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CHAPTER I

INTRODUCTICN

In the study of nuclear levels one is interested in the properties
of a collection of protons and neutrons which form a stable, quasi-stable
or unstable configuration. Since the heaviest nucleus known to date has
less than three hundred particles, attempts to depict the nucleus as a med-
ium with an infinite mumber of constituent nucleons is indeed an approximat-
ion (Weisskopf et al (1958), Brueckner et al (1958)). These nuclear matter
calculations yield, however, many interesting clues as to actual nuclear
properties (Preston (1962))s At the other extreme, the treatment of a group
of a hundred particles by one-body or two-body techniques is out of the
question unless some "a priori" approximations about nuclear forces binding
the mucleons together are made., Since the many-body problem is prohibitive-
ly complex, physicists have attempted to make progress by inventing models
of nuclei which possess some of the properties of real nuclei. Some of the
more useful models will be discussed in the next chapter. As will be seen
the models work only in certain regions of the periodic table. To date, no
one model is able to predict all the properties of all nuclei,

With the tools and techniques available to the muclear spectroscopist,
he can, by studying induced radiocactivity or by observing naturally occurring
transitions between nuclear states, deduce such properties of the energy lev-
els as the energy, spin and parity of the state. For a complete understand-
ing of the work that is to follow, an explanation of some of the terms used

will be found in the next sectione.
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This thesis deals with the energy levels in 122Rh60, as populated in

the beta decay of 122Ru61 + The measurements of beta and gamma ray energies
and intensities together with a determination of internal conversion coeff-

icients give a good deal of information about these levels,

1.1 Spin and Parity

The excitation energies are obtained by observing the transitions
which occur when the nucleus de-excites itself from one muclear state
to another. It should be noted that the de-excitation may proceed by
several competing paths, each with its own characteristic decay probab-
ility.

The expression "spin" refers to the intrinsic angular momentum of
a particle, a quantum mechanical concept. Protons and neutrons are
both fermions obeying Fermi-Dirac statistics and the exclusion prin-

ciple and hence each particle has an intrinsic angular momentum
i 27
2

term "spin" is also used to represent the vector sum of the orbital

T (£ = b/2n and h, Planck's constant, 6,625 x 10"’ ergesec). The
angular momentum and the intrinsic angular momentum of a particle. The
spin of a mucleus is the vector sum of the spins of all the individual
constituent nucleons,

It can be seen that, in terms of M, a nucleus made up of an
even number of protons and neutrons will have an integral value of spin
while a nucleus with an uneven number of particles will have a half in-
tegral spin., It is an experimental fact that mucleons tend to pair off
their spins giving a resultant spin of zero. Also, all even-numbered

proton, even-numbered neutron nuclei have a zero spin ground state with-



1.2

out exception.

Symmetry suppositiocns lead to conservation principles., For ex=-
ample, the rotational symmetry property of space leads to the conserve-
ation of angular momentum principle and the conservation of energy
principle follows from the homogeneity properties of space and timee.

The space inversion invariance leads to the parity conservation prin-
ciple. Parity is a quantum mechanical concept with no classical analog.
Stated mathematically, a wave function { (x,y,2z) describing a system
with co-ordinates (x,y,2) is of even parity if upon inversion of the co-
ordinates through the origin the wave function is unaltered; i.e.

‘( (%y742) = 4’(—x,—y,-z). A wave function is of odd parity if upon in-
version one obtains 4 (x,y,2z) = -l((—x,-y,-z). Parity is a good quant=-
um number for strong and electromagnetic interactions; however, in
recent years it has been found that parity is not conserved in weak
interactions, This will be discussed in the next section.

Beta Decay

There are four different types of interactions in the physical
world, These are, listed in order of decreasing strength, the strong
interaction (neutron-proton scattering), the electromagnetic interact-
ion (gamma emission), the weak interaction (beta decay) and the gravit-
ational interaction (attraction between celestial bodies). Represent-
ative numbers describing comparative orders of magnitude for these
interactions are 10, 10-2, 10722 and 10_45, respectively. (Preston (1962)).

The weak interaction is responsible for beta decay which is a
nuclear transformation accompanied by the emission of an electron or

positron, or by the capture of an orbital electron. The three modes of



decay are listed below:

(L)

(i1)

(iii)

ed.

The reaction n—»p + e + v describes the decay of neutron-rich
miclei and the free neutron, a neutron decaying into a proton,
electron and antineutrino,
The reaction p—>n + e¥ + v describes the decay of proton-rich
nuclei, a proton decaying into a neutron, positron and neutrino,
(A free proton cannot decay in this manner since its mass is less
than the products and therefore the process is energetically im=-
possible. However, a proton in the nucleus can decay in this
manner due to the influence of other nucleons in the nucleus.)
The reaction p + € —>n + v describes the capture of an orbital
electron by a proton with a resulting transformation into a neu-
tron and neutrino.

Beta rays were one of the first types of radiocactivity discover-

Since the force mechanism which accomplishes beta decay was not

known at first, theoretical and experimental ventures went hand in

hand, each in turn leading the other., Since the theoretical understand-

ing of the weak interaction required both the development of relativis-

tic quantum electrodynamics and the development of many experimental
techniques, it is perhaps not surprising that a precise theory took

over fifty years to mature. Chadwick and Ellis (1922) were the first

to distinguish between the beta ray continuum and the monoérgi@xcan'.

version electrons. The monoergic electrons are emitted after the primary

beta ray and neutrino pair have been produced and compete with gamma ray

transitions in the manner discussed in the section on internal con=

version. The existence of a continuum was baffling to physicists since



it appeared that the conservation of energy law was being violated. The
upper energy limit of the continuum was shown energetically to rg-
present the energy available for the beta decay (Gurney (1925)). The
conservation of angular momentum principle was also being viclated as
indicated in the following example. A half-integral fermion decaying
into two half-integral fermions whose resultant spin would be of
integral value cannct be consistent with the conservation of angular
momentum because, somehow, a half-integral value of spin is missing,
ieo

n—yp + e

1 1 1
3773 +3

Pauli (1933) suggested the existence of a third decay product
which would allow for the continuous distribution of beta rays. This
postulated particle, the neutrino, would then have to have the follewing prop-‘
erties; possess zero charge, one-half spin, and nearly zero mass,
obey Fermi statistics, and interact only through the weak interaction.
The neutrino postulate saved the conservation of energy and the con-
servation of angular momentum principles.

Fermi (1934) showed how the neutrino could fit into a beta decay
theory using currents in the nucleus in analogy to electromagnetic
gamma ray emission., Perturbation theory yields the following transit-
ion probability per second for the emission of an electron of energy

E to E + dE in beta decay

W(E) =§£l< A (ff*l Hifl/pki 1/17 éf(E)

where,yti and /ﬁ% are the initial and final representations of the nu-




clear states (neutron, proton), QZi and Cf} are the initial and final
representations for the leptonic states (electron, neutrino), Hif is
the interaction Hamiltonian which must not only contain the type of
weak interaction but must destroy the initial states and create the
final ones, and/AQ(E) is the density of final states per unit energy
interval available for the decay.

For the wave functions one first assumes that there is no inter-
action between the nucleus and the participating particles., Therefore
one can use plane waves as a good approximation (A=A exp(-ik.r),r-
position vector and k = %E where A is the wave length of the ragiation)o
Rewriting exp(iker) in a series expansion gives 1 + iker + (ggg) + ===,
Since A is large compared to nuclear dimensions, the first term of the
expansion is dominant and can be used as an approximation for the elec-
tron and neutrino wave functions. This leads to what is known as allow-
ed order of decay. If the resultant \(leli7‘2 upon integration is
zero, higher order terms in the plane wave expansion can become import-—
ant. In this manner forbidden orders of decay arise. The more terms
in the approximation that are required, the higher the degree of forbid-
denness. This expansion is analogous to the multipole expansion of a
radiation field, Upon integrating the transition probability ‘W' over
appropriate variables, the probability of obtaining an electron of
momentum between p and p + dp becomes, with a few correction factors
added,

n(plap = o|u, .| °F(z,5) p°(E_ )% ap
where C is a constant, Mif is the nuclear matrix element containing the

neutron and proton states and the interaction Hamiltonian,F(Z,E) is



the Fermi function which corrects for the Coulomb interaction between
micleons and electrons (assumed plane waves) and the effects of the atomic
electrons, p is the momentum of the electrons, Eo is the maximum energy
of the emitted electrons, E is the energy of the electrons and Sn is
the shape factor which corrects the expression when higher degrees of
forbiddenness are required (n indicates the degree of forbiddenness).
It should be noted that Sn is constant for all allowed and for most first
forbidden decays.

It can be seen that plotting (N(p) / p2F(Z,Ej% versus energy
results in a straight line plot known as a Fermi plot with intercept
Eo on the energy axis. Departures from a straight line indicate a for-
bidden shape factor or the admixture of several beta groups.

Integrating N(p)dp over all possible momenta yields the total
probability of decay

2
fn2 I
A= T = ClMif fn(Z,E)
;i
where T% is the half-life for the decay and fn contains the dependence
on the integral with S_ (ie. £ = ‘f pz(Eo-E)2 F(Z,E)Sndp. Rewriting

this expression gives £ T = f—g——g which is dependent only on the type

[ ¢]
of transition occurring and gives information about nuclear propertiese.
The expression fnT is known as the comparative half-life., The following
table shows characteristic values of log10 fnT for different types of
transitions, In reality, one can only work out fOT since Sn is not un=

iquely defined for most forbidden decays. We therefore use 1og10 fOT

except for special cases such as first forbidden unique decayse.



Type l@glo T
Super allowed 3,2=3,8 transitions between mirror nuclei
Allowed 4, 26,6
First Forbidden 605=8.5
First Forbidden 8.0-8,8
Unique
Second Forbidden 10 - 13

The 1og10 fT value is not a very reliable indication of the type of
transition but it is often the only clue one can find.

From the properties postulated for the neutrinc it can be seen
that it would be a difficult particle to detect. Indirect evidence for
its existence was first obtained by recoil experiments in which the di=-
rection of the beta particle and the direction of the nucleus suggest-
ed the need for a third particle which would conserve linear momentum
(Sherwin (1948),A1len (1948)), but difficulties with source thicknesses
made these results somewhat inconclusive. It took almostAtwentwaive
years to obtain direct evidence for the existence of the neutrino, The
difficult experiments of Reines and Cowan (1953, 1959) finally provided
direct evidence for the neutrino using the inverse reaction v + p—sn + ete
Davis (1955) in his experiments on 37Cl showed that the neutrino and
antineutrino were not the same, a result confirmed by experiments on doub=
le betadecay (Ingraham and Reynolds (1950), Primakoff (1952)).

In 1956, Lee and Yang (1956) pointed out that the question of
parity violation in the weak interaction had never been investigated
and that experiments on aligned nuclei would give clear cut information
on this point. Wu et al (1957) showed that the electrons emitted from

oriented 6Obo nuclei were emitted predominantly in a direction opposite



to the nuclear spin, confirming parity violation for weak interactions.
Experimental evidence acquired over the next few years gave a great deal
of new insight into the nature of beta decay, In particular, one might
mention the work of Goldhaber et al (1958) which showed that the neutrino
has negative helicity, i.e. that the intrinsic spin and the linear
momentum vectors of the neutrino are always antiparallel.

Konopinski and Uhlenbeck (1941 first listed the five types of
interactions that were Lorentz invariant. These were vector (displace=-
ment), axial vector (angular momentum), scalar (scalar product of vector
with vector or axial vector with axial vector), pseudoscalar (scalar product
of vector with axial vector) and tensor interactions. These forms are
represented by V, A, S; P and T, respectively. In principle, the beta inter-
action can be a combination of all of these, Because beta decay does
not conserve parity, each interaction can consist of two terms, one
which preserves parity and the other which does not. Since the helicity
of the neutrino is known to be negative and the helicities of elec=
trons and positrons are -v/c¢ and v/¢, respectively (Frauenfelder et al
(1957), Page (1957)), the ten possible coupling constants are reduced
to two; the vector and axial-=vector interactions., In principle, it
had been known that two types of interactions existed from experimental
results on angular momentum changes for various allowed spectra. The
vector interaction gives the Fermi selection rules and the axial=vector
interaction gives the Gamow=Teller selection rules. In the Fermi al-
lowed interaction the electron and the neutrino do not remove spin from
the nucleus since their spins are antiparallel. The Gamow=Teller allow-

ed interaction removes one unit of angnlar momentum because the spins
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of the electron and neutrino are parallel, Examples of some transit-

ions with spins are shown below.

(1) 014——) N:I'4 + e

+
+ Vv
1 1 . .
I=0—TI=0+ 51 +3 Pure Fermi interaction

(ii) He6 —_— L:i.6 +e +v

I1=0—I=1 + %l + %i Pure Gamow-=Teller interaction
(iii) HB——9H93 +e +v
1 1 1 1 . .
I-= 5 — 5| +3] +5 Mixture of Fermi and Gamow-Teller
1 1 1 contributing with approximately the
— 431+ 41

same strengths

Pe
(iv) < 7 < Allowed Gamow=Teller decay

i O

P nucleus P - momentum
Pe 6 - spin
%02
T
(v) B \ Allowed Fermi decay
P hncleus
Transition Spin Parity Comment
Allowed AI =0 AT = no Fermi
n AT = 2 1,0 A" = no G-T except 0—>0
First Forbidden AT = % 1,0 An = yes Fermi except O—>0
" " AT = X2, 21,0 AT = yes G-T except 0—>0
13
0—>1
Second Forbidden AI =23, I AT = no
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Higher orders of forbidden decays are observed only in exceptional cas-
eS. Since none of these higher order decays were observed in this study,
no further discussion seems warranted here.

Gamma Ray Emission

After beta decay or some other appropriate type of nuclear interaction

the nugleus can be left in an excited state. This state is de-excited
to the ground state by a direct transition or by a series of cascade
events involving intermediate states. The transitions between the ex=-
cited nuclear states are accomplished predominantly by the emission of
electromagnetic radiation,.

This electromagnetic radiation is classified by its multipole or-
der "L" according to the angular momentum "IL" which the radiation field
removes from the nucleus, This angular momentum is related to the spin
change between the nuclear states participating in the transition.

There are two classes of radiation differing in parity for each angular
momentum change. Their names stem from classical theory where an oscil-
lating electric (E) or magnetic (M) 2t pole will produce a radiation
field designated as EL or ML, respectively. The selection rules which

must be satisfied for a transition between two nuclear states are

lIi-Iflngxi+If

M=y -M
A = (-1)L for electric transitions
A = (--ZL)I""l for magnetic transitions

In this description An = + 1 or the term "no" means no parity change and
&n = -1 or the term "yes" means a parity change while Ii and If are the

spins of the initial and final states respectively.
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The predominant multipole order emitted will be that consistent with the
smallest transfer of angular momentum pessible between the states. The
situation is summarized in the following table.

Type of Transition ElL E2 E3 E& ML M2 M3 M4

An yes no yes no no yes no yes

BT 1 2 3 & 1 2 3 &

It can be seen that the spin and parity quantum mumbers of a
state can often be uniquely determined if one can establish the multipole
order and character of the gamma ray transitions to and from this state.

Gamma ray emission is due to the fact that mucleons are charged
and possess magnetic moments and therefore set up charge or magnetic
currents which are confined to the nuclear region. For a pure electro-
magnetic field, expressing the electric, E, and magnetic, H, fields in

terms of the vector potential, A, Maxwell's equations will be satisfied

if
2
2 1
& -= —%)g:o y Yo A=0
c 3t
1 0A

with E:—; 57 and B =Vzx A
Upon quantization of the radiation field and the introduction of the
angular momentum operator L, one obtains two solutions for A which have
opposite parities. These give rise to the electric and magnetic radiate
ion fields. The interaction Hamiltonian between a charged system of A

particles and the electromagnetic field is

A e,
. 1
Hint, = - I E—'c R; » A (&) +my o8, o E(I_:iﬂ

i=1 i

where e, .y 8., m. and p. are the charge, intrinsic magnetic moment
1! /141’ Byr 0y Rl g€, g ]
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intrinsic spin, mass and momentum of the ith particle, respectively,

and &({i) and g(gi) are the vector potential and magnetic field, respect-
ively, due to the ith particle at position Tie The transition probab-
ility for the emission of a gamma ray involving the initial state "i"

and the final state "f" is given by

L fl Hint ’i}laf(E)

where /O(E) is the density of final states available per unit energy

2R
Ty =5

interval, The transition probability for the emission of a photon of
energy Hw with angular momentum L, M and of either electric or magnetic
type is given by Preston (1962)).

2L+l
(L) = 8n (1+1) k B(€ L) where k = ®/¢c and

I.E?L+1)!L]2 u \ ,
Czlogy,

the reduced matrix element B(¢ L, J{-i>Jf) = (2Ji + 1)-1
f

o

z
Mi,M
OLM stands for EL,M or ML,M the electric and magnetic operators respect=-
iveky,d/is a subscript standing for either electric or magnetic type
of radiation.

Upon making a rough estimate for the matrix elements, it can be
shown that the ratio of the electric and magnetic transition probabilite
ies for the same multipole order is approximately (_M?TR)Z (25-1000) where
R is the nuclear radius. The ratio betwéen transition rates of success-
ive multipole orders (L and L + 1) of the same type is approximately

2
(—EB—) o Since kR <K1, it can be seen that only the lowest order multi-

2L+3
pole possible by the selection rules will take part in the transition.
However, in some instances there may be multipole mixing between the

two types of radiation, such as Ml and E2 admixtures in regions where
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1h

E2 transition rates have been enhanced due to some nuclear properties
discussed in the next chapter,

It is very difficult to obtain an accurate formulation for the
initial and final nuclear states. Hence one reverts to models which
give a simplified representation. Weisskopf (1951) and Moszkowski
(1953) used wave functions for a single particle in the shell model

picture and obtained for the transition rates

2 2 4 2L
T (EL) = 2(L+1) (3 S (gli) @ sec-l
W LBZI*D.IHZ 143 Aic | ¢
2 ©R 2L

2
20(L+1) 3 ) e ( -1
T (ML) = = o w sec
~ 2

1 143 L
7,00) = = (L—é) quL - -1:1-) T, (ML)

where the W and M subscript on the T apply to the results of Weisskopf
and Moszkowski, respectively (Preston (19%2), Siegbahn (19%5)). These
"single particle estimates"™ are often used for convenience in discuss=

ing experimentally measured transition rates and it is common practice

to refer to lifetimes in terms of "Weisskopf units", It should be noted

that a gamma ray transition cannot take place between two muclear
states both having spin zero, The internal conversion process is the
mechanism by which a transition between such states occurs,

Internal Conversion

Gamma emission is not the only mechanism by which an excited
nuclear state can be de-excited. Another type of process, of interest
here, is the internal conversion process. In this process the nuclear
de-excitation energy is transferred directly to an orbital electron

which is thereupon e jected from the atom with an energy EY-Bj (Bj is
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the binding of the jth shell)s Therefore the beta spectrum of most

nuclides consists of a continuous beta momentum distribution upon which
is superposed a line spectrum. The conversion electrons emitted are label-
led as K, Ll’ Lz, L393t00 elecfrons according to the subshell from which
they originate. Since the electrons'closest to the mucleus have the
greatest probability of interacting with it, the K lines are stronger than
the L lines, the L lines are stronger than the M lines and so on.

The transition probability per second for the internal conversion

process is given by

e < F o

where the initial state (i) and the final state (f) are products of nucleon

and electronic wave functions. If the nucleus is treated as a point nucle-

us this expression will have the same muclear matrix elements as for the

gamma emission process. The internal conversion coefficient, G5 for the

ejection of an electron from the ith shell is defined as the ratio Te/TY for

that shell, Since the muclear matrix elements appearing in the numerator

and denominator of this expression cancel out leaving only electronic wave

funcﬁions and multipole operators to be evaluated, the conversion coefficients,
.

ayy can be calculated with some degree of accuracy. The total internal conver-

sion coefficient @ = Za,, is related to the total decay probability of a trans-

i’
ition by Ty = (L) TY or Tp,

with increasing energy and that it increases with increasing L for either EL

= (lﬁé) T . It should be noted that « decreases

or ML transitions., The internal conversion coefficients of a transition give

a very good means of determining the type of transition between levels. Such ratios
'aK,dK/EaL aIJ/“LZ/aLB are also useful in yielding information as to the par-
ities and spins of nuclear levels., Extensive tables of internal conversion
coefficients have been computed by Rose et al (1951) treating the

nucleus as a point. Corrections to these calculated values were made




1.5

1.6
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by Rose (1958) in a more detailed calculation which took into account
the size of the mucleus, A still better compilation of internal con-
version coefficients has been made by Sliv and Band (1956,1958) who
have corrected for the finite size of the mucleus and for the time
that the electron spends in the nuclear volume.

Isomeric Transitions

In some cases the selection rules governing transitions men-
tioned in section 1.3 can result in a small probability for a transit-
ion or it can be said that the transition has a long half-life for
decay (order of seconds~years). This type of transition when first
observed was called an iscmeric transition. Since the time of the
measurement of the first transition rates, it has been found that there
is no distinct dividing line between prompt transitions and so-called
delayed transitions. Because these transitions must be highly forbid-
den there wusually is a large spin change and a small energy difference
between participating levels. These transitions will therefore have
large internal conversion coefficients. It was noticed a number of
years ago that isomers are not distributed evenly through the mass
table but are concentrated in certain mass regions, the so called
"islands of isomerism", The shell model accounts reasonably well for
the observed facts concerning isomerism,

Interaction of Gamma Rays with Matter

In traversing matter, electrons lose energy by a large number
of successive collisions which lead either to ionization or to the
production of Bremsstrahlung radiation. A photon, on the other hand,

is removed from the beam by a single event. The reduction in photon
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intensity is therefore given by the exponential absorption law,

N = No exp (=p4x) where g4 is the absorption coefficient in cm-l.

The three main types of interactions by which gamma radiation
reacts with matter are the photoelectric effect, the Compton effect,
and the pair production effect, With the photoelectric effect a
third body (the nucleus) is necessary for conservation of energy and
momentum. This is why the most tightly bound K electrons are respon-
sible for the larésst part of the photoelectric cross-section. In the
photoelectric effect the photon energy is transferred to an atomic
electron which is ejected with an energy EY-Bj where Bj is the binding
energy of the shell in which the electron was located. The vacancy left
by the emitted electron is filled by outer electrons falling into the
hole with the emission of either fluorescent radiation or Auger elec-
trons,

The Compton process describes the interaction in which a photon
of energy hv is incoherently scattered from a free electron at an
angle © with a resultant energy of hv' and consequent recoil of the
free electron. Conservation of energy and momentum lead to the relat=

ions

(] hv' = hv/(1+a(l-cos 6))

‘E&\\ T = hv2(l-cos 8)/(1+a(l-cos 6))
(2 \ﬂ

hv . . . s
where g = 5232 and T is the kinetic energy of the electron. Klein and
Nishina (1929) made a quantum mechanical calculation of the cross=-section
for Compton scattering which has been shown to agree closely with experi-

mental results (Siegbahn (1965)).
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The pair production effect describes a process in which a photon
is transformed into an electron-positron pair whose kinetic energy is
approximately one MeV less than the energy of the gamma ray. This
process must occur in the vicinity of a nucleus in order that the con-
servation of energy and momentum laws will be fulfilled. This process
will be accompanied by gamma radiation when the positron annihilates.

The photoelectric, Compton and pair production cross sections
vary as Zs, Z and Z2 respectively,and each gives a contribution to the
total atomic absorption coefficient as follows/b(zvm(P.E. +,ﬁ(c. +/A(?.P.°
At low energies (less than 100 keV) the photoelectric effect is the
dominant process, while at medium energies (approximately 300 keV)the
Compton effect is most important and at high energies (above 2 MeV) the
pair production effect dominates,

It is the occurrence of multiple interactions that makes a thick
body a good absorber of the total energy of an incoming photon. Multe
iple interactions successively degrade the energy of the scattered
radiation and eventually lead to a photoelectric absorption process.
Thus, with a large absorber volume, all the incident photon energy is
likely to be absorbed, even if the first interaction'is Compton scatter=-
ing. Hence for a large NaI(T4) detector most of the photons interacting
with the detector deposit their full energy in the detector and con-
tribute to the full energy photo peak. On the other hand, in the thin,high
Z materials used for convertors in external conversion measurements,
each photon is likely to interact only once with the converter and the
height of the "photo peak'is much less than that of the Compton distrib-

ution and corresponds, in energy to EY—Bj rather than EY°



CHAPTER II

NUCLEAR MODELS

INTRODUCTION

Over the last fifty years, it has become clear that the attractive forc-
es between nucleons are non=-central, charge independent, short ranged and of
the exchange type and that at small enough nucleon-nucleon separations they
become repulsive (hard core). The nucleus is composed of from 1 to 250
nucleons, and it ought therefore to be possible to account for all of its
properties in terms of the nucleon-mucleon interactions, However, the num-
ber of nucleons in the nucleus is far too large for exact mathematical treat-
ment and somewhat too small for a proper statistical treatment. In the case
of the atom, the mucleus acts as a strong center of attraction which makes
it possible to treat the weaker electron-electron interactions by pertur-
bation methods., The absence of a strong force center in a "blob" of nuclear
matter makes the problem much more complicated and leads one to evade the
issue by the use of muclear models which are simpler to manipulate and under-
stands Only those models which have been useful in the present study of
105Rh,will be discussed,

2¢1 The Shell Model

A particular nueclide is specified by the number of protons, Z,
and the number of neutrons,A-Z, in the nucleus., It has been known for
several decades that certain specific values of Z or A-Z have extra sta-
bility, These numbers, 2, 8, 20, 28, 50, 82 and 126 were originally

called Y"magic numbers'; we know today that they represent the number
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of protons or neutrons required to fill a shell. The situation is com=
pletely analogous to that which creétes the periodic classification of
the elements but the effects of shell closure are much less dramatic in
the nucleus than they are in the atom.

The shell model was first proposed in a quantitatively usable
form by Mayer (1949, 1950) and independently by Haxel, Jensen and Suess
(1949, 1950). In this model, it is aséumed that each mucleon moves in
a static central potential created by the averaging of the interactions
between all the other nucleons in the mucleus. The assumed potential
may be a square well, a harmonic oscillator or some more exotic

potential of a similar type. The eigenstates for each of these
potentials are characterized by a set of quantum numbers (n,%,3j) and
the Pauli principle limits the number of particles that can go into each
of these states. Since these states differ sharply in energy, one would
expect differences in muclear binding as a function of A when one com-
pletes the filling of one of these configurations. The square well and
harmonic oscillator potential both predicted "magic numbers" at the
neutron and proton numbers 2, 8 and 20 but no reasonable potential
yielded the other numbers. In order to obtain these, it was necessary
to introduce a strong spin-orbit coupling of the form V(r)f.s in which
V(r) expresses the radial dependence of the force. This f.s coupling
splits the 24 + 1 degenerate levels of given £ into the two groups with
j=4+%*and j= 4 -2 in which the level with larger j is more tight-
ly bound. 1In this model j = § + s is a constant of the motion. This
shell model makes good predictions of ground state spins and parities

for all odd A muclei and does a reasonably good job for excited states
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of odd A nuclei with one or two particles (or holes) in a shell, When
there are several particles in an unfilled shell, the mucleus tends to
become deformed from a spherical shape to an ellipsoidal shape and the
assumption of a spherically symmetric potential is no longer valid.

In the early days of the theory, it was difficult to visualize
the existence of nuclear "orbits" in densely packed nuclear matter.
Today, it is realized that the permanence of these orbits is associated
with the fact that all the available states in momentum space are
filled with fermions; thus scattering collisions within the nuclear vol-
ume cannot take place and each nucleon is able to act as a free particle
in the shell model potential,

In the extreme single particle model, the filled shells are re=-
garded as an inert core and particles in the unfilled shells react only
with the potential due to this core. In this situation all particles
with the same (n,1,j) have the same energy. If there is one particle
in an unfilled shell or one hole in a completely filled shell, the spin
and parity of the state are given directly by that of the one mucleon
or hole, If there are two particles or holes in a shell, these will
couple to form degenerate levels with j = Jl + gz where j takes all the
values permitted by the laws of combination of angular momentum and the
Pauli principle. In fact, this degeneracy is always removed by inter-
actions between the two particles. The model which attempts to include
the interactions of nucleons within the unfilled shell is called the
"single particle model" and introduces a mumber of new corrections to
the oversimplified "extreme single particle™ model. In this model,

particles within an unfilled shell pair off to yield a resultant zero
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spin with an increase in stability which increases with the spin

value. Thus in some nuclel a more stable configuration can be obtained
by completing a high spin pair and breaking a low spin pair of a lower

lying level. The occurrence of this phenomenon explains the absence

of high spin (%l or %é) ground states in nuclei, even though the shell

being filled is characterized by a large j value.

The same type of pairing interaction accounts for the zero ground
state spins of all even-even muclei, and gives some guidance through
Nordheim's (1950) rules (28 modified by Bernstein and Brennan (1960))
for the ground state spins of odd-odd nuclei., The so-called strong rule

predicts that the spin of an odd-odd mucleus is jp - jn\ if one of the

combining nucleons has £ and s parallel and the other has § and s anti-

:ip-3n

case where both the combining nucleons have 4 and s parallel or both have

parallel, The weak rule states that j = or dp + jé in the

£ and s antiparallel.

Levels other than the ground state for nuclides with more than
one particle outside a shell are formed by single particle excitations,
pair excitations, or by the promotion of a particle from a filled shell
to form a zero spin pair with the consequent creation of a hole in the
filled shell,

The shell model explains the existence of the "islands of isomer-
ism" in the regions where N or Z are between 39 and 49, 65 and 81, or
101 and 125, In these regions the model predicts the existence of high
spin states in close proximity to low spin states of opposite parity.
Thus, if the ground state of the nucleus is one of these states, a nearby

excited state is likely to be the other one., The transitions between
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them have large "IM values and long half-lives. For example, in
elements with Z from 39 to 49, one is placing protons in either a
g9/2(+) or a pl/z(-) configuration with almost the same stability. 1In
this case one expects to find a pair of low-lying levels with spins 9/2+

and 1/2- and to observe transitions between them., In the case of

105
45

1/2~—>»7/2+ E3 transition of energy 130 keV. The transition rate for

Rh6o, the five 89/2 protons couple to a 7/2+ spin and one finds a

this transition is at least a factor of ten slower than the single part-
icle estimate; this is not unreasonable since a p1/2—*>(g9/2)§/2
transition is certainly not single particle in character.

The shell model can often make useful predictions of spin and
parity changes for ground state beta transitions, but again, these tend
to be qualitative rather than quantitative.

As a result of the interactions of nucleons in unfilled shells,

a realistic model must include considerations of configuration mixing
and a realistic treatment of the residual interaction to obtain any sort
of agreement with experimental data concerning such things as excited
level parameters. The residual interaction contains idealized nuclear
forces (Wigner, Majorana, Heisenberg and Bartlett exchange terms) wit£
ad justable parameters and a suitable radial dependence. Since the real
description makes perturbation calculations difficult one uses this
analytic form of the force with the introduction of other quantum numb-
ers (seniority, isospin) for calculations of level parameters. An
excellent account of how far shell model calculations can be carried

has been given by de Shalit and Talmi (1963). The shell model cannot

however give reliable results for wave function dependent quantities
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such as transition probabilities and quadrupole and magnetic moments.

Collective Motions and the Unified Model

It is found experimentally that nuclei associated with partial=-
ly filled shells tend to have large quadrupole moments, level struct-
ures characteristic of a rigid rotator, and electric quadrupole transe
ition rates much faster than any single particle model can explain. The
collective and unified models have been created to account for these
phenomena, While these models were designed originally to describe
nuclei with 150 { A € 190 and A > 223, they have been found useful for
light nuclei as well,

The nmucleons outside a basically spherical core tend to deform
the nuclear shape by polarization effects (Rainwater (1950)) and thus,
speaking classically, move in their respective orbits under the in-

fluence of a slowly changing non-spherically symmetric potential. This

collective deformation brings about two types of strongly coupled motions;

the rotational or vibrational motion of the nucleus as a whole which
causes variations in the orientation or shape of the nuclear field and
the intrinsic motion of the mucleons which follow this slowly changing
field adiabatically. For convenience rotational,vibrational and in-
trinsic motions can be separated and treated in much the same way as
one deals with the diatomic molecule.

Bohr and Mottelson (1953) developed the collective theory from
Rayleigh's (1877) calculations for surface oscillations of a continuous
liquid drop. In this description the radius vector of the nuclear sur-

face is described by the function

R(G) =R, E * s M:fx W Y{{{e’ ?)]
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where R, is the radius of the equilibrium spherical shape, (8,¢) are
the polar angles, and Y%(G,f@ are spherical harmonics., Collective
motion is expressed by allowing the coefficients axﬁito be functions of
time. Assuming that the nucleus is incompressible and can be described
as an irrotational fiuid, one obtains the following expressions for the

potential energy, kinetic energy and oscillator frequencies

2 . 2 cx)%
v=% % C a’\/{f ;3 T=% ¢ ‘ d o, = (z=
v x‘ MBx,"‘x,u and oy = g7

The energies of the collective states are given by I niﬁbh where
n, is the number of phonons of order A in the excited sate, A is the
total angular momentum of the phonon with parity (—l)x while L is the
component of A along a space fixed axis. Hence the states are 2\ + 1

degenerate, Since w, is a rapidly increasing function of A, one need

A
only consider small values of A,

The A=0 mode of wibration is only possible if one permits oscil-
lations in density of nuclear matter; such oscillations would lead
to states of very high excitation (220 MeV) and do not concern use
The A=l phonon interaction is ignored because it simply represents a
change in the pnsition of the nuclear mass centre. The A=2 term yields
qua&rup@le oscillations which are the most important ones for low 1ying'
nuclear levels. For even-even nuclei the one phonon quadrupole oscil-
lation leads to a low lying 2+ excited state, the two phonon oscillation
produces three degenerate excited states (0 + 2 + and &4 +) at an energy
of approximately twice that for the one phonén 2+ state. These degen-

erate states are usually separated by perturbation effects. Also since

an octupole, A=3, phonon has approximately the same energy as two A=2
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phonons, a 3-state can be found in the region of the O+, 2+, 4+ triplet.
There should be no cross-over transition from the two quadrupole phonon
state to the ground state because two phonons have to be destroyed si-
multaneously. Such a transition may be observed,however, when there is
some configuration mixing amongst the states. Since higher order vibrat-
ional states are mixed with particle states, their collective features
are obscured. The picture described above works particularly well for
nearly spherical nuclei, e.g. those with only a few particles (holes)
in unfilled (filled) shells.

When there are a large number of particles outside a closed
shell the nucleus is permanently deformed and the expansion of R(8,§)
is more conveniently carried out about a permanently deformed shape.
The description of the motion now resembles that of a rigid rotator and
the existence of a rotational level structure becomes prominent.

In this formulation one uses B (a measure of the total deform-
ation of the nucleus) and v (a measure of the miclear asymmetry) as para-

1 R .
meters where a5y = B cos Y and a22 = —— B sin v. The aZ,« are coeffic

Yz

ients similar to the & A used previously. If vy is not a multiple of

n/3 the nucleus will be asymetric. Values of y=0, %Z or %E= rep-
resent prolate spheroids while values of y = % g T OT %E represent

oblate spheroids. For an odd A micleus the spin J (with projection
L on the 2' axis) of the last unpaired particle couples with the ro-
tational angular momentum R of the whole system to give a resultant
muclear spin I (with projection K on the 2! axis). These values are
illustrated in the adjoining figure where M is the component of I in a

fixed arbitrary direction and Z' is the symmetry axis. K and =K result
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in degenerate states since this change
only corresponds to a rotation of the
mcleus in a different direction. Be=-
cause there are no collective variations
about the symmetry axis, K is a constant
of the motion for a rotational band and
K =L . K also represents the intrinsic
angular momentum. Carrying over the use

of guadrupole A=2 phonons as lowest ex-

citations of vibrational spectra, one
finds for a spheroidal equilibrium nuclear
‘h2
shape that the level spacings are given by 5 E[(I+1) - Kﬂ (jis the
moment of inertia of the nucleus associated with the deformation). The
spin sequence for a K = O band is O+, 2+, 4+, 6+, etc. For K = O, the
odd I values are forbidden by symmetry considerations. ”For non=zero K
however, I takes on the values I =K, K + 1, K + 2, etc.

A weak coupling between rotational modes of oscillation and vi=-
brational modes of oscillation results in a correction to this energy
level formula proportional to IZ, Here the energy of a state involving
an intrinsic energy €K is given by

E. = € +’§ E(I+1) - Ka - B 12(141)°
It should be noted that just because a nucleus is spherical in its ground
state; it does not mean that it has to be spherical in an excited state.

Rotational bands can be built up on collective vibrational states
as well as on particle states. B vibrations are oscillations which pre-

serve the symmetry axis of the nucleus but alter its eccentricity. Hence



28

they have no angular momentum about the symmetry axis and for this
vibration K=0, I=0+, 2+, b+ etc. Gamma vibrations, quadrupole in
nature, cause the nmucleus to lose its axial symmetry and in this
case K =2, I = 2+, 3+, L+ etc, Octupole vibrations causing pear -
shaped nuclei give rise to negative parity rotational bands since they
are not symmetric vibrations. For K=0 the level sequence is I = 1l-,
3-y 5-, etc, while for K3:0 the level sequence is I = K, K+1, etc.
Consideration of the coupling of the rotatioﬁal motion with the
intrinsic particle motion brings in a term proporéional to the coupling
of their angular momenta similar to the Coriolis force in classical
mechanics. This Coriolis term can be neglected except where K = %
or when different single particle states are close in energy., Using
"a'' as the decoupling parameter the rotational particle coupling term

2 R
is given by i a(-)I+% (I+%). While for K%, the level sequence

2
follows the normal order of spins, the decoupling term can completely
destroy the normal spin sequence for a K = % band. Combining this

result with the rotational-vibrational interaction, the energy of a

level is given by

¥ 2 r

Er g = 6K -3y K +ﬁ—23 LI(I+1) + 6K,~} a(-)I+%(I+%)

I+3 2
-B [?(I+1) + 6, 4, a(=) (I+%j]
K,

Because the Bohr and Mottelson model reveals the existence of
distorted nuclei, it became clear that a non-spherically symmetric
potential should have been used for shell model calculations in the de-
formed region. Nilsson (1955) extended the shell model by calculating

the energies of the single particle levels in an anisotropic harmonic
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oscillator potential. His results together wifh the collective model
yield the so-called "unified model", In the non-spherical potential,
the shell model levels lose their degeneracy and change in stability
with the nuclear asymmetry. To the oscillator potential with the usual
4.8 term included Nilsson added a term proportional to &2 and a deform-
ation parameter B in such a way that the shell model states would still
be retained for zero deformation. Since the K degeneracy has not been
removed in the Nilsson calculation one can put two nucleons in each
Nilsson state. If the deformation is small, the single particle states
are simultaneous eigenstates of N, 4, j and{l.where N is the total
number of oscillator quanta. As the deformation increases, £ and jJ
cease to be good quantum numbers and states of the same-{: are distin-
n, A] (h1aga (1555))

vhere n3 is the number of oscillator quanta along the symmetry axis

guished by the asymptotic quantum numbers [F,

and /4 is the projection of the orbital angular momentum on this axis.
These asymptotic quantum rumbers characterize the state in the limit
of infinite deformation but are not good quantum numbers for finite
distortions, Single particle wave functions are given by,+4a41’=
Ea,, l Nz/\%>' where £ = £ 4 and 1+ £ =.0_. Values of 241 have
been tabulated by Nilsson (1955, 1959) in extensive tables.,

The order of filling of Nilsson levels (two to a level) is clear-
ly indicated by his charts and it is a simple matter to decide which
level must be the ground state for any odd A mucleuts. For given A,
the Nilsson level representing this state is a function of B, Ex~
cited states are produced by promoting the odd particle to higher

energy levels, by breaking a pair in a lower energy state and pairing
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one of the members with the odd particle or by promoting a pair of
particles to a higher energy state., Alaga (1955, 1957) has listed
selection rules for the N, n3, /A and K. It is found that trans-
ition rates are faster between members of a band than between part-
icle states because of the collective motions in the band.

The equilibrium shape of a nucleus of given A can be obtained
by adding up the energies for all the filled single particle states
for a series of B values and then plotting the total energy as a
function of B, The equilibrium distortion corresponds to the min-
imum in this total energy versus B curve. Deformation parameters
obtained by this method agree well with deformations predicted from

experimental electric quadrupole moments.



CHAPTER II1I

INSTRUMENTATION AND TECHNIQUE

INTRODUCTION

In order to build up a level structure of a muclide, knowledge of
transitions between the nuclear states is a necessity. The energy of the
transitions associated with radiocactive decay can be determined from the
energy the radiations lose when interacting with suitable materials or,
in the case of charged particles, by the deflection they experience in a
magnetic field, For complex level systems it is not enough to obtain trans-
ition energies; additional information such as time related events may
also be needed to give a unique solution.

This chapter deals not only with the type' of instruments used in the

losRu but also with the methods of reduction of the

study of the decay of
experimental data. Each of the instruments used will be described in turn,

3.1 The Siegbahn m Y2 Spectrometer

The Siegbahn spectrometer, illustrated in Figure 1, is a "flat-
type" magnetic spectrometer. The term "flat" is used because the el-
ectrons travel essentially in a plane perpendicular to the magnetic
field lines. The magnetic field, B, necessary to make an electron
travel in an orbit of radius f, is given by Bﬂ: mv ., Since the rad-
ius of the instrument is fixed, the magnetic fieldedetermines the
momentum of the electrons focused at the detector., For a uniform mag-
netic field the electrons experience one dimensional focusing at a

deflection angle of 180°, By shaping the pole faces, it is possible
31
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to attain two dimensional focusing with a consequent gain in trans-
mission, The field shape in the Siegbahn instrument gives this
focusing at a deflection angle of 742 radians. In this sense the
instrument is known as a double focusing magnetic spectrometer, The
construction of this instrument, based on a concept of Siegbahn and
Svartholm (1946), has been described by Johns et al (1953).

The spectrometer pole faces are constructed of Armco iron
shaped to give a field which falls off radially as 1/ /T over the
region of interest. The magnet coils consist of eight sections total-
ling 10,000 turns of No. 18 Formex wire and are energized by a power
supply delivering 800 ma at 750 volts with a current stability of
0.01%., The aluminum vacuum chamber fits between the pole faces and is
closed at both ends with sliding brass plates. These plates allow one
to change either sources or detectors without disturbing the vacuum in
the main part of the chamber, The pressure in the chamber is maintain-
ed of the order of 0.1 to 1 microns by a 100 liters per second oil
diffusion pump and forepump assembly.

The magnetic field is determined by a search coil which can be
flipped through 180°. The charge set in motion by this process is meas=
ured by a leeds and Northrup type R galvanometer., The deflection of
the galvanometer is observed on a 100 cm, scale placed 2 meters from
thé galvanometer, and permits the field measurement to be made with an
accuracy of 0.1%, \

Sources are introduced into the spectrometer by a vacuum tight
source holder attached to the sliding brass plate. For external conver-

sion measurements, the source holder consisted of a steel cylinder which
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served as a vacuum seal, a beta stopper, and the support for the high
Z radiator foil. This made it possible to change gamma sources with-
out disturbing the vacuum,

The detector assembly consists of an anthracené crystal optice
ally coupled to a Dumont 6291 photomultiplief by the use of Dow Corning
200 Silicon Fluid. Anthracene crystals of dimensions 2.5 cm. by 1 cm.
and either 0.2 or O.4 cm., thick were used. The thicker crystal, which
was used for detecting conversion electrons greater than approximately
500 keV, had a lucite coating to protect the anthracene from subliming
in the vacuum. Electrons passing through the anthracene crystal creaté
fluorescent radiation which is transmitted to the photocathode of the
photomultiplier. The photo-electrons from the photocathode are amplif=-
ied by the dynode structure to give a voltage pulse proportional to
the electron energy. A lower level discriminator permits one to reject
noise pulses. The output pulses were amplified, shaped and fed to an
appropriate scaler,

The Analysis of the Beta Spectra

The method of preparing beta sources is described in Chapter IV.
The source and the detector positions for best transmission were deter-
mined by measuring the counting rate as a function of the radial distan-
ces of the source and detector from the axis of the instrument. In this
manner the rectangular 2,0 cm x 0,5 cm beta sources were accurately
placed in the spectrometer. The beta spectra were obtained by deter-
mining the counting rate as a function of the momentum of the focussed
electrons.

The response function for monoergic electrons is a peak with a



25

resolution , Ap/p, where Ap is the full width of the peak at half max~
imum height and p is the momentum corresponding to the peak position,
The resolution is a function of the source and detector widths and
the aberrations of the "flat'" lens, In these experiments, the resol-
ution was 0.49%, The effective solid angle or transmission of the
instrument was approximately O.2%.

If one assumes 100% detection efficiency for detecting focused
electrons, the count rate, N, for the spectrometer set to focus elec-
trons of momentum p will be

N(p) = UY#>N° ® ?7(q) g(p,q)dq 3.1

(o)

vwhere No is the source strength, ®w is the transmission of the in-
strument, 4901) is the probability that an emitted electron will have

a momentum q and g(p,q) is the probability that an electron of momentum
q will be detected when the instrument is set to focus a momentum p.

Since the emitted electron must have some momentum,
x .
J (P(q)dq =1 3.2
[

The function g(p,q) is an expression for the resolution of the in-
strument, and hence vanishes except when q is within a few percent of
p. As long as the magnetic field shape remains constant for all mo-
meﬁta, the expression g(p,q) will be proportional to 2 = g/p. - Under

these conditions
o p=" )

Js(p.q)dq =D Jg(p,z)dz = 71p 3.3
(o]

o

where‘T\is a constant. For the w v2 spectrometer7\~is independent of
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p except for very low energy electrons. In equation 3,1 replacing Qﬂ(q)
by (((p) since por q for the range in which g(p,q)#o and assuming that
sﬂ (p) varies very slowly with p we obtain from equation 3.1 using
equation 3,3 that

N(p) = N, #(p) u))?p Co3,h

The area under the graph of N/p versus p gives

-2
f LI"(L)' dp = N 71 1)
° o} o
using equations 3.2 and 3.4, This area is simply related to the source
strength by the fixed parameters of the spectrometer,Y\ and w.

The Analysis of the Internal Conversion Spectra

Because of the finite resolution of the spectrometer, a con-
version electron group of momentum p will be recorded as a peak,
described by the function g(p,q). The flip reading corresponding to
the peak position is used to calculate the momentum of the conversion
line., The instrument was calibrated by using conversion lines of known
energy, such as the 411,795 R 0,003 keV line of 198Au or well known
lines in the source itself,

If the transition probability for the ith gamma ray in the decay
of a mucleus is 6i and if the probability for internal conversion in
the lth electron shell for this transition is g then the number of

conversion electrons emitted per second will be Nobia. The counting

ig’
rate observed, when the spectrometer is set to focus a momentum p, due
to the electrons of momentum q will be Nil(p) =N & @, 0 g(p,q).

The area under the peak in a N/p versus p plot will be

N, ,(p
ig _ g(p,q) .
/ D dp = Nobicxi zwj D dp or Nobiai P wY(
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The intensity of a conversion line is the ratio of the area un-
der the conversion peak to the area of the total beta spectrum, In

terms of the above analysis, the intensity is « 6i; thus, if o, is

iz i
known, a measurement of the conversion line area will yield o g
If theAinternal conversion coefficient of one line is known,
one can determine the conversion coefficients of other lines in the
spectrum without using the area of the betg contimium. The relevant
equation is
Nig Mo 05 @07 0504

sz No 65 ajz le 63“3;

Since, in this caseﬁ\ cancels out, one can simply compare peak heights
and obtain aj£ directly, as follows,.
a,, = o 6i P'£
j¢ = Tis Er-ifl-
J ik
In the same manner one can obtain K/L or LI/LZ/L3 ratios.

The Analysis of the External Conversion Spectra

Gamma réy energies and intensities can be determined with a mag-
netic spectrometer by the use of the external conversion process., In
this process the photoelectrons produced by the photoelectric‘inter-
actions of gamma rays upon suitably thin radiators are focused on the
detector. The radiafor should be of a high 2 material so that the
photoelectric interaction cross-section will be large, and should be
thin enough to avoid electron straggling in the radiator itself. The
foils used in this experiment were 3 cm, in length by 0.8 cm. wide,

composed of Sb (1.8 mg/cma) A (3.6, 6 mg/cmz) and U (6 mg/cma).
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External conversion peaks from Yi will appear in the spectrum at ener=-

gies E;-B, vhere B, is the binding energy of the 5*B shell of the

radiator material,:

The measurement of the energy of a peak is obtained from the
flip coil measurement éorresponding to the inflection point of the high
energy side of the peak. The inflection point is used in preference
to the highest part of the peak because it is less sensitive to rad-
jator thickness. The instrument was calibrated for each radiator, us=

ing the well known gamma rays of 198Au, 1921r, and 6

OCo as standards.
The measurement of relative photon intensities was obtained

using the semi~-empirical expression

Tz 2 ﬂz . Gop%/t) 33
Upp ‘

where k is an instrumental constant, n is the height of the peak, T is
the photoelectric cross-section for the radiator, p is the electron
momentum, B is v/c for the electrons, R is the instrumental resolution,
t is the thickness of the radiator and C is a function of B and t
related to the stopping power of electrons in the radiator material,
Empirical curves for[éadRpﬁé/t)%] : for the Au and U radiators used
in these experiments were determined by Artna (1961) and by Stavely
(1961) and were used with equation 3,5 to obtain relative values of
IY'

The Scintillation Spectrometer

The most efficient means of detecting gamma rays is by the use
of NaI(T4) scintillation detectors. The NaI(T4) detector is widely

used because it has a high photoelectric absorption cross-section, a
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high density, a response function nearly linear with energy, and is
readily available in large crystals., Gamma rays are absorbed in such

a crystal by the processes described in Chapter I, The absorbed energy
produces fluorescent radiation which falls on the photocathode of the
photomultiplier optically coupled to the crystal, The electrons are
multiplied by the dynode chain to yield a pulse of current which is
proportional to the number of light quanta that struck the photocathode.
This pulse is amplified by a charge sensitive preamplifier. Since the
electronic pulses from‘ the preamplifier are not usually of a suitable
height‘ or suitable shape for analysis, they are fed to a linear amp-
lifier and then to a pulse height analyzer.

The production of the fluorescent radiation and subsequent
electron multiplication are governed by probability processes which
lead to a pulse distribution corresponding to the full absorption of
the gamma ray instead of the delta function response of an "ideal"

137Cs peak are of the order of

detector. Typical resolutions for the
8%; the best crystal available had a resolution of 7.1%,

The NaI(T4) spectra of the 137Cs gamma ray are shown in Fig,
2 for conditions of good or bad geometry. Both of these show the
characteristic full energy peak, and a Compton distribution extending
frgm zero energy up to the base of this peak, This distribution ariscs
from events in which the Compton{scattered radiation escapes from the
detector . The peak at about channel 60 in the case of "good geometry"
is caused by radiation Compton-scattered from material around the de=

tector or source. Small angle scattering has filled the valley between

the photopeak and Compton for the case of "poor gpometry" typical of that
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within the Gerholm spectrometer. For gamma rays above one MeV the
pair production cross-section can lead to first and s=2cond escape
peaks at energies E - m002 and E - 2mocz, respectively. These were
unimportant in the present study.

The spectrometer was calibrated by using gamma rays of known
energy from a numbgr of "standard sources"., The relative intensities
of the gamma rays were determined by using the efficiency curves pub-
lished by Heath (1957) and the total areas under the gamma ray response
functions.

The 3" x 3" NaI(T4) crystals used in this investigation were
optically coupled to Dumond 6363 photomultipliers. The combined as-
semblies were selected for minimum gain shift with count rate and for
good resolution. The detectors were shielded from beta rays by a lucite
disc 1 cm. in thickness, The preamplifier and amplifier were of the
Chase design (1960), in which a bipolar output pulse with equal positive
and negative portions is produced. These pulses were fed into a 512
channel analyzer to record the entire spectrum at once.

In the spectra obtained from a scintillation spectrometer, one can
observe coincidence summing and random summing effects as well as
the true singles spectra. The coincidence summing distributién is due
to-the acceptance of two or more time related events by the detection
system and the random summing contribution arises from summing between
events which are not truly time related but just héppen to sum within
the resolving time of the system. Methods of removing these contribut-
ions are discussed by Kennett and Prestwich (1964). Under the condit-

ions of the present experiments, neither of these effects seriously

distorted the data,
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3.2.1 The Analysis of the Singles Scintillation Spectra

As has been mentioned, the response to a gamma ray is not a
simple function but has a complicated spectral distribution., The
first step in the analysis of a spectrum involving many gomma rays
is the determination of the response function (line shape) of each of
the components of the spectrum. These line shapes must be obtained
in the geometry of the experiment and from sources of monoergic
gamma rays with as nearly the same physical dimensions as the un-
known source whose spectrum is to be analyzed., In practice, one
cannot find sources of monoergic radiations corresponding to the
gamma rays required in the analysis and must resort to interpolation
using such sources as are available., In this study, line shapes were
obtained from the following sources, the energy of the transition in

keV being shown in brackets:

%0 (58.7 £ 0.7) | Moo (5.5 * 0.4),2%Hg (279.12 * 0.05),
198 Sty (511,0003 ¥ 0,005) , 576 (661.62  0.15),

A (411,795 ¥ 0,009) ,

Sk L6

Mn (835.0 2 0.3) , "“sc (892 ¥ 3 by coincidence studies with the

6 6

1118 ¥ 3 photopeak), ©2Za (1115.6 ¥ 0.4), °%co (1173.226 % 0,040

by coincidence studies with the 1332.483 % 0,046 photopeak)

e (1368.526 £ 0.04k), PPk (1520 % 10)

22ya (1274.6 % 0.3),
22y @ush2 t0.5) , 281 (1794 * 10) and Flor (319.8 ¥ 0.3) .
The energies quoted are from the literature (Marion (1960), Robinson
et al (1%64), Murray et al (1964) and Nuclear Data Sheets (1966)).
— »
The measured spectrum M(i) may be thought of as an "a" com-

ponent vector whose component M(i) represents the mumber of counts

. . - th,
in channel "i", In the same way S(j) is the vector whose "j ™" com-
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ponent represents the total numbef of counts in the measured spectrum
due to the "jth" gamma ray. <The two vectors are connected by means
of the equation‘ A

WS = R, x 53 3.6
vhere R(i,j) is the response matrix which expresses the contribution
of each component "j" to each channel "i" of the spectrum. The
components of the vector 5?3% can be obtained by solving the equat=-
ion

— 4 =
M(1) x R(4,3) ~ = s(J) 3.7

where R(i,j)-l is the inverse matrix. One method of solving the
problem is to invert the matrix R(i,j).

A less elegant method of solving equation 3.6 which has been
used considerably involves using the equation as it stands and ex-~
pressing the response matrix explicitly in the form of lihe shapes

—

Lj(i). If the mumber of counts in each line shape is normalized to

—
unity the response function Lj(i) satisfies thc equation

n
r L.(i) =1
{21 3
Then one can write
m
M@E) = © 8(3j) L.(1)
j=1 J

where m is the total number of gamma rays. Since m < n we have an
overdetermined set of n linear equations. In this approach, the
S(j)'s are determined by a graphical method; successively "strip-
ping" or "peeling" gamma ray components from the total spectrum.
First one adjusts the amplitude of the highest energy line shape to
fit the highest energy photo peak in the data and then subtracts

its contribution from the spectrum., The residual spectrum is re-
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analyzed in the same way and the process repeated until all the com-
ponents have been determined. Using this method, the‘"stripper" can
put in his "biased feelings! since he is controlling the process.
However, the errors are cumulative and the method inevitably misses
weak peaks.
| An alternative method for obtaining the components of'E?Eg
is to solve equation 3.7, applying a weighted non-linear least squares
analysis to it. Using this method one solves for all the components
of Ef}? simultaneously. One makes first guesses at the energies and
intensities of the components which are subsequently corrected by a
least squares iterative procedure. This method has the advantages
that it removes the '"stripper's" bias, it leads to intensity values
with least squares errors attached, and it yields a goodness of fit
parameter,j(a. Moreover, by making use of the computer, it avoids the
tedious and time consuming labor of the stripping method.

Both methods are limited in precision by errors in the line
shapes., For the hand stripping method the line shapes are graphice
ally interpolated from the standard lines, For the computer based
method, each standard line shape is expressed in a mathematical form
by means of a Gaussian which represents the photopeak and a series
of Fourier coefficients which describe the Compton distribution. The
line shapes for the gamma ray energies of interest are then calculat-
ed from curves fit to the coefficients (Kitching (1966)). The method
has been described in detail by Heath (1962) and will not‘be dis~

cussed further here,
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The Solid State Spectrometer

The development of the solid state Ge(Li) detector has made
possible simple, high resolution studies of gamma ray spectra (Freck
and Wakefield (1962), Tavendale and Ewan (193)). At present, using
this type of spectrometer, one can achieve a resolution of approx-
imately 0.3% for the 137Cs gamma ray. The best detector used in

this work produced the 157

Cs peak, shown in Fig, 2, with a full

width at half maximum of 2,2 keV as compared to the 7.,1% resolution
obtained with the NaI(T4) detector. Because large crystals are not
obtainable, the detection efficiency is not as good as that of NaI(T4)
crystals. The advantages of the Ge(Li) detectors are their excellent
resqlution and their strictly linear relationship between output
pulse height and gamma ray energy. They are somewhat inconvenient

to use since they must be kept at liquid nitrogen temperatures.
Moreover, at the present time these detectors have a relatively short
useful lifetime,

The Ge(Li) detector is produced from a block of high grade
p~type germanium. One face of the block is coated with lithium which
is diffused in at high temperatures to make an n type region near this
face, The lithium is then drifted inward to create a large "deplet-
ion depth" which is intrinsic in character. Detectors may be made
in a variety of shapes and sizes, with depletion volumes ranging up
to 30 cc.

The depletion layer acts like an ionization chamber in which

electron-hole pairs created by the gamma ray are swept out to the n

and p terminals by an applied reverse bias. Electron-hole pairs may



be lost by recombination or by trapping of the carriers at imper-
fection centers in the crystal, Since these crystals are semi-
conductors, large leakage currents will flow unless the detector is
kept cold, Moreover, the lithium will drift and alter the depletion
layer if the detector is not kept at a léw temperature.

The mumber of electron-hole pairs produced is proportional
to the energy imparted to the detector. The average energy required
to produce an electron-hole pair in Ge is 2,85 eV (Ewan and Taven=-
dale (1964)) and hence the absorption of a 1 MeV photon in the cry-
stal will result in 3.5 x 105 pairs. Assuming that the number of
pairs produced has a Gaussian distribution associated with it, the
statistical fluctuation will be approximately 6 x 102 pairs., Stated
'differently, a 1 MeV photopeak should have a FWHM (full width at
half maximum) of 1.8 keV., Fano (1947) has shown that for the case
where the total energy of the radiation is absorbed in the detector,
it is not entirely correct to treat the production of electron-hole
pairs as a sequence of independent events since exactly the same total
energy is given up to the crystal. As a result, the distribution in
the mumber of electron-hole pairs is no longer strictly Gaussian and
the mean square deviation of the number of pairs should be reduced
by the Fano factor, F. The value of F is not known very well at pres-
ent but it appears that the limiting resolution for a 1 MeV gamma ray
could be as low as 0,5 keV,

Increasing the field on the detector reduces the possibility
~ of recombination and trapping and therefore improves the resolution

of the instrument., Also the charge collection time is shortened,
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However since noise is due to fluctuations in reverse current and
this increases with increasing field, an optimum field exists for
best performance of the detector.

The best system used in this investigation consisted of a
combined assembly (Nuclear Diodes) of a Ge(li) detector of 1.5 cm?
area by O.4 cm., thick depletion region coupled to a cooled field-
effect transistor which provided the first stage of a Tennelec
field~effect preamplifier. Further amplification was achieved using
a Tennelec TC200 amplifier which fed a multichannel analyzer. All

the detectors used for singles spectra were of the planar type.

3.3.1 The Analysis of the Singles Solid State Spectra

The energies of the stronger gamma rays were obtained from

105

composite sources of Ru and various standards. These stronger

gamma rays were then used as internal standards to determine the en-

ergies of the weaker 105

Ru photons., The nonlinearities of the 1024
and 512 channel analyzers were obtained by using a pulse generator
and by the use of a mixture of calibration sources., In addition to

20783 (569.5 * 0.2, 1063.7 0.2 and

the sources listed in section 3.2.1,
1772.2 ¥ 2,5 keV) was used in this work.

In order to determine the relative intensities of the gamma
rays in the spectrum, it was necessary to measure the efficiency of
the Ge(Li) detector as a function of energy. This was done by
comparing its efficiency with that of a NaI(T{) detector whose ef-
ficiency as a function of energy has been tabulated by Heath (1957)

and confirmed by experiments carried out in this laboratory and else-

where., Spectra of calibration lines were taken with both detectors,
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in standard geometries appropriate to the two. It can easily be
shown that the efficiency associated with the peak area of the Ge(Li)

detector for the Kth gamma ray is given by

e Y, ®m w /D)
GK T N W e NK

NK GK
where NGK and NNK are the number of counts recorded in the photopeak
of the germanium and NaI(T4) spectra in times TGK and TNK respective=~

1y, (Ew)NK is the so0lid angle plus efficiency taken from Heath's tab-

ulation and w is the solid angle subtended by the germanium detector

. at the source, and (R/T)NK is the photopeak to total spectrum ratio

for the NaI(TZ4) detector.
Alternatively, one may obtain the desired efficiency curve by

207

using a single source such as Bi emitting several lines whose rel-
ative intensities are known, and plotting the relative efficiencies
using the theoretical photoelectric cross=-sections for Ge( Storm et

al (1958)) as a guide.

The Gamma-Gamma Coincidence Spectrometers

The Y-y coincidence measurements were carried out with a two
dimensional analyser (32 by 32 channels) while the B-Y measurements
were performed with a 512 channel analyzer., A block diagram of the
coincidence circuit as used for the y-y work is shown in Fig. 3, Two
ﬁaI(TZ) crystals, mounted in the geometry shown in the figure and
shielded from each other by a Jead plate, were used as detectors.

The pulses from the detectors were amplified and transformed inte
bipolar pulses., Each of the double-delay-line amplifier units pro-

duced a broad flat-topped bipolar output pulse whose height could be
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used as a measure of the gamma ray energy. The fast-slow discrimin-
ator output consisted of a "fast" marker pulse derived from the
crossover point of the bipolar pulse and a slow "logic" pulse which
only appeared if the input pulse height fell within the lower and
upper levels of the discriminator. In order to preservé a constant
coincidence efficiency, it was important that the time interval
between the arrival of a gamma ray at the detector and the product=
ion of the timing pulse should be independent of gamma ray energy.
For the experiments described here, the "walk" in the timing marker
was found to be negligible for pulses between 0,2 and 8 volts (the
maximum possible output from the DD2 amplifier) when the coincidence
unit was set to a resolving time of aﬁproximately 40 nanoseconds,
The effect of the "walk" in the timing marker was examined by obser=
ving the 892 keV-1118 keV coincidence spectrum of uéSc with the gate
in one fast-slow discriminator set on the 1118 keV photopeak. Any
change in coincidence efficiency as a function of energy would then
reveal itself through a distortion of the coincidence spectrum of the
892 keV transition. The slow logic pulses were not needed for ex-
periments involving the two dimensional analyser but were used in
other experiments to be described.

The fast pulses from the two discriminators were fed to a
coincidence circuit which would send a logic pulse to the analyzer
whenever two pulses arrived within the resolving.time of the circuit,
This logic pulse enabled the analyzer to accept the pair of coincident

pulses arriving from the two detectors and stored the event in the
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matrix position (i, j) where channel i was proportidnal to the pulse
height from crystal 1 and channel j was proportional to the pulse
height received from cfystal 2. Thus the analyzer stored information,
in the form of a matrix, concerning all the coincident events record-‘
ed by the two detectors during the course of the experiment. In-
cluaed in these events were chance coincidences which were due to

the finite resolving time of the coincident circuit. It can be shown
that the ratio of the number of chance events to the number of true
coincidences is given by ZT:NO; this indicates that for a given
valﬁe of the resolving time, 7, there is an upper usable limit for
the source strength., In these experiments, the sources used were
sufficiently weak that 2’(}’No was less than O.1.

As has already been pointed out, the spectrum can be distort-
ed by random or coincidence summing in either of the detectors. The
effect of this process on the data is to tramsfer events from a
position (i,3j) in the matrix to location (i + k, j + 1) where k and
1 are related in a rather complicated fashion to the strong gamma
rays found in the spectrum. The number of events misplaced in this
manner was very small under the conditions of these experiments,
but the possibility of weak effects being due to this process was
kept in mind in interpreting the data.

The Analysis of the Coincidence Data Using Two NaI(Tg) Detectors

In order to display all the y-y coincidenée data from the
NaI(T4) detectors on a single two dimensional grid for a mucleus like
105

Ru, an analyzer with a 56 x 56 channel capacity was required,

Since the instrument available had a capacity of 32 x 32 channels,‘
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it was necessary to carry out the experiment four times, once for
each of thé four quadrants of a 56 x 56 channel grid.
The number of counts recorded in position (i, J) is given by
A A

ME,3) = 2 T B _L (1)L (3
m=1 n=1 mom n

vhere A is the total number of gamma rays in the spectrum;‘an is
the number of recorded coincidences between gamma rays m and n, and
Lm(i) and Ln(j) are the i and j components of the vectors which re-
present the line shapes of the mth and nth gamma rays.

The reduction of the matrix to coupling coefficients between
pairs of gamma rays was carried out by the hand stripping technique.
Since each row or column of the matrix represents the spectrum in

‘coincidence with a "one~channel' gate set on the output of the other
detector, the result of stripping in the i-direction is to reduce
the problem to a set of m equations of the form

' A
Mm(a) =z mn Ln(J)
n=1

]
where Mm(j) represents the mumber of counts in channel j belonging
to coincidences with the mth gamma ray. Further stripping of this
data along the j direction results in the coefficients an. If the
apparatus was working satisfactorily and if the data had been re-
duced satisfactorily, the coefficients an should form a symmetric
matrix, since B _ must be equal to B_ .

mn nm

The an coefficients may be used to obtain the coincidence

probabilities 6mn through the equation’

— b
Bo=N mn(&w)m(éw)n
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where No is the total number of radiations emitted by the source,
and (Em)m and (em)n are the respective solid angle and efficienéy
factors for the two crystals. Since the value of No could be easily
found from a singles run taken in either the i or j dimension of

the analyzer, and since the efficiency factors were known from
Heath's tables (1957), the values of 6mn are readily obtained from
this equation.

The NaI(T4) - Ge(li) Detector Coincidence Experiment

Despite the very low efficiency of the Germanium detector,
it was possible to carry out a y-Y coincidence experiment using a
10 c.c. coaxial type Ge(Li) detector in coincidence with a standard
3" x 3" NaI(T4) detector. The inherently high resolution of the
Ge(1i) detector demanded a much larger two dimensional analyzer to
handle the data, than was available. Thus, it was necessary to
record each coincident event on tape by its (i, j) address, and then
to sort the data in the IBM 7040 computer at a later time, The
experimental set up is shown in Fig. 4., The channel numbers (i, J)
of the coincident pair were first stored in a buffer storage. After
204kt events had been so recorded, the information was dumped on mag-
netic tape and the buffer storage system was released to file further
information. In all, five tapes which included information about
6 x 106 coincident events were used in the experiment. These tapes
were then fed to the computer which sorted them to yield a 512 x
256 channel matrix of the type discussed in the last section. In
addition to punching out the information in each channel, projections

of the data in both directions were punched out corresponding to
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M) = 'g A(i, j) where A(i, j) is the number of counts in position
(i,3), ﬁ?i) is the sum of all such terms in the j direction and n
is the number of channels in the j direction.

The coincidence experiment was performed in a 180° geometry with
the source mounted in an anti-Compton shield to prevent either
detector "seeing" radiation scattered from the other. The pulses
from the Ge(Li) detector were amplified by a Tennelec charge sensitive
tube preamplifier and a TC200 amplifier for the analyzing side while
the logic pulses were generated, using equipment similar to that

described for the sodium iodide gamma coincidence work.

3.4.,3 The Analysis of the NaI(Tg) - Ge(lLi) Coincidence Data

Since the response to a gamma ray by a Ge(Li) detector pro=-
duces a sharp peak whose area represents a very small fraction of the
total area of the response function but which protrudes significantly
from the rest of the spectrum,it was convenient to determine the
spectrum in coincidence with this peak and reject the spectrum in
coincidence with the Compton background. The Ge(Li) projection
spectrum was observed for the photopeaks of all the gamma rays which
had been identified in earlier experiments. Since most of these
peaks sit on a Compton distribution from higher energy peaks a large
fraction of the counts in the spectrum will be due to events coin=-
cident with these gamma rays., This contribution was removed at each
channel along the Nal direction by subtracting the Compton background
in the following manner. For a peak covering 2n channels along the
germanium axis (n being of the order of 2 or 3), a good measure of

the Nal spectrum in coincidence with this peak was obtained by summing
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the counts in these channels and subtracting from this sum the

counts accumulated in the adjacent n channels above and n channels
below the peak. Since some of the peak area is removed by this meth~
od, the mumber of counts in the coincidence spectrum must be scaled
upward in the ratio of the total peak area to the measure of the

peak area found above.

In this manner the NaI(T/) spectrum in coincidence with the
photopeak alone is obtained. An analysis of these spectra yield the
number of coincidence events between a Ge(Li) photopeak and the
NaI(T¢) photopeak as before, in the form

B.,=N & (Ew)P (€w) (B/T)

where QEw)p is the photopeak efficiency and solid angle factor for
the Ge(Li) detector. Knowing these factors and No allows one to
get the 6mn's .

The Gerholm lens Type Spectrometer

The other type of magnetic spectrometer used in this inves=-
tigation was the double lens type spectrometer built in this labor-
atory (Habib (1959)) after the design of Gerholm (1956). Since only
one section of the instrument was used to detect betas, thi; dis=-
cussion will be limited to considering only one half of the spectro-
ﬁeter. A sectional drawing of the instrument is found in Fig. 5.

The instrument is a hollow Armco iron cylinder with the inner coils
producing an axial field inside the 6" diameter vacuum chamber., This
axial field rises almost linearly from a value of zero at the source
end to a maximm just in frgnt of the detector. Electrons from the

source spiral around the axis to be focussed in a ring focus at the
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exit baffles. The current to the coils is supplied by a 5 kw D.C.
generator and is stabilized to 0,05% by a chopper amplifier feedback
systems At maximum current the instrument can focus 4.5 MeV elec-
trons.

The electrons were detected by an anthracene crystal (2.5 cm.
diameter x 2 mm. thick) optically coupled by means of a lucite light
pipe to a 56 AVP photomultiplier. Puls;s from the photomultiplier
wére amplified and could be used to obtain time markers in coincidence
experiments or simply counted by suitable scaling equipment,

A lead plug on the axis of the spectrometer shielded the de~
tector from direct radiation. Radiai fins located along this plug
served to reduce multiple scattering of electrons from the walls to
the detector (Burke (1963))., With a 0,2 cm. diameter source, one can
obtain 1% resolution at a transmission of 1%, With the baffles wide
open, both the resolution and transmission become 3.5%.

Since the magnetic field is closely proportional to the
current through the coils, the instrument is current stabilized ,
rather than field stabilized, and the voltage developed across a
standard resistance in series with the magnetic coils is used as a
measure of the focussing field. The instrument was calibrated using

198 a 137

the well known conversion lines from Au an Cse.

The Analysis of the Beta Spectra

In section 3.,1.1, it was shown that the area under a N/p
versus p plot gave NOT\w. In order to determine if the spectrum
contained more than one component, a Fermi analysis of the data was

made by plotting Eéﬁl against electron energy. In this expression
PF
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N(p) is the number of recorded counts per unit momentum interval;vand
is proportional to the number of recorded events at momentum p divid-
ed by p. The Fermi functions have been tabulated for all Z and for
all electron energies (Fermi Functions (1952)). If the spectrum
contained more than one beta group, it could be resolved into its
components by successively peeling off the highest energy group. An
N/p versus p graph was then made for each beta group and the areas
under the curves determined to yield values of Nobin.w where 6i cor-
responds to the beta branching ratio., Dividing this by the area
under the entire beta continuum, N67\m yields the branching ratio bi.
fof the ith beta group. From this one could also obtain the logloft
value for the ith beta transition using the half-life of the nuclide
under study.

As well as determining the separate groups by a subtractive
fitting process, the datawere analyzed using a weighted non-linear

least squares fit to the data in the quadratic form

N(Ei) n 5

vhere Mj and Dj are adjustable parameters, It is clear that Mj
represents the slope of the normal Fermi plot for the jth beta group
and -Dj is equal to this slope multiplied by the end-point of the jth
group, First guesses were madé, postulating the number of beta groups
together with their intensities and end points and an iterative pro-~

gram was used to fit the data by successive approximations. The

analysis was first carried out restricting the values of Dj by the
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condition that Wj = Wo - Ej where Wo and wj are the end points of
the ground state and jth beta groups and Ej is the excitation en-
ergy of the level fed by the jth groups. Ej can be considered as
known to high precision from the gamma ray measurements. The anale
ysis was then repeated, using the estimates from the above analysis
as a starting point, but removing the conditions on the D.'s.s In
some cases this improved the fit and showed that some of the weaker
beta groups fed into the original computations were not real., The
program was written to yield the areas of the partial beta spectra
by numerical integration using stored F(Z,E) functions and to give

these results with standard deviations.

(4
The Beta~Gamma Coincidence Spectrometer

The arrangement for obtaining beta-gamma coincidences is
shown schematically in Fig, 6. The NaI(T4) detector is encased in
a soft'iron holder whicﬁ shields the photomultiplier from stray
fields and from radiation scattered from the spectrometer walls.

The pulses from the beta detéctor were fed to a double-delay-line
amplifier and a fast -slow discriminator, A‘céincidence required

the simultaneous arrival of a fast logic pulse from each detector and
a slow pulse from the beta detector. The slow gate was placed over
?he peak in the beta response to reduce any possibilities of ob-
taining coincidences with scattered electrons. It was found that
without this-requirement, electrons scattered from the walls of the
vacuum chamber produced a distortion of the beta spectrum and creat-
ed high energy tails extending beyond the true end point., Multiple

sources were used in this investigation and normalization was
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achieved by scaling the counts from a window placed over a prominent
gamma ray transition., The gamma rays in coincidence with a momentum
p selected by the magnetic Spectrometervwere recorded in 256 chan-
nels of a 512 channel analyzer. At the same time, the other half of
the analyzer was used to record the chance spectrum. This spectrum
was obtained by delaying the logic pulse feeding coincidence circuit
two, The resolving time of the two coincidence circuits were set to
be equal so that the chance spectrum recorded was applicable to that
involving coincidence circuit one. A second 512 channel analyzer
was used to record the distribution of pulses from the beta detector.
The true and chance coincidence beta pulses passed by the window
were routed to two quadrants of the analyzer and the remainder to
the first quadrant. This made it very simple to obtain peak to
total ratios for each beta momentum value. The number of betas pass-
ed by the window was also recorded independently. Data were accum=-
ulated in the manner described above for a large number of momentum
settings over the entire beta spectrum, These data were then analyzed
in the fashion described in the next section.

The Analysis of the Beta-~Gamma Data

The gamma ray coincidence spectrum for each beta momentum
setting was analyzed using the computer program described in section
3.2.1, The use of this program required a knowledge of line shapes
for the NaI(T4) detector in the spectrometer geometry. The line shape
for - the Cesium line obtained in this geometry is shown in Fig, 2;
it is clearly different from the line shape obtained in an open-air

geometry. From the library of experimental response functions, line
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shapes were computer calculated for all the transitions observed in

lOSRu. The absolute efficiency of the NaI(TZ) detector in this

geometry was measured as a function of energy by means of beta~

19800 (411,795 keV),

gamma coincidence experiments with sources of
1921r (316. 468 kev), 56Mn (845 keV) and 52v (1434 xeV), The values

of €w for these transitions were derived from the expression

Noy N @(p) omp bg €w), ) Ew)

NB = Noff(p)wk\pbﬁ Lroay, ~ I+og

where the Py rate and the P rate can be determined at any conven-

is the beta branching ratio and ¢, is

P T

the total conversion coefficient oi the transition., These nuclides

jent beta momentum value., ©

were chosen because their highest nneréy beta groups lead to the gamma rays
of interest and there is a wide energy gap between the end point
of this group and the lower enefgy beta groups. The efficiency
curve was extended to higher energies by using the 2.754-1,368 MeV
cascade in 2L}Na, and normalizing the lower energy (Ew) value té the
Vanadium point. The efficiency of the Nal detector in this geometry
(without a lucite beta stopper) was found to be essentially indepen=-
dent of energy up to 600 keV and to fall gradually with increasing
energy above this point. With the 1 gm/cm2 beta stopper in place,
the efficiency for lower energies was reduced,

A separate beta source was used at each beta momentum setting
and the gamma fay coincidence spectrum was accumulated in the manner
described. The relevant expressions for the number of events record-

ed in the gamma monitoring gate, the beta detector window and the B~y
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coincidence spectrum are

NY = A Nop
NY n
= 6.
NB(P) T jil ?g(p) WP Oy W,

/4(,
M, (1) =7¢8 N, (p) L (i)
o oy Bk Ly

where Nop is the total number of disintegrations for the source used
at momentum p, A is a constant expressing the fraction of these pro-
ducing a gamma pulse in the monitoring gate, and wp is the fraction
of the betas falling on the beta detector which are passed by the
window when the spectrometer is set to focus electrons of momentum p,
The factor Qg(p) is the probability that an electron of the jth beta
group will have momentum p and 6j is the intensity of that group.

Finally, represents the number of events in the By spectrum

NBk
associated with the k?h gamma ray and Lk(i) is the response function
for that gamma ray.

Upon stripping the MBY(i) spectra, using the weighted non-
linear least squares fitting program already discussed one obtains

values for NBk(P)' These are given in terms of coincident probabil-

ities by expressions of the form

N n
N, (p) =2 = @ (p) onp 6, W_£. Eo)
Pt TR @G5> omp 8 Wy 2y €0)y
where fjk is the probability that the kth gamma ray will follow
emission of a beta ray from the jth group. This family of equations

represents the coincidenc. beta spectrum associated with each of the



65
k gemma rays. Upon analyzing each of these by the method described
in section 3.5.1, one arrives at areas for the jth beta group in
coincidence with the k?h transition
NY
Nﬁjk =T éj fjk M e (Et.o)k

Since the total area of the beta singles spectrum is given by

NY
NB=K- Ylu)
the absolute intensities of the various beta groups are given by
N, .
° fk’%r
J B k

The analysis of the coincidence beta spectrum proves to be much
cleaner than the analysis of the beta singles because there are

fewer beta groups in the spectrum.



CHAPTER IV

SOURCE PREPARATION

Sources for the external conversion investigation consisted of groups
of sealed quartz capsules which would fit easily into the source holder
described in Chapter III. VWhen natural ruthenium is irradiated with neutrons,
the following radiocactive nuclides are produced with their half-lives indicat-

ed in brackets:

EZRuBB- (2.9 days)—d EZTC54 - (2.6 x 106years)-—7 EZM055 3

190, - (ko days)f-PIOBRh ; and
L¥T59 457758
105

105 105
yiRugy = (4,5 hours)"""“5Rh6O - (35 hours)—¥ 46Pd59 .

After an irradiation of eight hours in the reactor at a flux of lO13
neutrons/cmz—sec the following activities will be obtained from 900 mg. of
this material;

105 103

Ru (130 mc), ~ “Ru (3.6 mc), 97Ru (1.3 mc) and 105Rh (11,8 mc)

Since the quartz capsules did not have to be broken during their use in the
nfré_épectrometer, the capsules were re-irradiated for further investigations
after they were allowed to '"cool" for a suitable period of time,

All other sources used in the study of this muclide were made from
stable ruthenium enriched in the 104 isotope. This material was obtained
from Oak Ridge National Iaboratory with the following isotopic percentages;

104 (99.7 ¥ 0.1%), 102 (0.3 ¥ 0.1%) and other ruthenium isotopes (<0,1%) .

66
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Impurities detected by a spectrographical analysis of the material

conducted by the supplier were iron (O,03%),magnesium (O.01%), sodium (O,01%)
and silicon (0.05%). Upon irradiation of 100 4¢g of this material for eight
hours in the réactor, the following activities would be produced;

1%5u (78 ue), 103p, (0. 004 uc), 2a (0,002 uc) and %

Rh (7.1 uc),

The quartz capsule containing the irradiated ruthenium powder was
broken in a three milliliter solution of equal parts of 1N sodium hydroxide
an§ sodium hypochlorite., This solution was heated to boiling for at least
five minutes in order that all the ruthenium would dissolve. To this boil-
ing solution was added ten milliliters of a’saturated solution of sodium
persulfate, With the addition of this material ruthenium tetroxide was
bubbled out of the solution with the aid of an air stream which passed
through a trap of three millilitres of 1/4N sodium hydroxide solution. The
ruthenium tetroxide dissolved in this solution provided source material
which was initially free of any rhodium activity.

Sources used in the study of the gamma radiations were obtained by
adding ethyl alcohol to the sodium hydroxide solution causing the ruthenium
to precipitate out of the solution as a black powder. The solution and pre?
ciitate were allowed to pass through a filter paper which was subsequently
dried and used as the source.

.By electroplating samples, uniform sources were easily obtained.

The plating period controlled both the source strength and source thickness
and yielded sources suitable for beta ray studies. The 129.7 keV transition
which is highly intermally converted was used to give an indication of source

thickness effects. When a source was too thick, electron straggling in the

source gesulted in a broadening of this conversion line on the low energy side.
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Sources for the lens spectfometer and internal conversion studies
were prepared by adding three millilitres of a plating bath to the sodium
hydroxide solution which contained the ruthenium., This bath was composed
of 20 g. ammonium phosphate, 90 g, sodium phosphate and 5 g. sodium chlor-
ide per 1000 ml. of solution (Mitchell and Martin (1956)), Circular sources
of 4 mm, diameter for the lens spectrometer were then plated onto copper
foil (0,0002 inches thick) at a current of 200 ma for five minutes. Rec-
tangular soﬁrces of dimensions 2 cm. x 0.5 cm. for the internal conversion
stﬁdy were plated onto the same thickness copper foil at a current of 800 ma

for 10 to 30 minutes,



CHAPTER V
EXPERIMENTAL RESULTS

5.1 Historical Introduction

105

Ru has been investigated by many workers

The decay of
(Duffield and Langer (1951), Coryell and Irvine (1955), Saraf et al
(1960), Ricci et al (1960), Brandhorst (1961), Arya (1963) and Neeson
and Arns (195)). Both Duffield (1951) and Coryell (1955) measured the

105

life time of the 130 keV isomeric state in Ru determining it to be
30 sec, using fast chemical separatioﬁ techniques. The results of
Saraf et al, Ricci et al, Brandhorst and Neeson and Arns are summarized
in Table I, In this table the transition énergies are listed in keV
and the transition intensities are either given relative to the 725

keV gamma ray or in photons per decaye.

Saraf and co-workers carried out gamma-gamma coincidence eXper-
iments using 1,5 in. diameter by 2 in. thick NaI(T1) detectors and
beta-gamma coincidence experiments using a 1.5 in. diameter by 0.5 in.
thick anthracene crystal as a beta detector. They established levels

%ph at 0, 130, 395, 475, 725, 795, 960, 1350 and 1750 keV with a

in 1
beta transition of approximately l%: . intensity to either the isomeric
or ground state, The total energy available for the decay was determined
to be 1875 keV.

Ricci et al‘determined the 130 keV isomeric transition to be E3

in nature by measuring its internal conversion K/L ratio with a magnetic
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TABLE 1 70

Results of Previous Investigations

Seraf et al ; Ricci et al Brandharst Neeson and Arns
Energy Intgnsity Brergy | Intensity || Energy |Intensity || BEnergy|Intensity
130 5 130 11 130 11.6 130 270k

| 148 2.5

150 1.9

188 2.1

210 {10 210 yal 210 1.7

265 3.5 260 13 265 1k, 0 263 9.5
320 7.5 317 26 320 21.3 315 99
317 2.5

393 3¢5

Loo 3¢5 Loo 1h 400 12,2 L1z 2.1
g5 19 k75 L2 L7s 30, Lt 470 19.k
435 5.7 ' L . 485 2.8
575 l.2

650 2.k

665 19 - 670 26 665 | 38.2 677 5.6
725 51 725 100 726 | 100 725 L5
870 1.0

875 5.8 870 8 875 b7 875 2.1
920 2.1

%0 5.3 970 5 %0 3.1 955 1.0
1350 1,0 : 1250 0.6 1345 0.1
1375 < 0.1

1578 £0.1

1750 0.2 1720 | . 0,1 1730 0.1

* Gamma Transition Probability per 100 Disintegrations
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spectrometer, Gamma-gamma coincidence measurements ﬁere carried out
with 2 in. by 2 in. NaI(T1l) detectors. The beta singles spectrum was
obtained by making use of a stilbene crystal. They proposed levels for
1%%n at 0(7/2+), 129(1/2-), 475(7/2-,9/2-),3%0 or 530(1/2-,3/2-,5/2-),
685, 725(7/2+,5/2+),790(3/2-,5/2~),1100 and 1345 keV with a half-life

for the decay of 4.4k t 0,02 hours. The total decay energy was deter=
mined to be 1905 ¥ 25 keV and no beta transitions to‘levels with an

energy less than 725 keV were found,

Brandhorst determined the half life to be k.43 ¥ o.02 hours,
carried out gamma-gamma coincidences with 3 in. by 3 in. NaI(Tl) cryst-
als, and beta-gamma coi;cidence studiés employing a hollow plastic
scintillation‘crystal aé the beta detector. His decay scheme proposed
levels at 0, 130, 395 or 530, 475, 685, 726, 795, 960,.1350 and 1720
keV with a beta transition intensity to the ground‘state of 10.6% and
a total decay energy of 1875 keV.

Inasmuch as no high precision measurements of the gamma ray
spectrum had been made, it was decided to obtain more precise energy
measurements using the external conversion method with the hope that the
decay scheme could be tested more rigorously., In particular, it was hoped
to resolve the.discrepancy concerning the ground state beta transition
by meking use of a magnetic spectrometer. Preliminary measurements
showed that all the ﬁrevious workers had missed salient features of the
decay and led to the long series of experiments described below, While
this work was in progress Neeson and Arns published the results of their

gamma-gamma angular correlation studies. These workers had free access
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to all of the data accumulated at McMaster and used the portion of this
data that they felt was relevant to their work. As will appear later,
their conclusions are not in agreement with the results of this thesis,
They obtained levels at O, 130, 150, 393, 470, 618, 658, 725, 785,

806, 935, 955, 1020, 1345, 1375, 1578 and 1730 keV, |

The Gamma Ray Spectrum

The measured gamma ray energies and intensities are presented in
Table II. This table embodies data accumulated from external conversion
measurements, internal conversion measurements, Ge(Li) detector measure-
ments and beta-gamma and gamma-gamma coincidence studies.:

The first four columns show the results of energy measurements
obtained from external éonversion, gamma-gamnma coincidence, internal
conversion and Ge(Li) detector methods, respectively. .The next four
columns list the corresponding absolute intensities of the tpansitions.
The photon intensities were initially measured relative to the strong
725 keV radiation, and adjusted to represent absolute photon intensit=
ies using the results of the beta-72k.5 keV coincidence experiment and
the decay scheme to be described. It should be noted that fhe inten~
§ity entries in the B~y column refer to the intensities of the beta
rays directly feeding the gamma ray in question. Aas such, these values
should be equal to or.less than the photon intensities in the first
three intensity columns., The second last column indicates the location
of each gamma ray in the decay scheme. The energy of each level in the
decay scheme was determined by a weighted average of the transition en-

ergies involved in the various paths of de-excitation to the ground



Trergies in keV Tntensitics din %
E.C, H5T(71) 1. Co Ge (34 BaCe Ge (Li) -y Clossificetion
R 0,021 ¥ 0002 455, ¢ —» 3C0.5
* 0.c09 T og,002
, T 0.015 ¥ o.002
. hs c.ca6 ¥ 0,003 806,11 =2762,0 +0.1
) 2 0.3 0.0%2 ¥ ¢, 000 72U.5 2 538.7 -0,1
t o,z 0.040 ¥ 0,003
o3 0.027 ¥ 0,003
92,0 ¥ 0k 0.023 % 0,002
5.8 £ 0,2 0,023 ¥ 0,002
9%.6 ¥ 0.2 0.013 ¥ o.002
1202 £ 0.k 129,7 £ 0.2fl %9 ¥ 1.0 s.0 foz 129,7 = O 0
139.6 T 0.k 030 £ 0,007 638.7 = 199, 2 ~0.1
we.0 ¥ 0.3 10,2 T o.zll 2.1 T 0,5 67 fo.05 149,23 0O o
162.5 ¥ 0.7 153.6 £ 0.2 c.140 T 0,007 95,5 -3 306.1 ~0,2
183.6 I 0.2 c.100 ¥ 0,007 %9.5785.9 o
225.0 ¥ 0,2 c.150 ¥ 0,009 72L,5 499, 2 +0,3
245,6 T o,k 0.029 % 0,008 N215,2 = %69.5 40,1
255.1 ¥ 0.2 0.062 0,006 724,5 ~» 469, 4 o)
262.6 * 0.2 262.3 £ 0.h 62,9 * oLl 7.4t C.s 7.2 fop 0,10 ¥ 0.03{| 392.6 -» 129.7 6
316.4 F 0.2 316,6 ¥ 6.5 316.5 ¥ o,2)11.5 ¥ 1,2 11,7 ¥ ok 10,7 % 0.4 )| 785.9—469,4 0
326.7 ¥ 0.5 326.1 ¥ 0.2 1.18 ¥ 0,06 455, 9-%129,7 +0.1
331.3 L 0.5 330.9 ¥ 0.2 0.75 *o.oh %9.5-»638,7 -0.1
350.5 ¥ 0,6 350.2 * 0.4 350,2 £ 0,2] 1.6 ¥ 0.5 .48 fo,07 (1.1 ¥ o1 2.2 Fo.u | 806.1 k55,9 0
350 X5 30. 3%01 499, 2 —»149,2 0.2
351 i 5 0,08% 0,02 1321.3—2%9.5 +0.83
360,2 ¥ 0.3 0.062 ¥ 0,018 762.0 »392,6 +0.2
393.4 X 0,3 393,54 ¥ 0.2 4.8 T 0.6 4,2 o2 2.7 20,6 || 785.9 392.6 -0.1
407.5 ¥ 0.3 0.18 *o,02 1377.1 —=959.5 +0.1
413.6 ¥ 0.3 13z,5 ¥ 0,2] 3.0 % 0,6 2.46 *o.12 2.3 ¥ 0.6 || 806.1-%392.6 0
469.3 £ 0,3 49,4 ¥ 0,2018.3 T 1.0 18,8 *0.7 )(17.5 ¥ Lo L4 *o.1 || 469.4— 0 0
470 % 10 {1.3 to.2 95,5 4 490, 2 +0.2
489,6 ¥ 0,2 0.59 *o.03 | 630,7 -»1k9,2 -0.1
497,7 £ 0,3 499,7 ¥ 0.4 bog.2 0,2 2.0 fo.12| 4902 =% 0 o
500,k T 0.k 0.30 *0.05 $9.5 b b ~0.3
513,7 £ 0.2 0.76 L o,0h 969.5-» 155.9 -0.1
539,2 ¥ 0.3 0,13 % o,04: 1345, 2—»805,1 -0,1
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TARLE II (cont'd)

Gamma Loys in the Decay of 105 Ru
Bnergies in keV Intensities in %
E.Ce NaI(T1) I.Ce Ge(Li) E.Co Ge (Li) NeI(T1) B=Y Classification Ecal.-Eexp.

5595 ¥ 0,3 0,087 0,016 1345, 22785, 9 -0.2
576.2 ¥ 0,7 575.5 £ 0.5 575.3 £ 0.2 1.8 ¥ 0.3 .07 *o.05 1.0 ¥ 0.4 || 724.5149.2 0
575 I5 0,13 ¥ 0,05 %9459 392.6 +1.9
591,3 £ 0.3 0.080 ¥ 0,016 1377.1->7%5.9 -0.1
6210 % 0.3 0.080 ¥ 0,016 1345,2 =724, 5 -0.3
632.3 ¥ 0.2 0.23 fo.02 762.0->129.7 0
638.6 £ 0,2 0,28 % 0,03 638.7—» 0 40,1
652,6 L o,2 0.2 To.o 0.9 o || 1377. 1725 0
656 ¥ 8 0.20 £ 0,05 12 —>785,9 0
654,9 0,9 656.1 ¥ 0,2 2,40 ¥ 0,09 78549 129.7 +0.1
677.2 ¥ 0.6 677.8 * 0.8 676.4 ¥ o,216.4 £ 0.8 16.7 ¥ 0,7 16.5 £ 0.8 806.1-2129,7 0
72k,8 * 0,3 724,6 0,5 7245 ¥ o.zfie fo2 kg to 48,2 % 2,5{ 724,59 0O 0
738,3 £ o.b 0.060 £ 0,007 1377.1 —»638.7 +0.1

786.1 ¥ 0.2 0.088 ¥ 0,008 Sum Peak (469.4 and 316.5)
806,2 ¥ 0.3 0.047 * 0,000 o o2l 861> O 20,1
822 % 5 0.012%0, 004 %9.5 —»149,2 -1.7
822,1 ¢ 0.2 0.19 *o,01 0.7 Y o.b || 1321.3=499.2 0
845.9 ¥ 0.2 0.73 * 0,03 1345.2 =499, 2 40,1
852.0 ¥ 0.2 0.140 ¥ 0,008 1321.3 469, b -0.1
8764 £ 0.8 875.8 £ o.2|l 3.1 ¥ 0.3 .40 F ook 4,0 T o.2 |l 1345.2 0694 0
876 £ 10 0.11 fo.03 1269  —»392.6 ~0uk
905.1 ¥ 2.0 907.7 ¥ 0.2{| 0.6 ¥ 0.2 059 *o,03 1.0 2 0.3 |l 1377.1 54694 0
952.8 ¥ 0.3 0.043 ¥ 0,01 1345.2 —>392.6 -0.2
370.9 ¥ 0.6 96o.4 T 0,2) 2.7 ¥ o 2,34 ¥ 0,09 21 %02 %95 o0 +0.1
1017.2 0.2 0.240 % 0,017 C.39%0.04 || 1486.6 -3 169,4 0
1059.0 £ 0.3 0.023 ¥ 0,007 1697.5 —628.7 -0,2
1215.2 ¥ 0.3 0,084 ¥ 0,008 0.0%%0.010|| 1215.2 - © o
1221.2 ¥ 0.3 0.018 * 0,001 1720.2 —499,2 .2
1250.9 ¥ ¢.3 0.023 ¥ 0,004 1720,2 = 469, 4 -0,1
1321.3 £ 0.2 0.23 fo.01 . 0.z21%0,03 || 1321.3 — 0 0

1345,9 ¥ o.5 0.022 I 0,003 | Sum Peak (459.4 and 875.8)
1376.8 £ 0.3 0.056 ¥ 0,006 1377.1 — O +0.3
16974 £ 0.3 0.085 ¥ 0.005 + 1697.5 = O +0.1

0.15%0, 02
1720.2 ¥ 0.3 0.032 ¥ 0,002 } 1720,2 =~ O o
Note: £-y results are uncorrected for gamma rays feeding the level.
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state, The last column shows the difference between the separation
of the levels involved in the transition and the actual energy measure-
ment of the transition, |

A detailed discussion of these results is given in the follow-
ing sections. The expegimental techniques aésociated with these
measurements has been described in Chapters III and 1IV.

5¢2¢1 The External Conversion Measurements

A composite external conversion spectrumis shown in Figures 7
and 8, In these figures the transition energies are quoted in keV and
the shell in which each peak occurred is indicated. Since these measure-
ments were made with natural ruthenium, the peaks associated with the
215 keV transition in 97Ru, and the 498 keV line in 103Ru are clearly

evident. The 105

Rh daughter of losRu is responsible for the peaks
associated with the 306 and 319 keV gamma rays. Each portion of the
spectrum was studied with a suitable radiator; the antimony radiator
being necessary to examine the K peak of the i29 keV gamma ray and gold
or uranium radiators being used for higher energies., The energy region
below the K peak of the 129.7 keV photon peak was carefully scanned for
low energy conversion electrons but the only observable peaks were due
to Auger electrons. It was necessary to use a 6 mg/cm2 Au radiator to
obtain the intensity required to measure the K peak of the weak 350 keV
radiation. |

The 499,2 keV transition is masked by the 498-K conversion peak

03

in gy ang the 413-L and-M conversion peaks mask the 489,6-K convers-~

ion peak. Since only about 40O gauss-cm of the spectrum could be scanned
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in 8 hours, it was necessary to use a great many sources to obtain the

data shown in Figures 7 and 8. The decay rate of each peak was follow-

105

ed to determine which ones were associated with the 4.4l hourr Ru.

The intensities of the lines observed were determined relative to the
469, 4 keV or the 724.5 keV transition using the semiempirical formula
discussed in chapter III. The magnetic spectrometer was calibrated for
each radiator ﬁsed by means of known lines from the following nuclidess;

1 192

Oph (318.9 * 0.1), 1P1r(295.94 ¥ 0,01, 308.43 0,01, 316.49 ¥ o.01,

468,05 ¥ 0,01, 604.39 £ 0,02, 612,44 ¥ 0,02 and 884.6 ¥ 0.4), 198

6

(411.795 * 0.009) ana °co (1173.23 * 0,04 and 1332.48 ¥ 0.05).

5622 The Internal Conversion Measurements

The results of the internal conversion energy measurements are
found in Table II and the internal conversion line intensities are found
in columns 3, 4 and 5 of Table III. A composite of typical spectra is
displayed in Figure 9, The magnetic spectrometer was calibrated using
the K conversion peak of the strong 469,4 keV line as an internal
standard. Since it required several hours to establish a weak conver-
sion electron peak, a different source was needed for éach conversion
line. For each such source, a scan was made over one of the stronger
conversion lines, 130-L, 263-K, 469-K or 725-K, to provide a relative
intensity measurement. The number of conversion electrons per decay
for each peak was then established by comparing the areas of these
strong conversion lines to the area of the total beta continuum. Several
determinations of each conversion line intensity were made. The number

of counts in each conversion peak was corrected for the beta detector



TABLE III .

Internal Conversion Results

+2) Gonversion+Coeff1cient -
Brorey |Intensity No.o§ Electrons peerOO decays éxlo ) (x 10%3) Multipolarity
% K L M % | % *M

129,7 5.0 1290 £ 130 | 550 £55 | 125 £ 13 | 2580% 258|1100 110 |250 25 || E3

149, 2 1.67 | 3.2%0.5 | 2.0 £ 0.5[ *= 19.2 £ 3,0 (12,0 ¥ 3.0 ML + E2
163.6 O 1k 2.0 £ 0.9 143 ¥ 64 Ml + E2
262.9 7.2 1.2 % 0.8 15.6 £ 1.1 M1

+ i + ' + +

316.5 11.7 10,0 £ 1.0 0.72 ¥ 0,20 8.9 ¥ 0.9| o.62%0.17 El
. 326.1 1.18 1.26%0. 20 10,7 £ 1.7 ML,

330.9 0.79 0. 82%0. 20 0.4t 2.5| M1

%50, 2 1.48 0.56%0.10 3.8 £ 0.7 ' El

393.4 42 2.1 ¥ 0.6 5.0 ¥ 1.4 Ml and/or E2
413.5 2.48 0.4 £ 0.3 , | 1.6 £ 1.2 E1

469, 4 18.8 9.6 £ 0.9 1.4 X 0.2 5.1 ¥ 0.5 0.75%0.11 Ml and/or E2
499.2and 2,7 1.5 £ 0.3 5.5 £ 1.1 Ml and/or E2
500, 4 ' . |
57543 1,07 0.3 £ o.,1" 2.8 %0.9 M1 and/or E2

64



TABLE IIX (cont'd)

Internal Conversion Results

No. of Electrons per 100 decays(x1O

¥§ﬁ Conversion Coefficient

Bnergy (Intensity T T i “K(x 10%9) cy Multipolarity
656.1 20t 0.66 20,15 2.8 = 0.6 ML and/or E2
67644 16.7 1.56 0,20 0.93% 0.12 E1

72k.5 49 7.75 20,80 1.58% 0,16 M1 and/or E2
875.8 3.k 0.48% 0.15 1.41% 0.4 M1 and/or E2
969, It 2.3k 0.27 *0,10 1.2 % 0.k M1 and/or E2

* —~ mean of 3 determinations = each with errors of 50% and at limit of

detection

** - X peak masked by 130 L's

*** . Corrected for a detector effieciency of 80%
*#»* . Includes a contribution from the 318.9 keV (M1l) transition in

105Rh

03



NUMBER OF COUNTS

o
** 130K
L1500 .,
. i
-
. l_
-1000 . 140 1S50LG M
P ! 163K m '
. 130L8 M 4 e
I A r-zggﬁwuw——f’%ﬁ
500 ,: . :: . }-noo
. . f 2 1
- . . S 5N t-eo
""“FL——.M M———; —»w: b | .
37 38 4! 42 43 44 35
L4000 3500 } 326
~263K ! 316K I;-zs { 3z 16t
" | t * I { 350K
3500 , | 3000 : H+ f f
| ! {
o ° ! 1250 t f
. : + | 1 I
e+ it |
1 i 1 1 | 1 1 I |
40 41 46 47 4;]_4000 48 49
! ] 47
S | 499K
8500 L4400 * ]
393K i 470K I
1‘”* 413K : i ,L
80 1 |
— * :29 +* * |l
? 1 |
] B | 1 | | 1
628 0303 34 35 38 39 385 39-? 405
575K | i-4ooo }
+ { :——ssoo 575"{ , 47st
1
; 656K # " \
| } # * t 3500 ¢ +
+ 4 Lgooo,’lﬂmH jllil :+# tohy
! ! 1 1
1 L1 i T 1 1 s\ 52 53
44 45 a7 48 49 50
+ 876K "
]
L 2280 1 } ) 969K
l 1425 }
1
|
2250 * L \ 41 thl
}ﬁ It L1400 | | r| i [H
|
paIT
| A
i
1 1 L _1 ! 1 1 L
315 32 325 . p vaue 3 345 35 355

INTERNAL CONVERSION SPECTRA
FIGURE 9

81



82

efficiency to yield the true conversion line intensity.

The detection efficiency was very nearly 100% except for the K
conversion peak of the 129.7 keV radiation, where it was measured to be
80%, This peak was also sensitive to source thickness, and some of the
runs with thicker sources showed considerable degradation on the low
energy side of this peak. The 149.2-K conversion line was completely
obscured by the fery much stronger 129.7-L conversion peaks. The 316.5-K
peak includes some contribution from the 318, 9-K peak associéted with
the 1OSRh decay. The continuum near the peaks shown in Figure 9 is
not displayed in its entirety, but was carefully measured in each spec-
trum to provide the necessary base line,

The internal conversion coefficients in columns 6,7 and 8 of
Table III were derived from the conversion electron intensities by the
use of the Ge(Li) photon intensities shown in column 2. Figure 10
presents the theoretical conversion coefficients calculated by Sliv
and Band (1956, 1958) for Z = U5 together with the measured coefficients
of Table III. It is clear that most of the transitions are M1 and/or
E2 in characte; but that there are a number of El transitions present.
These conclusions are presented in the last column of Table III,

523 The Ge(Li) Gamma Ray Measurements

The gamma ray spectrum obtained with the 4 mm thick Ge(Li)
detector is displayed in Figures 11 and 12, The gamma ray energies
(in keV) are indicated above each peak. The weaker peaks are presented
in an expanded scale in inserts at the appropriate points. The in-

serted region of the spectrum below 130 keV was obtained with a differ-



CONVERSION COEFFICENT

INTERNAL

8 ~-K CONVERSION PEAK

(®-L COHVERSION PEAK

K(M2)
N\ K(E3)
K(M1)
K(E2) -
\ -
’ \\IL(ED)
- \ NEL(MD -
o \\ i
N\ K(EI)
_ \ -
\
\
\ —
- \
\L L(EN
-4 200 400 800 1000 _
ot L T ] |

Ll

|

ENERGY (KEV) 4 v
THEORETICAL AND EXPERIMENTAL
INTERNAL CONVERSION COEFFICIENTS

FIGURE 10

83



NUMBER OF COUNTS

T T T T T LA T ]
-160000 3
l' t  -156000 ]
t  .152000 1
37 319
306 ]
han AP X "y %
N At e, - Y . . -
:‘|°5 -'\-v—.f.vw«sw--—-.-.__: ~ '0.3.2. 6
Rt EEEE R - 4800 _ _ _ o ____. 800 o ____™
L {8 1 -s4000 469 - E
293 { -53000 . ! ql“ 49000
- . l
Lio® [ “;zooo .. M#/M -48000 -
- ' 408 . ALY 490 4?-.9 47000 .
o N e’ T S, L7 1
- td h S e -3
L “-., 4
-
-~ 339
- 725 €76 <, .
. A0 __ 0 ____ .. }:
578 . ]
w&g\ :.. 6{6 ;
> or, = . .
. . a “'\M5‘39| €52° . . %
0% - e 621 632 639 ~ N .
[ . W\“""“"’\-",\W‘. ..‘o,.M".. -'. o7
L. ’ 1000 AQ0_ Sovspmpnteenmae
—_4 B e o o e - . o wm T Y e ma m —m m — ——— —— - —— — —-——-_—_—_———_——_:
10 . 876 ]
’s B ]
- . :
L ’..12-9_ ] 846 . J
NP ., . . .
b 786 822 ..
- ., -~ - *
N, v’ ‘-.... 806 .o . 852 .
103 R < o o
o '-"'.I.: - - - * ° ]
b oy YO 4 '. .: ° J
b - m:‘. M . -
- 1300 140 ’ e
1209 , | X N N . N : 1 1 Lo 1 ' 1 PR S T | ? 1 1 1 1 1 1 L.
CHANNEL NUMBER

LOW ENERGY GAMMA RAY SPECTRUM
USING A Ge(Li) DETECTOR

FIGURE 1l



34Nn914

lllllllllllllllllllllllllllll

.. * IOS?

% '.'.\.. w0 . #1 7
M -#R{}*Rw ?Wiﬂ **%}*}’ *WMM

1800 oo Yo b

NNNNNNNNNNNNN

HIGH ENERGY GAMMA RAY SPECTUM USING A Gel(Li) DETECTOR

<8



243

86

ent recording system. The peaks at 318.9 Y 0.1 and 306.1 ¥ 0.2 keV

105

are associated with the Rh decay. Two additional peaks in this decay,

at 280,1 ¥ 0,2 and 442.8 £ 0.7 keV appear in the spectrum after the

lOSRu activity has died away. These four transitions all decay with

the half-life of 105Rh and have relative intensities of 19.5 2 0, 8,

5.2 ¥ 0,2, 0.168 ¥ 0,013 and 0.043 ¥ 0,005 respectively. The 497.3 ¥ 0.3
s . . 103 . +

keV transition associated with = ~“Ru decay and the 215.1 - 0.3 keV trans-

- 97 . 105 .

ition of “"Ru also appeared in Ru sources which had been allowed

to decay for two or three dayss The energy and intensity measure-~

ments tabulated in Table II are the result of six experiments using

the & mm thick Ge(Li) detector and seventeen other experiments involv-

ing detectors with six to ten keV FWHM on the 157

Cs peak and various
analyzers. Calibration of the system and evaluation of the efficiency
curves were determined by methods discussed in Chapter II1I. Although
the high energy spectrum in many of these runs possessed much better
statistical accuracy than the spectrum of Figure 12, no new peaks with
intensity greater than 0,01% were discovered for the energy region
above the 908 keV peak.

The energies of the more intense lines were calculated from

105

calibration lines recorded simultaneously with the Ru source while
the energies of the weaker radiations were determined by making use of
the stronger 105Ru peaks as internal standards.

Results from Coincidence Measurements

The results of y-y coincidence studies are found in Tables
IV and V while those for the B-Y coincidence measurements are found in

Table VI. The method of accumulating and analysing this data has already
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TABLE IV
Coi:cidence Probabilities from Nal-Nal Experiments

(keV) (Gate Side)
149 164 ["184 | 225! 245 | 255 | 263| 317 326 331}350 393 | 408 | k1l | 469 4o | L9y 5i: 539} 560] 575 | 591| 639 653| 656 | 676 i?zs 736 846 876 908 193] 969 |07 |1059

149 (0.58) 0,23 0.7 0.16 e 0L

164 0. Ok 0. 16
184 I 0.09 : ‘ 0.08

225]0.03 0. 03 0.2

255 Q.11

263 0. 03 5.22 2.55 0.2 0.05 0.1k 0.03

317 0,19 11.9 0.16

326 0.8 0,43

331105 0,05 0.23 0.36

2350[0.2 0, 06| 0.88 0.03 P. 07 0,0k

393 519 0.06

4080, 06 0.1 0.1 0, O 0,09

SN 0 2.65

469 0.11 0.14 12,1 1.6 0.16 0.2 3.9 0.51 0,55

490/ 0,6 0.6% , - 06

ko9 0.21] ) 1.7 1.8

51

539 0.0 0.3
560 0.0k ) !

575{1.07 0.1 0.13 0.07

591

639 0.25 0.0k

653] 0.07 osh : i

656 0.03 0. 06 0.09

7

676 0.2 0.27

125 0.58

738 0.07 i

8u6}0.27 0.17 1.26

876 0,01 k.0

908 0.4

i SN SIS S

953 . 0.04

969 0.02 0.16

1017 0.45

10591 0.02
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Nal Peaks

(keV)

TABLE V

COINCIDERCE PRCBALDILITIES FROM Ge-Nal EXrPERIMENTS
_ Ge Peaks (keV) (Gate Side)

T T
19| 164 | 225 | 263 3171 326] 3311 350| 393 {L08] s1k| 469) 490 Hog. 514 {5751 591 {639] 654 676 | past 822 | hsl 876 | 908 969 11017 11059 1224 1251

149 0.35] 0.3 0.41. - 097 0.02800.11 0. 03
0.50

164 0. 061 0426
263 0, 025) Co 07| 5olt 2.4 0.1 0. 03|

317 114 C.l

226 0,9 0.21
331 {0.55 0. 64

250 [0,.12 1.1 0,016{ 0,1

393 50
408 0. 08
Lab 0,025 245

469 11.6 0.12 Ce2 3.2 (0.7 0.7 0.02

bt
®
n

490 0.66 .62

469 0,12 1.6 0.16 | 0.8 0.03

514 0,29

S
K

539 0.1 0.26

560

575 {1.0 0.1 .18 0. 05

591

639 %74
0,21

653 Q58
676 047

725 © oo by

738 {0.08!

1

86 10,22 0.2 Nel

876 4,2

908 0.7

953 Q.04

%9 0, Ok 0.1

1017 - 0,45

1059 j0.02 TR
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been discussed in Chapter I1II. The decay scheme of Figure 18 was de=
duced by means of thesedata and that presented in the preceding section,

5¢3%e1 Gamma-Gamma Coincidence Measurements

Figure 13 presents a portion of the matrix obtained when gammae
gamma coincidences between two NeI(T1l) detectors are recorded by a two
dimensional analyser. The figure shows the spectra recorded along the
i axis in coincidence with. channels 17, 19, 21 and 23 measured along the
j axis. BEach spectrum thus represents the spectrum in coincidence with
a "one-channel" gate of width 22 keV., The spectra displayed in Figure
13 are labelled by the median energy of the gate and show dramatic
changes in character as the gate moves upward by 44 keV. The prominent
peaks appearing at 150, 350, 470 and 639 keV in the 322 keV gate are
due to the 330.9-489,6-149,2, the 350.2-326.1, the 316.5-469.4 and the
330, 9-638.6 keV cascades, In the same way, the 366 keV gate shows
evidence for the strong 393.4-262.9 and the 350.2-326.1 keV cascades,
the 410 keV gate presents evidence for the 413,5 keV and the 393.4 keV
photon coincidences with the 262,9 keV transition and finally the 454
keV gate shows the 316.5-469,4, the 330.9-489.6, the 500, 4-469,4 and
470-499.2, the 845.9-499,2, the &75,8-469,k4, the 907.7-469.4 and the
1017.2-469. 4 coincident pairs. The peak at 67 keV present in all
four spectra is due to lead x-rays produced from the anticompton shield,

Each of the 56 spectra of the type presented in Figure 13 were
analysed into component gamma rays. The number of counts associated
with each such gamma ray was ther plotted as a function of the channel
number along the j axis to yield coincidence spectra of the type present-

ed in Figures 14 and 15, Because there is generally more than one gamma
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ray present in any one photopeak in this spectrum , the curves of
Figures 14 and 15 represent the spectra in coincidence with several
adjacent gamma rays. The energies of these “"gating" radiations are

given in the figure. In the terminology used in Chapter III the spect-

s g

B L (j). An

1
ra of Figures 14 and 15 correspond to Mn(J) = m o

analysis of these spectra yields the coincidenczzirobabilities pre=~
sented as a ﬁatrix in Table IV.

The salient features of the spectra of Figures 14 and 15 are
discussed below, In this discussion, the entry in brackets listed
after each cascade represents its coincidence probability in % as
deduced from the decay scheme. These entries are to be compared with
the experimentally determined coincidence probabilities tabulated
in Tables IV and V.

The spectrum (15f) in coincidence with gamma rays oflenergy
952.8, %94, 1017,2 and 1059,0 keV is dominated by a strong 470 keV
peak associated with the 1017.2-469.4 (0.34 * 0,02) cascade. The
other peaks are almost an order of magnitude weaker and the analysis
is quite sensi;ive to errors in the stripping process., There is
evidence here and elsewhere for the 1059,0-489,6-149,2 (0,015 ¥ 0.007),
the 952.8-262.9 (0.043 ¥ 0,014) and the 407.5-9%9.4 (0,08 ¥ 0,02)
cascades, The 350 keV peak is probably caused by a 351.8 keV trans-
ition of intensity 0.,08% which feeds the 969.5 keV level and creates a
351-9%9.4 (0.04) keV cascade. Evidence for this cascade also appears
in the 350 keV "gate' in the Ge-Nal coincidence experiment (Table V).

One can account for the 200 and 317 keV peaks by postulating a weak



ok

211 keV transition between the 1697.5 and 1486.6 kéV levels and a weak
%00 keV transition between the 1269 and 969.5 keV levels but since no
other evidence for these exists, thgy are not included in the decay
scheme.,

The spectrum in coincidence with éammé rays of energy close to
910 keV (not shown in the figure) reveals a strong 469 keV peak and
weak peaks at 262, 315 and 400 keV. The stronglpeak is associated with
the 907.7-469.4 (0.59 * 0,03) cascade. The weak peaks can all be
accounted for by postulating a weak gamma ray in the 900 keV region
feeding the 786 keV level. Since in the stripping, along the i axis,
the three low energy peaks seemed to be associated with a gamma ray
peak of energy 900-950 keV, it is attractive to consider that the coin-
cidences are due to either or both of the 912 or 934 keV radiations
associated with transitions involving the 1697.5-785.9 and 1720.2-
785.9 levels. The combined intensity of these two radiations would
have to be 0.07% to account for the observed coincidence peak, Bew=
cause there is no other evidence for these two gamma rays, they are
not included in the decay scheme.

The strong 470 keV peak in figure 15e is due to the 875,8-469.4
(3.4 % 0,2) cascade. 1In addition there is a weak 350 keV peak which
can be accounted for by the 845,9-350 (0.08 % 0,02) cascade, and a
weak 261 keV photopeak which is believed to be associated with an
876-262.9 (0.11 £ 0,03) cascade. This 876 keV lire must have an in-
tensity of 0.11% and depopulate a level at 1269 * 10 keV. Further

evidence for this line is also shown in the reverse experiment of
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Figure 1hb. One might have assumed that the 261 keV peék was due to
a 261-875,8 keV cascade involving the 1345.,2 keV level. However, no
evidence for a 260 keV peak which should appear in the Ge(Li)-NaI(T1)
experiments gated on either the 876 or 846 keV full energy peaks is
seen and hence the energy has to te different from that of the 875.8
keV transition,

The foilowing cascades are respénsiblé for the main features of
the spectrum shown in Fig., 15d; 852.0-469.%4 (0.1% ¥ 0,01), 845.9-499,2
(0.65 * 0,06), 845,9-350-149,2 (0,08 ¥ 0,02), 822,1-499.2 (0.17 % 0.02)
and the 822,1-350-149,2 (0,02 I 0,01) keV cascades, The high point in
channel 15 suggests the existence of a gomma ray of energy approximately -
280 keV., However, a slight change in the i axis analysis can move the
extra counts in this channel to channel 15 of Figure 15e without altér—
ing the intensity of the 261 keV line appreciably., There is thus no
real evidence for a 280 keV transition,

The spectrum (not shown) in coincidence with the 724.5 keV and
the 738.3 keV photons shows a strong péak at 652 keV and a weak peak at
490 keV which are associated with the 652.6-724,5 (0.35 ¥ 0.02) and the
738.3-489,6 (0.04 £ 0,01) cascades. This spectrum is badly distorted
by random adding and chance associated with the fact that the '"gate"
is set on a very strong ground state transition.

Figure 15¢ clearly indicates the existence of the following cas-
cades: 652,6-724,5 (0,35 ¥ 0,02), 539.2-676.% (0,11 ¥ 0,04), L407.5-330.9~
638.6 (0.03 ¥ 0,01), 330.,9-638,6 (0,25 * 0,03), 183.6-656.1 (0.02 ¥ 0,01)
and 163,6-676.4 (0,12 £ 0,01), The 580 keV peak is created by the follow-

ing cascades}
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559.5-656,1(0, 011 * 0,005), 652,6-575.3 (0,007 * 0.002) amd 591.3-656.1
(0,010 ¥ 0.00%3). The 263, 393 and 470 keV peaks appear to arise from
a gamma ray in the 650 keV region feeding the 786 keV level., Further
evidence for this gamma ray is shown in Figures 14b, e and f. The
Ge(Li)-NaI(T1l) experiment gated on the 656 % 8 keV region of the ger-
manium side reveals the same 263 keV peak in the coincidence spectrum.
Thus the energy of this radiation must be 656 ¥ 8 keV and defines a
level at 1442 ¥ 8 keV., These peaks in Fig, 15c¢ are thus due to the
656-316,5-469. 4 (0,13 £ 0,05) and the 656-393,4-262,9 (0,05 £ 0,02)
cascades. The 316 and 393 coincidence peaks are obscured by other
peaks in the spectrum,

The 725 keV peak in Figure 15b is due to chance while other
peaks in the spectrum indicate the presence of the following cascades;
575.3=-149.2 (1.1 ¥ 0.1), 559.5-316.5 (0.06 ¥ 0.02), 591.3-316.5
'(0.05 ¥ 0.02), 539.2-350.2 (0,010 ¥ 0,004), 559,5-393.4 (0,02 ¥ 0,01),
591.3-393.4 (0,02 £ 0,01), 559.5-316,5-469.5 (0,06 ¥ 0,02) and
591, 3-316.5-469, 4 (0.05 t 0.02). The origin of the peaks at 655 and 676
keV has already been discussed in connection with Fig, 15c. The 263
keV peak appears to be due to a = 575-262.9 (0.13 ¥ 0.03) cascade
beginning from the 969.5 keV level., Evidence for this cascade also
appears in the Ge(Li)-NaI(T1l) experiments where a narrow gate set on
the 575.3 keV peak allows one to place a limit of 575 ¥ 5 keV on the
energy of the transition responsible for the 263 keV coincidence peak.
These coincidences cannot be due to the 575.3 keV transition since it

is strongly in coincidence with the 149.2 keV transition and is known



to depopulate the 724.5 keV level from P~y coincidence measurements,
One must thus introduce a gamma ray of energy 575 ha 5 keV and intensity
0,10% into Table II. Part of 0.2% coincidence probability associated
with the 263 keV coincidence peak is presumably accounted for by the
559, 3-393,4-262,9 (0,02 ¥ 0,01) and the 591-393.4-262,9 (0,02 £ 0,01)
cascades. The residue of approximately 0.16 is in good agreement with
the value of 0.10 obtained "cleanly™ in the Ge-Nal experiment..

Figure 15a presents evidence for the following cascades which
have not already been mentioned; 489,6-149.2 (0.59 % 0,03), 225.0—499.2
(0.13 ¥ 0.02), 33%0.9-489.4 (0.52 % 0.05), 513.7-326.7 (0.36 % 0.04),
407.5-499,2 plus 500, 4(0.06 % 0,02), 407.5—330.9-489.6 0.03 ¥ 0.,01)
and 470-499,2 plus 500.4-469.4 (1.6 % 0.3). The peaks at 739 keV
and 846 keV arise from the cascades discussed in connection with the
725 keV gate and the 850 keV gate (Figure 15d).

The coincidences displayed in Figure 14f that have not as yet
been mentioned are the 183.6-316,5-469,4 (0,07 * 0.01), the 255.1-469,4
(0.06 .2 0,01), the 316+5-469.4 (11.7 ¥ 0.4) and the 407.5-470 plus
469, k4 (6.06 ¥ 0,02). The origin of the peaks at 500, 590, 650, 876
and 1018 keV have already been discussed in connection with Figures
15 a,b,c,e and f respectively. The peak at 908 keV is due to the
908-470 keV coincidences mentioned earlier when discussing the 910 keV
"gate"

Evidence for the 393.4% plus 413,5-262.5 (6.7 % 0.3), the 407.5-
330.9 (0.03 I 0.01) and the 407.5-513.7-326,1 (0.012 £ 0,002) cascades
is presented in Figure lhe. The other peaks at 470, 580, 650 and 970

have already been discussed in connection with Figures 14f and 15 b,c,
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and f réspectively. The 725 keV peak is due to chance. The 846 keV peak
is due to the 846-350 keV cascade which has been introduced into this
spectrum through cumulative errors in the analysis,

Figure 1hd presents evidence for the 330.9—489.6-149.2 (0.52 %
0.05), 350-149.2 (0.3 ¥ 0.1) and the 350,2-326.1 (1.1 % 0.1) cascades.
The‘730 keV peak is due to chance and the origin of the peaks at 490,
638 and 846 keV has already been discussed in connection with Figures
15 a, ¢ and d. Because of the coarse grid used in these experiments,
part of the intensity of both the 150, 350 and 638 keV peaks has been
diverted to the spectrum shown in Figure 1llc., Corrections for this
effect have been taken account of in ébtaining the coincidence probe-
abilities of Table 1V.

The spectrum in Figure 1llc adds no new information but serves
to confirm evidence already discussed in connection with other "gates'.
The peak at 265 keV is believed to be spurious; it is created in the
i-axis stripping as a residue after the subtraction of a strong 393
plus 413 keV contribution and a 2% adjustment in the intensity or a 2%
adjustment in the line shape for these lines would be sufficient to
eliminate this peak. The 730 keV peak is again due to chance. Since the
k69, keV and the 499,2 keV transitions both have Compton edges rising close
to the 316.5 keV peak, a slight error in their line shapes would create
the combined 846 and 876 keV peak which appears at 860 keV in this
spectrum,

The spectrum of Figure 1hb also yields no new information. The
725 keV peak is again due to chance, the 319 keV peak can be explained

on the basis of a 2% error in the 469 keV line shape and the remaining
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peaks have been discussed in connection with Figure lke, f and Figure
15 b, ¢, e and f, All the pesks of Figure lhka have been discussed in
connection with other gates except the 725 keV peak which is due to
chance and the three weak peaks at 225, 408 and 652 which are believed
to be associated with the 225,0-350-149,2 (0,020 ¥ 0.005), the
407,5-330, 9-489,6-149,2 (0,03 % 0,01) and the 652,6-575.3-149,2 (0,010
£ 0,005) cascades.

Coincidence spectra for 'gstes' covering the 160-180 and the
225-255 keV regions were also examrined but are not presented here. In
addition to supporting the data already presented, these give evidence
for the following cascades;,245.6~969.4 (0,013 % 0,005), the 183,6=393,kL~
262.9 (0.023 £ 0,005) and the 183.6-316.5-469,4 (0,07 * 0.02),

The coincidence probabilities from all the data are shown in
Table IV. The experimental coincidence coefficients agree quite well
with the values calculated on the assumption that the decay scheme shown
in Figure 18 is correct. The decay of each matrix position in the gamma-
gamma coincidence array was followed for about 20 hours to make sure
that all the cascades observed belonged to the L.44 hour lOSRu activity.

A v~y coincidence experiment was also carried out using a Ge(Li)
detector to feed the i axis and a NaI(Tl) detector to feed the j axis.
Because of the poor efficiency of the germanium detector, the sgatistical
accuracy of this data was much poorer than that obtained in the NaI(T1)-
NaI(T1l) experiments., However, the excellent resolution of the germanium
detector made it possible to derive useful information from peaks fifty
counts high, In order to improve the statistipal situation, the
coincidences associated with several channels on each peak in

the germanium spectrum were summed, and then reduced by the
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contributions from an equal number of channels associated with an adjacent
portion of the Compton continuum. Whenever the term ''gate" is used in
connection with the NaI-Ge spectra, it implies that the’process described
above was carried out § the galte being labelled by the energy of the most
prominent gamma ray in it, The data obtained in this experiment were an-
alyzed by the method discussed in Chapter IIT except for the spectra in
coincidence with the 326, 330 and 490 keV peaks. The first two peaks were
on the edge of the strong 317 keV peak while the thifd was very near the
strong 676 keV Compton edge. For these three spectra it was necessary to
estimate the Compton distribution under the peak and subtract this
contribution. The coincidence probabilities derived from this analysis
and presented in Table V have uncertainties of at least 20%. The data in
Table V also solved a number of ambiguities in the NaI-Nal coincidence
results not understood at first. A few typical "gated" coincidence spectra
are shown in Figure 16. Results from these and spectra in coincidence
with other "gates" will be discussed below,

Figure 1§a shows the Nal spectrum in coincidence with a 12 keV
Ngate!" set on the 350 keV gamma ray. This gate contains a triplet of
gamma rays of energies 350, 350,2 and‘BSl keV. The centre member of the
triplet is the strongest and hence the only one detected in the Ge(Li)
singles spectrum. The 350 keV member is in coincidence with the peaks
at 150, 470 and 846 keV, the 350.2 keV member is in coincidence with the
326 keV peak and the 351 keV member is in coincidence with the 970 keV
peak. The 263 keV peak is due to the 3%69,2-262.9 cascade because a few

369 keV pulses are included in the gate.
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The spectrum in coincidence with a 6 keV gate centered at an
energy of 335 keV is shown in Figure 16b. * In this spectrum the 150,
485 and 635 keV peaks arise from coincidences with the 33%0.9 keV photon.
The 340 keV peak is due to the combined effect of the 350,2-326.1 and
5i3.6 Compton edge - 326.1 keV cascades. Finally the weak 855 keV peak
arises from the 499,2 Compton edge~845.8 keV cascade,

Figure 16c is the spectrum in coincidence with a 6 keV gate
centered on the 317 keV peak. Present is the expected strong 470 keV
peak arising from the 316.5-469.5 keV cascade and a weak 575 keV peak
due to 316.5 keV photon coincidences with gamma rays of energies 559.5
and 591.3% keV., The 700 keV pesk is due to chance.

The spectrum in coincidence with a 6 keV gate centered at 328 keV
" is presented in Figure 16d. This gate contains appreciable parts of
the 330.9 keV and the 3261 keV gamma rays and a small fraction of the
intense 316.5 keV radiation. The 150, 638 and one third of the 478 keV
peaks are due to coincidences with the 330,9 keV radiation. The two
values listed for the 330, 9-489,6-149,2 and the 330,9-638.6 cascades
. are the values obtained from Figure 16a as well as Figure 16c. The
350 keV peak arises from the 350,2-326.1 keV cascade while the 860 keV
peak is due to coincidences between the 875.8 and 845.8 keV radiations
and the 469,4 and 499,2 keV Compton edges. The remaining two-thirds of
of the 478 keV peak is due to the 316,5-469,4 keV cascades,

Figure 16e shows three peaks which are all in coincidence with
the 163.6 keV gamma ray in the gate. Of these, the 41k and 676 keV

peaks showed up in the Nal-Nal experiments but the 262.9 peak which arises



from the 163.6-413.5-262,9 cascade was missed.

In Figure 16f only two peaks are observed which are a result df
393,4 Compton edge-262.9 and the ?25.0—499.2 coincident events,

The Ge-Nal data produced clear evidence for a number of cascades
in spectra which have not been presented in this thesis. A gate set on
the 149 keV peak revealed the existence of the 738,3-489,6-149,2 (0,04)
caScade in addition to a number of the cascaaes revealed bj the data of
Figure 16. The 414 gate showed evidence for the 539.,2-413.5 (0,02)
coincidences and the 591 keV gate reveale@ the existence of the 591, 3%-
316¢5-469,4 (0,06) keV triple cascade., Gates at 1221 and 1251 keV show-
ed up the 1221.2-499.2 (0.02) and the 1250.9-469,4 (0,02) coincident
pairs.

The measurement in the probability matrix at the 653 (Ge)=164(Nal)
position is due to a 183.6-656.1 cascade which showed up only in the
spectrum in coincidence with a germanium gate at 653 f 12 keVe The
symbol TR for "trace'" indicates that rather insecure evidence was found
for a 1059 keV peak ih the 639 keV germanium "gate". No coincidences
were observed with the 1321.3\and £32,3 keV.germanium "oates" thus
suggesting that these gamma rays feed either the ground state or the
129.7 keV metastable state.

With the germanium '"gate" set on the 822,1 keV gamma ray, peaks
appear at 499, 350 and 150 keV indicating that the 822.1 keV radiation
feeds the 499.2'keV level. However, the 150 keV peak appeared to be too
strong and as the "gate" was widened from 12 keV to 18 keV its intensity
increased relative to the other two peaks.These effects can be explained

by postulating a second 822 keV radiation of intensity 0.012 % which feeds
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the 149,2 keV level. It presumably is the transition from the 969.5 keV
state.

The Ge-Nal coincidence experiment clarified the portioﬂ of the
decaybscheme involving the two 470 and two 499 keV radiations. A sketch
of this portion of the scheme is given below. The 845 keV germanium

* gated! épectrum yields a value of

9%9.5

(g1, 8199, 27/ (Ogus, 8-350-149,2), Other
i~ f\‘ﬁs values for this ratio can be found
~ « M O R
QY . ~ 0
- Z; = E; 2; Eﬁ from the reversed experiments. The
X o & o)
Q 0 g?,g? N «® mean value of all these experiments
¢ !ij—i—-49a2 .
T%— : 459, 4 is 8 = 2. From the 350 keV german-

ium “"gate" one obtains a value for

o
. + N
. EE 6470_350 of 0,12 = 0,02% while a mean
I b 149.2 ~ obtained from the 470 and 499 ger-
\ ) 0 manium "gates" yields

8u70-499,2 * O500, 4-k69. s = 1+O%
Combining these measurements, one finds that

+
Su70-t99,2 = 1+0 = 0.2

and  Bgn6 4 69,4 = 0.6 * 0.2%
The intensity of the 500, 4 keV radiation derived in this fashion is
thus 0.6 ¥ 0.3%, in " agreement with the value of 0.30 ha 0.05% found
by analysing the 500.4 + 499,2 keV doublet in the germanium singles

spectrum.
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The spectra obtained in these experiments would have been improv-
ed in quality had it been poséible to preserve an adequate .counting
rate and still avoid a set up with 180° close geomefry. In this geom-A
etry, Compton edges were accentuated and often created peaks which
complicated the interpretation.

5¢3.2 _Beta Gamma Coincidence Studies

The fesults of the beta-gamma coincidence experiments described
in Chapter III are presented in Table VI. The spectra.fromrwhich,these
data were derived are shown as Ferni plbts in Figure 17. The energies
in the first colﬁmn of Table VI are those of the coincident gamma ray
while those in the second column are beta end-points. The third column
presents the NaI(Tl) detector efficiencies upon which the analysis de=-
pends, the fourth gives the absolute intensity of each beta group and
the final column denotes the level fed by each group. The end-points
and intensities of the three highest energy beta groups as measured
from the beta singles spectra are also presented.

A large number of gamma rays listed in column one are ground

- state transitioﬁs, as evidenced by the fact that the sum of the beta
end-point energy and the gamma ray energy is equal to approximately
1920 keVs The position of most of the gamma rays in the decay‘scheme
was established by v-Y coincidence ﬁeasurements; the exceptions are
the gamma rays. of energies 806.2, 1215.2, 1321.3, 1697.4 and 1720,2 keV
whose position in the decay scheme has been establiéhed by the B-v ex~
periments alone. The decay energv caﬁ in pfiﬁciple be established from

every beta end-point in Table VI, However, the errors on some of these



TABLE VI

106

Results of P~y Coincidence Experiments and B Singles Experiments

(keV) (keV) B-Group (keV)
Component ¥nd Point Nal(T18w intensity (%) Level Fed
Singles 1450 10 1.9 o.3 469,
Spectrum 1780 T 20 0,28 T 0,07 129.7

Ground State < 0,02 0

149, 2 1179 ¥ b5 0. 0110 0.5 Yo.3 724, 5

262,9 1553 £ 17 0, 0195 0.10 * 0.03 3092,6
1121 £ 5 5.9 fo.2 785,9 and 805.1

316.5 113 * 0. 0211 10,7 % 0.k 785, 9

350, 2 1121 ¥ 35 0, 0222 2.2 Yo,k 806.1

395, 4 1181 £ 77 0. 0250 2.7 * 0.6 785, 9

413, 5 1119 £ 9° 0. 0235 3,3 ¥ 0,6 805, 1

469, 4 157 £ 57 0. 0246 L4 fo1 469,k

1151 ¥ 7 9.9 *o.5 785.9

8% I 45 3.9 10,2 1345, 2

529 ¥ap 6.3 0.3 1486.6

499, 2 975 * 43 0. 0247 1.7 ok 9%9.5

hop ool 2.1 ¥o.5 1345.2

57543 1182 * 10" 0. 025 1.0 % o0,4 72k, 5

652.6 573 T 3l 0. 025k 0.9 ol 1377,

6761 1109 £ 5" 0. 0255 16.5 ¥ 0.8 8051

72k, 5 18y * o 0. 0256 48,2 I 2,5 72k, 5

806.24822.1 | 112 t 7 0.0259 ot *o,2 806, 1

612 ¥ 39 0.7 ok 1321.3

875.8 567 £ 8" 0. 025 4.0 fo.2 1345, 2

907.7 563 ¥ 26 0. 0251 1.0 0.3 1377.1

%69 4 952 £ 5" 0.0251 2.1 *o,2 99,5

527 £ 1 0.7 ¥ 0.3 1377.1

1017. 2 28 16" 0. 0262 0.39 * 0,04 1486.6

1215, 2 663 ¥ =25 0. 0263 0.09%% 0,010 1215.2

1321.5 552 I ag 0. 0262 0.31 ¥ 0,03 1321.3
10903 and | 199 ¥ 0,025 0,15 £ 0,02 | 1697.5 and 1720.2

. )
Values used to obtain the total decay energy of 1916 ¥ I kev
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are rather large or the end points are distorted because more than one
gamma ray contributed to the coincidence spectrum. The entries marked
with an asterisk represent the best data; the weighted mean of the end
point values derived from these is 1916 % 2 keV. Vhen uncertainties in
the calibration are included, the limits of error on the decay energy
are increased to 4 keV,

The end points and intensities éf the.low energy inner beta groups
of the B-Y coincidence spectra are unreliable, both because of cumulat-
ive errors in analysis and because there is a certain amount of electron
scattering from the walls of the spectrémeter which tends to increase
the number of low energy electrons. This effect was minimized by using
a "window" on the beta pulse distribution but the effect could not be
entirely removed., This distortion could have been partially due to
source thickness, but this did not seem éo'be an important contributor
to the effect since even at the 129-K conversion peak, only approximate=
ly 10% of the counts showed up in the "tail'., Because of this e ffect
the intensities and energies of the inﬁer beta groups have not been
given much weight,

It should be noted that there was no measurable beta intensity
feeding the ground state, in marked diségreement with some of the earlier
work.

5.4 The Decay Scheme

The results of the measurements discussed above are incorporated
in the decay scheme shown in Figure 18. In this figure observed gamma-

gamma coincidences are indicated by full circles at the level between the
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two members of the cascade. An observed coincidence between a beta ray
and a gamma ray is shown on the gamma transition involved by an open
circle. The energies of the transitions are given in keV and the in-
tensities in %.

The transitions of energy 63.6, 82.0, 85.9, 129.7, 139.6, 621.0,
632,3, 806.2 and 852.0 keV have been placed in the decay scheme by. energy
fit alone, Some of these were intehse enough to have been seen in co=
incidence experiments but were masked by stronger gamma rays of nearly
the same energy. The weak radiations of energy 350, 351, 470; 575, 656,
822 and 876 keV have been positioned in the decay scheme to satisfy the
coincidence data, but were not observed in the germanium detector
measurements., All the rest of the gamma rays shown in ‘the decay scheme
were observed both in the singles and coincidence measurements and have
been located to satisfy both the energy fit and the coincidence in-
formation.

Another test of the decay scheme is revealed by the intensity
balance of Tablg VII. This table compares the net flow of transition
intensity out of each level with the observed flow of beta intensity
into the level., The radiation flow is simply the difference between
the transition intensity de-exciting the level and that feeding it,

This will be in error if weak gamma transitions in the decay scheme
are missed, The beta intensity feeding each level was deduced from the
absolute B-y coincidence probabilities or, in a few cases, from the
Fermi analysis of the singles spectrum.
Since the entry in column three is formed by summing all the B-y coin-

cidence probabilities for gamma rays de-exciting the level and since fhe B~Y
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TABLE VII
Intensity Balance for the levels in 105Rh
_ Gamma. Intensity Cut B Feed Intensity with Loglofot
Tevel - Gamnma Intensity In Appropriate Gamma Ray
1720, 2 0.073 ¥ 0,005 0 0.15%0,02 (1720.2 and 1697.4) | 6.29 ¥ 0,07
1697.5 0.108 % 0,009 : 6.27 ¥ 0,08
1485.6 0.340 £ 0,017 0.39 £ 0,04 (1017.2) 6.75 ¥ 0,08
12 £ 8 0,20 ¥ 0.05 ' 7.1 % 0.1
1377.1 .32 L o.ok L.O—003(907 7140, 9£0, 1 (652.6) | 6.49 ¥ 0,05
] 1. 9"‘ O 5
1345, 2 Ly *o,15 hoo ¥ 0.2(875.8) 6.06 ¥ 0,05
1321, % 0.560 ¥ 0,016 0,310, 03 (1321, 3)+0. 750, 1 (822, 1) 7.02 % 0,05
| = 1,0 £ 0.4
126910 0.20 ¥ 0,05 7.9 *0,3
1215.2 0.11% ¥ o.011 0,09 ¥ 0,010 (1215.2) 7.9% % 0,08
9%9.5 5,22 % 0,16 2,120, 2(969. 1) +1. 70, 6.78 £ 0,05
7 149,.2 and 500, 4)=3.8%0.5
806.1 20,2 *o.7 16, 5-0.8f676 4)43,3% 0.6 (513.5) | 6.47 * 0,04
42 210, (350, 2) =22, 05, .1
785, 9 17.8 1 0.5 20 77046 (3934 4)+20. 720, 1(516.5) | 6.55 0,0l
=13, 4507
762,0 0.29 ¥ o0,05 8.36 £ 0,08
72k, 5 k9.9 X 2,0 48, 2% 2.5(724 5)41.0%0.4(575.3) | 6.18 * 0.0k
. 49. "205
63847 -0.01 % 0.05 > 93
499, 2 0.37 % 0,23 7 8.6
469, 4 1.1 ¥ 1. 420,21 (469. Wor 1.9%0.3 8.04 ¥ 0.08
(Singles)
k55,9 -0.34 ¥ 0,12 792
392,6 0.29 ¥ o.35 0.10 ¥ 0,03 (262.9) 9,27 ¥ o,12
1k9,2 -0.29 0,09 . >9.
129.7 -3.0 o5 .28 ¥ 0,07 (Singles) 9.08 ¥ 0,20
Ground Statd <0, 02 ;710.
Total 98.9 I 3.5%




5.4.1 The Decay of
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measurements were unable to pick up weak transitions, these entries are
likely to be on the low side.

In general, the agreement vetween columns 2 and 3 is excellent;
in the few cases where there are discrepanciles they can be readily ace=
counted for by missed transitions in column 3;

The total gamma intensity of 98.9 ¥ 3.,5% is consistent with the
quoted error in the absolute intensity for the 725 keV transition.

Column 4 presents.the log fot values calculated for the partial

105

beta transitions to each of the Rh levels, These were deduced from

the gamma intensities except for the 469.k4, 392,6 and 129,7 and ground
states. In these cases the measured beta intensities of column 3 were

used,

105 105

Rh —> Pd

The ground state of 1Q5Pd has been determined to be 5/2+ from
the hyperfine structure of the atomic states of palladium (Blaise

105 105

and Cantrel (1953)). The decay of Rh —>

Pd has been investigated
by many workers whose results are summarized in the Nuclear Data Sheets
(1966). More recently Karlsson et al (1964) and Pierson (1965) have
examined this decay. The latter author carried out a very complete
study and presented the decay scheme shown below., The present measure-

ments confirm the results they obtained for the gamma ray energies and

intensities of the four most energetic lines.,
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Pierson discussed in detail the possible spin assigmments for the excit-

ed states of_lOEPd and the ground state of 105Rh. He concluded that
105

the ground state spin of Rh must be 7/2+, basing this conclusion on

Coulomb excitation data, the decay of 105Ag to levels in 105Pd,
10310 f t values and the absence of a beta feed to the 280,1 keV level,
It seems to the present author that Pierson has not totally excluded the

105

possibility of a 5/2+ assignment for the ground state of Rh. His

argument that a loglofot value of > 8.2 for the beta feed to the 280.1

1OsRh cannot be 5/2+ is

keV level of spin 3/2+ means that the spin of
reasonable but not conclusive, since nuclear structure effects can be

enough to increase the loglofot value from a value near 6 to the observed
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lower limit of &2. Thus one must open the discussion of spins in the

o
lO5Ru to CDRh decay with one piece of secure information: that the

ground state spin of 105Rh is ether 5/2+ or 7/2+ with the 7/2+ value
favored.
5¢4:2 The Spins and Parities of Levels in 105Rh

The 129,7 keV transition is knoﬁn to be E3 in character. Hence,
the ground state and the 129,7 xeV level must differ iﬁ spin by three
units and also differ in parity, The 5/2+ choice for the ground state
leads to a 11/2~ assignment for the uppef ievel while the 7/2+ choice
permits either a 1/2- or 13%/2- assigﬂment for the isomeric levels, The

1OBRh has been measured to be 1/2 and the mag-

10th has a 57

ground state spin of
netic moment suggests that it has negative parity.
minute isomer 40 keV above the ground state which is de-excited by an
E3 transition. Thus one expects to find low lying levels of spins
7/2+ and 1/2- in both lOBRh and 105Rh, and one is led to the 1/2~
assignment for the 129,7 keV state in 105Rh. This choice is support-
ed by the shell model since there are no low-lying 11/2- or 13/2-
states expected for Z = 45, One concludes that the 1/2-, 7/2+ pair
103 105

in Rh is also found in Rh but that the order of the two states

has been reversed by the addition of two neutrons in going from 1OBRh

to 105

Rh.
The 149.2 keV ground state transition was measured to be ML

+ E2 thus indicating that the 149,2keV state has possible Jn values

of (5/2, 7/2 or 9/2)+. The 9/2+ choice seems logical by comparison
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lOBRh which has a low lying 9/2+ state. This choice is also

with
supported by internal evidence which will be presented later,
The El nature of the 675.% keV transition feeding the 1/2-,

129.7 keV level limits the Jn choice for the 805.1 keV level to either
(/2 or 3/2)+s On the assumption that the 805,2 keV transition to
the 7/2+ ground state has L £ 2, the chdice can be limited to the
3/2+ value. It is interesting to note that the E1 transitions,
67644, 412.5 and 350,2 keV fror this level to the 1/2-, 129.7 keV
“level , the (1/2 or 3/2)= 392.€ keV level and the (1/2 or 3/2)-,
455.9 keV levels respectively lkave intensity ratios 1:0. 15:0.072
similar to those obtained using Weisékopf single particle estimatess
namely 1:0.22:0,11 if all the regative parity states have spin 1/2
and 1:0.05:0,02 if the 392,6 and 455.9 keV levels have spin 3/2,
At the same time; if one assumes that the 806,2 keV transition is
E2, its transition rate is greater than the single particle estimate
by a factor of 50, Vhile these arguments do notbhelp to 1limit the
spin choices for the 392.6 and 455.9 keV levels, they do suggest
that the 805,2 keV transition may be somewhat collective in nature
or the El transitions are hindered to this degfee.

The 656.1 keV transition feeding the 1/2-, 129.7 keV level
is M1 and/or E2 inkcharacter. If one assumes the extreme situation
in which it is pure E2, then the possible Jn values for the‘785.9
keV level are restricted to the values.$§5/2—. These values are
consistent with the M1 and/or B2 character of the 393.4 keV transite

ion from the 785.9 keV to the (1/2 or 3/2)=, 392.6 keV level. The
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absence of the ground state transition from the 785.9 keV level makes
the 5/2- choice for this level unlikely since a 5/2« assignment wouvld
permit an EL transition to the 7/2+ ground state. From thevdata
this~transition has an upper limit in intensi£y of 0.02%, a factor of
at least 105 smaller than one would have expected using single parte
icle estimates with the 5/2—>5/24+ (E1) 316.5 kertransition as
a guide or lO7 with the (£2) 6565.1 keV transition as a guide .

The M1 an_.d/or E2 character of the heo, by 499,22, 72L.5 and
959, L keVv ground state transitions 1limit the Jn values for the levels
defined by these transitions to the choices 3/2+€ Jn& 11/2+ for the
extreme case in which all the transifions are assumed to be E2, The
absence of observable transitions from these levels to the 1/ 2=,
129.7 keV state leads one in each case to reject the 3/2+ -choice.
Upper limits for fhe intensities of these four transitions are 0,05%,
0, 06%, 0.04% and 0.01% respectively as set by the present experiments.
These intensities are at least 106, 106, 107 and 106 times weaker
respectively than what one would have expected on single particle
estimates if the spins of these states had been 3/2+ using the E2
transition to the ground state as the reference value in each case,
The 7/2+, 9/2+ and il/2+ choices for the 969.5 keV level are eliminated
by the Ml + E2 character of the 163.6 keV transition which feeds the
3/2+, 806.1 keV state. These arguments thus favour the 5/2+ assign-
ment to the 959.5 keV level.

The Bl nature of the 316.5 keV photon, makes it possible to
further restrict the spin choices for the 785.9 keV and 469.4 keV

levels. The spin of the former of these states has already been re=
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stricted to (1/2 or 3/2)- while the spin of the latter is limited by
the expression 5/2+§(hf<11/2+. The nature of the 316.5 keV transite
ion immediately defines the spins of these stafes to be 3/2- and 5/2+
respectively. |

If one makes the reasonable assumption that both the 470 and the
255,1 keV transitions have a’multipolarity of two or less, the 11/2
spin choice for both the 499,2 and the 724.5 keV levels are rejected
leaving available the choices (5/2, 7/2 or 9/2)+ for each of these
states. For the 725 keV level, the 5/2+ choice seems to be preferable
using the arguments of the next paragraph. For the 499, 2 keV level,
the 5/2+ choice can be rejected both because there is no observed El
transition from the 3/2~, 786 keV level and because the 250 keV tran-
sitioﬁ ié ”7103 times stronger than one would expect if it were EZ2.

One can argue that the 149,2 keV level must be 9/2+ in char=-
acter onvthe basis of the relative intensities of the transitions
feeding this level aﬁd the ground state from the 5/2+, 969.5 keV level.
The fact that the former is 200 times as strong as the latter suggests
that the former is mainly M1 and the latter E2. This being so, the
149.2 keV level must be a 9/2+ state. The intensity difference bew=
tween the 724.5 keV (49%) and the 575.3 keV(l.l%) transitions from
the 724.5 keV le#elrté the 7/2+ ground state and the>9/2+, 149,2 keV
level can be explained by the former being mainly M1 in character
with the Jatter being pure E2 in character. This enables one to
choose 5/2+ for the 72L.5 keV ievel.

From the M1 nature of the 330,9 keV

transition and the 5/2+ favored value for the 969.5 keV level,
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the Jn choice for the 638.7 keV lével is limited to 5/2+ or 7/2+. The
3/2+ value has been rejected by the argument that no transition to the
1/2~, 129.7 kéV level was observed (aﬁ upper limit for the intensity
of this transition is 0.05% which corresponds to a reduction in ine- .
tensity for this radiation of mcre than 105 over that expected for an
E1l)s The spin of the 638.,7 keV level is further restricted to 7/2+
by assuming that the 489.6 keV (0.59%) and the 638,6 keV (0,28%)
transitions to the 9/2+, 149,2 keV level and the 7/2+ ground state are
a mixture of M1 and E2.

The 262.9 keV and the 326.1 k¢V transitions to the 1/2~, 129.7
keV level are both Ml this infcrmation»restricts the Jn choice for
the 392,6 keV and the 455,9 keV states to (1/2 or 3/2)-. The fact that
there are reasonably. strong transitions to these states from the 5/2+,
99,5 keV state argues strongly against the 1/2- assignment, since such
a spin éssignment would require these tranmsitions to be M2 in charact-
er. Their observed intensity pattern is reasonable if they are El.

Assuming that the transitions from the 762 keV level have
L £ 2 permits the values of'L/2i, 2/2% or 5/2~ to be postulated for
it since this state de—excites only to the 3/2-, 392.6.kev and the
1/2«, 129.7 keV levels. The 5/2~ value is not favored due to the ab-
senée of an E1 transition to the 7/2+ éround state ( an upper limit
of 0,03% can be set for this transition which corresponds to a re-
duction in intensity for this radiation by at least a factor of 106).

The parity of the 1345,2 keV level is determined to be pos-
itive from the nature of the 875,8 transition de-exciting this level .

to the L469,4 keV level.
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‘By makihg use of the dJn aséignments deduced above, one can
roughly determine the transition intensities between all these states
using singie particle estimates. These intensity estimates are in
reasonably good agreenent with the observed photon intensities ﬁeasur—
ed in this work. These estimates Qere made on the assumption that
transitions accompanied by a change in parity have been hindered by
a factor of approximately one hundred compéred to those involving no
parity change. This factor was established by comparing the E1 and
M1 or E2 transitions from the 8056.1 keV and the 785.9 keV levels.

Because there are a number of low lying levels with different
spin values and also since all the levels fed have to satisfy the beta
decay selection rules and therefore canhot differ too widely in Jm
values, fhe assumption that the transitions from the higher energy
levels must have L 4 2 is not unreasonable. The possible spin values
are given in brackets for the following levels above the 969,5 keV
‘state using the favored spin values of the lower energy states:

1720.2 (3/2+, 5/2%, 7/2% or 9/2.) by virtue of the transitions to the
7/2+ ground state aﬁd the 5/2+, 469.4 keV level.

1697.5 (3/2+, 5/2%, 72/2%, 9/2% or 11/2+) by virtue of the transition
to the 7/2+, ground state.

1486.6 (1/2+, 3/2%, 5/2%, 7/2%, 9/24) by virtue of the transition to
the 5/2+, 469.4 keV level, |

1442 (l/2i, }/Zi, 5/21, 7/2~) by virtue of the transition to the 3/2-,

785.9 keV level.
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1377.1 (3/2+, 5/2%, 7/2-) by virtue of the transitions to the 7/ 2+,
ground state, 5/2+, 469k keV state, and the 3/2-, 785.9 keV level.

1345,2 (1/2+,3/2+, 5/2+) by virtue of the transitions to the 5/ 2+,
459, L keV level and the 3/2—, 392,6 keV level.

1321.3 (3/2+, 5/2%, 7/2%, 9/24) by virtue of the transitions to the
7/2+ ground state and fhe 5/ 2+, 469.4 keV level.

1269 (1/2%, 3/2%, 5/2%  9/2-) by virtue of the transition to the 3/2-,
392.6 keV level

1215.2 (3/2+, 5/2%, 7/2%, 9/2+) by virtue of the transitions to the
7/2+ ground state and the 5/2+, 959.5 keV state.

The allowed 1oglo fot values.for the beta transitions to the
3/2+, 806,1 keV level and the 5/2+, 724.5 keV level limit the Jn value

for the 105

Ru ground state to be 3/2+ or 5/2+ with the 3/2+ choice
favored due to the absgncé of an appreciable amount of beta decay to
the 7/2+ ground state and the 7/2+, 6387 keV level. The log,, fot
values for the beta transitions to levels below 1000 keV agree fairly
wéll with the predicted Jn values, No arguments about the absence of
expected transitions to any stale above 1250 keV will be used since
most of the transitions from these levels are close to the limits of
detection. The allowed loglo fot values for the beta transitions to
the 1720,2 keV and the 1697.5 keV levels limit the Jn values of these
levels to (3/2, 5/2 or 7/2)+. The 92+ values for the 1486.6 keV, |
1321.3 keV and the 1215.2 keV levels are eliminated due to the fact
that the beta transiﬁions to tkese levels are either allowed or

first forbidden as determined by their log,,. f.t values. The log
10 "0 , 10

fot values for the beta transitions to the 1269 and the 1215.2 keV levels
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are rather high to.be allowed and these transitions are assumed to be
first forbiddén. With this assumption the Jn assignments to thesec
levels can bev(l/Z, 3/2 or 5/2)~ and (5/2 or 7/2)~ respectively. The
5/2= éhoice for the 1215.2 keV level is favored because of.the abes
sence of transitions to the 9/2+, 149.2 keV and the 5/2+, 4694 keV
states.

The arguments that have been used above in the determination
of the favored Jn assignments for a state have often been based on
single particle esfimates, on tae absence of a transition or on
ioglo fot valvues. These are all admittedly weak arguments since ru=~
clear structure effects can greatly influence the transition probabe
ilities. ' However, in the absence of any other information, il seems
Justifiable to carry the argumeat as far as possible, without denying
the possibility that some of the assignments may turn out to be
incorrect,

A Comparison with Previous Investigations

The work of Saraf et al (1960), Ricci et al (1950) and
Brandhorst (19651) revealed only the more intense transitions in the
105Ru decay and established a few of the more abundantly populated
levels found also in the present study. Ricci and Brandhorst report
a 210 keV gamma ray based on observed 210~470 keV coincidences., Such
coincidence events could be due ﬁo Compton back-scattering of the
strong 725 keV radiation detected in one detector into the other de-
tector, if the experiment was done in 180° geometry. It is signife

icant that this peak was not found by Saraf who used an anti-Compton
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shield between the detectors or in the present work which used a 900
geometry.

Brandhorst and Saraf both observed a 1350 keV radiation which
is believed to be entirely due to coincidence summing of the 876 keV
and 470 keV photons. Brandhorst alsoc observed a sirong 10% beta transe
ition to the ground state which is believed to be due to beta-gamma
summing in the plastic detector. Results from a magnetic spectrometer
such as the one used in the present work, cannot be distorted by
such summing effects.

The gemma-gamma angular correlation results of Arya (1963)
cannot be given much weight because the pattern for their M320-475!"
keV cascade is really created by three cascades, namely,

11.7% (316.5-469,4 keV), 0.52% (3%0.9-189.6 keV) and 0.36% (51307~
326.1 keV)e Similarly their so-called "485-L75" keV cascade is due
to a mixture of the 1le3%% (470-499,2 keV) and 0.3% F500.4-469.4 keV)
correlation patterns., The same statements are applicable‘ to the
angular correlation studies of Neeson and Arns (1955) involving the
same cascades, Inasmuch as the results of Arya and Neeson and Arns
for the same cascades are not in agreement and since neither of the
authors describe what precautions were taken to analyze the contents
of the gates in their spectra, it is difficult to take either set of
results seriously. Finally, Neeson and Arns (19655) obtained in-
formation on a "317-148 keV" cecscade. The present work shows that no
such cascade exists; it appears that the coincidences they observed

can be attributed to the 0.52% (330, 9-489.6-149,2) keV triple cascades
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Soliet The Interpretation of the Levels of Ru

No firm model devendent predictions of the levels in this
decay can be made. However, it is probably worthwvhile to cutline the
arguments and tentative conclusions that can be reached, In principle,
one can attempt to describe these levels in terms of the shell model
or in terms of the Nilsson model. While both are difficult to apply,
the former seems to be more applicable than the latter, In the reason-
ing that follows,; it has been assumed that if there are two states with
the same Jn value resulting from the coupling of particles in one sub-
shell, the one with the lowest seniority will be more stable.

The ground state of lOSRu haé been established to be either
3/2+ or 5/2+ with the former choice more likely. The ground state
confipguration has eleven neutrons distributed between the d§/2 and gZ/Z
subshells, Thus in principle, it can be described by any one of the
following four configurations (i){d. 2)6(g' )5, (ii)(a 2)5(g7/?)6,

o e el e o
(iii) (d5/2) (g7/2) or (iv) (éﬁ/a) (32/2) . In terms of the M-schene
of coupling described by de Shalit and Talmi (1963), these configurat-
ions should yield low lying states as follows for the four configurat-
ions
()v =1, Jn =2/2+ 3 v =3, Jn =5/2+4; and v = 3, Jn = 3/2+
(ii) v = 1, Jr = 5/2+
(iii) v = 1, Jn = 7/2+ and
(iv) v = 1, Jn = 5/2+, v = 3, J1 = 3/2+
Of these four configurations, the most stable one might be expected

to be the last since it contains a completed g7/2 subshell and there-
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fore presumably gains the most stability from peiring energy. Thus
. . g L 105
if one accepts the Jn value of the Ru ground state as 5/2+, the

st likely description for the state is v = 3, Y}db/? (gz/? Ay, .

The ground state of 105 “Rh is 7/24+ and presumably belongs to
.
the(g9/2)) proton configuration. Two 7/2+ states arise from this
configuration, with seniorities 3 and 5 respectively. We thus in-
;/2+ end either the 49%2 keV
or the 638.,7 keV as the v = 5, (89/2)7/2 state, A 7/2+ state is also posse

terpret the ground state as v = 3,(g9/2)

~
1 . .
ible from the v = 1, [(g, ) (g / configuration,
2 €2 |,

The 129.7 keV level can be iﬁterpreted as a hole in the pl/2
subshell with six particles in the 89/2 subshell., Two Z-states are
possible from such a coupling, one with v = 1, and the other with v = 5.
Again it is reasonable to interpret the motaotab]e state as the state
with the lowest intensity; v = 1, (p (g )

P et Thyel
Three 9/2+ states are poss 1b1e from the coupllnv of five

particles in the g9/2 shell, one with v = 1 and two with v = 3, It

is attractive to identify the 149.2 keV level with the v

state and to associate the 499,2 keV state with one of the v = 3 statcs
of this configuration,

Only one 3/2+ state is possible from the coupling of five
gg/? particles., It has seniority three and can be used for a re-—
presentation of the 806.1 keV level; v = 3,(8q/2)3/?

The 5/2+ states at L65.4 keV, 724.5 keV and 969.5 keV can be

attributed to the v = 3 or v = 5,(g9/2);/2+ states or the
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- l
v = l,{fg )+(d )1 ¢« It is impossible to distinguish between
o2’ s/2ld !
these choices and, in fact, it is quite likely that all three states

are mixtures of the three configurations.

The three 3/2- states al 392.6 keV, 455.9 keV and 785.9 keV

can be interpreted as belonging to the & = B,X}pl/g)-l(g9/2)6\ o ’
- L ~ 7\~ 3/2
and the v = 1, yfé/z) l(g9/2)6 con-

i -1 6
v = 5 {(p, ) (8n,4) ]
(— R EVPS 5/ 2-

figurations as well as a vibrational excitation on the -, 129.7 keV
level. Again it is impossible to make definite assipgnments,

The 5/2- state at 1215.2 keV can be represented by either the
v = 3,j}p1/2)~1(g9/2)§] 5/2_state or as the v = l’]}f5/2)—l(g9/2)§}5/2«
state. It appears meaningless to speculate concerning the configurate
ions of the other levels.

Although there is no evidence that this is a deformed nucleus,
some of the levels can be described in terms of the Nilsson model on
the assumption that one can use this model in the limit of zero defor-
mation,

lOSRh can be interpreted as the 7/2+ gﬁlﬁl

The ground state of
particle state. The 1/2- isomeric state can be interpreted as the
- (?Oi] hole state and the S/2+, 149,2 keV level can be interpreted
as the 9/24 [%O%] particle state. The 3/2- states at 392.6 keV, 455,9
keV and 785,9 keV may be associated with the 3/2- (%Oil or the
3/ 2= [512:( hole states or the 3/2- member of the 1/2- [301] rotation=
al band but it is impossiblé to distinguish between the various alter-
natives, The 3/2+, 806,1 keV level can be interpfeted as the 3/2+ {h}i}

hole state,
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The 5/2+ states at L69.4, 724.5 and 9569.5 keV may be assocw
iated with the 5/2+ [ﬁaé] hole state, the 5/2+ Y}l%} and 5/2+ [%Oé]
particle states but again there is no wey of making a positive core
relation., The 638.7 keV level may well be the 7/2+ [§o§1 particle
state and the 1215.2 keV level may either be the 5/2- [?nghole state
or the 5/2~ mémber of the 1/2~ [?Oi} rotationzl band.

The ground state of losRu is probaﬁly the 3/2+ i%li} state,
If the spin should turn out to be 5/2+, an assigmment to either the
5/ 2+ [Flé} or 5/2+ [ﬁlé] Nilsscn levels would be appropriate. The
5/2+ [Fl%} Nilsson level is not a logioal choice since it would lead
to an unhindered allowed beta transition.to the 7/2+ Yglé] ground state

of 105

105

Rh is not very plausible since it would give rise to an unhindered

Rhe Similarly the 3/2+ \H22j choice for the ground state of

., . . 105 .
allowed beta transition to the 5/2+ excited state of Rh assoclated
with the 5/2+ [ng{ configuration,

It is very difficult to make a proper assignment to the levels

105 105

in Rh and the Ru ground state partly because of the insecure Jn
assignments for these levels. The experiments reported in this thesis
have been carried out to the limits of the experimental facilities

available at this laboratory. A secure knowledge of the ground state
105 105

spins of Ru and Rh would make the interypretation very much
easier. According to some members df Dre. Summers-Gill's atomic beam
group, such measurements should be possible with their equipment, and
the author believes that he has generated some interest within that

group in making these measurements in the near future. An investigate

ion of the internal conversion spectra with a magnetic spectrometer
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of sufficiently high resolution to determine Ll: ?:

yield much more precise information concerning multipole mixtures and

L,: L, ratios would

5

hence lead to firmer Jn assignments. The larpge ¢ 2 beta ray spectro=-
meter at Chalk River would probably be adequate for such mzasurementss
Finally, the possibility of carrying out gemma-gamma angular correlate
ion studies using two Ge(li) detectors would seem to be feasible in
the near future. Such measurements might lead to unique spin assign-

ments for some of the levels.



SUMMARY

The beta and gamma ray transitions emitted following the decay of

105 . . s R s

Ru have been extensively studied by singles and coincidence techniques,.
The internal conversion coefficients of the eighteen most intense gamma
rays were determined using a'ﬁJ??nmqgwtic spectrometer. This spectrometer
was also used to determine the energies and intensities of the more intense
gamma rays by the external conversion method. Ge(Li) and NaI(T£) detectors
have been used to identify seventy gemma ray transitions, of which all btut
seven have been classified in the proposed decay schemes. The decay schene
has been thoroughly tested by means of gamma~gamma and beta»gammavcoincidence

105Rh, of which

measurements. Twenty-two levels have been established for
nine had been postulated by earlier workers.

The total decay energy was found to be 1916 ¥ 4 keV. The intensity
balance within the decay scheme as determined by the beta ray and gamma ray
measurements, were found to be consistent.

An attempt at an interpretation of some of the levels in both the

shell model and the Nilsson model was carried out but it was not possible to

arrive at unique assignments for many of the levels,
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