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RBSTRACT

This thesis describes the methods and results of investigations

made to determine the decay schemes of three short-lived isotopes llZAg,

ll4Ag and llBAg.

A total of 76 Y-rays was observed with a Ge(Li) detector in the

]
Y-radiation which follows the B-decay of ‘leg to levels of llsz. Y=Y

coincidence and angular correlation measurements were made with
Ge(Li)-NaI(Tl) and NaI(T1)-NaI(Tl) systems. A decay scheme consistent

with the present datz is proposed. C(ross sections for the reactions

112 112 115 112
cd(n,p) )

Ag and In(n,a Ag were measured, and the half-life of

the lleg decay was found to be 3.14 + 0.0l hr.

The decay scheme of ll4Ag was studied with Ge(Li)} Y-ray detectors

and plastic B-ray detectors. 9 of the 1l Y-rays observed in the decay
114 : . .
Cd level structure previously determined by

113

were incorporafed into
conversion electron measurements on the Cd(n,Y)ll4Cd reaction. The
endpoint energy of the B-decay was determined as 4.90 + 0.26 MeV; no
branching was evident in the B-spectrum. A decay scheme is proposed for
which the B-branching was deduced from the measured Y-ray yield and a
. 5 . 114 114 .
calculated cross ssction value for the Cd(n,p) Ag reaction. The
114
Ag half-life was determined as 4.52 + 0.03 sec; a search for a
. : . . . 114
previously reported isomeric state of Ag was unsuccessful.
Ge(Li) and NaI(Tl) Y-ray detectors were used to study the direct
and coincidence spectra that result from the decay of l*sAg, the half-life
of which was found tc be 2.50 + 0.02 min. 53 Y-rays were observed from

this decay. The B-branching to the 17 excited states of llGCd in the



proposed decay schemewas derived from the measured Y-ray yield and a

calculated cross section value for the llﬁCd(n,p)llaAg reaction, Spin
and parity assignments for the energy levels of llaCd are made,

An investigation of the applicability of two collective models to
nuclear structure typical of the Cd nuclei studied demonstrated that one
of the models was misleading when epplied to vibrational nuclei. A
potential function was developed in the other model to extend the
investigation to include a study of the transiticn between extremes of
collective motion. This was used to examine the correspondence between
nuclear level schemes representztive of rotational and vibrational

excitations.
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1.1 General

This thesis describes the epplication of séme experimental and
theoretical methods to'determine the nuclear structure and properties of
three Ag isotopes that are typical of the medium weight region of the
periodic table. Attention has been focussed on the triad of odd-odd Ag
isotopes with A ; 112, 114 and 116, all of which have short half-lives,
and the Cd nuclei that are the respective decay daughters. The choice of
these isotopes was made primarily because of the lack of experimental
knowledge of the decay schemes of llAAg and llsAg. Although, in the
former case, the level structure of the daughter nucleus is well-known
through excitations by different modes, there have been no observations
of their decay reported since 1962, The decay of lleg has been
thoroughly studied with NeI(Tl) detectors, but the advent of Ge(Li)
detectors with their superior energy resolution warranted a reinvestigation
of the Y-rays following the B-descay. Another reason for including lleg
_arises from an interesting deviation in halF-iives of the three odd-odd
isotopes which are approximately 3.2 hr, 5 sec and 2.5 min in order of
increasing A. As the vibrational nature of the Cd daughters is little
changed with A, and because the B-decay energy WO should steadily increase
with A, the Fermi theory of B-decay would predict that the half-lives
become shorter if the Ag isotopes were similar. The indicated inconsistency
therefore points to changes in the nuclear configurations which should be
apparent from the ground states of the Ag isotopes. From the experimentally
devised decay schemes, one would hope that the ground state spins and
parities can be found so that the systematics of the Ag triad can be
explained in terms of the single particle model.

VICTORIA UINIVERSITY OF
WELLINGTON LIBRARY.




3

The study of decaying nuclides includes, of course, a study of the
lavel structure of the daughters. By a comparison of log ft values
characterising the B-decay, one should gein insight into the nature of
levels which are populated. The manner in which the Y-ray decay proceeds
from these levels is also governed by selection rules and observation of
the Y-rays should help to reveal spins and parities of the levels. The
low-energy levels of the Cd nuclei are well-known to be typical of
vibrational types of excitation but there are some serious depertures from
the simple vibrational model. It was therefore thought worth while to
investigate the low-energy level structure of the Cd nuclei with a model
which had been successfully applied to deformed nuclel and was cepable of
extension to vibrational nuclei without gross approximations to the
framework of collective motion.

Except for the llEIn(n,a)lleg rezction, there are only two low-
energy methods of producing the required Ag isotopes: as fission products
and by (n,p) reactions. The former method, because it reguires chemical
separations, is not easily applied to short-lived products. Fast neutron
irradiation of Cd isotopes, which was therefore employed, also presents
experimental difficulties that mainly arise from the low production cross
sections for the Ag nuclides. Cross section calculations for (n,p)
reactionsl), based on a statistical model, indicats a.value of less than
6 mb for lleg production with 14.5 MeV neutrons, and this falls to
~ 1,4 mb for llaAg. The technique is therefore made more difficult by the
undesired products of competing reactions (meinly (n,Y), (n,2n) and (n,a))

and, as there are several naturelly occurring isotopes of the target

element Cd, the study of the short-lived Ag isotopes requires isotopically-




enriched targets. The anticipated low yields alsc imply that to gain
statistically significant data, the irradiation-detection process must be
repeated many times and that the time durations involved should be
carefully selected to minimise a build-up of contaminant radiation.
Precautions must be taken to reduce background radiation while counting
is in progress. Limits are obviously inherent in the method, and
experiments such as the determination of Y-Y angular correlations were

considered impractical for isotopes with half-lives of the order of seconds,

1.2 Outline of Contents
The next five chapters of this thesis discuss in detail the methods

and objectives indicated in the preceding section. Chapter 2 describes
the necessary experimental equipment and its operation as applied to
short-lived isotope study, and chapter 3 is concerned with the analysis of
data and its application in the elucidation of nuclear properties. The
investigations on the decay of the odd-odd Ag isotopes are reported in
chapter 4, and each section on an isotope is written to be complete in
itself. A conclusion in this chapter fe—examines the systematics of the Ag
;isotqpes» with regard to their position in therperiodic table. The fifth
and sixth chapters are concerned with the daughters of the Ag isotopes,
and attempts are made to synthesise Cd level structures and nuclear
'properties in terms of collective models of the nucleus. Chepter 5 lays
the framework of the models, and chapter 6 examines the results obtained
by their application. A brief summary and discussion of the results of
the thesis is given in chapter 7.

References for each chapter are to be found at the end of the




chapter. Computer programs used throughout the study ere not listed in
this thesis but are included in the Institute of Nuclear Sciences program

library and are available on reguest.

REFERENCES
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Investigations of the decay of short-lived isotopes require special

instrumentation and experimental techniques. This chapter describes the

methods and equipment employed to study the Ag isotopes. Much of the

9,1) at the

equipment peculiar to this work was already in existence
Institute of Nuclear Sciences, where this study weas carried out, and

although some of it has been upgraded, the detailed description given in

reF.l) is still vealid.

2,1 Irradiation System
Fast neutrons were obtained for irradiation purposes by utilising

the T(d,n)4He reaction. The titanium titride targets (TRT-101; obtained

from U.K.A.E.A., Amersham, England) were placed in the straight-on position

to the I.N.S. 3 MV Van de Graaff accelerator (High Voltage Engineering
Corp. model KN), enabling deuteron cprrents of up to ZSD/uA to be used.

The target, vacuum sealed with the use of Cd O-rings, was cooled by a
continuous flow of water against one face; the depth of water in the target
assembly was kept shallow (~2.5 mm) to minimise scattering and energy loss
of neutrons. The coolant water was useful for rough calibration of
B-spectra (see section 3.3C) and for monitoring neutron flux. Typically,
with a ZOO/uA target current of 0.8 MeV dsuterons, fluxes of about

1.4 % 108 neutrons cm_z.sec-l were obtazined. However, this value which

lQF(

was calculated from the yield of the n,2n)lBF reaction, varies

according to the use and age of the targét. The tritium, of activity 8-10
curies, is occluded in a 2.2 mg/cm2 layer of titanium on a 0.025 cm thick
copper backing 2.85 cm in diameter. The expected energy loss of 1 MeV

deuterons due to passage through the titanium will therefore be <~ 440 kevz)

and most of the neutrons produced by the T(d,n)4He reaction will have

energies in the range 16.0 + 0.5 Mevs).




Thermal neutrons were generated by the 9Be(d,n)lDB reaction with
paraffin used as a moderator. The ﬁhermal neutron 'flux resulting from a
2.0 MeV deuteron beam of ZDO/uA was estimated to be 3 x lD8 neutrons
cm-z. sec™ frum Ehs yield of the 157 o (n,Y)lgeAu reaction.

As the process Df irradiation-detection was repetitive and a
minimum background rate was required while detecting short-lived products
of irradiation, it was necessary to devise a beam stopper to avoid having to
turn the accelerator off. This consisted of a water-cooled block of copper
mounted on an eccentric shaft, perpendicular to the beam, which was
rotated through 90° (im 0.25) by a double-acting air piston connected to
the shaft through a simple lever. The face of the copper block upon which
the beam was incident was capped by tungsten sheet (0.012" thick) in
thermal contact only at the perimeter of the block. This wes to ensure
that the stopping surface was maintained at a high temperature, hence
minimising any tendency for it to act zs a drive-in target which would
produce neutrons by the D(d,n)SHe reaction. The beam stopper was earthed
while operating. As well as being very effective in raducingfthe
backg;ound,radiation, it lengthened the lives of the tritium targets.

The target region was enclosed in a castle of blocks made from a
mixture of paraffin (as a moderator of fast neutrons) and borax (to absorb

lDB(n,a)7Li reaction). 12" thick walls were generally

neutrons by the
employed, giving a reduction of about 80% in the neutron flux in the
target room, and lowering the flux in the adjacent experimental area to

below tolerance. A 3" thick interior lining of borax was used to reduce

the thermal neutron flux drifting back to the sample irradiation position.
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22 Pneumatic Transport System

Samples to undergo activation to produce short-lived products were

contained in or on polythene "rabbits" (see fig. 2.l1). Polythene was
chosen as it is the most suitable substance with necessary mechanical
strength which does not give rise to interfering radiations. Capsules |
used for Y-ray analyses were thin-walled and contained about 18 gm of the
natural element or, when enriched isotopes were used, a further cylindrical
capsule which held the enriched sample. Samples and containefs were sealed
into the rabbits by melting in a polythene plug over a low gas flame,
After trials with guidance systems for B-ray rabbits, it was found that
the loss of part of the upper half of the rabbit, to create a flat surface
for the sample, lowered the centre of gravity so that the rabbit did not
rotate while in motion. Slurries of the semple and polystyrene, dissolved
in benzene, were prepared in thin layers on the 3" diameter heads of
polythene bolts which could be inserted into recessed holes on the flat
surfaces of rabbits and held with a poclystyrene nut. On evaporation of
the benzene, the sample is embedded in the polymer, and the attachment
to the bolt will stand savere shock. Substances used for calibration
purposes were prepared in the same manner. The rabbits, inserted in a 1"
internal diameter PVC hose, could be moved between the detectors and the
tritium target (a distance of about 30 ft, including through a § ft thick
concrete wall) by the action of compressed air and a modified vacuum
cleaner.
The irradiation and counting heads (fig. 2.1, 2.2) of the system,
fitted at the ends of the PVUC tube, were turned from 13" nylon rod. To

the former, placed directly beneath the tritium target, was attached the
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Fig. 2.2 Tritium target and irrzdiation head of pneumatic
transport system. The tritium target is coupled
to the beam tube but remains insulated from it.
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high pressure air hose and a hose from the vacuum cleaner. A microswitch
mounted on this head indicated the arrival of the rabbit, thereby
electronically defining the start of irradiation. A +" solenoid air valve
allowed a blast of compressed air (at about 60 p.s.i.) into the head and
blew the rabbit to the counting end. The duration of the blast was
adjustable to prevent the rabbit from bouncing back from the head.

Another sir valve sealed off the vacuum cleaner inlet during this movement
of the rebbit.
The transit times for the transport system were typically:
to detector (compressed air) ~1.0 ssc
to T-target (vécuum cleaner) ~4 ssc
The former transit time is of greater importance and could be shortened
by increasing air pressure, but at the expense of rougher treatment of
the rabbit.
Plate 1 shows the arrangement of equipment at the target end of

the pneumatic system,

243 Cadmium Targets

Both natural and isotopically-enriched Cd metal samples were used
as targets to procuce Ag isotopes. No contaminant radiations were found
to arise from expected elemental impurities. The enriched samples were
obtained on loan from the Electromagnetic Separation Group, A.E.R.E.,
Harwell, on condition that they would not be subjected to more than
15,000s irradiation in a 14 MeV neutron flux of 109 neutrons cm_z.sec— 3
eand that the samples were not contaminated with any long-lived activities.

The mass analyses of the samples are:
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Isotope Abundances %

A 114Cd sample(3 gm) 1168d sample(l gm) Natural
106 0.01 - 1,22
108 0.02 - 0.88
ELQ 0.18 - 12.39
111 0.16 0.2 12,75
112 k.25 0.22 24,07
113 0.31 0L 12.26
114 97.84 1.31 2B8.86
116 8.02 98.14 7.58

2.4 Detection Systems

The construction of a suitable environment to enable spectroscopy
of low activities was carried out according to the suggestions of HeathA).
Radiation from the activated samples was detected in a lead castle of
internal dimensions 27" x 23" x 36", The walls and top of the castle were
4" thick, and were internally lined, first with 26 gauge copper sheets,
and then with Y thick perspex (in place of the more usually used
cadmium linings)). Theliﬁings were used to inhibit the detection of
fluorescent X-rays of lead which result from primary radiation in the
shield wall. The castle was situated in a concrete pit about 6 ft below
ground level,

Several Ge(Li) semiconductor detectors, ranging in active volumes
from 5 to 30 cm3, were fabricated at the Institute of Nuclear Sciences6)
but their long term stabilities varied considerably. Resolutions,
generally from about 5 keV (fwhm) at 1.332 MeV photon energies, and
peak-to-Compton ratios usually worsened within a period of months. These

effects are believed to arise from a gradual deterioration of the surface

conditions of the detector, resulting in increased leakage current, caused

P

P,
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by a slow build-up of pressure inside the cryostat. Near the end of this
study, a 32.1 em® Ortec Ge(Li) detector, with a 2.2 keV fuhm at 1.332 MeV
and a peak-to-Compton fatio of 26:1, became available., \Various NaI(TLl)
crystals were also available for Y-ray spectroscopy and these were used
in coincidence systems.

A 3" x 3" cylinder of plastic scintillator (NE102), painted white
with a water-based reflector paint (NES60) and encased in earthed
aluminium foil to reduce noise; was optically coupled to a 3" Dumont K1846
photomultiplier tube to serve as a (B-detector. In a compromise between
geometric efficiency and spectral response, incident radiation was
partiafiy collimated through 3" aluminium plate such that the solid angle
for a point source in the experimental configuration was ~0.6 steradians.
Further discussions on detector performance are given in the next chapter.

Standard NIM electronics were used for amplification and pulse
detection. Pulse-height ahalysers available were a 256-channel RCL, a
512-channel Nuclear Data (NDlSDAT); a 4096-channel Kicksort (711) and a
Digital Equipment Corp. PDP-8 computer with an associated Nuclear Data
1024-channel dual ADC (ND160F). The latter was used to obtain time-

7)

sequencesof spectra ’: @& start pulse from one side of the dual parameter
ADC commenced accumulation of pulses from the other side in a fixed
sequence of memory regions of the computer for a preset time in each. It
was possible to set multiples of from 3 x 1024 channels to 48 x 64 channels,
and the cycle could be repeated so that spectrea from the decay of short-
lived isotopes could be built up to obtain results bf statistical

significance. The computer plus ADC could also be used in two-dimensional

coincidence detection for up to 64K channels with the bulk storage
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availablea).\ Other pulse-height analysers were controlled by gating with

suitable voltage levels.

2.8 Control System; Sequence of Events

The study of short-lived nuclides and the necessity to recycle the
irradiation and counting process cbvicusly required automation of the
system. Equipment associated with the pneumatic transport system and most
of the necessary detection units were interfaced to an autoprogrammer
which had been built at I.N.S.g). This, together with an associated
6-channel timing unit, variable from 1 msec to 999 sec, could start, stap
and reset equipment. The sequence of events, shown schematically in fig.
2.3, was preset by connections in a patchboard. The timing of the PDP-8

was derived from clock pulses of the ADC and not from a'timing unit of the

autoprogrammer.
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This chapter formulates the methods and analyses found necessary
to relate experimental measurements to nuclear propérties and structure.
It is, of course, in no way complete, but does deal with some specific
problems peouiiar to short-lived isotope decay and the experimental

methods applied in this work.

e . Computing Facilities

| There are, at present, two computers at I.N.S. to facilitate data
collection and analysis. The older of the two is a Digital Equipment

' Corp. PDP-8 which has a 4K, 12-bit word core memory. The other is a
PDP-9/L, with an BK, 18-bit word core memory. Although larger, the
latter is not as flexible as the PDP-8 since the smaller machine has
additional 64K bulk storage in the form of magnetic discs. CRO and
plotting facilities are interfaced to both computers as well as high-
speed paper tape handling units. Extended arithmetic elements (EAE) have
also been installed, Pulse-height analysers are interfaced to the PDP-8
for dumping of spectra to the computer. Use also could have been made
of an Elliott 503 computer with 24K memory of 39-bit words. However,
the ready access to, and the on-line analysis by, the smaller machines
outweighed the advantages of the larger and faster computer.

Several languages are available for use on the PDP- series
computers, but programming is chiefly in MACRO or FORTRAN. The PDP-9/L
uses FORTRAN-IV and a mnemonic language called MACRO-S. The equivalent
PDP-8 languages are a disc version of FORTRAN-II and MACRO-8,and these
are somewhat more limiting. FORTRAN-II is a one-pass compiler, the object

programs being run with operating systems of fixed dimensions. PDP-8



by e
programs are not relocateble and because of the limited capabilities of

the assemblers, one can generzlly write more efficiently in MACRO.

2.2 Y-Ray Spectrum Analysis
2.2.A Spectral Shapes.

Discussions of the origin, detection and detectors of Y-rays are
to be found in most elementary text books on nuclear physics, and will
therefore not be included here in detail., With the advent of high-
resolution Ge(Li) detectors, escape- and photopeaks have assumed primary
importance while the presence of corresponding Compton responses in the
Y-ray spectrum has become rather inconvenient, particularly as it is more
difficult to predict the shape resulting from this multiscattering process.
The Compton spectrum may be reduced by anti-coincidence detection systems,
but it is more usual to fit a continuum and subtract this from the peaks
in the totel spectrum,

If several reaction products are present with different decay
modes, then the resulting Y-ray spectrum will be.complex, with possible
overlapping peaks. It is then necessary to have either standard line
shapes which can be adjusted to fit the experimental peaks, or to have
analytical expressions describing the peaks. The inferior rssoiution of
a scintillator spectrum demands the latter method of analysis, and it is
normal to use the entire spectrum resulting from a single Y-ray for the
fitting of complex spectra. The standard spectra may be synthesised or
experimental, and one fits by linear least-squaré;-methods to the unknown
spectrum as a whole, or to each pesk singly. In the latter case fitting
begins at the high-energy end and each fitted standard is successively

subtracted in a process known as spectrum peeling.
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Peaks in a Y-ray spectrum r;sult when the Y-ray loses its total
energy in one interaction and the peak should thegefore be a line. However,
the charge or photon collection process within the detector is governed by
Poisson statistics and, with random preamplifier noise, this results in
the response having a Gaussian shape. As only 3 eV of energy is required
to generate an electron-hole pair in GCe, compared with a typical value of
300 eV for a phosphor, the number of ion-pairs generated by a Y-ray photon
is two orders of magnitude larger in Ge. Efficiency of converéion of
holes into near-optical radiation and the photomultiplication process
further increases this proportion so that the energy resolution of a
phosphor is considerably inferior to that of semiconductors. It is only
because of their much higher photopeak efficiency and adaptibility that
the NaI(Tl) detectors héve continued to be useful in Y-ray spectroscopy.

Since a photopeak can be represented by a Gaussian énergy distribution,
one could, by taking logarithms and appropriate weighting, perform a linear
least-squares fit to an experimental photopeak to find its parameters.
However, incomplete charge collection in the semiconductor, caused by
trapping effects of impurities in the crystal-lattice and bremsstrahlung
energy losses in multiple Compton events, by reducing the size of some of
the voltage pulses to be analysed, adds a low energy tail to the expected
Gaussian. The adopted analytical expression for a photopeak is that

2)

suggested by Routti and Prussin

N, = A exp [F(z)] (1)
where '

f(z)

- 2%/2 &% -1€z¢h

(2z + 1) 1/20° 2 (-1 (2)

(- 2z + h) h/2c2 z> h

1}
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ror
7z = (i-1)
1
o = fwhm/2 (2 1n2)%
(3)
A = height of the peak

[N
"

position of the peak in channels

The shape of the peak is described by a Gaussian in the ceﬁtral region, and
the tails are assumed to be simple exponentials which join the Gaussian so
that the function and its first derivative are continuous. 1 and h are

the distance in channels from the centroid of the peak to the lower and
upper junction points. These parameters and the fwhm are fixed by
interpolation from values obtained for isclated peaks of the séme spectrum.

The following formulae give the best representation:

1 (AL + BL*E)>

h

(AH + BH*E)2 (4)

(S

fwhm, = [(AF + BF*E)2 + CFZ]

where E is the energy of the peak in MeV. Note that the relation for
fwhm is derived from the overlap of two Gaussian responses: detector and
eleétronic noise. Attemptss) have been made to predict these coefficients
for a particular detector in terms of the energy parameters of a spectrum,
but no firm relationships can, as yet, be made. A typical set of these
parameters is shown in fig. 3.1(a).

To compensate for the discentinuity in a linear background under
very large peaks it was found necessary to include a tanh-type background

estimated from first approximations to the peak parameters:
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B. « A' tanh (-0.95 z'/fwhm) (5)

This function greatly improved the stebility of fitting as the boundaries
of the fitting interval were changed. An example of a fit to a large
peak is given in fig. 3.1.(b). Methods and programs using these analytical

1,4)

shapes are fully described in references .

3.2.B Y-Ray Calibration

The energy calibraticn of a Y-ray spectrum in the energy range
0.1 - 3 MeV is almoét trivial as the photon energies of a large number l
of long-lived radicactive isotopes have been accurately determined for
this purposes). The. detection system was calibrated before and after an
experiment with common Y-ray sources and, particularly when counting
over long durations of time, a gain stabiliser was used. The calibrations
obtained were fitted to polynomials by least-squares procedﬁres from which
the energies of unknown photopeaks were obtained. When the relationships
of Y-rays (such as escape peaks and energy level systematics) of a
spectrum had been established, they were then used to bootstrap6> a
subsequent recalibration.

The efficiency calibration, relating the changes in cross sections
for various detection processes, is more difficult to achieve and, as
Ge(Li) detectors do not at present lend themselves to rigid calculations,
it is usually carried out with sources of known intensities. The full-
energy peak efficiency is then obtained by comparison of the experimentally
determined photopeak intensity with the known intensity. There are

several sources calibrated for this purposeb’7). The geometry of the

rabbit source and the detector is complicated because the source is
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extended and as close to the detector as possible, Consequently;
experiments were designed such that a knowledge of the relative, rather
than the absolute, efficiency was required.

As it is preferable to express the efficiency as a function of
Y-ray energy, and carry out a least-squares fitting procedure to get an
unbiased estimate of errors, use was made of the fact that the full-energy

peak efficiency of a Ge(Li) detector very nearly obeys a power law in the

. 8
range 0.2 to 3.0 MeV,and that the relative efficiency can be fitted to )
In(€/€) = b(x-x)+c(x2-x?2) | (5)
m Tn m N m n ]
where ‘
x = 1n (1022/E ) end E, > 150 keV \ (6)

Fig. 3.2 shows the relative photopeak efficiency curve and escape peak
ratios for the 31 cm3 Ortec.detector. The parameters b and c for this

detector are
b =1.1828 . ¢ = 0.,0479

e B-Ray Spectrum Analysis

The detection of B-particles is similar in many ways to that for
Y-rays, although, in the former case, the B-spectrum is continuous in
energy. Decays with short half-lives imply allowed transitions with high
endpoint energies (WO), and tﬁe use of rabbits limits suitable B-ray
detectors to Si(Li) semiconductors and plastic scintillators. Since the
anticipated maximum energy of the B-rays to‘be studied was ~6 NMeV,
involving @ range of ~1 cm in Si, plastic scintillators had to be used..

Because of their poor resolution and incomplete absorption of the energy
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of the incident B-particles within the scintillator, corrections are
necessary to conteract distortions of the spectral shape. The anticipated
energy range of the B-particles allows neglection of screening effects and

bremsstrahlung.

3.3.A Spectral Shapes

A B-ray spectrum is analysed basicaliy by the comparison of the
measurement with the results expected from theory. The Fermi theory of
B-decay predicts an energy distribution DFB#qaarticles (positrons and

electrons) which can be expressed

N, (W) du = 12_3 F(+Z,W) pW (w, - w)2 s, (W)du (7)
= 27

where N+(W)dw is the number of B=-rays in the energy range W — W + dW,
and g is a factor involving nuclear transition elements (copstant for a
particular decay). The term pW (W-WO)Z dW represents the statistical
shape (with relatvistic B-ray energy W and momentum p in chz and m.c
units respectively) and the shape factor, Sn(W), signifies that the
transition is nth forbidden. For an allowed transition (n=o0), Sn(W) is
independent of energy, and it can usually be expressed as a polynomial
in W for forbidden spectra.

The Fermi function, F (¥Z,W), is the relativistic ratio of the
electron density at the nucleus to the density at iﬁfinity (F=1 for Z=0)
and represents the Coulomb interaction between nucleus and B-particle.
When the nucleus is treated as a point charge, but with thes density ratio

9)

evaluated at the nuclear radius R, then
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-2{1-Y_)
26R .
_ 2(1+Y ) ﬁ/moc | 2 Ty
F (3Z,W) = = 2 iT"(YD+iV )| e (8)
[Tq(2Y0+l) ]
where
2
_ _ Z ] e - L _ I
Y, = [l (az) s =3= = Tz Y=t aZW/p (9)
The reduced Fermi function
_ 2y 2 Ty
g (+2,p) =p° 0 IT“(YO+iV ) l e (10)
is tabulatedg’lo), and therefore
[ 2R }’Z(l‘Yo)
2(1+Y.) | R/m c
F(3z,u) = g e X %-XE% (11)
[T(2v_s1) ] P

The first factor can be calculated guite easily for a particular daughter
nucleus (Z), and is independent of momentum. The factor g is included for
the transformation from a momentum distribution to one of energy. For
ease 1n programming, an approximationll) for the reduced Fermi function

was used for which

[T v )2 2 [ Tes ) |?/ 0 Zeiyt e (12)
and [T“(1+iu ) |2 " v/ | sinhwy|
giving |
g (32,p) 2 2mv p2T0 / (167277 ) (#Z41)MT0 (13)
9)

The accuracy of this was checked with the tabulated values of Fano™° and

deviations were found to be less than 0.1%.
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Hence, for an allowed transition, a plot of

i
'[N+(w)/F (3Z,W) pu ]2 -vs - W

is linear, and the intercept on the ll~axis gives the total disintegration
energy WO. A linear plot for forbidden spectra can be obtained by
applying a suitable function, Sn(W). Ooviously then, the above Fermi-Kurie
plot will also reveal spin and parity changes in the B-transitions and,
where there is more than one group of (B's present, it will give the
relative intensiéies and endpoints of the different groups; Determination
of the latter transition properties is facilitated by a method of Ford
and HoFFmanlz).

The comparable half-life, ft, is widely used to indicate spin and
parity changes involved in the transition. The total probability of decay

for a given B-transition is

WO
k, = jf N(W) dw = 1n2/t
- 1
W
= (92/27r3) ]f } F(3Z,W) pW (wo-w)2 sn(w) dw (14)
1

where t is the half-life for the decay. For the allowed spectrum
W

o}
: f
0

1

F(+Z,W) pw (wo-w)2 W = s f (+Z,W) (15)

giving the Fermi integral function f, which is tabulated; hence it can be

seen that the product Fot only involves nuclear matrix elements for the

transition. When the transition is forbidden, the correct shape factor
13)

must be applied , and if there is brenching then the partial half-life

and corresponding F(Z,Woi) must be used. Nomograms for calculation of
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; 14) : 15) -
ft values are given by Verrall et al. , and Gleit et al. place limits

upon their interpretation.

3.3.B Corrections for B-Ray Spectra

The response of a plastic scintillator to mono-energetic electrons,
examples of which are shown in fig. 3.3, is a Gaussian peak associated
with the totally absorbed B-rays plus a constant-height tail which arises
from partial enerqy losses due to scattering from the crystallﬁ). The
ratio of intensities of the tail and peak appears to be independent of the
incident electron energyl7). Obviously, such a response will distort the
shape of the accumulated fB-spectrum, and efforts should be made to
counteract the distortions. Some improvement can be obtained by good
collimation of the incident B-particles but the effect cannot be completely
removed by arrangement of the experimental configuration. Before applying
the analysis of the preceding section, attempts should be made to correct
the B-spectrum.

Palmer and Laslettle) derived a resolution correction for B-spectra
using a truncated Taylor expansion but as this invoives the assumption of
an analytical form for the undistorted spectrgm and as it is likely that
only the first two derivatives can be evaluated with precision, this
method is unsatisfactory. A numerical method is more attractive, i.e.,

the distorted spectrum, a column vector M, is given by
M = RS (16)

where S is the undistorted or true spectrum and R is the response of the

system., Dixon and Aitkenlg) have shown that the existence of the'inverse

matrix R-l for a Gaussian response is doubtful, and Slavinskas et al.zo),
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assuming its existence, have proved that its use would lead to greatly
enhanced errors in the practical case. The latter. workers extended an

17)

iterative method for resoclution correction such that fewer iterations
were required and tailing corrections could be included. It is this
procedure which has been adopted in the work reported here,

If Sl is the first estimate of the true spectrum, then a second

estimate, 82, can be obtained from the relation

52 = st 4 ;- gst (17)

and after m iterations

mel g™ . - RS™

S

(1 - R™) st 4+ g1 [ I - (1-R)" ] M

where I is the identity matrix, In the limit, provided (I - Rm) - 0,

then

m+1 -1
)

lim (S = RT°Mm (18)

m = ec

17)

Freedman et al.

to Sm+l where RSm+l reproduced M to within 2% accuracy. R-l, although

found this process to converge within 2-4 iterations

assumed to exist, is not used and does not have to be evaluated directly.
The statistical deviations show a linear increase with each iteration,

. 20
thus requiring that the number be kept to a minmimum. To do th182 ), the

full response matrix is approximated as a product of a triangular matrix

(for tailing corrections) and a Geaussian matrix (for resolution correction),

since the former can be inverted in closed form. The application of the
tailing correction gives a good first quess Sl of the true spectrum, with

very little increase in error, and with only one iteration required to
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correct for the remaining Gaussian resclution.
The response function shown in fig. 3.3 can be approximated to a

convolution of a Gaussian G(E,EO) with a tailing function L(E,EO),

er(E,E') G(E',ED) g’ (19)

L= 8 R(E,EO)

k  + 3dE-E )
where L(E,EO) = Dk o lD S EO
. oo (20)
= 0 E > E
o

n

and G(E,EO) (1/ J2n o) exp [- (E-ED)Z/ZG2 ] (21)

Since spectra are digitised, the response functions are replaced by

matrices., Then

1

M=LGS and LS M=23S =5 (22)

and the first guess Sl is good because the spectrum is continuous and has
a "width" very large compared with G.

If-ai, Bi are the areas under the peak and tail respectively, then

B; = kyE, / (kE; +‘1), : oy = 1-8, (23)

and with these definitions and the assumption that «,B are independent

of energy
L.. = «
S
L..=0 for i > j (24)
1]
Lij =B/ (i-1) for i< j

The element of the first estimate are then




i B3

1 M, 5 - m. [ G- 1
_ 1 _B i l _ B
Si T az jzg:l (j-1) ) .11 (1 (k-l)a) (25)
=1+ =1l+4

for an N-channel spectrum.

The elements of the Gaussian response are
. N2, 2
Gy = (1 V2w o) wxp [ - (5-1)%/20] (26)

where oi is treated as a function of channel number i,and 02 is assumed
to obey a'quadratic variation in energy. The latter may be evaluated
from conversion electron spectra. The effect of other channels j is assumsed

neqligible outside the range j = i + 30,. Hence

i+30.
LE

(Gsl)i SCVANETIEN Z - [-'(J-i)z/zof] s§ (27)
j=i-30,

The effect these corrections have upon a B~ -spectrum is demonstrated

in figs 3.4 and 3.5.

3.3.C pB-Ray Calibration

An energy calibration for B-detectors can be made with Compton
edges of Y-rays, with conversion electrons and with endpoint energies of
standard B-spectra. The first method is undesirable as it uses electrons
generated within the phosphor; the second and third methods were used
under identical experimental conditions to the detection of unknown B-rays.
Table 3.1 lists the nuclides found suitable for use as calibration sources.
It was necessary to count in coincidence to obtain clear conversion lines,

which were also used for resolution corrections.
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source mode electron[ half- production c Y's
energy | life present
(MmsV) (MeVv)
%Ry 8 2.87 2.31min| “%si(n,p)?%a1 |1.652 | 1.78
16 - :
N B8 4,291 7.2 sec 160 (n,p)léN 1.784 6.134,
10.261 1.875 | 7.112
34
"c1 g* 4.460 | 1.6 sec| °°Ci(n,2n)>*"c1f1.796 | 2.8
24\a 8" 1.393 |15 hr | 2TAL(n,0)®*Na |1.334 | 1.368,
- 2.754
32p 5 1.710 | 14.3 d | 3%s(n,p)>%p 1.495 -
L] ce, 0.976 |30 yr - . 0.569,
0.482 1.063
]
Sources found useful for the calibration of B-ray

Table 3,1.

spectra.

The Compton electrons from Y-rays

should be subtracted from the total spectrum.
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To obtain greater accuracy in a calibration by endpoint energy,
use was made of the fact that, at high enérgies, the reduced Fermi

1)

f‘unction2
F(zZ,W) a« W (28)

where c is a constant. Since the relation betwesn pulse amplitude and

%21,31)

incident energy has been found to be linear to within 2 over the

rangs 0.5 to 13.5 MeV, a plot of
i
[Ni/ic] 2 _vs - i

for channel number i would be linear at high energies with the required
endpoint. The value of the constant c has been found graphically and is
tabulated with the appropriate calibraticn standards.

The B-ray efficiency of organic phosphors is essentially independent
of energy22>.

Methods described in this section were programmed in MACRO for use

on the PDP-8 computer32).

3.4 Y-Ray Angular Correlations

The use of the Wigner-Eckhart theorem on the theoretical formula
describing the angular distributions DFIY—radiation allows it to be
factorised into two parts. One dEpends’Dnly on quantities which characterise
the nuclear transition (reduced matrix elements) and the other is dependent
on gquantities describing fhe nuclear alignment. This orientation can be

chosen by particle absorption or observation, or by Y-ray observation.
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I hy
l
LL', LLl J,
L
J, l 2 s
(a) (b)

If the axis of cylindrical symmetry is defined by the experimental
arrangement, and if there are at most two multipolés, L and L' (generally
L' = L + 1}, contributing to the transition shown in'(a), then the angular
distribution of the §:¥gdiation for the decay Jl'_9 J2 can be written in

the Form23)

Wea) = E: { B, (J;) [ R (LLIyd,) + 28R, (LL'J )
K even

* 62Rk(L'L'JlJ2) } Dk(cosg)/(l + 62) } (29)

where the mixing ratio of the two multipoles is

{ret)

i
2

IR |[4, > /(2L + 1) (30)

b:
<Ql 1RA N ]9, > /(2L « 1)z

The symbols <7T> y <7T'> stand for electric or magnetic, and the

coefficients R, are defined

Kk

=

R, (LL'J;d,) = ey =y e LT = ks k.[(2.11 + 1)(2L + 1)(2L" + l)] ’

~

x (LL'1- 1| k0) w (JlJlLL', kJ (31)

5)
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The nuclear alignment of the state of spin Jl is described by Bk(Jl) which,

by definition, is

dq

T )t

-m:-Jl

m

B, (J;) (24, + 1)7:3‘ (dyd m-m | ko) (32)

1]

and BO(Jl) = 1. The positive numbers w(m) ere the population parameters

of the magnetic substates of the initial state Jl with the properties

2 w(m) = 1

m (33)

0 < wlm) < Z(1+o )

The following conditions apply to formula (29):
(1) Jy» J, have definite parity

s s | I
(1) [y =S LL g Jy+dy 5 LL +0

(iii) since the circular polarisation of the Y-ray angular distribution A

not observed, the sum is made over even values of k only.

Ty

(iv) because of time reversal properties of TL , the mixing ratios

are real.

Considering the transitions shown in (b) for which state Jl is
randomly populated, the observation of a Y-ray of multipolarity Ll associated
with the transition J ——)Jz, chooses a quantisation axis and the state J2

1

is effectively aligned when the circular polarisation of .the populating

23)

Y-ray is unobserved. Assumipg definite parities, Bk can be written
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Ll ;
Bk(Jz) = [Rk(LlLlJle) + (=) ZBle(LlLl J2Jl)
(34)
" 612Rk(Ll'Ll'J2Jl)J /(1 + 512)
with
' <Tf1 ‘> ' %
- <Jl “ TLl HJ2> /2Lyt + 1) -

< H T N HJ2> /(2L . 1)F

l 9

and the angular distribution of the Y-ray corresponding to the transition

= J3 can be obtained from (29).

Values of the coefficients Rk are tabulatedza). Alternative

treatments of this problem give rise to differeqﬁ coefficients and, in
particular, the Zl coefficients of Sharp et al.240 are useful because of
their prime number. format.

The coefficients of the Legendre polynomials in the angular‘
distribution formula require correction for finite detector size as the
angular resolution smooths the distributions predicted for ideal detectors.
Tables of these attenuation coefficients are availab1923’25’26).

The method adopted Fof analysissz) comprised the insertion of trial
spin values into a search for the mixing ratio, ®, based on X?-minimisation.
3.5 Half-Life Determination; Least Squares -Procedures

.The application of statisgical processes to nuclear decay imposes
stringent conditions upon experimental procedures used in the determination
of half-lives, This is made clear on examination of the binomial

distribution which is the fundamental frequency distribution governing

random events.
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If the probability of occurrence of a random event (such as the decay

of a nucleus) is p, then in a random group of z independent trials, the

probability, Pk, that the event will occur x times i527)

P - z’ S R (36)
xe (z=%x)! ’

The well-known exponential rate of decay of a group of identical nuclel
clearly implies that the z trials and the probability will not be independent
unless z is effectively constant (i.e., x << z). To ensure this, data must
be collected in intervals much smaller than the mean lifs of the nuclei
under study.
Under limiting cases, Px can be expressed in two forms of greater use:
(1) if z is large, then the probability dP_ that x lies in a range

X = X + dx is
dPx = (l/(21r)%0) exp [ - (xem)2/202] dx (37)

where m = pz and o is the standard deviation. This<is the normal or
Gaussian distribution.
(ii) if z is very large and p <<l such that m = pz remains finite,

(36) can be approximated to give the Poisson distribution
P, = (m*/x!) exp(= m) (38)

For‘which g = Vﬁ;'

In curve fitting, one typically has data N which is to be reproduced
by values of some function mk(ai). Clearly, the best method of deducing
the parameter a; is to maximise the overall joint probability, L, for the

k intervals, a technique known as maximum likelihood
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= }E [nk Inm =m - ln(nkl)} POISSON (39)
k

Uy = - Z{% (n,, - mk)z/okz & 1n [(21r)% ck]} NORMAL (40)
k

and a; is found by solution of dWMPBa, =0

From this, it is apparent that the least équares minimisation and the
maximum likelihood technique are identical for processes governed by
normal statistics (including most applications of nuclear decay).

The number of decaying nuclei detected in an experiment can be

34)

expressed as
m = N [exp(-at,) - exp(-at,) |+ 8 (41)

where B represents the background rate., If the counting interveal

(t2 - tl = T) is constant, and there is a constant time ® between each

period of counting then m, No [ 1 - exp(-kT)] exp [-A(k -1) (T + 5)] + B

A exp [-A(k =13 7 ] + B (42)

m, is non-linear and so further analysis with this expression requires

g)

: 2

iterative methods such as Taylor expansion or X?-minimisation. Robinson

has investigated the effect of weighting (l/okz) used in such procedures
l = .

and has found 0 = (mk')a (where mkl is the best value of the previous

interation) to be most stable,
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: 1
0.5 1.0 L5 2.0

duration of counting/mean life

Fig. 3.6. Effect of short-duration counting on the fitted
half-life. Note that this effect is absent in
data for which the statistical errors are very
small or zero. The initial count-rate for the
above data was about 10% counts/interval.
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Simpler methods exist, suph as Deierls?7), but all require that the
data be accumulated in intervals ideally about a tenth of a mean life and
over three to five mean-lives, consistent with counting statistics. Fig.
3.6 illustrates the effect of short duration counting on the fitted half-
life. This effect is due to the statistical variations in counting rate

since synthesised data, or data in which n, is very large, gives the same

k
half-life independently of the duration of counting.

3.6 Measurement of Cross Sections
After a simgle irradiation of duration t, the number of counts

accumulated in a photopeak of a Y-ray spectrum in a time tC is

D, = lE%?—L . Qfﬂ . [l_exp(-kt)] [1 - exp(—ktc)] exp(-At, ) (43)

if there is a delay of tUU between completion of irradiatibn and the start

of detection. The following definitions apply

: absolute photopeak efficiency for selected Y-ray

: branching ratio of decay

0O O o

: source absorption factor

Q

: total internal conversion coefficient,
: total cross section for the reaction

: incident particle flux on target

=2 ™ Q

: total number of target nuclei.

-
If, in the application of the above to short-lived nuclides, the

cycle time is T and the flux f is assumed to be constant, the cumulative

9)

. %
detector response after n cycles is
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- AT -nAT)

n e (1-e ]

D =D _— - - (44)
&k =

nT )] (1-e T) il 8 AT 2

— nD for T >>T;.
1 z

Rather than rely on accurate determinations of P, f and C, all of
which prove difficult for the extended source, measured quantities of
substances, with known cross sections and reaction products with
comparable decay modes, were mixed with elements of unknown cross sections.

Cross sections were then evaluated by ratio of eq. (44).

3.7 Calculation of (n,p) Cross Sections

30)

‘Gardner and Rosenblum have developed a statistical model to yield
semi-empirical equations which give good agreement with available

experimental data. The ratio of (n,p) cross sections for isotopes are

1 i,
. * 2l * 2
o(Z,A) = exp 2{ [a(Em - Bp)] - [a(Em - sp)} } (45)
O(Z,A-l? P v A1
where E = E_ + @ - ® and
m n Nyp
2 L
£ = neutron energy in CM system <=[I:K] En)
O = pairing energy of daughter nucleus
=0 for odd-odd nucleus )
= for odd-even i ) and & = ® = 1.7 MeVv
n ) n p
s 6p for even-odd " ) for Z 2 40
=d + & for even-even " )
n p )

a = level density parameter =

g o L029(Z1) | (1 - 1.13/A%
p ‘

1l + A W

A
25
)
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It is the ratios rather than the absolute values which appear to be most

reliableBO).
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I THE DECAY OF *1%ag

l. Introduction

Since the present work was initizted, considerable attention has

112, 1,2,3)
Ag

been devoted to the study of the decay of and the latest

published results, those of Macdonald and Sharmaz) (ms), rigorously

incorporate 92 Y-rays into a structure of 31 excited levels of llsz. The

level schemes deduced from these decay studies are in good agreement with

»5,6) and Coulomb excitation7).

the results of charged particle activatian4
However, some minor inconsistencies are to be found in the Y-ray studies
and, although the level scheme of M3 is upheld, the results of the work
reported here indicate slight disagreement in level esnergies. Some spin
and parity assignments are confirmed by observation of Y-Y anguler
correlations, and measurements have been made of neutron cross sections

for production of lleg.

2. Experiments and Results

2y.1 Source Preparation

112

Sources of Ag were produced through the llsz(n,P)llz

Ag and the
llSIn(n,a)lleg reactions by the bombardment of natural Cd and In metals
with 16 MeV neutrons from the I.N.S. 3 MV Van de Graaff sccelerator. Silver
activity was chemically separated by dissolving the targetslin HNO3

o+ ++ ;
T and Cd carriers,

solution and, after the addition of Ag®, Pd
precipitating the silver as AgCl. Beceuse only two stable isotopes are

present in the In element, the (n,a) resction produced lleg activities

which were virtually free of any competing Ag activities.
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2.2 Cross Section Measurements

112

Cross sections for the production of Ag were measured relative

to the neutron cross sections of Fe and A1, Quantities of the tuwo standards,

in powdered metallic form, were mixed with samples of finely-divided In and

Cd metals so that the irradiation and counting processes involved were

identical. The incident neutron energy wes estimated to be 16.3 + 0.4 MeVv
] & L 3o & . . .: 8)

and the standard cross sections at this energy were taken from ref. /. The

results are given in table I-1.

llsz(n,p)lleg reacticn is of interest

The cross section for the
as Gardner and Rosenblumg) have commented that the (n,p) cross section
values for Cd isotopes present difficulties when attempts are made to fit
them tﬁ an empirical formula. The results reported here, which are in

general agreement with a value of 11 + 3 mblo) measured at a neutron energy

reaction cross sections (mb)
mean
1204(n,p) 2 15.6 =+ 2.1 15.0 £ 1.9 15.3 + 2.0
s T 4,01 + 0.52 4.07 + 0.56 4,04 + 0.54
-
reference reactiona) 56Fe(n,p)“DMn 27Al(n,a)24Na
| oc=77+38 c =88 +56

: 4 112
Production cross sections for

energy of 16.3 + 0.4 MeV.

Table I-1. Ag at a neutron
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of 14 MeV, are considerably greater then the predicted value (5.3 mb at a

neutron energy of 14.5 MeV), However, much better agreement is cbtained

9)

by using the ratio equation®’ as the extrapolation of the (n,p) cross

5 112
seabimn of iy ) gives a value of 18 + 2 mb for the llsz(n,p) A

reaction. The llSInCn,a)lleg cross section is consistent with previous

g

8 .
measurements ) made at 14 MeV neutron energies.

Z2ad Half-Life Measurement
112 .

After the production of a Ag source by the (n,p) resction, a
time sequence of Y-ray spectra covering the energy range 500 to 670 keV
was collected from which the analysed 606 + 617 keV peak intensities were
fitted to a decay with a half-life of 3.14 + 0.0l hr. The variation with

112

time of the Ag B-activity produced by the (n,a) reaction was also

monitored and, on fitting, this gave a half-life of 3.13 + 0.0l hr },;

S Foos

corresponding to 99.97% of the initial activity. Both values are in

excellent agreement with those found by other investigatorsl’ll).

2.4 Direct and Coincidence Y-Ray Spectroscopy

The direct Y-ray spectra were taken with a 32cm3 coaxial Ortec
Ge(Li) detector and standard low noise emplifiers. The data wers
accumulated in a 4096-channel Kicksort analys;r; the typical resclution
obtained in an experiment was 3.1 keV (fwhm) at 1332 keV.

AR 3" x 3" NaI(Tl) scintillator (Hershaw type 12512) was added as a
gating detector for Ge(Li)-NaI(Tl) coincidence measurements, and standard
fast-slow coincidence circuitry was used with resclving times (27 ) of
70-100 ns. Coincidence spectra were analysed by a 1024-channel ADC

(Nuclear Data ND160-f) and recorded on a PDP-8 computer. Typical Y-ray
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spectra are given in figs I-1 and I-2.

The spectra obtained were anzlysed on a PDP-9/L computer using the

. , R . . 12) . :
technigues described by Routti and Prussin /. The energy cealibration

was initially derived from standard scurces. When the relations between

- 112 )
Y-rays were apparent from the level structure of Cd, an internal
recalibration was performed and this was bootstrapped to the level energy
systematics. The resulting cubic polynomial gave Y-rzy cascade sums
which were in good agreement with each other. The Y-ray energies generally

)

concurred with those of Saskai et al.i who had celibrated by accumulating

standard spectra with lleg Y-rays. Relative intensity measurements

agreed with those obtained by MS to within 10%. The Y-rays are listed in

table I-2.

2.5 Angular Correlations

The angular correlations of prominent Y-reys with the 617 keV
trensition following the decay of lleg were determined with a 5" x 6"
NaI(Tl), which was used for gating, and two 3" x 3" NeI(Tl) detectors.
The latter two detectors were standardised sgainst each other with the
4T2%-0" angular correlation of 60Ni, and, as several sources of lleg
were needed to gain sufficient data, esach irradiation-detection process
was normalised with respect to the numbsr of gating‘pulses detected. The
gate corresponded to the energy range 580-830 kel and no attempt was made
to differentiate between the 606 and 617 kel peasks. As the 606 keV Y-ray

has, apart from the 617 keV Y-ray, only Y-rays of minor intensities in

coincidence with it, this had no effect on other angular correlations. A
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No. E I assignment | No E. I. assignment
(kgvﬁ T - % (RgU) (

1 121.0+0.2 0.18 FD 39 1103.6+0.2 dg.98 "D
2 147.9+0.2  0.03 40 1125,9+0.2 0.41 WI
3 159,5+0.3 0.03 41 1194.1+0.5 0.07 ND
4 226,0+0.3 0.04 LI 42 1253.6+0.2 0.87 HB
5 244,8+0,3 0.03 GC 43 1282.9+0.5 0.09 NC
6 342.3+0.3 0.04 44 1312 3400, 2 2.8 DA
7 355,9+0.3  0.07 45 1356.6+0.2 1,1 ab
8 402,0+0.3 0.10 G ~ 46 1387.7+0.2 . 12.5 18
g 410.7+0.2 0.27 mI 47 1397.4+0.6 0.07 TG
10 450,9+0.3 0.08 ™ 48 1411.8+0.8 0.08 ab
11 536.4+0.3 0.12 IG 49 1451.4+0.3 0.35 i
12 558.0+0.5 0.03 HD 50 1468.8+0.2 Las GA
13 569.8+0.3 0.10 Sl 1503,9+0.3 0.38

14 585.4+0.3 0.09 52 1538.,6+0.2 1.2 KB

| 15 606.7+0.2 7.2 CB 53 1613,6+0.2 6.6 LB
16 617.4+0.2 100 BA 54 1652.4+0.8 0.07 VE

| 47 629.2+0.4 0.04 YP 55 1683,7+0.7 0.10

18 663.5+0.3 0.07 01 56 1714,7+0.6 0.10 WE
19 688.5+0.4 0.10 KG 57 1798.4+0.2 2.1 M8
20 692.7+0.2 2.5 iD 58 1888.8+0.2 0. 7.3 NB
21 694.8+0.2 6.9 DB a3 1909.2+0.6 0.10

22 714.8+0.3 0.12 ki 60 1944,7+0.4 0.20 XC
23 718.4+0.2 Bl 35 QI 61 2051.5+0.3 0.28 0B
24 - 751,8+0.3 0.09 JD 62 2056.5+0.2 1.4 PB
25 762.3+0.3 0.12 LG 63 2066.0+1.6 0.03 JA
26 7684.6+0.6 0.04 64 2106.2+0.2 8.6 QB
27 797.9+0.2 1.2 £8 65 2148.1+0.3 0.23 RB
28 802.3+0.4 0.07 TJ 66 2156.0+0.5 0.16 KA
29 815.8+0.2 0.31 FB 67 2211.6+0.2 1.0 5B
30 851.2+0.2 2.4 G8 68 2362.4+0,6 0.09
3 861l.6+0.2 0.51 TI 69 2506.8+0.2 2.5 NA
32 918.7+0.3 0.16 LD 70 2551.9+0.3 0.25 XB
33 947,3+0.3 0.19 MG 71 2686.0+0.2 0.59 Y8
34 957.1+1.0 0.02 uI 72 2723.6+0,3 0.23 QA
35 983.8+0.3 0.12 mF 73 2752.8+0.3 0.22 Z8
36 1007.0+0.3 0.24 LC 74 — 2829.4+0.2 1.0 SA
37 1037.9+0.3 0.17 NG 75 2961.7+1.0 0.04 UA
38 1063.7+0.3 0.18 76 3393, 0412 0.01 ATA

Table I-2. Energies and relgtive intensities of Y-rays occurring
in the decay of * ZAQ. Intensities above 0.1 are
with an accuracy of about 10%. Below 0.1 the
accuracy falls to 25%.
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typical Y-ray spectrum detected by one of the 3" x 3" NaI(Tl) crystals

for one irradiation is shown in fig. 1-3(a), and least-squares analyses

from these spectra are presented in figs I-3 and I-4. The parameter {

2
(where Q7 = X?/degrees of freedom) is defined
\
2 -1 2 2 -1
= o 0 - | a
o e (He2] [ Wosen(By) = Wep (gi’?’)} {o ( i)]
1=l

. 2
data points N. o  are the

-1

for the mixing ratioc & and the number o©

variance associated with the experimentel angular distribution wexp’

3. Discussion
B s Direct and Coincidence Y-Ray Spectroscopy
A total of 76 Y-rays (table I-2) was observed in the Y-radiation

following the decay of lleg. Although less in number than those obtained

2,3)

from fission sources , this is a considereble increase over the 20
b T . ,
Y-rays reported” ’ Using the same production methods. 12 of these Y-rays
remain umplaced in the level scheme, but only the cne of 1503.9 keV energy
is of significant intensity, and B represent new transitions between
established levels.

Coincidence measurements with a gate set over the 606 and 617 kel
peaks were consistent with the results of MS, and, because of the latter's

thorough investigation of coincidence relationships, these experiments were

not extended.

3.2 Angular Correlations

The spins and parities of levels et 1224, 1312 and 1468 kel have
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been firmly established and mixing ratios for transitions of the latter
two to the first excited state have been determined by Coulomb excitation “.
The present measurement for the 694 keV transition agrees surprisingly well
even although it is contaminzted by the'strong 692 kel Y-ray. The mixing
ratio obtained for the 851 kel transition concurs qualitatively only as
it indicates a predominant Ml character, The 606/617 keV angular
correlation was analysed primerily as a test of the system, and, initially,
bad agreement was found when the experimental points were compared with the
theoretical distribution (broken line of fig. I-3(a)). However, this was
resolved as it erises solely because of an enhancement of the random number
of coincidences: if Y-rays of intensities Il and 12 are detected in both
systems, the ratio of random-to-true ccincidences, assuming an isotropic
angular correlation between Yl and Yz, is increased by a factor

(Il‘+ 12)2/21112 which, for 112

Aq decay, is B.0. Using this simplified
treatment, the angular distribution given by the continuous line in

fig. I-3(a) was obtained in.gocd agreement with the experimental points.

The G2 variation of the 1387/617 keV anguler correlation shows that

the level at 2005 keV may haye spin 1 or 3, but a spin of 3 is consistent p{l
with the decay character of the stateS)_ As the 1387'kav transition is : Nﬁk*‘
almost pure in multipolarity, single pearticle estimates of transition 4 \
probability favour a pure El transition from a negative parity state i?

rather than a pure Ml transition. The assignment of 3 agrees with the

3>, at an energy of
11)

first octupole state found by (p,p') excitationl
2000 + 10 keV, and with the claim of Inoue et al. that the B-spectrum

to 2’ level at 2.0l MeV has an allowed shepe. The spin and parity of the
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14)

LEZ . . s A= -
ground state of Ag has previously been established as 2 by Chan et al.
The angular correlation of 1613/617 suggests spins of 1 or 2 for
the level at an excitation energy of 2231 keV., This is consistent with a
< . 3) . o+ = ‘ . oo -
previous assignment of 2 deduced from the branching ratios of Y-ray

decay from the level, A similar assignment of 2" for the level at 2723 keV

is upheld.

112
Sed The Decay Scheme of Ag

The decay scheme is presented in fig. I-5 end is almost identical

3)

‘to that proposed in ref.”’/. Eight additional Y-rays have been found which
correspond to transitions GC, HG, TM, KG, NC, VE, JA, KA; but several of

the weak transitions previously detected havé been missed.- In particular,
no transitions from or to a level at 1973 keV have been found although the

level has been zssigned 3 . There esppears to be some confusion in the

) 4,16) 13)

literature as both this stats '’ and a state at 2000 + 10 keV

(interpreted in this work as the level of energy 2005 keV) have been
g

classified as-the first octupole cocllective state of llsz. The present

results favour the assignment of the level at 2005 keV as the octupole

vibrational state. The level energies tabulated in fig. I-5 are

i , - . 5 Zyd - %
consistently greater by a small amount than those of ref.”’ ) with the

result that the Y-ray cascade sums reported here azre in better agreement.

The branches of the (B-decay of ll2Ag to levels of llZCd have been

deduced from the Y-ray intensity data with the assumption that 54%of the

1)

B-decay takes place directly to the ground statel* . The log ft velues
shown in fig. I-5 range from 7.4 to 10,2 with a possible uncertainty of
15)

~0.5. According to Gove , this does not necessarily exclude the

possibility for some of these B-transitions to have an allowed character,
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although most of them will be first forbidden. Thi 2 ground state of

llz 1.4) . N — . i - ;"\J_l g .
Ag arises most probably as a coupling (P1)_ (ds )u . Hence amallowed
2z 7z
B-transition between the initial (ds )-l state to the final (gq ) state will
z Z

be 1~-forbidden and show a high log ft wveslue. Spin and parity assignments

cr

for the levels populated by l;zﬁg decay can therefore be from 0" to 47 and
17 to 37, Mecdonald and Sharma™’ 2), have assigned

, and Lingeman et al.

. 112 . : L : .
many of the levels of Cd on the basis of branching ratios of depopulation
by Y-rays and this information, tcgether with the present results, has been

included in the decay scheme of fig. I-5. New conversion elesctron data and

more extensive Y-Y angular correlation measurements with Ge(Li)-Ge(Li)

systems would be necessary to finalise the nature of the levels of llsz.

1:k2

Experiments investigating prompt Y-reys from reactions in which Cd 1s

a product could also be of vazlue.

II THE DECAY OF 1*“Ag

1. Introduction

114 7
% Ag was first assignadl )

0y

‘vby the irradiaticn\bﬁ‘Fast neutrcns'gq a l'L4Cd sample, Alexander et al.

a 2 min B-activity which was produced
18)

: , e - e . , 238 L
isolateds 5 sec B-, Y-activity from fission products of U, and this they

assigned to llaﬂg. They repeated the experiment of Duffield andenightl7)

but failed to observe any 2' min decay in B -radiation of energy above 3 MeV.

The work reported here is an attempt to clarify and elucidate the decay

114

of Ag.
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=,

The level structure of J'M’Cd has been the subject of meny

_ 9,71 4
experiments, with charged particlesa’q) 20,21) and o In

2)

2 , : . 3 . ;
decey , and has become firmly established below an excitation energy

, (n,Y) reactions

of 2 MeV. Level energies are known accurately through measurement of

1)

- . . 2 . ; -
energies of conversion electrons and bent crystal spectrometry of

a)

Y—raysz 5

2, Experiments and Results

2ok Source Preparation
_ - 114 ] . N .
Sources of Ag were made by (n,p) reactions on natural Cd and
o : 114 . . 5 a .

97.8% enriched Cd metal samples which were encapsulated in, or mounted
on, polythene carriers, Sources suiteble for use in (B-ray detection were
obtained by mixing the finely-divided metal with polystyrene dissolved in
benzene, and thinly spreading the slurry on a flat surface of the carrier.
Although this is not an ideal preparation for a B-ray source, because of
the high endpoint energy expectedy it was thought that reasonable estimates
of endpoint energies and branching could be made in spite of some source
absorption,

3)

. 2 . '
A pneumatic system , used to transport the carriers between
irradiation and counting positions, and associated detection units were

automated for recycling.

.
2.2 ll4Cd(n,p)l*4Ag Cross Section

By irradiating mixtures of PTFE and Cd metal, & comparison of
. 5 L _ . 114
yields was obtained for the 558 keV Y-ray from the decay of Ag and
1 - 19 24) . _p s
the 1.37 MeV Y-ray from 0 decay . As it was not possible to obtain

the branching ratios of decey to lléCd states from the ll4Ag B-spectrum
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14 l
1‘4Cd(n,p) léAg cross section could

(section 3.2), a measuremen:t of the
. . . e R 9)
not be made., However, the statistical model of Cardner and Rosenblum
allows a realistic extrapolation of (n,p) cross sections between isotopes.
+ : £ e 4 /] I 3 114
¢ a neutron energy of 1l6.4 + 0.4 MeV, the (n,p) cross section of Cd

was estimated to be 10.8 + 2.0 mb from the measured value of 15.3 + 2.0 mb

of llz[:d.’r Assuming this value, the measurement of relative yields of
Y-rays impliesza’d) that 10 + 4% of the ll4Ag decay results in a 558 kel

Y-ray. It is from this calculation that the B-decay branching shown in

fig. II-5 has been deduced.

L Half-Life Measurements
Using time durations of 6 secirradiation, 2 sec delay and 40 sec

counting, B-rays of energies greater than 1 MeV from the irradiated ll4Cd

. ; . , . % . 114
were analysed in a multiscale mode to determine the half-life of Ag.
Fig, II-1(a) shows the accumulated spectrum, a non-linear least-squares
fit to which gives a half-life of 4.52 + 0.03sec. This is good agreement
. L. . , 26)
with the value, 4.5 sec, obtained by Poularikis et al, .
A similar experiment but with 2 minirradiation, 6.1 min counting

and no discrimination in B-ray energy, failed to reveal any 2 minactivity

(fig. II-1(b)). A search for a2 minactivity in a Y-ray of energy 558 ksV

(expected since a high spin isomeric state would decay isomerically or through

the 47 state of l“L4Cd) also proved fruitless. The inference is that there
/i
ll~+A

is no such isomeric level in g, a conclusion which is not unexpected

112,114,116p

when the seguence g is compered with other similar sets of

nuclei in neutron excess regions.

* see section 2,2 of lleg decay (p. 50)
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The direct Y-ray spectra. were taken with a2 20 cm™ coaxial Ge(Li)
detector, which was fabricated at I.N.S., and the typical energy resolution

obtained. in an experiment was 7.8 keV (fwhm) at 1.332 MeV, Standard

electronic instrumentation was used in pulse detection, end multichannel

analysers included a Kicksort (405 = - ") g-c ¢ Nuclear Deta ND160-F
dual ADC (1024 channels) interfaced to a POF-c oo .. ~ich was

27) . . . . . I
programmed to give a time seguence of spectra. Fig. II-2 shows relevant

portions of a time sequence of spectra which identifies Y-rays from short-

lived nuclides obtzined by irrediating the enriched 4 4Cd sample. Fig.

1I1-3 is the total spectrum accumulated during the same time. Peaks

. 4 . o
attributed to Al Ag decay are labelled by numbers corresponding to table

II-1l, Attempts at obtaining coincidence spectra failed because of low
yields.

The spectra obtained were mostly analysed on a PDP-8/L computer

2)

. s , g e - - .
using the techniques described by Routti and Prussin , the exception
being that simple summing was employed for gpeaks of very low intensities.

Energy and relative efficiency calibrations were derived from standard

4)

sources2 . Since the spin end parity of the cepture state of the

113 114 20,21) PPt 8 P . e
'JCd(n,Y) Cd reaction” ’ corresponds to the 1¥ ground state of

114 '
. Ag, it is not surprising that the Y-rays destected from A Ag decay

appear in the cepture spectrum, The expected contaminants from (n,Y)

28,29) and

and (n,a) reactions were found d, where necessary, corrections

114

were applied to Ag Y-ray intensities. Not all Y-rays have been

—_ . " b o llém ; ;
accounted for satisfactorily, and the appearance of In as a contaminant
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(=2

is unexpected as it indicates &n elemental impurity.

Zs8 3-Ray Spectroscopy
The short-lived activity produced by the irradiation of natural Cd
was isclated by counting in two consecutive 1C sec interval, and

; . . ; . 16 S
subtracting the second from the first. Some N contamination frem the

16 16, . . . . . :
0(n,p)” N rezcticn was removed by using 2 spectrum cbtained with an

: . . . . 28, 4m
oxalic acid sample. Other energy celitraticn standards were Al, Gl.,

T Y — 207,24)

Samples for calibration purposes were mounted in
the same manner as the Cd samples.
A 3" x 3" plastic scintillator (NELOZ) opticelly coupled to a

photomultiplier (Dumont K1B846) served as a B-detector. By using conversion

4 o BSF 207 . P ke "
glectron peaks of Cs and Bi, the energy resclution of the system was
found to be 13.4% at 1 MeV, The incident B-reys were collimeted through
1 cm thick aluminium, and tailing and resolution corrections described by

30)

Slavinskas et al. were zpplied to the accumulated spectrum. Fig. II-4
shows the corrected Fermi-Kurie plot cbteined from the irradieted Cd
sample. It is apparent that there are two groups of B-rays present, of
endpoint energies 2.82 + 0.19 and 4.90 + 0.26 MeV. The former COErFSpOHdS

f 14
113A924) 114

with the B -deceay of 24sec and the latter is Ag.

3. Discussion

(@A)
.
—

Y-Ray Spectroscopy

11 of the Y-rays detected were assigned as being associated with

. . . 114 . o . ;
the descayof 4.5 sec Ag. All of them have been seen before as prompt

20,21)

11 = .
Y-rays in the ll3Cd(n,Y)l'4Cd reacticn and most of their energies

are known accurately. 9 of the Y-rays are satisfactorily placed in the

level scheme of Backlin et al.zl)
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No. £ L. assignment
(kev) '
,
1 558.0+0.4 100 BA
Z 576,1+0+5. Bel+1l.3 CB
3 651.3+0.6 3.3:0.5 DB
|4 747 =3 0.7+0.3 FB
| 5 808.2+0.7 3.0+0.5 GB
6 1208 3 1.5%0.5 DA
7 1286,4+2.7 0.7+0.4 1B
| 8 1302.9+0.6 ¢ 2%'5,5+1.0
i S 1363.8+1.2 1.8+0.4 GA
10 1660.620.8 3.0+0.5 LB
11 2454,8+1.7 1,7+0.5
Teble 1I-1, Energies and relative intensities of

Y-rays occurring in the decay of 14Ag.

(&)
.
%]

f-Ray Spectroscopy

1Y A4
- . : . 14 e 2
The Fermi-Kurie plot of the = "hg B-decay shows that most of the

decey proceeds directly to the ground state of ll4Cd. This is in

agreement with the estimate that 10% of the decay results in a 558 keV

Y-ray. The measurement of endpoint'ene:gy, 4,90 + 0.26 MeV, concurs with
e _ L ; N 18)
the velue of 4.6 + 0.4 MeV obtzined by Alexander et al.
. - 114
3led The Decay Scheme of Ag

The decay scheme is presented in fig. II-5 and the level structure

21)

shown is that of Backlin et al. . The level energies used are those

. ‘ . Lo 21 ;
deduced from conversion electron studies ) as they asre of greater accuracy

: , 114

then the present work. The branches of the G-decay of =4 Ag to levels of
114

Cd have been deduced from the Y-ray intensity datea with the

The log ft

normzlisation imposed by the yield of the 558 keV transition.

values shown in fig. II-5 range from 4.8 to 7.5 with a possible uncertainty

of ~ 0.6, indiceting that most branches are allowed transitions. As the
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. =5 i A - g -+ o™ :
B-decay is confined to levels of spin and perity 0, 2", the expected

1e31) Al

assignment of 1", predicted by the Nordheim strong rule from the
. 1 - K. el L<l }\’,.l«,'i,
2 =3 - . \ . nest X7 4
coupling (gq )+ (ds ), is upheld. Sthaget N5 @ ,
- Z = 0Ly gL le-\,?)\LlQK 77
The two Y-rays not accounted for had previously been assigned by O=depyp Ty
_.\'.A \S;_.,-“; Lot
21) . ) LG el
Backlin et al. as depopulating a level at an excitetion energy of \ "
pop = gy \rﬁ:_u\‘)\é 'I;'\".{J‘

N ) r J
o ' o os ] b LR \J LRVN
2437 keV. The Y-ray of energy 2455 keV does nct fTit energetically, and" st favy of

e ~{ PR

the 1303 keV Y-ray presents difficulties when intensities are considered,
N ot ”
y obiy Lt .

If the latter Y-ray does arise from a level st 2437 keV, then a g-decay

branch of 0.55% with a log ft value of 5.8 must feed the level. Even more
§§qug%

unlikely is the consequence thet there is no B-branch to the level of ach,

1\31 keV energy with which the lSdi kel transition would connect. Support

Y
0) sk
Prok\Qaes
i B . . | g W
between the 1303 keV Y-ray and transitions of energies 558 and 575 keV. - i

! . . : 5 e o il - . 2
for this argument exists in the lack of coincidence found by Smither

Although the 1303 keV Y-ray would make a reasonable energetic fit to the

level at 1305, this level has bsen definitely shown to have spin and

t 3
. - 21) A S
: ..oy 0 by electron conversion measurements” ™/, and the, transition would
1

be forbidden. Howsver, the log ft value of the B-decay to this level is  Wopy,oe
surprisingly high for an allowed transition, and could be reduced to an
acceptable valus of 6.5 (with e B-brench of 0.62%) if the 1302 keV Y-ray
. el i 3 dmn & _ . r e iran20) o 1y
wes included in iis decay. The suggestion of Smither that a possible
close doublet exists at a level energy of ~ 1305 kel therefore warrants

21)

some attention, Backlin et al. nas the level at 1305 kel also

depopulating by a transiticn of 95.90 keV which gives an excellent energy

|
PP, - - o . 2 ; G A 0) .
fit with the 2  1209.35 keV level and is strongly converted. Smitner

hes measured the intensity of the corresponding Y-ray, which wes unobserved

in the preceding work. Assuming a totel conversion coefficient of
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10 for the 558 kel EZ transition , the combined results of
refe and yield a measured total conversion coafficient for the
96 kel transition of 3.8. The thecreticszl values for the E2 transition is
1.7, Backlin st al. has compared the intensiiy of this transition to
that of.the 747 keV transition, with which it is supposed to compete, and
has stated that the 96 keV transitiocn would appear to be anhanced by
s r s 4 P ; . Y
gpproximately 10 compared to the single-perticle sstimate.
This inconsistency would be removed if the 96 kel transition was
. . . 4 _ . . b B
assigned elsewhere, although there is no Supportiing evidence for tnis ’
5 L1 an s AT oF . . . . — '
or if e doublet of 07, 27 existed at zn excitation energy ~1305 keV. The
strong internal conversion transiticns of 95 and 1305 keV would then result
o o, . o = v g . o
from the 0 level, and the 1303 kel Y-ray and most of the intensity of the
, . . § - + T i
747 keV Y-ray would arise from depopulation of the 27 level. In this way,
. 114 .. . . ’
the B-decey of Ag reported here could be setisfactorily explained since

the decay from the 0% 1305 kel level would be mostly unobserved. High

resolution coincidence studies of conversion electrons and Y-rays occurring

in the lisz(n,Y)ll4Cd reaction would probably resolve the inconsistencies
found.

;
III THE DECAY OF l‘SAg.

1. Introduction
16 ' :
The decay properties of l“DAg were first investigated by Alexander

-

18 . . . R : 2 o
et al. who isolated the isotope by chemical separstion from fission

, 238 . . . 53 :
products of U. A more extensive study by Bahn ) reveeled 13 Y-rays
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ted with the decay. However, a

oW

and 5 groups of B-reys which were essocl
decay scheme proposaed from these results has not been published, and no

; ; 16, ' Lo e : .
further work cn Ag decay has been reported. The present experiments
were underiaken to establish a more deteiled and accurate decay scheme

of lloAg

sing a high resoluticn Ge(Li) detector.

Complementary reaction studies of Cd level structure, using

19,34) 7)

inelastic proton scattering nd Coulomb excitation ¢, have revealed

spins and parities of levels up to an energy of 2.37 MeVl.

2. Experiments and Results

Ze Source Preparation

11

Sources of ‘6Ag were made by (n,p) reactions on natursl Cd and

116

58.14% enriched Cd metal samples which were encapsulated in, or

; . . 23 ,
mounted on, pclythene carriers. A pneumatic system ), used to transport

the cerriers between irradiation and counting positions, and asscciated

detection units were automated for recycling.

.2 lst(n,p)llDAg Cross Section

N

By irrsdiating mixtures of Si and Cd metals, a comparison of

. 11
yields was obtainad for the 513 kel Y-ray.vrom the decay of 6Ag and the

28 24)

1.78 MeV Y-ray from the Al decay As the decay scheme proposed in

this work (fig. III-4) indicated poor agrsement with the B-decay data

3)

. L3 . . . ; . . . .
given by Bahn , it was not possible to use the latter's branching ratios

. ; . ~__ 116 ; . b
to determine & cross section for Ag production., Attempts et evaluating

lloAg

)

the B-spectrum of by irradiating natural Cd (the enriched sample

was too thick.to e used reliably as a [(-ray source) feiled due to a very
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9)

tatistical model of Cardner and Rosenblum

Ui

low yield. However, the

allows a realistic extrapolation of (n,p) cross sections between isctopes.,

" e e 1 116
At @ neutron energy of 16.4 x 0.4 MeV, the (n,p) cross section of Cd
was estimated to be 2.9 + 0.5 mb from the measured value of 15.3 + 2.0 mb
112 * L : -
of Cd . Assuming this velue, the measurement of reletive yields of
“5,5} 116

that 46 + 12% of the ng decay results in a 513 keV

is from this celculation and the relative Y-ray intensities

-
1
]
o
=z

.
—t

g. 1II-4 hzve been deduced.

(=N

wnat the B-decdy branching ratiocs shown in f

33)

The report by Bahn quotes that the 513 keV transition represents 25%

of the llDAg dscay.

- o

2.3 Hal ife Measurement

)

Using time durations of 2 min irradietion, 2 sec delay and 20 min
) . o : . . } ’l -‘ " -~ x
counting, B-reys from the irradiated °cd sample were snalysed in a
116, o .
e of Ag. Fig. III-1 shows

=1

multiscale mode to detsrmine the hal

)
-1
—t

-11

0

g

the accumulated spectrum, a non-linsar least-sguares fit to which gives

a half—liFeADF 2,50 + 0.02 min, This value concurs with previous

» 33 , , . . . . . ; TRy
measuremenus ) The decay data shown in fig. III-1 is slightly

contaminated by an activity of 10 + 4 sesc, which hes been attributed to
16,24
sec N )

. 35) ,
rd s was not apparent.

=
o

. The possible presence of the (n,a) product, 1.5 min

[
=
[#3]

2.4 Y-Ray Spectroscopy
3
The direct Y-ray spectrz were taken with a 32 cm™ Ortec coaxial

Ce(Li) detector; the typicel energy resclution obtained in an

*¥ see section 2.2 of lleg decay, p. 50
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experiment. was 4.9 keV (fwhm) at 1.332 MeV. Standard electronic

w

instrumentation wes used in pulse detection, and multichannel anealysers

—-

included a Kicksort (4096 channels) and a Nuclear Data ND160-F dual ADC

I3 s

#y = o o PR roa ErE : L 2
(1024 channels) interfaced to a PDP-3 computer which was programmed to

give a time sequencs of spectre. Fig. III-2 shows the total Y-ray spectrum
s B et ~ . Ay g o a N PR : 1l6.

accumulated by recycling 2.5 min irradiations of the enriched Cd sample

- 116,

ith periods of 8 min for counting.  Peaks attributed t Ag on the

basis of thesir decay in the time secuence spectra (fig. III-3) are
labelled by numbers according to table III-1., A 3" x 3" NaI(Tl) detector
(Harshew type 12512) was added as & gating detector im Ge(Li}-NaI(T1)
coincidence experiments with the 513 keV transition. Typicel timing

. , N . o
resolutions were 70-100 ns. As the angle between detectors was 180 and
because it was impossible to avoid gating on stray ennihilation radiation
which was present, the 511/513 kel rediation detected by the Ge(Li) was
elsoc gated. Coincidence between the two gates was then used to block

TR . Y . lls .

annihilaticn rediation in the "~ Ag coincidence spectrum,

The spectra obtained were analysed on a PDP-3/L computer using the

2)

. ; - ; o s o = L
techniques described by Routti and Prussin . £Energy end relative
U e et B : 4) : ,
efficiency calibrations were derived from standard scurces . The expected

8 ) -
/ reactiaons were found and, where

. ; . 116 oy —
necessary, corrections were applied to the Ag Y-ray intensities. A

contaminants from (n,Y)?G) and (n,2n)2

small amount of Y-radiation resulting from the daughter of ths (n,a)

)

37 . ‘ . . .
product was -1so detected. The measured contaminant intensities were
generally in good agreement with the published valuss. The established

genergies and level relations of transitions from all resction products

were used in a subsequent energy recelibration in which the cubic
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No. E. I, assignment | No. E., I, assignment
(k&v) J " (k2v) '
1 228.9+0,3 4ot | 28 1603,8+0.9 1.4
2 389.5+0,7 1.6 P i 29 1641.4+0.6 2.9 FA
3 513.4:0.3 100 BA | 30 1778.5+0.4 12, JB
4 563.8+0.4 3,7 | 31 1678.0+0.6 2.0 KB
5 609.9+0.5 1.3 | 32 2008.4+0,B 2.1 ac
6 640.020.4 3.4 | 33 2062,1x1.1 1.0 LA
7 643,6+0.5 2.4 | 34 2097.4+0.6 2.5
8 649,4+0.5 1.1 JF |35 2112.2+1,2 0.99 MB
9 §99.3:0.3 15, 8 | 35 2135,5+0.7 2.4 RC
10 703,1+0.9 2.7 cC | 37 2152.9+1.2 0.93
11 706.5+0.4 7.3 DB core- | 38 2193.6+0.6 2.4
12 739.5+0,5 1.5 HC | 39 2208.6+0.9 1.4 NB
13 768.8+0.5 1.8 NH | 40 2248.3+0.9 N
14 867.9:0.5 1.8 E8 | 41 2290,8:0.6 3.1 Ji
15 994.8+0.6 1.7 42 2332.1+1.0 1.7 08
16 1081.5+0.7 0.93 Jc 3 2479,4+0.4 5. LA
17 1129,1+0.6 2.2 FB | 44 2502.5:0.8 1.8 PB
18 1156.1+0.9 1.0 | 45 2662,8x1.0 4.8
19 1177.6x0.9 0.83 KC | 48 2705.4+0.5 B as
20 1184.8+1.2 0.62 [ 47 2835,0+0.6 4,5 RB
21 1212.5:0.4 8.5 €4 | 48 2843.5:0.9 2,2 0A
22 1402.4+0.5 2.3 GB | 49 2921.4+1.1 1.7
23 1408,2+0.4 5.0 1) - 2960.3+0.8 2.0
24 1414,8:1.0 0.82 ifo | 51 3003.3+1.2 L@
25 1438.7:0.5 2.0 H | 52 3016.42+1.7 0.38 PA
26 1461.6+0.5 2.5 e | 53 3218 +2 0.80 QA
27 1569,4+1.4 0.83 18 ‘

Teble III-1.

Energies and
occurring in

relative efficiencies of Y-rays

tne decey of ¢lDAg.

Intensities

above 1.0 are with an accuracy of about 10%.
Below 1.0 the zccuracy falls to 25%.
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polynomial fit was bootstrepped to the level structure and escape peak

relations found to be well-defined in the Y-ray spectrum.

53 of the Y-rays detected were sssigned as being associated with

: 5 B B e LD . i o ;
the decay of 2.5 min Ag, and 36 of these heve been placed in a level
116 = . . ;

Cd. The energies of the major

3)

. \ ; 5 Lo e ‘ 5 3
f-rays roughly correspond to those found in the Nal(Tl) study of Bahn™~/,

scheme involving 17 excited levels of

but there is a lack of agreement wnen the relative intensities are
compared. In particular, the intensity cf the 513 keV traensition relative

to the other Y-rays appears to be decreased by a factor of about 4 compared

th the present results and with the results of the earlisr work reported

18)

o
by Alexander et =l.
The Ge(Li)-NaI(Tl) coincidence measuremants revealed only the
presence of peaks at 699 and 706 kel. However, cascade relationships of
the 513 keV trensition with higher energy Y-rays could not be discounted

as their intensities would be much less.

2 ; . 116,
3. 2 The Decay Scheme of Ag

J

The proposed decay scheme is presented in fig. III-4., The 4 lowest

116 , . S , . -
ls of Cd have previously been established by reaction

i}

(5]

-

B
o

L

xcited

(i

v
. . 24) S . - —— -
analysis , and further levels of energies 1.637, 1.90(3 ), 2.24(5 ) and

I~

B e S . L . . . 19,34)
2.37(4") MeV hsve been found by inelastic proten scattering « The

13 new levels deduced from this stucy have been constructed numerically
and it would zppear that levels at 1641 and 1915 keV correspond to the

1.637 and 1.90 MeV states of the (p,p') work. There is some ambiguity
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and 2479.4 keV as

-

w0
0.
¢1]
(e}
O
(]
C
},_l
[8}]
ot
M
(=8
)
L4
=D
1
3
&)
<
w
@]
=
@
=
[19]
L]
((a]
}_J
(4}
(03]
H
=
-3
o
.
[&1]

in the levsl

for a level at about 2992 keV is obtained if these

)

‘

irst and

. . y ll6. . . B g :
SECONU eXcited states of Cd. Houwever, the agreement with other possible
transitions for a level at 2291, and the B-ray branch to the 1212 keV level

favour the system shown. No other Y-ray has bean found tc support the

sxistence of e level at 2479 keV. A further level could exist at an
ensrgy of 2664 kel defined by Y-rays of ensrgies 2663 and 2153 keV. This
possible level was not imcluded in the proposed decay schems zs the
standard deviation of the energy sums involved was larger then that

expected from the qucted errors. Seversl Y-rays with energies in the

renge 313 to 699 kel have not been essigned and it is possible that some
of these result from states at an eneérgy acout that of the vibrational

two-phaonon triplet, Quintuplets of states at this position have besn

o
= ' e _— 112 114 24
Tound in the even-sven isotopes Cd and ~ 'Cd ).

The B-ray branches shown in fig. III-4 heve been deduced from the

he normalisation

ot

Y-ray intensities and the assumed decay scheme with

13 keV Y-ray. The values disagree

[@)]

imposed by the meessurad yield of the

=
i

g PP . 1 - _— . ;
with measurements of Bahn ) who found five B-ray groups with endpoint

energies end intensities 5.12 (9%), 3.41 (21%), 2.58 (26%), 2.26 (33%) and

1.30 (11%) Mev. Ths Y-rays determined in this work cannot be matched to

this B-decay. The log ft values, calculated with an endpoint energy
. .. _38) . . .
assumed from mass formula predictiocns ), range from 6.5 to 8.4 with a

- 3 - ~ . . 15 f m ;
possible uncertainty of ~0.5. According to Gove » this does not

-h

necessarily excluds the possibility for some of these B-transitions to

have an allowad character, althougn most of them will be first forbidden.

The decay scheme is very similar to that of lleg, and a ground state of
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single-perticle configura
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Nilsson diagrams cof single-particle
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state to a final (99/2) state
Spin and parity

ay would therefore be
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1 assignments, basad on log ft
level

the decay of
a
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The proposed
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24,39) , }

the region 50 <N <82 are not to De found in the. litsrature s and :
there is some uncertainty in the sctual ordering of levels. The pairin

-
energy of nuclecns in the same shell is of particular i ence as

%

ccepted order of increasing energy) in the

svels lnvolvea ) (in the

i

Ag region considered are:

praotons (ZDL/2> (199/2) (l)
total no. 40 50
sutrons (1lg 3s (2 )

70 82

(2)

64 66

The low-energy lavel seguence of even-odd Cd nuclei (for which protons are

coupled to spin zerc) demonstrete sll the neutron configurations possible

with the single-particle levels shown above

in a streight forward manner,

and there are about four of these before collective states sppear. The

ate generally forms the ground

are close togethser and that

pairing of particles is very importent. Possible proton configurations

are illustrated by the odd-even Ag nucls: (neutrons coupled to spin zero)

with A = 107, 109, 111 which all heave ?’, 5
. g* .
states. . Higher energy 5 states have also O
- -
. . ) 3 .
The origins of the 2 and 7 stetes ere obvio

from an azrrangement of the
by the Pzuli principle),

=
e {

isctopes where az 6 isomeric state exists and is dus to the ; state
L

m

oupling with Zd,/v neutron hole (Nordhei
) Y &

ground state aof

for ground and first excited

gen found in ‘D7Ag and logAg.

7
us, but the 7 cen only come

+
. . N
n holes coupling to % (allowed

(s]

mis wesk rule

i lDD’lDU’lIDAg is most ;robably4l) the seme configuration
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A 2 state which also appesars to be common between the 1 and & states
3
is the p. ,,d- /s combination. It is this coenfiguration which ie most
4/ 2/

o Lo = £n - , - 112, 41 - +

likely to be the reason for the 2 ground state of A >. The 1
, . 114 . . 3
ground state cof Ag is probably a reversion back to the configuration
110 -1 2
af Ag, althouch a 59/997/¢ coupling is possible, and the 2 state
o 118 . , -1 5
of Ag results from & new combineticn p, ,-d,,. . It would therefars
1/2°3/2

. 112 o 0 P At b 5

seem that Rg is the nuclide which interrupts a seguence .of ground-

state configurations end this may be dus to a small change in spin-orbit
coupling caused by the influsnce of the 35./, sub-shell (if the d5/2 hole

gle neutron would occupy this level). The disappearance

was Tilled, = sin
PR F: - - R . ; . ;s
with Ag of a sequence of & isomeric stetes in odd-odd Ag nuclei is

The wusual 17 g

cund-state in this case

L]

alsc indicative of some change.

is only 18.5 kel above the 2 states. The similarities found in the o
"
R o e o112 lis . : £ _ -
deceys of ths isotopes Ag and Rg remein since, although the ground
states may arise from different configurations, the B-descay of the

.

nuclides are both l-forbidden as a d-neutron must change to a 99/2 proton.

s of the even-esven Cd nuclei are little

a

The low-energy level seguenc

ases, and the first few states

m

chenged as the neutron number incr
certainly arise from collective quadrupole sxcitetions. These will be

1

examined in greater detail in the two following chapters. The salient

similarity In the Cd level structure is the guintuplet of states

about the expected two-phoron ftriplet. This sppeers.to be missing in

H T - 5 L1 , , o - Lo . :
Cd but it is probable that the states exist, The present investigation

could not confirm this as B-branching to them would be weak. Above about

1.5 MmeV, th tive states is apparent since they

m

pe)
H
4]
()]
(8]
=
(9]
®
(@]
=N
=)
O
2
(9]
@]
-
b
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Q
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regpresent changes in configuretion. When these changes happen to resemble
the gecaying Ag isotope, relatively large 3-branches feed them. Because
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Sad Introduction

Mathematical models propossd for the atomic nucleus fall into two
broad categories, and most“have some degree of success in predicting
various properties of nuclel in different regions of the periodic table.

though some combinaticns of

b=

A universal model is not yet in existence a
the two points of view (unified models) are proving to have more wide-
spread epplications.

The first category deals with a microscopic approach in which the
nucleus is treated as being compossd of distinct particles. The nucleons
may be independent, as in the independent shell ‘model, or may have some
interaction with each other such as a two-body force (Hartree-fFock, RPA).
This method generally becomes exceedingly complicated as the number of
nucleons increeses.

The other category is the collective model for which the approach
is macroscopic: a quantised fluid is endowed with certain properties and
subjected to boundary conditions in order to predict the gross character-
The

istics of a system of nucleons. igenstates of the nucleus are then

(@)

due to modes of motion of a liguid drop rather than individual particle
excitation., This is the adiabatic approximation, and it is with this
model that the low-energy level structure of Cd nuclei can be more easily
interpreted. At higher energies it is probable that individual particle
excitation would compete with collective motion, and so render the

treatment invalid,

a2 The Liguid Drop Model; Bohr's Collective Hamiltonianl
With the nucleus considered to be a continuous drop of nuclear

material, the surfaces of constant density mey be described by eguations




20 +l{'
R = Ry Ll * k; ;;_A akfv/:(g,mj (1)

where 8,7 are polar angles with respect to some erbitrarily chosen space-
fixed axes, Imposing incompressibility upon the drop therefore implies
that any collective motion will be described by variations of the
coefficients cx/,k with time.

With the additional assumptions that nuclear fluid motion is
irrotational and takes the form of smell surface distortions about =z

1)

spherical shape™’, the vibrational kinetic energy may be shown to be

|

. |2 |
A/JB*/”OL*/“' o

to a quadratic approximation, while the potential energy is

V=3 ;CVJ !a}y‘llz (3)

The assumption that nuclear matter is incompressible demands that

1

A = 0 vibrations be ignored. The expansion term corresponding to A
describes motion of the centre of mass of the liquid drop in the lab.
system and, since the nuclear Hamiltonian must be invariant under
translation, is physically uninteresting. As only the first few excited
states are to be considered, the following treatment will be confined to
A = 2 (guadrupole) vibrations. This resﬁriction allows only positive
parity eigenstates of spins 0,2,4... to be generated. The first few
negative parity states (e.g., 3 ) are the result of A = 3 (octupole)
vibrations.

Hence (1) may be written
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ML [ | (4)

R = RF [l + §;<x

Should the nucleus possess a permanent deformation, and since 8,0 are
measured relative to space-fixed axes, thenm, if the nucleus rotates, oy
will again be functions of time. It would therefore be more appropriate

 to choose body-fixed axes (1,2,3) and constant nuclear shapse, i.e.,
e, ] ]
R = R [1 + ;;agpv%gg b )J

with v/ (8,8) = 2; ?;F,(Qi)wél(g',ﬁ')
o o Bny 4= za Dzl
T G O

02 ,(Qi)‘are the rotation matrices appropriate to the Euler angles &,

of the body-fixed axes. The choice of body-fixed axes as principal axes
can be made such that it reduces the five coefficients a2 to the two

independent variables a which, together with the Euler angles,

22’ 20
give a complete description of the system.

Defining the two new independent variables

By

]

Bcos Y = a0

B, = Bsin ¥ = v§VE;; = jzgazjé (5)

then the constant density surface of the drop cuts the k-axes (body=-fixed

15)

axes) at

R, = R [} + (5/47r)% Bcos(Y-Zn'k/3)1 k =1,2,3 (6)

—
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and hence with Y (k—l)Zn/ﬁ the nucleer shape is of a prolete spheroid,

and oblate for Y = (2k-1)w /3. For a fixed value of Y, P-vibrations

n

correspond to the nucleus preserving its axis of symmetry, whereas Y-

vibrations destroy any axial symmetry.
In terms of the body-fixed components of angular velocity W, s the

nucleus will possess a rotational kinetic energy

2)
T =z E: I(l Wy W

rot Itk k'k"k' Tk

where the components of the inertial tensor (for quadrupole deformation)
are

oo Lo

) feogeep @l end @

for angular momenta Lk" Lk about body-fixed axes Kk, k'. In the body-
fixed system for which ay, = 0 for/u odd, it can be shown that the inertial
tensor, for either a rigid or non-rigid body, is diagonal.

The total kinetic energy of the system can then be put in the form

(with h = 1)

T-= % Z U(BO BZ) B .BU + %zlk(rﬂorBz)w (a>
F /J Va K

where/p,v = 0,2 and k = 1,2,3, The eddition of a potential term V(BD,BZ)

completes the collective Hamiltonian due to Bohr
i.e. H= T+ V (9)

This equation forms the basis of most of the phenomenological models of
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collective motion of nuclei, and in particuler it is usually applied to
even-even nuclei as it is generally assumed that these have spins of like
particles paired off and that, for low-energy structure, none of the
individual pairs are excited (i.e., the adiabatic approximation holds).

Although the six inertial coefficients entering into (8) are
completely arbitrary, if deformations are small, they may be expressed in

)

terms of a single constant B by the hydrodynamical formulae of Bohr3

|k = 4Bstin2(Y - 2mwk/3)
(10)

Byg = By, = B 5 By, = 0

Calculations made with a pairing-plus-guadrupole modell’g) indicate that

the approximetions are quite reasonable, and that it is the potential

function which shous most diversity, the choice of which will be made
later.
53 Analytical Solution of Collective Hamiltonian

With the definitions (10) and quantisation of (8) which is derived
from classical considerations, the collective Schrddinger equation may be

written

2
nE (1l 9 49y, L 0. 9O
[- 28 é 4 BB (B aB) ik (Sln:’)Y a«() - Y

B stinZY o y‘J (11)
3 IZ
e ‘ ) v(B,Y)]\P(B,Y.Qi) - E¥(BT5,)
452 k=1 sinz(Y - 2wk/3)

The separation and subsequent solution of this equation depends upoen the

form of V(B,Y), which has to be




2
V(p,Y) = V(B) + F(Y)/B (12)
Various simplifications, such as rigidity and symmetry, may be imposed ’4);
6)

however, the most general solution appears to that of Suarez B who
aséumes that vibrations are fast enough with respect to rotations to give
sense to expressions like 'mean values of the moments of imertia' which
are computed with the wave.function of that part of the Hemiltonian which

is a function of Y only.

With the potential operator

3 RN
u(g,7) = 3c(p-B)? + I A (13)
and wave functions
82 |sin3Y|%\I/(|3,Y,Qi) = B2F(B) lsinsYI%g(Y—?') v_ (8;) (14)
I

‘5)

the Schrddinger equation can approximately be separated into

[ 4 - AZ(Y--Y-)2 + L:l lsin3Y.|—21_g(Y-:(-) =0 WA:&M (15)
d(v-7)* s JCL"‘ Lot ?
104X )

g(y-Y) — 0 for Y —>=°%°

| X -

2
el <sin2(Y - 2w k/3)) . E

2

28 df 288 _
w(LJ O de E_IF N’ I

§
ot

2 2 o 2
N0 O sg(pp? . A2 E] 5%F(B) = O (17)

F(B) —> 0 for PB=0 and B —>©°
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The choice of limits for Y are rather strange when properties of the
collective Hamiltonian are considered. (section 5.4). However, they are
no doubt chosen in this way so that (15) now corresponds to a harmonic

oscillator, with solutions
i na I r -2
]sinzylzg(wr-v) = H, [AZ(Y-Y)] exPl-—%A(Y-Y) :] (18)
L= (24+1)8 ~ L = 0,1,20004s

This gives for A = 0,1

: 2 ‘
GinZ (Y - 2w k/3)> 0,1 ;{1-(1- -Z-'IA—A-)exp(-jz/A)cos(Zj-Y_— 47r1</3):{

(19)
The eigenvaluss L,en and the separation parameter A are related
I
2(A+2) =€ 42l - 2( F 4 —2—) (20)
g 2 9 2
&in“ 3
Eq. (16) corresponds to a rotor with eigenvalues
€ = [: 1 + 1 :].J(J+l)/4
§: 2 2
L &in“3Y) Qﬂn(Y-Zw/w>
(21)

+ [ 1 - 1 ] €. /4
&in3ry  Gint(¥- 27/3))

where €_is tabulated in reF.7). With relations (19), there seems to be
no need for the normalisation factor graphed by Suérezs). The eigenfunctions
of (16) are linear combinations of those of a rigid symmetrical top given

in eg. (29), and the coefficients are independent of B,Y.

The solution of (17) is achieved by a truncated Taylor expansion
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about 56 i.e. the potential is approximated to an oscillator well with

a minimum at pE. This gives relations

p¥(p-1) = n2(8CE") ™ (a+2) = p" (n42)
. (22)
E(irznI) = m{i(i-%)(‘w %)3 + —1-5 (2p-l)(P-l)]
2
and the eigenfunctions are
8°F(B) = Hi_l[a%(a— pE)] ex{-%b(e- pE)Z:]
| | (23)
. 2 BC 3 $
with 3" = =5 (4- E) w = (C/B)

The eigenvalues E are adjusted to fit the level structure of a
nucleus by variation‘of parameters ?,/p and A. Sufrez has tabulated best-
fit parameters for a wide range of nucleie), and these show the general
trend in collective features of nuclei.

Large values of A with small Y imply rotational level structure
which can be expected with large ground-state gquadrupole moments (i.e.
nucleus possesses large permanent deformation). The moment of inertia
about the 3-axis tends to zero so that the nucleus becomes symmetric about
this axis and the spin K becomes a good quantum number, with eigenstates
being classified according to K. This results in rotational bands being
built on vibrational levels,

In the other extreme, A —> 0 and the level structure becomes

that of a harmonic oscillator characterised by

=
E= (MmN = 0,1,2.... (24)
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with angular momentum degeneracy because of a Y-independent potential
operator (fig. 5.2). The quantum number K is not good and states are
characterised by the phonon number N. These.uibrational nuclei have small
ground-state quadrupole moments (i.e., nuclei are close to being
spherically symmetric). It is to this limit that the Cd nuclei under study
tend.

To achieve the analytic solution, stringent requirements (eg. (12)
and (13)) have to be placed upon the potential operator V(B,Y) and these
intuitively assume the separation of rotations and vibrations or the
separation of B- and Y-motions. Furthermore, the form for V(B,Y) given
in eq. (13) does not adhere to the proper symmetry requirements of Bohr's
Hamiltonianz’s) (section 5.4). Although Suérez' treatment is an
improvement over the static analysis of Davydov4), the solution is still
limiting,'and the parameters are rather remote from thosse calculated from

other considerations such as empirical mass formulae (liguid-drop model).

5.4 Numerical Solution of Collective Hamiltonian
Before formulating the numerical solution to the Bohr collective

8)

Hamiltonian, it is of interest to review the findings of Sakai ’ who has
studied the transition from vibrational to rotational nuclei with large
amounts of experimental data. He found systematic evidence to support

a correspondence argument in which the 4+, 2+, 0" states of the vibrational
two-phonon triplet gradually tend through a transitional region to form

the 4% state of the ground band (K=0"), the 2" head of the Y-vibrational
band (K=2") and the 0" head of the B-vibrational band (k=0"%) of

rotational nuclei respectively. Conversely, the level structure of
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vibrational nuclei could be grouped into guasi-K bands resulting from
the longitudinal co-ordination of excited levels in contrast to the lateral
co-ordination of the phonon model. In fact, in many nuclei there appeared

9)

to be more than three quasi-bands. The success of Kumar's analysis of
band structure in 154Sm suggests that the application of his numerical
method would be of interest in the vibrational region.

The numerical technique differs from that of section 5.3 in that
instead of substituting suitable wave functions into the Schrddinger
equation and obtaining a set of coupled partial differential equations,
the average energy (Q“1FE> is numerically found over a suitable mesh. A
variation of this energy set equal to zero therefore reduces the
Schrgdinger system of differential equations to a set of linear algebraic
equations, The integration is performed over the (BD, 82) plané and an

1,2} the plane may be divided into

investigation of symmetries shows that
6 60° wedges, each of which contains all possible guadrupole shapes. This
arises since, for quadrupole collective motion, H must be invariant under
rotation and that there are 24 ways of choosing the intrinsic frame such

that it is right-handed. Symmetry also requires that the potential

function V(BO, Bz) be composed from the two basic invariants
3 3 2
B = BD & 62 ’ B CDS3Y - BG - SBDBZ ‘ (25)

and that it must be completely smooth over the 60° wedge.

After much reduction, the total collective energy may be expressed

(with approximations (lD))z)

WVl Vo = fdr' ZK |l (Bgr 8,01 20(Bys 8,)

@)
1 T 0Ll _
<\.I.jOLIlYIITvib| \J,jalm> = E_éﬁT % I_"“‘a Le P 0,2 (26)

A 2
B
>

v ¢ =y

-
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<xyaIm|Trot‘\VaIM> =_/;T'

KK* AaIK<®MK l TrOtl(b MK!>AaIKI

with

<®§1K|Trotl®§ll(> = al(I+l) + bK2

@L T JOL (2> = @h ol Teat| B3

of

= c‘[(l+6KD)(I+K+2)(I+K+l)(I-K)(I-K—l)]

5
dr' = |G(BD, BZ)IZdBOdBZ : (27)
, 3
G(BysB,) = 87 TT 1,

The functions a, b and c are given by

-1 -1
a = (,|l - 12 ) /4

The expansion of the wave function is written

\yQiN.(BG’B'Z’Qi). - ;AaIK(BD’ Bz)(annK(gi) (28)

Where the sum runs over K even and 20, and
B (0,) = | (21e1)/167% (100, 0) | 2| Dy (8) + ()T Dy (8| (29)
MK L4 T KO MK* "1 M-K* 1

DI

The MK(Qi) are the rotation matrices for Euler angles Qi.
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The meshlchosenz) for numerical integration of (26) is shown in fig.
5.1 and is a series of equilateral triangles of side Zs. The 6 points
specifying a triangle DEF are used to defins a paraboloid, from which can

be proved

2
_MDEFF(BD’Bz)dBodBZ s L(r et et )/ /3 (30)

implying that only the midpoints of the sides are required for integration.
However, the vibrational kinetic energy involves derivatives of wave
functions and so the vertices of the triangle enter into the problem. Ffor

the upright ADEF

@f/org)y = [afarfer(Forte)] /2

©F/a8y)g = [Fp-fp) /25
(BF/B8g); = [Farfa-fo-b(fpfe)] /s

(31)
F/28,), = [Fa-fu-fori(Fy-fe)] /5

@ /08,)g = [(Fy=Fygrfe) ~Femi(fyfe)] /a8
[

(BF/08,) = [-F3=Fg+frfe-3(Fp=Ff)] /o3

and with the inverted triangles labelled as in fig. 5.1, the only difference
in the above formulae is that the BZ differentials should be negated.
The approximation to the collective energy which results from this

procedure can therefore be written

YIRS + Z, TRTELY (32)
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FIG. 5.1; Triangular mesh of (bo, 52) plane for numerical solution

- mesh size has been denoted by N from which the total
number of points is (N + 1) (N + 2)/2.
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the summation extending over all mesh points i, i'. The matrix H
obviously has many vanishing elements and, as the weight factor IG(BD, Bzﬂ
is included in Hii" it vanishes on the prolate and oblate edges (v = 0,
GOOFrespectively). Hence wave functions on these edges enter into (32)
only by vibrational kinetic energy terms. The solution of the Schrtdinger

equation is obtained by making (32) stationary, subject to the normalisation

vcondition
l 2 J[QT' Z; lAaIKl2 % Z: FiAi2 (33)
i
and the result of the variation is the generalised eigenvalue eqﬁation
z H oAy = EFA; (34)

il

Although the A could be expanded as a linear combination of,,

alK
say, harmonic oscillator functions, the variational parameters are chosen

as the values of AaIK at the mesh points themselves, so that the method

can easily be extended to cases where energy parameters are not analytically
known. Certain boundary conditions exist for the mesh. The wave function
will adjust itself to have zero normal derivative at the boundaries as in
this.way the kinetic energy will be minimised. All K = 0 components of

the wave function must vanish on thekprolata edge, as I3 becomes infinite,
and for odd I, all components vanish on the oblate edge. The effect of

rotations yield relationships between K-components of even-I1 eigen-

functions on the oblate edge

I
M

(-)¥/2 L8 5 _ (8,60%) (35)
00

o
AaIK(B!60 ) =
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which reduces the number of variational parameters. A boundary constraint

must be imposed at the origin for AaD as (considering the first triangle

]

DEF), wave functions at points B, C, D occur only in the vibrational

kinetic energy at A, and then only the combination (AB+AE%AD)anters. To

B’AC and AD the normal derivatives at B and C are made to

vanish, AaIK on the far edge may be forced to vanish, which it would do

with large enough Bm - this can serve as a test to check that the edge

solve for A

has been placed far enough from the origin.
These boundary constraints may be included in the minimisation

routine by writing them in the form

Ck(x) = E:Ci X; = 0 k=l,..e.s,m constraints ‘
1 k |
|
with Z C. C. =0
~ i i kk!

The Cik's are given in table 5.1.

The size of Hii' is dictated by the mesh size and the number of
K-spins: for N=16 and I=4 (K:D,2,4),Hii, would be 459x459. However, the
boundary conditions reduces these dimensions to 392x392. In the
construction and subsequent solution of the Schr@idinger equation, the
present treatment ignores this and adds the boundary conditions in the

minimisation routine. The largest number of non-zero elements in a row

is 19 for the N=16 mesh.

5.5 Solution of the Eigenvalue Equation
The method of determining solutions of the generalised eigenvalue
equation (34) is based on that of gradients. This is an iterative method

in which a trial vector is modified in a prescribed manner until it
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TABLE 5.1 - Boundary Conditions for Mesh
(i) Eigenfunction vanishing on a boundary
C =1 for point k

(ii) K-components on oblate edge-relating corresponding

points i
I K
0 2 4
2 0.86603 =-0.5 - (68
1
k
4 0.83046  -0.55709 0.0 Ci
k
0.41197 0.61413 -0.67315 Ci
kl

(iii) I = 0; vanishing normal derivatives at points B and C

points | D B F c A £
cil -0.13608 0.54433 =0,27217 -0.54433 0.54433 -0.13608
C, -0.16731 0.44273 -0.19562 0.44273 0.66923 -0,30630
2 »
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coincides with one of the eigenvectors of the given equation, and is
particularly suitable for large matrices where only the first few eigen-
vectors are required. =0 N =FF

The equation may be written in the form

z Hy R = B z Fi iR ik (37)
with E;Aik'FijAjk = 6k'k

Solutions of (37) are determined by minimising the Rayleigh quotient

/J('X) = h(x)/f(x)

with h(x) = Z X.H., .x. f(x) = inFijxj
ij

&L

and x 1is the trial vector
af/ax (x) |: ZHijxj -/J(x) Zrijxji‘ = tl;/f(x) (38)
J J

The vector t is in the same direction as the gradient oF/y(x), and would
determine the direction the trial vector x should be moved if no
constraints were applied to x. However, x must be orthogonal to the
boundary~conditions»and to any previous eigenfunctions.

Using Lagrangian multipliers Ay and Wp’ a new vector & determines

the direction x should be moved

i ’
=t, - - J
£, =t i Axkcik Z w A | (39)

" p P

U
where E: is a summation over the lowest eigenvectors only. Obviously
5 ;
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the two types of constraint are orthogonal as the first (etc.) eigenvector

was found orthogonal to the boundary conditions.

&

The new guess at the trial vector is then

with the reguirements

(i) Z:Cik;i = 0

0 i.e,

(ii) lZ xlF'lJAJ

The scalar

Y determines how far the trial vector X

the direction & The optimum value of Y

possible reduction in/u(x).

(40)
e
1 lk 1

(41)
2; tiFiJAJp = wp(t)

should be moved in

is found by demanding the biggest

This is found by equating to zero the

derivative of/u(;) with respect to Y, and solving:

- [<b2+ac)% - ]/a (42)

where a = f(§) zsl ij J - h(§) jzj&iFijxj
- %[h(i)f‘(x) ] F(E)h(x)] (43)

c = f(x) ZE Hy - h(x) ZEl 155

It has been suggestadz) that the number of- iterations can be reduced by

Y = D'gYopt
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Unless one has a priori knowledge of the eigenvector required, an

initial guess for the trial vector is

%2 -Z wp(z)Aip (44)

x
n

B &
where z, = f(xi=;):l 2 for lowest solution, or f(t)=0

B i
= F(t):l -zti otherwise

and t is the vector obtained during the last iteration needed for
determination of the pth vector.

Iteration may stop when ltl = IHx7pr| is smaller than some
desired limit (since this tests x=A,/u=E) and the fractional change in/p
is less than some limit. Experience revealed that bothlp and ltlwould
successfully converge to some fixed values, and that although/u decreased
monotonically, ltl tended to fluctuate in its convergencs. The existence
of a finite limit for Itl is probably due to the imposed boundary

conditions although computing round-off errors may also be present.

5,6 Electromagnetic Moments

As the solutions of the Schrodinger equation are stationary, good
agreement between model eigenvalues and observed nuclear level structure
is not a particularly sensitive test of the model descgiption of a nucleus.
Various predictions, such as electromagnetic transition probabilities,
provided by model eigenfunctions yield much more stringent conditions on

the validity of a model. In the numerical analysis, it is important to
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realise that with the preceding treatment, the shape and hence the intrinsic
state of the nucleus is free to change from one nuclear state to another.

The coliective wave function of each stationary state is in general a

linear combination of many intrinsic wave functions.

A Electric Quadrupole Moments
The reduced transition probability associated with a radiative

transition of multipolarity E2 is given by

B(E2; al—a'l') = (21+1)7%] <a1]|m(52)|[ a'I'>|2 ' (45)
In the lab. system, the E2 operators are written as

2,m
m(E2,m) = ZB -y (Q) m=0,+1,+2 (46)
pPPp2p ‘
p

and rp,Qp are the radial and angular co-ordinates of a particle outside

the core., ep is the effective charge of the particle. The corresponding

relation in the intrinsic system is

m (£2,k) = & 57T} ' (47)
: ; pPp2p

with . m(€2,m) = ZDik(Gi)m'(EZ,k)
K |

The Wigner-Eckhart theorem gives the reduced matrix element of

(45) as
@1,m=1|m(52,0)la'I',m'=1> & «(_}f;;gu;%')@”m(sz)”a'l> (48)

<§Im| being a stationary nuclear state.
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After reduction, one obtains for the wave functions defined in

(28) and (29)
G1|me2) Jor 1%
[21+1)(2I'+1>]% )! ra D[IK S ' BorkllAgrgr?

. '4%(1+6K0)2 ( 2 )Q‘ax K+2 |Q2|Aa L%
o () (I ' )QaIKIQ IAgrrs K+2>;] o

from which the B(E2)'s may be found.

The spectroscopic guadrupole moment of a state lai} may also be

expressed in terms of the reduced matrix element:
1 2 1 :
Q(al) = (167r/5)2(_I ] I)@Illm(zz))lo@ : (s0)
The Q@ are defined

ag(8,v) = &|mr(ez, 0)|%>
(51)

a,(8,Y) = {2K|n" (€2,2)| % = S| (2, -2)|x>

where <3l is an intrinsic wave function dependent on B,Y but not on the

quantum numbers I,M and K. Assuming a uniform charge distribution and

Bohr's definition of deformation (6}

_QD(B,Y) (31r/4)ZR§BcosY (52)

QZ(B,Y) (31r/4)ZREBsin‘Y

VICTORIA UNIVERSITY OF
WELLINGTON LIBRARY.
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Alternatively, one could use Nilsson single-particle wave functions for a
better approximation.

Where K is a good quantum number, the transition probability may

‘be reduced to that given by Bohr3) for collective transitions of a strongly

coupled system

2 2 (I+1)(1+2 '
B(E2; I+2—1) = (15/32w )e"q, 2T+3) (2125 (53)

. 2
with @, = (9/57 )?ZRG(Boos

B Magnetic Dipole Moments

The reduced Ml transition probability is similarly
B(ML; al—a'l') = (21+1)'1|<§1ﬂm(m1)||a'I'>12 (54)

with the expectation values of the operators m*(ml) in the intrinsic state

written as

-(3/87 )%(g 1= + 8,1,) ES

x|me (1, +1) [ X

1
2
(3/4m)%g,1,

x|me (1, 0)|%)

I =1, + il g, = %(gl + 92) (56)

I (k=1,2,3) is the component of the total angular momentum on the intrinsic
axis k, and 9, is a gyromagnetic ratio dependent on k as well as B,Y.
After reduction, one obtains

1

Gatlnem) a1y = [3(2I+1)<21'+1)/4«:| :
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=

I I 1 It I 1 10
x(-) ;a[é (-K . K+l) Rpvks (-K 1 K-l) RI',-K§<AaIK|9+lAa'I'K>
. 1
) i I 1 1I¢

(1+3,5) § (-K-Z 1 K+l RI'KQaI,K+2| g-IAa'I'K>

I 1 I
'(-K -1 K+l) RI',-K-ZQaIKlg-lAa'I',K+2>;

I 1 1 :
*(aK 0 K‘)KQaIKlg?:IAa'I'K)} (57)

where R, = JE(1-K) (T +K+1)

The reduced transition probabilities may then be obtained by

substitution, and the spectroscopic magnetic dipole moment of a state

<@II is given by

plat) = (4«2/3)%(_§ : i)@x\]m(m) | o2 (s8)

These relations simplify if K is a good quantum number.

In the classical treatment of.a liquié drop, Lipaslo) has demonstrated
that, for even-even nuclei within the context of collective motion, the Ml
multipole operator has no non-zero matrix elements betwsen any two different
nuclear states, implying that collective Ml transitions are strictly
forbidden. The physical reason is just that there cén be no Ml radiation
because there is no precession of the dipole moment about the total angular

“momentum
ie. po=gpl gg = Z/A (59)

where 9 is the gyromagnetic moment of the even-even core.
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In fact, weak Ml transition are found in even-even collective nuclei, -
and although they can be accounted for by pair creation and annihilation in
 HRPA calculationsll) (implying a breakdown of the adiabatic approximation),
there is an alternative explanation which is within the bounds of the
collective modellz). The two gross nuclear forces intuitively assumed in
collective motion are quadrupole deformation and the pairing force. It is
the latter that favours a spherical nuclear shape, and, as protons and
- neutrons have been found to have different magnitudes of pairing forces
(Gp)Gn), it is reasonable to suppose the deformation of an assembly of
protons would differ from that of neutrons. Since the dipole moment of an
sven-even nucleus is due to proton orbitai_motion, and the deformation of

the protons is less than that of the total mass distribution, 9 becomes a

spherical tensor, with components

g, & gg(l - 2f)
gz 2/Fq,f EE%EX
8 4 -B |

ag = 95 # 21 - &p) - &g r(fe22h) | (60)

55, o7 7,75
where f = —2 3 ﬂ(—ﬂ - 1) . since B = =
B A B A
p

The subscripts n,p refer to neutron and proton, and the ratio of ftheir

deformations is derived from a quasi-spin model

(61)

o)
;dlU |
]
|
LY IEY
N
(8]
=
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The gyromagnetic ratios are derived with the assumption that the potential
function used to describe the nucleus has its lowest minimum at B:E and

13)'have found

v=0,60° in the range B0 and -180%1<180°. Heestand et al.
that these g-factors proposed by Greinerlz) gave the best agreement with
experimental values of doubly-even nuclei.

The expressions for reduced transition probabilities may be used
for both the analytic and numerical solutions, the relations between these
being

Ay rk(BsY) = oy -'?)F(B)cnIK (62)

where Cn are the coefficients of expansion of the eigenfunctions of (16)
IK
in terms of functions (29). These may be obtained by solution of (16)

with relations (27). For the numerical solution,

<AaIK‘Q}J\Aa'I'K'> r z AaIKFQfaAa'I'K' (63)
a a
the summation being over points 'a' of the mesh and F is the normalisation

integral given in (33).

Sl Test for Accuracy; Numerical Solution
Relevant parts of the preceding sections were encoded in FORTRAN

1

15)
for the PDP-8 and PDP-9/L computers and tested with the potential function

U(B,T) = 4CB° (64)

for which the Hamiltonian may be solved analytically. Solutions in the

(B,Y,Qi) representation have been given by Kumarz) and these are compared




TABLE 5.2 Numerical Eigenfunction Test
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B(E2) values for the oscillator well specified in section B8s7

and calculated with

Z=5 A=125 R = 1,288 fn
initial final B(E2;0,I —a',I') x 10-48 ezcm4
s Raks s exactz) | numerical
1,0 1,2 0.4616 0.4546
2,0 1,2 0.1847 0.1913
1,2 2,2 0.1847 0.1849
1,2 1,4 - 0.3324 0.3328
292 1y3 0.2770 0.2779
1,3 1,4 0.0791 0.0798
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o*2*4* 2 4488  8:638
0" 4,414 0.005 ‘
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|
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J
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o o" 2,482 0.001
2 L

EXACT NUMERICAL N=16

FIG. 5.2 Numerical Solution Test- Oscillator Potential

Parameters are
L %
=1 MeV

T ='100 MeV ~-B =100 MeV ™ B = 0.45 w= (C/B)

and AaIK_;f 0 on the far edgg.

ltlz = 'HAaIK - EaIFAaIK»lz
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with the present analysis in table 5.2 and fig. 5.2 for the parameters

C = 100 MeV B8 = 100 e V™t B = 0.45

CorrESpondlng contour plots of wave functions are presented in Flg. 5 3>

5.7. The agreement obtained with the results of Kumar and those of the “'\

exact solution indicated that the programs were functioning correctly. o
Contours of analytically and numerically determined eigenfunctions

correspond very closely except for some lack of defimition at maxima and

a tendency for contours to arrange themselves perpendipular to the far

~edge, thereby minimising kinetic energy. The latter effect is present

because, as Bm $ 00, the wave function does not vanish at the far edge.
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6.1 Introduction
. : . 114 ;

The Cd isotopes, and in particular Cd, have long been considered
as typical quadruhole-type vibrational nuclei. However, experimental
measurements on ll4Cd have revealed properties with significant deviations
from phonon model predictions, even though the nucleus is basically

1)

spherical™’., In general, the ratios

s
]

B(E2; 2% — 2%)/B(E2; 2¥ — 0%)
' (1)

pou)
n

B(E2; 2% —, 0%)/B(E2; 27 — 27)

for even Cd nuclei differ considerably from the vibrational model values

of 2 and O respectively. This model also predicts a zero static quadrupole -

noment for the First 2° state; however, this is found to be -0.50 + 0.25 e b

4 .
~for 1L Cd, Tamura and Udagawal) have shown that these electromagnetic
properties do not imply that the Cd nuclei are excluded from the vibrational
framework since, by treating the 2% levels as orthogonal linear combinations

of one- and two-phonon harmonic vibrational 2% states |l> and |2>
e, Y@ =gl +al

W) = -a,|1> + a2 | (2)
one can prove

R, = 2(2a2 -1)%/a]

+ AZ./_A 2=
a(2") = =cN7 eja,ZR; B (3)
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and setting R, = 0.2, |a2")| = 0.71 e.b (4)

The value estimated for the quadrupole moment (which is very close to the

rotational model prediction) illustrates that the vibrational model is
still applicabls. Bés and Dussel3) have extended this type of approach
with addition of anharmonic effects and higher-phonon state mixing, and
although achieving some success with elsctromagnetic properties, good
agreement with level structure was not obtained.

The level sequence of the Cd triad closely resembles the phonon
spectrum except for the addition of D+, 2% states close to the two-phonon

112,114, .+ least). Thess five states appear to be isolated

triplet (in
from states of higher energy by a considerable gap. This feature should
also be reproduced by a model description. The following sections describe

attempts to synthesise Cd level structure using the prescriptions given in

Chapter 5, with emphasis on the physical basis of the parameters involved.

6.2 Choice of Parameters
One of the main deductions which can be obtained from a discussion
of different collective models is that it appears that the potential
energy of deformation requires special consideration, and it is this
operator which will be relied upon to introduce anharmonicities into the '
collective Hamiltonian. Suérezs) has determined best-fit parameters for
analytic solutions, and these will be adhered to, although they bear
little relation to what one might expect from liquid drop considerations
(see eq. (17)). Kumar4) has developed a semi-empirical mass formula of
Myers and Swiatecki (MS)B) such that prolate-oblate differences are g

increased and axial symmetry may be destroyed. The basic features of the
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MS-potential, such as fission properties, remain. In applying the

154

numérical method to the deformed nucleus Sm, Kumar made a detailed

investigation of the effects of each term in the pofential on the structure

and properﬁies of energy levels. The potential function is written

3 - 3 Z
U(p,v) = 3C° - P cos3Y + EO * (Gl+c293°053Y>§—3C°83Y:lexP(- %5 (5)
a a a

and cosefficients are related to those of the MS mass formula by

(08
C:gLE;Fz(b—)SF,a-'—D', G. =6 (6)
2 o b 0
a 0
0
Y
2

with b = (5/4m)? (o is tabulated in ref.®) as conv)

Since the collective properties of low-energy nuclear structure
involve small deformations (compared with fission), C and f should remain
as defined in (6). Howaver,'exponantial terms (which include shell effects)
require modification to get good agreement with experimental data.

The Gaussian range,6K a was treated as fixed since, as it determines
the magnitude of nuclear deformation, small changes in a should not change
the nature of the nuclear spectrum, As the deformation of the Cd nuclei
was small, a ' was set to 0.25, only slightly larger than the value obtained

from the MS tables (~0.2). An initial guess at the ground state deformation

E can be obtained from the strong coupling formula oF‘Bohr7) and the

experimental B(E2; 2t 5 0") valuez)
+ o
B = /55(525 2" >0")  LithR = 1.28fn (7)
2 2 0
32RD e

Two further conditions may be reliably used to determine potential

parameters. These are
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ov(g, 0 or_w/3) _ 0
0B - (8)

and

V(E, 0 or ®|/3) = S¢ (9)

where SE is the shell effect, or difference between the experimental mass
and liquid drop masss). There is a supplementary condition when the

depth of the potential well is considered (see fig. 6.1); for a deformed

nucleus
v(0,0) > v(B, 0 or T/3)
S B 58 : (10)

It should be noted that values for Y have been restricted to 0, /3
i.e., a nucleus is either prolats, oblate or a mixture of these shapes. 2
This restriction on the potential minima has been enforced to obtain
agreement with single-particle calculationse) but it may well be that the.
position of minima for these calculations is a reflection of the wave
functions used.

Unfortunately, to gain a reasonable deformation (GD).SE), one finds
when using the potential of eq. (5) that large values for the Y-asymmetry
1’ G2 need to be applied. The single-particle calculations of
ror,B09012:13) e Latue of Corpt (~C,c) and the proximity of the 2%

terms G

and 4% states of the Cd nucleilo) all indicate the contrary. To achieve
deformations without large Y-asymmetry, the following expression was

added to the potential function (5)

. [(1 . aexp<-ez/a2))c3(sz/a2>] axp(~67/a) (12)
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and to reduce the number of undetermined variables, conditon (8) was
made independent of Gl and GZ' an approximation which is reasonable when
single-particle calculations are examined. The potential difference

between prolate and oblate edges at B = E was utilised to fix Gl and G2 %
\

i.e. APO = ZGl(Eya)zexp(-EQ/az) (12) |

so only two free parameters exist in the potential function,viz. GU and

A Fig. 6.1 shows a typical potential function used in the Cd calculations.

po’

" The 'inertial parameter B may be estimated from the semi-empirical

relation of Grodzinsll) for the transition probabilities

10 1

T(e2; 2* —y 0%) = 3.10%0 £%7%/A sec” (E in MeV) (13)

Coupling this with the rotational model (in the notation h = 1) one

obtains for RO = l.ZAé fm
8 = 0.9621.107° a3 wevt : (14)
Alternatively, the vibrational model gives

= -
(80)? = 2.405.1073 /3 (15)
where E is the excitation enmergy of the first 2° state.

6.3 Numarical Solution

After some preliminary investigation, a systematic study was made
of the eFFects.due to the CD and APD variables of the potential -function.
Conditions (8), (9) and (12) were adhered to in the determination of

other parameters, and the various constants required were those applicable

to 114Cd.
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Fig. 6.2 shows the variation of eigenvalues of states (al) with

GU' This is in conflict with a similar study with Kumar's potentiala),
eq. (5),and is due to the enforcement of condition (9). Without the
addition of (ll), condition (9) cannot be maintained (with G = G, = 0),
and an increase in GO is merely an.effective decrease in the parameter C.
The Y-independent potential (except for the f term) of fig. 6.2 allows
degeneracy of the (22) and (14) states, as uxrrftedlo). The effect of
changes in GD upon the properties of the gigenfunctions is very small and
regular. There is virtually no change in relative intensities of
K-components of wave functions and the electromagnetic properties
corresponding to those tabled in 6.1 undergo only slight increases with
Gge

The effect of d}fferant values for ADD is much more interesting.
The variation of eigenvalues with APD (fig. 6.3) demonstrates that it is
possible to get two excited 0% 1evels close together, although to the
detriment of the g = 3 spacing. Figs 6.4 and 6.5 illustrate the wave
function change in going through the point of closest approach of kZU and
ESO' At this value of ADD the prolate and oblate maxima in intensity
will be equal so that AZOD and A300 roughly resemble each other. One
finds that the position of the secondary maximum of AZOD always follows
the potential minimum (while preserving its orthogonality property-radial
node at ﬂ-E) and that of ASOD (orthogonality demonstrated roughly by an
angular node at F'SOO) opposes it. There is no crossing of levels. This
verifies an assumptign of Kregar and Mihailoviég) that 07' states may

correspond to oblate ground states. In view of the small effect that

the f term of the MS-potential had in fig. 6.2, it seems unlikely that

L
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the asymmetry in shape transition is due to it. The ground state AlDO
remains little changed by small variations in Apo,'and corresponds to
that of the harmonic oscillator (fig.- 5.3).

The mechanism of change with A 0 in the case of spin 2 eigenfunctions

p
is different. As can be seen in figs 5.4 and 5.5 of the oscillator case, o)
these eigenfunctions possess distinct prolate (K = 0) and oblate (K = 2)
components and, as one would expect, changes in APD are accompanied by
shifts in intensities of K-components. This is demonstrated in table 6.1
where, after the elsctromagnetic properties, intensities of different
K-components are given for states (al). Teble 6.2 contains extreme model
values for these intensities and one can see that the transitions to the
extreme models is smooth. It is evident that o = 1,3 for I = 2 corresponds
to the potential shape whereas the (22) state opposes it. ‘Again, as in the
spin O cases, a prolate shape is preferred. Interplay between K-components
of spin 4 is similar. From the analysis, it is apparent fhat the
correspondence argument of Sakail4) (section 5.4) holds although the

quasi-K spin formalism is not obvious. In particular, the value of

B(E2; 2,291,2) which is zero for good K (interband transition) reduces
rather slowly with APD’ and is disproportionately much larger than

140y values (see table 6.3). It could

B(E2; 1,2—1,0) when compared to
well be that the quasi-K bands result from some other effect.

Although the preceding analysis leads to an understanding of
various nuclear properties, it should now be evident that the application
of the model to the Cd triplet is not going to reproduce good results.

The requirements of electromagnetic properties and level structure are in

conflict with each other as well as within themselves, and although this
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TABLE 6.2 Intensities of K-components for models

state prolate harmonic oblate
(al) rotator vibrator - rotator
K=20 1.0 0.725 0.250
12
K= 2 0.0 0.275 0.750
K=20 0.0 0.339 0.750
22 :
K =0 1400 0.661 0.250
K =20 1.0 0.725 0.250
32
K= 2 0.0 0.275 0.750
K =z 0 1.0 0.618 0.140
14 K= 2 0.0 0279 0.313
K= 4 0.0 0.107 0.547
A -ve "0 +ve

PO




|

142

point will be discussed later (section 6.6), the application of this

model to the Cd nuclei will not be pursued.

6.4 Analytic Solution
The following values for analytic solution parameters which are
given by Suérezs) wers used to generate the level structure and nuclear
properties shown in fig. 6.6 and table 6.3.
Y A ' A

112 0

cd 20 0.5 " 4.0
113, 18° 0.5 3.5 (16)
116py 18° 0.5 4.5

The level structure is normalised to the spacing of the first excited
(1012) state.

It appears that the eigenvalues obtained yield a structure more
closely allied to the experimentally determined spectrum than the
numerical analysis, a fact which is surprising when one compares the
relative numbers of approximations made. In particular, the 4% (1014) |
state can easily be made considerably higher in energy than the 2% (1022)
state, a feat which other models find impossible or have limited success
with., One other salient feature of the analytic solution is the close
proximity of a 3" (1013) state to levels which-are near the two-phonon
triplet. The electromagnetic properties shown in table 6.3 are reasonable
although agreement for the B(E2; 2" — g%) value is bad.

Because the analytic solution and its form of potential operator

(and similar treatments such as the Davydov modella)) has been widsly
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used; it is important that it should be fully investigated. The numerical

method should be valuable in this respect.

Be8 Comparison of Analytic and Numerical Solutions

The potential operator (eqg. 5.13) used in the analytic solution
of the collective Hamiltonian does not conform strictly to the symmetry
requirements adhered to in the numerical method. However, the application
of the numerical technique to a Hamiltonian with the analytic potential
should still produce meaningful results regarding the assumptions and
approximations inherent in the analytic procedure. This has been tested
with the potential operator applicable to ll4Cd. With the parameter values

given in (16), the equivalent parameters for use in-the numerical solution

are (with h = 1)

(]
"

Ez+/9p§)2 - 58.40 MeV

as}
n

Q/Ezz = 187.56 Mev ™t (17)

with the assumption that the excitation energy of the first 2" state is
4
given by

E+ = (C/B)% MeV (18)
The potential operator takes the form
-2
e =%c[<s—s)2 - ge? O] (19)
B

and the prolate-oblate difference for 1l4cg is

Bog = -0.375 MeV (20)
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In the analysis, the Y-dependent part of the potential operator was made
to vanish at B = 0.

The pesulting level structure, normalised to E2+, is shown in
fig. 6.7(a) and some eigenfunction properties are listed in table 6.4.
For comparison, fig. 6.7(b) is the ll4Cd analytic solution which was first
given in fig. 6.6 and the figures in parenthesis of table 6.4 are
corresponding eigenfunction properties. It is immediately apparent that
the level structure and properties of eigenstates closely resemble those
given in fig. 6.3 and table 6.1 for comparable values of APD and that the
analytic solution of fig. 6.5 is misleading. This casts doubt upon the
validity of thevapproximations used in the analytic method, and prompts
an examination of these.

The sucéess of the truncation of the %aylor expansion of the B=-
dependent potential plus the separation term

Uo(8) = c(p-B)” + ﬂz—zl (21)

283 '

is highly susceptible to the variable p, which is tabulated in table 6.5.
These values, corresponding to the analytic solution shown in fig. 6.6

ll4Cd eigenstates and, as can be seen from

vary from O.é to 1.25 for
fig. 6.8, the resulting oscillator well differs considerably from the
original well for p<l (i.e., (A+2)< 0). The lines drawn across the well
indicate the mean amplitude of B-vibrations and hence the position of the
eigenstate. If V,(B) given in eq. (21) was used for p<l cases (1010 and
2010 eigenstates), the eigenvalues would be reduced.and the 2010 state

would appear lower in the normalised structure. Obviously, this is not

the reason for the inconsistencies between fig. 6.7(a) and 6.7(b).



149

.Duv.:” JI04 CDm._”,HMQEOU uoTjinTos Oﬂu\AHmcm pue TeaTaswnpy m.m 378Y1

(£882°1)L252°T | (95¥9°0)215%°0 | (Lv92°0)LL98°0  (zZiBZ*0)zZEBY°0  (08v6°0)TLv9°0 | (zZg£) 2117
(vviz*1)8682°T | (9508°0)8TTS 0 | (0£92°0)6S56T°0  (0£92°0)6097°0  (0Ovi6°0)ZEr8 0 | (£T) £10T
(21lz°1)022°T | (B099°0)BTTIS'0 | (2£4Z2°0)6S6T°0  (vilz'0)609%°'0  (v6v6°0)zeys'0 | (¥1) v10T
(zriteT)sest T | (9vBe°0)21S7 0 | (60T2°0)L69E°0  (Z482°0)Ze8%°0  (BT06°0)TLv9°0 | (0T) OTTT
(498T°1)£28T°T | (6459°0)8TT15°0 | (£082°0)656T°0 AmouN.ovmomqqo (68v6°0)2ev8 0 | (22) zzoT
(6886°0)5206°0 | (¥459°0)BTIS"0 | (5592°0)656T°0 AmmmN.ovmo@q.o (B0s6°0)zey8*0 | (0Z) 0102
(5821°1)8890°T Ammmm.ovmﬂﬁm.o, (t692'0)6S6T°0  (G18Z2°0)609%°0  (ve¥6°0)2ev8°0 | (2T) Z10T
(s686°0)5206°0 | (2659°0)8TT1S°0 | (5£L2°0)656T°0  (£9.42°0)609%°0  (z0S6°0)zev8*0 | (0T) OT0T
g =3 z = T=23 (10) 1uyT

d Aw>mVNCﬂmv Lspine - >vmmﬂmv 83egs




150

A

‘wrej ucrjeedss yijtm Tertjusjzod orjhATeue jo uotsuedxs zoTA2] pazeaunl| g®g *9I4

€:0

o

o

"
= [so}

1.0

Nl

o

e —— e

(N Az

gd

Al_.n_AIQ.nTQVNIIY




151

Also listed in table 6.5 are expectation values for moments of
inertia used in the analytic solution, and, for comparison, moments
calculated with the numerically determined eigenfunctions (and potential
operator (19)) are tabulated in parenthesis. The latter expectation values
are consistent with the potentials of section 6.3, and one might therefore
expect that inaccurate expectation values of moments of inertia could
destroy the equivalence of solutions. In the logical extension of this
idea, the numerically determined expectation values of moments were
substituted into the analytic method and eigenvalues computed. The
resulting level structure is fig. 6.7(c) and the corresponding values
of p are given in parenthesis in table 6.5. As well as the unrealistic
level structure obtained, the K-component intensities of the eigenfunctions
disagree even more with those of the full numerical analysis.

It is surprising that the expectation values of moments of inertia
obtained with the numerical eigenfunctions are almost constant. IFf
expressed in terms of a fixed angle Y, the value of the angle ~26° and

15) for lll‘ca.

this is equal to Y used in the Davydov model
The main reason for the inconsistency of analytic and numerical
methods must therefore lie in the separation of Y.and Qi (Euler angles)
dependency in the eigenfunctions. Although both techntias separate the
Qi dependency, in the analytic treatment the coefficients of expansion of
the rigid rotator wave functions are independent of (B,Y). The different
K-components of numerically determined eigenfunctions clearly show that
this is not justified. In the case of well-deformed prolate nuclei, the
approximation would probably hold quite well and the analytic treatment

could be used successfully. However, where K is a bad quantum number,

the analytic model will be misleading if applied.
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6.6 Conclusion
The present application of a collective model to the Cd nuclei has

not been successful although the potential used in the numerical analysis

provided a good approximation to those obtained. from single-particle wave

functions. To merely state that the epproximations to mass parameters

given in eq. (5.10) cannot be valid does not greatly improve certain

8)

aspects of level structure. In particular, Kumar and Baranger ’ have

computed mass parameters from single-particle wave functions for heavy-mass
vibrational nuclei (small APD) and have failed to raise the (1,4) state
sufficiently higher in energy than the (2,2) state.' However, the same
analysis does predict non-zero Q(l,2) moments for zero BApg and this must
~be a direct consequence of (B,Y) dependency of mass parameters., A recent
paperls), published'while the preceding work was in progress, contains a
re-examin%tion of this analysis from which Kumar has stressed the

importance of Ap with regard to nuclear structure, and the deformation

0
dependency of inertial parameters. It is probable that the dependency of
these parameters is of particular importance for small values of APO’ but
doubtful that this extension will reproduce 114Cd nuclear structure.

A further complication may be present in Cd nuciai as some of the
states about the position of the two-phonon triplet may be a result of
non-collective excitations (adiabatic approximation violation), such as
pairing, or a mixture of excitation modes. If this is true, and one
ignores the 0% and the lower 2° states at the triplet energy, then the

13)

results-of a fermion-system calculation of Sorenson would easily be
reproduced by the numerical analysis of the Bohr Hamiltonian. However,

the choice of non-collective states is not obvious and lacks experimental

evidence.
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Tamura and Udagawal7) have applied the HRPA to particle-hole inter-
action for a two-phonon description of the 114Cd level structure and,
al though some states are reversed in order, have obtained a quintuplet
of states at the two-phonon triplet energy. They have also had reasonable
success with the electromagnetic properties of the states. .It would

therefore seem that it is with this technique that a good model description

of the Cd nuclei will be obtained.
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7.1 Summary

The aims of the present investigations were to study the decay of
the three odd-odd isotopes lleg, llaAg and llﬁAg, and to relate the
results ébtained to predictions of nuclear models which have been
successfully applied in other regions of the periodic table.

Because these Ag isotopes all have short half-lives, special
experimental techniques have been adopted or developed to Facilitata‘
data acquisition and analysis. The isotopes have been produced by fast
neutron irradiation. Since the neutron flux was low and the production
cross sections small, a pneumatic system was used to transport samples
from irradiation to counting positions. The transport system, plus a
beam stop unit and associated detection devices, was automated to permit
recycling of the @rradiation-detection process., Methods adopted in the
reduction of background count rates included the use of a lead castls,
the beam stop and efficient neutron shielding.

Many of the principles and methods used in the analysis of
experimental data have been outlined, with particular emphasis on the
requirements of the present study. These descriptions have been oriented
such thafjmethods given in the sections on experimental results can, if
necessary, be pursued in depth.

The measured half-life of lleg was long enough to permit its
activity to be chemically saparatad from the reaction products formed by
fast neutron activation of natural elements of Cd and In. 76 Y-rays were
detected from the subsequent decay of lleg and all but 12 of these were
assigned in a level structure of llsz involving 26 excited states. The

results of three other studies of the decay of lleg (the first since
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1962) were published while the present investigation was in progress and,
as extensive Ge(Li)-Ge(Li) coincidence measurements were included, the
work presented in this thesis was interpreted in the light of these
reports. .The present study has led to more accurate level energies and
the assigning of 8 Y-rays as new transitions between:levels of llsz.
Y-Y angular correlations have been measured for major Y-rays in coincidence
with the 617 keV transition, and these have been used to predict spins and
parities of some excited levels. Cross sections for the production of
lleg Sy (q,p) and (n,a) reactions were measured, and the llsz (n,p)lleg
value was compared to that expected from statistical model calculations.

The nuclides ll4Ag and llsAg wers produced by (n,p) reactions on
natural and isotopically-enriched Cd metal samples. As the measured
half-lives were very short (4.5 sec and 2.5 min respectively) and their
production cross section small, the irradiation-detection process had to
be cycled many times to obtain statistically significant data. Because
of low yields, Y-Y coincidence measurements gave no new information on
the decay of these isotopes, The study of the decay of llaAg revealed
11 Y-rays, 9 of which were satisfactorily placed in a level structure
previously determined by conversion electron and bent-crystal Y-ray
spectrometry of the llst(n,Y)llacd reaction. This level scheme was
adopted because of greater accuracy of these methods. However, the
value of studying level structure populated by B-decay of nuclides, for
which different selection rules are invoked, was demonstrated by the
evidence found to suggest the existence of a‘possibla level doublét (at

1305 keV) in the structure of 114Cd. A measurement of the B-spectrum
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of ll4Ag was made and because no branching in the transition was found,

the measured Y-ray yield was combined with a (n,p) cross section
interpolated from the llsz(n,p)lleg value to normalise the feeding of
the B-decay. The resulting decay scheme was consistent with a spin and
parity of 1% for the ground state of ll4Ag.

The study of llGAg decay revealed 53 Y-rays, 36 of which were
assigned in a scheme of 17 excited states which were mostly numerically
constructed from the Y-ray data. Previous studies of 116Cd level
structure have determined 6 of the levels, but with low accuracy in the
energy determination. Experiments designed to obtain the B-spectrum of
llsAg decay failed because of low yields in the production of the isotope.
A previous measurement of the B-decay was discounted because of the
disagreement of the present Y-ray study with the quoted B- and Y-ray
intensities. It therefore became necessary to obtain the B-ray branching
using the same method employed for ll4Ag. The resulting decay scheme was
similar to that for lleg, and a‘consideration of log ft values of the
B-decay has led to the assignment of 2" for the ground state of llGAg.

A discussion of the ground state assignments for these odd-odd Ag
 isotopes in terms of the single-particle shell model revealed the
complications of this region of the periodic table. No definite

configuration could be chosen for llGAg, but the interruption of 2” ground

¢

states by the 1" state of ll4Ag suggests a-change of- configuration from
the ground state of lleg.
Attempts to synthesise level structure typical of the Cd daughter

nuclei with collective models failed, even though the low-energy structure

is known to be vibrational. The more sophisticated model, based on a
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numerical evaluation of collective energy, revealed that the cause was
‘partially due to simplifications made for the inertial parameters. A
simpler treatmanf, essentially an extension of the Davydov model, which
apparently gave level structure in much better agreement, was shown to
be misleading. When the additional assumptions inherent in this model
were removed by combining the principles of the two models, & level
scheme was ébtained identical to the results of the numerical method.

It is thought that the main reason for lack of success is due to the
influence of non-collective excitations. However, the application of

the numerical method to the nuclear potential function constructed for

this study gave considerable in;ight into the transition between rotational
and vibrational excitations, and the formation of baﬁd structure in the

level schemes of nuclei.

7.2 Suggestions for Further Research

Requirements necessary to finalise the decay schemes of the three
Ag isotopes studied have been discussed in the appfopriate sections of
this thesis., Briefly, the following conclusions can be drawn:
(i) knowledge of the:lleg decay is detailed, although a conversion
electron study would be of value.
(ii) an investigation is necessary to check the possibility that the o*

ll4Cd is a doublet.

116

level at 1305 keV of
(iii) the B-ray 'spectrum of Ag should be measured directly, and

coincidence measurements should be made of the Y-ray spectrum to confirm

the proposed level scheme,
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The second point could easily be satisfied by results of coincidence
measurements on Y-rays and conversion electrons produced in the
llsz(n,Y)ll4Cd reaction. The work indicated in the third requirement
is more difficult because of the low yield associated with the production
of llGAg. This could be overcome by using higher fast-neutron fluxes in
the llﬁCd(n,p)ll6Ag reaction. However, as the decay properties of the
Ag isotopes are becoming firmly established, production by fission and
fast chem}cal separation holds more promise. Although detailed numerical
analysis and stringent experimental conditions would be necessary to
isolate Ag activities from each other, the advantage of greater yields
for these isotopes should prove rewarding. The method could also be
extended to study the decay schemes of Pd isotopes‘that are the parents
of the Ag nuclides investigated in this work. This could lead to a
better understanding of the Ag nuclei in terms of the single-particle
shell model.

Complementary studies of Y-rays produced in reactions such as
(x,x'Y) should be carried out, particularly as the operation of different
sets of selection rules permit the excitation of levels not populated
by B-decay. However, access to the Cd isotopes studied is limited
because the number of stable isotopes suitable as targets decreases as
the neutron number becomes larger. It is probable that-the most detailed

information about level structure in this region will be gained from . C

continued investigation of decay schemes of radioactive nuclei.
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