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ABSTRACT

NUCLEAR SPECTROSCOPIC STUDIES OF SOME SHORT-LIVED

AND NEUTRON DEFICIENT Ga AND Zn ISOTOPES

By
Gregg Carl Giesler

The decay schemes of 63Zn, 627n and ©3Ga were investigated by
high-resolution Y-ray spectroscopy in an effort to further elucidate
their nuclear properties. Also, a search for R-delayed o emission from
the light Ga isotopes was conducted.

Such y-ray spectroscopic techniques as Ge(Li) singles, Ge(Li)-
Ge(Li) megachannel coincidence, Ge(Li)-NaI(Tl) coincidence, and Ge(Li)-
time coincidence techniques have been utilized to study these isotopes.
A He-jet thermalizer was utilized in the search for B-delayed o emission.
Several programs written for data analysis are presented.

Forty-five y rays have been assigned to the decay of 38.4-
minute 63Zn and have been incorporated into a decay scheme containing
24 levels with energies of 0, 669.71, 962.14, 1327.0, 1412.07, 1546.8,
1860.9, 1865.7, 2012.0, 2062.3, 2081.4, 2093.5, 2336.8, 2497.5, 2512.5,
2536.2, 2697.0, 2717.2, 2780.1, 2857.8, 2889.5, 3044.0, and 3100.3 keV,
A search for y rays with energies above 700 keV from the decay of 9.3-
hour 62Zn was conducted and six were found at energies of 881.4, 915.6,
1142.5, 1280.8, 1389.1, and 1429.9 keV. They were placed in a decay
scheme containing seventeen Y-rays and ten levels with energies of 0,
40.94, 243,44, 287.98, 548.41, 637.53, 915.6, 1142.5, 1280.8, and 1429.9

keV. The decay of 32.4-second ©3Ga has sixteen y rays which were placed



in a decay scheme containing nine levels with energies of 0, 193.0,
248.0, 627.1, 637.0, 650.1, 1065.2, 1395.4, and 1691.7 keV.

Spin and parity assignments for the nuclear states investi-
gated are based on log ft values, relative y-ray intensities to states
of‘known spin and parity and charged particle scattering results.

A survey of and comparison with previously reported Ge(Li)
detector results and with charged particle scattering results is
presented for these isotopes. The structures of the low-lying states
in these nuclei are discussed and compared with theoretical calculations
and systematics of the region.

A search for B-delayed o emission from the short-lived
(<5 sec) Ga isotopes through 60Ga was conducted. The y-ray and o-
particle spectra from the nuclei produced are presented. An upper
limit of ten parts per million was placed on RB-delayed o branching from

the decay of these nuclei.
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Chapter 1

INTRODUCTION

Any study of the nucleus involves the use of many models,
since no one model fits more than a small number of nuclei. Although
these models vary widely in their description of the nucleus, they
are all semi-empirical, that is, require a number of experimentally
determined parameters in order to make any predictions. Therefore,
any improvement in quality or quantity of the experimental results
will not only aid in improving the results obtained from the model,
but also aid in the further development of the model and the description
of nuclei as a whole.

One of the most useful methods of obtaining information about
nuclear properties is y-ray spectroscopy. With the development of Ge(Li)
detectors with their present efficiency and resolution, even the very
weak y rays in a complex spectrum can be seen and easily resolved from
their neighbors. As a result, decay schecmes previously considered
relatively simple have become much more complex. y-ray spectroscopy,
therefore, has become an important part of the study of nuclear properties.

The nuclear shell model is one of the more popular models
used to describe the nucleus. The nucleus, according to this model, is
like an atom with the protons and neutrons individually going around in
their own orbits. In addition, closed shells occur at neutron or proton
"magic" numbers of 2, 8, 20, 28, 50, 82, and 126. It is found that

this model only works well near these closed shells. Accordingly,



most of the study of this model has occurred in the following regions:
nuclei with fewer than 23 protons, those with 28 protons, 50 neutrons
or protons, 82 neutrons, and nuclei in the region of the 208py, doubly
closed shell.

A primary interest is in the region with fewer than 23 protons,
since in this region the B stability line lies on or near N=7. Here
also there is an abundance of-doubly closed shells, and each closed
shell consists of at most three low spin orbits which makes the calcu-
lations relatively easy. The stable isotopes of calcium which go from
the doubly magic “0Ca to the also doubly magic “8Ca are found at the

upper end of this region.

One more doubly magic nucleus occurs near this region, "“Ni.
It is different from the others because it is unstable to B decay and
rather far from the line of R stability. The two closed shells are the
1f,/, for both protons and neutrons. In the region immediately beyond
this nucleus are the 2p1/2, 2p3 /25 1fs5), and lgg/, orbits, which,
even when considering only the lowest levels populated, require a complex
set of calculations. Coupled with the complexity of the calculations
is the small amount of information available about the isotopes just
above this doubly closed shell. The present investigation is intended
to help provide information about some of the nuclei outside this
doubly closed shell.

In Figure 1, the portion of the Chart of the Nuclides covering

this region is shown. When Nurmia and Fink (Nu65) reported the discovery
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of ©3Ga, they mentioned the possibility of B-delayed o emission in this
region. According to the calculations of Taagepera and Nurmia (Ta6l),
63Ga as well as the lighter Ga isotopes should all be B-delayed «a
emitters. Nurmia and Fink did not, however, report a decay scheme

for the ©3Ga. This region of the neutron deficient Zn and Ga isotopes
holds strong promise of providing valuable information that can be

used for the application of the shell model to this region.

In Chapter II many of the techniques used in the course of
this study of both the y-ray decay and a search for R-delayed o emission
in this region are discussed. Included in this chapter is the chemical
separation used in the study of the decay of the Zn isotopes.

After the data are obtained, they must be analyzed to obtain
the energies and relative intensities. The methods used for this analysis
are described in Chapter III. Various computer programs written for
or adapted for the XDS Sigma 7 computer at the Michigan State University
Cyclotron Laboratory were used to sort the megachannel coincidence data,
analyze the many singles spectra, and finally calculate the parameters
needed for the final decay schemes.

The Ge(Li)-Ge(Li) megachannel coincidence system discussed
in Chapter II has several interesting characteristics that have been
studied further. These include the effects of the Compton scattering
between detectors and the possibility of using the data obtained from
a y-y coincidence experiment as y-sum coincidence data. A study of
these characteristics and the results are discussed in Chapter IV.

The results of this study of the neutron deficient Ga and

Zn isotopes are described in the following chapters. Several interesting



results that were obtained in the study of 637Zn comprise Chapter V.

Chapter VI describes results obtained from a study of 627n in a

search fory transitions above 700 keV. The decay of 33 second ©3Ga

is described in Chapter VII. Chapter VIII presents the results obtained

in the search for B delayed o emission in the light Ga isotopes.
Finally, in Chapter IX, these results and their application to

this region of light Zn and Ga isotopes are discussed.



CHAPTER II

EXPERIMENTAL APPARATUS AND TECHNIQUES

Each of the isotopes of Zn and Ga studied in this investigation
decayed by position emission and electron capture to states in its
daughter. The excited states in the daughter in general then decayed
by vy emission to the ground state. To study the y emission and thereby
learn about the excited states, many different techniques, both standard
ones and newly-developed ones, were utilized. Some of the excited
states also have the possibility of decaying by o emission. In order
to examine this possibility, some new techniques were utilized to collect
the radioactive parent so that this B-delayed a emission could be
more precisely studied. This chapter describes the techniques and appa-
ratus used for the data acquisition. Section 2.1. describes the y-ray
spectrometer systems used and the techniques involved in their utiliza-
tion. In Section 2.2. the a spectrometer and the He jet thermalizer
used to prepare the a sources and short-lived y sources are described.
Some of the experiments performed studying the decays of 627n and

63Zn required the chemical separation of the Zn from the Cu targets.

This separation is described in Section 2.3.



2.1. y-Ray Spectrometers

With the development of Ge(Li) detectors great interest
developed in the examination of new decay schemes as well as many old
ones. These decay schemes became more and more refined as Ge(Li)
detectors with greater efficiencies and better resolution were developed.
In the period of the four years involved in this study, the Ge(Li)
y-ray spectrometers used have gone from one with a resolution of *5.6
keV FWHM for the 1332-keV y of 60Co and an efficiency of <<1% as compared
to a 7.6x7.6 cm NaI(Tl) detector with the source 25 cm from the detector
to a Ge(Li) detector with a resolution of 2.1 keV FWHM and an efficiency

of 10.47%.

The y-ray spectrometers were not the only instruments to
improve greatly over these few years. Many improvements have been
added to the amplifiers used with these systems, including such develop-
ments as adjustable base-line restoration and pole-zero cancellation.
Last but not least, the multichannel analyzers (MCA) have also shown
vast improvements in going from a hardwired MCA with 1024 channels and
a digitizing rate of 4 MHz to computer interfaced analog-to-digital
converters (ADC) with 8192 channels and a digitizing rate of 50 MHz.
The preamplifiers improved from room temperature FET's mounted in external
units to ones with cooled FET's mounted along with the detector (with
a corresponding decrease in noise).

2.1.1. Ge(Li) Singles Spectrometers

A typical y-ray singles spectrometer system used in this study
consisted of a Ge(Li) detector and its bias supply, a charge sensitive

FET preamp, a spectroscopy amplifier, an ADC, and some type of memory



storage unit plus its associated readout. Almost all of the electronics
equipment are in modular form and are mutually compatible so that
equipment from various manufacturers may be used together for a par-
ticular experiment.

A variety of different Ge(Li) detectors were used for the
experiments in this study. In Table 1 some of the detectors used are
listed along with their characteristics. Since each detector is
different, the choice of which detector to use for a particular experi-
ment depended on several considerations. Some of them are the relative
experimental importance of resolution to efficiency, the count rate
involved, and, of course, whether the desired detector is in use for
another experiment running concurrently. Another important considera-
tion is whether we possessed the desired detector at the time of the
experiment, since the detectors represent the improvements in the state-
of-the-art over a period of several years.

The spectroscopy amplifiers which were used contain several
features to improve the resolution, especially at higher count rates.
Both unipolar and bipolar output pulses shaped with various time constants
ranging from 0.25 usec to 4 psec can be obtained with various maximum
amplitudes of either polarity for use as an input to an ADC or for
timing purposes. These amplifiers have highly linear amplification
responses and include such features as adjustable pole-zero cancellation,
base-line restoration, and DC offset.

The use of pole-zero cancellation permits precise elimination
of undershoot on the amplifier pulse after first differentation. This

becomes important at higher count rates because succeeding pulses
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may fall into the undershoot and will have an apparent area smaller
than the actual area, thus causing a loss in resolution. Base-line
restoration also improves resolution at higher count rates by restoring
the undershoot of the amplifier signals to a DC base-line after all
other shaping has been performed. This improves the resolution by
reducing the pileup distortion that is produced when one pulse occurs
in the undershoot of another. The DC level adjustment matches the DC
level of the amplifier unipolar output to the DC level of the direct
input to the ADC. This input bypasses the ADC internal base-line
restorer, amplifier, and pulse amplitude discriminator stages, thus
lessening the distortion of the input pulse. Also eliminated is the
fixed delay (1.25 psec) added to each pulse to allow time for the dis-
criminators to operate. Eliminating this delay allows a higher count
rate for the same ADC dead time.

In this laboratory a variety of analyzers has been used for
data acquisition and represents the change in the state-of-the-art over
several years. Some of their characteristics are listed in Table 2.
With the interfacing of ADC's to a computer, many different modes of
data acquisition not available in hardwired analyzers became available.
Some of these new modes were used in this study and are discussed in
later sections.

2.1.2. Coincidence Spectrometers

Singles experiments are useful in determining the energies
and intensities of y rays from the decay of a nucleus but tell nothing
of their placements in the decay scheme. To aid in the placement of

these y transitions, various coincidence experiments were performed.
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Table 2. Characteristics of Somec ADC's

Maximum Number

ADC of Channels Digitizing Rate Memory
Nuclear Data 160 1024 4 MHz Hard wired
Nuclear Data 2200 4096 16 MHz Hard wired
Northern Scientific 625 dual 4096 40 Miz Interfaced to

DEC PDP-9
Northern quadruple 8192 50 MHz Interfaced to

Scientific 629 XDS Sigma-7
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These include anti-(revealing direct ground state transitions), prompt-
(revealing cascade transitions), delayed- (revealing transitions in
cascade with states having a measureable lifetime), and 511-511-y
(revealing double escape peaks and B+-fed levels) coincidence experi-
ments. Descriptions of these techniques are given in the following

sections.

2.1.2.A. Ge(Li)-NaI(T1l) Split Annulus Spectrometer

One of the most useful spectrometers at MSU is the 20.3x20.3 cm
NaI(T1l) split annulus. Several of its uses in conjunction with a Ge(Li)
detector are described by Auble et al. (Au67). In the present study
it was used as an anticoincidence spectrometer and a 511-511-y coincidence
spectrometer. Figure 2 gives a block diagram of the electronics used for
these experiments.

For the anticoincidence experiment, a 7.6x7.6 cm NaI(T1l)
detector was placed inside one end of the annulus tunnel to increase the
solid angle subtended by the annulus. A Ge(Li) detector was placed
inside the other end of the annulus with the sample between these two
detectors, approximately in the center of the annulus. The timing
signals from the three NaI(T1l) detectors were combined in an AND/OR
gate to produce a timing signal whenever a signal was produced by any
of the three NaI(Tl) detectors. An ORTEC universal coincidence unit
with the coincidence requirement set to 1 was used for the AND/OR gate.
The resolving time control on this unit therefore had no effect. The
timing signal from this unit was then required to be in coincidence,

within a 110-nsec resolving time, with the timing signal from the Ge(Li)
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detector. The output from the fast coincidence was used to trigger
a linear gate operated in anticoincidence mode.

The 511-511-y coincidence experiments required the two halves
of the annulus to be operated independently with the 7.6x7.6 cm NaI(T1)
detector but with its associated electronics removed from the setup.
The TSCA for each annulus half was set to gate on the 511-keV region.

A triple coincidence among the annulus halves and the Ge(Li) timing
signals was then required. As a result the AND/OR gate was bypassed.
These along with operating the linear gate in ''normal" mode are the

only differences between the two coincidence systems.

2.1.2.B. Ge(Li)-Ge(Li) Megachannel Spectrometer

Y-y coincidence spectroscopy was first developed in the early
1950's. The coincidence experiment was performed by placing a window
on the output of one detector and using this signal to gate the output
of the other detector. The result was a one-dimensional spectrum
showing everything in coincidence with this window. However, because
of the poor resolution of NaI(Tl) detectors, this window was rather
wide and allpwed coincidences with a wide region of Compton background
and with peaks very close to the central peak. As a result it was
possible to enhance peaks not in coincidence with the peak of interest.
With the advent of Ge(Li) detectors and their low efficiencies,
a NaI(Tl) detector was retained more often than not as the gate detector
in a coincidence system. Although the resolution in the resulting one-
dimensional spectrum improved, the gate width was still much wider

than a photopeak. As Ge(Li) detectors grew in efficiency and improved
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in resolution, the use of two Ge(Li) detectors for a coincidence experi-
ment became more feasible. Because of the better peak to Compton
ratio, narrower photopeaks, etc., good coincidence data can be obtained
with fewer counts per channel with Ge(Li) detectors than necessary
with NaI(T1l) detectors! However, using one Ge(Li) detector to gate the
other detector still produces only a one dimensional spectrum and re-
quires many experiments to gate on all the peaks of interest. This
problem of performing many experiments to obtain a complete set of coin-
cidence spectra can be solved by storing the addresses produced by the
ADC's in a list rather than using one to gate the other. This list of
stored addresses is later digitally sorted to produce the desired coin-
cidence spectra. With this system only one '"mega" two-dimensional coin-
cidence experiment is necessary to obtain the data that formerly took
many simple two-dimensional coincidence experiments to obtain..

A system of this type with the code name EVENT was developed
by D. Bayer (Ba7l) at the MSU Cyclotron Laboratory. Figure 3 shows a
block diagram of this system. An absorber was placed between the detec-
tors to reduce the Compton scattering from one detector to the other.
A further explanation of this problem is given in Section 4.1. The timing
system and linear gates were used to allow only coincident signals from
the linear amplifiers to be input to the ADC's. This is necessary since
the resolving time of the ADC's is much greater than that of the fast
coincidence circuit. The ADC's are operated in synchronous mode so that
both would be controlled as one unit rather than as two separate ADC's,
They are read through the interface to the XDS Sigma-7 by the task EVENT

which runs under the JANUS (Ja69) time sharing monitor system. The
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addresses are stored in two halves of a 32-bit computer word, each
address in the least significant 13 bits of the half word. As a
result, the 3 most significant bits may be used for routing, ADC designa-
tion, or some similar purpose. These computer words, each containing a
coincidence event, were stored in a 240-word buffer, which when full was
written onto magnetic tape while further events were stored in another
similar buffer. The tape movement speed of the tape transport limits the
system to *2000 events per second, although a typical coincidence rate
is =20 events per second. A 2400-foot, 9-track magnetic tape will hold
approximately 1.8 million events written in 60-word records. Recovery
of the data written on magnetic tape was performed off-line by the program
EVENT RECOVERY, which is described in Section 3.1.

This system allows an n-dimension coincidence experiment with
a maximum of 8192 channels per dimension to be performed, since task
EVENT is limited only by the number of ADC's available. Currently, four
NS—-629 ADC's are interfaced to the Sigma 7, thereby limiting the number
of dimensions to four. These four ADC's need not necessarily be operated
together but can also be operated as two independent two-dimensional
coincidence experiments or any combination of single and multiparameter

experiments at the same time (dependent only on ADC availability).

2.1.2.C. Ge(Li) - Time Spectrometer

For short-lived isotopes the determination of which y rays decay
with the same half-1life becomes difficult. The method of taking many
successive spectra during the decay of one or a few samples grows rapidly
out of hand for short (less than a few minutes) half-lives because of the

poor statistics of each spectrum. The result is a mountain of data which
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must be added together to obtain statistically meaningful results.

To solve this problem a modification of a two-dimensional coin-
cidence system was used. A block diagram of the system which is operated
by the task TOOTSIE under the JANUS monitor system is shown in Figure 4.
One side of the coincidence system is a Ge(Li) spectrometer, while the other
side is a gated sawtooth ramp that was obtained from one of two different
sources. Initially, SAWTOOTH A of a Textronics oscilloscope was used
with its amplitude reduced by a potentiometer. However, the linearity
of this source was poor, so it was replaced by an operational amplifier
used as an integrator. In both cases, the slope of the ramp was set to
reach the maximum ADC input voltage after several half-lives. The slowly
rising DC level was converted to a pulse acceptable to the ADC by using
an ORTEC linear gate stretcher operated in DC input mode. The output
was gated by a TSCA such that both the time pulse and the linear signal
were in coincidence. The time scales available from the operational
amplifier range from "<10_“sec to >>10“sec.

The task TOOTSIE, written by D. Bayer of the MSU Cyclotron
Laboratory and described elsewhere (Ba7l), has two operational modes: Setup
and Run. In Setup mode the task functions as a two-dimensional analyzer of
maximum size 128x128 channels using the seven most significant bits of
the ADC's. Bands can be drawn on this two-dimensional array, each band
corresponding to a spectrum in Run mode. The maximum number of bands
depends on the size of the spectra. For example, if a spectrum size of
4096 channels is chosen, five bands are the maximum number allowed.

Once the bands are drawn the task can be changed to Run mode, in which
each band becomes a spectrum of the designated size and the data are then

taken as n one-dimensional spectra.
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Figure 5 shows the display produced by TOOTSIE operated in
Setup mode. The display is a horizontal slice parallel to the energy-
time plane, displaying all the locations having counts between the limits
specified in the upper left corner. The vertical axis is the time axis
and the horizontal axis is the energy axis. The numbers next to the
arrows along the axis give the location of the arrows. These arrows are
used to locate channel numbers and to define limits for expanding the
display.

This display was produced by counting a ®Co source. The solid
area on the left portion of the area is the Compton tail with the two lines
on the right being the two photopeaks. Discriminator cutoff in the linear
gates and ADC's produces the dark areas along the left and lower sides
of the display. The horizontal lines represent the lower and upper limits
of five bands. The same line may be used as an upper limit of one band
and the lower limit of the next band, since each band is defined as the
region from the lower limit inclusive up to but not including the upper
limit. These bands do not need to be of equal size and the limits can also
be curves of any order polynomial up to 10. By using many bands of small
size the half-life of the sample can be accurately measured, or by using a
few bands of large size the determination of the parent isotope of each y
ray can be made. Operational control of the task and its display is per-

formed by use of both sense switches and teletype input.

In Figure 6 the display of TOOTSIE in Ruyn mode is shown. The
upper spectrum is the first band and the lower spectrum is the fifth
band of the decay of ®3Ga. Each spectrum represents a band of about 20

seconds time and has been expanded to show the region from =550 keV to
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Fig. 6. Display produced by TOOTSIE in Run mode.
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21000 keV. The numbers next to the arrows at each end of a spectrum

are the limits of the expanded region. The number of counts in the highest
channel of each spectrum is shown in the upper left corner of the spectrum.
Below it is the number of the band, the bands being numbered from O to
n-1, even though the limits in the Setup mode are numbered 1 to 2n.

The numbers in the upper left corner are the same as those in Setup

mode.

2.1.3. Ge(Li) Detector Efficiency Curves

The photopeak efficiencies of Ge(Li) detectors are not constant
with energy but generally decrease with increasing y-ray energy. The
exact behavior of this decrease is dependent on many factors such as the
total active volume of the crystal, the ratio of depth to width of the
active region, and the source to detector distance. Therefore, in order
to obtain the relative intensities of the y-rays emitted from a source,

a photopeak efficiency curve for the particular detector and geometry
used must be available.

Efficiency curves for the detectors used in the present study
were determined by using a set of y-ray sources, each of which emitted
two or more y-rays whose relative intensities are well known. These
sources were chosen to provide data points over the widest energy range
possible, and yet, having each source overlapping, at least at one point,
with another. This allows the efficiency curves to be bootstrapped to
higher and lower energies. A list of the y-ray relative intensity standards
used to obtain the efficiency curves is given in Table 3.

Previous to this work on the efficiency curves, the data were

fit to a straight line on a log-log scale. However, systematic deviations
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Table 3. Y-Ray Relative Intensity Standards
Isotope Photon Relative Isotope [Photon Relative Tsotope Photon Relative
(Ref.) Energy Intensity (Ref.) nergy Intensity (Ref.) Fnergy Intensity
(keV) (keV) (keV)
110%pg  446.78 3.5 %6Co  846.78 100. 18212 65.72  30.0
(c) 620.24 2.7 (b) 1037.83 14.0 (a) 67.75 430.
657.72 100. 1175.13 2.28 84.67 21.8
677.56 11.5 1238.28 67.6 100.10 119.
686.83 7.1 1360.22 4.33 113.66 17.7
706.66 17.2 1771.49 15.7 116.40 4.30
744,20 4.7 2015.36 3.08 152.44 71.0
763.88 23.9 2034.92 7.89 156.39 27.2
818.01 7.7 2598.58 16.9 179.39 31.7
884.66 78.0 3010.20 1.00 198.30 15.3
937.47 36.3 3202.30 3.04 222.11 79.8
1384.22 27.6 3253.60 7.41 229.26 38.0
1475.74 4.6 3273.25 1.75 264.07 37.6
1504.91 14.7 3451.55 0.875 927.70 8.00
1562.23 1.34 3548.05 0.180 959.11 4.40
1001.66  24.3
1"0La  109.60  0.22 1921r  136.35 0.15 1113.18  4.10
(a) 131.15 0.455 (a) 201.20 0.45 1121.19 370.
241.91 0.555 205.81 3.30 1157.41 11.0
266.53 0.510 295.94 29.2 1188.95 171.
328.75 21.6 308.44 30.6 1221.31 289.
432.54 2.95 316.49 85.8 1230.93 121.
487.03 46.5 374.40 7.70 1257.34 16.0
510.95 0.350 416.40 6.90 1273.67 6.90
751.66 4.50 468.05 50.5 1289.07 14.7
815.80 24.0 484 .55 3.30 1342.60 2.80
867.87 5.70 489.10 0.510 1373.80 2.40
919.60 2.50 588.56 4.60 1387.20 0.810
925.25 6.70 604.40 8.90 1410.00 0.470
951.02 0.600 612.44 5.48 1453.00 0.330
1085.30 1.05 884.50 0.170
1596.20 96.5 133p, 53.17 1.95
2010.40 0.430 203yg 72 11.9 (a) 79.59 3.04
2348.20 0.820 (e) 82 3.44 81.01 36.0
2521.83 3.25 279.2 100. 160.62 0.760
2547.70 0.090 276.29 7.50
207Bi  569.62  98.0 302.71  19.6
2%Na 1368.53 100. (a) 1063.65 77.0 355.86 67.0
(a) 2754.14 100. 1770.18 6.4 383.70 9.40
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Table 3. - Continued

177M 4 71.7 7.2 152py  121.78 332. 1607 86.79 209.
(d) 105.3  100. (a) 244,70 72.0 (a) 197.04  65.0
113.0 184. 344.27 314, 215.62 50.0
128.5 131. 411.05 25.3 298.54 350.
153.3  144. 443.89 33.0 309.49 11.0
204.1 117. 688.80 91.0 337.30 5.40
208.3  512. 778.85 152. 392.43  19.0
228.4  310. 867.42 51.0 765.20 17.0
281.8 118. 964.00 173. - 879.31 400.
327.7 152. 1085.80 100. 962.46 140.
378.5  240. 1112.05 164. 966.17 344.
413.6  135. 1212.90 17.0 1002.90 16.3
418.5 172. 1299.20 19.0 1115.16 21.6
466.0 20. 1407.92 243, 1177.98 206.
1199.92  33.0
°’Co  122.05 85.3 “bgc  889.30 100. 1251.30 1.70
(a) 136.46 8.40 (a) 1120.50 100. 1271.90 103.
1312.17  40.0
60co 1173.23 100. 88y 898.02 92.0
(a) 1332.51 100. (a) 1836.13 100.
(a) Gu69 (b) ca71 (c) Hab69 (d) Be69a (e) Leb6
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of the data from a straight line suggested a third order fit of the form,
log (efficiency) = 4 + B log E + C (log E)2 + D (log E)3,
where A, B, C, and D are empirical constants and F is the energy in keV.
(Gi69) A computer program was written for fitting the data to this equa-
tion. Actually, the data are divided into two overlapping sections, one
with energies above <400 keV and one with energies below =400 keV. A
curve for each section is obtained by calculating the curve for one
isotope, then for a second isotope, normalizing the two curves for the
best overall fit, and finally repeating for as many isotopes as used.
The curves for the two sections are then normalized at 400 keV. The
final curves are good to about 3% for energies greater than 400 keV,
about 5% for 100 keV to 400 keV, and about 20% below 100 keV. The
increasing error results from the fewer points available, the rapid drop
in efficiency, and the increasing complexity of the function at lower
energies.

The efficiency curve for our 10.47 Ge(Li) detector for a source
at 10 inches is shown in Figure 7. This curve is for the detector without
any absorbers. The shape of the curve can be changed, enhancing a
particular energy region, by a judicious choice of absorbers. This is

further described in Section 6.1.

2.2. PB-Delayed a-Emission Spectrometer

In order to examine the possible B-delayed o emission of the
Ga isotopes, a different system of sample preparation and counting was
required. Because of the short range of a particles, the sample needed
to be counted in a vacuum and preferably from a massless target. Also

the short half-lives of the isotopes studied precluded any manual handling
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of the samples. The He-jet thermalizer was utilized to transport the
activated nuclei from the vicinity of activation to another location

in vacuum. This eliminated the possibility of any prompt a's from the
target being counted as well as produced a "massless" source for
particle counting. Any o particles were then counted using Si(Li) sur-

face barrier detectors.

2.2.1. a-Particle Spectrometer

The a-particle used in this study consisted of a Si(Li) sur-
face barrier detector and its bias supply, a charge sensitive FET
preamplifier, a spectroscopy amplifier, an ADC, and some type of memory
storage unit plus its associated readout. The Si(Li) barrier detectors
used for the experiments were obtained from ORTEC. They had an active
area of about 25 mm? and a sensitive thickness of about 100 microns.
Their resolution for the 5.545-MeV o particles of ?“lAm was about 16 keV.
For these experiments the detectors were used with ORTEC model 125 pre-
amplifiers. The rest of the spectrometer system utilized the same equip-

ment as the y-ray spectrometers described in Section 2.1.1.

2.2.2. He-Jet Thermalizer

In order to determine the existence of B-delayed a emission,
a system was needed to transport the activated nuclei quickly into a
vacuum chamber in a suitable form to count the o particles. This
becomes rather difficult, since the half-lives of the nuclei under
investigation were expected to be on the order of 1 second or less. A
He-jet thermalizer built by K. Kosanke (Ko70) at the MSU Cyclotron

Laboratory was utilized for this purpose. The system thermalizes the
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recoils produced by the interactions of the cyclotron beam with the
target in “1-2 atmospheres pressure of He. These recoils are collected
with the He into a polyethylene capillary and transported at sonic
velocities to the counting chamber. In the counting chamber, which is
at 1072 torr pressure, the He flow exiting the capillary diverges

much more rapidly than the heavier recoils, thus allowing them to be
collected on a surface placed neaf the exit of the capillary. This
produces a ''massless'" source for counting with an a detector.

Figure 8 shows a view of the thermalizer box. The cyclotron
beam enters from the left and passes through a water cooled collimator.
Mounted to the rear of the collimator are several teflon blocks con-
taining an 1" ¢ hole. The target foil is placed between the collima-
tor and the first teflon block and if more targets are used, they are
placed between the teflon blocks. The recoils are collected by He
entering the rear of the teflon blocks and being drawn past the targets
into the capillary which is placed in the first teflon block. The
beam is stopped in the water-cooled Faraday cup to the right of the
collection assembly, while the capillary exits through the rear of the
box.

The recoil counting chamber is shown in Figure 9. The cap-
illary enters the chamber through a port in lower right side of the
figure. A Si(Li) surface barrier detector is in the cooled mounting
and is connected to the coaxial cable connected to one of the feed-
throughs in the upper right. A collector is placed between the detector
and the port facing it. The port may be fitted with a thin plate so

that the sample may be counted simultaneously with a Ge(Li) y-ray
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Fig. 9. Recoil counting chamber showing capillary
and detector in cooled mount.
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detector. The chamber is evacuated through the pipe located in the

lower right corner.

2.3. Cu-Zn Chemical Separation

Some of the experiments using Cu targets required a chemical
separation to insure that only the Zn isotopes produced and their
daughters were present. Because of the 38.4-min half-life of 63Zn,
long involved procedures could not be used. The method utilized was
found to be somewhat rapid, very simple, and efficient as compared to
other methods.

A 1"x1"x0.01" target was dissolved in a solution containing
5 ml 30% H,0,, 10 ml 6N HCl, and 1 megq Zn++ carrier. The solution was
evaporated to dryness and the residue taken up in a minimum volume of
2N HC1l. This solution was then eluted through a column of Dowex 1x8
50-100 mesh anion-exchange resin that had been previously washed with
2N HC1l. Following this eluent, the column was washed with 2N HC1l until
no trace of Cu could be observed. The resin was removed from the column,

dried, and mounted for counting.



Chapter III

DATA ANALYSIS

Data analysis played a very important part in the development
of the final decay schemes. Several programs have been used at MSU
for the analysis of y-ray singles and coincidence spectra. One program
was used to sort through the data tapes from a megachannel coincidence
experiment to produce several types of coincidence results. Some of the
other programs were used to determine the energies and relative areas
of the photopeaks observed. These results were then used by another
program to determine the relative intensities of the y-ray transitions.
Finally, these results were used in the computation of the necessary
values used in a decay scheme. Section 3.1. describes the program
EVENT RECOVERY, which is utilized to sort through the multimillion
coincidence events to obtain the desired coincidence spectra. The pro-
grams utilized for y-ray energy and area determination are described
in Section 3.2. In Section 3.3. the program which performed many of the

decay scheme calculations is described.
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3.1. EVENT RECOVERY Program

In Section 2.1.2.B. the task EVENT which was used to store
the data from megachannel coincidence experiments was described. In
the several years EVENT has been in use, several changes have been
made in it. Some of the changes involved the three most significant
bits of each data half word. Initially these bits were unused, but
now they are used to designate the ADC producing the data address or to
produce routing information. Also, the coincidence data may be used for
y-sum coincidence experiments as well as y-y coincidence experiments.
Since task EVENT only stores the data, another program was therefore
necessary to sort or recover the data in the desired modes. The program
utilized for this sorting is called EVENT RECOVERY.

Since all the coincidence data are stored on magnetic tape
without gating limitations, all the gating must be done by the recovery
program. In order to perform this most efficiently, the program is a
FORTRAN main routine, with most of the sorting being performed by a
SYMBOL machine language subroutine. 1In this way, the data addresses
may be stored in internal registers instead of core memory, thereby
increasing greatly the rate of sorting the data. Basically, the pro-
gram takes the two addresses of the coincidence event, places a digital
gate on one address, and increments the location specified by the other
address only if the first address falls within the digital gate.

However, in order to perform this gating, many items of infor-
mation must be evaluated. For each gate to be performed, EVENT RECOVERY
reads one control card, with a limit of ten control cards per pass of

the data tapes. The limit results from the core size of the Sigma 7 and
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the amount of swapping of core pages involved. A flow scheme of

this program is shown in Figure 10. After reading the control cards for
a pass of the data tapes, the program starts reading the tapes. If

the end of a tape is encountered while reading, the program then deter-
mines if more data tapes are to be read. If no tapes are left to be
read, the data are punched out and more control cards are read. If there
are tapes left to be read, the program calls for new tape and then con-
tinues reading data when the tape is mounted. When an event is read,
the sum of the two addresses is computed and stored in a register for
later use. With the two addresses and the sum address stored in registers,
the program now checks the parameters on each control card: which of the
three axes, *, ¥y, or 8wn, is to be displayed, whether there are any
limitations on the sum address, and which axis if any is to be gated.

If the gated axis address falls within the background limits, a weighted
amount is subtracted from the display spectrum, whereas if the gated
axis address fall within the peak limits, the address in the display
spectrum is incremented by one count. This process is repeated for

this coincidence event until all the control cards have been checked.
When all the cards have been checked, the process is repeated for each
succeeded coincidence event until the last tape has been read. A com-
plete listing of this program is found in the Appendix A. A four-dimen-

sional version of this program is being developed for experiments using
more than two parameters, such as y-y resolving time experiments.

3.2. y-Ray Energy and Intensity Determination

The centroids and areas of the photopeaks in a spectrum were

found by subtracting various order interpolated backgrounds from the
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data. These computations were performed with the aid of two spectrum
analysis routines used at the MSU Cyclotron Laboratory: MOIRAE and SAMPO.

3.2.1. MOIRAE Spectrum Analysis Routine

MOIRAE is a machine language task under the JANUS monitor
that utilizes a Fairchild 737A live-display oscilloscope and sense
switches to perform the spectrum analysis. MOIRAE was developed by
R. Au and G. Berzens at the MSU Cyclotron Laboratory. A modified version
of this task called MOD7 was developed by D. Bayer, also at the Cyclotron
Laboratory. The primary difference between the two is that MOD7 utilizes
a Textronics 611 storage oscilloscope for its display. The following
description will be of MOIRAE but for the most part applies also to
MOD7. The primary purpose of MOD7 is to alleviate the large amount of
computer time used to drive the live display.

All the analysis performed by MOIRAE is controlled by instruc-
tions to the computer via interfaced sense switches arranged below the
display oscilloscope as shown in Figure 11. Once the data have been
read in from the card reader or transferred from a data acquisition task,
the switches control the type of display, log or linear, expansion and
shifting of the axes, various computational routines, and the outputs
of the resulgs. Figure 12 shows a closeup of the switches with labels
for the routines they control.

A display of the =1300 keV to 31500 keV region of the ©3Zn
spectrum is shown in Figure 13. The information across the top of the
display gives the number of counts in and the channel location of the
long pointer, the run number, the subroutine presently in use, and the
order, up through 9th, of the background fit being used. If a log dis-

play had been used instead of this linear display, the number of cycles



Fig. 11. MOIRAE display oscilloscope and sense switches.

Fig. 12. Closeup of MOIRAE sense switches.
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Fig. 13. MOIRAE oscilloscope display of a portion of the 63zn
Y-ray spectrum with a seventh order background fit.

Fig. 14. Display of peaks after calculated seventh order
background has been subtracted.
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would be displayed to the left of the run number. The background
displayed with the data was determined by fitting all the points between
each pair of short lines (BACK 2) inclusive to a 7th order polynomial.
The sense switches were used to move the tall pointer to the position of
the points used for the limits of the background regions, with the short
lines indicating the points that have been accepted. Instead of using
several regions for the fitting of the background, a set of individual
points (BACK 1) may be used.

The two tall lines indicate the points selected as the limits
of the 1412-keV peak, with the short mark indicating the centroid of the
peak. Either the full raw peak (PEAK 1) or the portion of the peak with
counts greater than one-third the maximum (PEAK 2) may be used to calcu-
late the centroid. 1In both cases the task then finds the centroid, area,
sum of the raw data and background, and the square root of that sum.
This information may be punched on cards, printed, and/or plotted on a
Calcomp plotter. Figure 14 displays the difference between the back-
ground and the data displayed in Figure 13 in addition to the data.

The points at the top of the display indicate those channels with fewer
counts than the fitted background.

In order to convert the centroids and areas produced by MOIRAE
into energies and relative intensities, the program MOIRAE E(I) is used.
This FORTRAN program written by myself and D. Beery uses the card output
from MOIRAE for its data. The centroids of several strong y-rays in the
Spectrum are used to perform a least-squares fit to a quadratic energy
calibration curve. This curve is then used to calculate the energies

of all the peaks in the spectrum. Using these energies and a detector
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efficiency curve calculated by the method described in Section 2.4., the
relative area for each peak is calculated. The energies and relative
intensities as well as all the input information are then printed. A
listing of this program is found in Appendix B.

The advantages of MOIRAE include the immediate operator con-
trol over such parameters as background order, background points, and
intervals and peak end points. This control is especially helpful for
regions with complex or unusual background such as Compton edges. The
disadvantages also become rather obvious. One is its inability to strip
unresolved peak multiplets. Since no standard peak shape is used,
another strong disadvantage is that, although the operator has visual
control of the analysis, the analysis of one y-ray spectrum may take 2
to 3 hours.

Some of the disadvantages of MOIRAE are also of the subjective
type. Because the determination of the background and the peak limits
are under operator control, the choice of what background order and what
collection of data points produce a good background fit can be difficult.
Also, the choice of how large a region to fit the background over and
then what peak limits to use may be very difficult to make, especially
if the peak has tailing. For an ideal peak of high intensity situated
on a smooth background, a good low order fit is easy. However, for
several closely spaced peaks, a peak on a Compton edge, or a peak in a
region of poor background, what is the best background? In general, an
ideal fit would be a linear background approximation; however, it seems

reasonable that any single polynomial curve may be used as long as the

background is fit smoothly and approximates the desired background shane
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under each of the peaks included in the interval. A change in the back-
ground shape changes the peak control only slightly while producing a

much larger effect on the area.

3.2.2. SAMPO Spectrum Analysis Routine

SAMPO is a FORTRAN program written and modified by J. Routti
and S. Prussin (Ro69) at the University of California, Berkeley, and
modified for use on the MSU XDS Sigma 7 by C. Morgan. It can be con-
trolled either via storage scope sense switches and teletype or by FORTRAN
control cards. This program utilizes the photopeak method analysis, with
each experimental peak being fit to a Gaussian function having exponential
tails. The mathematical evaluation involves initial shape calibrations
using strong well-resolved peaks well-spaced over the region to be anal-
yzed. The shape parameters are stored and a linear interpolation is
used to obtain the parameters for any other peaks under consideration.
Once the shape parameters have been calculated for a given spectrum, for
subsequent runs they may be reread directly into the program from FORTRAN
control cards, thereby saving computational time. After a shape cali-
bration has been established, an energy calibration curve using these
and/or other peaks may be calculated at the operator's discretion either
by linear interpolation or by a linear or higher order least-squares
polynomial fit. Similarly, efficiency calibrations may be performed
using a number of well-spaced peaks and their relative efficiencies.

The analysis by SAMPO of the data may be performed in two
modes, "automatic" or '"manual'. In "automatic" mode, SAMPO searches
out all the statistically meaningful peaks based on the calculated shape

parameters, evaluates suitable fitting intervals, and fits the peaks
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using the shape, energy, and efficiency calibration data. For peaks
that fall below the minimum statistical 1limit for the automatic search,
for multiplets that are not clearly resolved, or for any other peaks

or regions of interest the manual mode may be used. 1In this mode, the
fitting intervals and the peak locations are input and the program

then fits these peaks similarly to the automatic mode. The program may

operate entirely in manual mode if desired.

Figure 15 shows a portion of the program's output for the
1392-keV doublet from ©3Zn decay. The plot displays the data, the cal-
culated fit, and the calculated background. Above the plot are the
upper and lower limits of the plot, and below the plot is the legend.
The channel number, standard deviation of the difference between the data
and the calculated fit, and the calculated background are printed to the
left of the plot, while the data and calculated fit are found at the
right. Below the plot is given the sum of the difference between the
data and the calculated background and the sum of the difference between
the calculated fit and the calculated background. For each peak fit,
the program returns the centroid and its error, the energy and the error
due to the calibration curve and the overall error, the fit peak area
and its error, the fit peak relative intensity, the error due to the
efficiency curve, and the total error.

Since its inclusion into the data analysis program in this
laboratory, SAMPO has proven invaluable in the time saved stripping
multiplets. An example of its ability to strip multiplets including
unresolved ones is shown in Figure 15. The deviation from the average

energy over three separate 637Zn runs was less than 0.4 keV for the
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1389.5 keV peak and less than 0.25 keV for the 1392.3 keV peak, while
the deviation from the average intensity for the 1389.5 keV peak was
less than 10% and the stronger 1392.3 keV was less than 6%. In general,
the range of values for the energy and especially the intensity of a
peak from several runs is less for SAMPO than for MOIRAE.

Another advantage of SAMPO is the relative amount of time
necessary to obtain results. Much less time is involved in using SAMPO
even if many regions have to be fitted in manual mode than in a MOIRAE
analysis. 1In return for these advantages, SAMPO has some disadvantages
that might require fitting many peaks in manual mode. Primary among
these is the low order (2nd) background fit and the associated small
limits of the fitting region. The result of this is very poor back-
ground fits in regions of poor statistics or near Compton edges, requiring
these peaks to be refit in manual mode.

SAMPO may be operated with and controlled by a storage oscillo-
scope and sense switches. This allows the user an opnortunity to examine
each fit before it is finalized. If the fit is not good, the limits of
the region may be changed or perhaps the number of peaks to fit and their
centroids may be changed; however, the background remains the second order
fit. While this produces better fits to the data, this procedure also con-

sumes more of the user's time, thus returning to the disadvantages of MOIRAE.

3.2.3. <y-Ray Energy and Intensity Calculation

After several sets of data have been analyzed by the methods
described above, the results must be evaluated to obtain the final
y-ray energies and intensities. The y-ray energies were calculated by

SAMPO or MOIRAE E(I) by a least-squares quadratic calibration equation
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using the centroids of well-known standard y rays and then computing the
energies of "unknown" y rays from their centroids and the standard curve.
These calibration curves were computed from "internal" energy calibration
spectra taken by simultaneously counting the unknown and standard
calibration sources. The energies of the weaker peaks were then cal-
culated by using the strong, calibrated peaks as internal secondary
standards for computing the energy calibration curve. The final results
in this work were obtained by averaging the results from 3 to 6 runs for
each isotope.

Choosing the standard calibration sources is an important
factor in the y-rav energy calibration. Tdeally, the standards are
chosen to '"bracket'" the unknown peaks closely and contain only the Yy
rays used in the calibration, since a spectral distribution may obscure
photons of interest. This, however, must be tempered with the need
for many good calibration points in order to establish a reliable cali-
bration curve.

The y-ray relative efficiencies were calculated by using
detector efficiency curves for the energy range from 100 to ~3000 keV.
These efficiency curves were produced using the program DETECTOR
EFFICIENCY described in Section 2.1.3. and were incorporated into the pro-
gram MOIRAE I(7) described in Section 3.2.1. 1In this work, the relative
areas from 3 to 6 runs for each isotope were averaged and then the final
relative intensities were calculated from these areas using the program

MOIRAE F(I).

3.3. Decay Scheme Construction

A nuclear decay scheme represents one result of the

investigation of a radioactive nucleus. Placing the y transition in a
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consistent decay scheme may be a difficult process, since as the number of
interlevel transitions and the number of states increases the more complex
the decay scheme becomes. With the aid of sums of y-ray energies and the
results of anti-, megachannel, prompt, delayed, and 511-511-y coincidence
experiments, the placement of these transitions becomes easier. In addi-
tion, the results from charged particle reactions and particle-y excita-
tion experiments may provide a good level scheme in which to place transi-
tions. However, since each decay is different, some of these methods
may not be able to be used. Even with the help of these aids, the
process still requires much inspiration and perspiration.

Once a tentative decay scheme has been determined, many para-
meters are still to be evaluated. Using the total B decay energy and
the relative B feedings to each level as determined by the relative
intensity feeding to and from each level, the log ft for the R transition
to each level can be calculated using the values calculated by several
authors (Mo51, Br55, Zw54, Wa59), and collected in reference (Le66).
Since this becomes tedious if many levels are present, a program was
written by D. Beery (Be69) to perform these calculations. This program,
DECAY SCHEME, uses the values from the tables and performs the many
repetitive operations required to obtain the log ft for the B transition
to each level.

The spin and parities of these levels may be assigned with
the aid of several factors. The various selection rules governing B8
and y decay often limit the spin to a few values integrally spaced and
also somewhat 1limit the parity assignment. In addition, the results
of charged particle reactions and y-ray angular correlation experiments

narrow these assignments often to only one value for spin and parity.
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the higher the energy of the excited state, the less available the
data and the wider the limits on spin and parity assigmments.

With the placing of spin and parity assignments, the long
task of producing a nuclear decay scheme is completed. With this
completion, however, the difficult and rewarding task of interpreting

the results is only beginning.



CHAPTER IV

EXTENSIONS OF Ge(Li)-Ge(Li) MEGACHANNEL COINCIDENCE SYSTEM

The Ge(Li)-Ge(Li) megachannel coincidence system described
in Section 2.1.2.B. has been used at this laboratory to study various
decay schemes. In the course of these experiments, unexpected peaks
were observed. After examining these (misshaped) peaks, it was deter-
mined that they occurred from Compton scattered Y rays from one detec-
tor being observed in the other detector. The Y-y coincidence results
also provided a system with which to reexamine the y-sum coincidence
experiments and their results. In Section 4.1. the results of the
examination of Compton scattering in a Ge(Li)-Ge(Li) coincidence
system are presented. In section 4.2. the results of the y-sum

coincidence system are described and its possibilities are discussed.

47
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4.1. Compton Scattering Problems In
Ge(Li)-Ge(Li) Coincidence Gamma-Ray Spectrometers (Gi71)

In y-y coincidence spectrometry Compton scattering is often
regarded as a benign nuisance, its worst effects being a wasteful in-
crease in the number of spurious coincident events and an effective
obscuring of the weaker peaks. When the gate and full-energy peak
widths approach each other in magnitude, however, more insidious effects
can set in, such as the generation of "artificial full-energy peaks'.
Thus, in the days when NaI(T1)-NaI(T1l) coincidence spectrometers were
standard, a number of such false y rays found their way into the litera-
ture and a number of precautionary papers appeared to discuss ways of
recognizing and avoiding such effects (Be55).

With the advent of Ge(Li) detectors with their low efficien-
cies, a NaI(T1l) detector was retained more often than not as the gate
detector in a coincidence system, and, because now the gates were much
wider than even the widest photopeaks, such problems largely disap-
peared. But now that larger Ge(Li) detectors are available and Ge(Li)-
Ge(L1i) coincidence spectrometers are coming into general use, misleading
Compton-generated y rays are again making their appearance. The prob-
lem is especially acute for experiments with short-lived radioactivities
for which repeated bombardments and/or source preparations are required
in order to accumulate enough data to make the results statistically
significant. The highest count rates possible are desired to minimize
the number of necessary bombardments, and this often leads to the use
of close 180° geometry, which is very efficient but somewhat unfavor-

able with respect to Compton scattering.
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The basic problem that can arise from the ability to gate
on a region only a few keV wide in a Ge(Li)-Ge(Li) coincidence
experiment is quite simple in concept. Each tiny region in a Compton
distribution from one detector has a one-to-one correspondence, both
with respect to energy and with respect to angle, with a specific
region in the Compton distribution resulting from scattering from that
detector into a second detector. And, at a fixed angle, if the gate
from the first detector be made small enough, the corresponding
coincident region from the second detector could also be quite small
or narrow, narrow to the point of having the width of full-energy
peak. In a simple spectrum these are easy to spot, but in a complex
spectrum one may confuse them with full-energy peaks if he is not
wary of them. 1In some instances the spurious peaks may well fall at
the very same energies as a real vy ray itself. Herein lies perhaps
the greatest danger of all, for one could easily be misled by false
coincidence results into placing the y ray into an incorrect position
in a decay scheme. Thus, when we found ourselves on the verge of
coming up with such "new" full-energy peaks in the °3zZn experiment,
we decided to make a thorough study of the effects of Compton
scattering and narrow gates. This section describes the interesting
results and the methods that can be used to suppress these unwanted
additions to the coincidence spectrum.

4.1.1. Experimental Apparatus

Sources were counted with the megachannel coincidence system
described in Section 2.1.2.B. utilizing the 2.57 efficient and 2.0%

efficient Ge(Li) detectors.
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Figure 16 shows the relative positioning of the detectors.
Since both detectors were mounted on right-angle dipstick cryostats,
it was possible to adjust their relative angular positions to almost
any angle. For some of the experiments a 1.27-cm thick graded Pb
collimator was placed between the detectors. A small biconical hole,
20.64-cm@), was drilled in an absorber and the source was placed at
the center of this hole so that y rays from the source itself would
not be absorbed. The source was normally placed such that it was
3.8%0.2 cm from each detector and on a line with the axis of each
detector. The various angles were measured from detector axis to detec-
tor axis, with the collimator, if used, bisecting the angle as closely
as possible.

4.1.2. 53Zn Results: A Complex Spectrum

In Figure 17 a portion of the spectra obtained from a two-
dimensional Y-y coincidence experiment on 38-min 632n 1s shown. The
detector angle was 150° and an absorber was placed between the detec-
tors but only up to the source. The integral or "any" coincidence
spectra taken with the 2.5% and 2.0% detectors are shown at the top
in parts 4 and D, respectively. In these the various gates have been
denoted. The only remarks that need be made here about the decay
scheme are that the intense 669.71- and 962.14-keV Y's are ground state
transitions from the first and second excited stated in ®3Cu and that
the weak 449.8-keV v feeds the second excited state. Further results
are given in Chapter 5 of this thesis.

As part of the examination of the coincidence data, a very
narrow gate as indicated by the bar B was set on the weak 449.8-keV

peak, and the result is shown in part B. Since the 962.14-keV peak is
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Fig. 17. Coincidence spectra for The integral coincidence spectra are shown in

A and D. Gates were set on the spectrum in D as indicated by the bars, with
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subtracted. Spectrum G was produced by gating on the spurious ''220-keV" peak.
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more intense in this spectrum than the 669.71-keV peak but 1is much
weaker in the singles and any coincidence spectra, the 962.1l4-keV y
is shown to be in coincidence with the 449.8-keV Y. A new peak also
appears at 220 keV. There was never any sign of this peak in the
singles spectra, so further gates were used.

Part C shows the results of a gate on the 449.8-keV peak
with a width four times that of B. Here the entire spectrum increases
in intensity, but the peak at 220 keV has also increased greatly in
width and is now much wider than the three known photopeaks.

In parts E and F the results of background subtraction are
shown. The background used was the region denoted by the bar H but
excluding the regions in gates B and (, respectively. Region H is
50 keV wide and centered on the 449.8-keV peak. In spectra E and F
the 669.71-keV peak has disappeared, confirming our previous conclusion,
but the y* and 962.14-keV peaks are weakly though definitely present.
The 220-keV '"peak', however, has increased greatly with respect to
these and the regions on either side of it have gone to zero. This
shows clearly that the Compton distribution in the gates was not only
in coincidence with other regions of the spectrum in general, but also
with this region in particular.

By gating on the 220-keV '"peak'", as shown in spectrum G, new
peaks appear at 290, 740, 895, and 1180 keV in addition to the one at
450 keV. These energies are 220 keV less than the strong y*, 669.71-,
962.14-, 1115- (55Zn contaminant), and 1414.1-keV peaks, corresponding
to Compton-scattered y rays from one detector being captured in the

other detector.
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4.1.3. Angular Dependence

In order to insure that the effects observed came strictly
from Compton scattering between the detectors, further studies were
performed with a 137Cs source.

The effects of variations in the angle between the detectors
on Compton scattering can be seen in Figure 18. The full-energy
chance-coincidence peak is noticeably narrower than the large Compton
edge and backscatter peaks. As the detectors are moved from 90°
geometry toward the unfavorable 180° geometry, the increase in the
Compton edge and backscatter peaks is very apparent, indicating that
the primary direction of the Compton-scattered photons is back toward
the source of the incident radiation. Table 4 gives the total, chance,
and true coincidence rates.

Calculations of these angular effects are well known. With
EY as the energy of the incoming photon, E; that of the scattered
photon, Egp the electron rest energy, and 6 the scattering angle of the

photon, one obtains

which has a maximum at 6 = 180°; E; is related to EY and E, by

For 137cs, Ey = 184.4 keV, which is the energy of the backscatter

peak observed at all angles; in these close geometries the angular
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Fig. 18. 137¢cg Compton-scattering coincidence spectra showing
the effects of the angle between detectors.



137¢g Coincidence Counting Rates as a Function
of Detector Angle and Absorber Usage.
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Table 4

.
Angle Absorber Total cps Random cps Net cps
(Rlet)
90° no 2.74 2.55 0.19
90° yes 1.51 1.33 0.18
120° no 9.84 1.85 7.99
150° no 10.95 2.21 8.74
180° no 12.08 1.61 10.47
180° yes 3.21 2.45 0.76
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acceptance of the detectors is large enough to wash out most of the
predicted angular dependence.

'When a graded Pb collimator, as shown in Figure 16, is
placed between the detectors, we see the effects illustrated in
Figure 19. At 90° the huge Compton edge and backscatter peaks have been
almost removed. At 180°, while not removed, they have been decreased
to an almost reasonable level. This points up the fact that such
collimators are all but essential for serious Ge(Li)-Ge(Li) coincidence
experiments, but even they cannot insure completely valid results at
close 180° geometry. These results are also included in Table 4.

4.1.4. Gate Widths

Figure 20 shows the effects of varying gate width on the
coincident backscatter and Compton edge peaks. The display spectrum
(from the 2.5% detector) is shown in part A, while the gates (from
the 2.0% detector) are shown in part F. In parts B through E the
effects of the various widths of gates on the backscatter peaks are
shown. The gates correspond to the regions denoted in part F. For the
narrowest gate (in B) the Compton edge peak is about twice the width of
the photopeak, and by decreasing the gate width even further, it could
undoubtedly be made the same width as the photopeak. As the gate width
is increased, the Compton edge peak broadens somewhat but does not
increase in height. This is rather graphic evidence for the one-to-one
correspondence between portions of the spectra resulting from Compton
scattering between detectors.

A similar effect is seen by gating on the Compton edge and

looking at the resulting spectra, G through J. Notice the dip that
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137cg Compton-scattering coincidence spectra showing the effects of
varying gate width. The two integral coincidence spectra are shown
at the top in A and F, and the gate widths are indicated in F.

Fig. 20.
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appears in the spectrum below the backscatter peak. This is discussed
in the next section, where gates are applied on different regions of
the Compton distribution.

In Figure 21 a plot of the full width at half and tenth
maximum vs the gate width is shown. Gating on the backscatter peak and
on the Compton edge produced identical results, so both are included
in the points on the graph.

The flattening out of the FWHM curve could be reproduced
fairly well by a very simple calculation. Two Gaussian-shaped peaks
were used, a wider one for the gate (G) and a narrower one for the
displayed peak (P), this because customarily (but not always) one gates
on the spectrum with the poorer resolution. For these Gaussians the
experimental FWHM for our two detectors as found from the worst
integral coincidence spectrum, the one at 180° with no absorber, were
used.

Each channel in G then corresponded to a complete peak P,
the amplitude depending on the height of the channel in G. Thus, a
particular gate width in G was represented by a sum of peaks P having
shifted centroids and differing amplitudes. The results showed that,
for this idealized case, the limiting value of the FWHM is twice that
of the display peak in its integral coincidence spectrum. This
limiting value is reached at a gate width twice that of the FWHM of
G, the same as was found experimentally in Figure 21. However, the

calculated limiting value is about half that observed experimentally.
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4.1.5. Gate Positions

In Figure 22 gates have been set on various regions of
interest in the coincidence spectrum resulting from 180° geometry
without using an absorber. Parts A and F show the 2.5% and 2.0% detector
integral coincidence spectra, respectively. All gates were set as
indicated in part F.

Gates B, C, and D study the region with energies less than
the backscatter peak. In part B the large Compton edge and the full-
energy photopeak are seen on top of a rather typical Compton background.
Part C shows the Compton edge broadening and with lower intensity and
another broad, weak peak at about channel 820. By the time gate D is
reached, the edge has again narrowed and the new peak has increased in
intensity and has moved to a lower energy. The distance of this shift
is the same as and in the opposite direction of the movement of the
gate from C to D. Other gates show that as the gate is moved toward the
backscatter peak, the new peak moves toward the Compton edge. In all
cases the sum of the energy of the new peak and that of the gate equals
that of the photopeak. That, plus the fact that the new peak appears
in the Compton-forbidden region between the edge and the photopeak,
indicates that this is the result of multiple Compton scattering. It
arises when a photon is emitted from the source, then is Compton
scattered in the first detector, rescattered in the second detector, and
finally captured completely in the first detector. As a result, the
Compton valley for the backscatter occurs at C instead of adjacent to
the backscatter peak, at D.

Gate E is the center of the backscatter peak, and it is, as

expected, mostly in coincidence with the Compton edge. In part G, in
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addition to the weak backscatter and Compton edge peaks and the full-
energy peak, a broad peak is present at about channel 600. The cen-
troid of this peak when added to that of gate ¢ again equals the full-
energy peak. This also is a Compton scattered photon in coincidence
with a captured Compton scattered photon.

The backscatter peak plus the lower energy region are found
in coincidence with gate H. In this gate the drop in the Compton
background is even more prominent and is strong evidence for the double
Compton scattering.

The gate I on the valley between the Compton edge and the
photopeak shows the photopeak, a Compton background, and a weak peak
at the backscatter position. Evidently these are mostly chance coin-
cidences. Finally, in part J a coincidence spectrum where the gate
was on the photopeak is shown. This appears as a normal 137¢g gpectrum,

resulting entirely from chance coincidences.

4.1.6. Conclusions

Large, high-resolution Ge(Li) detectors present many exciting
new possibilities for nuclear research; yet, along with all their
advantages, several problems appear. Potentially one of the most
troublesome is the Compton scattering between detectors in a coincidence
experiment, which has been illustrated and discussed here. In many
cases it 18 possible to use a 90° geometry with a large graded Pb
absorber between the detectors to eliminate the problem, but when
working with short half-lives, more care must be used. An absorber
of the type described in Section 4.1.1. has been found useful, and
using a geometry of 150° or so instead of 180° can be helpful. Most of

all, however, one must simply be aware of the problems that now exist
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with such coincidence experiments. For without consideration of
Compton scattering, newly found coincidence peaks may unknowingly
be considered to arise from y transitions in the nucleus under study,

when in fact they are only Compton scattered photons.

4.2, Ge(Li)-Ge(Li) Sum Coincidence Spectrometer (Gi71la)

During the 1950's when y-ray coincidence spectroscopy came
into its own with NaI(T1l) detectors and the newly developed fast
electronics, a number of modifications and improvements on the
straightforward Y-Y coincidence experiments were made. Most of these
were designed to improve the poor peak-to-Compton ratios and the poor
resolution of the NaI(T1l) detectors. Among these improvements was
the '"sum-coincidence" method introduced by Hoogenboom (Ho58) in 1958
In this method the coincident pulses from two NaI(Tl) detectors were
passed through a summing network, producing a '"sum-coincidence" spec-
trum. A single-channel analyzer was used to set a window on a sum
peak in this spectrum, and this window was then used to gate the output
of one of the NaI(Tl) detectors.

Some major advantages of the sum-coincidence technique were
readily apparent:

a) Attentién was focused on the cascade de-excitation

of nuclear states themselves rather than on individual

v rays. Thus, in principal one could work his way up a

level scheme, setting the sum-window gates on the energies

corresponding to each state in turn and observing the

various (two component) cascades that de-excite this state.
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b) The method does improve the peak-to-Compton ratio in
the gate, thereby helping to eliminate some of the ambiguities
caused by the underlying Compton backgrounds from stray,

unwanted peaks.

c) The resolution of the NaI(Tl) detectors was effectively

improved, especially at higher energies, for it was shown

(Ho58) that

e = T1 Y1242 Z Z £ 12
S 1V Iy +ry »’1‘1+1~2+r3

where the T's are the energy widths of the various y-ray peaks
in a cascade (I'; and I';), of the sum-coincidence peak (PS),
and of the y-ray peak appearing in the sum-gated spectrum
(rSI)' For y-rays of equal energy this improvement in resolu-
tion approached a factor of /E_; which could make a consid-

erable difference in NaI(T1l) spectra.

Despite these advantages, the sum-coincidence technique never
really became popular. Probable reasons for this can be seen fairly
easily by considering its major disadvantages:

a) The method was cumbersome. Some insight into the nature
of a decay scheme was needed before sum-window gates could be
set intelligently. As a result, often as much or more time was
spent in running sum-coincidence experiments as in running
standard Y- Ycoincidence experiments.

b) In order to achieve the improvement in resolution --

indeed, in order to prevent the actual broadening of the sum
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peaks or their becoming split into several components -- the
gains and energy zeros of the two detectors had to be matched
as closely as possible. This, of course, could be a very
tedious procedure.

c¢) The gates on the sum-coincidence peaks had to be set
very carefully in order to avoid distortions in the peéks
appearing in the final spectra. This introduced an added
degree of uncertainty in determining y-ray intensities and
energies and made any stripping of peaks in complex spectra
very difficult.

d) False peaks could be generated from the underlying
Compton background. Because of the poor detector resolution
involved, these peaks were difficult to distinguish from

those originating from bona fide y-rays.

The necessity of having prior knowledge concerning a decay
scheme before being able to set gates intelligently was emphasized in
an adaptation of the sum-coincidence method called the "integral-bias"
summing spectrometer (Ka62). Here one set of lower-level discriminators
(the "integral bias'") or windows on the outputs of the individual detec-
tors and used these to gate the sum spectrum itself. The appearance
of a particular sum peak in a sum spectrum gated by, say, windows m and
n thus indicated that its components lay in energy regions m and n in
the respective singles spectra. In principle, with this method a
clever setting of three or four gates could furnish all the coincidence

information needed to unravel a reasonably complex decay scheme. In
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practice, however, one almost never succeeded in setting the windows
"cleverly" before he already knew the specific locations of states in
a major portion of the decay scheme.

The main application, then, of the sum-coincidence methods

was for neutron-capture y rays (Dr60), where any technique that might

simplify the spectra was welcomed. They have also found occasional
uses in total absorption spectroscopy (Ka62a), directional correlation
experiments (Ha68), and some g-factor measurements (Bo68). And with
the advent of Ge(Li) detectors the sum-coincidence methods might
reasonably be expected to become quite obsolescent, for their opera-
tional difficulties appear to outweigh their advantages rather quickly.
The problem of matching the gains of the detectors, for example,
becomes all the more difficult and critical. A recent paper by Kantele
and Suominen (Ka70), does extend the "integral-bias'" sum-coincidence
method to Ge(Li)-Ge(Li) systems, but in all fairness it must be con-
cluded that their resulﬁs show it to be more of a curiosity than a
viable laboratory technique.

Recently, however, a variant of the sum-coincidence method
has been used in our laboratory, using Ge(Li)-Ge(Li) detector systems,
and has been found to be quite useful in helping to clarify eomplex
spectra and decay schemes. Its usefulness depends critically on the
fact that the sum-coincidence method is used only for off-line, after-
the-fact analysis of the recorded data from two-dimensional "megachannel
y=y coincidence experiments. The spectra are obtained later by sorting
the two-dimensional data with the program EVENT RECOVERY which is

described in Section 3.1.
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During the sorting process, the sums can easily be calculated so little
or no additional experimental effort is required to add the sum-coin-
cidence method to the other methods of analysis. Also, since the
data are available in digital rather than analog form, the computer
can be made to perform some of the routine tasks that made the older
sum-coincidence techniques so unwieldy. For example, it can correct
for the energy calibration of the detectors after the experiment has
been completed, making it no longer necessary to match the detector
gains exactly. Or, since a record is available of which events
originated from which detectors, one can immediately obtain meaning-
ful sum spectra even without bothering to convert from channel number
to energy, providing that the gains were only moderately mismatched
(cf. Sec. 4.2.2.)

In other words, having a complete digital record of the data
from a Ge(Li)-Ge(L1) Y-y coincidence experiment on hand and then
performing sum-coincidence analyses on these data makes the sum-
coincidence method a worthy supplement and complement to the standard
y-Y coincidence analyses, especially for very complex spectra. Its
various advantages and disadvantages are discussed and some results
from its use on a moderately complex spectrum (632n) and a very complex

spectrum (293Bi) (Ko71) are presented.

4.2.1. Experimental Methods

Our sum-coincidence experimental set-up differs very little

in concept from a standard two-dimensional y-y "megachannel" coincidence
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experiment. This is shown dramatically in Figure 23 where the only dif-
ference is the addition of a summing network to a Y-y coincidence block
diagram in order to obtain the sum-coincidence block diagram -- and

this summing network is simply a modification of the off-line recovery
program. It should be pointed out that all of the data presented had
been taken prior to the decision to try a sum-coincidence analysis.

The experimental methods used to record these data were developed
strictly to optimize the Y-y coincidence results; yet the data could

be analyzed quite successfully by sum-coincidence methods.

A description of the two-dimensional megachannel coincidence
system used to obtain the data is given in Section 2.1.2.B. The detec-
tors used to obtain the 63zn spectra were the 2.5% efficient and the
2.0% efficient Ge(Li) detectors. The 2.5% detector was also used to ob-
tain the 205Bi spectra, along with the 3.6% efficient, Ge(Li) detector.

The EVENT RECOVERY program was used to perform sum-coinci-
dence gating as well as the normal y-y coincidence gating. The addi-
tional limitation on the sum of X>Y or X<Y was performed because the
gains of the detectors were not perfectly matched. In this way two
peaks appearing for the same sum were prevented from appearing without
having to go through the procedure of converting the addresses to

Y-ray energies.

4.2.2. Analysis of a Moderately Simple Spectrum: 637n

As an example of the power of the sum-coincidence method to
reduce a large background under weak peaks, some results obtained on the
decay of 38-min 63Zn are presented. In Figure 24 portions of the spec-

tra obtained from a two-dimensional y-y coincidence experiment are
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shown. The integral or "any" coincidence spectra, which were obtained
by adding up all the listed events recorded by the 2.5Z and the 2.0%
detectors singly, are shown at the top as X and Y, respectively. All
that need be said about the decay scheme, which is described in Chap-
ter 5, is that the first and second excited states of 63cu 1ie at 669.7
and 962.1 keV, both decay exclusively to the ground state, and the weak
449.9-keV vy feeds the 962.1-keV state from a state 1412.1 keV. The
669.7-, 962.1-, and 1412.1-keV states are all strongly B+ fed. The

cascade nature of the 449.9-keV y is demonstrated by the gated spectra

appearing in the lower half of Figure 24. Placing a gate on the 450-
keV region causes an enhancement of the 962.1-keV y over the 669.7-keV
Y, although the latter is more intense in most of the other spectra.
Also, placing a gate on the 962-keV region results in an enhancement
of the 449.9-keV y. It can be seen, however, that the background
interference from the y* (in true coincidence with 962.1-keV v) is
quite severe in this last spectrum.

The spectrum resulting from summing each pair of X and Y
addresses together is shown in Figure 25. Two types of peaks appear
in this spectrum, sum peaks, as indicated, and Compton scattered
peaks. The Compton scattered peaks are those that result from a
Compton scattered photon from one detector being captured by the second
detector. The peaks at 511.0, 669.7, 962.1, and 1115.4 keV are
examples of this type. The peak at 1412.1 keV is mostly a sum peak

but contains a Compton scattered component.
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Figure 26 shows examples of gating on each type of peak.
At the top is shown the X and Y components of all sums with Y>X. The
result is that the Y axis shows a relatively normal integral coincidence
spectrum, although skewed toward higher energies, while the X axis
shows a spectrum whose intensity is greatly reduced at the higher
energies. Gating on the 669.7-keV peak (a Compton scattered peak) as
displayed in Figure 25, the following results appear: A sharp peak
appears at 511 keV in the Y-axis spectrum, and it appears to be in
coincidence with a peak at *160 keV in the X-axis spectrum. What is
appearing is a true coincidence between the 511-keV photopeak from one
detector with that portion of the y+ Compton distribution from the
other detector that i1s required to add up to the 670-keV gate. The
peak at =160 keV is narrow only because the gate on the 670-keV

region was also quite narrow.

In the 670-keV gated spectra three broader peaks also appear.
The Compton edge from the 669.7-keV y in the Y spectrum is in coincidence
with the backscatter peak from the same y ray in the ¥ spectrum. And
the broad Gaussian-looking peak that is split between the Y and Yy spectra
represents those portions of the Compton continuum from the Yt in each
detector that, in true coincidence, add up to :670 keV.

The spectra gated on the 511+670-keV sum start to show the ad-
vantages of the sum-coincidence method. First, notice the welcome reduc-
tion in the Compton background in these spectra. Then notice the clean
appearance of the 669.7-keV photopeak in the ¥ spectrum and the 511.0-

keV photopeak in the ¥ spectrum. The 962.1-keV peak (weak) in the Y
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on the left opposite their corresponding Y-axis spectra.
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spectrum arises from chance coincidences, as does the backscatter peak
from the 669.7-keV y in the X spectrum.

In Figure 27 the results of gating on the 1412-keV sum peak
are shown. The 449.8- and 962.1-keV peaks are very strongly enhanced,
demonstrating conclusively that they are a cascade adding up to 1412
keV. The 511.0- and 669.7-keV peaks are present because of being in
coincidence with the underlying Compton background. The fact that
there is a 1412.1-keV ground-state transition is evidenced by the Comp-
ton edge of this transition appearing in coincidence with its back-
scatter peak. Subtracting a weighted background from each side of the
sum peak improves the peak-to-Compton ratios further and removes some
of the 511.0- and 669.7-keV peaks. Perhaps the strongest statement
that can be made in favor of the sum-coincidence technique is "compare
the 449.8-keV peak in the lower part of Figure 27 with the same peak
in the 962-keV gated spectrum in Figure 24." The reader is reminded

that both spectra were extracted from the same set of magnetic tapes.

4.2.3. Analysis of a Complex Spectrum: <295B1

(in conjunction with K. Kosanke)

A second example of how the sum-coincidence method can aid
in resolving a weak, closely spaced triplet peak in the complex spec-
trum is the results from the decay of 14.6-d 205Bi. The 20°Bi singles
spectrum presented in Figure 28 with its myriad of weak peaks,
illustrates the complexity of the decay -- a total of 99 y rays have
been identified as belonging to this decay. The peak of interest here
is the weak peak near 1002 keV. Figure 29, which shows only that small

portion of the decay scheme (Ko71) necessary for the present discussion,
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indicates the reason for selecting this peak. All of the previous

studies of this decay (Ru71) concluded that the 1002-keV peak represents
a single y-ray that feeds the 262.9-keV state. And although a slight
broadening of the 1002-keV pé;k was noted, even the best Ge(Li) de-
tectors did not have the ability to resolve the peak even partially.

In our studies, however, considerable Ge(Li)-Ge(Li) Y-y coincidence data
suggested a triplet with the placements indicated in Figure 29.

To substantiate the tentative placements of the transitions
in the 31002-keV triplet, sum-coincidence gates were set on the regions
corresponding to the 1264.5-, 1705.0-, and 1764.5-keV states. The
integral or "any'" sum spectrum is shown in Figure 30. There are
relatively few clearcut sum peaks in this spectrum, considering the
wealth of cascade y-rays resulting from 205p4 decay. In fact, examining
the positions of the three sum-coincidence gates does not lead to
much initial optimism. The position of the 1264.5-keV gate shows no
sign of an obvious sum peak -- all that is present is a Compton-type
background. At the location of the 1705.0-keV gate there 1s only a
weak peak. Only at the location of the 1764.5-keV gate is the sum
peak obviously present.

The spectra resulting from these three sum-coincidence gates
is shown in Figure 31. Only the composite spectra from the Y axis (the
3.6% detector) is displayed, with the small arrows indicating where X>Y
ends and Y>X begins. Even though the sum peaks were small in Figure 30,
the gated spectra in Figure 31 show ﬁany well-defined peaks. A closer
examination of each of these indicates that only a few are in coin-
cidence with other vy rays, while most of them result from Compton

scattering.
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In the top spectrum, resulting from a gate on the 1264-keV
region, the 1001.8-keV y is shown definitely to be in coincidence with
the 260.6-262.9-keV doublet. Also present is the 576.5-keV and 685.5-
keV coincidence pair. Both the 561.6- and the 221.2-keV y's are too
weak to stand out from the background in this spectrum. Also present
in the spectrum are strong Y rays such as those at 549.8, 570.9, 703.4,
and 1043.7 keV, which are present because of chance coincidences and
because of Compton scattering, as discussed in Section 4.1. The other
peaks in the spectrum are caused almost solely by Compton scattering,
as was verified by increasing the gate widths and observing the
resulting changes in the intensities and shapes of these peaks.

The middle spectrum, resulting from a gate on the 1705-keV
region, is considerably simpler. The 1001.6-keV and 703.4-keV coinci-
dent pair is definitely established, and so is the 717.4-keV and 987.5-
keV pair. Both the 661.3- and the 205.8-keV Y's are too weak to stand
out in this spectrum.

A few more peaks are present in the bottom spectrum, gated
on the 1764-keV region. The 1003.1-keV and 759.1-761.4-keV and the
720.6-keV 1043.7-keV coincident pairs are readily observed. Also
present are the 703.4- and 987.5-keV v's, here only in coincidence with
the Compton background in the gate, for their intensities are much
lower than in the 1705-keV spectrum. In the spectrum drawn at the
bottom of Figure 31, the 1501.6-keV and 262.9-keV coincident pair is not
seen even though it is moderately intense. However, when using a wider
gate width (20 keV), this pair was easily seen. This result points

out one of the problems that has not been completely solved here --
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that of unmatched gains for the two detectors. These peaks were far
enough away in energy from the other two coincident pairs that their
sum peak produced simply by adding channel numbers was excluded from
the narrow sum gate based on the other two pairs. In this instance the
apparent difference in sum energy was almost 10 keV. Thus, although
one can and does use detectors without perfectly matched gains, he
must be on the lookout for this sort of sum-peak "jitter". That is,
unless he is willing to convert the spectra from channel numbers to
v-ray energies before setting the sum-coincidence gates, a somewhat
tedious procedure but one that can be performed readily by the computer.
Accordingly, the presence of the 260.6-262.9- & 1001.8-keV,
the 703.4- & 1001.6-keV, and the 759.1-761.4 & 1003.1-keV pairs in the
sum gates set both confirm the existence of the ~1002-keV peak as a
triplet and also the placements of its components. Perhaps it is
worth noting that the sum-coincidence method also added a confirmation
of the new state at 1705.0 keV and by removing ambiguities in the y-y
coincidence results has allowed the definite placement of the 720.6-keV
transition, the center member of a quite weak 717.4-720.6-723.6-keV

triplet.

4.2.4. Conclusion

It has been shown that the sum-coincidence technique as
applied to the digitally-stored data from a two-dimensional Ge(Li)-
Ge(Li) y-y "megachannel coincidence experiments is a viable and
useful tool for the nuclear spectroscopy laboratory. When thus
applied, using sum-coincidence gates to complement the standard y-y

coincidence gates in the off-line sorting of the spectra, the sum-
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coincidence method is quite useful for pulling weak peaks out of a
strong Compton background. The analysis of spectra must be made care-
fully and cautiously, however, for the spectra resulting from sum-
coincidence gates are not quite so easily interpreted as those resulting
from standard y-y coincidence gates. This is particularly true when
there is significant Compton scattering between the detectors.
Nevertheless, when used to supplement and complement these y-y coin-
cidence experiments and not as a stand-alone technique, the sum-
coincidence method should find considerable use in high-resolution

Y-ray spectroscopy.



CHAPTER V

DECAY OF ©3zn

5.1. Introduction

The first report of the decay of 63zn was by Bothe et al.
(Bo37) in 1937, who produced it by the 64zZn(n,2n)63Zn reaction. Since
then it has been studied by many groups. Most of the y-ray work has been
performed by stripping y-ray spectra obtained from NaI(Tl) detectors and
comparing the results to the more precisely measured levels obtained from
charged particle reactions. Since the advent of Ge(Li) detectors,
several authors (Ho66, De67, Bo69) reported y-ray spectra obtained with
Ge(Li) detectors a few cubic centimeters in size, each reporting more
and more precisely measured y transitions than the previous authors.
Kiuru et al. (Ki70) presented results obtained using a relatively large
Ge(Li) detector that are in good agreement with previous results. The
only coincidence results reported on 637n are from a NaI(T1l)-Ge(L1i)
coincidence experiment performed by Borchert (Bo69).

Many charged particle scattering reactions have also been
performed to study the excited states of 63cu. Since ®3Cu is stable as
are many of its neighbors, a large variety of reactions have been
performed. Some of the reactions performed were 63Cu(p,p') (Ma57),
62N1(t,d) (B165), ®“Zn(t,a) (Ba67), ©2Ni(a,t) (Ro68), and ®2Ni(d,n)
(Ma71). A comparison of the results from the different reactions and

the y-ray studies is shown in Figure 32.
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5.2. Source Preparation

The 3Zn sources were prepared by bombarding natural Cu foils
(69.09% 63Cu, 30.91% 65Cu) with protons from the Michigan State University
Sector-Focused Cyclotron; these protons were degraded from higher energies
to 12 MeV by the use of Al absorbers to induce the ®3Cu(p,n)63Zn reaction.
Typically, 10-mil Cu foils were bombarded for *3 minutes with a typical
beam current of *2 puA. The sources were allowed to decay for several
minutes before being counted for several half-lives. More source was
added with the passage of time to retain a relatively constant counting
rate. To insure that only radiations from 63zn were observed the Y-ray
spectrum was confirmed by counting sources that had been chemically

separated according to the procedure in Section 2.3.

5.3. Experimental Results

5.3.1. y-Ray Singles Results

Energies and intensities of 63zZn v rays were determined using
the 10.4% efficient Ge(Li) detector. The energies of the prominent Yy
rays were measured by counting 63Zn sources simultaneously with 110'mAg
and °6Co. The energies of most of the weaker 637n Y rays were then
determined by using the energies of the prominent ©3Zn y rays as second-
ary standards. The centroids and areas of the photopeaks were determined
using the computer program SAMPO.

A typical y-ray spectrum is shown in Figure 33. Forty-four y
transitions were assigned to the 63zn decay, and theilr energies and
intensities are listed in Table 5 along with those of other authors (Ho66,
De67, Bo69, Ki70). Also included in the table are the levels observed in

the (p,p') reaction (Ma57). The uncertainties in the energies listed in
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Table 5 are based on the uncertainties in the energy standards, the
heights of the peaks above the background, and the reproducibility of
the calculated energies of the different spectra. The relative inten-
sities listed are averaged from several spectra, and their uncertainties
are based on the reproducibilities of the intensities and the uncertain-
ties in our experimentally-determined efficiencies for the detector.
They are in general 502% greater than the largest deviation of a value from
the average of several runs. The y-ray intensities of the other authors
were renormalized to the 669.71-keV y while retaining the original
number of significant figures.

A comparison of the present results with those of other
authors, especially Borchert (Bo69) and Kiuru et al. (Ki70), shows good
agreement among the authors. The results of Holmberg et al. (Ho66) and
DeFrenne et al. (De67) will not be further discussed since their results
have significantly fewer peaks than the others, even though their results
are in generally good agreement with the others. Borchert reports seven
transitions not observed here or by Kiuru and Holmberg, while Kiuru and
Holmberg report only one transition not observed by other authors. In
the present work, nine transitions were reported that were not observed
by other authors, while five others were observed only by Borchert.

Shown in one inset in Figure 33 is the 1360-1420-keV region of
the 63zn spectrum. Notice here the broadening of the photopeak at 1390
keV in comparison to the photopeaks on either side. This broadening on
the low energy side is better shown in Figure 15. Because even our best
detector could not resolve the 1389.5- and the 1392.3-keV components of
the doublet, the program SAMPO was used to strip it, and the results are

included in Table 5. The other inset shows the two resolved peaks at



94
1860.9 and 1865.7 keV. These are both full energy y rays, and neither
one of them is the double escape peak of the 2889.5-keV y, since both are

much stronger than any double escape appearing in the spectrum.

5.3.2. Ge(Li)-Ge(Li) Megachannel Coincidence Results

The decay of 63Zn was also examined using the two-dimensional
Ge(Li)-Ge(Li) megachannel coincidence system described in Section 2.1.2.B.
For this experiment, the 2.5% efficient and 2.0% efficient Ge(Li)
detectors were used as the x and y detectors respectively. The angle
between detectors was *150 degrees. In Figure 34 some of the results are
shown, where Figures 344 and 34F are the x and y integral or "any"
coincidence spectra, respectively. Table 6 gives the y-y coincidence
results, in addition to those of the other coincidence experiments.

Figure 34B shows the results of gating on the 450-keV peak.
This gate produces a 962-keV peak greatly enhanced with respect to the
670-keV peak even though the 670-keV peak is stronger in both the singles
and integral coincidence spectra. Therefore, the 962-keV y is clearly
in coincidence with the 450-keV y. Also observed is a peak at 220 keV
which results from a Compton scattered y-ray from one detector being
captured in the other. This was discussed further in Section 4.1.

The next gate, 511 keV, is shown in Figure 34C. The y-rays
appearing in this spectrum indicate the states that are B+ fed. Feeding
to other states 1s too weak to be seen in this spectrum. Further results
on B+ feeding to states are given in Section 5.3.4.

Gating on the 670-keV peak, Figure 34D, shows only the 511-keV
Y from the B+ feeding. Although there is a continuum at energies above
511 keV, no y transition to the 670-keV level is strong enough to be

observed.
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Figure 34F displays the results of gating on the 962-keV peak.
Here the 450-keV y is greatly enhanced with respect to the 511-keV v,
indicating again the 450-keV y is in coincidence with the 962-keV v.

Gating on the 1040-kev y shows, in Figure 34(G, a spectrum
similar to the singles spectrum, but greatly reduced. The appearance of
the 1040-keV y in the singles spectrum is debatable, since it would appear
on a Compton edge. It also does not fit anywhere in the decay scheme and
is probably a strong background peak that is in chance coincidence with
the strong peaks in ©32Zn.

The gate on the 1392-keV peak, Figure 34H, shows a coincidence
with only one y, the one at 670 keV. This confirms the placement of it
as feeding from the 2062-keV level to the 670-keV level.

Finally, Figure 341 shows the results of gating on the 1412-keV
peak. Only the 511-keV y from the B+ feeding appears. No other feeding
to this level is strong enough to be seen.

Gating on the remaining peaks in the x and y integral coinci-
dence spectra show very little if anything. The 1472-keV gates show
possible coincidences with 270- and 511-keV y's. The 1547-keV gate shows
only random coincidences and no firm indication of its B+ feeding. All
the counts in this gate were below 550 keV. The other gates are similar
in that all the counts appear below 1000 keV. No channel in any of these
gates has more than one count in it, and the channels with counts are
randomly spaced. The peak at 2754 keV in the integral coincidence spectra

could be from 2“Na in room background and the Pb collimator.

5.3.3 Anticoincidence Results

An anticoincidence experiment was performed using a 20.3x20.3-

cm NaI(T1l) split annulus, a 7.6x7.6-cm NaI(T1l) detector, and the 10.4%
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efficient Ge(Li) detector, with the latter two detectors placed in
opposite ends of the annulus tunnel. The y rays observed by the Ge(Li)
detector were counted only when there were no y rays observed in any of
the NaI(Tl) detectors. A description of the system and the electronics
was given in Section 2.1.2.A. A spectrum obtained using this system is
shown in Figure 35, and the results are included in Table 6.

Most of the ground state transitions observed in this experiment
were enhanced over their singles intensities. One of those not enhanced
is the 1327-keV y. This is because the 1327-keV state has no B feeding
because of the large difference in spin between it and the 637n parent.

As a result this state is fed completely by y transitions from higher-
lying states.

Other ground-state transitions not enhanced were at 1861, 1866,
2012, 2081, and 2092 keV. All these transitions were weak in the singles
and were very weak in the anticoincidnece results. Of special interest
are the 1861- and 1865-keV y peaks. It was expected that one of the peaks
would be enhanced over the other to indicate which is a ground-state
transition from a state at the same energy and which is a possible
cascade transition. However, even though neither was enhanced, the
relative intensities of the two to each other remained near that of the
singles spectrum, indicating both transitions are of the same type, either
ground state or cascade. Since other weak ground-state transitions of
similar energies showed similar enhancements to this pair, these two

peaks both appear to be ground-state transitionms.

5.3.4. 511-511-keV-y Triple Coincidence Results

A 511-keV-511-keV-any y triple coincidence experiment was per-

formed using the 20.3x20.3-cm NaI(T1l) split annulus and the 2.5% efficient
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Ge(Li) detector. The two halves of the annulus were operated separately
and each was gated on the 511-keV region. A triple coincidence was
required between the two annulus halves and the Ge(Li) detector in order
to count the y-ray observed by the Ge(Li) detector. A further description
was given in Section 2.1.2.A. A spectrum obtained from this experiment
is shown in Figure 36, and the results are included in Table 6.

The experimental results show B+ feeding to the 670-, 962-,
1412-, and 1547-keV states. An upper limit of 0.02% has been placed on
the B+ feeding to the 1327-keV state. All states above 1547 keV are fed
too weakly to be observed in this spectrum. A comparision of the mea-
sured B+ feeding to the states to those predicted from calculated EK/B+
ratios (Le66) is given in Table 7. The experimental values were nor-
malized to the predicted eK/B+ ratio for the ground state and the ratio
of the 670-keV y intensity to the 511-keV intensity as measured by
Borchert (Bo69). The differences between the experimental and theoretical
values for the first two excited states is small, but it is very large
for the other two B+-fed states. This is another case where the appar-
ently allowed B decay is "hindered" as indicated by the lower than
predicted B+ feeding. A further discussion of the nature of these levels

is given in Section 5.6.

5.4. Decay Scheme

Figure 37 shows the decay scheme deduced from our experiments.
Transition and excited-state energies are in keV, with the adopted
energies for the levels being a weighted average of several experimental
runs. The Qe of 3364 keV was obtained from 63Cu(p,n) measurements by
Birstein et al. (Bi66). The total transition intensities, in percent of

total 63zn decay, are given in the decay scheme. Since all the internal
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Table 7.

Comparison of Experimental and

Theoretical B+ Feedings for 63zn.

Level 6+ Feeding ek/8+

(keV) Experimental Theoretical Experimental Theoretical
670 7.54% 7.32% 0.0942 0.127
962 5.23% 5.23% 0.232 0.232
1412 0.33% 0.52% 1.91 0.840
1546 0.032% 0.055% 3.19 1.41

Theoretical results are from Leb66.
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conversion coefficients would be less than 0.57% of the transition inten-
sity, they were ignored. From the measured relative B+ feedings, the
I670/IB+ ratio measured by Borchert (Bo69), and the theoretical eK/B+
ratio for the ground state, the total intensity of the 670-keV y was
calculated. The total feeding intensities for decay to each state were
then calculated based on the transition intensities relative to the 670-
keV y. These total feeding are given in the decay scheme to the right of
the energy levels with the exponents given in parentheses. Log ft values
based on them appear in italics at the extreme right of the levels. A
comparison of these results with those of charged particle scattering

reactions was shown in Figure 32. Three weak Yy rays were not placed.

5.5. Spin and Parity Assignments

Ground State

The ground state of stable ®3Cu is assigned In=3/2- on the
basis of the results of many charged particle scattering experiments as
well as those of many other types of experiments, e.g., atomic beams,
etc. The log ft for the feeding to this state is 5.4, which agrees well
with an allowed decay from the 3/2 ground state of the ©3Zn parent.

669.71-, 962.14-, and 1327.0-keV States

These states have been observed many times in scattering
reactions and have been assigned 1"=1/2", 5/2°, and 7/2°, respectively.
The log ft's for the first two excited states are well within the range
of allowed g decay. This is expected from the scattering results. No
decay 1s observed to the 1327-keV state, this in keeping with it being
a second-forbidden decay, which would have a log ft in the range 10-14.
A detailed comparison with results predicted by a number of calculations

for these states is given in Section 5.6.
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1412.07-keV State

The results of many scattering experiments suggest In=5/2- for
this state. The log ft of 5.6 which falls in the range of an allowed
transition supports this assignment. Although the evidence is not con-
clusive, this assignment is supported by the existence of the strong
450-keV transition to the 962-keV (5/2 ) state, a weak 742-keV transition
to the 670-keV (1/2°) state, and a very strong transition to the ground
state (3/2).

1546.8-keV State

decay to this state has a log ft of 6.5 suggesting an allowed
decay or a fast first-forbidden transition. Since the only positive
parity orbital in this shell, the 1g9/2, is at 2510 keV (B165) and the
first negative parity state in the 62Ni core is a 3~ state at 23700 keV,
it is expected that positive parity levels should be first observed
somewhere above 2 MeV. This state is therefore fed by what appears to be
an allowed transition. Although not commonly observed in scattering
reactions, ©“Zn(t,a) and 3Cu(d,d') (Ba65) results indicate I"=3/2".
In addition to the decay to the ground state this state has a weak Yy
transition to the 962-keV state. Thus, the y-ray data are consistant
with the 3/2  assignment for this state.

1860.9- and 1865.7-keV States

These two states are considered together, since previously
only one state has been reported in this region. That state was
described as 7/2° from the ©4Zn(t,a) results. However, the log ft's
of 6.8 and 7.0, respectively, indicate a slow, allowed (eliminating
first-forbidden as above) B transition to each state, which would limit

the spins to 5/2 at most. The 1860-keV state is observed to decay
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almost equally to the ground and second excited states, while the 1865-keV
state appears to decay to the ground state. This suggests an I"-(1/2-),
(3/27), 5/2° for the 1860-keV state and 1/2 , 3/2, 5/2° for the 1865-keV
state.

2012.0-keV State

A log ft of 7.0 indicates a slow allowed B transition to this
state, which is observed to decay solely to the ground state. Scattering
reactions assign Iﬂ=1/2- to this state. The present work is consistent
with this assignment.

2062.3-keV State

This state decays to the 670-keV state with about three times
the intensity of that to the ground state. The log ft for B feeding
to this state is 6.0. The assignment of Iﬂ=l/2- agrees with scattering
results.

2081.4-keV State

The B feeding to the 2081-keV state produces a log ft of 6.5.
The state in turn decays about twice as fast to the 1327-keV state as to
the ground state. Since the 1327-keV state has Iﬂ=7/2_, the 2081-keV
state is limited to I"=3/2_ or 5/2°. Although there is no observed decay
to either 5/2 state ( a transition to the 1412-keV state would fall
under the 670-keV ), this state is assigned Iﬂ=5/2_.

2092.5-keV State

The decay of this state to the 962-keV state (5/27) is about
three times the intensity of the decay to the ground state (3/27). 1In
addition, this state receives no observable B feeding. The 64Zn(1,a)
results indicate I'=7/2". The present results agree with this assignment,

although I"=5/2" would also be possible.
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2336.8-keV State

The 2337-keV state has a transition to the ground state (3/27),
a transition with half the intensity to the 962-keV state (5/2 ), and an
even weaker one to the 1412-keV state (5/2°). The log ft for B decay to
this state is 5.8, indicating most likely an allowed transition. This
limits I to 1/27, 3/27, or 5/2° . The ®“Zn(t,a) results indicate a 3/2+
state, while the 62Ni(t,d) results indicate it to be 5/2 . Since there
is no agreement in the scattering results, I" of 3/27 or 5/2° is assigned
to this state.

2497 .5-keV State

B decay to this state has a log ft of 6.4 suggested an allowed
or first forbidden € decay to it. This state decays to the ground state
and perhaps to the 670-keV level (1/2°). The second transition has been
placed by the energy difference even though the agreement was *2.5 keV.
This state is therefore assigned I"=1/2t, 3/21, or 5/21. We are now in
the region where positive parity states might be expected.

2512.5-keV State

This state has a single decay to the ground state and a log ft
of 6.7 from ¢ feeding. These place few limits on the assignment of this
state, only that it is 1/2t, 3/2t, or 5/2t. The results of many different
scattering experiments shown in Figure 32 indicate a 9/2+ state at <2510
keV. Although this assignment would be incompatible with the feeding to
and decay from this level, it is consistent with the overall 83Cu results,
since Mazari et al. (Ma57) report two states in this region, at 2504 and
2510 keV. The state observed in scattering could be the 2504-keV one,
while the one observed in B decay experiments could be their 2510-keV
level. The present assignment for the 2512-keV state is 1/2i, 3/2i, or

s5/2%.
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2536.2-keV State

This state has a multitude of y transitions proceeding from it.
In addition to the ground state decay (3/2-), there is a y transition of
twice the intensity to the 1412-keV state (5/2 ), and two, each with 31/4
the intensity, to the 1327- (7/2°) and 962-keV (5/2 ) states. The log ft
to this state is 5.4, indicating a strongly allowed transition. The
assignment for this state is Iﬂ=5/2—.

2697 .0-keV State

This state has a € feeding with a log ft of 5.4 to it and three
Y transitions proceeding from it. 1In addition to the ground-state decay,
there is a vy transition of about 1.7 times the intensity to the 670-keV
(1/27) state and one with about half the intensity to the 1547-keV (3/27)
state. The 62Ni(T,d) reaction indicates I"=1/2—. y-ray results are
consistent with this assignment, although the 3/2  and 5/2  possibilities
cannot be excluded.

2717 .2-keV State

This state has, in addition to its ground-state decay, a decay
to the 1327-keV (7/2°) state of three times the intensity, one with the
same intensity to the 2092-keV state, and one with one-third the intensity
to the 670-keV (1/2°) state. The log ft of 5.7 indicates an allowed ¢
transition. All of this limits the assignment to I"=3/2" or 5/2°, with
5/2" being the more probable based on y ray intensities.

2780.6-keV State

This state decays to the 670-keV (1/2 ) state with about half
the intensity of the ground-state decay. The log ft from the feeding is
6.1. This suggests an assignment of I"=1/2-, 3/2°, or perhaps 5/2 .

Although a positive parity is possible, it is not probable. The results
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of the 82Ni(t,d) reaction indicate an assignment of 3/2 .

2807.1- and 2857.8-keV States

Both states are ¢ fed with a log ft of 6.9 and have only a
+ +
ground-state y transition. They are therefore assigned I"=1/2“, 3/27,

+
or 5/27, since both allowed and first forbidden ¢ decay are possible.

2889.5-keV State

The 2889-keV state has a y transition to the 962-keV (5/2°)
state that is about three times the intensity of its ground-state transi-
tion. The log ft of 6.3 suggests an allowed transition but with a first
forbidden decay not ruled out. The assignment for this state is most
likely I"=5/2" or perhaps 3/2°. The ®2Ni(r,d) data indicate a 1/2  state
at =2880 keV.

3044 .0-keV State

This state has an ¢ feeding with a log ft of 6.2 and only a
ground-state y transition. An assignment of 7/2  1is indicated from the
results of the ®“Zn(t,a) reaction but could be for the level at 3032 keV
reported by Mazari et al. (Ma57), since the low log ft would suggest an
allowed transition. This state is therefore assigned I"=1/2i, 3/2t, or
5/2".

3100.3-keV State

The ¢ feeding to this state has a log ft of 6.8, and the state
+
has only a ground-state y transition. It is therefore assigned I"= 1/2°,

3/2%, or 5/2°.

5.6. Systematics

Many authors have performed calculations on the ®3Cu nucleus.
The most commonly used approach is using a quadrupole-quadrupole inter-

action to couple the odd proton to the ground state and the first
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excited state, a 2t state, at 1172 keV in ®2Ni. Configuration admixing
cf the 2p3/2, 2p1/2, and 1f5/2 single particle proton states also needs
tc be included. Results of calculations including those using other
approaches are shown in Figure 38. The percent single particle admixtures
are shown when available. A percentage of zero indicates the particular
single-particle state that could mix was not used in the calculations.
The experimental admixtures are from the ®2Ni(7,d)®3Cu reaction of Blair
(B165).

Lawson and Uretsky (La57) applied the '"center of gravity"
theorem of atomic j-j coupling to the ©3Cu nucleus by assuming that the
nucleus was a 2p3/2 proton coupled to the 62Ni even-even core. The first
four excited states of ®3Cu were then considered to be the quartet formed
by coupling the proton to the 2+ vibrational first excited state of ©®2Ni.
By applying this formalism and using the 1412-keV state in 63Cu as the
3/2" member of the quartet, a center of gravity for the 2+ level was
obtained at 1167 keV which compared well with the experimentally determined
energy of 1172 keV. Later experiments showed the 1412-keV state to be 5/2°
and the necessary 3/2  state has not been found below 2 MeV. No single
particle admixtures were used in the calculations.

A "unified" model was used by Bouten and Van Leuvén (Bo62). The
62Ni core was allowed quadrupole surface oscillations with no more than
two phonons. The odd proton was in the 2p3/2, 2p1/2, or 1.1“5/2 states and
coupled to the surface oscillations. The ground state and first two
excited states were used as input parameters to obtain the single-particle
level spacings. Good agreement was reached between calculated and exper-
imental values for the electric quadrupole moment and for the t(E2), the

transition half-life, for the first two excited states. Althrough agreement
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within a factor of two was also reached for the t(M1l) for these transi-

tions, poor agreement was reached for the magnetic dipole moment.

Gove (Go63) applied the calculations of Bayman and Silverberg
(Ba60) for coupling a j=3/2 particle to quadrupole surface oscillations
to the case of ®3Cu. These calculations are in good agreement with the
observed B(E2)'s. Harvey (Ha63) extended the Bayman-Silverberg model to
the magnetic dipole moment and transition probabilities. He obtained
good agreement for the dipole moment and for the B(M1l) for the transition
from the 962-keV state, but his results were a factor of four faster than
the B(M1) experimentally obtained for the 670-keV transition.

A strong coupling model was used by Thankappan and True (Th65).
The even-even °2Ni core which performs quadrupole surface oscillations was
coupled by a quadrupole interaction with a dipole element added to the
single proton in the 2p3/2, 2p1/2, and 1]"5/2 orbitals. Only the O+
ground state and 2+ first excited state of ®2Ni were considered in this
calculation. Parameters also used were the orbital spacings of Bouten
and Leuvén (Bo62), however, these were adjusted for better agreement of
the calculations with the experimental results. The agreement for the
calculated E(F2)'s with experimental results is good, but the fits of the
B(M1)'s vary from good to very bad. Also, the quadrupole moment is in
good agreement as is the dipole moment.

Beres (Re€6) used a very different model, namely he described
the core as a quasiboson of angular momentum 2+ and the odd proton as a
quasiproton of spins 1/2°, 3/2°, and 5/2° . The core and the quasiproton
were coupled by a quadrupole interaction. The resulting calculated
B(E2)'s were in general agreement with experimental results. He also

calculated the case of two quasineutrons interacting via a quadrupcle
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interaction with the quasiproton. This methcd gives a large numter of
low lying levels, and the collective quartet appears very closely spaced
at about 2 MeV with the B(E2) values for this quartet in agreement with
those of the cther metkod. This method, however, gives much better
agreement for the higher lying positive parity states in 83Cu, and good
agreement is also obtained between the calculated inelastic a scattering
cross sections and those observed experimentally.

The model used by Kisslinger and Kumar (Ki67) is a modified
phenomenological vibrational model with its microscopic description in
terms of the pairing-plus-quadrupole model. This involves the coupling
of the vibrational phonon with a quasiparticle with a quasirandom phase
approximation.

Simons and Sundius (Si69) used a vibrational core with up to
three phonons coupled to a single particle in the 2p3/2, 2p1/2, and 1}"5/2
states. They treated the phonon energy as a free parameter and obtained
values somewhat greater than those of Bouten and Van Leuvén. They
obtained a reasorahble fit for the magnetic dipole and electric quadrupole
moments, and the fits to the B(F2) and B(M1) for the €70-keV transiticn
are reasonable. However, the B(Ml) for the 962-keV transition does not
fit well at all.

A semimicroscopic model of coupling the proton to a quadrupole
vibrator was used by Paar (Pa70). The vibrator was allowed up to three
phonons and the proton states included the 2p3/2, 2p1/2, 1f5/2, and 1f7/2
states. The lf—;/2 was included since experimental results indicate that
the 1f7/213 not a gocd clcsed shell in this case but is partially empty
producing a partially filled 2p3/2 state. Reasonably good fits were

obtained for the B(M1) and B(F2) values and for the magnetic dipole and
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electric quadrupole moments.

Wong (Wo70) performed shell model calculations for the 63Cu
using a weak coupling model with the 2p3/2, 2p1/2, and 1f5/2 orbitals
for the proton. The energy levels produced by the shell model calcula-
tions are in poor agreement with the experimentally determined energy
levels. The fits for the B(M1)'s and B(E2)'s were only fair, although
better agreement was reached for the magnetic dipole and electric
quadrupole moments.

The intermediste coupling model developed by Thankappan and True
(Th65) was used by Larner (La70) to calculated the states in®3Cu. For the
calculations, Larner coupled the 0+ ground state and 2+ first excited
ctate of ®2Ni to the 2p3/2, 2p1/2, and lf_r,/2 orbitals with an interaction
that contained both dipole and quadrupole terms. For the first case, he
used the experimental energy levels and single-particle strengths as input
parameters, while the second case used the experimental energy levels and
B(E2) values. The results of both cases gave similar good fits to the
energy levels, and the first case also gave good fits to the B(E2)'s.

Although most of the calculations agree on single particle
admixtures, they are in disagreement with the experimental results. In
particular, everyone except Paar (Pa70) assumes that the lf'-;/2 shell is a
good closed shell. The experimental results indicate the 1327-keV 7/2°
state has a 6% single particle admixture which would come from the 1f7/2
closed shell. This agrees with the results of Goode et al. (Go69) which
indicate that °®Ni is only 94% a doubly closed nucleus.

Figure 39 shows a comparison of the levels of the odd mass Cu
icotopes. A comparison with the other Cu isotopes indicates the 1400-keV
level in °3Cu may be an unresolved doublet of a 5/2° and a 7/2  1level.

In general, the excited states rise in energy with neutron number.



CHAPTER VI

DECAY OF ©2zn

6.1. Introduction

The odd-odd nuclide, g§Cu33, contains a single proton and five
neutrons outside the doubly closed 1f7/2 shell. Consequently, its states
should be amenable to interpretation in fairly straightforward shell-model
terms. Also, many states and trends in nearby odd-mass nuclei are known,
providing reasonably trustworthy input for predicting the properties of
its odd-odd states. Unfortunately, relatively few states are known in
62¢Cu itself, and even fewer have been well characterized. Here, the decay
of 9.3-h 52z2n to 52Cu has been reexamined using the largest Ge(Li) detec-
tors the laboratory has been able to obtain in order to pick up weak B
feedings that previously have gone undetected. The findings are then
correlated with those of previous investigators and with the data from
scattering reactions in an attempt to obtain a more coherent understanding
of the structures of the ®2Cu states.

Since the discovery of 62zp by Miller et al.(Mi48), it has been
studied by many other groups. Hayward (Ha50) determined the end-point
energy of its B+ spectrum to be 0.66+0.01 MeV and observed K and L conver-
sion electrons from the 41.8+0.8-keV transition, the X/L ratio indicating
it to be F1 or Ml. Nussbaum et al. (Nu54) determined that the first
excited state of 92Cu lies at 41.3+0.3 keV and that 36+3% of the 62zZn
feeding passes through this state. From o and x/(z+M) they assigned the
41.3-keV transition an M1 multipolarity.

The first reasonably complete decay scheme was formulated by
Brun et al. (Br57) who performed extensive electron and NaI(Tl) y-ray
spectroscopy, including coincidence and y-y angular correlation

117
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experiments. They deduced states in 62Cu at 0, 0.042, 0.30, 0.55, 0.63,
and 0.70 MeV.

In the last few years there has been a flurry of activity about
the neutron-deficient members of the N=62 mass chain. Four groups (Ané7,
Ro67, Ba68, Ho69) have reported Ge(Li) y-ray studies on the decay of ©2zn,
and two other groups (Jo69, Va70) have reported on the decay of 9.9-min
62Ccu itself. Antman et al. (An67) performed the first high-resolution
Ge(Li) y-ray experiments (in conjunction with electron experiments), and
they and Roulston et al. (Ro67) demonstrated conclusively the doublet
nature of the *245-keV y-ray peak and the existence of a 507.6-keV Y.
These data were essential to the construction of a correct decay scheme,
and the. two groups arrived at almost identical decay schemes containing
the first five excited states in ©2Cu that are populated by 627n decay.
The most precise half-life determination for 62Zn, 9.2+0.1 h, is also the
work of Antman et al. Bakhru (Ba68) also performed high-resolution Ge(Li)
Y~ray spectroscopy, including coincidence experiments, and he measured
the half-life of the 42-keV state to be 2.5t0.1 nsec. His decay scheme,
however, differs in several placements from the others. The most recent
paper on 62zn decay, by Hoffman and Sarantites (Ho69), again includes
results from y-y coincidence experiments and shows a decay scheme almost
identical to those of An67 and Ro67.

Nuclear reaction and in-beam studies have been reported, also.
Davidson et al. (Da70) have used the 62Ni(p,ny) reaction to study the
decay of the excited states in 62Cu. They performed y-ray angular corre-
lations in addition to y-ray singles measurements at various excitation
energies in order to learn something about spins and parities as well as

placements of the states. Fanger et al. (Fa70) report on similar
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techniques using the 61Ni(n,y) reaction to study states in 52Ni.

The points yet to be clarified are clear: 1) None of the groups
studying 62Zn decay was able to detect any y rays with energies above 637
keV, although Qe is 31620 keV. Part of this problem came from the inter-
ference of y rays from $2Cu itself, which quickly grows into the sources.
But now that the decay of ®2Cu is known (Jo69, Va70, Fa70) with some
assurance, weak y rays from 627Zn can perhaps be distinguished more readily.
Also, the larger Ge(Li) detectors now available, having very good peak-to-
Compton ratios, should allow one to detect very weak higher-energy y rays.
2) Very little in the way of interpretation of the structures of the 62¢cu
states has been done. Both sides of the problem have been attacked with
the following results. 1) Six new weak y-rays that deexcite four new
excited states in ©2Cu can be reported. 2) The structures of the 62cy
states have been examined in terms of shell model states and the trends
observed in this nuclear region, and this very straightforward method has

been found to explain much of what is observed.

6.2. Source Preparation

The ©2Zn sources were prepared by irradiating natural Cu foils
(69.17% ©3Cu, 30.83% 635Cu) with 25-MeV protons accelerated by the MSU
Sector-Focused Cyclotron. The reaction of interest was 63Cu(p,2n)6?Zn.
Typically, *150-mg targets were bombarded with a 1-pA beam for 30-45 min.
The only Zn contaminant of any consequence was 38-min 63zn, which was
esséntially eliminated by waiting 4 hours before counting the 627n sources.
All other possible contaminants were removed using the chemical separation

described in Section 2.3.
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6.3. y-Ray Spectra

Many y-ray spectra were taken over a long period of time,
always using the largest Ge(Li) detectors at our disposal. Spectra were
taken with the 2.57% and 3.6% efficient detectors, although most of the
spectra were taken with the 10.4% efficient Ge(Li) detector. A typical
spectrum taken with the 10.47 efficient detector is shown in Figure 40.
As it was mandatory that the higher-energy portion of the spectra be
optimized yet maintain a high counting rate in order to minimize stray
background peaks that could mask the weak ©2Zn peaks, the spectra were
taken through a set of absorbers and with the geometry shown in Figure 41.

Each sample was counted for several consecutive 6-h periods to
insure that the peaks observed came indeed from ©2Zn decay. 1In addition
to the normal procedures, however, an on-the-spot efficiency calibration
with 11OmAg and a background count of at least 12 h were performed for
each sample. A spectrum obtained in 6 h with the 10.47% detector using
the absorbers is shown in Figure 42, Note that six very weak higher-
energy Yy rays attributed to 627n decay can be seen in this spectrum.

The centroids and areas of the photopeaks were determined by
using the computer program SAMPO. The secondary energy calibration was
performed using the stronger peaks of 627n, 1ts ©?Cu daughter, and the
40K present in the natural background. The efficiency calibration for
the spectra obtained both with and without the absorbers was performed
using the method described in Section 2.1.3. The energies and relative
intensities of the ©62Zn y rays are listed in Table 8, where they are
compared with the results of the other investigations that used Ge(L1i)
detectors. Since the point of the investigation was specifically to

obtain new information about weak transitions, no coincidence experiments
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were performed.

A decay scheme which includes the present work is shown in
Figure 43. The levels, spins and parities, and transition placements
below 950 keV are from Davidson et al. (Da70), which are consistent
with the other results, and the energy levels above 950 keV are from
the ®INi(1,d) reaction (Mo67). The percent feedings were determined
from the percent ground state feeding determined by Hoffman et al.
(Ho69) and the relative y-ray intensities and are found on the right
of the decay scheme. The log ft's based on these feedings are on the

extreme right.

6.4. Discussion

29Cu§§ is an odd-odd nucleus one proton and five neutrons
removed from the doubly closed shell at Z=N=28. The simplest approach
is to extend the the odd-group model, as normally applied to odd-
even and even-odd nuclei. In this model the properties of the nuclear
states are assumed to be determined primarily by the odd group of
particles. 1In extending it to odd-odd nuclei it is assumed that the
wave functions for the states and the odd-odd nuclei are simple
vector-coupled product of wavefunctions of the two odd groups. If
it is assumed that the residual p-7n interactions are weak compared
with spin orbit forces (De6l) jj coupling can be used with its simp-
lifications. With the assumption of ,jj coupling, a given proton and
neutron configuration |2 Jj. % J_ >, can take on all integral spins,

ppnn

|j -jn|§I§j +jn, where the nature of the residual p-n interaction

p p
will determine the ordering of these spins. The modified Nordheim
coupling rules proposed by Brennan and Bernstein (Br60) can be

useful in predicting the ordering of the spins resulting from a given
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configuration. Here jp and jn are the single-particle total angular
momenta obtained from the adjacent odd-mass nuclei, while Qp and Rn
(assumed to be pure) are the orbital angular momenta obtained from
the standard shell model assignments.

Examining the systematics of the odd mass Cu isotopes,
Figure 39, and the odd mass N=33 nuclei, Figure 44, the ®2Cu ground
state is assumed to be a (ﬂpa/z)(\)pwz)_1 configuration for which
the coupling rules would predict a ground state of 2% with a 1%
first excited state. However, it is found that these two states are
reversed with the 1% being the ground state. If the ground state
configuration were (Wp3/2)(upl/2), the coupling rules would predict
the states in correct order. It has been found (Ph68) that there
is considerable configuration mixing between these two configurations
as well as others which would explain these results.

Table 9 gives the possible proton-neutron configurations
in 82Cu and the spins they would produce in approximate order of
increasing energy. The individual proton and neutron orbitals are
given in order of increasing energy as determined by the odd mass
Cu and odd mass N=33 nuclei. Although the proton orbitals remain
well behaved, the neutron orbitals are closely spaced and can change
ordering rather easily. As a result, the relative positioning of
the levels in ®2Cu is difficult to predict and considerable config-
uration mixing can occur. Therefore, a further explanation of the
higher-lying states of 62¢cy will require more calculations on the
orbitals as well as further experimental results. A comparison of
the levels in ®%Cu with those of other odd-odd Cu isotopes is shown

in Figure 45.
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Table 9

States Produced by Some Low-Lying
Configurations in 0dd-0dd 62cuy.

Proton Neutron States
Orbital Orbital Produced

+ 4+ 4+ 4+
np3/2 \Jp3/2 2+,1+,3 ,0
VP1y 1,2, 4 &
\)f5/§ 1 ’2 »3 ,4
+ +
‘npllz \)p3/2 1+,0+
\)p1/2 1+,2+
VfS/z 3 12
+ o+ o+ o+ 4
ﬂfS/ Vp3/ 4+’5+93 ’2 ,0
2 v 2 3.,2
by, o+ gt .t
b} ] b}
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CHAPTER VII

DECAY OF ©3Ga

7.1. Introduction

The first report of the production of 63Ga occurred only
recently, in 1965,by Nurmia and Fink (Nu65). It was discovered in their
search for B-delayed a emission in the light Ga isotopes. However, the
only information they reported was that it had a 33-sec half-life, and
they estimated its decay energy at 5.3 MeV. Since then, a study of its
decay scheme was reported by Dulfer et al. (Du70).

Other studies of the excited states of ©3Zn have been performed
by charged particle reactions. Birstein and coworkers have reported
results from 63Cu(p,ny) (Bi66) and ®ONi(a,ny) (Bi67) reactions and have
reported the results of y-ray angular distribution experiments from these
reactions (Bi68). Also reported have been other ©3Cu(p,n) (Br55a, Ané2,
Mc66, Ta70), ®“zn(p,d) (Jo68), ©“zZn(d,t) (Ze60), and “Zn(t,a) (Beb7,
Fo67) results. A composite comparison of these results giving both % and
I" values with the present work is shown in Figure 46. The mCu(p,n)

results have not been reported above 1440 keV.

7.2. Experimental Procedure

The sources for the study of ©3Ga decay were produced by irra-
diating 6-mil and 10-mil thick natural Zn foils (5%zn 48.89%, ©6zn 27.81%,
67Zn 4.11%, 58Zn 18.57%, 70Zn 0.62%) with 30-MeV protons from the Michigan
State University Sector-Focused Cyclotron. This beam energy was chosen
to maximize the production ratio of 63Ga to ©"“Ga, the principle contam-
inant. Figure 47 shows this ratio as a function of incident beam energy.
The various energies were obtained by degrading either 40-Mev or 34-Mev

131
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Proton beams with the appropriate thickness Al absorbers. A typical

ixrradiation was a 1-2 second burst of an >0.5-,A proton beam. The
targets were then moved quickly (=7 sec) from the irradiation area to

a distant counting area by a pneumatic rabbit system (Ko70). The samples

were counted with either the 4.6% efficient or 10.4% efficient Ge(Li)

detector and using the Ge(Li)-time coincidence system described in

Section 2.1.2.C. The time length of the ramp was varied from 120 to 1560

seconds, depending on the particular experiment. In the search for low

energy y-rays, a Si(Li) x-ray detector was used in place of the Ge(L1)

detector. Along with each y-time coincidence experiment, a y-ray singles

spectrum was obtained. A typical experiment involved adding together the

spectra from as many as 250 Zn foils.

An energy calibration of the stronger y rays in the spectrum

was performed by counting the Zn foils with 21+lAm, 15?Eu, and !921r as

internal standards. Also used for the calibration were the y rays from

637Zn and the 1332-keV and 1791-keV Y's of 60Ccy which were internally

present. Table 101lists those strong Y rays from sources other than ©3Ga

that were counted concurrently. These Yy rays were then used as internal

secondary standards to calibrate the weaker y rays in the spectra. The

intensity calibration was obtained from the procedure described in Section

2.1.3. The centroids and areas of the peaks were determined by the

computer program SAMPO.

7.3. Experimental Results

A typical y-ray spectrum is shown in Figure 48. Sixteen Y
transitions were assigned to the 63Ga decay, and their energies and
intensities are listed in Table 11 along with the decay scheme results of

Dulfer et al. (Du70) and the 53Cu(p,ny) results of Birstein et al. (B166).
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Table 10

Measured y-Ray Energies

Isotope Energy
60cy 826.05£0.15
909.32+0.15

1035.12+0.20

64Ga 807.85+0.10
918.77%0.12
991.50+0.10
1387.35+0.10

65Ga 114.97+0.10
152.93+0.15
751.68+0.10
932.050.15
1047.23+0.20
1354.22+0.20
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Table 11

Energies and Relative Intensities from the Decay of ©3Ga

Present Work Dulfer et al. Birstein et al.
E T E (Du70) I E(Bi66)
193.0+0.2 51.4+3.5 192.9+0.2 49 190+2
248.0x0.2 30.6+2.0 247.8%0.2 32 246+2
389.8+0.7 3.4%1.7 390
415.0+1.3 2.6*1.5 412
457.9+0.6 5.4%1.4 459
627.1:0.15 92.1%4.5 627.1+0.2 H 62742
637.0+0.15 =100. 637.1+0.2 =100. 636+2
650.1+0.15 44.0£2.5 649.9+0.2 44 64942
768.5+0.2 19.0+2.3 768.2+0.5 12
1054.6+0.9 2.3+1.2
1065.2+0.4 19.9+4.0 1065.1+0.6 18 106114
1147.0+0.8 3.1+0.7
1203.4+2.0 2.4+1.2
1395.4+Q.3 37.0+7.0 1395.5+0.5 41
1498.5+0.6 2.9+1.5
1691.7+0.5 27.4%5.0 1691.8+1.0 28

1
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The uncertainties in the energies in Table 11 are based on the uncertain-
ties in the energy standards, the height of the peaks above the back-
ground, and the reproducibility of the calculated energies from the
different spectra. The relative intensities listed are the average from
several spectra and their uncertainties are based on the reproducibility
of the intensities and the uncertainties in our experimentally determined
efficiencies for the detectors. The errors are in general 507 greater
than the largest deviation of a value from the average of several runms.

There is quite good agreement between the present results and
those of Dulfer et al. (Du70). Seven Y rays were observed in the present
study that they did not observe. An upper limit of 2.5 in the units of
Table 11 has been placed on the intensity of any unreported Yy rays below
511 keV and a limit of 2.0 on those above 511 keV. A search for y rays
from 83Ga in the energy range 1700 - 4000 keV was performed, but none
was observed. A similar search for Y rays below 100 keV was performed
using the x-ray detector, but none was observed in this region either.
A half-life of 32.4 * 0.5 sec was determined for ©3Ga by using 12 spectra
from the y-time coincidence system to measure the half-life of the 193-,

627-, 637-, and 650-keV y transitions.

7.4. Decay Scheme

The decay scheme produced from the present results is shown in
Figure 49. Transition and excited state energies are given in keV with
the adopted energies for the states being a weighted average of several
experimental runs. The QE of 5.6 MeV was obtained from the mass table
of Garvey et al. (Ga69). The total transition intensities, in percent of
total 63Ga decay, are given in the decay scheme. Since all of the inter-

nal conversion coefficients would be less than 17 of the individual ¥y



%

- 31903, 324 sec

Q¢~ 5.6 MeV
®mO
omyN
©vnog
/0
283
5/2- ©39 18917 3.67% 5.7
NGk
< o
< o
GON o
3 ©
3/2-(1/27) ] ~ 13954 6.91% 56
T
N &
o N
~S
lakel
o0
(372) o« 10652 2.53% 6.2
=5 @ E
m "
§328e
=50 ® -
Shm gy 650  5.26% 6.1
V-2 22 = S =S 11377 57
T 8.22% 59
T
<
5%
ot
oL
<
1/2- Q2480 271% 65
5/2- 2 1930 4.58% 63
3/2- y y y y O 548% 53
38.4 min 632n
307 33

Fig. 49. Proposed decay scheme of ©3Ga.



140

intensities, they were ignored. Using the ratio of the 511-keV y to the
627-637-650-keV y-ray triplet measured by Dulfer et al. (Du70), with which
these results are consistent, and the theoretical e/B+ ratios for the
levels (Le66), the total relative feedings to each state were calculated.
These total feedings are given in the decay scheme to the right of the
energy levels. The log ft values based on them appear at the extreme
right of the levels. The spin and parity assignments discussed in the
next section are on the left of the levels. A comparison of these results

with those of charged particle reactions was shown in Figure 46.

7.5. Spin and Parity Assignments

Ground State

The ground state of ©3Zn is assigned In=3/2- on the basis of
charged particle scattering experiments and decay scheme systematics from
its decay to states in 63cu (cf. Section 5.5.). From scattering reactions
an %=1 transfer is indicated, limiting this state to 1/2° or 3/2 . It has
an allowed B decay to the 3/2° ground state, 1/2° first excited state, and
5/2° second excited state in 83Cu, thus limiting the assignment to 3/2".
The log ft of 5.3 indicated an allowed B decay from the 63Ga.

193.0-keV State

Scattering results suggest an assignment of 5/2 . The y-ray
directional correlation experiments of Birstein et al. (Bi68) indicate the
193-keV y to be a 5/2° to 3/2 transition. The log ft of 6.3 indicates
an allowed transition from the ©3Ga and supports the assignment.

248.0-keV State

The log ft of 6.5 suggests probably allowed B decay which would
limit the assignment to 1/2 , 3/2°, or 5/2 . This state decays solely to

the ground state. Although the 63Cu(p,n) results report this level, none
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of the other charged particle experiments observed it. Examining the
systematics of the odd-mass Zn isotopes as shown in Figure 50 and the
systematics of the N=33 isotopes shown in Figure 45, a 1/2° 1level in the
region below 400 keV is strongly suggested. Since this is the only level
that could fit these systematics, it is therefore assigned In=1/2-.

The ground state of 63Ga is assigned In-3/2- since allowed B8
transitions are observed to the 3/2  ground state, the 5/2 first excited
state, and the 1/2° second excited state in its ©3zn daughter. This
assignment is consistent with the systematics of the light odd-mass Ga
isotopes and the shell model (the odd proton being in the 2p3/2 orbital).

627.1-, 637.0-, 650.1-keV States

The B feeding to these states has log ft's of 5.9, 5.7, and 6.1,
respectively, all allowed transitions. Results from all the scattering
experiments indicate %=1 transfers, most likely 3/2 states. The proba-
bility of 2=3 transfer was considered small. The 627-keV state decays
solely to the ground state, while the 637-keV state also decays to the
248-keV state and the 650-keV state also decays to the 193-keV state.

The 627-keV state is therefore assigned I"=(1/2-, 3/27), the 637-keV state
I"=1/2", (3/27), and the 650-keV state I '=(3/27).

1065.2-keV State

This state has a B feeding with a log ft of 6.2 and decays to the
ground state and the 650-keV state. Results from ®3Cu(p,n) also indicate
a level at 1028 keV. Scattering results indicate both £=1 and %=3
transfers in this region for presumably a doublet with %=1, I“=3/2—
dominant. This state is therefore assigned I"=3/2".

1395.4-keV State

This state has more y branching than any other state in 63Ga.
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It decays to the ground state (3/27), the 193-keV state (5/27), the 248-
keV state (1/2°) and the 627-keV state ((1/2°, 3/27). It also is populated
by an allowed B transition, as indicated by a log ft of 5.6. The ®“zn(p,d)
results suggest a 3/2 state in this region. The 63Cu(p,n) results
indicate two states here, with the 1395-keV state the closer to the state
observed in the (p,d) results. An I" assignment of 3/2°, (1/27) is
suggested for this state.

1691.7-keV State

This state decays to the 193-keV state (5/2 ) and the 637-keV
state (1/2-, (3/27)) in addition to the ground state. The log ft of 5.7
for feeding to this state indicates an allowed decay. The results from
charged particle scattering suggest an =3, I"=7/2" state. Since a 7/2°
assignment would not permit allowed B decay, this state is assigned

I"=5/2-, which is consistent with all results.

7.6. Discussion

The ©3zZn 1s in the region above the doubly closed shell occurring
at °6N{1. In this region the active particle states for both neutrons and
protons are the 2p3/2, 2p1/2, 1f5/?, and 1g9/2. Since both lgq/? orbitals
are well above 2 MeV (cf. Figures 39 and 50), they will be ignored. The
odd nucleon in %3Zn is a neutron found in the 2p3/20rbita1. In contrast
to its 63Cu daughter where the low-lying states are from the odd proton
coupling to a core vibrational state, the first two excited states in
63Zn appear to be primarily single particle states, the first being the
1f5/2 and the second the 2p1/2. These three single particle states remain
rather closely spaced in the lighter Zn isotopes with the 1f5/2 being the
ground state for ©5Zn and ©7Zn.

The triplet of the 627-, 637-, and 650-keV states appear to be
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core coupled states. Since the log ft's to these states fall between that
of the ground state decay and those to the first two excited states, these
states would therefore result from the coupling of the odd neutron in the
2p3/2 orbital to a ®2Zn core excitation. However, since little is known
about the excited states in 62Zn, the details of these states must be left
to a later time. Not'enough is known about the higher-lying states in
63Zn since they occur above the pairing gap and could result from several
different sources, so therefore little can be said about them here.

The B decay from 63Ga to the states in ®3zn presents some very
interesting problems. The ground state of 63Ga apparently has the odd
proton in the ﬂp3/2 orbital. The ground state of 63zn appears to be
(m p3/2)2(\{f5/2)2(vp3/2)3 or some similar neutron configuration since it
has five neutrons outside a closed shell and an I'=3/2". While a neutron
configuration of (vp1/2)2(vp3/2)3 might appear to more easily explain the
ground state of 63zZn and the nonobservance of its 248-keV (1/27) state
in all the scattering reactions, it is not a probable configuration since
it would require the lower spin state of an £ to be below the higher spin
state, and this does not occur in nuclear level systematics.

The more probable configuration suggests that the vpx/? and
vfg/zstates are degenerate so that both may be partially filled. The
decay from the 63Ga indicates a normal allowed transition to the ©3zn
ground state with its suggested degeneracy, while unexpectedly slow B
transitions feed the supposedly pure single particle 5/2  and 1/2° states.
A much more detailed study of this region 18 necessary before these states

in ©3Zn can be fully explained.



CHAPTER VIII

62Ga AND B-DELAYED o EMISSION

8.1. Introduction

The occurance of B-delayed o emission has been known for a long
time. In 1935, Crane et al. (Cr35) reported the B-delayed a decay of
850-msec ®Li. Alvarez (A150) in 1950 expanded the list when he reported
similar decays for 774-msec 8B, 11.0-msec 12N, and 405-msec 20Na. Further
searches for B-delayed o emission in the light elements have produced
20.4-msec 12B, 7.13-sec 16N, 2.09-sec 2%Al, and 297-msec 32Cl. All of
these nuclei are of the type N=72*2, where Z is odd, B decaying to excited
states in N=Z even-even nuclei. The excited states immediately decay by
emitting an a particle rather than by the usual y emission.

In their report of the discovery of 33-sec ©3Ga, Nurmia and Fink
(Nu65) reported their purpose was to look for delayed a's from ©2Ga, but
they did not observe any. Their search was based on calculations by
Taagepera and Nurmia (Ta6l) which indicated the possibility of B-delayed
o emission in the nuclei just above the SONi doubly closed shell, among
other places. Fengés and Rupp (Fe68) used these calculations and the
Myers and Swiatecki mass tables (My65) to predict the onset of R-delayed
o and proton emission for all elements through ¥=84. Their results indi-
cate that ®“Ga would be the heaviest possible B-delayed a emitter for Ga,
with delayed proton emission expected to start with 62Ga and direct proton
emission expected to start with 60Ga,

Figure 51 shows the mass equation-based predictions of Myers and
Swiatecki (My65) for the light Ga isotopes as well as predictions based
on experimental results from the 63Ga decay described in Chapter 7. The

figure indicates a and proton binding energies from both sources. Since
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the proton binding energies are close to those for a particles, the lower
Coulomb barrier could make B-delayed proton emission competitive with the
B-delayed o emission. The general trend of increasing decay energy with
decreasing particle binding energy is easily seen both in calculated and
experimentally based binding energies. An anomaly is seen in the binding
energies of 60Ga. The B-delayed a emission of 60Ga would lead to °°Ni, a
doubly closed shell nucleus. However, the experimentally based binding
energy is larger than that of 61Zn, and the proton binding energy is the
same as that for ®lZn. The corresponding calculated values from Myers
and Swiatecki (My65) decrease approximately with A. With these results
and calculations in mind, a search for B-delayed a emission in the light

Ga isotopes was begun.

8.2. Experimental Procedure

The search for B-delayed a emission utilized the He-jet thermal-
izer and o detectors described in Section 2.2. 1In addition to the a
detector, the 4.6% efficient Ge(Li) detector was also used to count the
y rays from the collected nuclei. The targets used were 0.1-mil thick
natural Cu foils. Three foils were used at any one time, each separated
by a 0.8 inch thick teflon block with a l-inch ¢ hole in it. An incident
beam of 70 MeV 1 of about 0.4 pA current was used to produce the light Ga
isotopes. Lower beam energies were obtained by degrading the beam with
Al absorbers. The range of the recoils produced with this beam is 0.035
mil in Cu or 0.74 inches in the 2 atm He used. The ranges were calculated
using the results reported by Harvey (Ha60). The recoils were collected
on masking tape. The bombardment energies of 70, 55, and 40 MeV were
chosen to represent the peak in the production cross section of ©!Ga,

62Ga, and 63Ga, respectively.
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In order to insure B-delayed a's could be observed, the B-delayed
o decay of 20Na (Po67) was examined. For this experiment, the Cu foils
were removed and Ne gas was allowed to leak into the target chamber along
with the He thermalizer gas. The results of this test are shown in Figure
52. 1In addition to the 2ONa peaks, there is a peak from 2“lAm. This
appears to be contamination on the detector face and is seen in other
spectra including those with no source present. For this experiment, the

recoils were collected on a cooled Al block.

8.3. Results

In Figure 53, the results of the search for B-delayed a emission
in the light Ga isotopes are shown. Incident beams of 70-, 55-, and 40-
MeV T were used to bombard the Cu targets, and the results from each beam
energy are shown. The only peak observed in all three spectra is the
5.545-MeV o peak from the 241Am contamination on the detector. Only in
the 70-MeV spectrum is there any sign of a activity. Four single channels
in the region from channel 500 to channel 1000 have more than one count
in them. The peak at about channel 550 has about 4 counts and the one at
905 has 3 counts, whereas the other two have only the two counts in the
one channel. No counts were observed at these locations in other a
spectra.

The y-ray spectra corresponding to the a spectra shown in Figure
53 are shown in Figures 54, 55, and 56. Several isotopes appear here that
were not observed in the ©3Ga studies. 1In general, the shorter lived
species will not be observed since the collection tape was changed hourly
and therefore allowed a buildup of the long lived species.

Examining the spectra, the 66Ga 1s found to increase by about

one third going from 40 MeV T to 55 MeV T and increased by about one half
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again going to 70 MeV t. The ©®3Ga in turn decreased by about 40% from 40
MeV to 55 MeV, and decreased slightly further going to 70 MeV. Both of
these isotopes are only weakly seen above 40 MeV and are hard to measure
accurately because the 66Ga is obscured by stronger nearby y rays from
other isotopes present and the ©°Ga is overwhelmed by the underlying
Compton background. An increase by a factor of 2.7 is noted in the ©“Ga
intensity going from 40 to 55 MeV. The increase was reduced to only a
factor of 2 for 70 MeV as compared to 40 MeV.

The ©3zn daughter of 63Ga increases by about one fifth from 40
to 55 MeV and increases by another half at 70 MeV, while the 62zn daughter
of ©2Ga increases by one half at 55 MeV then drops to only about five
sixths at 70 MeV. A doubling of intensity from 40 MeV to 55 MeV is noted
for 61Cu, with an additional increase of one half going to 70 MeV. 61 zn
is observed only weakly in the Compton valley from the 511-keV y but does
appear to have the same intensity relations as its more obvious 6lcy
daughter. The 60Cu, in turn, has about the same intensity at the two
lower energies, but an intensity at 70 MeV of more than 4 times that at
lower energies.

Some of the peaks present result from beam interactions with the
Havar foil separating the evacuated beam line and the pressurized target
chamber, the Al collimator and absorbers, and the natural background.
Some isotopes occuring from these sources are %6¢o, 52Mn, >“Mn, and “"Na.
In addition to the y rays from these isotopes, several other y rays,
mostly weak, were observed but could not be identified, although their
source is believed to be reactions with the Havar foil.

Figures 57 and 58 show the calculated cross sections for 63cu

and ®5Cu produced by the program CS8N written by T. Sikkeland and D- Lebeck
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at the University of California, Berkeley, to calculate the results of
bombarding heavy elements with heavy ions. The relative cross sections
predicted by the curves are in general agreement with the experimental
results, taking into account that the interacting beam degraded by the
Al absorbers, is not monoenergetic like the incident beam, but has a
large range of energies, the range being larger for the thicker absorbers.
It should be said that the isotopes of masses 61 and heavier are con-
sidered to be daughters of the Ga isotopes produced by the Cu(t,xn)
reaction. The ®0Cu and lighter masses are primarily from the Cu(t,ax7)
reactions. Since ©!Cu and ©!Zn are observed as well as ©2Zn and 63Zn,
it appears that the light Ga isotopes, 61Ga, ©2Ga, and ©3Ga, have been
produced. Since the ®0Cu is present from other reactions and the pre-
sence of %0Zn cannot be determined because its most intense y rays
fall at the same energy as much stronger transitions in the spectra,
the production of 60Ga 1s hard to evaluate. However, the large increase
in the 60Cu intensity from the 70-MeV t beam gives a strong indication
that ©%Ga was produced with this beam. These isotopes were not observed
directly since their half-lives are expected to be seconds or less.
However, based on the intensity of the daughter decays and the lack of
observed o transitions, an upper limit of about ten parts per million
can be placed on the B-delayed a branching of any of these isotopes.
This could be due to the Coulomb barrier of the nuclei or the lack of

B feeding to states above the a binding energy.



CHAPTER IX

CONCLUSIONS

Although there has been comparitively little work done on it,
the region beyond the doubly closed shell at %6Ni can provide significant
information about the structure of the nucleus. Since 36Ni is not stable
and °8Ni is the lightest stable nucleus in this region, the nuclei just
outside the doubly closed shell are not as easily produced as those near
the lighter doubly magic nuclei. To add to the difficulty in studying
these nuclei, their half-lives are short, minutes or less, making decay
scheme studies rather arduous.

One of the purposes of examining this region is the possibility
of B-delayed o emission occuring in the light Ga isotopes. An extensive
search for this o emission was conducted by producing isotopes as light
as 90Ga, Although some hints of delayed a emission were observed, the
only definite result was the placing of an upper limit on the B-delayed
a emission in this region.

Excited states in several other isotopes have also been studied
in order to learn more about the systematics in this region. In the
investigation of the B decay of 637Zn a new level and several new y tran-
sitions were observed. The new level is one of the doublet of the 1861-
and the 1865-keV states. All previous studies of the excited states in
63Cu report only a single state at 1863 keV. Several different coinci
dence experiments were also performed to help elucidate features of the
63Zn decay scheme such as the differences in eK/B+ between the strongly
collective states and the primarily single-particle states, all supposedly
fed by allowed B transitionms.

An examination of the decay scheme of ©2Zn revealed six new Y
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transitions, one of which had been previously observed only in 62Ni(p,ny)
reactions. Since 82Cu is an odd-odd nucleus, the structure of its states
is much more complex than other nuclei and requires considerable under-
standing in order to interpret it.

Seven new transitions were observed in the B decay of 63Ga.

No transition from this decay was observed above 1700 keV. Since the a
binding energy, and therefore the lower energy limit on B-delayed a
emission, lies somewhere in the range 1700 to 3300‘keV depending on the
mass tables used, y transitions in this region would greatly aid in
placing a firmer limit on the o binding energy and the possibility of
B-delayed o emission.

Although the results reported here produce some new insights
into the systematics of this region just above the doubly closed shell at
56Ni, more information is needed before a good understanding of the
behavior of the nuclei in this region can be obtained. More results,
both experimental and theoretical, must be obtained before a consistent
interpretation of the energy levels in these nuclei can be presented.

The results presented here represent but a small step on the long road

to this end.
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