) 2.4 +1,0 863.1 +0.5 2,1 £0,5
881,6 £0.4 3.2 £0,5 882.0 £1 q) 3.8 £1,0 882.0 +0.4 3.4 £0.8
893,9 +£0.7 0.6 £0,3
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Table 9., Continued.

This study Berzins et al. a) Schick and Talbert b)
Energy (keV) Intensity Energy (keV) Intensity* Energy (keV) Intensity*
896,7 +1,0 ¢, h) 0.4 0,2
916,6 1 1,0 £0,5 916.4 1,0 h) 0.6 0.3
941,5 + 1,0 h) 0.8 £0,5
945.0 =1 2,0 £1 945.,0 £ 1.0 ¢) 2.4 £0,8
975.5 +0.4 3,8 0,5 975.6 +1 3.8 £1,5 975.6 £ 0.4 3,1 £0,8
984.9 1.0 ¢) 0.5 +0,3
997.1 +0,4 5.4 +0.6 997.0 1 4,8 +2 997,.0 £ 0,4 4,2 +0,8
1001 +1 2,0 £1 1001,2 +1,0 2.1 +1
1022,9 1 2,0 £1 1023.4 +0,5 2.7 £ 0,8
1029.3 1 1.3 21 1028,8 +1,0 1,3 20,5
1045,5 +1 1.4 1 1045,5 £0,7 1,3 £0,5
1063.3 £0.4 ¢) 5.1 £0,8 1063.4 +1 3,8 +1.5 1063,5 +0,7 2.6 £+0.8
11076 21 0.8 +0.4
1088.3 1 1 4,9 +1 1088,3 £+ 0,5 3.1 £0,8
1098,5 +1 2,2 1
1115.8 +0,3 21 2 1115,6 +0,7 20 +3 1116,2 £0,2 22 +2
1140 2 d) 2 £1 1140.4 +1.5 h) . 0.4} 0.8
1142,7 £1,0 1.2 :
1163,3 10,4 4,9 £0,6 1163,1 +0.5 5.7 £1,5 1163,5 £0,3 6,0 +0,5
1199,5 10,4 5.4 £0,6 1200.0 +1 5,7 £1,5 1200,5 £ 0,3 5.5 £0,5
1223,6 +1 0.9 £0,5 1222.8 £+ 0.5 ¢) 1,6 +0,5
1258.5 11,0 h) 0,5 +0,3
1269.9 1,5 ¢, h) 0.4 +0,2
1282,2 +0,3 23 £3 1282,6 £ 1 22 £3 1282,7 +£0,2 19 £1
1309 £1 1105
1351,2 +2,0 ¢, h) 0.5 £0,3
1381 £ 1 0.7 £0,4
1418 =1 1,7 £+0.5 1418,6 +0,5 1,8 +0,5
1428,3 +1,5 ¢) 0,5 £0,3
1650,8 +0.3 14 +2 1651.1 +0.5 17 £ 2 1651,4 0,2 13 +1

86



Table 9, Continued,

This study Berzins et al. a) Schick and Talbert b)

Energy (keV) Intensity Energy (keV) Intensity* Energy (keV) Intensity*

1690.9 + 0.3 23 +2 1691.1 0,5 26 +2 1691.0 £ 0,2 21 =1
1721,6 +0.4 5.0 £0,8 1721.8 + 0.5 5,2 21 1721,7 £0,3 4,9 £0.5
1762.1 £1.0 g) 0.4 0.2
1775.0 £ 0.4 7 1 1775.2 £ 0.5 9.0 +2 1775,1 £ 0,3 7.5 0,8
1904.7 21 1.5 £0.5 1904.9 £1,0 1.1 0,4
1939,0 + 1 1.5 £0.5 1940,0 £ 1.0 1.1 £0.4

1970,3 + 0.5 10 £1 1970,6 £ 1 13 £1,5 1970.7 £ 0.5 10 =1
2064.1 £1 0.5 0,3 2063,7 £1.5 ¢) 0.4 £0,2
2086,1 1 0.5 0.3 2086,2 £1.5 0.7 £0.3

Reference 3. b) Reference 57,

Not placed in decay scheme,

Known multiplet.

Observed in coincidence data only,

Intensity could not be reliably determined.
Peak is possibly due to summation,

Existence of gamma ray is uncertain,
Renormalized to 65 for the 633 keV transition.
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Table 10. Comparison of experimental data on the energy levels populated in the decay of Pd .
This study Berzins et al. a) Schick and Talbert b)
Energy Energy Energy
(keV) *log ft Spin-parity (keV) *log ft Spin-parity {keV) *log ft Spin-parity
0 1/2; 0 1/2; 0 1/2;
60.0 7/2, 59,9 8.6 7/2, 59,8 7/2,
130, 3 8.2 (9/27) d) 130.4 8.2 (9/27) 4d) 130, 2 8.2 (9/27) d)
289, 6 1/21, 3/27,5/2° 289.8 (3/27) 4d) 289, 8 (3/2;) d)
376.7 3/2,5/2° 376,7 3/2,5/2" 376.7 3/2°,5/2°
391.1 1/2;, 3/2, 5/2'+ 391,3 (5/27) d), 391, 2 (5/2;) d)
545,7 c) 8.4 7/2, 9/2’:, /2, 546, 0 5/2°,7/2 545, 6 9.1 7/2°,5/2
683,0 c) 8.9 7/2,,9/2,11/2, 683, 2 7/2f . .
705,3 8.8 7/2°,9/2°,11/2 705.5 9,0 7/2,9/2",11/2 705, 2 8.9 11/2% 13/2%
809.0 5/2°
+ + + £ 440t + +
824,3 8.6 9/2",11/27,13/2 824,5 8.5 9/2% 11/ 824,4 8.5 11/2%13/2
845.5 9.1 5/27,7/27,9/2° 846, 0 5/2;, 7/2" . 845.6 8.9 7/2°,9/2"
876.7 9,6 7/2°,9/27,11/2
903,9 9.0
959 8.1 9,75 11/2% 958. 8 8.2
986. 8 5/2°,7/2°
1024,0 8.5 5/27,7/27,9/27 1024,0 5/27,7/2,9/2° 1023,7 8.5 (9/27)
1152,7 5/2°,7/2°,9/2" 1153.3 (7/27) 1153,1 (7/27)
1159, 7 8.5 972t 11/2%13,2%
1463,0 5/2°,7/27,9/2" 1463, 1 8.5 9/2”
1543 8.2 9/2211/2*, 13/2% 4
1549, 4 7.4 9/27,11/27,13/2" 1549. 6 7.4 9/27,11/2 1549, 1 7.3 11/27,9/2
1706 7.4 o/2%11/2%
. B
1748, 6 7.8 9/2t11/2% 13/2%
1781.1 7.2 (9/27) 1781.6 6.9 9/2” 1781, 6 7.1 9/2"
1821, 2 6.3 9/27,11/2" 1821,5 6.2 9/27,11/2" 1821,3 6.3 11727

001



Table 10, Continued.

This study Berzins et al, a) Schick and Talbert b)
Energy Energy Energy
(keV) *log ft Spin-parity (keV) *log ft Spin-parity (keV) *log ft Spin~-parity
1905, 3 6.8 9/27,11/2" 1905, 7 6.6 9/27,11/2° 1905, 6 6.9 (11/27)
1933,9 7.4
1964, 6 7.4 9/2% 11727
1987.5 6.3 9/27,11/27,13/2" 1987.8 6.2 9/27,11/27,13/2" 1987.9 6.2 (13/27)
2069, 6 6.8 9/27,11/2" 2069, 5 7.0 (11/27)
2087 6.7 9/27,11/27,13/27 _
2100, 6 6.3 9/27,11/27 2101 5.9 9/27,11/2" 2101, 2 6.1 11/27)
2216.7 6.3 11/259/2~

a) Reference 3, b) Reference 57.

c) Existence of level uncertain,

109
d) From analogy with Ag .

* Missing log ft values imply no significant amount of beta feeding to the level.

10T
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decay scheme of this study. Several arguments may be put forth

favoring the existence of the 1463 keV level over the 903 keV level:

1.

Schick and Talbert (57) mention that the energy fits of the
four gamma rays accommodated by the 903 keV level are
relatively poor.

The energy of the three gamma rays accommodated by
the 1463 keV level in this study, on the other hand, agree
with the level differences to within 0.3 keV.

Berzins et al. do not confirm the existence of a 358-414
keV coincidence. Instead, they report that the 358 keV
transition is in coincidence with the 391, 439, 519, 617,
633, and 654 keV gamma rays, strongly favoring the
existence of a level at 1463 keV. The Ge(Li)-Ge(Li) co-
incidence spectrometer of Berzins et al ( 3) would be
expected to give the more reliable results by virtue of
its superior resolution.

The 618 keV transition which Schick and Talbert (57) can-
not place in the decay scheme is logically accommodated
by the 1463 keV level in this study. Moreover, Berzins
et al. are able to assign three additional gamma rays,
which Schick and Talbert (57) do not place in the decay

scheme, to the 1463 keV level.
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The 552 keV Gamma Ray

The only other disagreement over the placement of gamma rays
seen in this study concerns the 552 keV transition. Schick and
Talbert (57) on the basis of energy balance place it between the
2101 keV and 1549 keV levels, while it is taken to lie between the
683 keV and 130 keV levels in this study. Berzins et al. (3 ) place
part of the intensity between the 683 and 130 keV levels and the re-
mainder between levels at 1706 and 1153 keV. An argument for
placing at least part of the 552 keV intensity between the 683 keV
and 130 keV levels is that the 623 keV and 552 keV lines, which are
known to depopulate a levél at 683 keV inthe Pdl g decay, are
seen also in the decay of Pd1 llm. Furthermore, the energy fit in

this study of the 552 keV line between the 683 and 130 keV levels is

much superior to that between the 2101 and 1549 keV levels.

The 623 keV and 645 keV Gamma Rays

The existence of gamma rays at 623 keV and 645 keV, which
are observed by Berzins et al. (3 ) but not by Schick and Talbert (37),
is confirmed in the spectra of this study. The 645 keV peak was
previously seen only in the coincidence spectra of Berzins et al. (3 ).

Log ft values and spin-parity assignments for the levels popu-

111
lated in the Pd m decay are not in as good agreement as were the
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10 111
Pd 9 and Pd " © results. The log ft values found in this study for

the levels at 545 keV and 683 keV are low because it was not possible
to place transitions feeding these levels. The log ft values of this
study associated with the 845 and 1024 keV levels should also probably
be higher, as was discussed in an earlier section. Spin-parity as-
signments, although often not identical, generally overlap among the
studies. Where there are differences, the assignments of Berzins
et al. (3 ) are generally in closer agreement with those of this study.
The odd-A silver isotopes are especially interesting from a
theoretical point of view. Interpretations of the nuclear properties
of these isotopes have been made in terms of the particle-core weak
coupling model of de-Shalit, the pairing-plus-quadrupole model, and
the Nilsson model. The predictions of each of these models will be
compared with the experimental findings of this and other studies.
The even-even mass nuclei adjacent to Aglo9 and Ag111 have
energy levels which may be interpreted in terms of the vibrational
model. In this model the nucleus is taken to perform small oscilla-
tions about a spherical equilibrium shape. The normal modes of the
oscillations are labeled by their multipole order \, the lowest mem-
ber being of quadrupole type since a deformation of order \ = 1is
equivalent to a translation of the whole system. The nuclear energy
levels then have excitation energies Z)\ Nkhw)\ where the integer N)\

is the number of excitation quanta or phonons of order \ in the
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excited state. A phonon of order \ carries an angular momentum
of X\ units and parity (_))‘ . The first excited state has one quadrupole
phonon present and is a 2% state. Since itis found experimentally

that 2002*-" w,, the second excited state is either the two-quadrupole-

3’
phonon triplet of states or the one-octupole-phonon state. In the

former case we have three states degenerate in energy with spins O+,
2+, 4% which are formed by coupling two angular momenta of two units.
The latter case would be a 37 state.

The vibrational model has enjoyed some success in explaining
the energies, spins, and E2 transition probabilities of the states in
the even-A isotopes of palladium and cadmium. The recent observa-
tion of large static electric quadrupole moments of the first 27T state

in many of these nuclei (63) and ratios of B(E2) values which are
lower than those predicted by theory (45, 55) have cast doubt on the
validity of a simple vibrational explanation. However, Tamura and
Udagawa (71) have demonstrated that even these experimental results
may be explained within the vibrational framework if one is willing
to accept rather large admixtures of the one- and two-quadrupole

phonon states.

The odd-A silver isotopes differ from the even-mass Pd and
Cd isotopes by the addition or subtraction of a single proton. A pos-
sible explanation of the energy levels of the odd-A silver isotopes
might therefore be in terms of a coupling of the odd proton with the

vibrational excitations of the even core. For instance the ground
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state would consist of the odd proton in the lowest single-particle
state of the average potential created by the core nucleons. If the
next single-particle state were high compared to the lowest excita-
tion energy of the core, the excited states would result from core
excitations coupled to the odd proton in its lowest state. Calling JC
and j the total angular momenta of the collective core and the odd
particle outside the core respectively, we then };ave for each state
JC a multiplet of states with spins |Jc-j|< J JC + 3.

Such a model was proposed by de-Shalit in 1961 (16), and it
probably provides the best interpretation of the negative-parity levels

109, 111
of agl0T 109 '

In de-Shalit's formulation no detailed assump-
tions are made about the nature of the core excitations other than to
identify them with the observed states in the neighboring even nuclei.
The interaction between the odd particle and the core is taken to be
the scalar product of two tensors, one operating on the core degrees
of freedom and the other operating on the degrees of freedom of the
particle. A straightforward calculation then shows that the center
of gravity of each multiplet of states arising from a particular JC
lies at roughly the same energy as the state JC of the neighboring
even-mass nuclei.

Figure 22 comparesthe negative-parity level structures of

111
Ag , Aglog, and Ag with those of the adjacent even nuclei of

Pd. The ground state of the odd-A silver isotopes is the 2p1/2
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The data are compiled from this study and references 21 and 3.
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single-particle state. We therefore expect to observe a doublet of
states with spins 3/2 and 5/2 centered at about the energy of the
first 2+ state in the neighboring even-mass nuclei. Indeed, the 3/2~

7
0 (5)and at 311 and 415

- 1

and 5/2 states at 324 and 423 keV in Ag
. 109 . .
keV in Ag have energies only slightly below the 512, 434, and
+ ) 111
374 keV 2 states of the even Pd nuclei. In Ag the states at 289
and 391 keV have similar energies and gamma decay modes, suggest-
ing that they too may arise from coupling of the pl/Z single-particle
+
state to the 2 core excitation.
. . + ,+ .

The even-mass Pd isotopes exhibita 0, 2, 4 triplet of states
at about 1 MeV which may be interpreted as the two-quadrupole-
phonon states. According to the de-Shalit model, we expect to see
five states in the odd-A silver isotopes ranging in spin from 1/2  to
9/2 ", which are due to the coupling of the pl/‘2 state with the two-
phonon triplet. Five states with these spin-parities have been found
. 107 . . 109
in Ag (20) at energies ranging from 780 to 1660 keV. In Ag
the 3/2  state at 702 keV and the 5/2  state at 863 keV are possible
members of this multiplet. The recent (p,p') scattering data of Ford
et al. (21) have identified in addition 7/27, 1/27, and 9/2  states at

. . 109 .
1091, 1260, and 1570 keV respectively in Ag which are presumably
the remaining members of the multiplet.

1
Identifying the two-quadrupole-phonon levels in Ag 11, if indeed

any do exist, is more difficult because of the large number of levels
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from which to choose and the lack of definitive spin-parity assign-

107
ments. Judging from the systematic level ordering in Ag 0 and

Aglog, we expect states in Ag111 of spin 3/27, 5/27, 1/2°, 1/27,

and 9/2 lying at energies of approximately 700, 800, 1000, 1200,

and 1500 keV respectively. These states should preferentially gamma
decay to other members within the group. No level is seen in this
study which can reasonably be identified with the 3/2° member of’

the multiplet. However, Berzins et al. ( 3 ) report a weakly popu-
lated level at 642 keV which decays to the 289 keV state, a member

of the one-quadrupole-phonon doublet, and which has either spin 3/2°
or 5/2 . The 846 keV level observed in this study and the 809 keV
level reported by Berzins et al (3 ) are likely candidates for the 5/2°
member, judging from their energy, spin-parity, and gamma decay
to the one-phonon doublet. The 7/2° member of the multiplet could
possibly be the 1024 keV or 1153 keV level. A third possibility is

the 986 keV level observed by Berzins et al. ( 3) Each of these
levels has a possible 7/2" spin and decays to the one-phonon doublet.
Both the 1463 and 1549 keV levels appear to be good candidates for
the 9/2 member, decaying to the 1024 aﬁd 845 keV levels which were
considered possible 7/2  and 5/2 candidates. Not surprisingly, no
1/2° state besides the ground state is seen in this or the other studies.

l1lg

Beta transitions to such a state from Pd would be at least first

forbidden unique and the state would be only weakly populated by
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gamma‘feeding from higher-lying levels.

It is therefore apparent that many of the negative parity levels
in Ag107, Aglog, and, more speculatively, in Ag111 can be explained
by the de-Shalit weak coupling model. Additional evidence for the
applicability of this approach is provided by the results of Coulomb
excitation. The de-Shalit model predicts that the B(E2) value for the
transition from each state of a multiplet to the ground state equals
the B(E2) value for the corresponding transition in the neighboring
even-mass nuclei. Also, N = *1 for E2 transitions, where N is
the phonon number, so that transitions from an N=2 multiplet to
ground is forbidden. The B(Ml) values for transitions to the ground

state are predicted to be zero if there is no configuration mixing.

The Coulomb excitation data of Black and Gruhle (5 ) and

07 09

1
and Ag

1 - -
for the first excited state of Pd 06, the first 3/2 and 5/2 excited

8

1
Robinson et al. (54) for Ag show that the B(E2) values

1 1
states of Ag 07, the first excited state of Cd 0

, and the first 3/2°
- . 109 .

and 5/2 excited states of Ag are all nearly equal, as predicted.

Further, the measured M1 strengths (54) for transitions from the

07 09

1
and Ag to ground show that these

- - 1
first 3/2 , 5/2 states of Ag
transitions are strongly hindered. As for the '"two-phonon states'
in the 1 MeV region, the de-Shalit model predicts that the B(E2; N=2

- 1) value should be similar to the B(E2; N=1 > ground state) value.

All of the higher-lying negative-parity states have B(E2) values which



are an order of magnitude smaller than those of the '"one-phonon
states.'' However, many of these levels do exhibit B(EZ2) values
which are enhanced over the single-particle estimates and many have
a strong preference for decaying through the N=1 states, suggesting
a collective nature.

0
The study of proton and alpha particle scattering from Ag1 7

and Ag 109

has further demonstrated the applicability of the de-Shalit
model to these isotopes. Applied to direct reactions, the de-Shalit
theory predicts (7) that the inelastic cross section for excitation of
the member of the multiplet with spin J is just (2.I+1)/(ZJO+1)(2JC+1)
times the cross section of the state with spin JC in the adjacent even-
mass nuclei, where Jo is the ground state spin of the odd-A nucleus.
The sum of the cross sections for the excitation of the states in the
multiplet then equals the cross section for excitation of the core
state. Further, the angular momentum transferred to the target
equals the spin JC of the core state even when other angular momen-
tum transfers are permitted by angular momentum conservation.
Therefore, the angular distributions for populating the states of a
multiplet should all have the same shape as the angular distribution
for populating the corresponding core state in the neighboring even-
mass nuclei.

Ford et al. (20, 21) measured the differential cross sections

7
for the elastic and inelastic scattering of 13 MeV protons from Ag10
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1
and Ag 09.

For the states which appear to be due to coupling of the
odd proton to the one-phonon states of the even core, the cross sec-
tions were fitted by distorted-wave theory. For states with excita-
tion energies suggesting coupling of the odd particle to the two-
quadrupole-phonon core states, the differential cross sections were
fitted by coupled-channel calculations, since two-phonon core states
may be populated by multiple excitation which cannot be treated by
first-order distorted-wave theory. The shapes and relative magni-
tudes of the measured cross sections were then compared to those
for neighboring even-mass nuclei. Their results show that the cross

- - 107 1
sections of the first 3/2 and 5/2 states in Ag 0 and Ag 09 a

re
consistent with coupling the odd particle to the first 2+ state of the
core.

By adjusting the theoretical cross sections to the data, the
partial deformations ﬁi(J) for these levels are found. Deformation
parameters obtained in this way agree with those obtained from
Coulomb excitation (44, 54) and inelastic alpha particle scattering
(68). If the de-Shalit model is valid, the partial deformation for

exciting the level with spin J is related to the total deformation [3)\

of the even core by (67)

P - 1/2
By ()= [(2J+l)/(2JO+1)(2JC+l)] By -

It is found that the partial deformations of the low-lying 3/2  and 5/2°
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107, 1
0 ’ 09 are in satisfactory agreement with this predic-

states in Ag
tion if the experimental BZ values for the first 2+ states in the neigh-
boring even-mass nuclei are used.

Angular distributions of the scattered protons for several
states in the 1 MeV region suggest that these states are formed by
coupling the odd proton to the O+, 2+, 4+ two-quadrupole-phonon
triplet. In Ag107, states with energy and spin-parity of 780(3/2 ),
950(5/27), 1140(7/27), 1280(1/27), and 1660(9/2 ) keV each have an

+ _+ +
angular distribution resembling that of its associated 0 , 2, 4

state in the neighboring even nuclei. The analogous states in Aglo9
are the 702(3/27), 863(5/27), 1091(7/27), 1260(1/27), and 1510(9/2")
keV states. Coupled-channel fits to the angular distributions can only
be made, however, if an admixture of the one- and two-quadrupole
phonon states are allowed. The beta parameters thus determined are
in reasonable agreement with the values found for the even-mass
nuclei Pd106’ 108, 110. However, the relative magnitudes of the
cross sections for these states do not generally agree with theoretical
predictions. One must make assumptions concerning admixtures

of one-phonon states or of single-particle states to account for the

observed strengths.
107 1
Ford et al. (20, 21) also report states of Ag 0 and Ag 09 at

about 2 MeV which have angular distributions and energies similar

to those for the 3 one-octupole-phonon states of the adjacent even
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nuclei. However, the total strength of these levels is only half that

expected.
. . . . 107
The inelastic scattering of 42 MeV alpha particles from Ag
109 . .
and Ag by Stewart et al. (68) has given results very similar to

those found from proton scattering. The shapes and magnitudes of
the angular distributions and the derived partial-deformation parame-
ters for the first 3/2” and 5/2 states were found to be consistent
with the coupling of an odd proton to a core quadrupole vibration.
Other of the states observed by Ford et al. (20, 21) were seen with
the proper excitation strengths to classify them as two-quadrupole-
phonon states. In both isotopes a state was observed at an excitation
energy of 2. 17 MeV whose angular distribution indicated that it was

a member of a possible octupole doublet.

Several difficulties exist in applying the de-Shalit weak coupling
model to the odd-A silver isotopes. Discrepancies regarding the
magnitudes of the cross sections predicted by theory have already
been mentioned. Another problem is the additional states found in
these isotopes which have no simple explanation in terms of the
model. For example, Ag109 has at least three negative-parity states
which cannot be attributed to coupling of the pl/2 particle to excita-
tions of the core. The situation is worse for Ag111 which has a
multitude of negative-parity levels. Several explanations could be

advanced for the existence of these states. The pl/2 and f5/2
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single-particle levels are expected to lie rather close to the p, /,

level. In fact the relatively small B(E2) values associated with the

787 keV state in Ag!97 and the 702 keV state in Ag!%9? (5) mayindi-
cate a significant amount of p3/;, admixture in these states. Other
negative-parity levels should result from the coupling of these single-

particle states with quadrupole phonons.
Regarding the positive-parity states, the only low-lying single-

particle level of positive-parity expected in the region immediately

below the 50 proton closed shell is the g9/2 level. Presumably, the
126, 133, and 130 keV levels of Ag107, Aglog, and Aglll are these
89 /2 states. The de-Shalit model then predicts a multiplet of five

states with spins ranging from 5/2% to 13/2+ whose center of gravity

lies at about 500 keV. Instead, one finds a 7/2+ state lying below the

89 /2 level in all three isotopes and no other positive parity levels

107 has

in Agl07 and Agl9? below 700 keV. Above 700 keV Ag
only two known (5) positive-parity levels, each with spin 5/2+
whereas Ag109 has possibly five with spins ranging from 3/2%t

to 7/2+. States of spin higher than 7/2+ probably would not

be observed since beta feeding is from a 5/2+ state in the decay
of Cdlo7 and Pdlog° Ag111 has a large number of positive-
parity states spread across the entire energy spectrum, and it would
be difficult to identify their origin. In sum, although the de-Shalit
weak coupling model appears to interpret correctly many of the

107, 109, 111

properties of the negative-parity states in Ag , particu-

larly of the first 3/2° and 5/2 states, a more sophisticated model
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may be required to explain the positive-parity states of these iso-
topes.

Another method which has been used to treat spherical nuclei
is the pairing-plus-quadrupole model. In these calculations the

Hamiltonian of the system is composed of three parts

= H_ + +H_.
H = Hg + Hp, +Hy

H_ is a spherically symmetric single-particle Hamiltonian, and the

S

other two parts, HP and HQ’ constitute the residual interaction. HP
represents a short-range pairing force which is effective only for
shell-model pairs coupled to zero angular momentum. When neutrons
and protons are filling different levels, the pairing force is assumed
to exist only for protons and neutrons separately and to be approxi-

mately the same for each. H_ represents a long-range quadrupole

Q
interaction. This force is important for particles in different orbits
and is therefore effective among neutron-proton pairs as well as
neutron and proton pairs se];>arately. It is the quadrupole force
which gives rise to the collective effects in the nucleus. The
Hamiltonian is first written in terms of the creation and annihilation
operators for shell-model particles. A canonical transformation

is then performed to introduce the so-called ''quasi-particle" crea-
tion and annihilation operators. Eigenfunctions of HP + HS are

the quasi-particle states so that quasi-particles have the property
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of not interacting except through the quadrupole force, which is
treated as a perturbation. Quasi-particles can be shown to behave
like fermions. In the treatment of the quadrupole force, phonons and
their interaction with the quasi-particles are introduced.

In applying the pairing-plus-quadrupole theory to the prediction
of energy levels, Kisslinger and Sorensen (35) determined the pairing
and quadrupole force strength parameters from data taken from single-
closed shell nuclei. They limited their considerations to one-quasi-
particle and zero-, one-, and two-phonon excitations. Their the-
oretical predictions for Aglo9 and Agl are compared to the findings
of this study in Figure 23, It is seen that the low-lying 9/2+, 3/27,
and 5/2 states are correctly predicted. The higher-lying 5/2 and
7/2 states might be identified with any of several observed levels.

A serious failure of the theory, however, is its inability to
predict the low-lying 7/2+ level. A more recent calculation by
Kisslinger (33) includes three-quasi-particle states. It is found
that when a high-spin level (such as the g9/2) lies close in energy
to several low-spin levels of the opposite parity, then, when the level
is about half full, an extra state of spin j-1 may appear at low ener-
gies. Talmi and Unna (70) have also shown in a shell model calcula-

tion that the j-1 seniority three state of the ( configuration in

gg/z)

47 -neutron Sr85 is particularly lowered by residual interactions.

This "intruder'' state is a three-quasi-particle level whose energy
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has been greatly lowered by the quadrupole interaction. Thus, the
low-lying 7/2+ level in the odd-mass Ag, Tc, and Rh isotopes may
be explained as a greatly lowered state of three gg/2 quasi-particles
coupled to a spin of 7/2. The low-lying 9/2 state in the Te and Xe
isotopes may similarly arise from incomplete filling of the hll/Z
shell in the 50-82 neutron region. A predicted feature of the intruder
state is the complete absence of an M1 transition from it to the one
quasi-particle state. This transition is a J=1, no parity change, so
that either M1 or E2 transitions are normally possible. No measure-
ments of E2/M1 ratios have been made for the 9/2+% 7/2+ transitions

107, 109, 111

in Ag However, analogous transitions in such isotopes

as Tc97, Tcgg, and Rh103 have been shown (6, 72, 26) to be largely
M1. Additional difficulties with this explanation are that the calcula-
tions cannot bring the 7/2+ state below the 9/2+ level and that lowered
5/.2Jr states in nuclei similar to the Ag isotopes are not accounted for.
Tkegami and Sano (31 ) have suggested that the inclusion of more
orbits in the pairing-plus-quadrupole calculations may generate low-
lying 7/2+ and 5/Z+ levels. Taking into account 40 shell-model orbits,
they predict a 5/2+ state lying below the 7/Z+ state. However, no
5/2+ states of low energy have been observed in the odd-mass Ag
isotopes, even though they would be populated by allowed beta transi-

tions.

Whereas the Kisslinger and Sorenson calculations (35) assumed
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only a part of the quasi-particle Hamiltonian to be important, the
effects of the full quasi-particle interaction Hamiltonian are consid-
ered by Sherwood and Goswami (59), thereby including certain corre-
lation effects in the core state. These effects are found to be particu-
larly significant in the Tc, Rh, and Ag isotopes where the gc)/2 shell
is about half filled. Rather than to lower the 7/2+ state, the result
of these calculations is to raise the 9/2+ state to the vicinity of the
4 +
multiplet of levels with spins from 5/2 to 13/2, which are due to
+
the coupling of the 5/2+ state with the first 2 state of the even core.
Figure 23 compares the predicted level sequence of Sherwood and
1
Goswami for Ag 09 with the experimental results of this study. While
+ +
the 7/2 and 9/2 states are indeed brought together in this way, we
+ + + .
also expect to see 5/2 , 11/2, and 13/2 states at low energies.
+ : . 109
However, no 5/2 state is observed in Ag below 700 keV, nor
. + + . I11lm
are low-lying 11/2 and 13/2 states populated in the decay of Pd .
The discovery of large, negative quadrupole moments in
114 116. . .
cd and Cd (69, 60, 63 ) has led Goswami and Nalcioglu (24)
to include the effect of coupling to the quadrupole moment of the core
1
in calculations similar to those of Sherwood and Goswami. In Ag 09
+
the effect of the new coupling is to lower the 11/2 level below the
+ + : +
9/2 and 7/2 levels and to raise the 5/2 state about 500 keV, as

is seen in Figure 23. This indeed gives the correct level ordering

+ +
for the 7/2, 9/2 , and 5/2+ states. But the absence of low-lying
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+ + ) 111 . . .
11/2 and 13/2 states in Ag again proves to be a serious discrep-
ancy.

It was suggested as early as 1953 (8, 1 ) that the odd-mass Ag
isotopes may exhibit rotational spectra, which are characteristic of
an equilibrium deformation of the nucleus. However, the absence
of any systematic evidence for deformations in nuclei with mass 40
A < 120 has led later workers to favor descriptions in terms of a
spherical equilibrium shape. Very recent experimental results may

s . . . 115
encourage a re-examination of the rotational interpretation. In

117 .
and In have been found to have excited states whose energy spac-

+
ing and transition rates are indicative of a 1/2 rotational band (49,
114 116 . . . .
42, 2 ). Cd and Cd , which have typically vibrational spectra,
nevertheless have been found to possess large static electric quad-
+

rupole moments in their first 2 state (63, 69, 60,22). Such quad-
rupole moments are expected to be zero in an ideal vibrational nucle-
us (71). Although it is possible to account for quadrupole moments
within the framework of the vibrational model by allowing admixtures
of states (71), it has also been suggested that the moments may
arise because nuclear shapes in this region are transitional between
spherical and strongly deformed (11, 34, 42, 13).

With these thoughts in mind, we now consider the possible ap-

1
plicability of the Nilsson model of the deformed nucleus to Ag 09 and

11
Ag lo In the Nilsson model an axially symmetric oscillator potential
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with spin-orbit coupling is used. The interaction of one nucleon with

the nuclear field is represented by the following Hamiltonian

H=HO+C£° s + DY
b o= h22+m 2 2, 2 2, .22
where O—-va > (wx X Wy Y w z )

with %, y, z being the coordinates of a particle in a coordinate sys-
tem fixed in the nucleus. If _5 and T are the total and particle angu-
lar momenta, and K and 2, respectively, are their components along
the axis of symmetry, then K =€, Calling_A_a.nd 2 the components
of ﬂaand :, respectively, along the axis of symmetry, then we also
have =% +_A. One other quantum number is N, the total number
of quanta of vibration along each of the three axes.

Nilsson solved numerically the single-particle wave equation

for the axially symmetric case in terms of a distortion parameter

6 such that

wxzwy=wo(1+1/36), wzzwo(l- 2/36)

with w = % His results are given in graphs which show the energy
of each state as a function of the distortion 6. Each state is labeled
by the value of 2, the parity, and the triad [N nZ_I\._]° The levels of
distorted odd-A nuclei are understood as single-particle states and
rotational bands built on them. The relative energies in a given

band are given as
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2 T+1/2

E [J(T+1) +a (-) (J+1/2) 6

T 21 K, 1/2]

where J = K,K+1 . . . . The second term vanishes except when

K = 1/2. a is called the decoupling parameter since it corresponds
to a partial decoupling of the particle motion from the rotating core.
I is the moment of inertia of the nucleus.

According to the Nilsson diagram (75), the ground states of

the. Ag isotopes have quantum numbers 1/2 [301]. It is apparent that

107,109, 111

the 1/2°,3/27,5/2  sequence of levels in Ag might con-

stitute a K=1/2 rotational band. Fitting the energies of the first two
2
excited states to the EJ formula, we get L = 58 keV and a = 0. 65 for

21

the three Ag isotopes. The remaining members of the band should
then have the following energies and spins: 1070(7/2°), 1250(9/2°),
2310 (11‘/2_). Ag107 and Aglo9 are known (42, 43) to have 7/2  states
at 1140 and 1090 keV, respectively, which might be identified with
the 7/2° member. However, the lowest-lying 9/2  states observed
in Aglo7 and Ag109 (20, 21) have energies of 1660 and 1510 keV, which
are much higher than predicted. In Ag111 states at 1024 and 1158keV
are possible candidates for the 7/2” and 9 /2 members of the rotational
band.

Using the B(E2) values found from Coulomb excitation (5) be-
07

tween the ground state and the lowest 3/2 and 5/2 states in Agl

and Aglog, it is possible to deduce the deformation & of the nuclei.
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Under the assumption that the nuclei are indeed deformed, we use

the formula (51)

5

B(E2; JK - J'K) =E—e
b

2 2 2
QO <J2KO|J'K>|

where the intrinsic quadrupole moment QO is

_ 3 2
Q = o= Z Ry 6 (1+0.365)

fm is the nuclear radius. For B(E2) = 40, we have

and RO = I.ZAI/3

§2 0.2, whichis a moderate deformation matching the values found
for In115 and In117 (2).

Additional negative-parity states expected in the Nilsson model
are the 3/2 [301] and 5/2 [303] single-particle states and rotational
bands built upon them. Although the 3/2  state at 702 keV in Aglo9
has been shown to have a single-particle nature (5 ), there is little
evidence for the existence of these states in the three Ag isotopes.

As far as positive-parity levels are concerned, the low-lying
7/2+ state is explained in the Nilsson formulation as a 7/2+[413]
state. The 9/Z+ state at about 130 keV in the three isotopes would
be interpreted as a mixture of the expected 9/2+[404] single-particle
state and the 9/2+ member of the rotational band built upon the afore-
mentioned 7/2+[413] state. Because these two intrinsic states lie

close together, mixing of the two bands due to Coriolis coupling is to

be expected (10) so that a simple J(J+1) spectrum would not be
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observed.

In conclusion, it may be said with some confidence that certain
sets of levels in the odd-mass Ag isotopes possess collective charac-
teristics, as indicated by their selective mode of decay, enhanced
B(E2) values, and ease of excitation by charged particle bombard-
ment. It is the exact nature of these collective motions which is un-
certain. The inelastic proton scattering experiments of Ford et al.
(20, 21) provide persuasive evidence that many of the negative-parity
levels can be explained by a simple particle-core weak coupling model.
Their discussion is in terms of vibrational excitations of a spherical
core, although it should be noted that the de-Shalit model makes no
detailed assumptions about the nature of the core excitations.

Recent experimental data, indicating large quadrupole moments
and possible rotational bands in the excited states of nuclei which
have long been thought to be spherical, have suggested the possibility
of nuclear deformations. However, evidence for rotational bands
in the odd-mass Ag isotopes is at present essentially limited to the
fact that certain sets of energy levels can be fit with the use of par-
ameters which are not unreasonable. Conclusions are especially
hampered by the lack of definitive spin-parity assignments for the
energy levels of Agl ! 1, whose shape is the most likely to be de-
formed. What is clear is that none of the present models is capable

of explaining successfully a very large fraction of the levels
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observed and that a great deal of experimental and theoretical

work remains to be done.
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