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ABSTRACT

As a contribution to the systematic study of trends in the struc-
ture of odd-odd nuclei in the Z = 50 region, thermal neutron capture
reactions in 107Ag and 19%ag have been investigated using a variety of
techniques.

The internal conversion electrons in the 10%9Ag(n,ye )110Ag reaction
have been measured with the electron spectrometer 'BILL', installed at
the HFR in Grenoble. A target of enriched 10%Ag (99.7%, 3mg, 100ug/cm?®)
evaporated onto aluminium foil was irradiated with a thermal neutron
flux of 3 x 10!* nem “sec”!. More than 500 electron lines were observed
in the range of 17 keV < Ee < 650 keV and 400 of them have been identi-
fied as the internal conversion electrons from more than 240 transitions
in 110Ag.

The gamma-transitions in the same reaction have been measured by
the curved-crystal spectrometers 'GAMS' and by the pair~spectrometer
'PN4' both installed also at the HFR in Grenoble. A target of enriched
109A¢ (99.7%, 50mg, 100mg/cm?) covered with aluminium foil was irradi-
ated with a thermal neutron flux of 5 x 10!* nem Zgec™!. 1100 gamma-
transitions were observed in the range 35 keV < EY < 1500 keV by GAMS
and the data have been combined with earlier data obtained at Risd.
Multipolarities of about 200 transitions were determined by comparing
gamma-ray and electron intensities. 740 gamma-transitions were obserﬁed
in the range 1300 keV < EY < 6900 keV by PN4.

These transition data of 110Ag and similar existing data of 1084ag
were fed into a series of computer programmes, which were designed
especially for neutron capture studies, and detailed level schemes

have been constructed, taking into account other experimental data on



the nuclei, such as y-y ceoincidence studies, (d,p), {(p,ny) and resonance
neutron capture. The present level schemes consist of 50 levels below
1000 keV containing some 300 transitions and 75 levels below 1200 keV
containing some 500 transitions in 19%Ag and 119Ag, respectively.

Some proton-neutron multiplet configurations have been suggested

and compared with the parabolic energy dependence on I(I + 1) suggested

by Paar.
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CHAPTER 1.

INTRODUCTION

One of the principal slow neutron reactions is the radiative capture
process in which the incident neutron is absorbed in the target nucleus
followed by the emission of electromagnetic radiation. Since the slow

. . . 1) . .
neutron reactions were discovered in 1935 , extensive studies have
been carried out both experimentally and theoretically. The compound
nucleus concept of Bohr led to the systematic understanding of features
of the neutron resonance phenomenon by employing an optical potential
and complex phase shift in the scattering theory. This is known as
the Breit-Wigner one~level formula, .

However, more complicated properties in the neutron capture mecha-

nism became evident after examining the distribution of partial radia-

. . , . . . 2)
tion widths compared with the Porter-Thomas distribution *, These
non-statistical effects are due to the direct and semi-direct capture
processes as some correlations have been observed between the reduced
widths and (d,p) spectroscopic factors. These processes have been

. 3)

formulated mathematically by Lane and Lynn 7.

Thermal neutron capture can be regarded as a combination of
compound nucleus formation and direct capture components. Since the
compound state is not uniquely defined because of thermalized neutron
energies, this method is used mainly for nuclear structure studies rather

. . .. Y, .
than reaction studies by examining the accompaning electromagnetic
radiations.

hove

The improvements of gamma~ray detection techniquesAenabIed a precise

determination of level energies with a few eV uncertainty up to 1 MeV

excitation. However, the observable levels are rather limited depending



on the ground state spins of target nucleus and the next heavier isctope
formed by neutron capture.

Thermal neutron capture gamma-ray spectroscopy is a powerful tool
for investigating odd-odd nuclei, provided the target nucleus has a
reasonable capture cross—-section, Since a high level density is expected
at low energy excitation due to the unpaired proton and neutron, gamma-
ray measurements are favoured. In the present studies, 108Ag and 110ag
liave been chosen to investigate recently reported interesting features
of the nuclei around Z = 50 region, such as particle-rotational and
particle-vibrational bandsa).

1,1, Neutron Capture Reaction

Basic understanding of the neutron capture mechanism is necessary
to proceed with a physically consistent level scheme construction.
Theoretical interpretation of the mechanism will be reviewed briefly
both in compound nucleus formation and direct capture. Further formal

5)

theory of nuclear reactions has been developed by Feshbach using
channel projection operators.

1.1.1. Compound Nucleus Formation

the
A compound nucleus is formed by am absorption of a neutron in the

field of interaction between the neutron and the target nucleus.

Since the kinetic energy of the incident neutron in the potential is

distributed to the other nucleons in the nucleus by some collisions,
relative! .

a a#iishtdy long-lived state will be achieved, in which particle

emission channel widths are considerably suppressed for slow incident

neutrons, and the decay mode of such a state does not depend on how it

has been formed. Therefore, in this model, the neutron capture process

is completely separated into the compound nucleus formation and its

decay by the electromagnetic radiation emission, and the characteristics

_10_



of the compound nucleus will determine gquantum mechanical probabilities

of decay modes.

The process of compound nucleus formation can be described as a
part of S-matrix formalism in the scattering theory 6). The importance
of incident s-wave slow neutroms in the process can be understood
geometrically from the fact‘that the unitarity of the S-matrix sets
up maxima of the partial cross-sections., However, the expressions for
the cross-sections include implicit forms using the phase shift con-
vention. For explicit expressions, the internal states of the system
Hamiltonian have to be considered and the boundary condition must be
satisfied at the channel radius.

The resonance phenomenon is an energy dependent event and its cross—
section is very sensitive to the small value of the logarithmic deriva-
tive of the radial wave function at the channel radius. The resonance
energies which give local maxima of total cross—section can be obtained
very near to the internal level energies. Such energy shifts appear
in the R-matrix formalism explicitly but not in the simple form of the
Breit-Wigner formula 7). In this well-known ocne-level formula, the
radiation width appears as an imaginary energy term, from which the
decay constant of the compound nucleus state can be deduced. This
agrees with the uncertainty principle.

Since thermal neutrons have an app;oximatehMaxwellian velocity
distribution, the capture process has-to be considered as a combination
of several resonances including the negative levels which are lower
than the neutron binding energy. However, the energy range covered
by thermal neutrons is not wide enough to apply the statistical model

of resonances to the thermal neutron capture process, because the level

density and partial widths may not be correctly estimated around the

- 11 -



the neutron binding energy.
On the other hand, the selection rule of angular momentum plays

an important role in the compound nucleus formation. Assuming a spin
T
and parity Itt of the target nucleus, the following compound nucleus

m
states JCC can be allowed in the angular momentum coupling scheme.

1
= + = = f -
JC It 5 2 T, T or s-wave neutron capture
. 1 3 3
J = I -— I - — . I + =
c min{| t 2|’] t 2|}’ e 2
LN = - T for p-wave meutron capture,

This selection rule is obtained by the coupling of the three angular

. . . Y . >
romenta, neutron intrinsic spin i, orbital angular momentum £ and the

- + !‘ln -
target spin It’ resultlngAthe compound nucleus spin jc.
>
J =7T+1 +%
c t

In the coupling of three angular momenta, the representation of simul=
- + * -
tanecus eigenstates JcMc> of operators Ji and ch is not uniquely

defined, but spans a definite subspace of (2i+1)(21t+l)(22+1) manifold 8).

By taking the channel spin coupling first as
-+ <> =2
= + T
IC 1 £ ?
ihe dependence of the compound nucleus formation cross-section g, on
angular momenta is expressed simply by the square of the Clebsch-Gordan
. . 6
coefficient ),
o = |<I M m |J M>|2 or .
c cec L' ¢
|<I M 20 [J M>|2 if narrow beam.
¢ c c
The above selection rule can be deduced by the triangular relationship

of the coefficients.

1.1.2. Direct and Semi-direct Capture Processes

Non~statistical effects in thermal neutron capture and correlations
of thermal (n,Y) intensities with 2 = 1 {(d,p) intensities were discovered

a
in 1953 9), which stimulated the development ofﬁmathematical formulation

- 12 -



of neutron capture mechanisms. Various models for the neutron capture

3)

mechanism have been established by Lane and Lynn . The historical
. . . 10)
development of direct capture theories has been compiled by Lane .
These models are classified into three categories, which are known
as
1) Direct Capture (Hard Sphere Capture)
2) Channel Capture (Valence Neutron Capture)
3) Semi-direct Capture (Doorway State Formation)
These processes can be considered as scattering of an incident neutron
from the system potential and electromagnetic perturbation field to a
low-lying state without forming a compound nucleus, The relationship
of the hard sphere and valence neutron captures to the giant resonances
. . . . 1)
in the gross-structure of total cross—section has been investigated
and these non—statistical effects seem to be present in mass regions
. 12)
where s—wave and p-wave neutron strength functions have peaks .
Since these single particle features exhibit much more complicated
fine structures than the gross structure for heavier nuclei, the idea

of the doorway state formation has been introduced to the 4s giant

rescnance mass region.

1.2, Electromagnetic Transitions

Electromagnetic transitions associated with neutron capture re-
actions are of great importénce in nuclear structure studies as well
as capture mechanisms in accordance with the development of high
resolution gamma-ray detectors. However, the dynamical theories are
fery difficult to formalize due to the inclusion of the massless photon
field.

The neutron binding energy or the excitation energy of the compound

- 13 -



nucleus is released in the form of electromagnetic radiation in several
steps from the capture state to the ground state. The first transition
from the capture state to an intermediate state is known as the primary
transition and provides evidence fbr the existence of the intermediate
state and also determines its excitation energy directly. Most of the
excitation energy is carried off by the El1 or Ml primary tramsition.
The rest of the excitation energy is carried off by other successive
transitions, which are known as secondary transitions. They reveal

the low-lying level structure by precise measurements of these low
energy transitioens.

1.2.1. Primary Transitions

The strengths of primary transitions are strongly related to the

capture processes, and their decay amplitudes are expressed as a linear

combination of various contributions 12).
T % = (G, T % + C.T % + C.T % + C. P %
if 1 (CN)if 2" (HS)if 3 (cv)if 4" (DS)Y1f

where the terms on the right hand side correspond to compound nucleus
formation, hard sphere capture, chamnel capture and doorway state form-
aLion, respectively. The statistics of the reduced intensities of the
primary transitions depend on which contribution dominates in the ex-—
pression,

It has been'empirically investigated that the correlation between
{(d,p) spectroscopic factors (2J+1)Sdp and the reduced primary gamma—-ray
intensities I /En shows different optimum values of the reduction factor
n for various capture mechanisms, although the reduction factor m = 24+1
is recommended theoretically, where £ is the multipolarity of the
transition. According to the summary of the experimental data in the

12)

mass region from 27A1 to 667p by Mughabghab , the region falls into

three groups characterized by n = 1.1, 2.4 and 4.8, corresponding to

_14 -



direct capture, valence capture and statistical regions, respectively,
. . . 2) . .

The Porter-Thomas distribution can be applicable to the primary
transition reduced intensities if the compound nucleus formation domi-
nates in the capture process. In the average resonance capture tech-

. 14) . . .
nique , it is a fundamental assumption that the dependence of the
reduced intensities on the radial overlap integrals can be ignored due
to the statistical distribution and the averaged contributions from

many different resonances.

1.2.2. Secondary Transitions

Secondary transitions are not of interest in the neutron capture
process, but supply very useful information in nuclear structure
studies with the aid of the Ritz combination principle and the Kirchhoff's
law. In thermal neutron capture, however, the excitation process is
limited within s—wave or p-wave neutron capture. Therefore, if the

the
difference between the ground state spins ofAtarget nucleus and the next
heavier isotope is small, levels with very different spins cannot be
populated in the decay of the compound nucleus,

Thermal neutron capture may not be a good method of nuclear exci-
tation for the above reason to study complicated band structures, com—
pared with other nuclear reactions, However, because of the fact that
the energy precision of gamma-ray detectors is far superior E%ﬂ:bﬂﬁﬁ:r

charged particle detectors, much more precise level energies can be
deduced, provided correct assignments of the transitions in the level
scheme are.made.

Thousands of gamma-rays are emitted following neutron capture.

A few hundreds of them can be detected using present experimental

apparatus within a reasonable time., Since there are so many gamma-rays

to be placed at an appropriate position in a level scheme, difficulty

- 15 -



arises in processing these data. Even with the high precision of curved-
crystal spectrometer measurements, the Ritz combination principle may
allow many possible combinations and can place a gamma-transition at
several places in a level scheme,

One of the purposes of the present work is to developk the procedure
and will be described in Chépter 3.

1.2.3. Gamma-ray Spectrum in Neutron Capture

The overall neutron capture gamma-ray spectrum can be calculated
theoretically assuming E1 character for the transitionsB)_ Since the
Lransition probability from an excited state is given by the radiation
width multiplied by the level density of final states, both characteris-
tics have to be estimated between the ground state and neutron binding
energy. The El radiation width can be obtained in the form of the photon
strength function. This function is theoretically known to be propor-
tional to the cube of the transition energy and is experimentally
determined by photo—excitation reactions assuming that the strength is
a function only of the photon energy. Several level density formulae
can be used to obtain the best fit to the experimental results. In
addition to these, it is necessary to normalize the contribution from
each initial state such that the depopulation is equal to the population
to the state.

Good agreement has been obtained in the comparison with experimental
data for the nuclei with mneutron number away from the magic numbers,
e.g. neutron capture in Gd, Ta and Ag. In order to explain the Cs and
Au spectra, however, it is necessary to assume a second peak in the
gamma—réy strength function at an energy of about 5.5 HeV, which may be

15)

the Ml giant resonance predicted by Mottelson .

- 16 -



1.3. Nuclei arcund Z = 50 Region

It has been shown experimentally and theoretically that the nucleil

the
aroundAZ = 50 region show interesting characteristics of quasi-particle~

vibrational, quasi-particle-rotational and deformed states 4). These
features can be seen mostly in even-even and'odd—even nuclei, and may
be understood as the coupling of a proton group, the number of which is
very close to the magic number 50, and a neutron group, the number of
which is, on the contrary, just between two magic numbers 50 and 82,
Experimental studies in odd-odd nuclei are being carried out ex-—
tensively as well as theoretical studies of the splitting of proton-
neutron multiplets with some admixtures of collective motions 16).
A theoretical review will be given in Chapter 5,
1084p and llﬂAg-are odd-odd nuclei with 47 protons and 61 or 63
neutrons, respectively. These nuclei have been studied at the University
of London Reactor Centre and at the Institut Laue-Langevin using thermal
neutron capture reactions in stable 107Ag and 109Ag in collaboration
with some other institutions 17). Since very high level density is
expected at low excitation energy, very little was known about these
nuclei. The present thermal neutron capture study has revealed the
existence of some 50 to 60 low spin states up to 1 MeV in each nucleus.
) . observed .
High spin states cannot be dedueed very easily in the thermal neutron
capture reactions fpr the reasons described before,
It is the main purpose of the present work to construct the level
"schemes using the results of thermal neutron capture reactions and to
investigate the characteristics of establised excited states including

the spin and parity assignments, referring also to the results of other

reactions.

- 17 -



CHAPTER 2.

EXPERIMENTS

Various types of experiments have been carried out in order to
investigate the detailed level schemes of !98Ag and 1104, including
(d,p) and (p,nY) experiments. Those experiments referred to in the
present work are listed in Table 1. Among these experiments, the
- . w;th
internal conversion electron measurement -by¥ 'BILL', the low energy

with
gamma-ray measurement -b¥ "GAMS' and the high energy gamma-ray measure-

with -
ment by 'PN4' in the reaction 199ag(nm,yve )11%Ag were carried out by
the present author and will be explained theoroughly., The other

experiments are described in detail in the relevant references.

2.1, Measurement of Internal Conversion Electrons

1o
In order to determine some multipolarities of the tramsitioms in ﬂg

- tudied
the reaction 10%g(n,e )110Ag was eéi*iad_eut in July 1979 using the

high resolution iron-core electron spectrometer BILL installed at the
30)

High Flux Reactor in Grenoble .

2.1.1. Instrument

The instrument consists of twe independent flat electromagnets
at the end of the vertical beam tube, 1l4m long and 10cm in diameter,
which defines the solid angle of 3.4 x 107%str. Both magnets act as
double focusing spectrometers by the use of the combination of homo-
geneous and 1/r fields. Electrons are detected by a five-wire pro-
portional counter of the Charpak chamber type with aluminised mylar
window (500ug/cm?), several changable detector slits and O.5mm thick
aluminium walls between the tungsten wires to pfevent cross talk.
The resolution is defined mainly by the target width and thickness

and by the detector slit, due to the high intrinsic resolution

- 18 -



Table 1, List of Experiments

107Ag(n,y) 08¢

En Measurement  Method Place Experimentalist Year Ref.
Thermal v,4001200keV  Crystal Risd Breitig 1969 18
Thermal Y5 20v80keV Si(Li)}  Munich Massoumi 1978 17
Thermal Y,Pprimary  Pair Julich Thein 1976 17
Thermal e,17v990keV  BILL Grenoble Massoumi 1978 17
Thermal Ysprimary Pair Julich Bogdanovic 1979 19
Thermal Y=y coinc. Ge(Li) Leningrad  Sushkov 1980 20
16eV Y,primary Ge(Li) Brookhaven Kane 1978 21
2keV,24keV  vy,primary Ge(Li) Brookhaven Kane 1978 22
Thermal Y=y coinc. Na-Ge Vinca Bogdanovic 1977 23
Thermal Y,primary Ge(Li) Argonne Bolotin 1967 24
109ag(n,y) }10ag

E Measurement Method Place  Experimentalist Year Ref,
Thermal v,4001200keV Crystal Risd Breitig 1969 18
Thermal v,3001500keV  GAMS Grenoble Mitsunari 1980
Thermal Ysprimary PN4 Grenoble Mitsunari 1980
Thermal e,18v50keV  BILL Grenoble  Mitsunari 1979
Thermal y—y coinc. Na-Ge Vinca Bogdanovic 1978 25
Thermal e, 5300keV electron Munich Elze 1967 26
Thermal Y,primary Pair Julich Bogdanovic 1979 19
Thermal v,50v1200keV A,Comp., Ascot Mitsunari 1980
Thermal y=y coinc. Ge(Li) Rossendorf Winkler 1967 27
Thermal Y,primary Ge (L1i) Argonne Bolotin 1967 24

Other Reactions
Keaction Measurement  Method Place Ekperimentalist Year Ref.
(d,p) protons Si(L1) Texas Brient 1972 28
(1r,my) Y,50v680keV  Ge(Li) Tokvo Hattori 1975 29

_19_



(pfp = 1 % 10‘“, for Ee > 100 keV). For example, a 3cm wide target
corresponds to Ap/p = 3 X 107" and 2mm slit gives the same resolution,

2.1,2., Target

A target of 100pg/cm? (3.31mg total) was prepared by evaporation
of enriched 1?%ag (99.7%) onto an aluminium foil of 0.25mg/cm? thick.
A very thin target is required in order to reduce the égil-ﬂffeﬂﬂﬁ{éfﬁk
of electron energy in the target, especially at the low energy range
below 150 keV. Good uniformity is also required to achieve a good
resolution. The target is stretched within a graphite ring approxi-
mately 12.5cm in diameter (shown in Fig. 1.) and is fixed by two clamps
on the ring. The whole target arrangement is then inserted through
the target changing tube into the irradiation position in the reactor,
where a thermal neutron flux of 3 x 10'* ncm™Zsec™? is available.

The measurement may be started after a good vacuum of order 2 x 1074

Torr in the beam tube is obtained.

2.1.3, Data Acquisition

The control of the magnetic fields and the data acquisition are
carried out by a PDP 11 computer. The strengths of the magnetic
fields progressing in logarithmic steps (ABp/Bp = Ap/p = const.) are
calculated such that an integer number of steps lies between two
neighbouring wires of the detector, which are 4mm apart. It has been
found that lmm corresponds to the increment of Ap/p = 1.5 x 107%,
The energy range of 17 keV to 640 keV was scanned over twice and
electron counts and counting time were recorded on a computer disk
at each step automatically. The counting is controlled by counts
measured by a neutron monitor om the top of'tﬁe electron beam tube,
and the counting time is kept roughly constant for each step.

In addition, demagnetization of the magnets is an inevitable

- 20 -
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Fig. 1. Target Arrangement for BILL Spectrometer

- 21 -



problem because uncontrolled remanences can deteriorate the resolution
and change the energy calibration of the spectrometer. This demagneti-
zation can be done by a number of hyster%sis loops with decreasing
amplitudes, and is also controlled by the PDP 11 computer.

2.1.4. Data Evaluation

Data evaluation has been done following the flow-chart shown in
Fig. 2.

2.1.4.1. ADD

Original five-wire data xij (i; wire number, j; step number) and
counting time tj are averaged at the points where they have the same
energies. In the present experiment, the number of logarithmic steps

wog

which lies between two meighbouring wires 4 chosen to be four, there-

fore the data are added as follows:

5
X§n) = i£1 X Sah(ie1) (neutron normalization)
5 t
(£) _ e . ..
X. = z xi,j+4(i—1) (time normalization)

1 i=1 Tj+4(i-1)
where t, is a normalization constant.

In the present analysis of the data, the neutron normalized
spectra were used, since the reactor condition was not very stable
during the experiment.

2.1.4.2. PLOT

In order to determine the background level before the peak
fitting as will be described later, the normalized data are plotted
ags shown in Fig. 3.

2.1.4.3. BIFIT, SPECT

The line shape is fitted by a Gaussian form with an exponential

loss
tail at the low energy side, which is due to the -self=atienustion of
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electron energy in the target. This fitting function has been sug-
gested by T. von Egidy and has the form
y = Hexp{ -(x - x0)2 4 1n2 / G2} + B.C. (x > xo)
y = H exp{ -(x - x0)2 4 1n2 / G2}
+ HS exp{(x — x_ + 6G) 1n2 / A} [1 - expl -(x - x )% 4 1n2 / GG2)]
+ B.G. ) (x < xo)
where X; step number
X5 central position of the Gaussian
H; peak height
S, A, GG, G; shape parameters
B.G.; linear back ground
General trends of the four energy dependent shape parameters G,
GG, S and A were obtained by the programme 'BIFIT' using some st?ong
peaks in the spectrum. Then the automatic fitting routine 'SPECT'
can be run by fixing the parameters in the fitting procedure.

2.1.4.4. MODIF

The automatic peak search routine in 'SPECT' may find some
spurious peaks on the low energy tail of a strong peak. If these
are found, this region has to be refitted without using the automatic
peak search routine, or these spurious peaks may be excluded by this
alternative programme 'MODIF'. Their intensities are distributed to
the surrounding true peaks depending on the peak shapes. Since tﬁose
intensities of the spurious peaks are small compared with the surround-
ing true peaks, it is expected that there is no influence on the peak
positions. The identification of true peaks was done by inspection
of plotted spectrum and the fitting result.

2.1.4.5. ENCALG

the
Observed Bp-values, which are calculated fromAfitted result,
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are calibrated by this programme using some strong lines, the energies
of which are obtained from gamma-ray data by subtracting the electron
binding energy of the corresponding electron shell._ The position
which gives half maximum at the high energy side was used as the
peak position rather than the central position of the Gaussian function
in order to compensate for the attenuation of electron energy in the
target,through the long beam path and by the detector window. This
method does not differ very much from the method using the peak
centre, unless the parameter G varies very much over the calibration
region.

In this programme, observed Bp-values X * Axi are linearly fitted
to the calibration Bp-values ¥ * Ayi calculated from energy. A '
systematic error of 1 x 1075 times Bp is quadratically added to the

experimental error.

bx; =¥ (8x)% + (1 x 107> Bp )?

The weighting factor Wi of each calibration line is calculated as follows:

W=1/ (Az)2

(Az)2 = {(Ax)2 + (Ay)z}cos{% - Arctan(%;'{—)}
where indices and primes are omitted. Az is a projection of the total
error to the 45° line in the x-y plane.

This method includes both x and y errors without losing the
linearity of minimization function derivatives with respect to the
fitting parameters. There may be a problem in the choice of the
weighting factor from the statistical point of view, but this is not
very serious, since the coefficient of the linearity is expected to
be approximately unity.

2.1.4.6. MID

for

At the final stage of analysis, several results wf a particular

electron line are combined by taking averages of their energies and
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intensities, Each correspondence is found line by line, by comparing
energy and intensity, where the intensity comparison is not included
in the computer programme.,

Intensities have to be calibrated by the efficiency curve of
the instrument, which has been given by the following equations.

- 0.00075 Ee2 +0.0675 E_ - 0.848 (17keV < E_ < 40keV)

£

I

¢ = min{ 1., 0.278 (E_ - 16.5)9-27 } ( E, < 40keV )
The usual correction of intensity by momentum width, which is defined
by the detector slit, is not necessary because the logarithmic steps

of Bp-value have been introduced.

2.1.4.7. TABLE

Finally, in order to determine the transition multipolarities,

calculation of experimental and theoretical internal conversion

. . the from .
coefficients is carried out using gamma-ray data ef the same reactlomn.

. described
This will be meatdiened in detail in Chapters 3 and 4.

2.2. Measurement of Low Energy Gamma-Transitions

This experiment is to revise the earlier experiment carried out
by Koch et ai at Risd, in wh}ch the gamma-ray energies have large
associated errors of 0.lkeV or more above 500keV making the Ritz
combination principle difficult to apply. Since a much higher level
density was expected at the low energy excitation region in 1105,
than in 108Ag due to two extra neutrons, hence a much higher transition
density as well, a precise low energy gamma-ray measurement in the
reaction 10%Ag(n,y)Y1%g was carried out in May 1980, using the curved
crystal spectrometers 'GAMS 1' and 'GAMS 2/3' installed at the High

31D

Flux Reactor in Grenoble .
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2.2.1. Instrument

Curved crystal spectrometers possess considerably better energy
resolution and dynamic range for gamma-rays below 1MeV than Ge(Li)
semi—conductor detectors, despite the fact that a high activity source
is necessary because of the usual long gamma-ray path, the EY_Z
dependence of crystal reflectivity and gamma-ray attenuation in the
crysta132). They are, therefore, very useful tools in -the neutron
capture gamma-ray spectroscopy where many gamma-rays are emitted in
the reactions. |

The instrument 'GAMS' consists of two separate spectrometer
systems of DuMond type with three main curved quartx crystals, one
of focal length 5.76m (110 plane, 4mm thick, window 4cm in diameter,
formerly installed at the Ris¢ spectrometer) is used in the 'GAMS 1'
and the others of focal length 24m (110 plane, 14mm thick, 6cm x 6em
window) in the 'GAMS 2/3'. Additional diffracting crystal (control
crystal) of focal length 5.7m (110 plane, 2mm thick, window 4cm in
diameter) is used in the GAMS 1 in order to measure the movement of
the source by detecting an intense gamma-ray all the time. However,
this assembly is not necessary in the GAMS 2/3 system, since the two
spectrometers on top of each other operate symmetrically with respect
to the beam axis and measure the same region of spectrum simultaneously.
If a gamma-ray is found at the angle 62 on GAMS 2 and at 63 on GAMS 3,
the Bragg angle will be given by (82 + 63)/2, and will be independent
of the source movement.

In both systemg the reflection angle is measured by means of a
He-Ne laser interferometer, whose relationship to the Bragg angle has

This is an
been well established, and known asAinterferometric functions—as and

$ellowss has the -Fallow;n3 -Forms;
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8 = - BB + Arcsin{ sin BB + K(F(l) - Fc()l))} (for GAMS 1)
sind = A; 3. F(§23)) + Az(pm)- F(§23)) + A3(F(23)- Féz”)

(for GAMS 2/3)

(23)_ F(2)+ F(3) are interference

(1)

o 2

where 6 1is the Bragg angle, F(l) and F
fringe numbers of GAMS 1 and GAMS 2/3, respectively, and BB, K, F

2 . .
and Fé ) are parameters. One interferemnce fringe corres-

3
pands to a rotation of approximately 0.45" of arc on GAMS 1 and

Al, AZ’ A

0.165" of arc on GAMS 2/3, which enableshigh precision measurement
of gamma-ray energies,
The reflected gamma-rays are detected by:Z" % 2" NaI(Tl)
scintillation detector (GAMS 1) and two 4" x 4" NaI(Tl) detectors{GAMS 2/3),
By the use of NaI(Tl) detectors, all the orders of Bragg reflections,
ﬁhoto—peak energies of which are miltiples of the first order ene;gy,
can be distinguished from each other by pulse height measurement. The
counts of lower five orders and the integral counts are recorded by
applying appropriate energy discriminations.

2.2.2, Target

A target of enriched 10%Ag (99.7%, 50mg 5mm x 10mm x O.lmm)
covered with aluminium foil was sandwiched between two parts of graphite
source holder shown in Fig. 4. Reaé:aabéy thin target is required for o
DuMond type spectrometer in order to achieve good focusing and hence
good resolution. A O.lmm thickness corresponds to 1.2" to 2.5" of arc
depending on the flatness of the source.

The whole source arrangement is suspended in the source holder
tube and is inserted by the source changing assembly into the irradi-
ation position in the reactor, where a thermal neutron flux of

5.5 x 1014nem™2sec™! is available,
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2.2.3. Adjustment

The target has to be arranged in the beam tube direction by rotating
the source holder, which causes a local minimum of gamma-ray intensity
profile due to the large self—absorption of gamma-rays in the target,
but achieves the best resolution. Also the collimators have to be
arranged in the beam direction. Further optimization of resolution
can be done by tilting the crystal itself in the case that the source
is not‘suspended perfectly vertically.

These adjustments have to be done after several hours of irradi-
ation, since it takes 12 to 20 hours until the source‘reaches an
equilibrium.with its surroundings.

2.2.4. Control Crystal

An intense gamma-ray has to be selected to be observed by the
control system of the GAMS 1. The control crystal is then set to follow
the shift of the gamma-ray diffraction direction which is caused by

. the
the slight movement ofAsource with respect to the interferometer system.
This angular shift of the control crystal is recorded so that the re-
levant correction of the reflection angle can be made after the data
acquisition, ef—experinent.
2.2.5. Data Acquisition

As in the cage of
Simttarly—te- the 'BILL' system, all the measurements are controlled

by PDP-11 computers in both GAMS ‘1 and GAMS 2/3 systems. Main items

controlled.by the computers are

1) Fringe number measurement and crystal and NaI(Tl) detector position
control.

2) Control crystal position measurement and calculation of a statistical
factor which controls the crystal movement. so that the Bragg

condition can be. sustained.. (GAMS 1)
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3) Gamma-ray counting and recording.
4) Automatic calibration including discriminator window control and
amplifier gain control.

An integer number of interferometer fringes is chosen to be an
increment of an angular step width. In the present experiment, two
fringes were increased at each step from smaller reflection angle to
larger i.e. from higher gamma-ray energy to lower. The counting time
for each step was 70 sec and 80 sec, on GAMS 1 and GAMS 2/3, respec-
tively.

Consequently, during the l12-day irradiation, the energy range of
34 n 192keV (by the first order reflection) was scanned by the GAMS 1
and the range of 150 ~ 795keV (also by the first order) by the GAMS 2/3,

2.2.6. Data Evaluation

Data evaluation has been done following the flow-chart shown in

Fig. 5.

2,2.6.1. PLOT

The integral gamma-spectrum and the five orders of reflection
are plotted on the same graph as function of interferometer fringe
number. Fig. 6 shows a part of the spectrum. Simultaneously an
automatic peak search is carried out based on the smoothed first
derivative method33). Approximate peak positions found are then fed

into the automatic peak fit routine.

2.2.6.2. FITSP, FITPIC

All the peaks are fitted by a simple Gaussian form with linear
back ground. Even though the line shape is not a real Gaussian form,
the deviation seems to be very small except in the case of intense

peaks.

Since the transition density in the reaction 10%Ag(n,v)110Ag is
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in the
very high (roughly two or three peaks per lkeVleé-AOOkeV region), the
automatic routine FITSP was not very ‘useful. Therefore, for most
regions of the spectra, the manual routine FITPIC was used. This
programme was originally designed for the initial fitting in order to
determine the value of peak width in the spectrum. Many amendments
were made to facilitate the fitting work as follows:
1) Graphic output shown in Fig. 7.
2) Automatic peak search routine (sam;f;n PLOT) .
3) Simultaneous two-width fitting for pile-up peaks (as will be

explained
mentioned,

4} Peak addition and deletion.

5) Manual control of parameters.

6) 15-peak fit£ing (depending on dimension statements in the pro;
gramme .

The fitted result contains peak position in fringe number and corrected

fringe number (GAMS 1), error, peak intensity, its error and reflec-

tion order.

2.2.6.3. GAMOD

As can be seen in the spectrum, many peaks can be fitted in a
In the caseof
certain region of spectrum. -Amnd-fer intense peaks or for slightly
assymmetric peaks, small peaks can be fitted at their tails because
of the non-realistic peak shape function. Therefore, it is necessary
. . Lon o, . 2o . -
to introduce a criterig which identifies a singlet, which has been
fitted with two or more peaks.
. - von 4 N .
In this programme, the criteris was set by visual means as will
discussed . | . . . .
be mentioned in Appendix 2. Some weak lines which lie on the tails

. . . . . . on
of intense peaks were rejected using this criterimr, and the peak

position and intensity of the singlet were corrected.
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2.2.6.4. COP{PILE

It is easily understood that an intense peak of an order of reflec-
tion can interfere with the countings of the other orders, with the
current GAMS system, by creating additional spurious peaks,

If an intense peak is scanned in the second order of reflection,
the Compton‘scattering of tﬂe gamma-ray in the NaI(Tl) detector will
create lower energy back—ground, which falls in the first order dis-—
criminator window. This gives a rise in the first order count at the
same fringe number where the true intense peak is observed in the second
order, and makes a false peak with almost the same peak shape. This
is known as 'Compton peak'.

In addition to this, there is a finite probability of detecting
accidental coincidence counts of pair of the gamma-rays or the gamma-
ray and a Compton back-ground pulse. They fall in the fourth order
and the third order discriminater windows, respectively, making spurious
peaks with slightly narrower peak width. This is known aserile—up
peak’',

These effects are caused when an intense gamma-ray is observed
not only at the second order of reflection but also at any order.
Therefore, if two or more peaks are found at the same fringe number

ies
within a reasonable width, their intensity¥ must be compared each other
decided
and it has to be determined whether or not they are spurious.

2,2,6.5. GAMS23

The fitted data Bf GAMS 2 and GAMS 3 are combined to make 62 + 83,
practically the corresponding sum of peak position fringe numbers, and
peak intensities are summed., The peak to peak correspondence has to
be found by comparing their intensities and peak positions.

10% systematic intensity error was added quadratically to each
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intensity error before the surming.

2.2.6.6, INT1, INT23

In order to compare the exact values of the parameters of the
interferometric functions which have been described above, a set of
the strong gamma-lines which are found at several orders of reflection
has to be chosen for each of INT1 and INTZ23,

For the GAMS 1, 22 transitions measured in a total of 76 reflec-
tions were used in the calculation INT!. The fringe number correction
factor (of the control crystal position) was obtained so that the chi-
squares can be minimized. For the GAMS 2/3, 14 transitions measured
in 51 reflections were used in the calculation INT23,

In both of the.calculation INT1 and INT23, a systematic fringe
number error of 0.2 was quadratically added to each calibration line.

2.2.6.7. ENEFTS, FINAL

Finally, energies and intensities of all the peaks are calculated
and averaged if a gamma-ray has been found in several orders of reflec-
tions. The most intense decay line of 657.7622keV was used as a re-
ference energy34). Absolute energies can be calculated from the lattice
constant of the crystal and the Miller indices. However, this may give
some additional systematic errors due to the errors of the lattice
constant, Plank's constant, speed of light etec., and absolute energies
are not necessary to construct a level scheme according to the Ritz
combination principle.

with

Using the interferometric functions obtained b3 the programmes
INT1 and INT23, peak energies were calculated and they were sorted out
by the two-way balanced merge and sort method in descending order of

the

energy. Gamma-lines with approximately,same energies and intensities

a N o, . .
within certain error are considered as an identical transition. This
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grouping has to be examined very carefully line by line, and some
peaks may be deleted if necessary. The final result is obtained by
taking averages of energies and intensities after a systematic error
addition and the self-absorption correction.

Since the errors of the interferometric function parameters were
not included in the calculation input, the same systematic error of
fringe number 0.2 as used in the INT calculation was again added
quadratically to each peak position error.

The intensity efficiency curves for all orders of reflection have
been well established semi-empirically using the energy dependence of
the crystal reflectivity and the efficiency of the NaI(Tl) detector.
However, the self-absorption correction gives a large uncertainty in
gamma-ray intensities, because the average path length of gamma-rays
in the target cannot be defined due to the imperfect flatness and the
continuous movement of the target during the measurement. Therefore,
a reduced target density of 9.0g/cm3 was used instead of the correct
density 10.5g/cm3 to calculate attenuation coefficients with the
narrow beam total photon cross sections given by Storm and IsraelBS),
since this value showed the best agreement above 200keV with the
intensities which were calculated by alternative efficiency curves
based on a Ge(Li) detector anti-Compton measurement carried out at
the University of London Reactor Centre. Since a thin target was
used in this measurement, the self-absorption correction is included
in the efficiency curves, However, the detection efficiency of the
anti—-Compton system below 100keV was not well known, therefore, the
self-absorption with the reduced target density was preferred.

Further, 157% systematic intensity error was quadratically added

to GAMS 1 peaks and 107 to GAMS 2/3 peaks.
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2.2.6.8. LIST12, CAL, CALl, GAMS123

Two sets of independent peak data have been obtained by GAMS 1
and GAMS 2/3. Since there is certain deviation in their energy calib-
rations and efficiency data, identical gamma-rays in the overlapping
energy range are listed by LIST12, and using these corresponding gamma-
rays the energies and intensities of GAMS 1 are normalized to those
of GAMS 2/3,

Finally, in GAMS123 these gamma-ray energies and intensities are
averaged.

2.2.7. Absolute Intensity Calibration

In order to determine absolute gamma-ray intensities, the decay
line 657.76keV was used as a reference. The number of the decay gamma-
ray emitted per 100 neutron captures in !10Ag was calculated to be
4,27 + 0,26, assuming that the neutron cross section leading to the
ground state ¢ is 89 barns, cross section leading to the isomeric
state o 4.5 barn336), ground state half-life T%g 24,6 sec, isomeric
state half-life T%m 249.9 days, emission probability of the decay line
from the ground state b _4.497, emission probability from the isomeric

!
37) and the thermal neutron flux 5.5 x 10!"ncmZsec™!.

state b_ 94.747
m

In fact, the decay from the isomeric state does not contribute

very much to the intensity as shown in Fig. 8. The contribution is
a

approximately 37 of the ground state contribution after 10-day irradi-
ation. TFurther, the increase of the isomeric state contribution with -
time compensates for the decrease of the ground state contribution
after the saturation. Therefore, the total intensity of the decay

gamma-ray can be considered as the saturation intensity of the ground

state contribution and the decay from the isomeric state can be neglected.
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2.2.8. Combination of Grenoble Data and Risd Data

Finally, the Ris¢ data were normalized to the Grenoble data and

in
both were combined a&& the low energy region up to 467keV, above which energy

both and GAMS 1
Athe Risd,data have been ignored.es—well-as—-GAMS—t-recult. This

ing . . . in
averagk procedure was done using the same routines used in the averagk 9

of GAMS 1 and GAMS 2/3 data. (LIST12, CAL, CALl, GAMS123)

2.3, Measurement of High Energy Gamma~Transitions

High energy primary gamma-rays are of particular interest and
importance in the neutron capture process. Level energies of low-
lying excited states will be given by the differences between the
primary gamma transition energies and the neutron binding energy plus
neutron incident energy, which is negligible in the case of thermal
neutron capture, This is the only direct information of level energies
in neutron capture gamma-ray spectroscopy. In addition to this, the
intensities of primary gamma-rays may identify the characteristics of
low-1ying states such as spins and parities, especially in the case
+f average resonance capture, Therefore, the earlier thecretical

" to
studies were devoted 4n the primary gamma-ray emission process as
mentioned before.

Since a common target is used in the pair spectrometer 'PN4!
with the 'GAMS' system described before, at the High Fluk Reactor in
Grenoble, simultaneous measurement of'the high energy gamma-rays in
the reaction 19%Ag(n,y)!1%Ag has been carried out, An attempt was
made to observe double neutron capture in 109Ag via !10®pg leading

to 11lAg by examining the gamma-ray energy region between the neutron

binding energies of !10Ag and 1llaAg.
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2.3.1, Instrument

The detector system is situated at the back of the GAMS1 spectro-
meter, and the gamma-rays penetrating the GAMS 1 crystals are observed.
Therefore, the gamma-ray beam is not available while the GAMS 1 is
scanning low Bragg angle reflections, in which the NaI(Tl) detector
lead shielding prevents the beam from going further.

The instrument consists of a2 planar Ge(Li) detector with its
active volume of 7cm3® placed between two 6"¢ x 4" NaI(T1l) scintillation
detectors., The associated electronics are made of some NIM units in
order to obtain good fast coincidences between double escape peaks and
two annihilation gamma-rays emitted in oposite directions. Complete
suppression of photo and single escape events can be achieved and
optimum energy resolution has been reported as 2.3keV at EY = 2,3MeV
and 5.5keV at EY = 7.6MeV 38).

2.3.2. Ddta Acquisition Voo

The amplifier gain was set to cover the energy range up to 9,5MeV
energy on
gamma-ray,with an 8K multi-channel analyser. The data were dumped,to
a magnetic tape every three houfs in case there is any ADC channel
shifts.,
In order to reduce too strong activity a lead attenuator of 2.45cm
thick was placed at the back of the beam collimator behind the GAMS 1

spectrometer,

2.3.3. Data Ewaluation

Data evaluation has been done following the flow—chart shown in

Fig. 9.

2.3.3.1. FITPIC, LINTP

ySince there was no significant channel shift, all the spectra

a,
measured for 130 hours at the end of,12-day irradiation were summed,
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spectrum

FITPIC Peak fitting

raw peak data

ADC linearity correction
LINTP based on N(n,y) results
Linear energy calibration with the background
CALIB lines from C1 and Al
Intensity calibration .
EFPN Tne = i C1(10910E )
i=0 i
ABSCOR Lead shielding absorption correction

final result

Fig. 9. Data Evaluation Flow for PN4 pair spectrometer
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The peak shape was fitted by a Gaussian form with linear back-ground
jsing the computer programme FITPIC described earlier.

It is known that there is:bertain non—~linearity in the ADC of the
spectrometer. This has been investigated in routine measurements by
Hofmyer and TokunagaBg) as shown in Fig. 10. This correction was made
after the peak fitting.

2.3.3.2. CALIB

Energy calibration was done using some back-ground peaks originat-
i&g from neutron capture in aluminium and chlorine, whose energies were
tnken from the measurements by Stelts and ChrienAO). These calibration
data used are listed in Table 2. Some strong peaks have not been used,
because contaminations from other isctopes or 110Ag were suspected-
e.g. 61lllkeV Cl peak, 4946keV C peak etc.

Further linearity correction was made by dividing the calibration
data into several regionsresultingi; zig~zag calibration line.

This programme CALIB is a simple linear fitting routine including
errors of two dimengions equally, The minimization function S is

expressed by

g e b) )2
i (ani)2 + (Ay:i_)z

where X5 + Axi, ys x Ayi are ekpérimental data and calibration data,
respectively, and a and b are parameters to be optimized,

2.3.3.3. EFPN

The intensity calibration has been done using the efficiency curve-
of the spectrometer which has been established as shown in Fig. 11 39).
The efficiency fitting function has the form
2

_ i
lne ~iZOCi(1og10EY(keV))
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Enerqgy Calibration Lines for PN4 Pair Spectrometer
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Peak positions (with ADC Tinearity correction)

(a)
(b)
(c)

Comments

Energy calibration data (ref. 40)

Linear energy calibration (CALIB)



the

where Ci are constants and ET isAfull gamma-ray energy in keV,
Cihave been obtained as c, = arbitrary constant, Cl = 66.050685 and
C2 = -8,6853496.

2.3.3.4., ABSCOR

the absorption in the lead
Since a lead absorber was used in the measurement, +this—effees

Ttoken into account.
must be wesreeted. The attenuation coefficients have been taken from
ref. 41, and values between the listed energies have been calculated
by log-log interpolétion.

The intensity conversion factor to calculate absolute intensities
has been obtained using some strong lines at the overlapping region
with the GAMS measurement. Since the detection efficiencies of the
GAMS and PN4 spectrometers are very low at this gamma-ray energy

region 1.3MeV ~ 1,.8MeV, this normalization may include a large sys-—

tematic error.
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CHAPTER 3.

LEVEL SCHEME CONSTRUCTION

In thermal neutron capture reactions, a considerable number of
gamma~transitions and internal conversion electrons can be observed in
the energy range up to the neutron binding energy. This shows that the
capture state (if it exists) decays down to the ground state in several
steps of electromagnetic transitions. This cascade of +he electromagnetic
transitions enables us to construct low-lying nuclear excited levels
according to the Ritz combination principle and the Kirchhoff law within
a reasonable uncertainty as described earlier. Additional experimental

iy . . the | X
data are utilized in order to assign spin and parity of each level.

Since many data are handled in the procedure, the analysis may be

. . * s *
carried out with the aid of computers.ASerles of computer programmes

has
have been created in order to facilitate systematic compilation of the

 ‘neutron capture data into a detailed level schemeao). The Ritz combi-
nation principle has been widely applied to the programmes for different
purposes. The programmes and their I/0 media are listed in Table 3.
The actual analysis is carried out, following the flow chart shown in
Fig. 12.
Some of the programmes will be discussed here, and the application

of them will be shown in the next chapter.

3.1. Programme LEVELS

Each gamma-ray energy is compared with all the differences between
two of the known level energies. Practically, the deviation

D= Eyﬁ (Ei - Ef) is compared with its quadratically summed error o.
o

= v (AEY)Z_l (AE)* + (AEQ)Z
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PROGRAMME INPUT OuUTPUT
\LEVELS’ Transition assignment ' Gamma-ray energy fitting
(LVLS) Level energies result printed
LEVELS(® Gamma-ray data Preliminary transition
Preliminary level assignment file created
energies
LEVELS1 Transition assignment Level energy calculation
LEVELS2
LEVELS3
LEVELS4 Transition assignment Gaqpa—ray energy fitting
Level energies vag}ng a new level energy
LEVELS5 Transition assignment Comparison between level
Level energies scheme and experiment,
Coincidence data Possible new levels
Expected coinc. data printed
LEVELS6 Transition assignment Gamma-ray energy fitting’
LEVELS?7 Level energies with new levels based on
LEVELSY the Ritz combinaticn
!
LEVELSS Transition assignment Level scheme drawn on
Level energies KINGMATIC/MICROFILM
Primary assignment
TABLE Electron data Preliminary electron
HAGER Gamma-ray data assignment file created
Hager-Seltzer data
MPFILE Electron assignment Multipolarity assignment
Transition assignment file created
Hager—-Seltzer data
PRIM Primary gamma-ray data Calculation of final level
energies
BINDING Primary gamma-ray data Binding energy calculation
Level energies Primary assignment file
' created
INFORM All assignment files Calculation of branching
Level energies ratios and expected co-
incidence strengths
Table 3. I/0 Media of Computer Programmes
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Experiments

) N A 1
Electron Gamma—-ray Preliminary Primary
File File Level File Gamma File
1 J
L y
TABLE Mul ti- [LEVELSY [PrRIM
HAGER polarity
Preliminary Preliminary BINﬁEﬁE}——
Electron Transition [
Assignment Assignment
File File .
Binding
Energy
Edit |
4 . N7
Electron Transition LEVELS1 Level Primary
Assignment Assignment LEVELS2 Energy Transition
File (Type E) File LEVELS3 File Assignment
7N I _I File
e e
. |~
N ] LEVELS
Electron Transition LEVELS4
Assignment Fitting LEVELS6
File (Type G) New levels LEVELS7?
LEVELS9
Coincidence Camma-Ganma
. LEVELS5 Coincidence
Infzﬁfatlon <T-J\ . iData
Spin Parity
Assignment
1\ Expected
Assignments Coincidence Level Scheme
Compilation Strengths Drawing
- \r__L-_T
o] {rmsak——
INFORM LEVELSS8

Fig. 12.

.-5]__

Analysis Flow 7in Level Scheme Construction



where Ey: gamma-ray energy

Ej: initial level energy

Ef: final level energy

AE: errors
Results will be listed if the fitting is accepted within a certain confidence
limit, i.e. |D| < g+S, where the factor S is chosen appropriately.

All the possible fits are sorted out in different ways and the following
lists are made with the result of fitting calculation.

1) for each gamma-ray
2) depopulating gamma-rays from each level
3) populating gamma-rays to each level

Since a particular gamma-ray energy can be fitted at more than one
place occasionally, the output lists are designed so that this multiﬁle
assignment can be easily recognized, Obviocusly in most cases, the gamma-rays
which have already been assigned are fitted at the corresponding positions,
However, a few changes in a level scheme may cause some shifts of level
energies, therefore, this programme is essential to be run whenever the level
“energies are modified or a new level is investigated.

Needless to say, the fitting result suggests only the possibility of
gamma~-ray assignment between the corresponding levels, but incorrect assign-
ments may be excluded. A great care must be taken for a final decision,
referring to other information such as gamma-ray intensities, gamma-gamma
coincidence results, transition multipolarities, spims and parities of
levels and so on.

This programme does not do any level emnergy correctiong,which must be
done by the programmes 'LEVELS1', 'LEvELSZ‘ or 'LEVELS3'. A shorter version
of the programme 'LVLS', which has achieved shorter CPU time by the use of

binary searching method, is available in a time-sharing mode.
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3.2. Programme LEVELS3

The method adopted in this programme to calculate level energies with
. T . C . ing .
assigned transitions and their energies is a simple averagk technique by

introducing the following likelihood function F.
F = exp(-8)

- - 2
(Ei Ef EY)

S(E,sE,seeesE ) =7
1°72 NS 2(AEY)2

where Ej, Ep, ... , Ey are level energies to be calculated. (E1 to be the
ground state level)

Ey: gamma-transition energy

Ei: initial level energy

Ef: final level energy

AEy: error of gamma-transition energy
N: number of levels
The summation is taken over all assigned transitions.

From the fact that the level energy of ground state E1 can be chosen to have
any value, usually zero, the function F must have (N - 1) independent
variables to be optimized, Therefore, the problem can be considered as the
maximization of the likelihood function F in (N - 1) degrees of freedom.
Since an excitation energy of a particular level is the energy difference
between the level and the ground state, a set of (N - 1) variables X; can
be introduced as

X, = Ep+1 - E7 (n = 1,2, «o. 5, N-1)

Then, F may be written as follows :
F(E1,Eg, ... , E) = F1(Xj.ueey Xy_q) = exp(-Sy)

S(E]_,Ez, see 3 EN) = Sl(X:L:XZ: sae XN---]_)

- 2 - — 2
_ E (Xi—l EY) (Xi—l Xf-l EY)
ground state 2 non-ground state , 2
Y transitions Z(AEY) transitions Z(AEY)
(i, £#1)
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For simplicity, the function S may be written by replacing N - 1 by N, 1 - 1,

by i, £ -1 by f, 5] by § and Fj by F without any confusions, Then,

(X, - E )2 (X, ~ X - E )2
S(Xy s XysenesX) ~[ L ¥ = x
g st 2(AEY)2 y nest Z(AEY)2

The expectation values X, are given by
e dX. d¥,....d
- IV Xn F(XI’XZ’ ’XN) X1 XZ XN
n
- 80 d d LI
[y FEyseee, R) dXpdX) L dXy

and also their standard deviations g, are given by

=/ x2 -%2
Th Xn Xn

=)
1

where
2
= - [ X FXX), 000 X)) dXdX) L. ARy
n
fv F(X »Xy5e e, X)) dX dE .. .dX
The integrations span over all the space V of the N variables X; ..... Xy.

) . described .
The method to calculate these integrals will be mentiened in Appendix 1.

Level energies have to be calculated by this programme if some
corrections are made in a level scheme. Since this programme is an opti-
mization of all the transition assignments, any alteration in a level scheme

may Yead to certain shifts of level energies.

3+3. Programme LEVELS4 -

When an unknown level is expected in a small range of excitation energy,
this programme can be used., Having set up the range with lower and upper
limits, a new level energy is varied step by step between the two limits.

For each tentative level energy, gamma-ray energy fitting is made under the

condition.

1, = En| < 0°8

where S: confidence limit E,: gamma-ray energy
Egp,: tentative level energy E,: known level energy
o= V(AEY)Z + (AER)? AE: errors

_54_



In addition to the fitting procedure at each step, two values,
which should indicate graduvual maximum at the most probable tentative
level energy, are calculated for populating and depopulating groups

of the fitted transitions. These values I are calculated by the

following equation;
N
- - 7
(EY TETL EnD :

2 2
Y (AEY) + (AE)

I=.

+ 104

100

1
(N -1) ]}
2
Y (BE)? + (8E )

where N 1s the number of transitions fitted. The factor (N - 1) is
replaced by 1 if N = 1. An additional term 10-" prevents accidental
maxima. It is empirically known that the value I shows its maximum
approximately 50 to 100 at actual levels,

Other indications can also be considered such as

- - 2
€~ |Ep- ED

1) I= Z-wl— exp{ -
Y cy 2 g 2
! /
: K Ks N/u
=1 - -1(2 N.) + W - (2 N.)L =1 -
2 1 R A el Wy,
u:  total number of levels in the level scheme less 1,
Ni: transition density at the gamma-ray energy,
Ki: inverse of the number of places where the i-th gamma-ray
has been assigned,
Wn: probability of the n-th level to be accidental. 43)
etec.

Tiiese alternatives have not been introduced to the programme yet.

3.4. Programme LEVELSS

This programme gives possible new level emergies tentatively
based on coincidence data using the Ritz combination principle. Sets

of coincidence data are necessary to run the programme and their
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strengths are compared with expected strengths which can be calculated

by the programme INFORM as will be mentioned later,

The programme is made of the following procedures:

1) Find out possible gamma-rays in coincidence within the window
widths given. Several gamma-ray combinations may be found in the
same coincldence data.

2) Carry out the following examination for each combination.

1. If E_ . and E_, are both assigned transitiomns,

vl v2
—— SN S
e ¥ —_—
¥ ¥ __j'.—_.
(a) (b) (c)

the indications 'COINCIDENT', 'OVERLAP' and 'INDIRECT' will be

given in the cases (a), (b) and (¢}, respectivély. In the case
(c), the intermediate energy difference is given with its error.
In the case (b), obviously no coincidence can be expected. Care
must be taken, and the other gamma-ray combinations of the same

coincidence data should be examined carefully,

)

. If one of the two gamma-rays is assigned,
two tentative levels can be considered as
shown in the figure provided that the

lower one ETL2 is not less than zero. If

the tentative levels fit one of the known

levels, "GAMMA~FIT' will be indicated. . — E
If not, 'TENTATIVE' and expected level energies and their errors
will be given.

3, If E_Y1 and EY2 are both unassigned, the sum of EYl and EYZ 1s

B r) g + 3 -—
compared with every level energy difference. If EYl EY2 Ei Ef
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within a certain confidence limit, two B

i
tentative levels can be considered as B
vl
shown in the figure, If the tentative 3 Eyz
——————————— E
TL1
level fits one of the known levels, ¥
e E
E TL2
'SUCCESSIVE' will be indicated. If Y2 B
vl
not, 'TENTATIVE' and the expected 4 ¥ E
f

level energy and error will be given. The level energy is
calculated by weighted average of Ei- EYl and Ef+ EYZ for ETLl’
.- +
or E1 EY2 and Ef EYl for ETLZ'
3) Gamma-ray energy fitting will be carried out for each tentative
level obtained in the former part of the programme. The procedure

the

isAsame as in the programme LEVELS,
. . : : . for the .
Since coincidence data are very important information -te- construction of
a level scheme, the output of this programme has more reliability than
the others based purely on the Ritz conbination principle, Therefore,
this programme may not be used unless very precise y—y coincidence
lata are available with clearly stated coincidence windows i.e. channel

widths or detector resolutions.

3.5. Programmes LEVELS7 and LEVELSY

The programme LEVELS7 searches possible successive transitions
between two levels given and calculates tentative level energies, Any
number of successive transitions can be chosen, but CPU time increases
astrdnomically as the number increaseg., Two or three are reasonable
to be used with 1000 transition data.

The programme LEVELS9 searcheéi%airs of gamma-rays such that the
energy difference of them can be fitted to the difference of two given
levels, and calculates tentative level energies,

These programmes are useful to search for a missing level in a
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band structure of nuclear excited states. However, many possibilities
can usually be found, so the programmes should not be used until some
reliable levels are confirmed.

3.6. Programme LEVELSS

This programme draws a level scheme on 35mm microfilm or on the
Kingmatic flat bed plotter at the Imperial College Computer Centre in
London. A magnetic tape output is produced by the programme and then
it will control the miecrofilm plotter or the Kingmatic dréwing machine
off-line. Since the subroutines included in the programme are CALCOMP
compatible, it may not be difficult to make the programme available
at any other computer centre.

Several remarks have to be mentiomned,

1} Arrow widths

The maximum and minimum widths wmax and Wmin are chosen appro-

priately for the strongest and weakest transitions in the data T oax

and Imin’ respectively, For a given intensity I, the arrow width W

is calculated logarithmically by the following equation.,
W -W.

max I
W= Lo log + W .
I, min
I min
lo max
I .
min

2) Level heights

If the level scheme has multiplets of levels in a small range of
excitation energy, it is impossible to draw them at the positions
whose heights from the ground state ;evel should be proportibnal to
their level energies. And there must be enough space to draw level
energies and spin and parity assignments between underlines, which
are connected to the correspondiﬁg levelé. Therefore, minimum limit
distances must be chosen for minimum gaps between the level energy

lines and the level energy underlines according to the size of dréwing.
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The values y; to which the level heights are proportional are
determined in a subroutine by minimizing S = E (xi - yi)2 under the
i

constraints vy, = 0 and Vi1~ Y 2 2s where X, are level energies

i
and a is one of the minimum lengths converted to energy scale.
Since level scheme diagrams give visual and direct compilation
of the transition data, they can be very useful when interpreting
characteristics of the nuclear structure, such as collective bands

in heavier nuclei, I(I + 1) dependence etc,

3.7, Programmes TABLE and HAGER °

In order to determine multipolarities of transitions, the pro-
. for .
gramme TABLE has been made by T. von Egidy to search,electron lines
corresponding to known gamma-transitions measured separately and to
calculate experimental internal conversion coefficients as well as
. 43) . .

theoretical values of Hager and Seltzer . Multipolarities can be
determined by the comparison between the experimental and theoretical
internal conversion coefficients or L-electron intensity ratios.

Since these results are listed in order of transition energy,
't is difficult to estimate the intensity ratio if an electron line
is doubly assigned, In order to overcome this difficulty, an
alternative programme HAGER was made to list expected electron
energies and intensities for some multipolarities calculated from

. . e .
experimental gamma-ray data in order of electron enrgy using the
theoretical values of internal conversion coefficients, and experi-
mental electron lines are placed beside corresponding energies.

Both programmes need some intensity calibration lines before
their execution to combine electron and gamma-ray intensity data

' ) The .

unless the data have been obtalned absolutely, ﬁultlpolarlty of

at least one transition has to be assumed to do the calibration.
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Details of the intensity calibration of the present work will be shown

in the next chapter.

3.8, Programme INFORM

Since many data are involved in the process of level scheme
construction, this kind of programme is necessary to compile all the
data and to give detailed information of the level scheme and the
transitions. The calculation in this programme INFORM includes energy
deviations from the Ritz combination principle for each trangition
assignment, populating and depopulating intensities of each level,
gamma-ray branching ratios, neutron binding energy and expected y-y
coincidence strengths. These are examined very carefully to assign
spins and parities of the levels, referring to the other experimental
data, which are not included in the programme. Also, wrong transition
assignments can be easily identified based on the transition selection
rule.

One of the remarkable features of this programme is the calcula-
tion of the expected y-y coincidence strength S given by

S =1 _B B

v17y2 ) Bi1Bea 7 By

where IYI: intensity of the gate channel gamma-transition v1,

BYZ: depopulating or populating branching ratio of the spectrum
o whether

channel gamma-~transition ¥y2, according to +hat-the gate
channel gamma-transition yl is assigned upper or lower than
Y2, respectively,

B,.: depopulating or populating branching ratios of transitions
between vyl and ¥y2.

The summation is taken over every possible combination of the transi-

tions between the two gamma-transitions. If the gate channel gamma-ray

is the upper transition, the summation is calculated as follows;
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Put the final level of upper transition to be the i-th level and the
initial level of lower transition the j-th level. If i = j, it is
convenient to assume that the summation A = 1, and if i < j, this is
not the case of coincidence, because the two gamma-rays are overlapping.
Therefore, the case is limited to i > j. If the summation from the
k-th level to the j-th level is expressed by Akj’ then Ak+1,j will be
given by the following equation;

k

Mev1, 5 T Bra,; +m=§+1Bk+1,mAhd

k

B A .
mzj k+l,m mj

where Bij is the depopulating branching ratio of the transition which
depopulates the i-th level and populates the j—th level. According
to the given equation, Aij can be calculated step by step, using the

fact that A. =

. B. .. If the gate channel gamma-ray is the lower
i+1,5 T T+, & & Y

transition, the summation can be calculated in-é%é similar manner, but
using populating branching ratios.,

In the current version of the programme, gamma-ray branching
ratios BYi are used instead of transitiom branching ratios Bti due to
. limited central memory space of computer., Therefore, in the case that
an intense low energy transition is involved in the cascade between
the two transitions of interest, the expected coincidence strength
will be slightly underestimated because of the high internal conversion
coefficient of the intense low enmergy transition.

A detailed discussion will be carried out in Appendix 3. includ-

ing life-times of levels and angular correlations.
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CHAPTER 4,

Application of the Methods and the Results

The computer programmes have been extensively used to process the
many experimental data in the thermal neutron capture reactions in
1074 and 10%Ag, Actual ﬁrocedures, following the flow chart shown in
Fig. 12, will be presented in this chapter together with examples of
couputer output and the results obtained. The seqﬁence of the programmes
in the flow chart is a guideline to the level scheme construction and
can be modified if necessary.

It has to be emphasized that the programmes are mostly based on
the Ritz combination principle due to the good energy resolution of the
crystal spectrometer, even though the probability of random fitting
increases as energy increases. Therefore, other essential physical
principles such as Kirchhoff's law and selection rules of tramsitions
have to be taken into account, referring to the resulis of other nuclear
reactions. Gamma-gamma coincidence data play an especially vital role
in the level scheme constructiom,
4.1, 108pg

The leﬁel scheme construction starts with preliminary level energies
suggested in earlier studies. The levels presented by Massoumi 17
were adopted in the current study. The Ritz combination prineciple can
then assign gamma-transitions at one, or occasionallf more, appropriate
places within a reasonable uncertainty, e.g. twice the standard devi-
ation, All the assignments have to be checked very carefully and some
of them may be ignored if‘the other physical laws are not satisfied.

The primary gamma-rays are also assigned to corresponding low-

lying levels. The neutron binding energy can be calculated based on the
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assignments. A final calculation has to be done after the low-lying
levels are well—-established, since some of the primary gamma-ray peaks
may be spurious peaks. In the present work, the neutron binding energy
of 108Ag has been determined to be 7269.59 + .60 keV, the error arising
mainly from the absolute energy calibration of the primary gamma-ray
detector.

The internal conversion electron lines have been assigned to
corresponding gamma-transitions and a relevant electron shell has been
determined by Massoumi using the programme TABLE. Fig, 13 shows a
part of its output. Special attention has to be paid to possible
electron multiplets in order not to overestimate internal conversion
coefficients., Absolute electron intensities were determined assuming
pure El multipolarity for the strong 79.1 keV transition normalized to
the theoretical internal conversion coefficients of Hager and Seltzer44).
Multipolarities for other lines can be determined to some extent by
comparing the experimental internal conversion coefficients with the
theoretical wvalues.

Based on the gamma-ray transition assignments, level energies are
recalculated using LEVELS3. This process has to be repeated whenever
some transition assignments are altered or a new level is established.

Outputs of INFORM and LEVELSS give a useful compilation of all the
experimental data and the assignments, and can be examined very easily.
Parts of the outputs are shown in Figs. 14 and 15. Spins and parities
can be determined according to the selection rule and the transition
multipolarities obtained. Simultaneously, other experimental results
are taken into account in order to establish a more reliable level
scheme, The (d,p) reaction data 28) can confirm the existence of levels,

and the information of angular momentum transfer is very useful to
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Fig, 15, Examnle of LEVELS5 Dutnhut for Ag
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determine definite parities as well as the range of possible spins.

29)

The angular distribution of gamma-rays in the (p,ny) reaction gives
spin assignments of a few low-lying levels, Especially, the results of
average Yesonance neutron capture 22) are very powerful to determine
both spins and parities.

As spins and parities are determined level by level, some transitions
may be found incorrectly assipgned even though they satisfy energy combi-
nations. These transitions have to be removed from the level scheme
and new levels have to be searched for so that more transitions can be
nssigned in the level scheme.

The levels proposed in the present work are listed in Table & and
the level scheme drawn by LEVELS8 is shown in Fig. 16. The details can

45)

be found elsewhere .

4,2, 1104

Extensive studies of 110Ag have been carried out during past years
and have recently been summarized by Bertrand 37). However, the spins
and parities of only the lowest three states, including the ground
state, have been determined unambiguously. A few more states have been

25)

establi%?d since the summary of Bertrand by Bogdanovic et al , which
is based on the Risé curved—crystal spectrometer data and the time
differential gamma-gamm; coincidence measurement using Ge(Li) and
NaI(T1l) detectors.

In the present work, the level scheme construction was carried out
in the same manmer as for !0B8Ag, mainly based on the experimental results
presented here. The neutron binding energy of 110Ag has been determined

to be 6806.,62 + .20 keV. Absolute electron intensities have been cal-

culated assuming that the 117.6 keV and 118.7 keV transitions are.pure
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26)

El and E2 transitions, respectively .
The final level scheme is shown in Fig. 17, which is placed in the

back cover pocket, and the details are described in the next section.

4.3. Levels in 110aAg

The details of the transitions in 110Ag are listed in Tables 5, 6,

7 and 8 at the end of this chapter, including the assigned and unassigned

gamma~transitions, the internal conversion electron assignments and the

high energy gamma-transitions. Some assumptions have been put forward

to assign spins and parities.

(1) Thermal neutron capture is restricted to s-wave neutrons and the
capture state will be 0 and/or 1 .

(2) E1, M1, E2 and Ed transitions can be observed in the present
experiment.

The Ground State 1+

The spin and parity of the ground state has been determined in the

. . + 37 . . . .
earlier studies as 1 ). This assignment 1s based on an atomic beam

experiment 46) and the allowed B-decay to the 110Cd ground state 0+ 47).

Other characteristics of the ground state have been investigated during

past years, including the half-life 24.6 sec and magnetic moment 2.85 *

0.05 48).

1.1 keV Level 2

This state has been of interest to explain the M4 isomeric transi-
- + . .
tion from the next 6 state. It is necessary to postulate a low-lying
- } .. + +
2 state, since a transitlon from the 6 state to the 1 ground state
cannot have an M4 character. The earlier neutron capture investigations
provided evidence of a low-lying state with 1.28 + 0.10 keV excitation

energy 49) A hypothesis has been put forward that these two states
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50)

are identical and tested by Clark et al using an inner-shell-vacancy
detector, which can detect the time of decay although it cannot deter-
mine the transition emergy. The half-life of the 2" state was determined
in the decay of llOmAg as 660 * 40 ns, and the study of the 109Ag(n,y)
110p4p reaction gives a consistent result for the low-lying state half-~
life,

In the present work, one 2 level was assumed and its excitation
energy was determined as 1,1143 + 0,0011 kéV from the gamma-transition
energies in the current level scheme using the programme LEVELS3. The
result shows that the excitation energy reported in the earlier study
was an overestimation probably due to the doublet fitting procedure.

28)

In the (d,p) reaction study , this state is populated by ¢.= 2
angular momentum transfer, which is consistent with the 2 assignment.

117.5 keV Level 6

+
The 6 assignment for this 249-day isomeric state has been deter-—

mined in the earlier studies by an atomic beam experiment and the

allowed f-decay character to an even-parity level in 110¢4 51). The

37)ras the combina-

37)

excitation energy has been reported as 117.76 keV

and 1,28 + 0,10

keV excitation energy of the 2" level as previously determined 49).

tion of the 116,48 + 0.05 keV M4 transition energy

This has now to be corrected to 117.59 + 0.05 keV.
Although the 5% partial capture cross~section to this isomeric
. . 36)
state relative to the total capture cross—-section has been reported s
evidence of the populating transitions to this level is not very strong.
In the present work, a cascade of strong transitions which have not been
placed in the level scheme was tentatively placed above this level as

shown in Fig. 18. This implies the existence of other six tentative

levels at 174.5 keV, 255.0 keV, 446.5 keV, 551.3 keV, 557.0 keV and
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(keV)

579.2 keV, | 579,244
o 557.020
The excitation energy was o _ N \\_ 551.311
bl (@)} s
determined by LEVELS3 calculation e S e e
= ol =g =
as 117.5359 + 0.0046 keV, mainly o = =
A N
based on the transition energies 446.531
in this cascade. The result does
not agree very well with the value =
Lo
| E1
117.59 + 0,05 keV mentioned above, o
The isomeric transition has to be
gtudied with better accuracy.
S 254,995
The expected gamma—gamma =
T
P . . o | M
coincidences are consistent with o
o
the experimental data of Winkler27) wn 174,551
. <1 M
except that the experiment was not ~
tg]
6" e 117 .536
able to find the coincidence between
57.0 keV and 80.4 keV, which are Fig. 18. Cascade Populating

6" Isomeric Stat
expected to be in strong coincidence. Someric otaie

118.7 keV Level 3"

The existence of this level is demonstrated by the existence of
depopulating transitions 117.6 keV to the 1.1 keV 2 state and 118.7
keV ground state transition, which are known to have E1 and E2 charac-
ter, respectively. The character of these transitions require even
parity and the spin has been assigned as 3 in the (p,ny) experiment
based on the 117.6 keV gamma-ray angular distribution 29). Other
experimental data are consistent with the 3" assignment.

The half-life has been measured as 36.7 = 0.7 ns 29). Since
the depopulating 117.6 keV transition is very intense, the time

25)

differential gamma~gamma coincidence measurement with this tramsition
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has been used to confirm the existence of upper lying levels.

174.6 keV Level 5, 6"

This level is a etally tentative level based on the assumption
that the 57.0 keV transition populates the 6" isomeric state. If this
state exists, the parity will be even because of the Ml character of
the transition. The spin‘is restricted to 5, 6 or 7, but 7 can be
excluded due to the rather strong population.

Apart from the 80.4 keV transition connecting this level with the
next member of the cascade populating the 6+ level, this level can be
connected to the other existing levels at 471.2 keV and 613.0 keV by
the 296.6 keV and 438.3 keV transitions, respectively. However, these
transitions may both be assigned to other places in the level scheme,
and there is mo strong evidence for this level.

+ L+ +
191.6 keV Level 2, 3, 4

The gamma-gamma coincidence between the transitions in the 120 keV
and 74 keV regions suggests the existence of this level. However, the
existence is rather doubtful since the time differential coincidence
measurement has not confirmed the coincidence between the 117,.6 keV and
72.9 keV transitions. This level may be suspect also from the fact
that the populating intensity is very weak compared with the depopu-
lating intensity although some strong transitions may be assigned to
populate this level from levels which have not yet been established.

If this level exists, the Ml éharacter of the 72.9 keV transition
will indicate even parity and spin possibilities 2, 3 and 4. No
primary transition was observed, but it could have been masked by the
6619 kev background line from chlorine.

The 191.5 keV E1 transition cannot be the ground state transition

depopulating this level, because the energy combination and the selec—
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tion rule are not satisfied., Therefore, the 191.5 keV gamma-ray
angular distribution result in the (p,ny) reaction cannot be used to
assign the spin of this level,

198.,7 keV Level 2+

This level is well established by the two depeopulating transitions
198.7 keV and 197.6 keV, which give the same energy difference as the
118.7 keV and 117.6 keV transitions. The Ml character of the 198.7 keV
ground state transition determines even parity and spin 0, 1 or 2.
Although the multipolarity of the 197.6 keV transition canneot be deter-
mined correctly due to the low energy tail of the 198.7 keV intense
transition in the electron spectrum, the 0+ assignment can be ruled
out by the existence of the 197.6 keV transition to the 2 state. .

The (p,ny) work suggests spin 2 from the angular distribution of
the 198.7 keV transition., It is consistent with the fact that a

primary transition populates this level,

236.8 keV Level 1 , 2-, 3  and 237.0 keV Level l—, 2

Population by a primary transition and in the (d,p) reaction with
¢ = 0 indicates a level at approximately 237 keV. The 237.0 keV level
has been established with three depopulating transitions and thirteen
populating transitions apart from the primary transition. The 237.0
keV El transition to the ground state 1+ and the 235,9 keV Ml transition
to the 1.1 keV 2 state assegn the spin and parity to be 1" or 2 for

“this level.

The additional 236.8 keV level was first introduced by Bogdanovic
et al 25) probably based on the coincidence between 236 keV and 195
keV transitions. It is based also on Breitig's precise enefgy Measure—
ment 18) in which the 235.8 keV gamma-ray was found to be a doublet.

The Ritz combination principle has assigned twenty transitions populat-

- 74 -



ing this level. The Ml character of the 235.7 keV depopulating transi-
tion to the 1.1 keV 2 state determines odd parity and spin possibili-
ties 1, 2 and 3,

It is difficult to determine whether the primary transitiom and
the (d,p) reaction populate the 236.8 keV level oéig%7.0 keV level.
Probably a large fraction 6f the primary transition populates the
237.0 keV level, since the transition energy is fitted to this level
better than to the 236.8 keV level. However, both levels are equally
possible to be populated in the {(d,p) reaction. Spin and parity can
be limited to iT for both levels if the population with £ = 0 is
confirmed.

{248 keV Level)

This level was introduced by the primary transition measurement
of . 24) L
b3 Bolotin and Namensocn . In the present work, however, this line
was not observed.

255.0 keV Level 47, 57

This is one of the levels introduced as part of the cascade
populating ﬁhe 6 isomeric state. The Ml character of the 80.4 keV
transition determines even parity but the spin can be 4, 5 or 6.
The 6+ assignment can be excluded by the E1 character of the 191.5
keV populating transition from the 446.5 keV 3 or 4 state as will
be described when discussing that level,

267.2 keV Level 1, (29

This level is well establised by three depopulating transitions
267.2 keV Ml + E2 to the ground state, 266.1 keV E1 to the 1.1 keV 2
state and 68.5 keV M1 to the 198.7 keV 2" state. These define the
spin and parity assignment 1+ or 2+. The strong primary transition

+ .
prefers the 1 assignment.
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271.4 keV Level 27, 37, )

The existence of this level is suggested by the time differential
caoincidence between 117.6 keV and 152.7 keV transitions. The Ml
+
character of the 152.7 keV transition to the 118.7 keV 3 state assigns
, . ot + + A
the spin and parity to be 2 , 3 or 4 . The 4 assignment is dasfa-
voured if the transitions 393.4 keV from the 664.9 keV 1 or 2 state
and 454.3 keV from the 725.7 keV 0_, 1 or 2 state exist.

304.5 keV Level 2, 3"

The coincidence between the 105 keV and 199 keV transitions
establishes this level, The Ml character of the 105.8 keV transition
to the 198,7 keV 2* level suggests the spin and parity assignment 1+,
2" or 3+. If this level is 1+, the levels at 380.1 keV, 468.8 keV,
471.2 keV, 536.1 keV, 663.4 keV and 683.1 keV will be assigned to be
low spin even parity states without primary transition population,
which is statistically very unlikely. Therefore, the 1+ assignment

can be excluded.

. 338.9 keV Level 0, (1)

The existence of this level is supported by the two depopulating
transitions to the ground state and the 1.1 keV 2 state and by the
population in the (d,p) reaction with £ = 0., The El1 character of the

338.9 keV ground state transition assigns the spin and parity OH, 1
or 2 , lThe zero angular momentum transfer excludes 2. Since no
primary transition was observed, the 0 assignment is preferred.
The 101.8 keV transition may depopulate this level to the 237.0
keV level, However, the energy combination is not satisfied, probably
because the error of transition energy may have been underestimated.

The coincidence data of Winkler cannot distinguish this coincidence

from the indirect colncidence between the 237.2 keV and 105.8 keV
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transitions.

360.6 keV Level 1+, 2"

This level is depopulated by eight transitions. The E2 character
of the ground state transition determines the spin and parity to be
1%, 2" or 3°. The 123.5 keV and 123.8 keV transitions to the 237.0
keV and 236.8 keV 1evels,-respectively, can exclude the 3+ assignment,
since at least one of these levels is a 1 state. This is consistent
with the existence of a primary transition.

380.1 keV Level 17, 27, 3%, 4h)

This level is based on the assumption that the 75.6 keV and 181.5
keV transitions depopulate this level and populate the 304.5 keV 2+
or 3+ state and the 198.7 keV 2 state, respectively.l Transition -
assignments are totally based on the energy combination principle.
Even parity is expected for this level from the Ml character of the
75.6 keV transition, but the spin cannot be determined uniquely and
17 to 4+ assignments are possible. If the 143.1 keV transition to the
237.0 keV 1~ or 2 state exists, the 4" assignment will be excluded.
However, the existence is rather doubtful.

381.2 keV Level 1 , 2

This level is populated by a primary transition and in the {d,p)
reaction with £ = 2, and is depopulated by five transitions including
the transitions to the ground state and 1.1 keV 2 state. TheserfiVe
transitions suggest the spin énd parity 0_, 1" or 2. The angular
momentum transfer £ = 2 in the (d,p) reaction excludes the 0 assign—

ment.

424.7 keV Level 0, 1, (27) and 432.3 keV Level 2 , (3)

The (d,p) reaction results suggest a possible doublet at excitation

energy 433 keV with £ = 2 and/or % = 0 angular momentum transfer.
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Two corresponding primary transitions have been observed at 6381,8
keV and 6374.1 keV, which require low spin states at 424.6 keV and
432.3 keV. Thé energy combination principle can establish these
levels at 424.7 keV and 432.3 keV each with four depopulating and
seven populating transitions.

Although the 423.6 keV transition from the 424.7 keV level to
the 1.1 keV 2 state has been doubly assigned in the present level
scheme, if this transition depopulates this level, its Ml or E2
character will determine odd parity and spin possibilities O to 4
for this 424.7 keV level. This is consistent with the E2 character
of the 187.6 keV transition to the 237.0 keV 1 or 2 state. The
3 and 4 assignments can be excluded by the existence of a primary
transition and ground state transitionm.

The Ml character of the 195.5 keV transition from the 432.3 keV
level to the 236.8 keV requires odd parity and spin possibilities
0 to 4 for this 432.3 keV level. The O and 1 assignments can be
excluded by the existence of the 313.6 keV transition to the 118.7
keV 3+ state, and the 4 assignment can be excluded by the primary
transition population, ehich prefers the 2" assignment,

Therefore, both levels are possibly populated in the (d,p) re-
action. Probably the 424.7 keV level is populated with & = O and
the 432.3 keV level with £ = 2, The 0 or 1 assignment is favoured
for the 424.,7 keV level.

446.5 keV Level 3 , &

, ) +
This is one of the levels in the cascade populating the 6
isomeric state. The E2 character of the 209.7 keV fransition to the
236.8 keV 3 state and E1 character of the 191.5 keV transition to

the 255.0 keV state define the possible spin and parity assignments
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3_, 4 and 5 . By the 445.4 keV transition to the 1,1 keV 2 state,
the 5 assignment can be excluded, and also the 6+ assignment for the
255.0 keV level can be excluded as has been mentioned. This level
may be populated by the (d,p) reaction.

468.8 keV Level 2, 3"

The time differential coinecidence between 117,.6 keV and 350.1
keV transitions confirms the existence of this level although the
energy combination is not satisfied very well. The Ml + E2 character
of the 350.1 keV transition to the 118.7‘keV 3" state and the Ml
character of the 270.1 keV transition to the 198.7 keV 2" state re-
quire the spin and parity assignment 2% or 3+.

It is interesting to note that the 350.1 keV transition can’ be
placed to populate this level from the 818.9 keV level with good
energy fitting. This transition may be a doublet, and a large frac-
tion of intensity may belong to the upper transition from the 818.9
keV level.

+
471.2 keV Level 3%, 4

The existence of this level is confirmed by the coincidence
between the 105 keV and 166 keV transitioms. Other transitions have
been placed by the Ritz combination principle. The Ml character of
the 166.7 keV transition to the 304.5 keV 2+, 3% state allows spin
and parity 1+, 2+, 3% or 4+.

If the 296.6 keV transition, which has been placed twice in the
level scheme, depopulates this level to the 174,6 keV 5+ or 6" state,
the 17 and 27 assignments can be excluded. This is consistent with
the fact that no primary transition was observed,

485.7 keV Level 17, 27, 37

This level comes. from the time differential coincidence between

- 79 -



the 117.6 keV and 367.0 keV transitions. The M1l character of the

125,1 keV transition to the 360.6 keV 1+ or 2+ state requires even
parity and possible spins 0, 1, 2 and 3. The O+ assipgnment can be
excluded by the 367.0 keV transition to the 118.7 keV 3+ state.

496.8 keV Level 1—, 2

This level is populated by a primary transition, and is depopu-—
lated by seven transitions including the transitions to the ground
state and the 1.1 keV.2 state. The Ml character of the 115.7 keV
transition to the 381.2 keV 1 or 2 state requires spin O to 3 and
odd parity. The 3" assignment can be excluded by the 496.8 keV ground
~tate transition. The population in the (d,p) reaction around this
energy is not very clear, but the weak population is probably to.

are
this level because there +& no other odd parity states in the 484
+ 20 keV excitation energy region. The 0 assignment can be excluded
by the Ml character of the 82.4 keV transition from the 579.2 keV 2

or 3 state as will be mentioned when discussing that level.

525.6 keV Level 1 , 2

This level is populated by a primary transition ana in the (d,p)
reaction of Lopez 52), and is depopulated by six transitions includ-
ing the transitions to the ground state and the 1.1 keV 2 state.

The Ml or E2 character of the 524.5 keV transition to the 1.1 keV 2
state requires odd parity and spin O to 4. The 3 and 4 assignments

are excluded by the existence of the 525.6 keV ground state transition.

The 0 assignment is also excluded by the ML + E2 character of the

1 101.0 keV and 186.7 keV transitions. The exsistence of the primary

transition is consistent with this assignment,

527.5 keV Level 1°, 27, 3"

This level is suggested by the time differential coincidence
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the
betweenA117.6 keV and 408.8 keV transitions. The El character of the
526.3 keV transition to the 1.1 keV 2 state requires the spin and

. } + _+ +
parity assignment to be 1 , 2 or 3 .

+ 4
536.1 keV Level 1, 2" 3

This level was originally thought to be present according to the
population in the (d,p).reaction. However, the characters of the
depopulating transitions, which have been assigned by the energy
combination principle, suggest even parity for this level and possible
spins 1, 2 and 3. There may be a small contribution of primary transi-
tion on the high energy tail of the primary transition to the next
level.

539.5 keV Level 0 , 1

This level is populated by a primary transition and in the (d,p)
reaction with £ = 0. The spin and parity can be assigned to be 0, 1
or 2 by the characters of depopulating transitions. The zero angular
momentum transfer in the (d,p) reaction can exclude the 2_ assignment.
If the 338.9 keV level is a O state, then the 0 assignment for this
level can be excluded by the 200.6 keV transition to the 338.9 keV
level.

549,3 keV Level 17, 2"

A primary transition indicates the existence of a level at about
549.5 keV excitation energy. Sixteen populating and six depopulating
transitions have been assigned by the energy combination principle.
The characters of the depopulating transitions limit the spin and

. . + 4+ + + .
parity assignment to be 1 , 2 or 3 . The 3 assignment can be ex—
cluded by the existence of the primary tramsition.,

551.3 keV Level 2, 3, 4

X +
This is one of the levels related to the cascade feeding the 6
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isomeric state. The Ml character of the 104.8 keV transition to the
446.5 keV 3 or 4 state requires odd parity, but the spin cannot be
defined uniquely. The assignments 2_, 3 and 4 are possible.

557.0 keV Level 2 , (37)

This is another level which is related to the 6" isomeric level,
The case is very similar teo the 551.3 keV level, but eight depopulat-
ing transitions have been assigned by the energy combination principle.
The M1 character of the 110.5 keV transition to the 446.5 keV 3 or 4
state and the Ml + E2 character of the 175.8 keV transition to the
381.2 keV 1 or 2 state limit the spin and parity assignment to 2
or 3 .

The existence of the ground state transition may exclude the 3
assignment. However, this exclusion based on only one transition will
result in definite spin assignments for all members of the cascade
feeding the 6" isomeric level and can be dangerous. The 438.3 keV
transition has been placed to populate the 118.7 keV 3+ state, but
no time differential coincidence was observed. This transition assign-

ment 1s doubtful,

579.2 keV Level 2 , 3

+
As well as the last two levels, this level is related to the 6

isomeric state. The Ml character of the 132.7 keV transition to the

446.5 keV 3 or &4 state determines odd parity and spin possibilities
? to 5. This lower limit of spin 2 and the Ml character of the 82.4
keV transition to the 496.8 keV level can exclude the O assignment
for the 496.8 keV level as has been mentioned. This transition can
also exclude the 4 and 5_ assignments for this level.

589.7 keV Level < 3

The existence of this level is suggested by the presence of a
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primary transition. The Ml or E2 character of the 588.6 keV transi-
tion to the 1.1 keV level requires odd parity and spin possibilities
0 to 4. The 4 assignment can be excluded by the existence of the
primary transition. The population in the (d,p) reaction has been
observed at 594 keV with & = 2 angular momentum transfer., If this

level is populated in the reaction, the 0 assignment can be excluded.

595.0 keV Level 2, 3

The time differential coincidence between the 117.6 keV and
476.3 keV transitions confirms the existence of this level. The Ritz
combination principle can assign only two depopulating transitionms,
and their Ml or E2 characters are contradictory in the parity assign-
ment for this level, Since the K-elctron line of the 476.3 keV -
transition cannot be resolved from the 476.1 keV K-electron line, the
multipolarity assignment of the 476.3 keV transition is doubtful,

The Ml or E2 character of the 358.1 keV transition to the 236.8
keV 1_, 2" or 3 state requires odd parity and spin possibilities O
i’ 5., The 0_, 1 and 5 assignments can be excluded by the existence
of the 476.3 keV transition to the 118.7 keV 3* state. The & assign-—
went can be excluded by the Ml character of the 38.4 keV transiticn
from the 633.4 keV level, as will be explained. If this level is
pupulated in the (d,p) reaction, this exclusion is consistent with
the £ = 2 angular momentum transfer. |

613.9 keV Level 1, 2, 3, 4, 5

‘This level is also required by the time differential coincidence
result between the 117.6 keV and 494.3 keV transitions. However, the
existence of this level is very doubtful because of the very small
depopulation. This level can be a high spin state, Possible spins

1 to 5 have been tentatively assigned because of the 494.3 keV transi-
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tion to the 118.7 keV 3+ state.

615.1 keV Level 1 , 2 , 3

This level is populated by a primary transition. The Ml charac-
ter of the 182.7 keV transition to the 432.3 keV 2 or 3 state deter-
mines odd parity and possible spins 1 to 4. The 4 assignment can be
excluded by the existence of the primary transitionm.

633.4 keV Level 1 , 2

The existence of this level is confirmed by the presence of a
primary transition and eight depopulating transitions. The Ml charac-—
ter of the 93.9 keV transition to the 539.5 keV 0 or 1 state suggests
odd parity and spin O, 1 or 2. The 0 assignment can be excluded by
the Ml + E2 character of the 136.5 keV transition to the 496.8 keV 1
or 2 state and by the ML character of the 38.4 keV transition to the
595.0 keV 2 or 3 state. The 38.4 keV Ml transition can also exclude

{
the 4 assignment for the 595.0 keV level,

653.9 keV Level 1 , 2 , 3

This level is populated by a primary transition. The Ml character
of the 96.8 keV transition to the 557.0 keV 2 or 3 state requires
odd parity and spin possibilities 1 to 4. The 4 assignment can be
excluded by the existence of the primary transitionm.

663.4 keV Level < 3%

Evidence for the existence of this level is mot very strong.
However, the Ritz combination principle can assign nine depopulating.
transitions, The M1l character of the 114.1 keV transition to the
549.3 keV 1+ or 2+ state requires even parity and spins 0, 1, 2 or 3.

664.9 keV Level 17, 2

This level is populated by a weak primary transition and is

depopulated by eleven transitions including the transitions to the
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ground state and the 1,1 keV 2 state. The Ml character of the 125.3
keV transition to the 539.5 keV 0 or 1 state determines odd parity
and spin 0, 1 or 2. Since the 107.8 keV transition to the 557.0 keV
2" or 3 state has been doubly assigned in the level scheme, its Ml
character camnot exclude the O assignment completely, However, from
the fact that this level is populated in the (d,p) reaction with % = 2,
the O assignment can be excluded,

If the 393.4 keV transition to the 271.4 keV level exists, the
4" assignment for the 271.4 keV level can be excluded. However, its
existence cannot be confirmed.

683.1 keV Level 1°, 2%, 3% 4°

This level has been introduced by the energy combination prin-
ciple with six depopulating and é}ee populating transitions, However,
five of them are also assigned at other places in the level scheme,
and no primary transition was observed. The existence of this level
is very doubtful. The character of the depopulating transitions
would require even parity and spin possibilities 1 to 4.

698.5 keV Level 1', 27

This level is populated by a primary transition. The Ml character
of the 149.2 keV transition to the 549.3 keV 1° or 2+ state and the El
character of the 461.5 keV transition to 237.0 keV require even parity
and spin possibilities 0 te 3. The 3" assigﬁment can be excluded by
the existénce of the primary transition and the 0+ assignment can also
be excluded by the 697,3 keV transition to the 1.1 keV 2" state.

706.1 keV Level 1°, 27

This level is populated by a primary transition. The Ml characters
X + +
of the 345.5 keV transition to the 360.6 keV 1 or 2 state and the

' + + ;
237.3 keV transition to the 468.8 keV 2 or 3 state require even
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parity and spin 1, 2 or 3. The existence of the primary transition

+
excludes the 3 assignment.

725.7 keV Level 0 , 1, 2

This level is also populated by a primary transition. The M1
character of the 186.2 keV tramsition to the 539.5 keV 0 or 1 state

suggests O_, 1 or 2 aésignment for this level. Population in the
(d,p) reaction has been observed at 711 keV and 725 keV excitation
energies. The angular momentum transfer has been obtained for the
711 keV to be & = 0, but no level has been established at this energy
in the present work. The angular momentum transfer for the 725 keV
has not been reported. The 454.3 keV transition to the 271.4 keV
level may exclude the 4+ assignment for the 271.4 keV level. This

is the second transition excluding the 4t assignment for that level.

+  _+
(746.8 keV Level), 748.5 keV Level 0', 17, 27 and 750.8 keV Level

+ o+ _+
0,1, 2

These levels are populated by-two or three unresolved strong primary
transitions, but the primary transition energies cannot be fitted to the
level energies 748.5 keV and 750.8 keV, which have been determined
by the secondary transition energies. The peak fitting result with
two peaks indicates that level may be found at 746.75 * .24 keV and
at 750.23 + .21 keV,

The Ritz combination principle suggests a possible level at
746.807 + .003 keV with the depopulating transitions 628.1 keV,

555.2 keV, 548.1 keV, 386.2 keV, 322.2 keV, 314.5 keV, 221.1 keV,
195,5 keV and 189.8 keV to the levels at 118.7 keV, 191.6 keV, 198.7
keV, 360.6 keV, 424.7 keV, 432.3 keV, 525.6 kev, 551.3 keV and 557.0
keV, réspectively. However, the strong 195.5 keV transition has

been placed at between the 432.3 keV and 236.8 keV levels in the
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present level scheme to satisfy the coincidence result between the
236 keV and 195 keV transitions. The assignment of the 195.5 keV
Ml transition from this tentative 746.8 keV level to the 551.3 keV
2_, 3 or 4 state would require odd parity and possible spins 1 to
5 for this 746.8 keV level. The 1 , 2 and 3 assignments are
consistent with the popﬁlation by the primary transition and in the
(d,p) reaction with R = 2 at 751 keV. However, this assignment of
the 195.5 keV transition cannot explain the coincidence with the
236 keV transition, unless the 195.5 keV transition is a doublet.
Therefore, without the 195,5 keV transition assignment, this tentative
level may exist, and the primary transition may be a triplet.

The 748.5 keV level is depopulated by seven transitions. The
Ml or EZ character of the 549.8 keV transition to the 198.7 keV 2"
state and the Ml character of the 212.4 keV transition to the 536.1
keV 1+, 2% or 37 state require even parity and spin possibilities
0 to 4. The 3% and 4" assignments can be excluded by the exsistence
of the primary transition,

The 750.8 keV level is depopulated by nine transitions. The
Ml character of the 201.5 keV transition to the 549.3 keV 1" or 2"
state determines the spin and parity assignment as 0+, 1+, 2" or 3+.
The 3" assignment can be excluded by the exsistence of the primary
transition.

759.6 keV Level 3

This level is populated by a primary transition. However, the
depopulating transitions cannot define the spin and parity very well.
If the (d,p) reaction populates this level with 2 = 2, odd parity is

expected for this level.

- 87 -



767.0 keV Level 0°, 1, 2, 3"

This level has been introduced by the energy combination prin-
ciple with ten depopulating transitions and eight populating transi-
tions. The spin and parity have tentatively been assigned based on
the spin and parity assignments of levels fed by depopulating transi-
tions.,

773.6 keV Level and above

These levels are based on the primary transition data and the
time differential coincidence results. Since multipolarities of
transitions above 500 keV cannot be determined, because internal
conversion electron data are not available, spins and parities are
tentatively assigned ( < 3) for the levels populated by the primary
transition and (1, 2, 3, 4) for those based on the time differential

coincidence data.
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CHAPTER 5,

\ THEORY OF ODD-0DD NUCELI

It has been known that an odd number of protons or neutrons has
great importance at low excitation energy of nuclei due to the pairing
interaction of nucleons. The pairing interaction between fermions by
a short range force was understooa in atomic physics many years ago,
and the seniority coupling scheme was set up 53); In nuclear physics,
this effect was seen as a correction term in the semi-empirical mass
formula of Weizs#cker and Bethe. Since the great success of the shell
structure of nuclei, the concept of a pairing interaction has also been
exploited to explain many schematic features of nuclei. These include
ground state spins of even—even or odd-mass nuclei, and lead to the

54) 55)

seniority coupling scheme , the BCS theory and the interacting

56)

boson model into nuclear physics.

However, the interpretation of odd-odd nuclei i1s somewhat more
complicated at low excitation energy than even-even or odd-mass nuclei,
probably because its larger seniority extends the shell model configu-
ration space. The characteristics of the ground state of odd-odd

. . . . 57) . . .
nuclei were investigated by Nordheim using spherical potential as

in the usual j-j coupling model and by Gallagher and Moszkowsky >8)

usingfgiheroidal Nilsson potential 59), in which j of each nucleon is
no longer a good quantum number,

The isospin formalism has been considered to explain the charac-
teristécs of light nuclei including odd-odd nuclei, However, the
symmetfy between protoné and neutrons is gradually destroyed as nuclei

become heavier, and therefore an even—even nucleus core may be considered

as an inert core and odd numbers of quasi-protons and quasi-neutrons
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have to be coupled with each other to form an odd-odd nucleus. A typical
example is the (d3/2,f7/2) multiplet in 38cC1 60).

In addition to the shell model configuration, the coupling between
the core and proton-neutron multiplet becomes considerable in much
heavier nuclei. In order to explain this, a neighbouring even-even
nucleus is chosen as the cotre and its collective motion is coupled to
the proton-neutron multiplet. The standard example of the collective

states in an odd-odd nucleus is the rotational levels in l66Ho 61).

Recently, as an analogy to the Alaga model 62), the particle-
quadrupole vibration interaction has been introduced into an odd-odd
nucleus system by Paar 63) with the result that the energy splitting
of a proton-neutron multiplet can be expressed by a quadratic 3&ynomial
with respect to the square of angular momentum magnitude I(I + 1).

For the odd-odd nuclei around Z = 50 region, theoretical studies
have not been carried out very extensively compared with those of even-
even and odd-mass nuclei, simply because experimental results have not
been available. However, calculations have been reported for Sb and
In odd-odd nuclei by Gunsteren et al 64) using a particle (hole)~ quasi-
particle coupling model. Almost all states at low energy have been
reproduced by the model. However, the deviations of the level energies

the
are still large as can be seen in most of,theoretical calculations.

On the other hand, Paar's description and result are in very simple
form in order to evaluate the splitting of a proton-neutron multiplet.
This theory will be examined with the results obtained in the present

work.,

5.1. Residual Interaction

to
In the shell model approach ef odd-odd nuclei, the most important

assumption is a residual interaction between the unpaired proton and
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neutron., This interaction possegsses similar characteristics to the
short range pairing interaction, but normally the unpaired proton and
neutron occupy differnt major sheiis in heavier nuclei, and do not
occupy time-reversal states with respect to each other, which is the
case for the pairing interaction. Therefore, the residual interaction
is expected to be weaker than the pairing interaction. In other words,
the splitting of the proton-neutron multiplet may be smaller than the
pairing interaction, i.e. the BCS energy gap.

In actual shell model calculations of the splitting of the level
energies, a variety of functions is used to express the residual inter-

. . 6 .
action, such as &-potential O), Gaussian force 64)

64)

action . The shell model space is chosen appropriately assuming an

and Schiffer inter-

inert core, e.g. doubly magic core.

5.2. j-j Coupling

In the many particle shell model scheme, j~j coupling is essential
rather than LS~coupling to calculate the total spin of a nucleus by
adding individual angular momenta of the nucleons, which occupy differ-
ent single particle orbitals according to the Pauli principle.
Generally, j-j coupling is applied to n equivalent particles, which
occupy the same shell. This is known as (j)nncoupling. Possible total
angular momenta in the configuration (j)n have been obtained for equi-
valent identical particles. This knowledge is necessary in order to
interpret experimental results.

The angular momentum coupling scheme has its mathematical compli-
cation due to the gquantum mechanics involved, but is able to reveal the
symmetry of nuclear structure under various types of two-body inter-
action by means of the group theory. The level degeneracies and their

splitting must be made clear in terms of energy matrix in the coupling

- 132 -



scheme,

5.3. Parabolic Energy Dependence of Proton-Neutron Multiplets

As an analogy to the Alaga model and the geometric model of Bohr

65)

and Mottelson , the interaction between the odd number proton cluster
and the odd number neutron cluster outside a closed shell (or hole states
inside a closed shell) is treated as the exchange of guadrupole 2* phonon
and spin-vibrational 1+ phonon between the clusters, Its concept is
quite similar to that of the interacting boson model except for the
additional spin-vibrational phonon and the mathematical description of

the system Hamiltonian.

The perturbation terms in the Hamiltonian are expressed by H2+ Hl’

-f-
where H2 2, { Y2(b2 + b2) }0

H

1 a, { o x (bI + bl) }0
ai are the strength factors, Y2 a spherical harmonic, ¢ spin operator
and.bz and bi phonon creation and annihilation operators, respectively.
According to Paar's calculation, the contribution to the energy split-
ting SE(I) of the multiplet ]jp,jn;I> is described by a quadratic poly-
nomial of I(I + 1).

SE(I) = A{I(I + 1)}% + B+I(I + 1) +C
The second order term is due to the contribution from the quadrupole

phonon exchange H, and the first order is the spin-vibrational phonon

2

and a part of H

exchange H The zeroth order constant term does not

1 2°
give any spin dependence of the enegy splitting, but overall shift of
the multiplet.

These coefficients are configuration dependent, and the result
shows that the parabola is concave down (4 < 0) for particle—pértiéle

and hole~hole states and concave up (A > 0) for particle-hole states.

The position of the vertex Iv(Iv+ 1) is given by
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. g . g 1
+ = + + + - =
I(I+ 1) Jp(Jp n+jaG+rn -3
without the 17 phonon contribution. Iv is shifted with the 17 phonon
exchange,
If j or jn is equal to %3 the energy splitting is due to the 1"

P
phonon exchange only (i.e. A = 0). 1In this case, the sign of coeffi-

cient B depends on N = j - & + j - £ , where £ and £ are correspond-
P n n P n

P
ing orbital angular momenta. For N = 0, the higher spin state has

higher excitation energy (B > 0) and for N = *#1, the lower spin state

has higher excitation energy (B < 0).
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CHAPTER 6.

DISCUSSION

Having constructed the level schemes of 1084g and !10Ag, based on
the recent experiments, several remarks have to be mentioned on
the experiments, data analyées, the characteristics of the nuclear
structure of these odd-odd silver isotopes and the neutron capture pro-
cess.

6.1. Experiments and data analyses

During past years experimental methods have been improved consider-
ably. Automated experimental procedures and data analyses with the aid
of electronic computers have achieved quick data processing and precise
calculations. However, there are still some important decisions to be
made empirically, such as the choice of peak shape and peak identifica-
tion in a spectrum. Also several energy and intensity calibration lines
have to be very carefully selected. Especially in the absclute intensity
calculation, usually only a few calibration data are available, which may
include a large systematic error.

In the present work, two decay lines were used to determine the
absolute intensities of gamma~transitions in 198Ag and only one decay
line for 11%Ag. Also, multipolarities had to be assumed to obtain abso-
lute internal conversion electron intensities. As mentioned in Chapter 2,

from

the intensity data b the pair spectrometer were calibrated absclutely
using several gamma-transition intensities at the overlapping enegy region
with the GAMS measurement, where very low detection efficiencies can be
achieved by both spectrometers.

Alternatively, absolute intensities can be calibrated based on the

Kirchhoff's law and the Ritz combination principle, If all the transi-
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tions have been detected, the sum of energy weighted transition inten-
sities per one neutron capture must be equal to the neutron binding

energy.
o E.+I, = E
Z 11 b
i
where a; normalization constant to be obtained
Ei; transition energies

Ii; relative transition intensities

Eb; neutron binding energy
Therefore, the present calibration can be tested by this method. The
normalization constant o must be determined as 1, or slightly less than

1, due to unobserved transitions and the existence of long lived isomeric

state, However, the calculation shows that

Z E;+I. = (BILL) + (GAMS) + (PN4)
" = (19.8 + 0.1) + (596.4 * 10.6) + (1554.3 * 6.0)
= 2170.5 + 12,2 (keV/n.c.)
and @ = 3.14 + 0,02

This large discrepancy can be explained by the following reasons.

(1) There are many unobserved transitions forming flat background in
the spectrum around 1 MeV to 5 MeV, resulting in a 697 missing
energy-intensity product.

(2) The self-absorption correction for GAMS measurement may have been
overestiﬁated, resulting in-a relatively overestimated efficiency at
the 1 MeV region and underestimated efficiency at low energies.

(3) GAMS efficiency may be overestimated at 1 MeV to 2 MeV region.

The unobserved transitions must not be very strong. Thus, the
contribution to the energy—-intensity product may be very small, but

cannot be estimated correctly. No improvement can be made with respect to

(1). While, (2) and (3) can be improved by another careful measurement
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of gamma-ray intensities using a Ge{Li) detector., By comparison of these
intensities with GAMS peak areas, new efficiency curves can be obtained
including the self-absorption correction automatically. This correction
has been attempted by the author at the University of London Reactor
Centre, as described in Chapter 2. However, the large uncertainty in the
detector efficiency around iOO keV and above 1.4 MeV made this method
very difficult, because the 100 keV region is important for calibrating
absolute electron intensities (117.6 keV transition is known to be an El)
and the 1.3 MeV to 1.8 MeV region is also important for calibrating the
pair spectrometer data., Very good statistics are necessary to establish
the GAMS efficiency curves by this method.

If this procedure is carried out with good accuracy, then it will
be possible to compare the energy—intensity products with the neutron
binding energy and to deduce the missing transition intensities.

If a precise energy measurement is required, which is the case in
neutron capture gamma-ray spectroscopy, the detection efficiency decreases
inevﬂ?blly. There seems to be a kind of uncertainty principle in energy

and intensity measurements,

6.2, Comparison with Neighbouring Nuclei and Preliminary Interpretation

Characteristics of two proton—neutron multiplets in silver odd-odd
nuclei have been compared as functions of neutron number by Massoumi 17).
Hewever, the systematics cannot be generalizéd with these limited inter-
pretations. In order to interpret more levels.in 108Ap and in 110Ag,
an attempt was made to compare them with the neighbouring even=-even and
odd mass nuclei, ﬁhich are relatively well-known compared to odd-odd

nuclei. The comparison was made as shown in Fig., 19, and excitation

energies for various proton—neutron multiplets were roughly estimated
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by coupling proton states in a neighbouring odd-even nucleus and neutron
states in a neighbouring even-odd nucleus without the residual interaction
which gives the multiplet splitting.

The sequence of the lowest five levels in odd silver isotopes !07aAg,
109A¢ and 1llag is (1/2) , (7/2)+, (9/2)+, (3/2) and (5/2) at more or
less the same excitation energies. They have been interpreted as Py /g7
(89/2);?2' (gg/z);?z'

. . . . . . 4) The
respectively, in terms of particle-vibration coupling ). 8ne phonon

+ +
(p1/2 + 2 ---phonon)B/2 and (p1/2 + 2 -phonon)slz,

energy is expected to be about 500 keV compared with the neighbouring
even—even nuclei, Two-phonon states can also be found around 800 keV
to 1 MeV excitation energy region.

On the other hand, odd neutron nuclei !97pd, 109pd, 10%¢d and !llcd
show more complicated structure at low excitation, as can be expected
from the shell model configurations. The lowest (5/2)+, (1/2)+ and
(11/2) states can be interpreted as d5/2, 51 /2 and hll/2 neutron single-
particle orbitals, respectively, However, one—phonon states coupled to

the d and s exhibit very complicated structure. In particular,

5/2 1/2
the (3/2)+ and (7/2)+ levels are difficult to interpret as they can be
members of the one—-phonon states or the single-particle neutron configu-
rations d3/2 and g7/2.

If the configurations Py/2? (g9/2);?2 and (g9/2);?2 for the unpaired
Proton, 8y ;s dgyps dgps S1yp aMd hyy )y

ors wibrational phomon are considered when interpreting-the odd-odd nuclei

for the unpaired neutron and

10845 and !10Ag, possible combinations can be obtained by a simple coupling
scheme. These combinations are shown in Table 9,

An attempt can be made to interpret the constructed level schemes in
terms of proton-neutron multiplet coupled to core vibration. It is worth-

while to note that similar characteristics can be found in the present
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level schemes of 108Ag and 110Ag. Although the spins and parities of
low-1lying levels in 110Ag have not been determined uniquely, tentative
assignments can be made by comparison with the spin and parity assign-
ments in 108ag.

+
The ground states 1

Since a phonon state cannot be a ground state, the candidates for

the ground state are limited to the configurations ((89/2);;2,d5/2),

. -3 -3 . . . .
((89/2)7/2,87/2) and ((g9/2)9/2,g7/2). Considering the excitation energy

. . . . +
combination and the parabola-like multiplet structure, the 1 of the

3
/2’d5/2) may be the ground state.

The 2 states  79.1 kev (!08ag) 1.1 keV (*1%g)

The first 2 state may be a member of the (p1/2,d5/2) configuration,
because the (d,p) reaction populates this level with £ = 2. The intense
79.1 keV E1 tramnsition in 1OBAg can be explained by the proton single
particle transition, while the corresponding 1.1 keV transition 1in lloAg
cannot be observed with the current experimental apparatus.,

The isomeric 6+ states 109.5 keV (logAg) 117.5 keV (lloAg)

The possible candidates are members of the ((89/2);?2,d5/2) and the

. -3 \ . fcs
(p1/2’h11/2)’ or possibly of the ((g9/2)9/2,d5/2). It is difficult to

interpret these isomeric states, since the populatibn to these levels is
still ambiguous., The (p1/2’h11/2) configuration may be excluded by the

fact that these states are not populated in the (d,p) reactions. Also,

-3 ‘ .
rhe ((g9/2)9/2,d5/2) can be excluded by the parabolic structure. The

* -3 B .
\(g9/2)7/2,d5/2) is preferred.

The 17 states 193.1 keV (1%8Ag)  267.2 kev (11%g)

_ . ‘
These are the second 1 states. The strong transition to the ground
state and the transition to the 2 state in each nucleus imply that the

neutron configuration is d5/2. Since the (g9/2);?2 proton configuration
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+ . . .
cannot form a 1 state with the d5/2 neutron, the configuration of these

1+ levels must be the same as the ground state, but probably with one

._3 +
phonon (((89/2)7/2’d5/2)1,2 )1-

The 2° states 206.6 keV (108ag)  198.7 kev (110Ag)

Three configurations ((89/2);?2’d5/2)2’ (((89/2);/2,d5/2)1,

_3 . . N
d for th )
((89/2)9/2, 5/2)2 can be the candidates for these 2 states If the
-3

splitting of the ((g9/2)7/2,d5/2) multiplet is assumed to be around 500
67)

3 2%y and

)9

. . +
keV analogous to the same multiplet in 106Ag , these 2 states must

. -3 ;
be members of the ((89/2)7/2,d5/2) multiplet.
The 3+ states 215.4 keV (108ap) 118.7 keV (1104p)

This level correspondence has been deduced from the fact that their
half-lives have been measured as 4bns and 37ns, and the g—factors as
1.301 + 0.011 and 1.242 * 0.012 for the 215.4 keV state of 108Ag and the
118.7 keV state of !10Ag, respectively 29). The values of g—factors
suggest the configuration ((gglz);?z,sllz) by comparison with empirical
. calculations 68). However, the strong El transition in !1Y9Ag cannot be
explained by a siéle—particle transition. The different behaviour of the
depopulating transitions (i.e. strong E2 to the ground state in !08Ag and
strong E1 to the 2" state in 110Ag) can partly be explained by the energy
dependence of transition probabilities.

The 2° states 294.6 keV (1%8Ag)  360.6 keV (110Ag)

The candidates for these states are (((89/2);?2,d5/2)1,2+)2 and

((g )_3 ,d_,.).. Since the energy difference of the second 17 states
9/279/2°75/272

(193.1 keV in 1%8ag and 267.2 keV in 110Ag) is roughly the same as the
PR + . .

difference of these 2 states, it is reasonable to suggest that these

states are the members of the one-phonon states coupled to the ground

3

state. However, the configuration ((g9/2);/2’d5/2) cannot be excluded

completely.
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The 3' states  324.5 keV (108ag)  304.5 kev (110ag)

The depopulating transitions feed only the 1t and 2+ states of the

- . +
((g9/2)732,d5/2) multiplet. These 3 states are probably members of the

same multiplet,

The 3 states 338.4 keV (10BAg)  236.8 kev (110ap)

The strong depopulation to the 2 state suggests the possibility of
the (p1/2,d5/2) configuration. Since the population in the (d,p) reac-
tion has been observed with £ = 2 in !08Ag, the (p1/2,g7/2) configuration

can be excluded.

The 47, (3') states 364.2 keV (108Ag)  191.6 kev (110ag)

. .. + . . .
The intense transition to the 3 short-lived isomeric state and
no transition teo the ground state nor to the first 2 state, suggest that
. . . -3 .
the possible candidate for these states 1s the 8 configu-

. . + . .
ration, forming 4 states. It seems inconsistent that no state of the

((gglz);?z,dslz) multiplet has not appered at lower excitation energy.

This is probably due to the effect of a complicated proton-neutron resi-

dual interaction, or the second 2+ states may be members of the ((89/2);?2s

dS/Z) multiplet.

The 1 states 379.2 keV (108ag)  237.0 kev (}104g)

The population in the (d,p) reaction with £ = O suggests the (p1/2,
51/2) configuration. The depopulating transitions are consistent with
rhis assignment except for the enhanced E1 transition to the ground state

in 110Ag,

The 3" states  408.4 keV (108Ag)  468.8 keV or 485.7 keV (110Ag)

These states may be members of the one-phonon states coupled to the
ground state, according to the similar energy difference.

The 0 states 465.6 keV (108ag)  338.9 kev (110ap)

The population in the (d,p) reaction with & = 0 suggests another
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member of the (p1/2’81/2) doublet.

0dd parity states around 500 keV to 900 keV

Many low spin odd parity states can be found at this energy region,
which is impossible to interpret in terms of proton-neutron multiplets
with the present experimental data. These levels are probably the one-
phonon or two-phonon states'coupled to the odd parity proton-neutron
multiplets.

Based on the above configurations, the low-lying levels can be de-
composed into the proton neutron multiplet groups as shown in Fig. 20.

4% and 5+ states are missing or ambiguous in Fhe ((g9/2);32’d5/2)

multiplet. Compared with the members of the same multiplet in 106aAg,

the newly constructed levels, 155.9 keV in 108Ag and 174.6 keV and 255.0

keV in !10Ag are unlikely to be members of the multiplet. The two levels

in 110Ag may be interpreted as the members of (p »h ) doublet, 6+
1/2°711/2

and 5+ states. If this is correct, the 57.0 keV transition will be a

two—particle transition. A coincidence measurement has to be carried

out very carefully between the 57.0 keV and 80,4 keV transitions.

The 1+, 2* and 3+ states interpreted as the omne-phonon states coupled
to the ground state have some inconsistencies. The phonon energy seems
to be much less than the 500 keV expected from the neighbouring even-
even nuclei. And the splitting of the levels shows rather strong spin
depéndence of the quasi-particle—core coupling.

‘Since high spin states are not populated very strongly in the neutron
capture reactions in 107Ag and 1084g, it is difficult to obt;in all the
members of multiplets. In particular, the ((g9/2);?2’d5/2) multiplet
shows no indication of its existence at low excitation energy in 108ag

+ h
and 110Ap except the second 2 states, altough all members can be found

in 196Ag, i.e., 234.7 keV,389.2 keV, 503.0 keV.556.8 keV, 542,4 keV and
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332.6 keV to be 2" to 77 states, respectively.

Some discrepancies can also be pointed out between the present level
schemes and the (d,p) reaction results, which presumably include most of
the odd parity states at low excitation energies. In particular, the 269
keV level in 110Ag observed in the (d,p) reaction with & = 2 cannot

correspond to any levels in the present level scheme,

6.3. Comparison with Parabolic Rule

As mentioned in the previous chapter, the parabolic energy dependence
proposed by Paar is one of a few theories of odd-odd nuclei. Although
it cannot predict correct energies, the systematics of proton-neutron
multiplets can be explained. And experimental results are easily cem—
pared with the parabola of I(I + 1).

In the present work, however, few states have been interpreted in
terms of proton-neutron configurations. And no multiplet has been found
with all its members identified except for two doublet configurations.
S%ince the four states 1+, 2+, 3" and 6+ have been tentatively interpreted

?Z’dS/Z) multiplet, the paraboliec rule can be

as members of the ((39/2);
“ased to estimate the excitation energies of the missing 4t and 5+ states.
although the parabolic rule does not include a particle configuration
such as (g9/2);?2’ the general trend of the multiplet must follow the
<ule. Therefore, a simple quadratic polynomial has been fitted to the
available four points for 108Ag and !19Ag as shown in Fig. 21.
According to this fit, the 4" and 5+ states have to be found at 340

keV to 540 keV region. Candidates among the present levels are the 364.2
keV level for 108Ag and the 380.1 keV and 471.2 keV levels for 110Ag, but

all are unlikely. For 110Ag, an additional parabola was fitted assuming

that the levels at 255.0 keV and 174.6 keV are the 4+ and 5+ states of
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the multiplet, respectively. But the fitting looks awkward. The posi-
tions of the vertex have been obtained at reasonable places assuming that
i = 7/2.
JP

For 110Ag, efforts have been made to search for the missing ut and
+
5 states of this configuration. A very preliminary result has been
obtained as shown in Fig. 22. The result shows that the 4t and 5+ states
lie at 612,507 * 0,004 keV and 386.469 * 0.006 keV, respectively. A
parabola was fitted to the result as in Fig, 23. The 612.5 keV 4+ state
lies at slightly higher excitation energy than expected. But this
feature is very similar to that of the same multiplet in 196Ag,

The configurations (Pl/2’d5/2) and (Pl/E’Sl/Z) have been assigned

. 108 110 hos

to four levels each in Ag and Ag. The sequence of levels hawe been
compared with the special case of the parabolic rule (i.e., A = 0). The
configuration (p1/2’d5/2) with N = jp - Qp + jn - En = 0 must have the
seguence (2_, 3_), which agrees with the present interpretation. However,

the configuration (Pl/Z’SI/Z) with N = 0 does not follow this rule.

The parabolic rule is in progress in the cases ](jp,phonon)J,jn> or

69)

+

+ +
. However, the second (1 , 2, 3 ) sequence has

]jp,(jn,phonon)J>
been interpreted in the present work as one phomon coupling with the
ground state, i.e,, ](jp,jn)J,phonon> type. It seems that the coupling
. with one-phonon follows a somewhat linear energy energy dependence on

‘spin I. The differences between these configurations have to be made

clear.

6.4. Gamma-ray Yield

- It may be interesting to treat the experimental data statistically.
The primary transitions can be compared with the Porter-Thomas distri-

bution and the spectrum can be compared with the theoretical calculation
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described in Chapter 1.

6.4.1. Primary Gamma-rays

The Porter-Thomas distribution can be applied to the fluctuation
of primary gamma-transition partial widths of the thermal neutron capture
compound state. Since the spin and parity of the compound state are not
unique, all the primary traﬁsitions may be used for the statistics. The
effectiveness of the Porter-Thomas distribution can then be examined_in
the case of thermal neutron capture. Assuming that the partial widths
are proportional to the reduced intensities divided by the corresponding
transition energies powered by a certain reduction factor n. For ex-
ample, n = 3 can be used, because the transition probability is propor-
tional to E3 in the case of El1 or Ml single particle transition.

In the present work, the reduced intensities of assigned transitions
have been examined with the x“-distributions with one and two degrees of
freedoﬁ as shown in Fig, 24. The fitting method is described in Appendix
4., The characteristics of the distributions for 08Ag and 110Ag differ
from each other for each value of reductionfactor n = 1, 3 or 5. This
is probably because all the spins and parities of final states have been
ignored,and of course, not many data are available, especially two un—
resolved doublets (i.e. transitions to the ground state — 1.1 keV and
748.5 keV — 750.8 keV) have not been taken into account in !10Ag.

The differences between 1%8Ag and !10Ag may suggest that the thermal
neutron capture compound states of 108Ag and 110Ag can be very different,
which is also indicated from the fact that the intensities of the ground
state primary transitions per neutron capture are very different in 108Ag
and !1%Ap, These may be related to the difference of the neutron binding

energies.

Since the gamma-ray measurement by PN4 includes the energy range
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from 1.4 MeV up to the neutron binding energy in !!CAg and very little
is known about the level scheme, the Porter-Thomas distribution can be
examined using these data including unassigned transitions as shown in
Fig. 25. All fhe 395 transitions above 3.5 MeV were assumed as primary
transitions, where 3.5 MeV was chosen arbitrarily around the half of
neutron binding energy.

The result shows that the x2-distribution with two degrees qf
freedom can fit the data better than that with one degree. However,
it must not be forgotten that some very weak intensity transitions have
not been detected and some multiplets have not been resolved due to the
limited detection efficiency and energy resolution. As can be seen 1n
Fig. 25, an attempt was made to correct the frequency of the lowest’
intensity class—interval, assuming that the data follow the y?-distribu-
tion with one degree of freedom, This procedure is deseribed also in
Appendix 4. The correction estimates that approximately 170 transitions
have not been detected with the total of 2.67 observed reduced intensi-
ties above 3.5 MeV in the present PN4 experiment.

This value disagrees with the 697 missing energy-intensity product,
To expiain this large discrepancy, it has to be assumed that many gamma-
transitions with medium reduced intensities have not been observed at
the medium energy 2 MeV to 6 MeV region in the present experiment; or
the absolute intensity calibration for high energy gamma-rays has been
underestimated. as mentioned earlier.

6.4.2. Gamma-ray spectrum

The complete gamma-ray spectrum in the reaction 10%Ag(n,y)110Ag has
been produced with the experimental data in the present work. In order
to make a smooth spectrum the following equation has been used to calcu-

late the intensity f(EY) in the energy interval between EY and EY + dEY"
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I, (E - Ei)2
= - Y @
f(E) = ) ——— expl }
Y i /(@2m)so 202
where, Ei and Ii are experimental data and ¢ is a smoothing factor, The
result is shown in Fig. 26 with different smoothing factors.
This result with a very significant second peak at 5 MeV to 6 MeV

15)
, and

region is different from thé spectrum obtained by Starfelt
shows similar character to the Au or Cs spectrum, which can be explained
by the Ml giant resonance. It has been confirmed in the present work |
thet Ml transitions are enhanced in 119Ag for low transition energies.

the enhanced Ml transitions may be present also at higher energies not

due to the number of neutrons but to the characteristics of odd-odd nuclei.

6.5. Double Neutron Capture

An attempt has been made to observe double neutronm capture via
m, . . .
110 Ag 1n the high energy spectrum, since the neutron capture cross-

36)

secticn of llomAg has been reported to be about 80 barns and the
noviron binding energy of !llAg has been estimated to be higher than
the 110Ag binding energy. However, no significant peak has been found
in the spectrum, from which one may deduce that the capture cross—section
ei 80 barns may be an overestimation.
with

On the other hand, in the low energy experiment -y GAMS 1, the 70.5
keV transition from the (9/2)+ state to the (7/2)+ state in 111Ag can be
seen at the first and second orders of reflection with increasing inten-
sity with time, but the 59.9 keV transition from the (7/2)+ state to the
(1/2)  ground state has not been observed, This may be due to the 65sec
half-life of the (7/2)+ state and the high in£erna1 conversion coefficient

of E3 multipolarity., The 34.4 keV electron line observed by BILL spec-—

trometer may correspond to this 59,9 keV transition.
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Since double neutron capture probability is very semsitive to the
neutron flux and the details of transitions in !!!Ag are not available,
any quantitative argument cannot be discussed with these low energy
transition data. However, it is still suspected that the capture cross-
section of 80 barns may be overestimated and the isomeric transition

70)

ratio of 99.7% from the (7/2)+ state to the ground state in !llAg

may also be overestimated.
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CHAPTER 7.

CONCLUSION

With the present level schemes of !98Ag and 110Ag, it can be pointed
out that there are some interesting features of proton-neutron multiplet
coupled with a vibrational phonon as discussed in the previous chapter.
But it is also pointed out that the complete multiplet of ((g9/2);?2,d5/2)
configuration is missing. As mentioned before, thermal neutron capture
is not a very good method to observe high spin states, therefore it is
diffiecult to interpret each level as a member of certain nuclear configu-
rations. It is definitely necessary to perform some heavy ion reactions
or high energy reactions to obtain high spin states in odd-odd silver
isotopes. And much more precise (d,p) reactions have to be carried out
to investigate the systematics of odd parity states. Currently, the
(p,d) reaction is in progress to investigate 108Apg, With these reactions,
the existence of excited states must be confirmed, then the Ritz combi-
nation principle can be applied to the region of excitation energy with
the precise gamma-ray energy data obtained in the present work to deduce.
very precise level energies. Those reactions and average resonance
capture reactions are very useful to assign spins and parities,

‘Theoretical improvement will be expected in parallel with the prog-
ress of experiments, and the me&hanism of odd-odd nuclei and the residual
interaction between unpaired proton and neutron will be discussed much
in detail. However, as long as the nuclear physics is based on gquantum
mechanics, some approximations are necessary because of the mathematical
limitation in solving the Schr&dinger's equation of many body system.

It is also expected that particle~hole states will be investigated

in, neighbouring even-even nuclei, which must show similar characteristics
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to odd-odd nuclei. Then, the charge dependence of unpaired nucleon

interaction can be justified.
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APPENDIX 1,

A.l. Integrals in Level Energy Calculation

In order to calculate level energies, a method has been introduced
to maximize the likelihood as described in Section 3,2, LEVELS3,
However, the expression of the results is rather implicit including some
integral forms. To calculate these integrals, a linear transformation
of the variables Xn is intreduced. Since the function S can be expressed

as

(5]
n

gj Ay XX, + ¥ B X +C

<X|A|X> + <B|X> + C ,
the linear transformation T from |X> to |Y>
[Y> = T|%>

may be chosen so that S can be written in the following form.

S =} (Y,- D)+ E

<x|TFT|X> - 2<D|T|%X> + <D|D> + E
where A and T are matrices and |X>, |Y>, |B> and |D> are vectors of
dimenfion N. Hence, the following constraints are obtained to equate
the above two expressions,

a=T1r

|B> = ~21%"|D>

C =<D|D> + E

te

In order{satisfy these constraints, A has to be a symmetric matrix.
This implies, on the other hand, the number of the independent elements
of T is N(N + 1)/2, and therefore all the off-diagonal elements of one
side of T can be equated to zero.

T4 =0 (i < 3J)

Since all the diagonal elements of A are not zero, the determinant

of T has a finite non—-zero value, So,

Rank(T) = N
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There is an inverse matrix of T, which is a necessary condition for the

calculation to be feasible, Therefore,

> = - Lo g o - 2oL

_]_l

B>
x> = T "|v>
Now, a complete preparation for the integral calculation has been obtained.

/ (X, «oe »X)dX dX, ... dX
[ exp{ ~( E (vy,- D)2 + E)}detlT_lllede P &

n

r‘l‘OO
! J exp{ =-(Y
k —_00

detIT_lf K Dk)z}dYk cexp(-E)

/2

1

det]T“lI exp (~E) “N

Jx F(X, oen 5X)dX dX, ... dX

-1 -1
[« g T ; Y;) exp{ —( E (Y,~ D)% + B)} det|T °| dv,d¥, ... d¥

Nl

det |T7H| exp(-E) { ¥ Tgi [ Y, expl - }(¥ - D )2}HdY. dY, ... d¥.}
i k

Bl

+ o0
det [T exp(-E) { ] T;} i J exp{ -(Y, - D )?}dy, -
i ki -

j_in exp{ ~(¥.- Di)z}in }

N/2 y 71 p

det|T_1[ exp(-E) n 3D

Y
/ 2 F(Xp5 --n ,xN)dxldx2 fee X

- -1 2 - - 2 -1
-af(§f%iY9 exp{ (E(%{]&) +En(gtn | dy av, ... dxg

'Bet]T_ll exp (-E) f z. T;i T;? Yi Yj expl - E(Yk— Dk)z} le ees dY

ij

det|T™!] exp(-E) {7} T;1 T;; inYjexp{ - 2% - D) AVl ... dYy
i#j k

N

f

+ ] (T;i)z [ ¥% exp( - E(Yk— D )2} dy.dY, ... d¥ }
1
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+o
= det]T_ll exp(-E) { { {T;i T;; I J exp{ —(Yk— Dk)2} dYk.
i,3 k#iL’ =
1#] #3

+o 400
(Y.~ 2 . -(Y .- 2
I_in exp{ -(Y,- D,)¢} d¥, J_ij exp{ (Yj Dj) } de }
1 +eo +c0
—1y2 - _ 2 . 2 - - 2
+ § (Tni) k:ijumexp{ (Yk Dk) } dYk J_in exp{ (Yi Di) } in 1

- : -1 _ N/2 -1 -1 -1 2 2 _];

= det|T "| exp(-E) 7 " { 2] T. Ty Dy D5 # L (T )23+ 5) )
i>] i

_ -1 oy NJ2 -1 -1

= det|T | exp(-E) = ) Tt Tns (DiDj+ 515/2)

i,]
Therefore, the expectation values of level energies in are given by

X = V1o,
n inll

and the square of standard deviations US are given by
2= T-X
n n n

-1
g (T_.)2/2
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APPENDIX 2.

A,2, Two-Gaussian Fit

If a peak cannot be fitted by a single Gaussian function in the
cases where there is a significant high or low energy tail, or peak
asymmetry, two Gaussians may be used to fit the peak. The peak shape

is given by

P x2 (x - x0)2
f(x) = T { exp( - oot ) + A'EXP( - ———:;;;—“‘ )}

Since the Gaussian fitting computer programmes are widely available,
this two-Gaussian fit method can be used without changing the fitting
function.

Obviously, there is a finite probability to observe a true doublet,
which may be fitted also by two Gaussians,., Therefore, it is necessary
to set up a criterion which distinguishes a singlet from a doublet,
using fitted results, the intensity ratio A, the peak separation X
their errors and the standard deviation ¢ = FWHM / 2Y(21n2).

In order to confirm a doublet visually, the following criterion
can be considered.

(1) If there are four zero points in the second derivative f'(x),
f(x) is regarded as a doublet.
The number of zero points in f"(x) can be expressed schematically as
in Fig. Al. _
.
- F /\ :
AT Ny number of zero \bfv%p%ﬁ -

points
0.5

A
=
7

Intensity Ratio
3
o
n
N

1 3

s 1 . M
0 0.5 1.0 1.5 - 2.0 2.5 3.0
a = X, /o
Fig. Al. Number of Zero Points in the Second Derivative
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This criterion implies that the peak is a doublet if its curvature
changes its sign four times. This criterion can be used if the intensity
ratio is rather small (e.g. A < 0.3). However, if the intensity ratio
is rather large, this is no more poerfuI, since the full width shows
its increase very clearly.

Another criterion may‘be considered for higher intensity ratios.
(2) 1If there are five zero points in the third derivative f"'(x),

f(x) can be regarded as a doublet.

This implies a smooth change of the curvature.

However, when considering higher derivatives, the criteria become
meaningless, because they simply show how close the function ié to a
Gaussian function. Therefore, expected FWHM has to be calculated as a
function of A and a = xo/o. The result is shown in Fig. A2, with the
criteria (1) and (2) on the same a-A plane.

Consequently, it may be concluded that the peak shape is important
for a > 2.0 and FWHM for a < 2,0. However, no additional criteria have
been considered to connect the two criteria by a visual method. This
kind of correction may have to be made during the peak fitting pro-
cedure, where the original spectrum is available.

Despite this fact, some efforts have been made to identify singlets
for a > 1.6 using the mixed criteria of (1) and (2)., Those for a < 1.6
are regarded as é singlet, which is not really correct, but the case
ocenrs very rarely.

Practically, the peak identification is carried out with a set of
fivied peak data (xii Axi, Iz AIi) and neighbouring two peaks are
tesred under the condition, which requires a certain confidence limit
to identify a doublet., Peak positions and peak areas are corrected

appropriately for singlets,
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APPENDIX 3.

A.3. Coincidence Strength Calculation

A method has been presented in Section 3.,8. INFORM to calculate
coincidence strengths which can be expected from the level scheme and
the experimental data of transitions. For simplicity, however, the
method neglects two important factors. One is the life-time contribu-
tions of levels and the other is the angular correlation of coincident
transitions.

A,3.1, Life~-Time Contribution

Prior to the argument of the life-time contribution, the timing
adjustment of coincidence system has to be considered. Assuming that
the transmission time of gamma-ray pulsese (from the moment when the
gamma-ray is emitted to the moment when the pulse enters the coincidence

unit) follows a Gaussian—like distribution for both coincidence channels,

(t -t )2
F (t ) = exp( - E_& ) for gate channel,
g B 2at2
g
(t - t)?
F (t ) = exp( - ——————) for spectrum channel,
5 s 2At2
s

where, t_ and ?; are average delays, then overall system delay t0= tS- tg

follows the distribution Do(to) given by

Do(to) = Jtmpg(ts— to) F(ts) dtS

Obviously, t_ = ;;” t , which is normally chosen to be zero for prompt

a
gamma-gamma coineidence measurements.

In the case of direct coincidence via the i-th level, the delay ti
due to the (mean) life-time T of the level will be expressed by

- t. /T, f )
exp( tl/-rl ) or t, > 0

D.(t.) =
ot 0 for ti < 0
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Therefore, the total delay time t = ti+ t, follows the distribution F(t).
+m
F(t) = J D.(t -t ) D (t ) dt
! o0 "o o o

and the probability P to detect the corresponding two gamma-ray pulses

within the coincidence resolving time At can be given by

At +o
P = J F(t) dt// J F(t) dt
[s] —00

This argument is easily extended to the indirect coincidence
between the i-th and j-th levels, considering every level concerning
the coincidence, An implicit form of the delay time distribution for
a particular cascade is given by

+oo +o0
F (t) = J cee J D.{t -t )D (£t —t, ) soes
v N L LS LY

.o Dk (tk - tj) Dj(tj— to) Do(to) dtodtjdtk .es dtk
n n n 1

where, kL are the intermediate levels which the cascade transitions
. pass by and v is the combination of these levels (i’kl’kz’ - ’kn’j)'
The probability P, can be'given-in the same form as
At oo
Po= J Fu(t) dt///J F, (t) dt
0 -

A.3.2. Angular Correlation

It is a well-known fact that successive transitions show angular
eorrelation depending on the spins of the three levels. Since the
detector sizes are limited, it is impossible to set up 4m-geometry.
Therefore, for a fixed detector geometry, the contribution of angular
correlations to the coincidence strength has to be taken into account.

For the gamma-ray cascade (Yg,yl,yz, “es ’Yn’Yn+1’Ys)’ which

corresponds to the level combination v = (i’kl’kz’ .o ’kn’j) between

the two gamma-rays Yg and g of interest, assuming that the angular
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), the angular

correlation between y, and Y41 is given by W (

k k,k+l ek,k+1

correlation W(8) between Yg and Vg will be expressed as

w(e) = L”T"' megl(el) Wig(819) 8505) -<-

v
8¢) dﬂn+ dﬂn os, d@

e n+1,s(en+1¢n+1 1 1

v : . .
where, 81¢1 92¢ denotes the angle between 81¢1 and 82¢2 directions.

2
Neglecting the detector size effect and assuming an ideal detector
efficiency, the probability such that the Y is detected in the spectrum

channel when the Yg is detected in the gate channel can be expressed by

C = j w(e) dQ///J W(9) dn
v AR at B 4

The actual calculation may be carried out using an expansion 1in
terms of Legendre polynomials and spherical harmonics,

A.3.3. Corrections

Taking the above contributions into account, corrections can be
made by multiplying the probabilities Pv and C“. Then, the coincidence
strength S can be given by

S=1 B Bt Bt see Bt P «C
¥s Yg MRS B N VOV
However, since the programme INFORM is utilized to construct a level

scheme, the necessary physical quantities (half-lives of levels and
angular correlations) to make the corrections are hardly obtainable at

this stage. Therefore, constant values for Pu and Cu (e.g. Pv = Cu = 1)

have been exploited.

Special attention has to be paid to some isomeric states, the life~

time of which is much longer than the coincidence resolving time.
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APPENDIX 4.

A.4. y?-distribution Fit

A.4.1. Normalization

The frequency distribution of reduced intensities divided by
their mean value x = IY / I can be fitted by xz—distributions by
normalizing the total integral to be equal to the number of gamma-

transitions N. The normalized y?-distribution functions Fl(x) with

one degree of freedom and Fz(x) with two degrees of freedom can be

given by
Fl(x) = N-fl(x) and Fz(x) = N-fz(x)
where
£(x) = (2m0 fexp(- D) (x > 0)
£,(x) = exp(- %) (x > 0)

Therefore, if each class-interval for the variates x 1s chosen
Y

as iz, the expected frequency Gki in the i-th interval will be given
X, + Ax/[2

G ; (bx,N) = N-J £, (x) dx k=1, 2

: X, Ax/2

by

whare, Xiis the midpoint of the i-th interval and given by
X; = i*Ax — Ax/2

Or explicitly,

Gli(Ax,N) N { ®(/(xi+ Ax/f2)) - @(/(xi— Ax/2)) }
'Gzi(Ax,N) = 2N-exp(- xi)-sinh(Ax/Z)

wWheiuy, ®(xX) is the cumulative normal distribution function defined as

M—

X
a(x) = (2m) J exp(~t?/2) dt
o
-In order to indicate the goodness of the fit, the sum of squared
deviations can be used as
= - 2 12
5 } (y;= 6;)2/N

where, y; are frequencies per class—-interval, ~0f course, the lower S
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is, the better is the fit.

A.4.2. Low Intensity Correction

Since very low intensity gamma-transitions cannot be detected,
it is necessary to correct the frequency in the lowest intensity
interval, assuming that reduced intensities follow the yx?-distribu-
tion with one degree of freedom. This correction can be done by
adding AN extra low intensity transitions with their total reduced
intensity AT in the lowest class-interval to minimize the goodness
of the fit S. These changes of total reduced intensity and the
‘number of transitions alter the mean value of the reduced intensity
as ‘T§-N + AT = (N + &N) *1_
where, I is the old mean and I0 the new mean. These changes also
cause alteration of the normalization as well as that of the variate
scaling. To be explicit, the new distribution F(x) will be

F(x) = (N + AN)-fl(x)

and the width of class-~interval will be converted to Axb = Ax IY/IO
without changing the original frequency distribution Y;» except that

Y1 is replaced by yit AN,

Then, AI can be expressed by

Ax .
AT = (N + AN)-IO-J Ox-fl(x) dx - Z I
o vy Y

where, the second term of the right hand side is the sum of reduced
intensities in the lowest class interval, And the first term can be

approximated as follows}

1

(first term) 2(N + AN)-IO-{ @(Axi) - (AXO/ZN)éexp(—AXOIZ) }

I

1 .
2(N + AN)-(AxD/2n)2{Ax0/3'— (Ax0)2/10 + (Ax0)3/56}
AN and Axo can be obtained to minimize S

1
S = Wian? {{Gll(Axo,N+AN)—y1— N}2 +i;{Gli(Axo,N+AN)-yi}2}
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under the constraint
I *N + AT = (N + aN)-I
¥ o

which can be written explicitly using the above approximation

. X (Ax0)2 Ax
. . 2 — o — —— -_ - i— T
N + 2(N+AN) »Ax (Ax0/2w) {3 TG + 55 } Z IY/IY (N-l-AN)AXO 0

N1
The missing intensity AI can then be expressed using the optimized
AN and Ax
0
a1/ T = v+ awy B oy
Y Axo
Error estimations have not been done as yet because of the very

complicated structure of function S,
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