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CHAPTER I

INTRODUCTION

1.1 Decay=~Scheme Studies
The study of the disintegration modes of radioactive nuclei

leads to information about nucleai- mass differences, nuclear eigen-
states and matrix elements. Such information is necessary for an
understanding of the structure and behaviour of nuclei., The gross
properties of the nucleus, the energy, spin and parity of each
quantum state are relatively insensitive to the detailed nature of
the associated wave function,

The mass of a nucleus is given by the sum of the masses of
the individual nucleons plus the binding energy correction. It is
this last term which depends specifically upon the nuclear structure.
An unstable nucleonic configuration has a decreased binding energy
and may be considered in some respects as an excited state of the
asteble configuration. From this point of view, a given configuration
A=272+N is described as a system of A nucleons, Z of which are in the
proton state and N of which are in the neutron state. The ground state
configuration (ZA’NA) corresponds o that population of proton and
neutron states for which the total mass or energy of the system is a
minimum, In this context, configurations (2Z,N) are excited states of
the isobaric system of mass-number A. By the use of semi~-empirical

mass formulae, it is possible to describe the energies of these



isobaric states as a function of the relative populations (Z;N). The
form of this function is based upon a simplified model of nuclear
structure. The parameters of the funetion are determined from experi-
mentally observed masses and energy differences, The decey of an
excited isobaric state requires a change in the configuration to one
which represents a lower energy state of the system. In those cases
for which the eﬁérgy of the excited state is insufficient for the
emission of one or more nucleons, leptonic emission oocurs., For
neutron-rich nuclides (H)Hl).the leptonic decay mode corresponds to
the emission of a negatron and anti-neutrino and can be described by
(zi,mi) —_ (zi+1, Ni-l). Similarly, neutron-deficient isotopes
decay by the ocompeting modes of positron emission and electron capture.
These processes are commonly referred to as beta decay.

The total disintegration energy QB is equal to the difference
in energy between the initial and final configurations. These two
states correspond to adjacent isobars and are referred to as parent
and daughter nuclei, Therefore QB is equal to the difference between
the binding energies of the parent and daughter nuclei.

A given nmucleonic configuration can, of course, exist in any
one of several quantum states, each corresponding to a different

dynamic structure of the system with energy B, referred to the ground

i
state of the configuration, Except in the relatively rare case of
delayed-neutron emission, the quantum states populated as a result of
beta decay are bound states., These states de-excite by the emission
of electromagnetic radiation, referred to as gamma radiation in this
energy range. When the final state of a beta transition is an excited

state of the daughter nucleus of energy E,, the energy of the beta
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transition is EBi:'QB.-Ei‘ This energy is shared between the negairon
and anti-neutrino in the form of kinetie energye. The kinetic energy
of each lepton is distributed over the range extending from zero to
the maximum, or end-point, energy EBi. The meeasurement of the end-
point energy of the negatron distribution therefore leads to
information about tha Q3 value and the energy of the final state.

The beta-decay process directly popalates only selected
excited states of the daughter nusleus., The transition probability
depends upon the change in spin and parity between the initial and
final states and the energy of the transitions, as well as upon the
detailed structure of the states. The transition probability increeses
approximately as Eﬂ:. For the same energy the transition probability
is highest for allowed transitions defined by a change in spin of 0 or
1 and no change in parity. The next most probable tramsitions are
those for which the change in spin is two or less and there is a change
in parity. These transitions are referred to as first forbidden. The
sxperimental parameter which is closely related to the transition
probability is the comparative half life, denoted by ft. The compara=-
tive half life is the partial half life of the transition corrected
for the energy dependence and varies inversely with the aquare of the
lepton matrix element. The observed comparative half lives are
distributed over a wide range of values, Generally, the ft walues for

6, while the f%

allowed transitions ococur within the range 103-10
values for first forbidden transitions extend from 10! -10%, If the
ground-gtate spin of the parent mucleus is I, then one expects that the
spin of & state populated directly in the decay will lie within the

range I + 2.



Because the lepton interaction is weak, the absolute values of
the matrix elements are small and the life time of an excited iscbarie
state is extremely long compared to the life times of states which
de-excite through electromagnetic or nuclear interactions. Of course,
the life times extend over a wide range ~ half lives extending from a
few seconds te many millions of years have been observed. In compari-
son, the life times of the bound excited states of a given nucleus

12 1078 gec. & given isobar therefore

generally lie in therrange 107
normally assumes its ground state configuration before leptonic de-
excitation to the daughter nucleus,

Electromagnetic transitions between excited states of a given
nmucleus occur with energy and angular momentum equal to the difference
between the energies and spins of the initial and final states. When
the parity of both states is the same, the transition is electric for
photons of even angular momenta and magnetic for photons of odd angular
momenta. For transitions involving a change of parity, the converse is

true., For a transition of multipolarity 1 and energy EY taking place

between initial and final states of energy and spin (Ei’Ji) and (Ef,Jf)

respectively
E =B -E, and [J;-7]g1g lJi+J’f' .
: - 21 +1
The transition probability varies as EY and generally

decreases rapidly with multipolarity. Fer this reason, in most cases
the prominent de-excitation mode corresponds to the gamma radiation of
lowest multipolarity, Since the transition probability involves the
matrix element of the interaction Hamiltonian, it ‘s extremely
sensitive to the detailed structure of the eigenstates and departures

from this trend are not uncommon, In order teo determine the absolute



value of the transition probability, it is necessary to measure the
life time of the initial state and the branching ratios for sach
competing de-excitation mode., The relative transition probabilities
for these modes may be calculated from the branching ratios alone,
Transition probabilities are normally compared to the single particle
estimates of Weisskopf (1). Wilkinson (2) has surveyed the distri-
bution of the empirical values for all the observed transitions up to
multipolarity E5, For the higher multipolarities the data are sparse.
Generally, the distribution for a given type of transition is extremely
vide, exceeding a range of five orders of magnitude., This wide distri-
bution refiects the sensitivity of the transition probability to the
details of the specific nuclear structure.

Information about the spins of excited states and the multi-
polarity ¢f the transitions between them may be obtained by a study of
the angular correlation between radiations emitted in cascade.
Consider the three levels of spins Ji’ J and Jf respectively. The
transition Ji‘—g) J will consist almost exclusively of, at the most,
the two multipolarities Ll = l J i -J ‘ and L]'_ aLl +1, Similarly, the
transition J —) J, will consist of the multipolarities L, =|J-J |
and Lés=L2-kl. The cascade is denoted by

Ji(Ll,Li)J(LZ,Lé)Jf.
The calculation of the angular correlation function for such a cascade
is reviewed by Biedenmharn (3) who shows that
w(o) = %:’ 4,(1)4,(2)B, (cos 0)
where O is the angle between the directions o¢f the radiations. The

coefficients are given by

: . 2
- . ?
A//(r) E, (Lr,Lr,JrJ) + 26rFﬂ(Lr,Lr,JrJ) +8°F, (LI’.,L%,JTJ).



The Fy's are combinations of angular momentum coupling coeffiecients
and are tabulated (4). The mixing coefficient br is the ratio of the
reduced matrix elements (JrﬂL;lJ)/(Jr’Lr‘J). The mixing coefficient
obviously depends sensitively upon the nature of the eigenstates

involved.

General Properties of Fission Products

Unstable mucleonic configurations are usually obtained as the
products of a nuclesr reaction. The fission of heavy nuclei is a
nuclear reaction which is prolific in the production of highly unstable,
neutron-rich isotopes, The production of a particular fissiom product
of mass number A and configuration (Z,N) is followed by a series of
beta decays until a stable configuration (ZA,HA) is reached. The
system of isobars related by such a series is referred to as a mass
chain, For odd A nuclei, the energy of a particular configuration is
approximately proportional to (Z--ZA)2 and lies on a parabola* when
plotted as a function of Z. The energy difference between successgive
members of an odd-mass chain increases as the values of Z depart from
ZA‘ In the case of even=-A mass chains, the odd-odd and even-even
members lie on separate parabolas displaced by a relatively constant
value., The energy differences between adjacent isobars alternate
between high and low wvalues according as the parent nucleus is odd-odd
or even-even respectively. This alternation is superimposed upon
the general trend of increasing energy differences as the value of

Z departs from the most stable value. The existing data on energy

differences has been analyzed on this basis recently by Dewdney (5).

¥*
A more detailed examination reveals that the even-odd and odd-even
masses lie on separate, closely-spaced parabolas.



This over-all trend has two important results, Since the
transition probability for beta decay increases with disintegration
energy, the half life of the isobar generally decreases rapidly as the
configuration departs from stability, Secondly, the greater the dis-
integration energy, the greater the energy of the excited states in
the daughter nucleus which may be populated. The number of de-
excitation modes possible increases rapidly with the number of levels
formed, so that the experimentalist is faced with the compounding
difficulties of an increased complexity of the spectra of character-

istic radiations together with a shorter time in which to study them,

1.3 Dynamics of Spherical Nuclei

A complete description of the quantum states of nuclei involves
the solution of the equations of motion of a many-body Fermion system.
In considering the interaction between nucleons in the nucleus it is
generally assumed that this interaction may be described as a itwo-body
force. The behaviour of nucleons under the influence of the inter-
nucleon interaction within the nucleus is drastically altered from
their behaviour under the same interaction when they are isolated.
Weisskopf (6) has shown that the nuclear force has the property that
the probability for scattering in which momentum transfers exceed the
Fermi momentum is low., It is within this context that the internmucleon
interaction has been referred to as "weak"., Since the eigenstates of
the individual nucleons below the Fermi level are occupied, the Pauli
exclusion principle forbids scatterings in which momentum transfers

less than the Fermi momentum occur., For such systems it has been



shown (6) that an independent particle description is approximately
valid,

Brueckner (7) has shown that the internuclecn interaction
manifests itself mainly as an average self-consistent field for
infinite nuclear matter and‘has performed Hartree-Fock type calculations
of the field for finite nucléi (8)s As has been pointed out by
Wilkinson (9) in the low~density region near the nuclear surface, the
Pauli principle is not as effective in suppressing strong correlations
80 that it is possible that in the surface region nucleon clusters are
continually forming and dissolving. However, the success of the
unified model does indicate that a self-consistent field in which the
nucleons move independently is a description with scme justification.
In particular, the eigenstates of the Hamiltonian based on such a
potential should provide a good basis of representation for the actual
nuclear states - good in the sense that an actual quantum state will
be distributed over only a small number of the basic set. The calcula~-
tions of Brueckner et sl (8) show that the eigenstates of the self-
consistent field for finite nuclei are not unlike those for the shell
model potential with spin-orbit coupling.

There is a large body of experimental facts which indicate that
an independent particle field does not completely describe the effects
of the nucleon-nucleon interactions., The nucleon motions are
correlated to a certain degree so that the nucleus should be pictured
as a many-body system of interacting Fermions moving in a self-
consistent field. The effects of the internmucleon force not taken
into account by the self-consistent field are described by a residual

interaction. It is fair to say that one of the main tasks before us



is to obtain a description of the detailed nature of the residual
interactions,

Pines (10) has defined a many-body system of Fermions for
which the interactions can be treated by perturbation theory as a
normal Fermion system. A comparison of the experimental evidence

with the general properties of such systems leads to the conclusion

that the nucleus is not a normal Fermion system., This comperison

also indicates the nature of that part of the residual interaction
which cannot be treated by perturbation theory. As an example, it is
a well-known fact that the values of the nuclear inertial parameters
lie between the extremes predicted on the basis of rigid body motieon
and irrotational fluid hydrodynamics, General arguments (11) show
that the former value is equal to that of a normal Fermicn system,
while the latter corresponds to that for a system of non-interacting
Bosons., Such a situation can be understood if the nucleus is pictured
as a superfluid condensate in which the Boson unit is a quasi-bound
Fermion pair. OSuch systems were investigated thecretically by Bardeen
et al (12) who showed that the spectrum of intrinsic excitations is
characterized by an energy gap. Bohr, Mottelson and Pines (13) pointed
ocut that such a gap exists in even-even nuclei. In addition, the
nuclear masses do exhibit odd-even effects which can be explained as
reflecting the increased binding emergy due to pairing correlations.
The pairing force alsc provides a fundamental basis for the seniority
coupling introduced by Racah (14). The ground-state wave functions
corresponding to the bound pairs are of zero spin so that the wave

function represents a spherical distribution.
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Several mass regions, such a3 the one corresponding to the
heavy rare earths, have been positively shown to consist of nuclei
with permarent ground state deformations., In terms of the unified
model, the deformation is thought of as resulting from the pelarizing
influence of the extra nucleons outside of the spherical core corres-
ponding to a major closed shell. The systematics of deformations
indicates that a collective deformation does not ocscur until a eritical
number of extra-~core nucleons is present, This effect is explained in
terms of the microscopic description formulated by Mottelson (15).

The residual interaction is considered to manifest itself in two distinct
forms - the pairing correlation and a field-aligning, long-range correl-
ation, The long-range components of the residual interaction are
described by a multipole expansion, the first and largest term of which
represents a quadrupole-quadrupcle interaction. These two aspects of
the residual interaction result in opposing tendencies., The pairing
force stabilizes the spherical equilibrium while the gquadrupole inter-
action tends to deform the nucleus. Deformation occurs at the critical
number of extra-core nucleons for which the effects of the quadrupole
interaction overcome the pairing force.

In the spherical region, the independent particle states are
described as states with definite orbital anmgular momentum and spin
coupled to a total angular momentum j, of degeneracy (2j+1). Major
closed shells, which are configurations of exceptionally high
stability, occur for the special mucleon numbers 2,20,50,82 and 126
(16)s If there were no residual interactions between the nucleons,
the nucleus would be similar to a Fermi gas and the distribution of

nucleons in the particle states would drop sharply to zero at the
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highest level required to accommodate the nucleons. In this case a
well-defined Fermi surface occurs. However, at low energies the
nucleus is in the superfiuid state and the effect of the pairing cor-
relations is to disturb the distribution. In the treatment of Belyaev
(17) the pairing interaction is assumed to be non-zero cnly between
the conjugate orbitals (j,m) and (j,-m). The effect of this correlation
is to cause the nucleon distribution to become diffuse in the region
of the Fermi surface,

The distribution coefficients for conjugate pairs (j+m) is

given by

{) E, -\ =
: ;

1-
v = = ;1 - . " i
2 | (B~ 2)% 407 ¢

‘j

where A is the Fermi levei; A is the pair binding and Ej is the energy
of the single-particle orbital (17). In an even-even nucleus, for
which the ground state has zero seniority, the intrinsic excitaticns
oscur at an energy of at least 2A above the grQund state.

The remainder of the residual interacticn manifests itself in
collective motions. For a spheriéal equilibrium shape, the ccllective
motions take the form of vibrations about this shape. The lowest
ensrgy vibrations correspond to quadrupole oscillations and the next
lowest energy vibrations corresﬁond to octupecle vibrations. The
vibrational quanta, referred to as phonons, are of even parity and
anguler momentum 2 for quadrupole oscillations, and odd parity and
angular momentum 3 for octupole vibrations, Particle-vibration inter-
actions result fram the vibrations of the self-consistent field caused

by the collective oscillations. If the particle motions adjust

adiabatically to the changes in the field, the intrinsic and collective
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motions are separable. However, if the vibrational energies are of
the same order of magnitude as the intrinsic excitation energles, the
adiabatic conditions are no longer fulfilled and the motions become
coupleds Collective levels are characterized by enhanced electric
moments with the appropriate multipelarity corresponding to the
vibrational mode in question.

According to Brown (18) and Mottelson (15) the microscopic
deseription of nuclei indicates the existence of high-energy collective
modes of a unique character, With increasing excitation energy, the
effects of the pairing correlation become less significant and in many
respects the nucleus behaves as a normal Fermion system, This is
reflected in the fact that at high energies the inertial parameters
agree more closely with the rigid-body values and the nuclear specific
heat is similar in behaviour to that of a Fermi gas.

It is known that in distorted nuclei the normal sequence of a
rotation band is disrupted abruptly at an angular momentum sufficiently
high that the Coriolis interaction exceeds the pair binding (19). I%
night be expected that a similar effect occurs in a vibrational band
as the particle-vibration interaction increases.

Those nucleonic configurations for which there are only a few
extra-core nucleons so that no permanent ground state deformation
exists comprise what is referred to as transiticn nucleis The system-
atics of the vibrational levels of transition nuclei has been reviewed
by Sheline (20). The high-yield fission products gemerally are such
transition nuclei so that the study of their level structure leads to

much-needed additional information about this region.



CHAPTER II
SURVEY OF PREVIOUS WORK

Hahn and Strassmann (21) first reported the existence of a
Th-minute lanthanum activity observed in their extensive and extremely
thorough radiochemical investigations of the fission products. One
cannot but express sincere admiration for these investigations which
represent a classicﬁexample 0 experimental science. Values for the
half life of this activity have been reported by several researchers
(22,23,24,25) extending between this initial value to the most recent
measurement of 92,6 minutes (25)s In all cases, no daughter activity
was cbserved, The mass assignment of A =142 is based on this fact.
Beta decay of lanthanum (Z=57) leads to an isotope of cerium (Z=58),

140 k2

The only stable cerium isotopes are Ce and Cel » the latter occurring

in nature with an isotopic abundance of 11% (26)., The lanthamum pre-

cursor of 03140 was positively identified as a 40-hour activity (27).

b2 decays by the

emission of a 1.5 MeV alpha particle with a half life of 5.1 t g‘ézclOls

Riezler and Kauw (28) have reported that Cet

years. Another possible decay mode for Ce142 is double beta decay to

Nd142. The energy difference between these two isobars has been
measured by Johnson and Nier (29) who report & value of 1.68 MeV. The
14

neutron separation energy for Ce 2 has been measured using the

reaction Celkz (yyn) to be 6.91 MeV (30).

13
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The first study of the decay radiations of Lalqz published in
the literature were undertaken by Vanden Bosch (31). This author
reported the beta spectrom to be complex and to have an end-point
energy greater than 2,5 MeV, These results were obtained by aluminum
absorption methods., This author alsc reported'the existence of two
gamma rays with energies 0,63 and 0,87 MeV,

Ryde and Herrlander (23) were the first researchers to investi-
gate the gamma-ray spectrum and gamma-gamma coincidence relations for
the Lal#z decay. They reported the existence of eight gamme rays in
the energy range from 0,63 to 3.4 MeV and observed the spectra in
coincidence with pulses corresponding to the energies of four of these,
The results are shown in Table I. On the basis of these results, the
authors constructed a decay scheme consisting of levels at 0.63, 1.5,
2.4 and 3.5 MeV,

In 1959 a study of the barium and lanthanum isotopes, masses
141 and 142, was published by Schuman et al (24), These authors
investigated the decay radiations of LalAz and their gamma-gamme
coincidence matrix. On the basis of their results, they concluded

that two additional levels in Cel'2

at 2.57 and 3,30 MeV were populated
in the decay. The results are summarized in Table II, In Figure 1
is shown the known information about the decay properties of the mass

142 isobars as summarised by the Nuclear Data Group (32).



TABLE 1

Energies and Coincidence Relationships of the

Gamma Rays in La142 Reported by Ryde and Herrlander (23)
E (MeV) 15753 Gaté.e'zEng‘gtp( VIemz.9
0.63 - x X
0.87 x
1.0 X x
1.8 b
2,0 X x
2.4
2.9 b ¢
3elt




16

TABLE II

Results of Schuman et al (24)

EY(keV) 640o* | 900 | 10%0 i;g%g%%ﬂ%fgg 2550 | 3000

640 + 10 x x | (x) | x x x
900 + 10 x (x)

1030 + 30 x

1080 + 40 x

1370 + 30 (x)

1540 + 20

1750 + 20

1920 + 20 (x)
2080 + 30 (x)
2400 + 20
2570 £ 30

2660 + 100 | x

3000 + 30 x
3300 + 30
3650 + 30
EB o L*‘QLI‘ MeV
max

*Coincidences for which the authors indicated some doubt are
bracketed. In addition, the authors observed coincidences
between the 640 keV gate and transitions at 1200 and 1580
keV which they consider tentative.
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CHAPTER III
SOURCE PREPARATION

3.1 Introduction

In order to prepare a source consisting of a short-lived
isctope produced by fission, rapid radiochemical separation techniques
may be used. The methods selected must fulfill rather stringent
requirements, The time required for the separation must not be
excessively long with respect to the half life of the nuclide of
interest. If a detailed examination of the decay radiations is to be
undertaken, the separation must result in a sample with a high degree
of radiochemioal parity. In many instances, such as in the study of
low~-energy beta spectra, very thin sources may be required. Of course,
because of the limitation Qf time available for the separation, it is
not always possible to fulfill these requirements.

The chemical behaviour of elements in trace concentrations is
often quite different from that displayed in macroscopic quantities,
In order to ensure that separation procedures developed using normal
concentrations may be extended successfully to a problem involving
trace concentrations, it is often necessary to add macroscopic quanti-
ties of the elements involved to the radiocactive sample. These
inactive quantities added to ensure macroscopic behaviour are referred

t0 as carriers., Carriers are normally added to the sample in the form

17
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of ionse. The chemical exchange between the radicactive and carrier
atoms may not be complete, especially if there is a possibility that
the valency state of the radioactive ions is different from that of
the carrier ions.

Generally speaking, of the various chemical separation pro-
cedures used, group precipitations and solvent extractions are most
easily adapted to rapid radiochemical separations. Normally, carrier
is added to the sample in solution before precipitation. However,
recent studies (33) indicate that in certain circumstances there are
advantages to adding the sample to pre~precipitated carrier. In this
case, one relies upon the exchange between sample and carrier occurring
in the crystals of the precipitate. It has been found (25,33,34) that
this method is more selective, reducing exchange between the carrier

and radiocelements of different species.

Application of Radiochemical Techniques to the Separation of Fission
Products

When developing a procedure for the separation of a fission
product, the properties of the decay chain in which the nuclide of
interest occurs, as well as of neighbouring chains, must be taken into
account, Since, of course, chemical techniques only result in elemental
gseparations, the sample obtained may contain many isotopes of the
element, interference from which precludes a study of the isotope of
interest. By an appropriate use of the timing of the separation, and
in some cases by separating precursors of the isotopes in question, it

is sometimes possible to eliminate serious interference, In addition,
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separation of the precursor may require simpler procedures than direct
separation of the element involved.
The problem of obtaining sources of L3142 is a good illustration

of the principles discussed above, The relevant decay chains are:

CS140 66 s 140 12 gi La 140 40 hr 1&0

cgl#l 25 8 Ba 141 18 m § La 141 3,7 Eﬁ CelQl

03142 2,3 8, plé21lm Dy 1o 142 92,6 m 142
MRLE short, Ba143 12 5 1, 143 1 mg o 143 33 b,

A dirent geparation of lanthanum from the fission products would require
a gross separation of rare earths followed by an ion-exchange separation
of lanthanum. The resulting semple would contain independently formed
La140, Lal41, Lza,ll+2 and Laqu. In order to obtain the sample free from
the most active of these, La143, a waiting period of approximately

2 1/2 hours wouid be required, Such a waiting period is undesirable

since the ratio of Laluz

activity to that of the longer lived isotopes
reduces with time.

Th@re are distinct advantages to separating the barium precursor
as the first step. If barium is separated approximately 2 minutes after
the end of the irradiation, the samplé will be free from isotopes of
mass number greater than 142. For maximum yield, the lanthanum must be
extracted from the barium solution after approximately 40 minutes when

the La142 has fully grown in, The sample will contain Lal#l as the

only interfering isotope. Fortunately, the nature of the Lall‘L1 decay
is such as to cause no seriocus problems as regards interference in

the study of Lal42 (24).,
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142

3% Preparation of La Samples

Urarium samples counsisting of 100«-300/pgm of 0235 in 3 ml
uranyl-nitrate solutions were irradiated in polyethylene capsules for
1 to & minutes using the pneumatic system of the McMaster Nuclear
Reactor. The flux at this position is nlitxlolg n&utrons/bmz SEC,

The sample was delivered o the receiving staticn approximately 10
seconds after the end of the irradiation,

The initial step of the procedure, carried cut 2 minutes after
the end of the irradiation, was the separation of radiobarium from the
gross fission products. The radiobarium was exchanged.with 50 megm of
bariam carrier in the form of freshly pre-precipitated barium chloride
in 30 ml1 of concentrated HCl. Thé gsolution was filtered over a mem-
brane filter and the precipitate washed with 30 ml of concentrated
HCl, The precipitate was then dissolved in approximately 15 ml of
water, From this point on, one of two methods was used to separate
radiolanthamum from the barium solution.

Method 1: Since the most likely contaminant to be carried along
with the fission-product barium is strontium, the precursor of yttrium,
a lanthanum-ytirium separation using a tributyl-phosphate selvent
extraction was used., Ten mgm of lanthanum carrier in the form of
La(N0.

3

minutes after the end of the irradiation, lanthanum hydroxide was pre-

)2 solution was added to the barium sample. Approximately 4C

cipitated and the precipitate centrifuged. The precipitate was
dissolved in fuming HNO3 and the solution agitated together with 10 ml
of freshly pre-equilibrated tributyl phosphate, Lanthanum was with-
drawn in the acid phase into fresh TBP and the extraction repeated.

Ammonium hydroxide was added slowly to the solution until lanthanum
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hydroxide precipitated. The hydroxide precipitate was re-dissolved in
g few milliliters of concentrated HN03. The sample was cbtained in its
final form by precipitating lanthanum oxalate. The physical form of
sources obtained in this procedure was a relatively uniform dise of
lanthanum oxalate 1/2 inch in diameter backed by filter paper.

Method 2: The method described above resulted in lanthanam
separations with a radiochemical decontamination factor of at least
106. However, the total time required for the separation was approxi-
mately 1 1/2 hours. Also, the source thickness of 10 mgm/cm2 was
considered relatively thick in some applications. For these reasons,
a method resulting in a carrier-free sample a few minutes after the
beginning of the lanthanum separation was investigated and proved
highly satisfactory. PFollowing the Ba012 exchange reaction, concen-
trated ammonium hydroxide was added to the solution without the
addition of lanthanum carrier. When passed over s membrane filter,
the radioclanthanum was found to be retained om the filter, presumably
in the form of a colloid. It is not known whether the source forms a
surface layer or is impregnated throughout the filter. In the latter

sase, the source thickness would be that of the filter paper, approxi-

mately 3 mgm/cmz.

Source Purity

Although the second method produces carrier-free sources simply
and rapidly, decontamination from yttrium relies solely on the fact
that negligible amounts of strontium are carried in the barium chloride
exchange (25). Decay curves of sources made by the second method

revealed only the existence of half-life components corresponding to
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L5142 and Lalul. The decay curve of the gamma radiation is shown in
Figure 2, Decay curves of the beta-gamma and gamma~-gamma coincidence
rates also shown in Figure 2 revealed only the 92,6-minute Lzaulq'2 (25)
component, A comparison of the sihéie-crystal gamma—réy spectra of
sources obtained with both methods indicated that they were identical,
Because of these results it was concluded that sources obtained using
the second method were sufficiently pure for the purposes of this
study., As a matter of general procedure, decay curves were taken

during each experiment.
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CHAPTER IV
INSTRUMENRTATION AND TECHNIQUES

b,1 Scintillation Detectors

The detection of nuclear radiations with luminescent materials
optically coupled to photomulitiplier tubes relies on the nearly pro-
portional transfer of the incident energy into light quanta which are
not reabsorbed by the material itself, The details of the transfer
mechanism depends on the nature of the interactions between the radi-
ations involved and the detecting scintillator. The most popular
sceintillator used for the detection of gamma radiation ig Nal activated
with thallium, A plastic phosphor, referred to as NE-102% is frequently
used for the detection of beta particles. In either case, the result
of the interaction of the radiation with the scintillator is the exci-
tation of electronic levels such a8 luminescence centers in the
seintillator and the subsequent emission of light photons as de-
excitetion radiation, De-excitation of the phosphor electron states
also takes place by the competing process of radiationless transitions,
which reduce the light output of the detector. The number of photons
emitted is proportional to the energy transferred to the seintillatér
and the emission occurs at a rate characteristic of the scintillator.

The decay time for NaI(Tl) is approximately 0.25 psec while for the

¥
NE-102 is a scintillating phosphor commercially available from Nuclear
Enterprises Limited

23
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KE~102 the emission occurs with the much shorter period of roughly
1078 sec.

The light photons collected at the photocathode of the photo-
multiplier tube cause the emission of electrons, the number of which
depends upon the nature of the cathode surface but is propertional to
the number of incident light photons. The electrons emitted from the
photocathode are multiplied in a cascade of secendary emission processes
in the @ynode'chgin of tl:2 tube. The resultant photomultiplier current
is integrated at the anode and the total charge collected is proportional
to the initial light intensity at the photocathode. Conversion to a
voltage pulse suitable for amplification is frequently achieyed with &
charge sensitive preamplifier. The rise time of the pulse is determined
mainly by the decay time of the scintillator in the case of NaI(Tl),
while in the case of the plastic phosphor the effect of the photo=-
multiplier transit time becomes equally important.

In the scintillation detection method, the height of the
voltage pulsés resulting fyom the detection of radiation is used as a
measure 6f the energy of the radiation deposited in the detector.
However, any given pulse represents only a statistical sampling of the
events which give rise to the pulse so that there is associated with
the pulse height a statistical uncertainty or variance. In statistical
processes, the relative uncertainty is decreased as the size of‘the
sample is inoreased. The best resolution is achieved therefore by
obtaining the maximum pulse height possible under given conditions,.

This is accomplished by full integration of the photomultiplier current
using a time constant several times as large as the scintillator decay

constant. Assuming an exponential input pulse with rise time equal to



the characteristic scintillator decay constant, and ideal response
from the network, then the ratio of pulse height achieved to maximum

pulse height is given by

n exp nlon for n # 1
l-n
R=
0.36 n=1

where n = RC/T is the ratio of the circuit time constant to the
scintillator decay time T. Since the pulse width alsoc increases with
the time constant, in practice a value is chosen which is a compromise
between the desire for large but narrow pulses., Another criterion for
this value will be mentioned later.

Another deterious effect of using too short a time constant at
the photomultiplier anode is the decrease in signal-to-noise ratio.
This limitation is not serious in the case of scintillation detectors
exoepﬁ for extremely short clipping times because of the rather low
inherent resolution of these detectors.

The signal-to-noise ratio can be maximized by an appropriate
choice of photomultiplier voltage. However, the chéiee of voltage to
be used also depends upon other considerations. If, as in our case,
pulse spectra are to be studied over an energy range as wide as approxi-
mately 100 keV to 4000 keV, then the dynamic range required for the
phototube is 100, a figure which includes a customary safety margin.
At voltages sufficient to maximize the signal-to-noise ratio, the
linear dynamic range is decreased because of saturation effects in the

phototube.
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In addition to considerations of dynamic range, another effect
which is particularly noticeable in meny of the three-inch phototubes
currently available must be taken into account. This is the dependence
of photomultiplier gain on counting rate. The details of this
dependence varies with tubes from different manufacturess. and has been
studied by several researchers (35,36,37). The relative counting-rate
gain shifts increase with photomultiplier voltage (37), so that this
effect is minimized by using the lowest voltage possible consistent
with the requirements of gain and signal-to-noise ratio. Except in
special circumstances, the standard voltage adcpted here for the
DuMont 6363 phototubes used in the gamma-ray spectrometers was 750 V,
The two-inch EMI 9536B photomultipliers used in the beta-ray detectors
were found to be relatively free of counting-rate gain shifts and a
voltage of 900 V was required because of the poorer light output of

the NE-102 phosphor compared to NaI(T1).

Double=Delay Line Amplifiers

The pulses obtained directly from the photomultiplier output
are not suitable for pulse-height measurements so that they must be
shaped and amplified before analysis., As described in Section 1, it
is necessary to satisfy the conflicting requirements of high signal-
to-noise ratio and relatively narrow pulse widths. In addition, when
the mgin concern is the measurement of pulse height, a pulse which
retains its maximum for a time which is appreciable with respect to
the pulse width is desirable. Pulse widths presently required for

analysis are in the ranges of 1 - 2 psec.
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Delay-line shaping provides the moest accurate control of pulse
widths while at the same time producing pulses which are more symmetrical
and "flatter" than the pulses shaped with resistance-capacitance net-
works, The shorted end delay-~line c¢lipping which is commonly used in,
for example the Bell, Graham, Petch (38) method for producing very
narrow timing pulses, can result in troublesome ringing in a linear
amplifier, The operational amplifier, which subtracts the delayed
pulse from the prompt pulse in an active network is an alternative
method which overcomes this limitation.

If the pulse is clipped at the input stage of the amplifier
then the signal-to~noise ratio is reduced, while if the c¢lipping stage
is left until after amplification, pulses of long duration must be
handled by the amplifying stages. In the latter case, the response of
the eamplifier is limited by pile-up effects at relatively low counting
rates, Fairstein (39) proposed a compromise solution to this problem
in which two clipping stages are used, one at the input and one near
the cutput. The pulse shape resulting from this method is bipolar and
has several characteristics which can be used to advanﬁége in pulse
spectroscopy. The equal balance of the positive and negative portions
of the pulse eliminates the base~line shift which occurs noticeably
at high counting rates in amplifiers with unipolar pulse sheping. The
double-delay line, or DD2 amplifier is alseo characterized by rapid
recovery from overload, s¢ that pulse-height distribution in a low-energy
range may be studied in the presence of high~energy radiations without
undue amplifier blocking.

The transistorized version of the DD2 amplifier, designed by

Chase (40) was used in this counting system. An oscillograph of the
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pulse spectrum of 03137 obtained at the amplifier output is shown in
Figure 3 (a)s In order to obtain the best quality pulses, the time
constant used in the integration of the photomultiplier pulse should
be kept long with respect to the delay-line clipping time of 0.7 psec.

Time constants of 10 psec were used.

Pulse-Height Analysis
Technically, the aim of pulse spectrometry is te obtain a

statistically significant sample of the pulse~height distribution
associated with the detector response to the radiation characterizing
a particular excitation or de-excitation process., To achieve this aim,
it is necessary to sort the amplified detector pulses according te
height and record the relative frequency of occurrence of a given
incremental pulse-height range.

By coupling an upper- and lower-level discriminator in anti-
coincidence the familiar single-channel pulse-height analyzer is
obtained which gives a logic pulse ocutput in response to any input
pulse, the height of which lies in the range defined by the discrimi-
nator levels. To obtain a measure of the pulse~height distribution,
it is necessary to scan the pulse spectrum in steps, counting the
number of pulses at each setting for a suitable time interval, When,
as frequently occurs, it is necessary to count for a time interval
comparable to the half-life of the source, this method is no longer
feasible,

To obtain detailed structure of the pulse-height distributions
associated with the decay radiations of short-lived nuclides, rapid

data acquisition systems become a basic necessity, Such systems have
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been achieved by the application of computer logic techniques. The
multichannel analyzer is a specialized computer designed to sort and
accumulate detector pulses aceording to height so that a measure of
the pulse-height distribution as a whole is obtained in one counting
period, This approach is only useful when the method of detection is
such that a pulse spectrum results with the desired information
asgsociated with the pulse height. If the information to e sorted is
associated with some other property, such as pulse width, or radius of
curvature in a magnetic field, then this property must either be trans-
lated into pulse height or a different sorting procedure must be
adopted.

The multichannel pulse-height analyzer is comprised of the main
functional units shown in Figure 4. Since the initial pulse-height
distribution to be analyzed is continuous over a certain voltage range,
it is necessary to group the pulses into quantized adjacent incremental
voltage ranges in order that they may be sorted and sccumulated in a
memory of finite capacity. Using a triggered linear sweep or ramp
circuit, the height of a given pulse is proportionally'converted to a
time interval. The time interval is measured in a digital manner by
using an accurately controlled high-frequency oscillator, or clocke.
This process is known As analogue~to~digital conversion. The number
of clock pulses during the time interval is determined by counting with
the address scaler, In this way, the pulses in a certain voltage range
are grouped together and associated with a definite address or channel,
so that the initial continuous distribution is quantized.

After a channel number has been associated with an input event,

the previous contents of the memory at that address are increased by
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one in the accumulator, or data register., The contents of the data
register are then restored in the memory location in question, This
process of reading the previcus contents of an address, inereasing by
one, and restoring is known as a memory cycle.

The pulses resulting from the decay radiations of an ensemble
of radioactive nuclei are distributed randomly in time, In order that
only one pulse occurs in the converter circuit during analysis, the
analogue~to-digital conversion (ADC) circuit is preceeded by a linear
gate, The gate closes during the analysis time required for the pulse
already in the converter and opens when the analysis is completed.

Since the time required for anélysis depends upon the address
asaigned to the pulse, the overall dead time for a particular counting
experiment depends upon the nature of the spectrum involved. The
actual live time of the analyzer during a given ccunting peried is
measured by scaling a clock oscillator. The scaling of the cleock
pulses is inhibited during those periods for which the analyzer is
busy.

The response characteristics of the analyzer are determined
mainly by the performance of the analogue-to~-digital converter. The
integral linearity, a measure of the linearity of the pulse~height
channel-number relation, is determined by the quality of the ramp
circuit. The stability of the analyzer depends upon the stability of
the ramp, the oscillator and the associated gating circuits. The
differential linearity is a measure of the constancy of the channel
width, If a distribution is analyzed with the property that the
counting rate is independent of pulse height then the counts per channel

is inversely proportional to the channel width. A pulse generator was
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used to measure the linearity, and the profile of individuwal channels.
The chammel profile is shown in Figure 5. In addition, the generator
can be used to determine accurately the chammel corresponding to zero
pulse height. The zero channel ean be adjusted to correspond to any
pulse height desired.

Many situations arise, such as in coincidence experiments, in
which it is necessary to measure the pulse-height distribution of a
subset of events defined by conditions additional to those necessary
for the occurrence of the total set. The subset of events may be
selected for analysis from the total set by gating the analyzer with
suitable logic pulses which signify the occurrence of events satisfying
the selective condition. The gating pulse enables the analysis of
these events, while events unaccompanied by such a pulse are rejected,

Several pulse-height distributions ceorresponding to subsets
selected by different conditions may be analyzed in one counting
period.s By reducing the conversion gain of the ADC ramp circuit by a
factor N, the analyzer memory may be divided intc N subgroups. Those
events belonging to a given subset are directed to the appropriate
memory subgroup by means of accompanying routing pulses. The routing
pulses are derived from logic circuits which only respond to events

satisfying the conditions seleecting the corresponding subset.

Coincidence Circuit

In the appliecation of pulse spectroscopy to decay-scheme
studies, it is often necessary to obtain the pulse-height diétributions
of time-correlated events. These events must be sensed in separate

detectors and a measure of their time separation obtained, Logic AND
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cireuits are used to signal the occurrence of a pair of correlated
events. It is necessary to form timing marker pulses based on the
detector signals as inputs to the AND circuit. Very fast timing
circuits have been developed in which the timing markers are formed
by clipping limited pulses obtained directly from the detectors (38).
Usually, to obtain pulses of sufficient rise time and pulse height for
this approach, it is necessary to eoperate the photomultipliers at
voltage levels which are undesirably high for pulse speétroscopy. In
addition, the time dispersion of three~inch photomultipliers together:
with the long decay time of NaI(T1l) become the limiting factors in
ultimate resolution rather than the timing circuit.

Fagst timing based on marker pulses derived from the slow
smplifier pulses must overcome the problem of walke This term refers
to the amplitude dependence of the timing signal caused by the finite
rise time of the generating pulse., Since the triggering level of any
discriminator must be of some finite value exceeding the noise, say 4,
then the triggering time is approximately

taé b
where V is the pulse amplitude and tr ig the rise time of the generating
pulse, With a fixed pulse amplitude, it is found that the triggering
time is still statistically distributed because of fluctuations in the
pulse shape. This effect is known as jitter. One solution to the
problem of walk is to confine the energies of interest to a narrow

range by pulse-height selection. However, this results in a drastic
reduction in the rate of data acquisition. The method is used frequently

in life~time measurements but is of little use in the study of pulse-

height distributions,
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Amplitude-independent timing markers may be generated by
triggering on a phase point of the generating signal which is inde~
pendent of pulse height,. The cross=over point of the DD2 amplifier
outpat pulses is such an amplitude~independent phase point as
illustrated in Figure 3 (a)s This fact was pointed out by Fairstein
(41) who developed a circuit which generates a timing marker at the
zero~voltage point of the doubly-differentiated pulse known as a
cross-over gate. The walk and jitter associated with the cross-over
phase point is shown in Figure 3 (b). The amplifier pulse serves as
the input to a Schmitt-trigger circuit which triggers at an arbitrary
level on the leading edge of the pulse and returns to its initial state
at the zero or cross-over point., The Schmitt-trigger output is
differentiated and the leading edge pulse is removed with a back~
biased diocde. The zero-point timing marker is shaped in a mulitivibrator
of variable time duration.

To & good approximation, the resolving time of the entire
system is determined by the width of the timing marker, so that the
resolving time is variable, For the transistorize@ circuits designed
by Chase (42) which were used in this study, the width of the timing
marker could be varied between O and 180 nsec., The cutput of the AND
eircuit provides a 3 psec coincidence gate. Oscillographs of the
timing marker and coincidence gates are shown in Figure 3 (c¢) and (d).
The response of the circuit was measured by counting the coincidence
gates as a function of the relative delay between the timing markers.
A region in which the counting rate is independent of delay indicates
full efficiency for the circuit. The width of the curve at half

maximum is 27, the resolving time of the circuit. Flat resolution
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curves were cobtained for resolving times in excess of 27 = 5O nsec, A

typical resolution curve is shown in Figure 6.

Gamma-Ray Scintillation Spectrometexr

The complete system comprising the scintillation detector, the
linear amplifier and pulse-height anslyzer constitutes a relatively
simple and efficient gamma-ray spectrometer with comparatively low
resolution, The characteristics of the spectrometer, in particular
the rather complex response to monoenergétic radiation, is determined
for the most part by the characteristics of the detector, although
detailed examination must also take into consideration certain prop-
erties of the associated circuits., The factors affecting theboverall
features of the detector response may be divided into two categories;
the properties of the energy-to-charge transfer mechanism and environ-
mental effects.

The transfer mechanism is characterized by several distinct
stagess In the first stage, the energy of the gamma radiation is
transferred te electrons in the crystal by a combination of photo-
electric, Compton scattering and pair producing events. The relative
probabilities of the three interactions are energy dependent; for
energies less than 0,1 MeV the photoelectric process is dominant but
decresases rapidly so that at 0.5 MeV the Compton scattering process is
the most probable result of an interaction. Above 1.02 MeV competition
from pair production occurs and increases rapidly. At 5 MeV the cross
section for pair production is approximately one half of that for
Compton scattering. In the low-energy region for which the photo-

electric effect is the dominant mede, the entire gamma~ray energy is
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most frequently dissipated in a single event, Above this energy the
fraction of multiple events which occur increases rapidiy with energy,
as does the probability for partial energy transfer in which neot all
the incident gamma-ray energy is dissipated in the crystal,

In the second stage, the electrons which have been energized
by interaction with the gamma radiation excite crystal-lattice electron
states and the process proceeds as described previously. In inter-
preting the features of the response function, it is important to
realize that the pulse-height distribution which results reflects the
energy distribution of the electrons produced in the gamma-ray inter-
action, rather than the much simpler energy distribution of the gamma
rays themselves.,

The response of the 3 x 3-inch NaI(Tl) detector to mono-
energetic gamma rays is shown for several incident energies in Figure T.
The response is characterized by a full-energy peak, a continuous
Compton distribution and at sufficiently high energies, pair-escape
peaks. As can be seen from the figure, the relative contribution
from these three components is energy-dependent. At a given incident
energy and geometry, the partiale-energy portions of the response
decrgaée as the size of the detector is increased.

The nominal resolution of the spectrometer is taken as the
relative width of the full-energy peak at one half the maximum height,
In part, this parameter is related to the variance in the statistical
distribution of the energy-to-charge conversion used in the detection
process, so that the resolution improves with energy. In additien,
however, there is found to be an intrinsic or "infinite energy"

resolution.
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The positidn of the full-energy peak is taken as a measure of
the incident energy. The relationship between the pulse height of the
full-energy peak and the incident energy was investigated by measuring
the pulse height per keV as a function of incident energy relative to
the value for the 0,662-MeV gamma ray of 03157. The results are shown
in Figure 8. The solid curve is a composite of the resulis of previous
researchers (43,44,45) who investigated the low-energy region more
thoroughly than in this study. The results obtained are in good agree-
ment, and indicate that the relationship is not linear.

Certain features of the response are determined by such
environmental factors as source-detector geometry and surroundings,
gource thickness, shielding and any absorbers interpcsed between the
source and the datantor, Large-angle scattering from shielding, source
material and detecior mounts give rise to the familiar baek~seatter
peak, OSmall-angle scattering which takes place in the absorber and
the source material leads to phetons only slightly degraded in emnergy.
The detection of these photons decreases the peak~t0mvailey ratio, AL
sufficiently high energies, annihilation radiation is detected as a
peak at 0,511 MeV and results from pair creation by high-energy gamma
rays interacting with material other than that of the detector,

Another effect which can be considered as environmental is the
detection of beta particles directly, or Bremsstrahlung whish occurs
when a charged particle is accelerated., High-energy beta radiation
can be detected directly by NaI(Tl) counters packaged in thin aluminum.
Electrons are stopped in a material by simple collisions and by the
emission of Bremsstrahlung radiation. The ratio of radiative energy

losg to loss by collisions is given approximately by
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R = -2

800

where Eo'is the particie energy in MeV and Z is the étomic number of
the stopping material. It can be seen thatbradiation losses can become
significant when Z is large and Eo is in the energyvrange of 3-5 MeV,
In order to keep Bremsstrahlung radiation 1évels at a minimum, poly-

B ethylene absorbérs which ‘have a low effectivq Z are uséd with the
thickneés selected so as to slightly exceed‘the'raﬁge of the maximﬁm
enefgy befa particles encountered. In general; séurces_of~minimum
possible extraneous material are used, In the particular case of

La142

’ the carrier-freé sources suited these conditions ideally,

In order.to reduce thé extraneous contributions from scattering
- as much as péssible, it was decided to count with unshielded detectors.
The counting room selected was the one available with the lowest back-
ground. At the source levels used, room background effects were not
serious. Detector mounts were constructed of polyethylene and the
counting was done on wooden benches, or in a lightly constructed
aluminum frame,

Two remaining extranecus contributions to the scintillator
response are connected with the fact that the energy selection is
performed electronically. These contributions are referred to as
coincidence summing and random summing, Coincidence summing refers to
the detection of both members of a cascaded pair of gamma rays. Since
the relative contribution from this effect depends upon the solid angle
subtended, it is reduced by increasing the source-to~-detector distance,

Of course, this alsc results in an undesirable reduction in overall

efficiency and in the ratio of desired events to room baokgrouhd. In
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the measurement of single—crystal‘gammanray spectra, a standard
source-to-detector distance of 10 cm was found to be a satisfactory
compromise,

Random summing is the detection of uncorrelated gemma rays by
chance within the effective resolving time of the system. Since this
contribution increases with counting rate, the minimum source strength
required to obtain a statistically significant distribution was used.
For the case of interest, it was found that the contribution from
random summing was negligible when 2 -3 po sources were used. Methods
for measuring the amount of summing contribution will be discussed in

a later section.

Fagt-Slow Coincidence Spectrometer

The fast-slow coincidence spectrometer enables the researcher
to study the pulse=height distribution of events correlated in time
with those events which satisfy a selected pulse-height condition.

The logic arrangement used for this system is shown in Figure 9. The
analyzer is enabled on the gate which only occurs when events detected
in A and B are in fast coincidence and the event in B satisfies the
pulse~height requirement set by the pulsé—height selector. When this
condition is satisfied, the event detected in A is sorted and
accumulated in the multichannel analyzer, Since the timing marker is
generated at the zerc phase point of the amplifier ocutput, it is
necessary to delay the latter so that it arrives slightly after the
coincidence enable gate., By using a two-speed system the uncertainty
in pulse-height selection time may be tolerated while the advantage of

faster timing is retained. This aspect is discussed thoroughly by
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several authors (41,46) who show that the overall resolving time of the
aysteé is the resolving time of the fast-colncidence circuit.

In the usual gemma-gamma coincidence experiment, & narrow
window is set on the photopeak of the gamma ray of interest to be
selected in side-channel B, In order that the detailed analysis of
the results obtained be meaningful, it is necessary to determine
acourately the position and width of the window. Because of counting-
rate gain shifts and the possibility of long-term window drifts it is
not usually sufficient to calibrate the pulse-height selector with
standard sources., In dealing with short-lived isotopes, however,
there is insufficient time available to find the window position by
step~wise scanning of the spectrum of interest, This is particularly
true when the spectrum involved consists of many photopeaks which
cannot be readily identifiedﬁwhen only a limited region of the spectrum
is scanned.

The window width and position can be determined rapidly and
accurately by self-gating the aﬁalyzer. The delayed output from the
linear amplifier in side-channel B is connected to the analyzer which is
enabled by gating with the output from the pulse-height selector. A
single-crystal spectrum from detector B is obtained in one subgroup of
the analyzer memory with the ADC unblocked, The gated spectrum, which
only contains pulses satisfying the condition set by the pulse-~height
selector, is then obtained in a second subgroup. The position of the
window with respect to the rest of the spectrum can be checked visually
with an oscilloscope display of the overlapped subgroups. When the

window has been adjusted satisfactorily a hard copy record of the
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memory contents is taken., The window position is checked again after
the end of the coincidence counting.

Because the resolving time of the system is necessarily finite
and the time distribution of unrelated events from an ensemble of
decaying nuclides is randem, not all pairs of events which give rise to
a coincidence gate result from truly correlated events, Unrelated
events which ocour within the resolving time of the coincidence circuit
are referred to as chance events, Since the ratio of chance éﬁents to
true coincidence events is given by 27N0, where T is the circuit
resolving time and Nb is the source strength, the chance contribution
for a given resolving time is kept as small as possible by using the
minimum source strength required for the experiment., It is possible
to measure the chance contribution in a given experiment during the
same counting period as that used to obtain the coincidence spectrum
of interest. The analyzer memory is split into two subgroups. Two
fast coincidence circuits with the same resolving time are comnected
in parallel to the outputs of the timing markers. The timing marker
to one of the fast coincidence circuits is delayed a time significantly
greater than the resolving time., The same pulse height restriction is
imposed on both systems using slow coincidence c¢ircuits. The fast-
slow coincidence gate obtained from the delayed coincidence circuit is
both mixed with the normal coincidence gate and also used as a routing
signal. In this way, a sampling of the chance contribution is obtained
in one memory group under the same counting conditions ag the coinci-
dence spectrum and may be subtracted from the latter,

In a typical coincidence spectrum there are five distinct

contributionss the true coincidences, the chance coincidences,



the sum-coincidences, the random summing and Bremsstrahlung. Of course,
all but the first are undesirable contributions while the remainder can
lead to a misinterpretation of the results if their effect is sizeable,
To obtain s sum~coincidence event in a coincidence experiment a coinci-
dent pair of events must be detected in counter A at the same time as
an event of the selected pulse height occurs in detector B, The number
of three-member cascades in a decay scheme is normally much less than
the number of two-member cascades, so that although geometrically the
magnitude of the effect is the same as in single-crystal spectra, its
probability of occurrence is generally lower. The effects of
Bremsstrahlung and random summing amount to the same relative contri=-
butions in coincidence and single-crystal spectra when these events
occur in such a manner as to satisfy the logic conditions imposed by
the system.

Because coincidence conditions are restrictive, the overall
efficiency obtained in a coincidence experiment is much less than that
of a single-crystal experiment. For this reason it is usually neces-
sary to use stronger sources and count in a geometry which involves
larger solid angles., A compromise must be reached between the desire
for good statistics and the higher levels of interference from the
above-mentioned extraneous contributions which inevitably accompany
inoreased source strengths and solid angles., Generally speaking, it
was usually found satisfactory to sacrifice an order of magnitude in
counting rate in order to keep the level of interference as low éé
possible,

In the coincidence experiments on La.]’l+2 approximately 5 po

sources were used at a distance ¢f 3 cm from the faces of the detectors,
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The detectors were placed at 180° and the source was mounted in an
anti~Compton shields The shield is used to prevent the occurrence of
scattering between the detectors, an event which is detected as a
true coincidence, The source was taped between the two halves of the
shield, each of which consisted of one-quarter inch lead plate with a
one-half inch hole in the center. This arrangement was found to
reduce the scattering between crystals by an order of magnitude when

tested with a 03137 source.

Sum=~Coincidence Spectrometer

The two-crystal sum-coincidence spectrometer developed by
Hoogenboom (47) can be used to advantage in investigating the time
relationships between gamma rays because the spectra obtained are
usually simpler, This spectrometer is more selective than the normal
fast-slow system and the spectra obtained have fewer components than
in the latter case.

The logic arrangement for a sum-coincidence spectrometer is
shown in Figure 10. The outputs from detectors A and B, for which the
gains have been aligned, are added and amplified in the center chammel,
A fast-slow coincidence arrangement enables the analyzer only for
coincidence events in A and B with an energy sum corresponding to the
range of pulse heights selected from the summed distribution., The
analyzer sorts events occurring in detector B which satisfy this
requirement.

In simple cases, such as that of S@#6 shown in Figure 11, very
pronounced full-energy peaks are obtained. The partial-energy portion

of the NaI(Tl) gemma-ray response is entirely removed, since events of
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this nature do not fulfgll the summed-energy requiremeni, In the more
general case, when the zpectra involved are complex, three distinect
types of adding can occur, each leading to contributions to the sum-
coineidence spectra, The adding of one full energy peak to another
gives the result shown in the figure, The adding of one Compton
continuum to amother, fer which there is suffiecient energy to give

rise to the selected sum energy results in a eontinuocus baeckground
which is usually approximately constant. The adding of a photopeak

to a Compton continuum leads to the ocourrence of "ghost peaks" which
oscur at an energy equal te the difference between the sum energy and
the photopeak energy (48). It is possible to distinguish "ghost peaks"
from true peaks, since fhere is a dependeﬁoa of peak width on the
width of the wipdow set in the pulse-height selector for the latter
case, The width of-the'ﬁghost peak" is independent of this parameter,
Since the accurate determination of peaklwidths requires very good
statistics and a correlation of peak width with sum-channel width
requires several runs, this method of distinguishing the ftwo cases is
not usually practical. Furthermore, in order to observe this depend-
ence, the pulse-height selector widths must cover a range which
includes widths very much less than the natural sum peak width., Since
in many cases the sum peak cannot be obtained rapidly, the use of self-
gating methods te adjust the window to the desired pesition before
beginning the coincidence run can be very’ﬁimawconsuming, When the
half life of the nuclide under investigation is short, accurate setting
of narrow windows cannot be achieved readily. An added difficulty

resulting from inacourate window settings is that the coincident photo-



peaks involved may appear at slightly different energies than their
correct values,

Because of these difficulties it was decided to set windows
sufficiently wide to accept the entire natural sum peaks, This tech-
nique was used in investigating specific properties of certain
cascades in Lalaz. Information from other coincidence experiments
was used as a guide in interpreting the sum~coincidence spectra. In
general, "ghost peaks" are reduced in intensity as compared to true
peaks in the same way that a given energy band of the Compion continuum
is reduced in comparison to the photopeak in a monoenergetic response.
Of course, confusion can arise between a "ghost peak" resulting from
an intense line adding with a strong continuum and a low-intensity true
peak, Only the stronger peaks in the sum~coincidence spectra were used
as definite information,.

As suggested by Johnson et al (49), the contribution from
coincidence summing contained in a single~crystal spectrum may be det-
ermined using a slightly modified form of the arrangement shown in
Figure 10. The output from the sum amplifier is connected to the
analyzer ADC and the analyzer memory is split into two subgroups. The
subset of fast coincidences between detectors A and B are routed to
one of the subgroups and the rest of the events are stored in the
other, Since the probability of detecting both members of a cascade
in either detector A or B is the same as the probability of detecting
one member in detector A and one in detector B, the routed subset of
events exactly equals the sum-coincidence distribution contained in the

combined single-crystal spectra of the two detectors.
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If the resolving time of the coincidence circuit from which
the routing pulse is derived is lengthened to approximately 27 = 2 psec,
then the routed distribution contains both the coincidence~ and random-
sum ¢ontributions.

Handom-sum events may also be detected by sensing the increased
width of the corresponding amplifier pulse (50)° In addition to the
normal zero phase-point timing marker, a timing marker is derived from
the leading edge., The leading edge marker is delayed a time equal to
the undistorted pulse width and a cocincidence requirement rejects
abnormally-wide pulses., Both types of sum comtributions are illus=-
trated in Figure 12, It should be noted that, unlike the coincidence-
sum distribution, the random-sum spectrum is not merely the convolution
of the individvual gamma-ray response curves, The latter distribution
is further complicated by the fact that the effective amplitude of a
sum pulse is dependent upon the time difference between the component

pulses,

The Three-Crystal Pair Spectrometer

The identification and determination of the energy and inten=
gity of individual components in the high-energy region of complex
gamma~ray spectra is facilitated by using a spectrometer which has
higher resclution and a simpler response than the single-crystal
scintillation spectrometer, A spectrometer which fulfills these
requirements, at the expense of reduced efficiency, is the three-
crystal system shown in Figure 13, The center crystal is @iposed to
the source through a lead collimator three inches thick with a one-

half inch diameter hole, The two side detectors are shielded from the
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source and are used to detect annihilation radiation which escapes
from the center orystal. The pulse-height selector windows for these
detectors are centered at 0.511 MeV., By requiring a triple fast coin-
cidence together with the above pulse-height condition those events
which lead to the second pair escape peak of the single-crystal res-
ponse are selected,

i

60 and Na2 obtained with the three-crystal

The spectra of Co
pair spectrometer used in this study are shown in Figure 14, The res-
ponse to & gamma ray of incident enexgy EY is essentially a single ,
peak appearing at a pulse height corresponding to an energy of’EY-Zdocz.
The effective increase in resolution can be explained by the following
arguments., Consider two gamma rays with mean energy E and separation
AE, Then the relative separation in the single crystal spectrum is
AE/E while in the three-crystal pair spectrum the relative separation
is increased to AE/E-Zmocz. For energies}in the region greater than
2 MeV the width of the pair peak is not appreciably greater than the
photopeak width s¢ that the resolution of the pair speoﬁrameter is
greater than that of the single\crystal spectrometer by the facter
E/E-2moc2. For example, the relative separatién of the 0060 gamma
ray energies is 12.8% while as can be seen in Figure 14 the relative
separation of the corresponding second pair escape peaks is 69.}%, an
incréase in effective resolving power of a factor of 5.2,

As can be seen from the nature of the scintillator response
shown in Figure 7, the second pair escape iz the least probable event
for the energy range extending te 3 MeV in a three-inch crystal. The

relative contribution from pair-escape events is increased in smaller

erystals, For this reason a 1.5 x 2-inch crystal was used as the
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central detector. To obtain maximum efficiency for the detection of
annihilation radiation escaping from the orystal, the side detectors
used were 3 x 3 inch. The relative efficiency as a function of energy
follows the pair cross~section'nurya; The overall efficiency at 2 MeV

is approximately 10_4 while the resolution at 2 MeV is 3%,

Seintillation Beta-Ray Spectrometer

Beta spectra were measured using the system described in
Section 4,5, with the NaI(T1l) detector replaced by a NE-102 plastic-
phosphor beta detector. The phosphor was enclosed with a light-tight
mylar cover. The source was placed at a distance from the crystal
which was small compared to the range in air of the beta particles of
interest, Since in this work the energies of interest were from
0.6 =4,5 MeV, effects of air sbsorption and source backing thickness
were negligible. The beta spectrum of 03157 measured with this system
is shown in Figure 15. The response of the detector to the 0,625-MeV
conversion line also shown in the figure was measured by requiring a
coincidence between electrons and the 0,032-MeV x-ray.

Ag in the case of the gamma-ray spectrometer, events occur in
which there is only partial transfer of the incident electron energy
to the phesphor, At low energies, where the depth of penetraticn of
the incident electron is not great, such events are attributed to
backscattering. The range of beta particles generally quoted in
miclear data tables refers to the normal depth of penetration through
absorbers which extend over a surface area that is large with respect

to the range, Since electrons interacting with matter suffer many

large~angle scatterings, the actual distance travelled is much larger
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than the range values quoted. This fact becomes important in the
consideration of scintillation beta detectors in which the lateral
dimensions can be of the saée order as the range. In this case beta
particles may be scattered out the sides of the phosphor (51).

For these reasons it is desirable to use a phosphor, the
dimensions of which are large with respect to the range of the beta
particles of interest., Unfortunately, as the thickness of the
scintillator is increased, the relative efficiency for the d;teetion
of beta particles, as compared to the efficiency for gamma detection,
is reduced., The response of the detector to gamma rays results from
Compton events and the distribution is a Compton continuum, It may be
argued that by interposing a beta absorber between the source and the
detector the gamma-ray contribution to a beta spectrum can be measured
and should therefore not constitute a serious problem. Extraneous
contributions to beta spectra are more serious than in the case of
gamma~ray spectra. This is because in beta spectroscopy ene is inter-
ested in determining the pulse height for which the counting rate
vanishes while in gamma spectroscopy one is interested in positions of
maximum counting rate. In addition, since large solid-angle geometries
are used, the effects of beta-gamma coincidence summing can become
serious unless gamma-ray detection efficiency is small compared to the
efficiency for beta particles, For these reasons it is necessary to
reach a compromise between the conflicting requirements of minimum
gamma~ray efficiency and & maximum of full-energy transfers of inci=-
dent eleciron energy,.

The effect of random summing is shown in Figure 16, Since the

beta transitions are not correlated in time, beta-beta coincidence
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sunming cannot, of course, occur. The contribution from random
summing extends beyond the true endpoint of the beta spectrum and can
lead to confused interpretation of the data,

The energy pulse-height relation for plastic beta secintillation
detectors is linear over the energy range of interest in this work (52).
The relation was measured with several calibration sources using the
position of Compton edges in the case of gamma-ray sources and end=-

points of known beta spectra. The results are shown in Figure 17.

Multi-Parameter Analysis

The study of the frequency distributions of events, with which
are assoclated several correlated parameters, is facilitated by the use
of logic systems which assign a dimension to each parameter and accumu-
late the events into an appropriate multi~dimensional distribution.
For each parameter there is required a detector and an analogue-to-
digital converter. The analyzer memory is arranged in an array, the
dimension of which is equal to the number of parameters involved, In
general, if each parameter is to be studied in the same detail, the
nemory capacity required is that of a one-dimensional analyzer raised
to the power of the number of parameters, For example, in order te
obtain the two~dimensional pulse-height distribution corresponding te
coincident gamma rays, one may require a memory comprising the order
of (100)2 locations, each of which is required to store 105 events,

It is only recently that attempts have been made to construct
analyzers with such large memory capacities. Previously the approach

adopted by researchers requiring multiparameter analysis has been

address recordinge In the address recording system there is no attempt
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to accumalate and sort events during the experiment, The digitized
values of the parameters corresponding to each event are entered on a
continuous recording device, usually megnetic tape. The data is
‘searched and converted to the required form in a computer after the
completion of the experiment. The advantages and disadvantages of
these two approaches has been discussed fully by several researchers
(5354455).

A simple two-dimensional spectrometer was comsbtructed based on
the design of Grodzins (56). Amplifier pulses are stretched and
applied to the horizontal and vertical deflection plates of an ¢scil~
loscope, The cathode~ray beam is intensified by the output of a
coincidence circuit, Each event appears as a spot on the oscilloscope
at a position on the screen with co-ordinates which are proportional
to the pulse heigbts produced by the coincident gamms rays in the det-
ectors, The distribution is accumulated by obtaining a time exposure
of the oscilloscope screen on a photographic plate. Unfertunately,
the results obtained by this method are only semi-quantitative., In
addition, when the gamma-ray spectra involved are complex, as in the
case of most fission products with total disintegration energies of 3
to 4 MeV, the distribution obtained by this method is not sufficiently
detailed to be useful.

A 1024-channel multiparameter analyzer was used to study the
. beta~gamma and gamma-gemms coincidence distribution of Lalhz. The
arrays available with this instrument were 8 x 128, 16 x 64 and 32 x 32
channels in each dimension. Information obtained with this instrument
was used to complement that obiained with the fast-slow coincidence

spectrometer, Several arrangements were used in the course of the
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study, The distribution of time-correlated gamma radiation from Scﬁ6
is shown in Figure 18 as an example of the form which the results take.
Because of the limited number of channels in each dimension, it is not
always poszible to obtain the entire distribution in one counting
preriod. However, in such cases restricted regions of the distribution
Hﬁéy be'seleeted-for detailed examination, With the same energy range
covered by each axis, the distribution is symmetric about ExfsEy. The
coincidence peaks at the positions (1.118, 0.892) and (0.892, 1,118)
are approximately two-dimensional Gaussian distributions, Other
significant positions of the spectrum are the photopeak, Compton and

backscatter combinations,
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CHAPTER V
DATA ANALYSIS

5.1 The General Problem

As has been indicated in the previous chapter the pulse-height
distritution of a scintillation spectrometer is much more cemplex than
the actual energy distribution of the incident gamma radiation. The
spectrometer can be looked upon as a simple system relating an incident
spectrum (object function) to a measured spectrum (image function). A
complete description of this relationship is contained in the response
characteristics of the spectrometer. The relationship can be derived
from the following arguments. Consider the idealized monoenergetiec
object function O (E-Eo) corresponding to a discrete incident spectrum
of energy Eo. The image function or measured spectrum which results
is called the response and denoted by R (E’Eo)' A knowledge of R (E’Eo)
for all Eo, i.e. the response surface, constitutes a complete descrip-
tion of the spectrometer as a mathematical system. A general object

function S (E) satisfies the relation

(oo
S (B) = f s (Eo) 6 (E—EO) dE 501
=80
The image function M (E) is therefore related to the object

function S (Eo) by the relationship

52
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M (E) = f S (Ec) R (E,Eo) aE 502
= 09
The measured spectrum is related to the incident spectrum by an
integral transform, the kernel of which is the response surface of the
spectrometer.,

The preblem of determining the incident spectrum given the
experimental information in the form of the image function invclves
twe distinct aspects obtaining a complete description of the res-
ponse surface and inverting by some method the inbtegral transform in
52 Looked upon in this way the problem becomes awesome indeed. Of
the several appreaches required to simplify this probvlem, one in part-
icular, the regression model, leads to a formal description of the

didaetic philosophy of decay-scheme studies themselves.

502 Yector Formulation and Statistical Considerations

The general formulation of the spectrometer performance in
mathemgtical terms involves continuous functions and an integral trans-
form in an infinite dimensional space, In order to reduce the problem
to terms more practical as regards data analysis, it is necessary io
formulate an approximate description in finite dimensions. It is
interesting to note that this step is closely parallel to the analogue-
to~digital conversion process. Indeed, the data corresponding to the
function M (E) obtained with the multichennel analyzer takes the form
of an N-dimensional vector (Ml’Mé so0 MN) where Mﬁ is the number of

events accumulated in the memory location 1. An approximate form of

the integral transform is the finite transformation
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where R is usually called the response matrix.

Generally speaking, the quality of the finite approximation
improves as the dimension is increased. Of course, one is confronted
with the practical limitation of memory size. It has been pointed out
by other researches (54,55) that the detail obtained using a mesh cor-
responding to two-hundred chamnels is sufficient for most cases, No
hard and fast criterion can be given since the detail required depends
upon the nature of the spectra involved and the methods of analysis
adopted.,

The most straightforward solution to the problem, inversion of
the response matrix, is beset with practical difficulties., If the
mesh required for sufficient detail corresponds to 200 channels, the
inversion of the response matrix represents a problem beycnd the capa-~
bilities of present-day computers. The characteristics of the response
must be determined experimentally so that the form of the response
matrix used is approximate. It is difficult to estimate the effects
of inaccuracies in the response matrix., Finally, statistical fluctu-
ations in the data are apparently exaggerated in this method (57).

Agide from these practical difficulties, the success cf the
inversion methed presumably depends upon the mathematical properties
of both the transformation and the image and object functions, The
objeet function corresponding to an incident spectrum which is discrete

1 in this case leads

is highly discontinuous. Operating on 3? with R™
-3
to an S with oscillating components.
The measured spectrum M is a random vector. The vector may be

agssumed to follow the normal multivariate distribution with the
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variance of each component equal to the magnitude of the component
except in the extreme of small or large samples, Components corres=-
ponding to only a few events actually follow the Poisson distribution.
In the case of large samples, departures from differential linearity
in the analyzer will lead to departure from the normal distribution.
Since fluctuations in channel widths are less than one percent, this
effect is probably not sericus except in a detailed statistisal

analysis of spectra with approximately 104 counts/channel, or greater,

Analysis of Gamma-Rey Spectra

The input function corresponding to a discrete set of n gamma-

ray components with energy Ei is given by

n
B I
S = o, e
i

i=1

where 7;? is the basic vector in the channel representation corres-
ponding to the energy Ei' The single=~crystal scintillation spectrum
is given by
n
M (j) = Z «, R (193) 3 =192y eee ¥ 5okt
i=1

It can be seen from Equation 5.4 that the analysis of a particular
gamma~ray spectrum can be carried out without a complete knowledge of
the response surface., All that is required is the set of n appropri-

ate sections through the surface cut by the planes E These sections

i‘
are usually called line shapes L, (3) =R (i,j) and form a new basis

of representation, The spectrum is given by
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n

3?’» }::; o, ﬁ;% 565
i=1 :

The unknown vector = - (al, voe an) is of dimension equal to the

number of spectral components, while_irand‘f; are N-dimensional

vectors, where N is the memory size, so that 5.5 is an over-determined

set of linear equations.

To facilitate the analysis of the gamma-ray spectra encount-
ered in this work, a library of line shapes in the energy region of
042 = 3,1 MeV was compiled. A set of line shapes was obtained using the
standard sources listed in Table III., Line shapes were constructed at
intervals of”O.l MeV by interpolation between adjacent measured pro-
files. In Figure 19 is shown a percentile plot of the photopeak of
Mh56 on probability paper. The high-energy side of the photopeak is
linear, indicating a Geussian distribution. Deviations from linearity
on the low-energy side result from small angle scattering, The vari-
ation of the photopeak width parameter as a function of incident
gamma~ray energy and of the ratio of the pair~-peak areas to the corres-
ponding photopeak areas were determined from the line shapes of the
standard sources. The continuous portion of the response was construc-
ted using point-by-point linear interpoclation., The library constituted
a convenient reference for the analysis of gamma ray spectra which
extend over a large range of energy. The scale change required to
apply line shapes from the library to a spectrum was achievéd by means
of a pantograph.

Since the standard line shapes used in the library were

obtained using different channel widths than those used in obtaining
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TABLE III

Standard Gamma~Ray Sources

Isotope EY(MBV)
a8 0,411
cst 7 0,662
> 0.835
255 1.114
v 1,43k
1a*0 1.60
128 1,78
138 2.16
71208 2,615
Na 2t 2.76
37 3,12

57
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the gamma-ray spectra to be analyzed, the effective photopeak widths
may differ. For a given channel width w and photopeak width a, the
effective photopeak width is approximately b = (w2 - a2)1/2o The

effect of finite channel width only becomes important, therefore, when
the channel width is comparable to the line width., In these cases,

when it is desired to investigate a limited region of the spectrum in
more detail, appropriate standard lines are measured at the same gain

as that used for the spectrum.

The simplest method of analyzing gamma-ray spectra is the
method of successive subtractions, or stripping. The stripping can be
carried out conveniently wsing graphical analysis, The appropriate
line shape is fitted to the highest energy photopeak and the contri-
bution corresponding to the detector response to this gemma ray is
subtracted from the total spectrum. The process is repeated using the
highest energy photopeak occurring in the first residual and this
procedure continued until all the components have been fitted. Spectrum
stripping, despite the tedium of the method, is probably the most
widely used approach to thg‘analysis of gamma-ray spectra. Since the
analyst is closely controlling the procedure, subjective allowances
for possible inaccuracies in line shapes and extranecus contributions
are made, The estimate of the incident spectrum represented in the
model basis as ?; = (al,a2 PP an)t is biaseds Full use of the data
is not made in the sense that no attempt is made to satisfy consistently
the complete set of Equations 5.5. Because it is possible to make
allowances in the analysis for inaccuracies of the model, it was
decided to use this method extensively in the analysis of the gamma-ray

spectra measured in this study., Components of the spectrum revealed by
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the graphical analysis were considered tentative unless their existence
was patently obvious and more clear-cut evidence from other experiments
was required before they were considered as definite, In the case of
photopeaks corresponding to unresoclved gamma rays all that could be
done as a first step was to note any anomalous peak widths, The
analysis was repeated as furthér information indicated a refinement of
the model was necessary.

A more sophisticated approach which makes full use of the data
and leads to an unbiased statisticaily-significant estimate is multiple
regression (or the method of least squares)o The most general approach
in which both the energies and intensities of the spectral components
are treated as variables is a non-linear problem requiring iterative
methods, When a more restrictive model based upon both the mimber of
components assumed and their energies is used, the problem is linear in
the remaining unknown oo The regression model manifests itself in the
n x N design matrix Xij = Li(;j) and 5.5 becomes _i? = X ?, so that the
incident spectrum consists of the regression co-efficients ??bw
(al,az coe an)t, The requirement of minimum residual leads to the

normal equations

- - -

5 = (xXPax)™t xteM 506
where o is the diagonal weighting matrix,

1
w 5 amecoess o

1
rr 27 .
G;, u,
and C = (Xth)'l is the variance-covariance matrix. The weighted
residual is given by

p = (M-28)% o(M-38) 5.7
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and the covariance (unbiased estimate) between the components ai,aj is
given by
dij = Gy iz 548

The advantages of multiple regression over stripping are twofold.
The results obtained are unbiased estimates of the regression
coefficients and their associated correlation matrix. In addition,
goodness-of-fit eriteria, such as the 'X 2-twt, and analysis of vari-
ance techniques indicate the correctness of the regression model and
the significance level of each component of the model respectively.
However, these criteria, especially the first, rely upon assumptions
about the statistical nature of the data itself. For instance, if an
unlikely value of X 2 is obtained it could indicate that the design
matrix which contains essentially all the physical assumptions of the
model is incorrect or that some statistical requirement has not been
fulfilled, It may be thatig is not distributed according to a normal
multivariable distribution and that incorrect estimates of the component
variances have been used in the weighting matrix,

Assuming that the statistical requirements ére fulfilled, a
detailed interpretation of the results of a regression analysis requires
further stringent conditions to be met. For instance, if the test
indicates that the design matrix is incorrect, it may be because too
few components have been assumed or that the line shapes used are not
appropriate, Instabilities in the overall gain of the analyzer system,
such a8 arise from counting-rate shifts, ceuse a broadening of the
photopesks and a general smearing of the spectrum. This effect is
usually too small to be detected in the rather insensitive stripping

method.
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Incorrect positioning of the line shapes and the use of too
few components in the design matrix may be detected by observing the
differential residual (M-XS)., If a line shape has been incorrectly
positioned the residual will oscillate in the region of the photopeak
concerned, If a component has been omitted and is statistically
significant, a peak in the residual will occur.

A complete program for the regression analysis of gamma-ray
spestra would require a means of generating line shapes, and a pre-
liminary stripping procedure leading to an approximate design matrix,
as well as the solution of the normal equations and the application
of statistical tests. Such a program was beyond the scope of this
study. However, the single-orystal spectrum of La.lLl'2 was analyzed
using the results of the graphical analysis as a basis for the design
matrix in a regression program for the Bendix G-15 Computer. The
guality of the fit is shown in Figure 20. In addition, when studying
the angular correlations of some cascades, limited regions of the
spectra measured at each angle were analyzed using this method.

In summary, it might be mentioned that the use of a regression
model has decided advantages over the straightforward inversion of the
response matrix in the channel-basis representation, The inversion of
the correct design matrix, which contains no irrelevant information
and is therefore of much smaller dimension, is more efficient than the
general method., Despite this it is hoped that investigations of the
general method will lead to success in the future. No assumptions are
necessary in this approach and a regression model based upon a stat-

istical distribution representing the response-corrected spectrum is

the most satisfactory analytical approach.
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Analysis of Gamma-Gamma Coincidence Spectra

As discussed in the section on multi-parameter analysis the
distribution of coincident events determined by a pair of counters is
two-dimensional, one dimension being associated with each counter.
The general formulation of spectral analysis is easiiy extended to

this case and the relation between image and object functions is given

by
M(Ex,Ey) = f RA(Ex,E;C) RB(Ey,E;r) s(m;c ,E};) dE;[d.E;r 5¢9

where x and y are the dimensions assigned to counters A and B respect-
ively. The functions M(Ex’Ey) and R(E,E') are defined in Section 5.1
The transformation from the channei basis to the model basis leads to

the equation

n n
== . .1
M(Ex,Ey) Z Z % Li(Ex) Kj(Ey) 5¢10
i=1 J=1

where Li(Ex) = RA(Ei,Ex) and Kj(Ey) - RB(E j,Ey). Equation 5.10 is the
corresponding two-dimensional regression model. A multiple regression
solution to this problem which takes into account both dimensions
simultaneously leads to a variance~covariance matrix of dimension n2.
However, since the variables are separable, it is possible to analyze
the distribution in two steps.

For a fixed Ex, a fit can be performed to 5.10 in the form

n

M(Ex,Ey) = Z « j(Ex) Kj(Ey). 5011
j=1



63

This step is repeated for each of the N channels in the x~direction

leading to the set of N equations

n R
ay(B,) = Z a5 Ly (B) 5e12
i=1

each of which can be fitted to obtain the qij’ The distribution
“j(Ex) is referred to as the spectrum in coincidence with Yo

When coincidence studies are carried out using the fast-slow
coincidence spectrometer, usually only portions of the two-dimensional
spectrum are measured. Consider an experiment in which a window
centered at Eo of width 2AE is imposed by the pulse-height selector of

the system, The coincidence spectrum under these conditions is given

by
E +AB
0
C(Ey) = f M(Ex,Ey) dE_
EO-AE 5013
n E, +LE
= Z f z Li(Ex) aE, Q5 Kj(Ey)
j=1 el
E -A0E
(2]

Designating the window contribution arising from Y; a8 Di’ then 5.13 can

be written

n

n
C(Ey) = 2 p'j Kj(Ey) where Py = Z Diqij Sell
j=1 i=1



Usually the window position Eo is set to correspond to the
full-energy peak of a particular gamma ray of interest. Then the
sorrelation coefficient corresponding to coincidences between the

gating gamma ray v, and a gamma ray y, occurring in C(Ey) is given by

: 3
Ly = ﬁ; Pg = B, 9,8 ° 9015
i # T
With the fast-slow system, each measurement of C(Ey)'usually requires
a separate experiment and it is necessary to normalize Py 80 that the

analysis leads to meaningful comparisons. In this work the normal=

ization suggested by O'Kelley (58) was adopted.

pd
q = %— CI—’g-i— - Z Diq'i 5016
Try8 - WEB 98

ifr

where Ps is thg.area of the photopeak of the distribution P, K3<Ey)
and Cw is the nﬁmber of events in the window. The photopeak area is
corrected for absorption losses (e-pd) and photo-efficiency ( € s)’

The correlation coefficients normalized in this manner are
referred to as coincidence quotients, The coincidence quotient
qr,s ig the ratio of the mumber of coincident events corresponding to
the cascade pair (Yr,ys), $0 the number of gating events correéponding
to Yo the gamma ray of interest, The gatingAfraction Di’ i % r
represents the extraneous contribution to the window which resplts
from the partial-energy portion of the response Li(Ex)’ when EE .
This is illustrated in a typical self-gated spectrum of La142 in

Figure 21. The contributions to the region covered by the window are

obtained by numerical integration of the equation
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E +AE
°
D, = f Li(Ex) dE_ ' 5017
E -AE
]
The composition of the window assumed in the analysis is of course
based on the results of the single-crystal analysis,

The spectrum C(Ey) is analyzed graphically in the same manner
as the single-crystal spectrum. Coincidence-guotient analysis is the
natural extension of stripping to two dimensions. The method of
analysis can be most easily appreciated by considering the following
experimental design. A window is first positioned at En which corre-
sponds to the highest energy photopeak, in which case ])n = 1 and
Di =0, 1 ;4 n. Coincidence spectra are measured for window settings
E ,E

n’n-1? °°° El

of coincidences from higher-energy gamma rays by successive sub-

, and each spectrum is corrected for the contribution

tractions as represented by the term

Z Di qi,s

i;ér

This procedure contains the same disadvantages ag the one-dimensiomal
stripping analysis. One refinement possible is to use regression
techniques for the analysis of each C(Ey).

The expression given for the coincidence quotient above is
approximate since the effects of coincidence and random summing,
Bremsstrahlung and angular correlation have been neglected, The
exact corrections for these effects, which are present in both detectors,
are difficult to make, If it is possible to obtain their relative

contribution to the single-crystal spectrum, then they may be included



66

in the gating fractions Di. On the other hand, the contribution to
which they give rise in C(Ey) is usually impossible to determine., It
is possible to correct for random and coincidence summing in crystal B,
either experimentally or analytically. An experimental determination
of this contribution could be obtained by using three crystals in a
natural though complicated extension of the method discussed previously
(Section 4eT)s 4An approximate analytical correction can be made if one
has some idea of the coincidence relations before hand, Consider the
case of a three-member cascade, Yl’Yz’YB and a cross-over cascade
Y19Yhs for which EY4 = EY2 + EY o Then the appropriate response to
3

74’Kh(Ey) is complemented by the sum coincidence contribution from
72,73. The photopesk area of Yy is given by

NL,.= P4 + P‘2 55 q3’2 + ZTPZPB. 5.18
The actual area, P4 is obtained by subtracting the sum-coincidence

contribution, P2 F3 and the random summing contribution 27P2P3o

3%3,2
If a regression analysis of C(Ey) is to be carried out, the actual
shapes of these contributions must be included in the design matrix.

The coincidence quotient relation can be modified to include
angular correlation effects (58). However, the angular correlations
are seldom known during the initial stages of a decay-scheme study.

A complete coincidence-quotient matrix is used in conjunction
with the single-crystal intensities to test the validity of the various
decay-schemes postulated on the basis of the coincidence relatioms,
Once an acceptable decay scheme is constructed the quotients are used

to obtain the gamma-ray intensities by an iterative procedure which

proceeds until internal consistency is achieved.
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.
-3

Strictly speaking, the diagonal elements of the coincidencs
matrix should all be zero. However, in practice, when a cascade pair
congists of members which cannot be resolved and therefore are
indigtinguishable, the result can appear as a non-zeroc diagonal

element.

Analysis of Beta Spectra

Unlike the discrete object function corresponding to the
incident gamma-ray spectrum, the object function deriving from a beta
transition of energy E0 is continuous. In this case, therefore,
correction for finite response requires the inversion of the integral
transform 5.1, For an allowed transition of energy E09

S(E) = k_ pW(E0-E)2 F(Z,W) 5019
where p and W are the relativistic momentum and energy and F(Z,W) is
the Coulomb factor, The equation is usually re-arranged in the form

of a Kurile plot

1/2 ,
§%?2 / - (ko)l/2 (B -E), £ = F(z,0) pv 5020

As indicated in Section 4.9, the response funstion has the

approximate form

2
R(E,E') = k + exp - ﬁEl::gl- E<B?
a(EY)
) 5.21
= exp - (B! ~5) EXg!
a(EY)

where, according to Freedman et al (59), k is independent of Ef, Ar
extensive investigation of the response function for the energy range

of interest in this work, 0.5 5.0 MeV, is made difficult by the lack
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of naturally ocourring monoenergetic electron sources over this range
of energies. Indeed, there is a scarcity of long-lived standards with
gimple beta-ray spectra in this region. It was decided to calculate

the shape of the measured spectra for Sr90-7Y9O (2¢3 MeV) and Celqh'-

Prlhu (2,98 MeV) using the value of k determined from the cat37
conversion line, The parameter a was adjusted for agreement with experi-
mental data. The iterative inversion procedure of Freedman et al (59)

was then used to correct the measured spectra for resolution effects,

The equation of iteration is

gn+1) _ S(n) + M - Rs(n);s(o) = M. 5,22

As a first test, the response correction was applied to a calculated M,
the results of which are shown in Figure 225, Kurie plots of respconse-

14 o 144

corrected Ce and Sr9o-Y9O spectra are shown in Figure 22%,
The main difficulty encountered with the direct application of this
method is an exaggeration of the statistical fluctuations in the data.
It was found necessary to smooth the spectra before iterating.

A convenient response correction satisfactory for the beta
spectra involved in this study was based on a comparison of calculated
spectra M with object functions S, Consider the spectrum for a beta

transition of energy Eo’ Then it is possible to calculate the

correction factor
S(E
&g (B) = M%E‘g‘ so that S(E) = gy (E) M(E).
o o

Kurie analysis of complex beta-ray spectra is, like spectrum
stripping, a procedure of successive subtractions beginning at the
high-energy end in the region for which only one group contribuges to

the spectrum, The difficulties of such an analysis, particularly
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when the endpoint energies are unknown, are severe even in very pure
spectra obtained with magnetic spectrometers for which the effects of
finite response are not large, For example, two beta groups of
comparable intensities and endpoinf energies tend to be analyzed as a
combined singie group. Similarly, a group of lower energy and
intensity may be obscured hy & high-intensity group.

If we consider a complex incident spectrum

n

S(E) = Z si(m)

i=1

then the measured spectrum is given by

= S.(E)
e - L

Analysis of the high energy group follows from

n
E
5 () = g, (8) WE) - ), 5,(8) 2’-‘%
i=1
The construction of a regression model for a complex beta

spectrum is a much more difficult problem than the corresponding case
of a gamma—ray'spcatruﬁ.'A prerequisite is a knowledge of the number
of components, theif nature (allowed or forbidden shape) and their end-
point energies. This information also provides a useful guide for
graphical Kurie analysis but cannot be arrived at easily. It was
decided to obtain a model for analysis bagsed on the examination of

several beta-gamma coincidence spectra. Generally speaking, these

spectra are much simpler and provide an indication of the model to be
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used. An extensive investigation of the general problem of spectral

analysis for beta continua is outside the scope of this study.

Analysis of Angular Correlation Data

Both the fast-slow coincidence system and the sum-coincidence
system are used in angular correlation studies. Analysis of the fasi-
slow coincidence data consists of obtaining the coincidence co-efficients
as a function of angle,pj(O) suitably normalized. The analysis of the

sum-coincidence dats is much more straightforward because of the

’ simpler nature of the spectra involved, The areas of the relevant sum-~

component peaks are determined by numerical integration and normalized
to correspond to an equal number of singles events. As has been
pointed out in Section 4.7 for this work, only those parts of the
spectrum definitely established to correspond te true sum-coincidence
peaks were analyzed, The normalized correlation functions are fitted
to an equation of the form

WM(O) = A+ AP (cos ©) + AqPq(cos 0).
The best parameters Ai and the associated variance-covariance matrix
are determined by linear regression. The function is then re-normalized
80 as to take the form

WM(O) =1+ asz(cos Q) + a4P4(cos 0)e

The variance associated with the normalized parameters is given by

2 oo Oii 20 4, . N

i = ai ——7 + 2 - 1 = 2, Te
A A, A A
o i i7o

As is well known, the measured correlation function is attenuated in

comparison to the true function because of the finite angular response



of the detectors (60). The finite so0lid angle effect can be described

by attenuation coefficients G G# so that

29
2chPZ(cos o) + Guahfu(cos o)

where ayya, are the true correlation parameters. The angular respense

wM(o) =1+G

of the detector £(@) may be measured observing the variation in
counting rate with angle when a collimated gamma-ray beam is incident
upon the detector. As shown by Rose (60) the attenuation factor for
each detector is given by
2%n
I, = f £(e) Pi(ccs 0) sin 0 d0.
o

The function f(O) is dependent upon the energy of the incident
gamma ray. The variation of Ji with incident energy has been investi-
gated by several authors (60,61,62) for the detector size of three
inches and source distance of 10 cm used in this work. Since the
effective solid angle subtended depends upon energy, the attenuaticn
co-efficient for the full-energy peak of the spectrometer response‘is
larger than that for the integrated response. The absolute values of
Ji were determined for full-energy peaks corresponding to 0.662 and
1.33 MeV, It was assumed that the energy variation in Ji for the full-
energy peaks is the same as that for the integrated response given in
Reference (62). For a cascade comprised of gamma rays of energy
El’EZ’ the attenuation coefficients are given by

G, = J,(E) J,(8,).

The sources used for angular correlation studies were in the

form of cylinders A 2 mm in length x 2 mm in diameter. These

dimensions were considered sufficiently small with respect o the size
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of the detector and the source-to~detector distance so that corrections

for finite source size were neglected,

A Philosophy of Decay-Scheme Studies

The advances in the techniques of nuclear pulse spectrometry
has led %to the increaged use of relatively complex counting systems
capable of rapidly acquiring a large volume of data, The experimenter
is faced with the ehalle;ge of efficiently reducing the data to a
relatively few physically meaningful numbers, This situation has
forced a re-appraisal not only of the techniques of suitable analysis
methods but of the general philosophy of decay-scheme studies, It is
important to guide the efforts of data-reduction investiigations with
a basic and concise description of the overall problem. It is within
this context that the concept of a regression model becomes important,
The use of such & model provides a natural and convenient vector formu-
lation which simply describes all the impeortant measurements connected
with the large volume of data collected.

The model consists of the basic set of gamma-ray and beta-~
particle transitions assumed to be emitted in the decay and their
corresponding energies El’EZ’ P Eng wl,wz, P Wéc To be perfectly
general the energies may be considered as first estimates. The
problem then encompasses the non-linear iterative procedures required
to include the energy as an independent variable, However, it is more
convenient to consider the model in the more restrictive sense as

including the precise energies as well as the number of each type of

trangition involved.



One-dimensional distributions are then linear combinations of
the distributions of the individual components and are expanded in the
representation in which the transitions assumed in the model constitute
the basic set. The single-crystal gamma-ray and beta-particle spectra
are simply described by the vectors (Yngzg eoe Yn) and (51,529 soe Br)o
Similarly, the two-dimensional distributions of time-correlated events
are described by the n x n matrix (Yij) and the r x n matrix (Bij)
respectively. In some instances it may be necessary to extend the
coincidence studies to three-fold coincidences, in which case the
distribution is described by the array (Yijk)'

Angular correlation studies and life-time studies scan be
considered from this viewpoint as investigations of the dependence of
the appropriate matrices on angle or delay time vig Yij(g) or Bij{t)
etc,

In practice, of course, the model must be continually refined
as new information is obtained. Once a reasonably accurate model has
been constructed the convolution relation between the incident and
measured spectrum is used together with statistical techniques to
obtain estimates of the wvalues of the parameiers required and their
assoclated variance. It is the opinion of this author that this
approach ig the most satisfactory in providing a didactic description
of decay-scheme studies in general and in serving as a guide to the

gsolution of rapid reduction of large volumes of data.



CHAPTER VI

EXPERIMENTAL RESULTS

6.1 Energy and Intensity of Gamma~Ray Transitions

A relatively complete catalogue of the gamma-ray transitions
which occur in the beta decay of 92.6-min Lza,:u*'2 was obtained by con-
sidering the results of many experiments, These incinde the single-
crystal gamma-ray spectrum, the three-crystal pair spectrum and the
coincidence spectra measured for several window settings. As has been
described in the previous section, the procedure for eveiving a con-
sistent description of the spectrum invelves a continual updating of
the model used in the analysis as information is obtained. The resuits
shown in this section represent the finasl analysis based apon a model
considered to be relatively complete,

The single-crystal gamma-ray spectrum of I.nalL*2 is shown in
Pigure 23, The Gaussian full-energy peaks of the spectral components
of the spectrum are also shown. In order to avoid confusion the
partial-energy portion of the response to each gamma ray has been
omitted. The line shapes used feor the analysis of spectra observed
over the complete energy range were obtained frem the library.

Secondary internal calibration lines were determined using the

142

methed of mixed sources. A La --N'a22 mixture was used to obtain the

energies of the prominent lines in the region between 0,511 and 1.27

T4
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L2

MeV, A Lal -N&24 mixture was used for the region between 1.% and

2.8 MeV, As can be seen from Figure 23, the spectrum is complex and
exhibits a strong line at 0.645 MeV, This line, together with the less
prominent lines at 1.91, 2.41 and 2.55 MeV were adopited as secondary
standards. Although as shown in Section 4.5, the energy pulse-height
relation is not linear, the assumption of a linear relation was used
together with the following proceduwe. The positions of the secomdary
standards were determined by calculating the centroids of the full-
energy peaks., The gain and gero-emnergy channel were considered as
parameters of the linear relation and their best values cbtained from
the internal standards by the method of least squares., A comparison

of the values obtained in this manner indicated that over the energy
range of 0.6 - 3,0 MeV, the neglect of the non-lineariiy in the dis-
persion relation introduces an error of less than 0.2%. The error is,
of course, mainly absorbed in the zerc channel parameter and the method
would not be as accurste in the energy region below approximately 0.5
MeV where the non-linearity is more serious. The ascuracy with which
the position of the full-energy peak cam be determined depends upon

the magnitude of the interfering contributions from partial-energy
events corresponding to higher-energy gamma rays. The energies of the
remaining gamma rays in the spectrum were determined using the positions
of the full-energy peaks of the analyzed components and the fitted dis-
persion relation appropriate to all other experiments and the energies
recalculated in each experiment, In this way the experiments were
checked for consistency and the values obtained were averaged with the

existing values,
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Unfortunately, it was impossible to obtain standard line
shapes corresponding to incident gamma-ray energies greater tham 3.1
MeV, It was necessary to construct line shapes for the analysis of
this energy region of the La142 spectrum by extrapolation, The contri-
bution from summing was measured for the 10-cm gecmetry used by the
method discussed in Section 4.8. The sum contribution was never
greater than 5% of the gross spectrum so that the subtraction of this
contribution introduced a negligible uncertainty. As can be seen from
Figure 23, there is a departure of the data on the high-energy side of
the 3,65-MeV full-energy peak. Although this line shape was based on
an extrapolation procedure, it is felt that the error in the response
is small compared to the observed deviation. However, since the
existence of any transition of energy greater than 3,65 MeV was nct
revealed in the course of this study, it is concluded that a small
residual remains,

A residual in the region of 3,1 MeV revealed the existensce of
a weak transition at this energy. However, it was not possible to
obtain sufficient information about the transition to inciude it in
the decay scheme. The existence of the 2,67-MeV gamma ray, revealed
in the stripping, was first suggested by Heath (24) and confirmed in
this investigation by ccincidence results. Other evidence which will
be cited later in this chapter alsc confirmed the existence of all the
components shown in Figure 23 which were revealed by graphical analysis,
The analyses of the 1,01 - 1,05 MeV and 0.86 - 0.898 MeV doublets were
particularly difficult. Initially it was merely noted that the widths
of these lines were somewhat broadened. The lcwg; energy region of

the spectrum was analyzed separately using the distribution measured



with a higher gain. In this case, the required line shapes were
obtained from measurements of the spectra of 03137 (0,662 MeV), Mn54
(0.835 MeV) and Zn®? (1.114 MeV) performed immediately after the run
so that similar counting conditions applied. The contribution from
higher energy gamma rays was calculated on the basis of the analysis
of the spectrum in Figure 23, Careful graphical analysis of the high
gain spectrum led to the relative contributions for the components of
these doublets as shown in Figure 23.

The relative intensity of each component of the spectrum was
calculated using the area of the full-energy peak corrected for phote
efficiency. The correction factors given by Heath (63) were used.
Except in the region of 1.37 MeV, all portions of the spectrum were
observed to decay with the 92.6-min half life corresponding to Lalkzo
The 1.37-MeV transition was found to consist of approximately equal
contributions of 92,6-min La142 and 3.7~hr Lal4l over the counting
period used.

Using a design matrix based upon the results of the graphical
analysis, the spectrum was analyzed by the method of multiple linear
regression. The regression values, the corresponding variance-
covariance matrix and the variance ratios were determined, The vari-
ance ratios indicated that each component (including the 3.1 MeV line)
was statistically significant, exceeding the 95% confidence iimit. Of
course, the existence of a residual not taken into ascount in the design
matrix would invalidate definite conclusions based on the variance
ratics. The differential residual indicated no significant trends and

the effective value of X 2 for the model used was 1.8, This rather

large value is believed to be caused mainly by inaccuracies in the line
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shapes, especially the positioning of the full-energy peaks in the
region between 1 and 2 MeV, The results obtained by graphical
analysis and linear regression are shown in Table IV, Except for the
less prominent lines, the results of the two methods agree within 15%
and uswally within the standard deviatien.

As mentioned above, the existence of weak transitions, though
confirmed statistically, was still considered tentative until further
experimental evidence proved conclusive. One source of such evidence
concerning the transitions in the region above approximately 1.5 MeV
is the three-crystal pair spectrum shown in Figure 24, Because of the
superior resolution and the simplified response, the more chbscure
transitions in the single-crystal spectrum are more clearly revealed,

A definite peak is seen at 2,80 MeV, The 2,67 MeV line appears just
barely resolved on the high energy side of the 2.54 MeV peak. Because
of the low intensity, the 3.45 MeV line is still not very prominent,
but its existence is indicated,

The residual on the high-energy side of the 2,99 MeV peak alsoc
indicates the possible existence of the transition at 3.1 MeV referred
to above, The peaks corresponding to the 2.05; and 2,18~MeV transi=-
tions are clearly resolved, in contrast te the corresponding peaks in
the single-crystal spectrum. However, the valley between these two
peaks is higher than expected on the basis of the resolution and energy
separation indicating the possible existence of a weak transition ab

2.1 MeV, The energies of the gamma transitions revealed in the three=-
crystal pair spectrum were found to agree with the corresponding energy
values determined from the single-crystal spectrum within the experi-

mental error of 1%. The intensities of the transitions relative to
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Summary

of La1

TABLE IV
L2

Gamma-Ray Transitions

19

Relative Intensity

EY(MeV) Graphical Analysis Regression Pair Spectrometer Coincidence Average
0.645 + 0,007 1.000 1.000 1.000
0.86 + 0,01 0.049 0.056 + 0.006 0.044 0.050
0.898 + 0.009 0.19 0.194 + 0,006 0.17 0.185
1.01 + 0.01 0.10 0.091 + 0.005 0.090 0.094
1.06 + 0,01 0.085 0.076 + 0.007 0,071 0.077
1.16 + 0.01 0.066 0,060 + 0.012 0,051 0.059
1.25 + 0.01 0.064 0.060 + 0,015 0,048 0.057
1.37 1 0.01 0.039 0.049 + 0,004 0.063 0.050
1.55 +0.02 0.081 0.100 + 0.004 0.11 0.055,0.045 0.053,0,044
1.7% + 0.02 0.097 0,107 + 0,004 0.12 0.101 0.106
1.91 + 0.17 0.17 0.171 + 0.005 0.21 0.151 0.176
2.06 + 0,02 0.13 0.137 + 0,004 0.15 0.11 0.132
2,14  + 0,04 :} 0.15 0.130 + 0,004 0.15 0.0k 0.0k
2.19 +0.02 |J 0.09 0.099
2,41 + 0.02 0.31 0.318 + 0.006 0.318% 0.314
2,55 + 0.02 9.22 0.229 + 0.005 0.23 0.227
2,67 + 0.03 0.06 0.073 + 0,004 { 0,07 0,040 0.061
2,80 + 0.03 0.05 0.044 + 0,003 0.05 0.039 0.046
2,99 + 0.03 0.12 0.130 + 0.003% 0.10 0.091 0.11
3.1%  + 0.04 0.031 + 0,004 0.02 0.026
3.31 + 0.03 0.0k 0.038 + 0,003 0.0k 0.039
3.45 + 0.03 0.03 0.029 + 0,002 0.02 0,026
3,65 + 0.0k 0.05 0.054 + 0.002 0.04 0.048

*
The relative intensity of this line was

value.

normalized to the corresponding single-crystal
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that of the 2,41-MeV transition were obtained by determining the peak
areas corrected for the pair-production crcss section., The values
obtained are compared to the single-crystal values in Table IV. Also
shown in the table are the intensity measurements obtained from coinci-
dence studies. These measurements are based on an interpretation of
the colncidence quotients within the context of the proposed deczay

scheme,

Goamma-Gamma Coincidence Studies

Coincidence spectra were observed with the fast-slow coinci-
dence spectrometer and the two-dimensional spectrometer. Only the
spectra obtained with the fast-slow system are shown in the illustra-
tions, BEach of these spectra was analyzed graphically., The resulis
obtained with the two-dimensional system were in agreement with those
cbtained with the fast-slow system, The results quoted are the averages
of several experiments.

The spectrum shown in Figure 25 is the distribution of events
in coincidence with gating events selected by a window 0.05-MeV wide
centered at 0.645 MeV, Events in this region correspond primarily to
the 0,645 MeV transition. The coineidence spectrum obtained extends
to the line at 2.99 MeV, Analysis revealed the existence of the 2,80~
and 2,67 MeV lines. The region between 2.2 and 2.5 MeV was nct entirely
accounted for by the response to these three gamma rays, but besause
of the expected higher levels of interference as discussed in Sectiom
4,5, the residual was not considered to definitely indicate the exist-
ence of gamma transitions in this region. The energy of the transition

at 2,14 MeV was consistently observed to be lower than the corresponding
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transition at 2.18 MeV present in the single crystal and pair spectrum.
This result, together with the anomalous residual at Z.1 MeV in the
pair spectrum, is believed to indicate that the transition at this
energy is complex., The coincidence-quotient analysis indicates that
approximately 60% of the transitions at this energy are in coincidence
with events in the window. Below 2 MeV, the spectrum is similar to
the single-crystal gamma-ray spectrum. However, only 45% of the tran-
sitions at 1,54 MeV and 63% of the transitions at 1.37 MeV appear in
coincidence with the 0.645-MeV gamma ray. As mentioned in the previous
section, the 1.37-MeV line is attributable to beth La142 and La141, S0
that this result indicates that approximately 37% of the transitions
at this energy in the spectrum shown in Figure 23 are due to Lalul.
Further evidence from the coincidence experiments indicate that the
1.54-MeV peak corresponds to two unresclved gamma rays. The 0.645-MeV
line which appears in the spectrum is caused by events in the gate
corresponding to higher energy gamma rays.

The interference from such evenis was both treated analytically
as outlined in Section 5.4 and measured experimentally. In the latter
case, windows were set both at 0.645 MeV and 0,76 MeV., Both distribu-
tions were sampled concurrently and routed into different subgroups of
the memory, There was no significant difference between the results
obtained experimentally and analytically.

The low=-energy region of this specirum was alsc investigated
experimentally using a higher gain. Line shapes measured immediately
after the run were used to analyze the spectrum. In agreement with the

single~crystal data, the analysis revealed the complex nature of the

1,01 -1.,06 MeV and 0.860 - 0,898 MeV doublets.,



In Figure 26a is shown the spectrum obtained for a window
position of 0.88 MeV and width 0,05 MeV, Only 50% of the gating
events at this position correspond to the gamma rays of interest,
0.860 - 0,898 MeV, The spectrum is characterized by an enhancement of
the 1,16-MeV line and a broadening of the 0.860 - 0,898 MeV doublet.
The previous authors (23) suggested that the 1.0-MeV line was in
coincidence with the 0.898-MeV transition. However, the coincidence
quotient q0.898,1.0 is nearly zero so that the appearance of the 1,0~
MeV line in this spectrum is due to Compton interference. This result
was confirmed in the corresponding two-dimensional distribution. The
coincidence quotients for the 0.860 - 0.898 MeV doublet indicate that
these transitions are members of a cascading pair. There is a con-
siderable residual in the region above 1 MeV. The coincidence gquoiient
for the 1.55 MeV peak, taken to be correlated with the 0.860-MeV
component of the window, accounts for the 55% portion not in coincidence
with the 0.645-MeV transition. The doublet at ~ 2 MeV accounts for
approximately BQ% of the single-erystal intensity. The low-energy
region of the spectrum was observed at a higher gain and the results
of the graphical analysis are illustrated in Figure 2€a,

In Figure 27 is shown the coincidence spectrum obtained when
a region of 0,05 MeV centered at 1,03 MeV is selected for gating. The

gating fractions D and D are 25% and 24% respectively. The

1.01 1.06
most prominent feature of the spectrum is the enhancement of the 1,01 -
1,06 MeV doublete The 0,898-MeV line is suppressed and the small
coincident quotient confirms the fact that the major part of the 0.898-

MeV and 1,03 MeV transitions are not correlated. As in the case of

the 0.898-MeV coincidence spectrum, there is a considerable residual
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above 1,2 MeV, only a part of which can be accounted for by the response
to the 2,06-MeV gamma ray. The coincidences at 2,06 MeV comprise approxi-
mately 30% of the corresponding single-crystal intensity. In Figure 28
is shown the low-energy region of this spectrum observed at higher gain.
The analysis was based on the appropriate line shapes measured immedi-
ately after the run. The results confirm the doublet nature of the 1.03-
MeV peak. The relative contributions of the 1.0l1- and 1.06-MeV
components obtained in this analysis differ from the corresponding
results obtained in the analysis of the spectrum shown in Figure 27.

This difference reflects the difficulties inherent in the graphical
analysis of doublets. The ratio obtained from the spectrum shown in
Figure 28 is believed to be more accurate both because the line shapes
used in the analysis were obtained under the same counting conditions

and because of the finer mesh resulting from increased gain.

In Figure 29 is shown the distribution of events in coincidence
with gating pulses selected by a 0.06-MeV window centered at 1.25 MeV,
For this window setting only 27% of the gating pulses correspond to the
1.25-MeV gamms ray. The most striking feature of the spectrum is the
enhancement of the 1.55-MeV and 2.19-MeV peaks. The coincidence-
quotient analysis indicates that these transitions are both in coinci-
dence with the 1.25-MeV gamma ray. The coincidences at 2.19 MeV
correspond to approximately 80% of the single-crystal intensity so that
the doublet nature of this peak appears to be approximately 75% 2.19 MeV
and 25% 2.14 MeV,

The intensity of the 1.55-MeV transition in coincidence with
the 1l.25-MeV gamma ray is 55% of the single-crystal intensity. This is

in reasonable agreement with the C.645 MeV result of 59%. The 1,25-MeV
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and 0,898-MeV peaks are predominantly due t¢ Compton interference.
The 0,645-MeV transition is assigned to be in coincidence with the 1.25-
MeV gamma ray on the basis of the analysis,.

The gamma-ray spectrum in coincidence with gating pulses
selected by a window 0,06-MeV wide centered at 1.55 MeV is shown in
Figure 30, In this spectrum the 1,25-MeV peak is prominent, confirming
the existence of the 1.25=~1.55 MeV cascade. The coincidense-quotient
analysis also confirms the existence of the 0.645 - 1,55 MeV cascade.
The rest of the lines in the spectrum result mainly from gating events
not due to the 1.55-MeV transition. This transition comprises only 21%
of all the events in the window,.

In Figure 31 is shown the distribution in coincidence with
gating events selected with a broad window covering the range 2,0 - 2.2
MeV, As in the case of the 1.55-MeV coincidence spectrum, the 1l.25-MeV
line is strongly enhanced, confirming the 1,25 - 2.19 MeV coincidence
relation. The 0.645-MeV line is mainly the result of 2,06 « 0,645 MeV
coincidences. In calculating the coincidence quotients, analysis of
the contributions to the window was based on the single crystal and
coincidence data. The gating fractions for the gamma rays of interest

are D2°06 = 0025, D2,14- = 0,06 and D = 0.18. The corrections for

2,19
Compton interference were made analytically. in additiony; an estimate
of the interference was obtained experimentally by comparing this
spectrum with the spectrum in coincidence with the window set at 2.5 MeV.
The appearance of the 0,898- and 1.55-MeV transitions is further evi-

dence for the coincidence relationships 0.898 - 2,14 MeV and 1.55 - 2.14

MeV,
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With windows set at the energies 1.74, 1.91, 2,67 and 2.99 MeV,
only coincidences with the 0.,645-MeV line were identified. The coinci-
dence quotients are given in Table V. The results indicate that these
transitions are in coincidence with the 0.645-MeV gamma ray with full
intensity to within the expected accuracy of 15%, except in the case
of the 2,67-MeV experiment. The errors might be larger than normal in
this case since this line is of low intensity and the Compton interfer-
ence in the window is large.

The low-energy region, 0.5~ 1,5 MeV, of the spectrum was alsc
measured using the two-dimensional analyzer. In addition 3o confirming
the corresponding results obtained with the fast~-slow coincidence spec-
trometer, the data was also used to obtain the coincidence spectrum
correlated with the 1.16-MeV gamma ray. The results confirm the coineci-
dence relstionships between the 1,16 - 0,645 MeV and 1.16 -~ 0,898 MeV
gamma rays. Other two-dimensional spectra were obtained using various
analyzer configurations. The average coincidence~quotient matrix is
given in Table V, The summary of relative-intensity measurements based
on this matrix and the proposed decay scheme is given in Table IV,

The intensity values obtained from the coincidence data are in
relatively good agreement with the values obtained by other methods.
The results are expected to have large errors in many instances, The
method of coincidence-quotient analysis, becaunse of the successive sub-
tractions involved, tends to accumulate errors., In addition, the higher
levels of interference mentioned previously in Section 4.5 lead to a
large uncertainty in the results. The average values which combine
measurements derived from spectra observed under several different

conditions are generally considered to be accurate tec 15%.



TABLE V

La142 Coincidence Qquotient Matrix
Energy of "Gating" Ray (MeV)

EY(MeV) 0.645 0.86 0.898 1.03 1.16 1.25 1.37 1.55 1l.74 1,91 2.06 2.1 2,19 2,67 2.99
0.645 1.05 0.95 | 0.86 | 0.63 | 0.89 | 0.85 | 1.2 1.1 0.78 0.62 | 0.85
0.86 0.04 0.26
0.898 0.17 1.07 0.03 | 0.75 | 0.28 0.24 0.42
1.01 0.06 0.03 ] 0.97 0.09 0.06
1.06 0.05 0.02 0.76
1,16 0.052 0.26
1.25 0.02 0.39 0.35
1.37 0.063
1.55 0.059 | 0.2 0.47 0.14 0.01
1.66 0.11
1. 74 0.10
1.91 0.15
2.06 0.11 0.08 0.32
2.1k4 0.09 0.12
2.19 | 0.79
2.67 0.030
2.80 0.039
2.99 0.091

98
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6.3 Sum Coincidence Studies

The sum-coincidence spectrum was obtained at a source-to-
detector distance of 3 cme The prominent sum peaks observed in the
spectrum are listed in Table VI, The individual components of the sum
peaks, also given in the table, were determined experimentally. Both
the one-dimensional analyzer and pulse~height selector and the two=-
dimensional analyzer systems were used. When the component sum-
coincidence spectra were determined using the two-dimensional analyzer,
the sum distribution was assigned to one-dimension and the component
spectra to the other. In Figure 32 is shown the component distribution
corresponding to the 1l,54~MeV sum peak. The spectrum is seen to con-
sist essentially of only 0.645- and 0.898 MeV components. Interference
from the 0.860-MeV transition is reduced as compared to the normal
0,645-MeV coincidence spectrum because of the more selective sum con-
dition. The decay configuration relevant to this sum is also shown in
the figure.

Figure 32 also illustrates the component spectrum obtained when
a sum energy of 2.06 MeV is selected. In general, the component spectra
corresponding to a given sum energy must be comprised of an even number
of components. The result shown in Figure 32 thus confirms the exist-
ence of the cascades 0,898 - 1,16 MeV and 1,01 -1,06 MeV, the latter
forming a coincidence doublet., The same type of result was obtained
for the 0.861 - 0.898 MeV doublet cascade. In this case the component
spectrum consisted of only one peak at an energy of approximately 0.87
MeV when the sum-energy l.74 MeV was selected. These examples suffice to

indicate the simplification of the spectra obtained using the sum-
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TABLE VI

La 2 Summary of Sum-Coincidence Results

Sum Energy (MeV)

Component Energy (MeV)

1.54

1.72

2,06

2ok

2.6

3465

0.645 + 0,898

0.645 + 1,01, 1,065 0,898 + 0.86

0,898 + 1.165 1,01 + 1.06

0.645 + 1.7h

0.645 + 1,913 0,645 + 2,06

O, 645 + 2099

88
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coincidence method. A summary of the sum-coincidence results is given

in Table VI.

Beta Transitions

The beta radiations emitted in the decay of Lal42 were studied
using the beta-ray scintillation spectrometer discussed in Section 4.5.
Each spectrum obtained using this method was corrected for the finite
response of the spectrometer, In addition, the single-crystal spec-
trum was measured with an anti-coincidence spectrometer (51) for which
only the Gaussian resolution correction was required. Coincidence
spectra were measured using the plastic scintillator and a three-inch
NaI(Tl) gamma-ray detector in conjunction with the two-dimensional
analyzer.,

In Figure 33 is shown the single-crystal beta spectrum in the
region above 2.5 MeV. The energy calibration was determined using as

06 106 1

-Rh (3.53 MeV), Ce

(2.98 MeV) and Sr7° - Y0 (2.23 MeV). The Kurie analysis of the spec—

standard beta sources C12° (4o.81 MeV), Ru®

trum, assuming an allowed shape for each component, revealed the
existence of beta groups at 4.5 and 3,9 MeV, The experiment was re-
peated several times using both the anti~coincidence spectrometer and
the single-crystal arrangement. The spectrum given in Figure 33 is a
composite of the spectra obtained with both methods. As mentioned in
Section 4,5, it was considered preferable to combine the reéults from
several runs in those cases where insufficient counting statistics
were obtained rather than to use increased source strength for which
significant contributions from random summing occur. Bach run was

calibrated independently and the channel numbers were converted to

144
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energy values. The single-crystal spectra were corrected for finite
response. The results were averaged by adding together all the counts
in a given energy increment.

A graphical analysis of one entire spectrum obtained with the
anti-coincidence annulus revealed the existence of the inmer groups
given in Table VII, as well as a group at 2,41 MeV identified as the
ground-gtate transition of Lal#l (24). The coincidence results to be
discussed below indicate that not all the groups were revealed in the
analysis., In particular, it is believed that the group at 1.8 MeV is
in reality an unresolved doublet consisting of the groups Bé and B7
and the group at 1.2 MeV is similarly a combination of groups with end-
point energy l.l and 1,23 MeV respectively. The relative intensities
of groups revealed in the analysis were obtained by integrating the
component spectra. The intensities of the combined groups at 1.8 and
1.2 MeV were assumed to represent the sum of the intensities of the
individual components.

In Figure 34 is shown the beta spectrum in coincidence with
events detected in the gamma-ray counter in the energy region corres-
ponding to the 0.645-MeV photopeak. The spectrum shown is a composite
of several experiments., The analysis revealed the existence of beta
groups with end-point energies of 3.85, 3,05 and 2.15 MeV. In order toi
obtain the relative intensities of these groups, it was necessary to
" meke use of the gamma~ray branching ratios and the proposed decay
scheme., If T; is the ratio of the areas of the group Bi to the 3.85
MeV group in the coincidence spectrum, then the branching ratio bi is

given by

I
r
bi = ri-{j

fi(l ¥ X)
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TABLE VII

Summary of La.lL+2 Beta Groups

Singles | 0.645| 0.898 | 1.74 | 1.91| 2,06 | 2.19| 2.41 2.55 | 3.0-3.7] 3.65 E %
By L9 boho | 4,49 + 0,04
B 3.8 3485 3.85 | 4.50 + 0.05
Bs 3.05 | 2.97 2.98 [ k.52 + 0.05
By 2,31 2,31 | 4.50 + 0.09
' 55 2.1 2.15 2.10 2.12 2.08 2.11 { 4,52 + 0,03
Bs 1.98 1.96 1.97 | 453 £ 0.06
1.8
By 1.7 1,84 1.79 | 4.50 + 0.03
By 1.2 1.23 1.23 | 4.54 + 0.09
By 0.9 0.86 0.88 | 0.87 | 452 + 0.06
Eﬁ = 4,51 + 0.03 MeV

16
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where the fr are the relevant gamma-ray branching ratios and x is a
first order correction for Compton interference. In this way the
analysis leads to the relative intensities of groups Bz, [33 and Bs.

In Pigure 35 is shown the spectrum of beta particles in coinei-
dence with events corresponding to the 0.862 - 0,898 MeV photopeak.
Graphical analysis of this composite spectrum reveals the existence of
groups at 2.97, 2.1 and 1.7 MeV, identified as groups BB, 55 and ﬁ7.
The relative intensities of these three groups was determined in the
same manner as in the case of the 0.645-MeV coincidence spectrum. For
both these spectra the end point of the single-crystal spectrum was
used as one calibration point instead of the 0138 source.,

In Figure 36 is shown the beta spectrum in coincidence with
events in the 1,91-MeV photopeak. The spectrum was corrected for
Compton interference by subtracting the distribution in coincidence
with events in the region corresponding to the valley between the 1.91-
and 2 MeV photopeaks. The spectrum in this region corresponds to a
single group with end-point energy 1,98 MeV, The energy calibration

65

was determined using the Compton edges from I"In54 and Zn ° as well as
the standard beta sources. In Figure 36 is also illustrated the beta
spectrum in coincidence with events corresponding to the 2.06 - 2.19
MeV photopeaks corrected for Compton interference, The analysis
reveals groups with end-point energies 2.31 MeV and 1.84 MeV identi-
fied as groups B4 and B6 respectively. This spectrum provides the
only evidence for the existence of the 64 group. On the basis of the
energies, the 64 group was assumed to be in coincidence with the 2.19

MeV gamma ray and the B6 group assigned to be correlated with the 2.06-

MeV transition. In Figure 37 are illustrated the spectra in coincidence
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with the 2,41~ and 2.55-MeV gamma rays. These spectra consist of
single components with end-point energies of 2,08 and 1.96 MeV identi-‘
field as groups B5 and 56 respectively. The spectrum in coincidence
with the 1l.,74-MeV gamma ray also consisted of a single group of end-

point energy 2,12 MeV corresponding to group B The spectra

5
illustrated in Figure 36 and Figure 37 result from cuts through the
two~dimensional distribution of beta-gémma coincidences and are there-
fore obtained at exactly the same gain and geometry. For this reason
the relatively small energy differences between the end points of the
spectra are not masked by uncertainties in the calibration.

In Figure 38 is shown the beta spectra in coincidence with
3.65-MeV and > 3.0-MeV events detected in the gamma channel. These
spectra indicate the existence of beta transitions with maximum
energies of 0,87 and 1.23 MeV. On the basis of the energies and
coincidence relations of the gamma-ray transitions, it is believed
that the 1.23-MeV group shown in Figure 38 is in reality an unresolved
doublet corresponding to groups with end-point energies 1l.23% and ~ l.l
MeV,

A summary of the evidence for the existence of the nine beta
groups observed is given in Table VII. The average value of the end
point for each group was determined in those cases for which more than
one energy measurement was involved. The value obtained from the end
point of an inner group revealed by graphical analysis was given less
weight in the average than the value obtained under coincidence condi-~
tions for which the group under consideration corresponded to the
highest energy component. In the case of the beta groups with end-

point energies less than 2,1 MeV, the energy values obtained from the
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single-crystal spectrum were not included in the average. Also presented
in Table VII are the values of the total energy release QB' These

values are obtained from the energy of the beta group Bi and the average
value of the energy of the corresponding level Ei in the proposed decay
scheme, based on the gamma-ray energies. The final estimate of QB was
obtained from the weighted average of the individual measurements,

In Table VIII is preseanted the intensities of the beta transi-
tions present in the decay of Lalgz and observed in this work. The
relative intensity of the 1.99-MeV group was obtained from the difference
between the relative intensities of the combined group revealed in the
single-crystal spectrum at 1.8 MeV (31%) and the relative intensity of
the 1.79-MeV group obtained from the 0.89-MeV coincidence experiment
(11%). The value of the relative intensity for the combined group of
1.2 MeV in the single-crystal spectrum corresponded to 10%. The intensi-

ties of the component groups B was obtained from the values of the

B’BlO

relative gamma ray intensities viz

I(Bg) f5.50 + o671
100 T3.45 * To.80

This formula is based on the proposed decay scheme. The branching
ratios were obtained from the relative intensities assuming that these
ten groups accounted for 100% of the decays.

These values are compared with the branching ratios obtained
directly from the decay scheme and the relative gamma-ray intensities.
The values obtained from this method were normalized to those determined
from the beta spectra by requiring that the sum of the intensities of

the beta groups with end-point energies less than or equal to 2.1 MeV



TABLE VIII

Intensity of lLa

14

2 Beta Transitions

Intensity (%9

Transition Eg (MeT) Beta Measurement | Gamma lieasurement | ~'erege | Log It
By 4,49 + 0,05 13 12 12,5 849
B, 3,85 + 0,04 2.4 <3 2.4 943
53 © 2.98 £ 0.03 1.7 <4 1.7 9.0

2.5% ~1 ~1 ~9
By, 2,31 + 0.05 6.7 6.7 7.9
B 2,11 + 0,03 26 22 24 7.1
Be 1.98 + 0.04 20 19 19.5 7.2
57 1.79 + 0.03 11 11 11 7.2
By 1.23 + 0,06 L4 Selt k.9 649

1,1% 5.6 6.1 5.8 6.8
By 0.87 + 0.03 15 11 13 6.0

¥*
The energy of these groups was inferred from the decay scheme.

66
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be the same in both measurements. The branching ratio for the ground-
state transition is in this case the difference between the normaligzed
gamma ray intensities and 100%, The intensities of the groups Bz and

B

3 obtained from the gamma-ray measurements are rather inaccurate since
they involve the difference between several gamma-ray intensities.

For instance, the intensity of the beta group 52 results from the
difference between the sum of the intensities of ten gamma rays which
are helieved to populate the relevant level and the intensity of the
Oo645-MeV gamms ray.

In principle, a check of the balance between the beta intensi-
ties and the intensities of the gamma radiations provides a sensitive
test of the validity of a decay scheme, However, the intensities
obtained in this work from both beta- and gamma-radiation measurements
are not entirely independent. In addition, there is no absolute measure=
ment involved which would verify the assumption that these traﬁsitions
amount to 100%. The values obtained from both méthods do indicate that
there is internal consistency in the data within the expected accuracy
of the measurements., The final estimates of the branching ratios were
obtained by averaging the results obtained from both methods and re-
nermalizing to 100%, In the case of groups B2 and B5 the values
obtained from the beta measurements alone were taken because of the
large uncertainty in the values resuiting from the gamma-ray intensi-
ties,

The value of log ft for groups Bl’BZ and B3 indicates that
these transitions are probably first forbidden. The beta spectrum

corresponding to the class of first-forbidden transitions for which

there is a spin change of two units is known to have a unique shape.
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In this case, the Kurie plot is no longer linear but given by

- 1/2
y == - ¢ k(Eo-E)

b
where C, = (E2 + ZE)‘+ (Eo-E)2 is the energy-dependent shape factor.
The first-forbidden unique shape of the Y9O beta spectrum was revealed
in the scintillation-spectrometer data when corrections were made for
finite response, However, the shape of the La142 beta spectrum is
obscured by the presence of transition B2 with end-point energy 3%.85
MeV, In this case only approximately the highest 17% energy region of
the spectrum is free from interference, The scintillation spectrum
corrected for finite response is not sufficiently accurate to reveal
definite information about details of the spectral shapes under these

142 beta spectrum in the region above 2.7 MeV was

conditions, The La
therefore investigsted in detail using a magnetic spectrometer.

A Gerholm (64) spectrometer, adjusted for approximately 3%
resolution and 3% transmission was used for this purpose. The spectro-
meter was calibrated using the externally converted electrons from the
2.76-MeV Na24 gamma ray incident on a Th radiator. The beta spectrum
obtained for La142 is shown in Figure 39, This specfrum represents
the sum of ten separate scans obtained with five sources. As can be
seen from the figure, it is still not possible to directly disfinguish
between the allowed or forbidden shape, However, indirect evidence
indicating that the group Bl has a unique shape results from a compari-
son of the energy of the Bz group obtained from analysis of this
spectrum based on the two possible shapes of the Bl group assumed.

Assuming an allowed shape, the Kurie plot in the region above

3.85 MeV is represented by y = a(Eo-E). The best values of "a" and
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E0 were determined by the method of least squares based upon the points
above 3.85 MeV, The values c¢f the regression curve were then used to
obtain the contribution to the total spectrum corresponding to the Bl
group. The difference spectrum was then analyzedrin & s8imilar manner
in order to obtain the least squares estimate for the end point of the
first imner group. The results are shown in Table IX.

The analysis was repeated assuming a unique shape for the Bl
component and an allowed shape for B2' The results of the two analyses
are compared in Table IX, together with the results based on the
scintillation beta- and gamma-ray measurements, As a further test an
independeht measurement of the end-point energy of the 62 group was
made, using the Gerholm spectrometer together with a two-inch NaI(T1)
gamma, detector and a coincidence~gated analyzer. The energy value of
the 62 end point obtained with the Gerholm spectrometer is in excellent
agreement with the scintillator results. The errors quoted for the
least-squares estimates are the standard deviations obtained solely on
the basis of the statistics of the data. The uncertainty in the abso-
lute values is estimated to be 0.5%. The difference in the energies of
group Bl obtained assuming either an allowed or unique shape agree with
the average QB value within the expected accuracy although the mean
value based on the forbidden shape agrees more closely.

The statistical error in A must be combined with a possible
systematic uncertainty of 0.5%, or approximately 4 keV, The value of
A obtained when a forbidden shape is assumed for Bl is in agreement
with the gamma-ray energy within the standard deviation., When an
allowed shape is assumed for Bl, the value of A is in disagreement

with the gamma-ray energy by nearly 3 standard deviations. On this



TABLE IX

Summary of Evidence for a Unique Shape in the LalL‘LZ Ground S‘l;ate Beta Transition
E(MeV) Allowed Forbidden Other Evidence
B, 4,546 + 0.006 4,517 + 0.006 4,51 + 0.03 (average Q-value)
B, 3,707 + 0.06 3.852 + 0,02 3,85 + 0.03% (scintillator)
3.85 + 0,02 (magnetic)
A 0.839 + 0.07 0.665 + 0.02 0.645 + 0,006 (gamma ray scintillation)
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basis it is possible to assign values for the likelihood that Bl has
an allowed or forbidden shape of approximately 0.02 and 0,64 7
respectively.

Obviously, the evidence for the possible unique shape of the
ground-state transition beta spectrum presented here is much weaker
than a direct observation of the shape. However, it can be said that
the data is more consistent with the results obtained from other
measurements when analyzed on the basis that the Bi group corresponds

to a unique first-forbidden transition.

Angular Correlation Studies

The study of the angular correlation between cascade gamma rays
in La142 iz made difficult both because the counting period is limited
by the half life of 92.6 min and because the gamma-ray spectrum is
complex so that there is a relatively large amount of interference in
the region of the full-energy peaks of interest. The limitation in
counting period necessitated the use of many sources in determining
the correlation function. The value of the correlation function was
determined for five angles in one ninety-degree quadrant and for each
angle a new source was prepared and counted, Thus each determination
of the correlation function required five sources., Each point was
normalized to the same single crystal counting rate.

The correlations involving the 0.645-MeV transition were
measured both with the fast-slow coincidence system and the two-
dimensional sum-coincidence system. Since the experimental conditions
are quite different in these two systems, it is unlikely that inter-

ference would affect the correlation functions in the same way. No
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statistically significant differences were observed in the comparison
between the correlation functions obtained using beth methods. A
summary of the results of a least-squares analysis of the correlation
functions measured is given in Table X,

In Figure 40 is shown the angular-correlation function
obtained feor the 0.895-0.645 MeV cascade, The final values shown are
the averages of the fast-slow and sum-coincidence results., The curve
shown is the least-squares curve. In the case of the former method,
interference from the 0.86-MeV component of the deublet, the intensity
of which is approximately one-quarter that of the 0.898-MeV component,
was minimized by integrating only the high-energy side of the docublet
full-energy peak. Similarly, in the sum-coincidence experiment, only
the high-energy portion of the peak in the sum dimension was included
in the analysis. A comparison of Figure 25 and Figure 32 indicate the
advantages of the sum-coincidence method insofar as simplification of
analysis is concerned. In the sum~-component spectrum the 0,645-MeV
and 0.898-MeV lines are prominent whereas the spectrum of events coinci-
dent with pulses in the 0.,645-MeV window is complex and the correction
for Compton interference under the 0.898-MeV peak is sizeable. Never-
theless, the results obtained from both methods agreed within the
statistical accuracy. This is quite possibly due to the strong angular
correlation between these two transitions so that any remnant inter-
ference has little effect.

There is plentiful evidence to be cited in the next chapbter
that the 0.645-MeV transition results from de-excitation of a 2+ level
leading to the O+ ground state, This transition is therefore pure

electric quadrupole (E2). The 0.645-0.898 MeV results can be
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TABLE X

Summary of Angular Correlation Results

Cascade (MeV)

By

Assignment

0.645 - 0.898

0.645 - 1.74
0.645 - 1,91
0.645 - 2,06

0.645-1,01 -1,06

0.898 - 0.86
0.898 - 1.16
1.01 - 1,06

0.306 + 0.02
0.277 + 0.02

-0.118 + 0.03

|+

0.152 + 0.02

0.038 + 0.03

0.055 + 0.02

-0.101 + 0.006

0.090

I+

0.004

0.016 + 0.03
0,016 + 0.03
0.011 + 0.03

0.001L + 0.03

0.036 + 0,04

"00018 i 0003
-0.017 + 0,01

0.021 + 0.006

2(D,Q) 2(Q)o
2(p) 2(0)

1(D,Q) 2(Q)0
3(D,q) 2(Q)0
k(q,0) 2(q)0

2(D,Q) 2(Q)o
3(D,Qq) 2(Q)0

_4(Q.0) 2(Q)o -

OO OO O o o

20t
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unambiguously identified with a 2(D,Q) 2(Q)0 sequence, A comperison
of the measured values with the theoretical coefficients is illustra-
ted in Figure 41,

The correlation of the 0,645 -1,01 MeV cascade could not be
observed without interference from the 1,06-MeV transition. In this
case, both components of the 1,01 - 1.06 MeV doublet are approximately
equal in intensity. By integrating over the entire doublet the cor-
relation corresponding to the three-member cascade 0,645 = 1,01l -1.05
MeV was obtained. This correlation by itself contains insufficient
information for a unique interpretation.

The angular correlation between the 0.645- and 1,74~-MeV transi-
tions is similar to the 0,645~ 0,898 MeV correlation. The values for
this function were also obtained from the average of fast-slow and sum-
coincidence results, The experimental curve is illustrated,in Figure
40, The correlation leads to an unambiguous assigoment of 2(D,Q) 2(Q)0
for the spin sequence in the 0,645~ 1,74 MeV cascade as illustrated in
Figure 41, The values of the coefficients indicate that the 1. T4-MeV
gamma ray is a relatively pure dipole transition.

The 0,645 - 1,91 MeV angular-correlation results shown in Figure
40 do not lead to a unique assighment for the spin sequence., The co~-
efficients are consistent with 1(D,Q) 2(Q)0,3(D,Q) 2(Q)0 and 4(Q,0)
2(Q)0 sequences, as illustrated in Figure 41. For the spin 3 sequence
the value of the mixing ratio is smaller than that required for agree-
ment with the measured values of the coefficients when the 1-2-0 or
4~2-0 sequences are assumed.,

The 04645 - 2,06 MeV correlation function was determined using

the fast-slow coincidence arrangement, The correlation may be disturbed
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to a certain extent by interference from the 2,14-MeV gamma ray. Only
the low-energy portion of the 2.,06-MeV photopeak was included in the
analysis in order fhat this interference be kept to a minimum. The
coefficients are consistent with an initial spin of 2, 3 or 4 so that
the assignment in this case is ambiguous. For the case Qf 2 of 34 the
A2 coefficient is consistent with relatively pure dipole order for the
2,06-MeV transition, while the spin 4 correlation is consistent with
hearly pure quadrupole.

The 0,898 - 1,17 MeV and 1,01 - 1,06 MeV correlations were
studied by means of a two-dimensional sum-coincidence arrangement. One
dimension was assigned to the sum distribution in the region from 1.5
to 2.2 MeV and the other dimension to the component distribution in the
region from 0.6 - 1.3 MeV., The determination of the spin sequences
from these correlations requires additional information to that contained
in the correlation function since both the spins and mixing ratios of
both components are unknown. The interpretation of these correlations
can only be made within the context of the decay scheme and will be

discussed in the next chapter.



CHAPTER VII

DISCUSSION OF RESULTS

Tel Decay Scheme of Lg}?z

In Figure 42 is shown a proposed decay scheme for 92.6-min

La142

constructed on the basis of the experimental results. This
decay scheme is consistent with the energies, intensities and coinbi—
dencé relationships of the beta and gamma radiations observed in this
work to within the accuracy of the results. It is believed to account
for the prominent de-excitation modes of the Lalhe-0e142 beta decay.
Observed coincidence relations are denoted by a full circle, the stan-
dard notation of the Nuclear Data Group (65). The average energy and
relative intensity of each gamma ray is given with the intensity in
brackets below the energy. The energy and log £t value for each beta
group are similarly indicated.

The evidence for the first state at 0.645 MeV is conclusive,
The 0,645-MeV gamma ray is the transition with the greatest intensity.
There are six pairs of gamma transitions, 3.65-2.99 MeV, 3.45 - 2,80
MeV, 3,31 ~2,67 MeV, 2,55~1,91 MeV, 2.41 -1,74 MeV and 2,19 - 1,54 MeV
with energy differences of approximately 0,65 MeV for which the lower

energy members were observed to be in coincidence with the 0.645 - MeV

transition. Finally, the energy difference between the maximum energy
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beta group observed in coincidence with the 0,645-MeV gamma ray and
the ground state beta transition is approximately 0.65 MeV,

The evidence for the existence of the 1l.54-MeV level is based
on the strong 0.645 - 0.898 MeV coincidence and the energy difference

between beta groups Bl and B, of approximately 1.5 MeV, The energy of

3
the 1.54-MeV gamma ray indicates that this could be the transition
corresponding to de-excitation of this level directly to the ground
state, The value of the coincidence quotients q0‘645,1’54 and
q1.54,0.645 igdicate that approximately half the transitions of this
energy occur in coincidence with the 0,645-MeV gamma ray. For this
reason the intensity of the 1.54-MeV cross-over transition is only
about one-half the single-crystal value,

On the basis of energies, previous researchers (23,24) assigned
the 1,01-MeV gamma ray to correspond to a transition between the
states at 2,55 and 1.54 MeV, However, the coincidence results obtained
in this work give very small coincidence quotients for a 0.898 - 1.01
MeV time correlation, indicating that these transitions are not in
coincidence to the extent required for this interpretation. The strong
0.645-1.01, 1,06 MeV coincidence requires, therefore, that there be a
level at 1.66 MeV., The order of the 1.0l - 1,06 MeV gamma rays is
based on the greater intensity of the lower energy component of the
doublet., No beta transition to this level was observed, indicating
that it is predominantly populated from the de-excitation of higher
energy Ce142 states.

The 1.37-MeV gamma transition exhibits coincidence relation-
ships only with the 0,645-MeV gamma ray and a weak 1,66-MeV transition

not observed in the single-crystal spectrum. The 0.645~1.37 MeV
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coincidence was also observed by previous researchers (24), The 2,02-
MeV level included on the bassis of this evidence appears to be the
only explanation consistent with these results. The evidence for this
level is not conclusive, so that it must be considered tentative. No
beta group was observed which would correspond to a transition directly
to this level.

The relatively strong beta transition with end-point energy
of approximately 2.3 MeV observed in coincidence with gamma rays in
the energy region 2.0 - 2.2 MeV indicates the existence of a level at
approximately 2,2 MeV, This interpretation is strengthened by the
existence of a 2,19-MeV gamma ray and the cbservation of the 0,645 -
1.54 MeV coincidence relation, This coincidence was reported earlier
(24)s since the existence of the 2,19-MeV gamma ray and the 2.3-MeV
beta group was not revealed in the earlier work, it was previously not
possible to interpret this coincidence relationship.

The level at 2,41 MeV is required to explain several experi-
mental results. The relatively strong gamma transition at 2.41 MeV
exhibits no coincidence relations with other gamma rays. The 0,645 =
1.74 MeV cascade is then interpreted as resulting from the transition
between this level and the first state. Since both the 2,41~ and 1,74-
MeV gamma rays are in coincidence with the same beta group with end-
point energy 2.1 MeV, the interpretation is consistent with the beta-
gamma coincidence results. Finally, the existence of the 0.86 - 0.898
MeV doublet and the appearance of the B5 group in coincidence with
gamma rays in the region of 0,645 and 0,898 MeV requires that the
0.86-MeV gamma ray correspond to the transition between the 2,41-MeV

level and the second state.
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The evidence for the existence of the 2,55-MeV level is based
on the appearance of the 2.,55-MeV gamma ray uncorrelated with any
other transition. This property indicates that the transition results
from a de-excitation leading directly to the ground state. The 0,645
1.91 MeV coincidence indicates that the 1.91-MeV gamma ray corresponds
to the transition between the 2,55-MeV level and the first state.

This interpretation is confirmed by the fact that both the 2,55-MeV
and 1,91~-MeV gamma rays are in coincidence with the B6 group and there-
fore de-populate a common level at approximately 2.6 MeV. The
coincidence quotients for a possible 0,898 - 1.01 MeV cascade indicate
that if a transition exists between this level and the second state,

it can represent at most a 2% branching ratio for the de-execitation of
the 2,55-MeV level.

The presence of the 1,8-MeV beta group indicates the existence
of a level at approximately 2,7 MeV., This group appears in coincidence
with gamma rays in the region of 2,0 MeV, This result, together with
the fact that there exists a 2,06-MeV gamma ray in coincidence with
the 0,645-MeV gamma ray is consistent with the interpretation that the
2.06-MeV gamma ray corresponds to the transition from the 2,7-MeV
level to the first state., The 0,898 -1,17 MeV and 1,01 - 1,05 MeV
cascades appear as componepts of the 2.06-MeV sum-coincidence peak so
that the 2,06-MeV transition is interpreted as the cross-over transi-
tion for these cascades, Finally, the observed coincidence

relationship between the 0,898-MeV gamma ray and the B., group indicates

7
that the 1,17-MeV gamma ray corresponds to the de-excitation of this
level leading to the second state. No transition from this level to

the ground state was observed. It is estimated on the basis of the
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regression analysis of the single-eorystal spectrum that the branching
ratio for such a transition must be less than 3%.

The level at 3.31 MeV is based upon the identification of a
3.31-MeV gamma ray exhibiting no coincidences with other gamma rays
and a 1.2-MeV beta group observed in coincidence with & gamma ray of
energy greater than 3 MeV., The observed 2.67 - 0.645 MeV coincidence
is consistent with the identification of the 2.,67-MeV gamma ray as
corresponding to the transition between this level and the first state.
No other de-excitation modes for this level were positively identified,

The existence of a level at 3.45 MeV is required by the
observed properties of the 3.45- and 2,.8-MeV gamma rays. The 2.8-MeV
gamma ray was observed to be in coincidence with the 0.645-MeV transi-
tion. In addition, the 2.19 -1.25 MeV and 1.54 - 1.25 MeV coincidences
are consistent with the identification of the 1,25-MeV gamma ray with
the transition between the 3.45~ and 2.19-MeV levels. The beta group
corresponding to the population of the level following the decay of
the La142 ground state was not observed. It is felt that the energy
of this group of approximately 1.1 MeV is sufficiently close to that
of the 1.2-MeV group so that under the counting conditions used in
this study these two groups were not resolved. The existence of this
group was inferred from consideration of the relative éamma—ray intensi-
ties. As in the case of the 3,31-MeV level, no transitions leading to
levels other than those indicated were positively identified.

The highest energy gamma ray observed in the Lal42 spectrum at
3.65 MeV is in coincidence with the lowest energy beta group identified

at approximately 0.9 MeV., Since this gamma ray was not observed in

coincidence with any other transition, it may be interpreted as the



ground-~state transition of a level at 3.65 MeV. This interpretation
is consistent with the beta-gamma coincidence results and with the
relatively strong 0.645- 2,99 MeV coincidence. The 0,898 - 2,14 MeV
and 1.03 -~ 2,02 MeV coincidences indicate that these two gamma rays at
approximately 2 MeV correspond to de-excitation modes for which the
final levels are the 1,54~ and 1.66-MeV levels respectively.

The decay scheme presented accounts for all the beta and gamma
transitions and their inter-relations., The residual which occurs in
some coincidence spectra may indicate that other de-excitation modes
of low probability occur in the beta decay of Lav.ll{L2 in addition to
those identified in this study.

On the basis of the relative gamma-ray intensities and the
branching ratios of the beta groups, the absolute intensity of the
0.645-MeV gamma ray was calculated to be 50 + 5% This value is in
reasonable agreement with that measured by Schuman et al (24) of
approximately 55%. No error is quoted by these aulhors.

The average value obtained for the total energy release,

4,51 + 0.03 MeV, is consistent with the systematics of disintegration
energies in this mass region (65) and is in good agreement with the
previously measured value of approximately 4.4 MeV (24), No estimate
of the accuracy cf the previous measurement is given by the autheors,
but an arbitrary error of as 0.3 MeV was assigned by the Nuclear Data
Group (65).

The values predicted by the semi-empirical mass formula of
Seeger (66) and Cameron (67) are 5.157 MeV and 4.969 MeV respectively,
in disagreement with the experimental value by approximately 10%.

Such disagreements are typical. The concept of a semi-empirical mass
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law assumes a relatively smooth dependence of mass on neutron and
proton numbers in an iscobaric chain for a given nuclear classification
(even N, even Z, etc.). The actual values, reviewed by the Nucleaxr
Data Group (65) appear to display a subtle, irregular, fine structure

superimposed upon & more or less regular variation,

Spin and Parity Assignments

A completely unambiguous description of the spin-parity

L2

structure of Cel requires extensive observation of the angular and

polarization direction correlations of all the gamma-ray cascades
which result from the beta decay of Lalqz. It is possible on the basis
of those angular correlation results obtained in this work to assign
definite spins to some of the levels., In addition, general arguments
based upon the relative intensities of the lepton and electromagnetic
disintegration modes may be used to decide upon the most probable spin
and parity of several of the levels.

It is a well-established fact that the ground state and first
excited state of even A nuclei are of even parity and have angular
momentum O and 2 respectively. All angular correlation results which
involve the 0,645-MeV gamma ray are consistent with these spin assign-
ments., Furthermore, Coulomb excitation studies (68) have confirmed
the fact that the 0.645-MeV gamma ray is electric quadrupole.

Since the log ft values of the Bl and 62 groups most likely
correspond to first-forbidden transitions, the parity of the Lal42
ground state is odd. The experimental investigation of the shape of

the ground state beta transition indicates that this transition is

probebly first-forbidden unique, in which case the spin and parity of
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the La is 2°. The fact that the O+ Ce ground state transition

occurs with the observed intensity definitely requires that the La.]'LF2
spin cannot exceed 2.

The log ft value for the B, component also most likely corre-

3
sponds to a forbidden transition so that the 1.54 MeV level is required
to have even parity. The 0.645 - 0,898 MeV angular correlation can be
positively identified as corresponding to a 2(D,Q) 2(Q)0 spin sequences,
The small mixing ratio indicates that the 0.898 MeV gamma ray is pre-
dominantly a magnetic dipole transition.

The spin of the 2.41 MeV level can also be unambiguously
identified as 2 on the basis of the 0,645~ 1,74 MeV angular correla-
tion data., This result also indicates that the 1,74 MeV gamma ray is
predominantly dipole. A parity assignment cannot he definitely made
for this level, The distribution of log ft values for beta transitions
from odd-odd nuclei leading to even-even nuclei with neutron numbers
from N=84 to 86 are shown in Figure 43. It can be seen from this
figure that the distributions for allowed and first-forbidden transi-
tions are only slightly displaced as regards the range of log ft wvalues.
The 0.898 - 0,862 MeV correlation is consistent with the 2-2-2 spin
sequence requiring that the 0.862-MeV gamma ray be dipole with a slight
quadrupole admixture (4 + 4%).

The 0,645 «1,91 MeV angular-correlation results are consistent
with a spin assignment of 1,3 or 4 for the 2.,55-MeV level., The strong
2+55-MeV ground-state gamma transition leads to an unambiguous assign-
ment of 1 for this level, No definite parity assigmments can be made
since the log ft value of 7.2 can be interpreted as corresponding to

either a first-forbidden or allowed transition.
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The absence of a ground state gamma transition for the 2,71
MeV level indicates that the spin of this state is greater than 2,
while the log ft value of T.2 for the beta transition B7 requires that
the spin be less than 5, A spin of either % or 4 is consistent wifh
the 0,645 - 2,06 MeV angular correlation., The 0,898 -1.17 MeV correla~
tion can be interpreted on the basis of a 3-2-2 and 4=2-2-spin
sequence, If a spin of 4 is assumed for the 2,71 MeV level, then the
values of the A2 and A4 coefficients are A2 = 0,0736 and A4 = 0,00017
for the case of the 1,17 MeV gamma ray being pure quadrupole. In
order to obtain agreement with the measured correlation, a large
admixture of octupole radiation is required. In the case of the 3-2-2-

spin sequence, the coefficients are A, = =0,093 and A# = =0,001 for a

2
multipolarity of the 1.17 MeV gamma ray of 99% quadrupole, 1% dipole.
It is felt that the spin 3 interpretation is the most likely since
quadrupole-dipole competition occurs frequently. Strong competition
between quadrupole and octupole radiation would be more likely in the
case of M2(E3) than E2(M3). This would require that the 2,71 MeV
level be A—, in which case the beta transitiom B7 would be second
forbidden and the log ft value would be much higher than 7.2. I
should be noted that even with the spin 3 interpretation, the theoreti-
cal value of the Au coefficient is in disagreement with the measured
value by 1.5 standard deviations,

It is necessary to conclude, therefore, that the 0,898 - 1.17
MeV corrélation data contains a systematic error most probably due to
residual interference from Compton-Compton adding. The magnitude of

the theoretical A/+ coefficient (~0,001) is sufficiently small as to

indicate that the measured value would be substantially altered by any
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interference, The much larger A2 coefficient would not be as sensitive
to any extraneous contribution to the correlaition.

The fact that the 1,17 MeV gamma ray is almost pure quadrupele
for this spin sequence requires that this level have even pafity. In
summary, the interpretation of 3+ for the spin and parity of the 2,71
MeV level is the most consistent with the angular correliation measure-
ments together with the branching ratios of the beta and gamma
de-excitation modes.

Since the 1.66 MeV level does not decay to the ground state,
the spin of this level must be either O or greater than 2, The popu-
lation of this level by the 1,06 MeV gamma ray corresponding to de-
excitation of the 2.71 MeV level indicates that the assignment of spin
zero is unlikely. The 1,01 ~1.06 MeV correlation was analyzed on the
bagsis of spin sequences 3-3-2 and 3-4-2, Only the 3-4=2 spin sequence
can account for this correlation and requires that the 1,06 MeV gamma
ray be approximately 99.5% quadrupole and the 1,01 MeV gamma ray be
approximately 97% quadrupole and 3% octupole. On the basis of these
facts, a spin and parity of 4+ is proposed for the 1.66 MeV level.

The spins of the 2,71 MeV and 1,66 MeV levels are shown in
brackets in the decay scheme. Although these values are consistent
with the data, it is felt that they are not adequately proven. The
possibility of residual interference in the sum coincidence data
introduces an uncertainty in the interpretation of the data. In
addition, in order fo remove ambiguities of interpretation in the case
of the 1.0l - 1.06 MeV correlation, only spin sequences which appear

physically reasonable were considered,
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On the basis of these spin and parity assignments and the
systematics of log ft values in this region, the most likely degree of
forbiddenness of the beta transitions observed is given in Table XI.
Similarly the multipolarity of the gamma transitions identified is

summarized in Table XII.

Interpretation of the Results

Some properties of the 09142 nucleus may be understood within

the context of the considerations outlined in Chapter I. It must be
stressed that this interpretation is at best only semi-quantitative.
Since the information about this nucleus in particular and about this
mass region in general is not complete, perhaps this is all that is
justified at this time. The (N,Z) configuration for Ce:l}-l'2 is (84,58)
so that there are one pair of neutrons and four proton pairs outside
the respective closed shells., In this discussion we will ignore any
possible interaction between extra~core neutrons and protons. Sheline
(69) has published a recent survey of nuclear deformations; from the
systematics presented, it would appear that collective deformations do
not occur until the neutron number exceeds 88, The transition from
spherical to deformed nuclei is reflected rather dramatically in the

level structures of 64Gd%gz and 628mé82 (70). The evidence suggests

142

that the equilibrium shape of __Ce I is spherical. Such an inter-

58778
pretation is consistent with the remarks of Belyaev (17) and Mottelson
(15) and indicates that the stabilizing influence of the pairing
correlaticn is greater than the polarization effects for thie nucleus.

The magnitude of the pair binding for neutrons and protons,

Ah and Ap respectively, can be estimated from the A = 142 mass
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TABLE IX

Probable Character of Lal42 Beta Transitions

Beta Group EB(MeV) Type
B L, k9 First-Forbidden (Unique)
By 3,85 First-Forbidden
B3 2.98 First-Forbidden
By 2431 First-Forbidden (Allowed)
Bs 2,11 First-Forbidden (Allowed)
Bg 1.98 Allowed (First-Forbidden)
B7 1.79 Pirst-Forbidden (Allowed)
By 1.23 Allowed (First-Forbidden)
B9 0.87 Allowed




TABLE XII
Probable Character of Prominent Lza.lb'2 Gamma Transitions
Ey(MeV) Multipolarity Type

0,645 Quadrupole Blectric

0.898 Dipole (Quadrupole) Magnetic (Electric)
1.01 Quedrupole (Dipole) Eleétrio (Magnetic)
1.06 Quadrupole (Dipole) Electric (Magnetic)
1.16 Quadrupole (Dipele) Electric (Magnetic)
1.7h Dipole (Magnetic)

1,91 Dipole (Eiectrie)

2,06 Dipole (Magnetic)

2.41 Quadrupole (Magnetic)

2.55 Dipole (Electric)

T
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systematies as presented by Dewdney (5) and from the deuteron stripping
results of Fulmer et al (71)., The separation between the odd-odd and
even-even mass parabolas for a given even A isobaric system, AEe, is
the sum of the neutron and proton pairing energies.

AEe = Ah + Ap. (1)
The odd-A masses also tend to lie on two slightly displaced parabelas.
If the proton pairing energy is larger than the neutron pairing energy,
the masses of the odd-neutron nuclides lie on the lower parabola,
while if the neutron pairing energy is the larger, the odde-proton nuc-
lides lie on the lower parabola. In this case the separation is

BB =B - b (2)
As pointed out by Dewdney (5), AE | inereases in the A = 90 and A = 142
region, indicating & reduction in neutron pairing energy with respect
to proton pairing energy. For A = 142, his results give
AEe = 2,22 + 0,06 MeV and for A = 143, AEO = 0.479 + 0,02, This leads
from (1) and (2) to pairing energies of approximately'AP = l.4t and
Ah = 0,87 MeV,

As discussed by Cohen (72), the cross seetions for (d,p) and

(d,t) reactions are closely related to the sz and ij defined in
Chapter I. The probability for the capture of a neutron with final
state (j,m) is proportional to the probability that the orbital be
unoeccupied, ie. sz. The investigations of Cohen lead to information
about the position of the single-particle states g?j -~ A, and the
distribution coefficients sz and ij. From these values and the
equation relating them to A given in Chapter I, Cohen obtains
A = 0,72 MeV, This value is reasonably consistent with the estimates

n

based on the A = 142 and 143 mass systematics. Since it has been
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obtained from & specific study of this nucleus, the value of An =
Oe72 MeV is probably more applicable to this discussion. This would
imply that Ab;y 1.5 to maintain consistency with the A = 142 mass data.
From these results, one can conclude that the energy gap for
intrinsic neutron excitations is approximately l.44 MeV, while that
for proton excitations is approximately 3.00 MeV in Celhz. It is
therefore to be expected that most of the particle levels populated
in the beta decay will correspond to intrinsic neutron excitations.
Since Ce142 is apparently a spherical nucleus, a description of the
particle motions based upon the shell-model orbitals is appropriate.
Recently, Cohen (73) has published an extensive survey of the relative
positions of the single-particle neutron states., Kisslinger end

Sorensen (74) have also obtained evidence for the relative spacings of

proton levels, The results for this region are indicated in Figure 4k.

The single-particle neutron states are based on the results for 09141.
Pyjp 225 —m-e—- - 8/2
——————— d
3/2
h .
—_— 9/2 1.9
fs/2 1.88
“““““ 113/2 TTTTTTTTT By
N 0.88
P3/2
0.2
87/2
f 0 d 0
7/2 5/2
Neutron States (Cel4l) FIGURE 44 Proton States (PrlAl)

There is no evidence on the 113/2 state in this region, This state is
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predicted from the shell model to lie near the middle of the N = 82
and N = 126 closed shells, The only definite information on single-
particle proton states is that the g7/2 and d5/2 states are closely
spaced.

The residual interactions, in particular the pairing correla-
tion, lead to considerable configuration mixing so that the actual
nuclear states are distributed over the shell model states. Cohen

(71) has determined the ground state wave function for Ce142 to be

(ce1#2) . (0.73>1/2 f$/2 . (0.11)1/2 p§/2 + (0.05)1/2

+ (0.017) /2 pi/2 + (0.087)Y/2 hg/z

for the neutron configuration. The proton configuration might be
expected to be an admixture of (g7/2) and d5/2 configurations. Because
of the greater proton pair binding, it is felt that proton excitatiocns
will not play a significant role in the low-energy level structure,

The intrinsic neutron excitations give rise to a level spectrum some~
what as indicated in Figure 45. The configurations designated as, for
example, f7/2 p3/2, indicate only the states with largest distribution
coefficients ij.

Of course, the actual energies of the intrinsic levels will be
perturbed by the quadrupole interaction. In addition, when the
vibrational energies hm2 and hw3 are of the same order as An’ then the
separation of collective and intrinsic motions is no longer a good
approximation. The levels must be interpreted as hybridizations in

which the collective levels are distributed over the intrinsic

states,
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The 21+ state at 0.645 MeV can be interpreted as the one-phonon
quadrupole vibrational state., This level appears well below the

energy gap and can only correspond to a collective mode., Such an
interpretation is confirmed by the Coulomb excitation results (75)a
These results show that the reduced matrix element B(EZ;Zl'—; O) is
enhanced by a factor of ten over the single-particle estimate which can
be explained as arising from collective effects.

The second 22+ state at 1l.54 MeV can possibly be connected with
three distinct excitations; the two-phonon quadrupole vibration, -the
intrinsic excitation with configuration (f7/2)2 in which the angular
moment are coupled to a value of 2, or the f7/2 p3/2 configuration,
for which the lowest energy state is expected to be 2+, Some con-
clusions regarding the nature of this state may be drawn from its de-~
excitation properties. The angular correlation results indicate that

the 22--) 2:L

y 0.898 MeV transition is almost pure Ml. The two-phonon
state would de-excite primarily by an E2 transition. Coulomb excita-

tion studies (68,75) have been carried out for incident energies
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sufficient to excite this level with negative results. It is therefore
extremely likely that this level is different in intrinsic structure
from the ground state. In terms of the shell-model orbitals, the Ml
selection rule requires that the initial and final states have the

same orbital angular momentum, while for E2 transitions, Al = 2, If

it is assumed that the 22-state is primarily f7/2 p3/2, then the

22 - 2l transition arises mainly from the change in state of the p5/2
neutron. The transition elements are outlined in the scheme shown in
Figure 46, It is assumed that the intrinsic states for the collective

level are the same as for the ground state

f7/2(0.73) fs/z(o.os) p3/2(0.11) p1/2(0.017)

FIGURE 46

The mixing ratio is given approximately by

2 (Vz o+ vg ) Tgp(E2)
(v5 ' Vi /2) Tsp(Ml)

)

where Tsp are the single-parficle transition probabilities. This
equation gives a value of 0,009 compared to the single-particle esti-
mate of 0.0015 and the collective estimate of 40-60, The measured
value is 0.0064 + 0,002, The systematics of MLl-E2 mixing ratios for
the 22-—) 21 transitions has been reviewed recently by several authors

(76,77,78). Potnis (78) observes that the mixing ratios lie near the
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collective estimates near the central regions between neutron closed
shells and decrease rapidly towards the single-particle estimate at
the closed shells. In this mass region the reduction in O begins at
approximately N = 90, This assumes significance when it is realized
that this is the critical nucleon number at which spherical equili=-
brium becomes unstable. In the context of this discussion, it is
interesting to attempt to explain the variation. I% would appear that
for the transition nuclei, the 22 level is a mixture of the 2~-phonon
state and an intrinsic state. The degree of hybridization increases
with neutron number and the state changes from mainly particle struc-
ture near the closed-shell to mainly collective structure at the
critical neutron number, The increase in & with neutron number over
the transition region could result from alterations in the V? as
collective effects become more pronounced.

The ratio of reduced matrix elements for the 0,898-MeV and
1,54-MeV transitions can be calculated from the mixing ratios and
relative intensities.

2 1
B(E2;2° —> 27) - 0.38
B(E2;22—>0)

On the very simple assumption that the 2l and ground state have the

same intrinsic structure and that there are no collective matrix
elements 22——> 21, one would expect this ratioc to be unity. In the
extreme case of the 22 double phonon state, this ratio is infinite
since 22-—9 0 is forbidden. The measured ratio appears to confimm
the interpretation of the 22 state at 1,54 MeV as a predominantly
intrinsic excitation mode with properties not unlike that of an

f7/2 p3/2 configuration. This interpretation, to be somplietely



124

consistent, requires that the effective energy of the p3/2 single=-
particle state be reduced to O.41 MeV in 09142 as compared to 0,88
MeV in 09141.

The situation surrounding the 1,66 MeV level is interesting.
Quite recently the Coulomb excitation of this level was reported by
Hansen and Nathiow {73). These authors were unable to determine the
angular correlation between the incident alpha-particles and the 1.01
MeV gamma ray and so could not give a definite spin assigmment. They
also performed experiments on several other nuclides throughout this
region in which they could make definite spin assigmments, The final
states populated in this region were found to have spins of either 3
or 4, corresponding either to the one-phonon, 3-octupole vibration or
the 2-phonon 4+ quadrupole vibration. On the basis of the energy
systematics, they give a tentative assignment of 3- to this level, The
angular correlation results of this study require that the spin be.4
and that the level be identified quite possibly as the second quadrupole
vibrational state. Purely from considerations of spin and parity,
this level could also be interpreted as an intrinsic excitation, prob-
ably resulting from a change in coupling of angular momenta in either
the (f7/2)2 or f7/2 Ps/> configurations. On the other hand, the
Coulomb excitation of this level can be considered as evidence that
there is considerable collective structure in this state. With
increasing energy, one would expect that the structure of the states
could become relatively complicated. The vibrational energies are of
the same order of magnitude as the particle energies so that the levels
might display both collective and intrinsic properties to a varying

degree., The only possible intrinsic structures that can explain the
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level with spin 1 at 2.55 VeV are the f7/2 f5/2 and f7/2 h9/2 config-
urations. Such an interpretation would require that the energy of
either the f5/2 or h9/2 states be approximately 1.7 MeV as compared to
1.9 MeV din CelAl, and that the parity of the 2.5% MeV state be positive,
There is some evidence that the 3+ level at 2.7l MeV corresponds partly
to the three-phonon quadrupole vibration, since it de-excites fo the
1.54 MeV and 1.66 MeV levels by E2 radiation.

The ground-state spin for Lalqz of 2(;) is consistent with an
f7/2n d5/2p configuration for the odd nucleons. The increased biading
for pairs in higher angular momentum states would account for a
reversal in the order of filling of the proton states g7/2 and d5/2
which are so closely spaced. The proton ground state configuration is

probably (g7/2)6 d5/29 The f7/2 d5/2 configuration in Prlud has as its

lowest state the 2(~) configuration,
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