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PREFACE 

One of the principal aims in nuclear physics is the develop

ment and experimental verification of models and theories which explain 

the properties of the nucleus in terms of fundamental particles and 

forces. It is obvious that some of these properties must be determined 

before models can be proposed, and when theories have been developed 

they must be tested by further measurements. One of the most fruitful 

approaches to the experimental study of nuclear structure has been 

nuclear spectroscopy -- i.e. a study of the radiations absorbed or 

emitted when a nucleus underSoes transitions from one state to another. 

Stable nuclei can be induced to underSo such transitions or unstable 

nuclei can be created which decay spontaneously. 

During the past half century, a great deal of information 

about the properties of many different nuclear species has been 

accumulated. It has been found that many nuclei behave as though all 

the nucleons act individually, whereas others show pronounced collect

ive effects. For instance, nuclei in the mass region 150 (A<l90 

have a non-spherical shape and the energy level spectra indicate that 

collective rotations occur. 

In an attempt to learn something of the nuclear properties in 

the transition region between spherical nuclei and highly deformed 

ones, a study of the energy levels in sm151 has been carried out. The 

results of this investigation will be presented in Chapter 4 of this 

(ix) 



thesis. However, before the experimental w:>rk is described, a 

short discussion of the theoretical concepts necessary for an under

standing of the experiments is given in Chapters 1 and 2. Chapter 3 

is devoted to a description of the instruments and techniques used 

for the measurements. The appendices describe a method of preparing 

thin beta sources and a Geiger counter designed for low-energy 

electrons. 

(x) 



CHAPTER 1 

THEORETICAL ASP:Ex::TS OF NUCLEAR SP:Ex::TROSCOPY 

Introduction 

One of the aims of the experimentalist in nuclear spectroscopy 

is to learn as much as he can about the properties of the various 

energy levels in nuclei. Examples of the properties of interest 11183' 

be the spin, parity and energy of the state. Most excited states are 

too short-lived to determine quantities such as spin and parity by 

study'ing the IDlcleus while it is in that particular state. However, in 

many cases, these properties can be deduced from a stu~ of the 

transitions between the level in question and other levels for which 

the spins and parities are known. 

The purpose of this chapter is to discuss the theoretical 

aspects of various types of transitions encountered in radioactive 

decay. These concepts are essential for an understanding of the 

implications of the experimental measurements to be discussed later. 

1.1 Properties of Nuclear Levels 

As mentioned above, some of the most commonly studied properties 

of wclear levels are the energy, spin and parity. It will be seen 

later that there are also other important characteristics. However, as 

these have meaning only in terms of a particular model, the1 will be 

deferred until the next chapter. 

For the purpose of decay scheme studies, the energy of a 

nuclear level is not determined absoluteq, but is measured in 
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relation to some other level, usually the ground state or lowest ener11 

level for the particular nuclide. The energies of levels can be 

determined most readily bJ observing the amounts of energy emitted or 

abeorbed as the mcleus undergoes transitions. The stueb' of tranaition 

energies to determine the energy differences of levels :le atill one of 

the moat fruitful approaches to the determination of level schemes. 

"Spin't 1a a term commonly uaed to signif) the intrinsic angular 

momentum of a particle. In nuclear spectrosoow the term ia used also 

for the vector sum of the intrinsic angular momenta and orbital angular 

momenta of all the nucleons in the nucleus. Thus the spin of a state 

means the resultant angular momentum of all the nucleons when the nucleus 

1a in that state. For nucleons, the intrinaio momentum :le if (f. ~ where 

his Planck's Constant, 6.625x10-Zlerg.eec.). The orbital angular 

momentum of nucleons must be an integral 111Ultiple of -K. TherefOre, 

the spin of a nucleus with an even number of nucleons 111Ust have an 

integral value (in units of -K ), whereu a maoleua with an odd number 

of mcleons baa a half-integral spin. 

The prediction of spins ia simplified oonaiderabl.J b;y the 

fact that the indbidual protona and neutrona tend to pair off and 

cancel each others' spiu. Th• moat atriking evidenoe tor this ia 

the :f'aot that the ground states of all even-even maolei have Hro apina. 

However, in spite of thia tendenq, the prediction of apina ia not a 

simple task and no oa nuclear model ia nooeaat\ll tor all molidea.1 
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The parity of a state is a property of the wave function which 

describes the state. If the sign of the wave function changes upon a 

refiection of the spatial co-ordinates through the origin, the parity 

is odd. If the sign of the wave function does not change upon such a 

reflection, the parity is even. 

Thus 	 f C-x, -y,-z,spin) =f (x,y, z,spin) for even parity 

cf C-x,-y,-z,spin) = -fcx,y,z,spin) for odd parit7 

1.2 Beta Dec& 

At present, the;re are four known types of p~sical forces: 

nuclear forces (arising from the n..;.meson field), electromagnetic forces, 

weak interactions and gravitational forces, in order of decreasing strength. 

The weak interactions are interactions whereby two fermions (particles 

with spin iii) are converted into two different fermions, the most common 

pairs being the neutron ~· proton and electron ~· neutri?JO. Historically-, 

three of the possible nuclear reactions among these particles and their 

antiparticles have become classed as beta decf11: 

n __,... p+ + e - + '"?J 

a neutron decaying into a proton, an electron and an anti-

neutrino. This reaction describes the beta decay of all 

neutron-rich nuclei, including the free neutron. 

p+ --+- n + e+ + !i> 

a proton decaying into a neutron, a positron and a neutri?JO. 

This reaction describes the positron decfQ' of proton-rich 

nuclei. It cannot take place with tree protons because of 

energy considerations. 
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p+ + e - --:r n + -T 

a proton and an electron interact to form a neutron and a 

neutrino. This reaction is observed when atomic electrons 

interact with protons in the nucleus. 

In the first two cases shown above the excess energy of the 

reaction is shared statistically between the electron and the neutrino; 

hence, the distribution in energy for each particle is a continuum. 

As the neutrino interacts so weakly with matter, it was observed 

only during the last decade after long and care:Cul experiments (Reines 

and Cowan (1953,1959)). It ~uld not have been possible in the first 

quarter of the present century to discover this particle with the 

techniques then available. Therefore, while early workers found the 

continuous energy distribution of the electrons, they could not see the 

complementary energy which was carried aw~ by the neutrino. For several 

years it was not decided whether the actual dee~ energy was represented 

by the average beta energy or by the beta end-point energy. Sargent 

(1925) cleared up this point by showing that the end-point energy of the 

beta spectrum was the decay energy. Physicists at this time were in a 

dilemma because it appeared that energy was conserved oni, for the very 

few events where the beta particle was emitted with the maximum energy. 

Furthermore, since the number of nucleons does not change, the spin of 

the nucleus remains integral for even-A or half-integral for odd-A during 

a beta decay. Since the electrons' angular momentum is half-integral, 

the law of conservation of angular momentum also appeared to break down. 

In order to preserve these cherished laws of physics, Pauli(l934} 

sugf;ested that beta-decay processes were accompanied by the emission of 
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a new particle with spin fi\, no charge or mass, and a very low cross 

section for interaction with matter. This particle, called the neutrino, 

had to wait almost twenty-five years for the improved techniques 

required for its experimental verification. 

Fermi (1934) incorporated Pauli's hypothesis into the first 

successful theory of beta decay. This theory was so comprehensive in 

scope that it has withstood the test of time and has been only sharpened 

by ~he recent parity upset. Fermi's original theory was constructed in 

analogy with that for electromagnetic interactions. From the 

perturbation theory, the probability for the interaction may be written 

A • : l<((lnpIY'1'f1>l 2 fe 
where ~i and '/Jf represent initial and final nuclear states, '(Ji and 'fr 
are initial and final lepton states. Hp is the interaction Hamiltonian 

and fe is the density of final states. The form of H~ has been the 

subject of much discussion. In addition to the operators which are 

obviously necessary to convert neutrons into protons, neutrinos into 

electrons, etc., there may be still other operators, 0 , present.
x 

Konopinski and Uhlenbeck (1941) discuss the five different forms that 

0 can take and still satisfy the conditions of Lorentz invariance,
x 

conservation of momentum and of angular momentum. These five forms 

are called the scalar, pseudo scalar, vector, axial vector and tensor 

interactions and are denoted by S,P,V,A and T, respectively. As parity 

is not conserved in beta decay (Wu !! !!• (1957)) each of these types of 

operator can enter the Hamiltonian through one term which conserves 

parity and another which does not conserve parity. Thus, there are 
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ten constants to be determined. Goldhaber~ ~.(1958) have shown 

that the neutrinos found in beta decay have negative helicity. This 

fact can be used to show that the parity-conserving terms have the 

same coefficients as the ones which do not conserve parity. Hence, 

the problem reduces to five unknown constants. From the l«>rk of Wu et al. 

(1957), it is known that beta particles have negative helicity. Since 

the s, T and P interactions ...ould produce negatrons with a positive 

helicity, these forms can be ruled out, leaving only the A and V inter

actions. It had been known for some time that at least two types of 

interaction must exist because two sets of selection rules for the 

change in angular momentum had been found experimentally. The V 

interaction is the one which was first used by :F'ermi and results in the 

so-called Fermi selection rules. The A interaction yields the Gamow-Teller 

selection rules. A brief listing of the most common selection rules 

for spin and parity (lt) is shown below. 

fyEe of Transition Fermi or Vector 	 Gamow-Teller 


Axial0 Vector 

+Allowed 	 AI=<> Alt = No AI:0,-1 Alt =No 

+ 	 + +First Forbidden Al=O, -1 Alt = Yes .dl:O, -1, -2 Alt =Yea 

+ +
~econd Forbidden AI=!2 Alt = No Al=-2,-3 Alt =No 

etc. 

Both types of interaction consist of a term due to the charge 

density of the nucleons plus a much smaller term due to the currents 

caused by the moving nucleons. If the effects of the atomic electrons 

are ignored, the lepton wave functions are plane waves and can be 

expanded as a series in which each term is much larger than the following 

one. 'rhe product of the largest nuclear term and the largest leptonic 
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term results in the matrix element for allowed beta decay. If this 

terra happens to be zero, decay can still take place through various 

products of the smaller terms, resulting in the so-called forbidden 

transitions with the degree of forbiddenness depending on how many 

terms it is necessary to consider. 

By integrating the transition probabilities over all the 

unobserved quantities, the momentum distribution of the beta particles 

is found to be 

I I 12 2 2N(p) =C M F(Z,E)p (E - E) S o n 

where C is a constant, M is the rmclear matrix element, F(i,E) is the 

Fermi function which corrects for effects of the atomic electrons, 

p is the electron momentum, E is electron energy and E is the maximum 
0 

beta energy. The shape factor, S , is a constant for most allowed and n 

first forbidden transitions except the first forbidden unique (AI = !2) 

case and will be ignored from here on. 

From the above expression, it is seen that a plot of [NCp)/p2F]t 

against energy should result in a straight line which intercepts the 

energy axis at E =E • Such a plot is called a Fermi plot and is useful 
0 

in the determination of beta end point energies. 

If one integrates the probability of decay over all momenta, 

it is seen that the total probability of decay is 

2 2"' = Tln = cl M1 f (Z,E ) 
t 0 

2where Ti is the half-life and f ~(Z,E)p2(E0 - E) dp. Values of the 

integral f(Z,E ) have been tabulated (Feenberg (1950)) and hence the 
0 

product fTt can be found. The values of fTT involve the nuclear matrix 
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elements and vary over a wide range. In practice it is found that 

log C:rr ) is in the region 3 to .-"6 for allowed transitions, ,u 6 to.-v910 1
for first forbidden transitions, and so on. Thus, the log (rri) 

value can give a rough indication of the degree of forbiddenness 

of a transition. 

1.3 Electromagnetic Transitions 

An excited state of a nucleus may lose its excess energy by 

the emission of electromagnetic radiation. This radiation is classified 

as being of multipole order A. when the quantum carries away A. units of 

angular momentum. There is a further classification into electric (E) 

or magnetic (M) transitions, depending on whether a parity change is 

involved. For electric transitions 6n = (-1)"-, while for magnetic 

transitions An = (-l)A.+l. In this notation An =1 means that there is 

no parity change, whereas An = -1 means that the parity does change. 

The names for these classes of radiation are carried over from classical 

theory where EA. and MA. are the types of radiation emitted from oscillating 
A. . 


electric and magnetic 2 poles, respectively. There is a selection rule 


on the possible initial and final values of the nuclear spin, I 1 and If 


for a given X. They must obey the triangle relation jr1 - Irl~)l."Ii + If 


Transitions for which Ii = If =0 are forbidden and no transitions 


occur with A. = o. 


The transition probability for emission of a photon of energy 

-KU> (CA> =c k), with the nucleus going from state i to state f, is '{Preston 1962) 

T {er A.) = 8n (A.+l) 

x(C2A+l)Jl] 2 

where B{O"' A.) = (2Ji + 1)-l 
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is the so-called reduced matrix element. a- refers to the type of 

transition, electric or magnetic, and O>i,"is the appropriate electric 

or magnetic multiple operator for the transition. 

From this expression it is seen that the transition probability 

decreases rapidly as >.. increases. Thus, for either electric or magnetic 

transitions, only the lowest multipole order allowed by angular 

momentum and parity considerations will be present with appreciable 

intensity. However, there can be competition between electric and magnetic 

transitions because the latter are slower than the former by a factor of 

(Mc) 2approximately R T where R is the radius of the nucleus and M is 

the mass of a nucleon. Such competition is found most often between Ml 

and E2 transitions because collective effects in deformed nuclei enhance 

the E2 transition probability to such an extent that it can be comparable 

with that for Ml transitions. 

Since the nuclear wave functions are not known, values for 

T(,r->..) cannot be calculated unless some model is assumed for the nucleus. 

The earliest calculations were for single particle transitions in the 

shell model (Weiaskopf(l951) ). The probabilities for electric and 

magnetic transitions were found to be (Preston (1962)) 

2
2C>..+1> 3 2 e • a -1

Tv(E>.) = >..[(a+1)! !ji <m> -lo <-c> co sec 

T (MA) = 2(>..+l) (i)2 ~ c'tl/Mc)2 ~>.. _ ~ )2(!!i)2Asec-l 
• >.[Ca+l)!!J2 >..+2 'fie R >..+l c 

where~ is the proton magnetic moment. These values are found to agi-ee 

with experiment within an order of magnitude for most cases. The most 

striking exception is for the case of E2 transitions in deformed nuclei 
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where collective effects enhance the transition probability by several 

orders of magnitude. It has become a common practice to use the single 

particle estimates as standards to which experimental results and the 

predictions of other models are compared. 

1.4 Internal Conversion 

A mode of decay which always competes with gamma emission is 

internal conversion. In this process, the excitation energy of the nucleus 

is transferred by th.e electromagnetic fields to one of the atomic electrons. 

The electron is then ejected from the atom with a kinetic energy Ek=Eo~Ea 

where E is the transition energy (equivalent to the energy of the 
0 

competing gamma ray) and EB is the binding energy of the electron in the 

atom. Since both quantities on the right-hand side have definite values, 

the conversion electrons appear as line spectra in contrast with the 

continuous distribution of the electrons in beta decay. For any given 

gamma transition, several competing conversion lines will appear, 

corresponding to internal conversion of electrons from the K,11_,L2,t etc.
3 

shells. 

The internal conversion process can be classified according 

to multipolarities in the same way as for the competing electromagnetic 

transitions. If the finite size of the nucleus is neglected, the 

transition probability for internal conversion involves the same matrix 

elements as that for the competing gamma ray. Thus, the ratio of the 

transition rates for the ho processes is independent of the detailed 

motions of the nucleons and can be calculated quite accurateq. This 

ratio is called the internal conversion coefficient «i 
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Probability of internal conversion in the ith shell 
ai = Probability of the competing gamma ray 

The total conversion coefficient ex =~cx1 • A measurement of 4K 

can often lead to a unique determination of the multipolarity of 

a transition. Other ratios which are also use1Ul in this respect 

are cxK:cx1 , cx1 :cxL acx1 etc. Rose~ !!•(1951) have calculated 
I 2 3 

conversion coefficients assuming the nucleus to be a point charge. 

In actual fact, the finite size of the nucleus does have an 

appreciable effect in some cases. There are two effects. The 

electronic wave function is different in the case of a point nucleus 

to what it is for a nucleus of finite size. A correction for this 

effect has been made in more recent calculations by Rose (1958) and 

Sliv and Band (1956,1958). Also, with a nucleus of finite size, the 

electrons can spend a portion of their time inside the nucleus, and 

in this case the form of the matrix elements is no longer the same 

as for the corresponding electromagnetic transitions. The correction 

for this effect is small unless the competing gamma transition happens 

to be forbidden as, for example, in the case of l!X> transitions. 



CHAPTER 2 


NUCLEAR MODELS 

Introduction 

No general theory or model of the nucleus presently available 

will explain all the experimentally observed properties of nuclei under 

different conditions and in different mass regions. However, several 

different models have had success in describing phenomena restricted 

to certain energy regions or to certain classes of nuclei. For 

instance, the shell model and collective model are use.f\Jl in describing 

the properties of the ground states and low energy levels of most 

nuclei, whereas the optical model and statistical model are more 

convenient for describing higher energy processes such as nuclear 

reactions. As the present work involves relatively low energy decay 

processes, the only models which will be considered f\trther are those 

applicable to low energy phenomena. 

2.1 The Shell Model 

The shell model, introduced independently by Mayer (1948, 1949, 

1950) and Haxel, Jensen and Suess (1949,1950), began with no theoretical 

justification but is surprisingly use.fUl, due to its successes in 

predicting nuclear properties pertaining to magic numbers. The 

"magic numbers" are found empirically to be 2, 8, 14, 20, 28, 50, 82 

and 126. The model assumes that each nucleon moves in the average 

potential of all the other nucleons in the nucleus and that the total 

-12
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internal motion can be obtained by summing these independent motions. 

Each nucleon in this potential can be described by its own set of 

quantum numbers which determine its nuclear level. The order of filling 

of the levels is dictated by the level energy and the Pauli exclusion 

principle. If there happens to be a relative~ large energy region 

with no levels, then "closed shell" effects are expected when all the 

levels up to this energy region have been filled. 

Using this procedure, the magic numbers 2 and 8 appear quite 

naturally as the closing of the ls and lp shells, using almost lll\Y 

reasonable form for the potential. However, on this simple picture, 

there was no reason to predict any of the other magic numbers. Mayer 

(1948) and Haxel, Jensen and Suess (1949) overcame this difficulty by 

postulating a strong coupling between the spin of a mi'cleo.n and its 

orbital angular momentum. This adds another term to the potential of 

the form f(r) !•! where f(r) describes the radial dependence and ! and 

s are the orbital and spin angular momenta. The effect of the spin

orbit force is to separate the levels with the two possible J-values 

for each !-value by an amount of energy proportional to !· As the 

effect is more important for larger values of !' the strength of the 

interaction can be chosen so as to depress the levels with high angular 

momentum down to the next shell. When this is done, it turns out 

that the closing of major shells can be made to occur for nucleon 

numbers which correspond to the observed magic numbers. 

According to this model, nucleons in closed shells should 

couple their angular momenta in such a way that the resultant for the 

entire shell is zero. If there is one particle outside of a closed 
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shell the only contribution to the total spin is from that particle. 

Similarly, nuclei which are one particle short of a closed shell have 

a spin contribution from the single "hole." Cases with several nucleons 

outside of closed shells are more complicated. The measured spins of 

nuclei near closed shells agree very well with those predicted by this 

model. 

Another suocess of the shell model is the explanation of the 

"Islands of Isomerism." These are values of Nor Z near which maey 

nuclides with relatively long-lived isomeric states are found. These 

are readily explained by the existence of the high angular momentum 

state which has been depressed by the !·~ force into a lower shell with 

maey states of lower angular momenta. The low transition probability 

for electromagnetic transitions with large angular momentum changes 

results in long half-lives. 

The model just described is often called the extreme single 

particle model, and the term, "single particle model," includes extensions 

of the simple case described above. A great deal of 11«>rk has been done 

to extend this model to the case of several nucleons outside closed 

shells. For instance, by including the interactions between particles 

outside closed s~ells, better agreement with the observed order of levels 

is obtained. Such correct~ons are also useful in explaining the 

deviations of the magnetic moments from the "Schmidt limits" which are 

predicted by the simple theory. 

There are other nuclear properties, however, for which the 

shell model does not work so well. For instance, the large electric 
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quadrupole moments and the fast E2 transitions for nuclei not near 

magic numbers cannot be explained by this model. We shall see in the 

next section that a theory which includes the collective motions of the 

nucleons predicts these properties in a natural way. 

2.2 Collective Motions 

Collective motions in nuclei are of two types: vibrations and 

rotations. Vibrations are oscillations in the shape of the nucleus; 

rotations constitute a rotation of nuclear matter about some axis in 

the nucleus. The whole nucleus need not rotate as does a rigid body; 

instead, the process may be thought of as the motion of a surface wave 

around a spherical core. 

In order to discuss these effects, we shall at first neglect 

any intrinsic nuclear spin (e.g. assume an even-even nucleus) and 

also assume that the excited states due to collective motions have 

lower energies than the next particle state. Interactions of particle 

levels with collective levels will be discussed later. 

To consider vibrations, it is usual to assume a non-spherical 

nucleus with a "surface" given in polar co-ordinates b;y 

R(6,'f) =R0 [1 + ~ ",,.... Yi,p.(6,fi] 


R is the radius of an equivalent spherical nucleus, Y~(S,'f" are 


spherical harmonics of order >-?}'and the cx>fl are the deformation 


parameters. The a.>.p. vary with time, of course, if the nuclear shape 


is changing. Assuming that the nuclear matter behaves somewhat like 


a fluid, it is possible to set up expressions for the kinetic and 


0 
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potential energies and obtain relationships for the frequency of 

vibratiOn of the surface, "'>.." These vibrations are called phonons, 

of order X, and have associated with them an angular momentum A, 

parity (-l)A and an energy.flwA. The frequency '°A increases quite 

rapidly with A. so we need consider only the low values of A since 

we are interested only in the low energy nuclear levels. Terms with 

A =0 and X = 1 can be ignored, as they represent density oscillations 

of a spherical nucleus and vibrations of the mass center, respectively. 

Thus, the first mode of vibration would be a phonon with A = 2 and 

therefore would result in a 2+ state in an even-even nucleus. The 

next mode of vibration as one increases the energy would be either 

one A =3 phonon or two A = 2 phonons. The latter case of coupling 

two >.. = 2 phonons together would give a O+, a 2+ or a 4+ level at 

about twice the energy of the first 2+ level. There should be no 

crossover transition from the second 2+ level to the ground state, 

as only one phonon can be destroyed at a time. These predictions are 

found to agree well with experiment as many nuclides have been found 

near closed shells with a 2+ level as the first excited state and with 

O+, 2+, and 4+ levels at about twice this energy. In such cases, the 

ground state transition from the second 2+ state is absent or weak. 

Some 3- states assumed to be due to the presence of a >.. = 3 phonon 

have also been observed. 

For deformations with >.. = 2 it is convenient to describe the 

nucleus by two parameters ~ and y which are simply related to the 

lLa?Jl.s by a =P cosy and a = <72>P sin y. Then~ is a measure20 22 

of the total deformation of the nucleus and y determines whether the 
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nucleus has a symmetry axis. If y =0 or a multiple of 30°, there is 

a symmetry axis; otherwise, the nucleus is ari ellipsoid with three 

unequal axes. If we have a beta vibration (where ~ changes with time), 

the symmetry axis cari be retained but the eccentricity changes. If 

the nucleus undergoes gamma vibrations (y varies with time), it loses 

its axial symmetry. 

If the nucleus has a large permanent deformation, the 

equations of motion show that there may be oscillations in the shape 

(vibrations) or changes in the orientation of the nucleus (rotations). 

The motions can be separated and the energy associated with the 

rotational part can be written: 

for the case of axial symmetry. f, anifi are the moments of 

inertia about axes along and perpendicular to the symmetry axis, 

respectively. J is the total angular momentum and K is its component 

along the symmetry axis. These and other important angular momentum 

quantum numbers are shown in Figure 1. The moment of inertia about 

a symmetry axis is zero so that, for low energies, K..O and the 
2 

rotational energy is simp.q ~ =~(J+l). Since there is a plane 

of symmetry perpendicular to the symmetry axis, J can take on even 

values only, for K..O. Thus, the energies of the first, second, third 

and fourth excited levels in a rotational band should appear in the 

ratio 1: 10/3: 7:12. The observed level spacialgs in some :well 

deformed even-even nuclei agree well with this predli-ction. For 

example, according to the Nuclear Data Sheets (1959) the observed 
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ratios of the first levels in Hr180 are 1: 3.32: 6.89: 11.67. 

The deviations from the expected values can be explained as due 

to other perturbations. For the case where K does not equal zero, 

J takes on the values K, K+l, K+2, etc. 

For odd nuclei, the intrinsic spin is non-zero and it 

becomes necessary to consider the coupling of the collective motions 

with the particle motions. If one assumes that the nucleus is well 

deformed, the so-called "strong coupling'' case, the energy of a state 

can be written 

-1\
2[ 2 2J'2;J J(J+l) - K -.fl. 

. 
where ..(l is the component of the particle angular momentum Cl> 
along the symmetry axis (see Figure 1). Since~ = O, we see that 

K = .fl. for low-lying states. The quantity £.n. involves particle 

motions only, whereas the rotational particle coupling term (RPG) 

is analagous to a Coriolis term and involves both particle and core 

motions. The RPC energy is negligible except in t\\O special cases. 

If a nucleus has two closely spaced particle states differing by one 
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unit in K, important perturbations can result. Kerman (1956) 

attributes the disturbed order of the band structure in w-1-83 to this 

effect. The other case where the RFC term is important is in a 

rotational band for which .{l. =i· In this case it takes the value 

where a is a constant called the decoupling parameter. Hence, the 

rotational energy for states in a given band is 

For bands with K=i, the Coriolios term can be sufficiently large 


that some state other than the one with J=i may appear as the ground state. 


2.3 The Unified Model 

The existence of large deformations for even-even nuclei in 

regions not near closed shells suggested the possibility that the particle 

states might be affected by the distortion. Nilsson (1955) calculated 

the single particle energies for axially-symmetrical ellipsoidal 

potentials of various eccentricity. For ease of calculation, he chose 

a simple harmonic oscillator potential and, in order to make a closer 

approximation to reality, added terms which were essentially proportional 

to !•!and 12• The strengths of these terms were adjusted so that the 

calculations yielded the observed level spacings for spherical nuclei. 

The results are presented in the form of graphs showing the energy of 
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the various particle states as a :f\lnction of deformation and tables 

giving the wave :f\lnctions of the states. For example, using Nilsson's 

notation, a wave :f\lnction may be expressed as 

Here N is the total number of oscillator quanta, .C is the particle •s 

orbital angular momentum and A is its component along the symmetry 

axis. I. is the component of spin along the symmetry axis and thus 

..{).. = A + I . The aI.A are the quantities which are found in Nilsson's 

tables. For large deformations, it is common to refer to a state using 

its asymptotic quantum numbers ( N ~A] where ~ is the number of oscillator 

quanta along the symmetry axis. 

In order to see which state this model predicts for any nuclide, 

one simply counts up the orbitals at the appropriate deformation, 

placing two particles in each. Thus, for an odd-Z nucleus, the last 

proton 'l«>Uld f!P into an orbital which would not be filled and the 

total proton contribution to the spin would be just that of the last 

orbital. Spins predicted in this manner agree very well with those 

observed for a large number of nuclides in the three well-known regions 

of deformed nuclei A- 25, 150<A<l90 and 220<'.A (Mot~lson and 

Nilsson (1959) ). Of course it is possible to build rotational and 

vibrational bands on each particle state, as discussed in the last 

section. Vibrational structure cannot be identified as easily as in 

spherical nuclei, however, because the level density is so great that 

several particle states are usually found below the excitation energy 

required for vibrations. 
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The equilibrium shape of a given nucleus can also be predicted 

from the model by adding up all the single particle energies for 

different deformations and finding the deformation for which this 

total energy is minimized. Mottelson and Nilsson (1959) have made 

such calculations for many nuclei and find that their results agree 

well with the observed values obtained from measurements of electric 

quadrupole moments. Better agreement with experiment is obtained if 

one extends the model by including the effects of pairing forces. 

When this is done, the sudden change in deformation which occurs, for 

example, between N = 88 and N • 90 is explained quite naturally. An 

interaction between the quadrupole moment of a given particle and the 

total nuclear quadrupole moment tends to distort the nucleus. At 

the same time, the pairing forces tend to produce a spherical shape. 

Belyaev (1959) shows that as the rrumber of rrucleons is increased 

a value is reached for which the net effect of these two forces changes 

sign, leading to a rapid change in deformation. 

Nilsson's model has also had much success in predicting 

transition rates between levels in distorted rruclei. Alaga (1955, 1957) 

gives the selection rules for the quantum numbers N, n
3

, /\ and K which 

characterize a state in the limit of large deformations. Mottelson 

and Nilsson (1959) have compiled tables which show that beta and 

gamma transitions which disobey these asymptotic selection rules are 

hindered with respect to transitions which are allowed by the selection 

rules. 
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The model also predicts correctly the main variations of such 

quantities as nuclear magnetic moments and decoupling parameters for 

bands with K =f. Thus it is seen that the successes of the collective 

model have been combined with the shell model which worked so well near 

magic numbers. The result is a picture of the nucleus which explains 

an enormous body of experimental detail pertaining to low energy 

states and transitions. 

2.4 Asymmetric Nuclei 

Davydov 2,i !!·(1958,1959) have calculated the energies for 

rotational states of nuclei which do not possess axial symmetry. 

Their treatment is a generalization of that discussed in the last 

section with ~ and y assumed to have stable non-zero values. Since 

the nucleus now has unequal moments of inertia about the three axes, 

a greater variety of rotations is possible and hence there is a 

larger number of rotational levels. In the limit of axial symmetry, 

the predictions are the same as in the last section, of course, 

because the new levels rapidly rise to an infinite energy due to the 

factor J which tends to zero in t.he denominator. The levels which
3 

are present for axial symmetry are not strongly affected by a large 

permanent value of Y• 

According to this model, the levels classed as vibrational 

states in the last section, and the rotational bands based on them, 

are interpreted as being the new rotational levels brought in by 

the asymmetry. For instance, Preston (1962) points out that the 

3+ and 5+ levels observed in some even-even nuclei can be explained 





CHAPTER 3 

INSTRUMENTS AND TECHNIQUES 

Introduction 

Over the years maiv different types of instruments have been 

used to stu~ the radioactive decay of nuclei. The most use:t\.tl of those 

used in present-day research provide an indication not only of the 

presence of radiation but also of its energy. There are two commonly 

used methods, for obtaining the energy selection: the radiation can be 

absorbed and the amount of energy it gives up measured, or charged 

particles can be subjected to an electromagnetic field and their 

deflection observed. Solid state detectors and scintillation counters 

utilize the first principle, whereas the magnetic spectrometers fall 

into the second category. By the use of coincidence techniques it is 

also possible to determine the spatial and temporal relationships, if 

a~, between different radiations from a nucleus. Such information 

is very usefUl when a complex spectrum is being studied. 

The work to be described in this thesis was done with the aid 

of scintillation spectrometers, a Siegbahn-type beta spectrometer and 

an electron-electron coincidence spectrometer of the Gerholm type. 

This chapter is devoted to a description of these instruments and how 

they may be used to carry out various measurements. 

3.1 	The Scintillation Spectrometer 

This instrument makes use of the fact that certain materials 

fluoresce 	when struck by energetic photons or charged particles. 
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The light is usually guided to the photocathode of a photomultiplier, 

and hence a pulse of current is obtained for each particle detected. 

If the gain of the system is constant, the size of the output pulse 

is proportional to the amount of energy lost to the phosphor. Thus, 

radiations which are totally absorbed yield output pulses proportional 

to the incident energies and with the use of a pulse height analyser 

these energies can be determined. 

It is possible to build detectors of this type which are very 

efficient for gamma rays because large masses of solid or liquid 

phosphor can be made. Sodium iodide crystals activated with thallium 

are probably the most popular scintillators at present for gamma ray 

spectroscopy. This material can be grown into large crystals and has 

other desirable properties for a radiation detector, e.g., high specific 

gravity, relatively fast rise and decay time, high light output, etc. 

The scintillators used in the present work were thallium-activated 

sodium iodide crystals, 1 3/4 inches in diameter by 2 inches long. 

In actual practice, one does not have the ideal situation 

outlined above. A monoenergetic source of gamma rays does not yield 

a series of pulses all of the same height, but instead one finds a 

large peak at the end of a continuous distribution of pulse heights, 

as seen in Figure 2. The peak, usually called the photopeak, is due 

to photons which have been totally absorbed by the crystal. Its shape, 

which is approximately Gaussian, results from the fact that only a finite 

number of photoelectrons are ejected from the photocathode. The peak 

width at half height tiE, divided by the energy E,ia defined to be the 
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resolution, R. This parameter is a measure of the instrument's ability 

to resolve gamma rays of different energies. The variation of the 

resolution with energy can be expressed roughly b;y 

R =a + b/./i 

where a and b are constants and the last term is the most important 

LrJ 
l
ea: 
a: 

1
z 
::;) 

0 
0 

E ENERGY~ 

Figure 2 

one for energies less than 1 Mev. Typical values for the resolution 

are ~ to l~ for the 662 kev transition in the decay of Ce137• 

The continuous distribution of pulse heights shown below the 

photopeak in Figure 2 results from gamma rays which lose only part of 

their energy in the crystal. Thia can happen if the photon suffers 

a Compton scattering in the crystal and the scattered photon escapes, 

or if a photon Compton scattered from some nearby object is absorbed 

in the crystal. Various other processes also occur which can result 

in peaks which are not true photopea.ks. For instance, if two gamma 

http:photopea.ks
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rays are detected within the resolving time of the phosphor, summing 

of pulse heights occurs. Also, if the gamma energy, E, is greater 

than 1.02 Mev, pair production can take place. One then sees peaks 

2at energies E - 2m c , E - m c 2 and E, corresponding to the escape
0 0 

from the crystal of both, one ,or none of the resultant annihilation 

quanta. The photopeak efficiency, defined to be the probability 

that an incoming photon will result in an output pulse in the photo-

peak, varies with energy for a scintillation counter. From an 

experimental viewpoint, the value which is usually of interest is 

the product of this efficiency with the solid angle subtended at the 

source by the detector. This quantity can be determined for a given 

energy by counting a source of known strength. As the efficiency varies 

smoothly with energy, measurements such as this at several different 

energies provide an adequate calibration of the instrument. Miller 

!! ~.(1958) have calculated the photopeak efficiency as a function 

of gamma ray energy for various geometries. The fact that efficiencies 

measured in this laboratory follow the same trends as the theoretical 

values gives one confidence in interpolating a calibration curve from 

several experimental points. 

This type of detector has the advantage of a high efficiency 

for gamma rays. Also, by means of a multi-channel pulse height 

analyser, the entire energy spectrum may be measured at once. 

Unfortunately, the relatively poor resolution limits its usefulness 

for complex spectra. In the next section we shall see how a beta 

spectrometer can be used to measure photon intensities and energies 

with much better resolution but with low efficiency. 
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3. 2 The Siegbahn 1t ../? Beta Spectrometer 

This instrument falls into the category of the "flat" spectrometers 

because the electron trajectories remain approximately in a plane, thus 

differing from the helical trajectories in a lens-type spectrometer. 

If the electron paths are described in cylindrical co-ordinates, r,fJ, z, 

a central trajectory would follow r = r , z = o. If a uniform magnetic.
0 

field is used, it is possible to get some radial focusing for 6 =180°. 

However, the use of shaped magnetic fields can result; in higher-order 

radial focusing as well as focusing in the z direction. The instrument 

used in the present W'Ork employs a shaped magnetic field and the 

electrons are focused in both the z and r directions after travelling 

through an angle 8 =n./2 radians. The design of this instrument is 

due to Siegbahn and Svartholm (1946) and the construction details are 

described by Johns~ !!•(1953). The main features can be seen in 

Figure 3. The nominal radius of the electron orbits is 50 cm. 

In a magnetic spectrometer, the momentum of electrons being 

focused is proportional to the magnetic field. If a source of monoenergetic 

electrons is observed and the count rate is plotted against magnetic 

field strength, a peak with a finite width will result because the 

source and detector are not infinitely narrow. It is common to define 

the resolution of the spectrometer to be the width in momentum of 

such a peak at half-height divided by the momentum of the peak. For the 

instrument being discussed, it is possible to use a resolution as low as 

0.,3%. However, better count rates are obtained if one uses a broader 

source and opens the baffles slightly. Under normal operation, a 

resolution of 0.5% to 1.0}6 is typical. The transmission or effective solid 
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angle of the instrument with such operation is of the order of 0.1%. 

For the present work, the detector was an anthracene crystal 

2.5 cm long x 1.0 cm wide x 0.4 cm thick, coupled to a Dumont 6291 

photomultiplier. The output pulses were fed through an amplifier and 

lower level discriminator to a scaler. A measure of the magnetic field 

strength was obtained by means of a flip coil and ballistic galvanometer. 

Absolute values of the field strength were not required as momentum 

calibrations were obtained using conversion lines of known energy. 

Several different types of experiments have been performed with 

this instrument, including measurements of beta spectra, internal 

conversion electron energies and intensities, photon energies and 

intensities by means of external conversion, and internal conversion 

coefficients. The techniques and procedure for each of these experiments 

will be discussed individually. 

3.2.1 Beta Spectra 

In order to study the continuous distribution of beta particles, 

high resolution is not necessary, so the baffles are normally opened 

wide to give a greater transmission. It is very desirable to have a 

thin source in order that the electrons do not lose an appreciable 

amount of energy in escaping from the source material. Methods used 

in the present work to prepare thin sources are described in Appendix A. 

For the Siegbahn spectrometer, the beta sources were approximately 0.5 cm 

wide by 2.5 cm long. The procedure was to take counts for different 

values Of momentum Until the entire spectrum had been scanned. 

If one assumes lO<Y~ detection efficiency, the count rate when 

the instrument is set to focus momentum p is: 
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"' N = J N 'f (q) Cll g(p,q) dq
0 

0 

g(p,q) is the probability that an electron of momentum q will be counted 

when the instrument is set to momentum p. Cll is the transmission of the 

instrument. C('Cq) is the probability that an electron in the spectrum 

being measured will have momentum q and thus 

where N is,the source strength.
0 

g(p,q) is obviously related to the resolution of the instrument and is 

zero if p differs greatly from q. Also, if the magnetic field shape is 

constant for all field strengths, it follows that g(p,q) depends only 

on the ratio p/q and not on their absolute values. Hence 

00 

~g(p,q) dq =~ p 
0 

where ~ is a constant. We shall see later that ~ is equivalent to 

our definition of the resolution in the case of an ideal peak. 

In our expression for the count rate above, we can replace 

Cf (q) by 'fCp) since q % p for g(p,q) :/. o and f (q) varies slowly with q. 

Thus: 

and 
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This means that the area under a plot of N/p vs. p gives N 1'/, r.a> 
0 

and if one knows the resolution and transmission of the instrument, 

the source strength can be determined. 

In order to determine whether the spectrum is simple or 

contains more than one beta group, one usually constructs a Fermi 

plot. From section l.2 we recall that this is a plot of ~I (p)/p2F)]f 

I 
against energy. However, N (p) is the number of beta particles per 

unit of momentum and is proportional to N/p because the spectrometer 

counts the events in a window which is proportional to P• The combined 

Fermi functions of the National Bureau of Standards (1952) were used 

in the present work. These tables actually list f(Z,p) which is 

2equivalent to p F. Thus, to construct a Fermi plot, one plots 
t 

[N/pt] against energy. 

If several beta gr-oupa are present, they can often be 

separated by peeling off successive straight lin~ portions from the 

Fermi plot. The groups can then be plotted in the form N/p against 

p and by measuring the areas under these curves one can obtain the 

branching ratios and hence the log ft values. 

3.2.2. Internal Conversion Spectra 

To study internal conversion lines, which appear as peaks 

superposed on the beta continuum, one uses the same methods of 

source preparation and experimental set-up as for beta spectra. 

However, a better resolution is usually necessary to resolve the 

various lines. To measure the energy of the conversion line, one 

scans carefully over the peak and finds the magnetic field strength 

corresponding to the centre of the peak. Calibration of the field 
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strength is carried out by repeating this procedure for several 

conversion lines whose energies are well known. (e.g., the 411.772 kev 

transition in Au198.) The area under the peak can be used to obtain 

a measure of the intensity of the conversion line. If a transition 

has a probability per decay off and a probability.]( for internal 

conversion in a given shell, then there are N f X electrons per
0 

second in the conversion line. N is again the source strength.
0 

Using the same nomenclature as in the previous section, the count 

rate when the spectrometer is set to focus momentum p will be 

N = N f j(rJJ g(p,q)
0 

q is 	the momentum of the conversion electrons in this case. 

The area under the peak when N/p is plotted against p is 

! Nd =N f:J(c.o j g(p,g) dp
0 	 p p 0 0 p 

When good resolution is used, g(p,q) is negligible unless p z q. 

Thus, the range of integration is so small that the p in the denominator 

can be taken out as a constant, in which case the remaining integr~l 

is 'l. p. Thus, the area is N f.1(c.o1z • If one notes that the peak
0 

counting rate is N f.1('c.o, it is seen that 'l is the ratio of the peak
0 

area to the peak height. In the ideal case of a symmetric triangular 

peak, it is obvious that the resolution bp/p is also the ratio of the 

peak area to peak height and thus '1. is the resolution. For a given 

transition, the K:L, L:M, L :L :L , etc. conversion ratios can be1 2	 3
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obtained readily and used to gain an indication of the transition 

multipolarity. Also, the ratio of the area under a peak to that 

under the total beta continuum is the product f~. If .1< can be 

found by measuring the actual conversion coefficient, the branching 

ratio for the transition is obtained. 

3.2.3 External Conversion Spectra 

As mentioned earlier, it is possible to study gamma ra::r 

spectra with a bE!ta spectrometer by means of a process called external 

conversion. The photons are allowed to strike a thin foil of material 

called a radiator and the photoelectrons ejected from the foil pass 

through the spectrometer in the normal manner. The radiator is 

usually a high Z material such as g"Old or uranium in order to get a 

high photoelectric cross-section. The radiator must be thick enough 

to produce an appreciable number of events but must not be too thick, 

or the photoelectrons will lose too much energy in escaping from the 

foil. Usually, the thickness is chosen to suit various experimental 

factors such as the energy region being studied, whether resolution is 

to be improved at the expense of counting rate, etc. In practice, 

a beta stopper made of a low Z material is placed between the sOUTCe 

and the radiator to reduce the continuum and thus provide better 

counting statistics on the conversion peaks. 

In general, for each gamma transition there will appear 

several peaks, corresponding to conversion in the K, 1J_t L2, t 
3

, etc. 

shells of the radiator material. If the L lines from one transition 

interfere with the K line from another transition, it is possible to 
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separate them by choosing a different radiator material becau0e the 

separation of the K and L peaks for any given transition will be 

different. Similarly, radiators of different atomic numbers also 

give an indication as to whether a peak is a K or L line. In the 

present work, gold radiators with thicknesses of 0.4 to 4.2 mg/cm2 

2and uranium radiators with thicknesses of 1.4 to 3.3 mg/cm were used. 

The measurement of the energy of an external conversion line 

is similar to that described for an internal conversion line. However, 

the momentum of the inflection point on the high energy side of the 

peak is used instead of the momentum of the centre of the peak, because 

the latter varies with radiator thickness. 

The measurement of photon intensities by this method is 

complicated by the fact that the over-all efficiency of the conversion 

process varies in a complex manner with energy and radiator thickness. 

Artna (1961) has measured relative peak heights for cascade gamma 

rays of different energy whose relative intensities are well known. 

These results are consistent with the semi-empirical relation for 

the photon intensity 

n [ 2 ~2 )iIy=K- C+(t)
p-,:~3~ 

where 	K is a geometry-dependent constant 

n is the observed peak height 

?'is the photoelectric cross-section 

H is the instrumental resolution 

t is the radiator thickness 
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~ is v/c for the electrons 


C = !~3 where I is the stopping power of the material, dp/dt. 


The l\Ork of Artna (1961) has resulted in empirical curves for the 

expression 

for each of the radiators used in the present work. These values 

were used to convert all measured peak heights to relative photon 

intensities. 

This method of studying gamma ray spectra makes use of the 

high resolution of a beta spectrometer and thus has an advantage over 

the scintillation spectrometer. In the present work, resolutions of 

o.8% to 1% were obtained, as compared with ten times these values for 

NaI(Tl) detectors. However, the external conversion method has a much 

poorer efficiency and requires many hours of scanning for even a rough 

spectrum. 

3.2.4 Measurement of Internal Conversion Coefficients 

The internal conversion coefficient of a transition can be 

determined experimentally by measuring its peaks in both internal and 

external conversion. From section 3.2.1, the number of conversion 

electrons emitted by a source is Ne =.K1A where K is a geometry1 

dependent constant and A is the peak area. If the source is now 

covered with a beta stopper and a radiator is installed, the number 
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of photons emitted is given by N =K I where I can be found as 
y 2 y y 

described in the previous section. K2 is another geometry-dependent 

constant. 

By definition, the internal conversion coefficient is 

N 
« e = N 

y 

where k depends on geometries only. The value of k can be determined 

by repeating the experiment with the same geometry, using a source 

with a transition for which a is well known• 

Once a is known for one transition, it can be readily found 

for any other transition in the decay by taking intensity ratios of the 

peaks in internal and external conversion. This information is helpful 

in the assignment of multipolarities. Also, as pointed out in 

section 3.2.2, a value for a conversion coefficient, when combined 

with other information, gives a measurement of the probability per 

decay that any transition will occur. These quantities are obviously 

very important contributions to any decay scheme. 

3.3 Double Lens Coincidence Spectrometer 

3.3.1 Description of the Instrument 

The instrument to be described in this section is the one 

on which the majority of the work for this thesis was performed. It 

consists essentially of two beta spectrometers which count electrons 

from the same source and whose outputs are fed into coincidence 

circuitry. The original design was due to Gerholm (1956) and a 
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detailed description of the instrument is given by Habib (1961). 

A cross-sectional view of one end of the instrument can be 

seen in Figure 4. The source S is located at the geometrical 

centre of the cylinder containing the two spectrometers whose axes 

are collinear. Current in the magnet coils produces an axial 

magnetic field which causes the electrons to travel through the 

spectrometer along trajectories which somewhat resemble helices. 

Electrons of the desired momentum which pass through the exit 

baffle are detected by an anthracene crystal coupled to a photo

multiplier tube by means of a light guide. 

The magnetic field is not uniform but varies along the axis 

as shown in the graph in Figure 4. This field shape is produced by 

the contours of the pole faces and has certain desirable features. 

The ring focus produce•d at the position of the exit baffle results 

in better resolution for the same transmission than for various 

other simple field shapes. Also, the m~gnetic field at the source 

position is small or zero, which reduces interference between the 

fields in the two spectrometers. As can be seen from Figure 4, the 

two spectrometers are magnetically independent and the field from one 

should not affect the other. In actual fact a small amount of inter

ference is present but this is negligible in most cases. It was 

observed only once when an 18 kev conversion line was found to shift 

slightly as the field in the other spectrometer was increased to 

focus 1 Mev electrons. 
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Along the axis of each spectrometer is a lead slug which 

prevents direct beta and gamma radiation from reaching the detector. 

The small fins which can be seen on this slug have been found to be 

very usef\11 in preventing scattered electrons from reaching the 

detector. When the instrument was first constructed, counts 

were always obtained when the spectrometer was set to energies 

above the end point of the beta spectrum. The first problem 

undertaken in the present work was to determine the cause of this 

undesirable effect and to eliminate it. The counts were found to 

be due to electrons which hit the central slug and were scattered 

with the right energy and in the right direction to get through 

the exit baffle. The addition of the small fins has reduced the 

intensity of the scattered electrons to a negligible value. 

T"1e entrance baffle limits the maximum transmission which 

can be obtained. The exit baffle is movable and is adjusted to 

suit the needs of a particular experiment. By changing the setting 

of this baffle, smooth variation from a resolution of 1% at 1% 

transmission to a resolution of 31% at ~ transmission can be 

obtained with a source 0.2 cm in diameter. 

The magnet current for each spectrometer is provided by 

a 4.7 kilowatt D.C. generator stabilized by a chopper-amplifier 

feedback system. In normal use the.stability is better than one 

part in two thousand. The current through the magnet coils is used 

as a measure of the magnetic field. This is an acceptable procedure, 

as the reluctance of the iron constitutes only a small fraction of 

the total reluctance of the magnetic circuit. Experimental 
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justification of this practice exists in that the electron 

momentum is found to be proportional to the field current without 

hysteresis effects for energies as low as 3 kev. 

'fhe photomultiplier tubes used in this spectrometer are 

Philips 56 AVP's. These tubes are noted for their small variation 

in electron transit time which is desirable for coincidence work. 

'fhey also have a high gain. A standard fast-slow coincidence 

circuit of the type described by Bell et ~.(1952) is used. The 

essential features of this circuit are shown in the top half of 

Figure 5. Fast pulses from the photomultiplier anode are fed to 

a fast coincidence circuit which is relatively easy to build with 

a small resolving time, provided energy selection is not required. 

Pulses from the eleventh dynodes of the photomultipliers are fed 

through slow ("-'l microsecond) amplifiers and discriminators and 

are used to trigger the slow triple coincidence circuit, if the 

event was of the desired type. It is seen that this circuit provides 

the good resolving time of the fast coincidence circuit and allows 

side channel discrimination and monitoring without involving the 

use of fast amplifiers and discriminators. 'l1he fast resolving time 

is desirable in order to reduce the rate of accidental coincidences 

that is, the rate at which events, not necessarily related, happen 

to be detected within the resolving time of the circuitry. 

Details of the fast coincidence circuit are shown in 

Figure 6. Pulses from the photomultiplier anode are fed to the 

grid of a 404A pentode which is conducting about 10 to 20 milliamperes. 
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'rhe tube is quickly cut off, producing a fast-rising pulse l to 2 

volts high across the 100 ohm load resistor. This pulse travels 

down the 100 ohm cable to the point where the 50 ohm stubbing cable 

is attached. When the pulse reaches the shorted end of the 

stubbinG cable, it is reflected with a change in polarity. If 

the time taken to travel down the stubbing cable and back is '(, 

then all of the original pulse except the portion which occurs 

in the first 't' seconds is cancelled out. In this manner, pulses 

which are ?' seconds wide are obtained from each detector. The 

diode is biased to reject all pulses caused by an event in one 

detector only. However, if there is an event in both detectors within 

the time 2 't' , a larger pulse is produced which overcomes the diode 

bias. The resulting pulse is amplified and fed to the triple 

coincidence circuit. 

Variable delays consisting of lengths of 100 ohm 

cable can be placed between the 404A limiter and the fast coincidence 

circuit. These are useful for cancelling out inherent delays due to 

differences in cable lengths, etc., as well as for imposing an 

artificial delay in one side for measuring lifetimes and chance 

coincidence rates. 

The procedure for setting up the instrument for an 

experiment is as follows: Assuming the circuitry has had time to 

11 wctrm up, 11 the source is placed in position and the magnetic fields 

are adjusted to focus electrons of the desired momentum. The side 

channel amplifiers and discriminators are then set to count as 

many true events as possible without counting photomultiplier noise etc. 
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The currents through the 404A limiter tubes are adjusted so that 

singles pulses from both detectors are cut off for the same value 

of diode bias. The coincidence rate is then measured as a :function of 

diode bias and a value of the bias is chosen on the plateau just above 

the value where singles counts have been discriminated against. 

A typical bias curve is shown in the top half of Figure ? where the 

operating point is indicated by an arrow. Using this value of bias, 

the coincidence rate is then measured for different delays imposed 

in both sides of the fast coincidence circuit. This is done to correct 

for differences in transit times for the two spectrometers, differences 

in cable lengths, etc. Variations in electron transit time with 

energy when scanning over a beta continuum are usually small compared 

with the resolving time and can be ignored. For instance, since the 

spectrometer is about 30 cm lon~, the variation in transit time from 

100 kev to 1 Mev is only one or two nanoseconds, whereas the resolving 

time is usually about fifteen nanoseconds. For proper operation, a 

flat-topped curve, such as than shown in Figure ?, should be obtained 

when the coincidence rate is plotted for different artificial delays. 

For large delays in either side, the chance rate only is observed. 

The width of the flat-topped operating region containing the true 

coincidences is roughly equal to 2t' at half height and is called the 

resolving time. A delay corresponding to the centre of this plateau 

is chosen and the instrument is then ready for the experiment to 

begin. 
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As described thus iar, the spectrometer can be used for 

electron-electron or electrcn-beta coincidence experiments. By removing 

the baffles from one end of the spectrometer and inserting a NaI(Tl) 

crystal with photomultiplier, electron-gamma and beta-gamma experiments 

can also be performed. In this mode of operation, the slow pulses 

from the gamma detector are fed directly to a multichannel pulse 

height analyzer which is ge.ted on by the output pulse from the slow 

coincidence circuit, as shown in the lower half of Figure 5. The 

multichannel analyzer thus accumulates the gamma spectrum which is 

in coincidence with the electrons being focused in the other end of 

the instrument. 

The gamma spectra that one obtains in this manner are not as 

good as can be obtained with the detector outside the instrument. 

This is partly due to the detection of photons which are Compton

scattered from the magnet pole faces, coils, etc. This undesirable 

effect has been reduced considerably by the addition of lead shielding 

and collimators, but has not been completely eliminated. 

For the experiments with low energy electrons, the anthracene 

detectors were of no use because the output pulses were completely 

masked by photomultiplier noise. Therefore, a thin window Geiger 

counter was constructed for these measurements. The details of this 

detector are described in AppendixB. 

The remainder of this chapter will be devoted to an outline 

of how several 'f;ypes of coincidence experiments can be carried out 

with this spectrometer and how the results may be used. 
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3. 3. 2 ExamE._le~._?l_'~'ypical E;icperiments 

In order to establish the level order of a decay scheme, 

electron-beta and beta-gamma experiments are very usef\.tl, as they give 

the end point energy of the beta group or groups feeding the various 

transitions. These data, co.mbined with energy measurements of the 

gamma transitions, often determine a level scheme uniquely. Electron

electron and gamma-gamma experiments may confirm the picture or add 

to it. For instance, in the simple case shown in Figure 8, e-P or 

P-y experim~nts would show that transitions f1 and f2 are fed by 61• 

.f, 

Figure 8 

whereas f is fed by o and o • This is a very simple decay scheme which
3 1 2

can be solved with only a few experiments. However, it will be usef\.tl 

as an example to show how branching ratios and conversion coefficients 

can be determined by the coincidence method. In the discussion which 

follows, o's and f's will be used to denote the branching ratios (i.e. 

the probabilities per decay) for the respective transitions shown in 

Figure 8 and the nomenclature will be the same as that used in 

section 3. 2. 

http:usef\.tl
http:usef\.tl


-49
If one spectrometer (say, number 1) is set to focus a 

conversion line from r in Figure 8 and the other (number 2) scans
2 

the beta continuum, usine the r~sults of 3. 2., the following 

statements can be made. The area under the single spectrum 

conversion peak in end number 1 is 

(1) 

(Subscripts on w and ~ re fer to the spectrometer number.) The 

area under the single spectrum beta continuum in end number 2 is 

JN2 (2) 
- dp = N w '/p 0 2 2 

The area under the coincidence beta spectrum is found by similar 

arguments to be 

(3) 

This result, and others to be derived later, are based on the 

assumption that the coincidence circuit is operating with an effici~ncy 

of 100}6. Separate experiments performed for calibration purposes indicate 

that this assumption is valid.for the results to be presented in this 

thesis. 

t . <3 ) f 'f/ d th "f . k th d t f J<. .The ra 10(2) = 2"""2w an us, 1 w1 1s nown, e pro uc 2 1s1 2 

obtained. In general, the solid angles are dependent on the source 
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geometry. However, the maximum solid angle, obtained with the b~ffle 

wide open, is independent of source geometry and can be obtained by a 

separate experiment with a source of known strength. The fraction of 

the maximum solid angle being used with any source and any baffle 

setting can be found by measuring the ratio of peak heights of a 

conversion line with the baffle in t\\O positions -- at the position 

used for the experiment and wide open. 

Suppose now that spectrometer number 1 is set on a conversion 

line from transition f • The area under this conversion peak is,
3

of course 

JNl 
p dp = (4) 

The coincident beta continuum will now have two groups, 6 and 6
2

,1 

with areas N f}<3w1w2 ~ 2 and N 623' w1w 'Z 2, respectively. By taking
0 0 3 2 

ratios of these areas with expression (4), the ratios of the intensities 

of 6
2

, f and f can be determined.
2 3 
More information can now be obtained by performing electron-

electron coincidence experiments. To do this, one might set sp~ctrometer 

number 1 on r and spectrometer rrumber 2 on r • The area, under the
3 2

peak in number 1 is given by (4) above, and that in number 2 is 

(5) 

The coincidence counting rate will have contributions from four 

effects: coincidences between (a) conversion lines of r and r
3

,2 
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(b) line of f and continuum under line of r
2 3 

(c) line of r and continuum under line of f
3 2 

(d) continua under the two lines 

The rate due to (d) is small as it is caused only by accidental 

coincidences or electrons scattered from a conversion line. By taking 

a count with spectrometer number 1 still on the line but with number 2 

just off the line of f
2

, the sum of effects (c) and (d) is observed. 

Similarly, the sum of effects (b) and (d) can be obtained. By 

appropriate additions and subtractions, effect (a), which is the 

desired coincidence rate between the two conversion lines, can be 

found. This rate is given by 

(6) 

The ratio of the quantities (6) and (5) is 

so the internal conversion coefficient for r can be found, since (.l)l
3 

and ~ 
2 

are known. This information could also be found from the ratio 

(6) - x7,

<3) ~ 

without having to rely on s9lid angle measurements. Since the product 

f~can easily be found for any conversion line, the experiment also 

yields the branching ratios for the transitions. 

From the above discussion, it is seen that the coincidence 

method offers an alternate means to that discussed in section 3.2 for 

obtaining conversion coefficients and branching ratios. In spite of 
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this apparent rivalry, the two instruments actually complement each 

other because the Siegbahn spectrometer is capable of better resolution. 

Also, it is desirable to have two or more independent means of 

measuring a quantity. 

Electron-gamma and beta-gamma experiments can also be used 

to determine conversion coefficients and branching ratios. These 

experiments result in better count rates, especially for weakly 

converted transitions, and the whole gamma spectrum can be studied 

at the same time. However, the resolution is not as good so that 

in many cases the results can be ambiguous. The expressions for the 

count rates are derived in a manner similar to those outlined above, 

so will not be given in detail here. The most important difference 

is that the photopeak efficiency of the NaI(Tl) detector varies with 

energy and must be taken into consideration. 

3.3.3 Accidental Coincidences 

When performin['.: coincidence experiments, it is always 


necessary to know what fraction of the counts are. due to accidental 


coincidences. These are counts caused when two unrelated radiations 


happen to trigger the detectors within the resolving time of the 


coincidence circuitry. The chance rate is given by 


where 2 't is the resolving time and N
1 

and N
2 

are the side channel 

countinc rates. When doing an experiment, the chance rate is usually 

determined in two ways. The resolving time can be found from a time 
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resolution curve such as thnt in Figure 7 and N h calculated from c ance 

the above expression. The other method is to insert a delay in one 

side of the coincidence circuit to destroy the time relationship. 

The observed rate is then the chance rate. Two or three such counts 

are usually taken during each experiment and used to calculate the chance 

rate for all the data. The ratio of true coincidences to chance varies 

inversely with both the source strength and the resolving time. Hence, 

for a given resolving time, the true to chance ratio may limit the 

strength of source which can be used. When performing electron-beta 

and gamma-beta coincidence experiments, the true to chance ratio may 

become quite poor near the end points of partial beta spectra. 

Fortunately, the end point energy can usually be determined from a 

Fermi plot without having to rely heavily on the data near the end 

point. In addition, these data carry very little weight in the 

determination of beta intensities. 

3.3.4 Lifetime Measurements 

If a nuclear state has an appreciable lifetime, the radiations 

from this state will be delayed with respect to those feeding it. 

'l'hus, if a circuit were set up to record prompt coincidences, certain 

events may not be counted. If an artificial delay were placed in the 

side of the circuit which was detecting the first radiation, some of 

these events would be counted. The coincidence rate varies with the 

amount of artificial delay, as shown in Figure 9. Curve A is obtained 

from prompt coincidences, i.e., radiations whose intermediate state 
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has a negligible lifetime. Curve B shows the coincidences delayed 

due to the lifetime • 
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Figure 9 

Van Name (1949) has shown that the slope of the tail on curve B is 

equal to ~' the decay constant for the intermediate state. Hence, 

a measurement of this slope is sufficient to determine the lifetime 

of the state. If the lifetime is shorter than, or comparable to, the 

resolving time of the circuit, the effect is not so noticeable as in 

Figure 9 and the lifetime cannot be measured accurately by the slope 

method. From Figure 9, it can be seen that the centroid of the area 

under curve B is shifted alone the time axis with respect to that under 

the prompt curve. Bay(l950) has shown that the amount of this shift 

is equal to the mean life of the intermediate state. This method can 

be used even when the resolving time is considerably longer than the 

lifetime. In this case it is important that the prompt curve be 

care fully determined, preferably for the same energy as the radiation 

whose lifetime is beinc measured, as most detectors have a response 

time •1hich is energy-dependent. 



CHAPTER IV 

THE STUDY OF THB DECAY OF Pml5l 

4.1 Historical Survey 

151The decay of 27.5 hour Pm has been studied by many workers. 

Rutledge et ::;.!.(1952) studied the internal conversion lines with a 

magnetic spectrogr:aph. Their work resulted in good energy measurements 

for the strong transitions and, on this basis, two possible decay schemes 

were proposed. 

Coincidence experiments using scintillation spectrometers were 

performed by Hans~ ::;.!.(1955). Unfortunate~, the results obtained by 

pulse height analysis from scintillation counters are difficult to 

interpret because the resolution is not adequate to resolve the close~ 

spaced transitions in this decay. In spite of this shortcoming, these 

experiments removed some of the ambiguities and an improved decay scheme 

was given. 

Burson and Schmid (1958) examined the beta spectrum with a 180° 

magnetic spectrometer. They have separated this spectrum into five 

partial spectra, the most energetic of which has an end-point energy 

of 1.53 Mev. Scintillation counters were used to search for gamma-gamma 

and gamma-beta coincidences. For the latter, the end-point energies of 

the beta gr:oups were determined by absorption in alumimlm. No decay 

scheme was proposed as this was an interim report. 

-55
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A recent report by Chery {1962) describes another investigation 

carried out with scintillation counters. This work includes beta

gamma, gamma-gamma and angular correlation experiments, together 

with lifetime measurements for some of the levels. A better picture 

of the decay has resulted from these experiments, but the lack of 

good resolution makes some of the data difficult to interpret. 

In order to eliminate some of the uncertainties in this 

decay, a series of experiments was undertaken in this laboratory 

with an electron-electron coincidence spectrometer of the Gerholm 

type. Additional measurements of line intensities in internal and 

external conversion and of the beta continuum were also carried out, 

with the Siegbahn-type double focusing beta spectrometer. During 

the course of this work, Geiger and Graham (1962) of the Chalk River 

Laboratories have also examined the internal conversion spectrum 

using the high resolution Chalk River iron-free n ./2 beta

spectrometer. 'rhis has resulted in precise energy measurements 

for the transitions. The measurements from this laboratory and the 

data obtained from Geiger and Graham have been published in a recent 

report by Burke !:! ~· (1963). 

Since the above article was submitted for publication, a 

report by Harmatz !:! ~.(1962), including a study of the Pm151 decay, 

has appeared in the literature. The internal conversion spectrum was 

measured with a high resolution magnetic spectrograph and a decay 

scheme was formulated which was interpreted on the basis of Nilsson's 

model. 
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Ewan (1962) of the Chalk River Laboratories has also studied this 

decay while at Copenhagen. Electron-gamma and beta-gamma coincidence 

experiments were performed, in addition to studies of the conversion 

spectra at high resolution. These data are not yet published, but 

some preliminary information has been obtained by means of a private 

communication. 

This chapter will include the presentation of the already 

published results obtained from the work in this laboratory and the 

energy measu_rements of Geiger and Graham. The significance of these 

results will then be discussed in the light of the data published by 

Harmatz !:,! al. {1962). 

4.2 EXPERIMENT.AL MEASUREMENTS 

4.2.1 Internal and External Conversion Spectra 

The investigation was begun by scanning the Pml5l spectrum in both 

internal and external conversion. Methods used for the preparation of 

sources for these experiments are described in Appendix A. The external 

conversion spectrum as seen with gold radiators is shown in Figures 10 

and 11. Most of the transitions have also been studied with uranium 

radiators. However, with the exception of special cases, these data 

do no more than confirm the information obtained with gold radiators 

and hence are not shown. One exception can be seen in the insert of 

Figure 11, where evidence for a 0.345 Mev transition converted in 

uranium is found. When a gold radiator is used, the K-conversion 

peak of this transition is obscured by the L lines of the 0.275 Mev 

transition. 

http:EXPERIMENT.AL
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Figure 10. The low-energy- external conversion spectrum taken with
2a 1.2-mg/cm gold radiator. 
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Figure 11. The high-energy- external conversion spectrum taken with
2a L1. 4-mg/cm gold radiator. The insert shows the region of the 340 

K peak taken with a l.4-mg/cm2 uranium radiator. The expected profile 
for the 340 K peak, obtained from the shape of the 3o8 K peak in Erl71, 
is shown as a solid line. The difference between the experimental and 
expected profiles is attri·butelil. to the presence of a 345-kev transition. 
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Figures 12 to 14 show the various regions of the internal 

conversion spectrum. The measurements made with the Siegbahn 

spectrometer at a resolution of 0.7% for electron momenta :from 

1000 to 2600 gauss-cm are shown in Figure 12. As it Irias impossible 

to scan the entire spectrum with a~ one source, the strong K

conversion lines of the 0.177 Mev doublet (not resolved in this 

spectrometer) were scanned in each source and used for normalization. 

The spectrum for electron momenta :from 450 to 1100 gauss-cm, as 

measured wi.th the Gerholm instrument at a resolution of 1.,3%, is 

shown in Figure 13. 

The decay scheme proposed in the present work postulates 

a level at an excitation energy of 4. 8 kev with a strong gc-ound

state transition. In order to verify this directly, the low energy 

electron spectrum was measured to search for the M and N conversion 

electrons from the 4.8 kev transition. The thin window Geiger counter 

used to detect these electrons is described in Appendix B. The 

spectrum is shown in Figure 14 where the conversion electrons are 

found to be superposed on a complex of L-Auger electrons. 

Most of the peaks shown in these spectra have been scanned 

several times in order to check that they decay with the correct 

half-life for Pml5l. This is particularly important for the external 

conversion peaks as the sources used for these measurements were not 

subjected to the ion-exchange separation. 

The measurements of photon energies as determined :from the 

above data are given in Table I where the values obtained by Rutledge 

!! !!• and Burson and Schmid are shown for comparison. Also shown 
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Figure 12. Internal conversion spectrum from 1000 to 2600 gauss-cm 
taken with a resolution of 0.7% in momentum. 
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Figure 14. Low-energy internal conversion spectrum showing the M and N 
conversion electrons from the 4.8-kev transition superposed on the L
Auger spectrum. The arrows indicate where the conversion lines w::iuld 
be expected for a transition energy of 4.82 kev. The vertical lines 
above the spectrum show the expected energies and intensities of L-Auger 
electrons by analogy with those measured in Erl71. 

in Table I are the more recent and much more precise values obtained 

by Geiger and Graham (1962). It is seen that some new transitions 

have been found and also some transitions found by previous 't.Orkers 

were not observed in the present 1110rk. These differences will be 

discussed later. 

The intensities of the K and L conversion peaks of some of the 

transitions are presented in columns 3 and 4 of Table II. In column 2 

are shown the photon intensities of the transitions as determined by 

external conversion. These photon intensities have been corrected 

for effects due to radiator thickness, photo-electric cross-section etc., 

using the empirical data of Artna (1961) as described in Chapter 3. The 

intensities given in Table II have been normalized to probabilities 

per decay in a manner which will be explained in the next section. 
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TABLE I 

Energy measurements for transitions in Srnm 
(all values are expressed in Mev) 

Rutledge et al. Burson and Schmid Present work Geiger and Graham• 

0.0048±0.000P 0.004817 
0.025±0.001< 0.02570 
0.035±0.001< 0.03512 

0.06101 
0.06291 

0 0647 0.065±0.001< 0.06488 
0 0658 0.066±0.001< 0.06582 
0.06!)6 0.069±0.001< 0.06969 

0.077±0.001' 0.07620 
0.09804 
0.09869 

0.1000 0. 0999 ±0.0004 0.10000 
0.10190 

0.105±0.001 0.10482 
0.1162 

0.13929 
0.1440 0.1434±0.0004d 0.14316 

0.1522±0.0004d 
0.1563±0.0003 
0 . 1636 ±0 . 0004 

0.15619

r.162910.16357 
0.1680±0.0003 0.1677a 

0.16838 
0.1771±0.0003 {0.17651

0.17716 
o. 2018±0.0003" 

0.2083 0 . 2088 ±0 . 0003 0.208!18 
0.2319 0 . 2323 ±0. 0003 0.23240 

o.2:rn5±o.ooo4 
0.2399 0 . 2399 ±0.0004 0.24008 
0.2752 0.275 0. 2749±0 .0003 0.27520 

0 . 3242 ±0.0004" 
0.3402 0.340 o. 3a99 ±O. 0003 0.34008 

0.345±0.0001" 
0. 352\l ±0.0004• 
0.4394±0.0015 

0.445 0. 4445±0 .0005 
0.545 
0.642 0.637±0.002• 

0.670±0.002• 
0.715 0.715 0. 717±0.002 

0. 735±0.002• 
0. 752±0.002• 

0.765 0. 772±0.002• 
0. 8 l:l ±0. 002• 
0.821±0.002" 

0.945 0. 952±0 .005• 
---

"Values in this column were obtained by taking differences of the level energies in Fig. 2Q. Refe'f to 
this figure for errors on the measurements. 

bThis value was obtained assuming most of the M conversion to be In the Ml subshell. 
<-This energy measurement is from the Gerholm spectrometer. 
dThis value was obtained from external conversion measurements only. 
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Ti\BLE II 

Photon and conversion electron intensities in the tlecay of !'mm 


Transi- Conversion electrons/d{'rny 

tion Photons/ --- - -------·- ·------------ - - Transition 


Multi-energy, decay, K-shcll, /,-shell, probability, "K• 
K //,§ polarityMev Xl02 XIO' XIO' XIO' XHF 

(). 0048 Strong 111 + N shell groups ;15• 

(l.0257 3.0t 3.7t 


0.8fo.0:15l 0 7l 
0.064!) !l.4t 2.2 14.0t 

0.0658 Ii.fit 1 2t 8.3t 


2.9t0.06!17 2.0t IJ.4t 

0.0762 0.7t o.ut iut 


4 !l±O fi Ml+E2
0. lOOO :UJ±O (j 0 8±0 I 7.6±l.I 

or 1'12 
S.Ot0.1048 2.5t o.ut 

0.14:12 0 8±0.:1 
(). 1522 0.4±0 2 

o.15u2 0.06±0 02 


3.0±1.0 2l±0.7t 4 o±o 4t .m+Ezt2.4±0 \) 0 .51 ±0 .06 0.12±0o:l 

0.1635
ornw\ 0 .07 ±0. 02 12±3 5±1 5t 7 .8±1 6t F.I t0. 1677 11±3 0.56±0.0fi 

0.1684 


6 3±1.2 18±5t (j li±O St Ml +E2t0.1765 5 2±1.2 O.!l2±0.0!J 0.15±0.04 

0 .177l 


1.50.20l8 1.3±0 5 
2.1±04 17±(i 8 0±1 ..5 Ml+E20.20!10 1.8±0.4 o.:m±o.0:1 0 04±0 01 

0.2324 1.4±0.4 0 l2±0.02 0 04±0 ()) 1.6±04 8±:l :I 2±0 5 Ml+E2 

0.2365 1.4±0 8 0.04±0.0l l .5±0.8 2 !l±l.7 
0.2401 3.0±1.:l 0 .05±0.008 0.02±0 .003 :1.1 ±1.3 1.7±0.6 2.4±0.4 El 

6.3±1 2 0.10±0.02 0.01 ±0 00:1 6.4±1. 2 1.6±0u 8 4±1 5 El
0.2752 

0.3240 0.9±0 -i 
 0 \)±0 4 

El0. :HOl 21±4 0. 1\l±0.02 0 02±0 004 21±4 0.110±0 14 u.!l±o 6 
J .5±0.70.:144\l 1 5±0.7 
0.5±0.20. :\52\l 0 5±0 2 

0.4il\J4 0.9±0 :1 0 ()06±0.002 0.!l±0.3 o. 7±0.4 El 

0.4445 3.:.l±l .0 O.OHi±0.004 3.3±1.0 0.5±0 2 El 

0.6::17 1.2±0. 4 1.2±0.4 
1 2±0 4 

0 717 3.5±0 8 0 005±0.002 3.5±0.8 0 14±0 06 El 

0.7il5 0.8±0 3 

0.670 1.2±0.4 

0.8±0 :I 
1.0±0.30.752 1 0±0.:l 
0.6±0.3 
0.4±0 2

0.772 0.6±0.:l 
0. 81:3 0.4±0 2 

0.4±0. 2 
0 li±O :I

0.821 0.4±0 2 
0.95 0.6±0.il .. ________ ,.___ 

------------. 

i

*This \'alue involves an estimatt> of the Geige1· countt>r efficiency ba!_;ted on the intE'n~ity of tht> f, i\up;t>t f"lectr011~. 

Theg~ values were estimate(\ in the rather arbitrary manner de~cribed in the t("xt. 

Vah1r.H obtained by treating tht"~ unregolverl rlouhlet!-1 a~ single line~. 

These ratios were obtained from intr.rnal convf'r~ion spectra and are more tHrd~f' tlrnn tlw vah1e8 derluct>fl 

from columns 3 amt 4. 

4.2.2 Measurement of "It and Total Transition Probabilit1 for 

the 0.340 Mev Transition 

In order to relate the internal and external conversion 

intensity scales, the K-conversion coefficient for the 0.340 Mev 

transition was measured directly by comparing the number of K-

conversion electrons with the photon intensit1 from the same 

http:0.6�0.il
http:1\l�0.02
http:0.10�0.02
http:0.04�0.0l
http:0.15�0.04
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source. A strong beta source was prepared and the number of internal 

conversion electrons in the peak was measured. The source was then 

covered with a radiator and the external conversion peak height 

determined. Under these circumstances, it was shown in Chapter 3 

that 

where A is the area under the internal conversion peak, I is the 
y 

photon intensity corrected for radiator efficiency, and k is a 

factor which depends only on the geometry of the instrument, 

baffles, source-holder, detector etc. 

The value of k was determined by per forming the experiment 

Au198
W1.th a source of the d. · 1 d · th tsame imensions p ace in e same geome ry 

and using the value of 0.028 for «K for the o.4118 Mev transition 

in this decay (Frey et al.(1962)). 

In this manner the measured values of a.K for the 0.340 Kev 

transition were 0.0088 ! 0.0015 and 0.0093 ! 0.0018 using gold and 

1uranium radiators, respectively. The average va ue of 0.0090 ! 0.0014, 

indicates that this ia an El transition (Rose, 1958). 

The probability per decay for a transition to occur can 

easi~ be found once its internal conversion coefficient is known. 

The ratio of the area under the K-conversion peak to the area under 

the total beta spectrum is fK where f is the probability per decay 

for the transition measured and K is the probability of K-conversion 
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for this transition. From the definition of a.K' it is seen that 

K =a.i('(l + ci.r>· For the 0.340 Mev transition, these experiments 

lead to 0.0019 +- 0.0002 K-conversion electrons per disintegration 

and a photon intensity of 0.21 ~ 0.04. From these two values, the 

probabilities per decay for conversion electron and photon emission 

for the other transitions can be evaluated :f'rom the relative intensities 

directly measured. These are shown in colulDDS 2, 3 and 4 of Table II. 

For any given transition, the sum of the entries in columns 

2, 3 and 4 o.f Table II is the total transition probability (except 

for low energy transitions where higher order internal conversion 

becomes appreciable). This quantity is shown in column 5 of Table II. 

For some of the transitions above 0.30 Mev, the Kor L peak intensities 

were too weak to be measured in internal conversion. In such cases 

the transition intensity was taken to be the same as the photon 

intensity measured in external conversion. The error introduced in 

this way is probably small in comparison with the experimental error on 

the photon intensity measurements. On the other hand, for some of the 

low energy transitions it was not possible to perform external con

version experiments and therefore the photon intensity could not be 

measured directly. In most of these cases the intensities could be 

estimated from the internal conversion ~rk alone on the assumption 

that the photon contribution is small. 

For each transition, the ratio of the entries in columns 2 

and 3 of Table II gives the internal K-conversion coefficient which 

is tabulated in column 6. This value is not available for all of 
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the transitions as it requires a clean measurement of the transitions 

in both internal and external conversion. 

The value of a.K for the o. 2:15 Mev tranei tion was also 

measured directly using the same method as described for the 0.340 Mev 

transition. This measurement was complicated by the fact that the 

internal K-conversion line of the 0.275 Mev transition was not 

completely separated from the L lines of the 0.232 and 0.240 Mev 

transitions and also was mixed with the L lines of the 0.236 Mev 

transition whose existence was not realized until later. Hence, this 

experiment is regarded mainly as a check. However, the value of 

a.K = 0.021 ! 0.0055 obtained directly agrees, within experimental 

error, with the value of 0.016 ! 0.006 quoted in Table II. 

4.2.3 Beta Spectrum Measurement 

The beta spectrum was scanned on t"° occasions and the results 

were subjected to Fermi analyses. At first, before the order of levels 

and transitions in the decay scheme was known, the Fermi analyses were 

carried out without regard to where the end-points of the various sub

groups might be. This work suggested the presence of six partial 

spectra with end-point energies and intensities of 1.20 Mev (11%), 

1.10 Mev (18%), 0.96 Mev (91'), 0.84 Mev (40J6), 0~725 Mev (12%) and 

0.435 Mev (10}6). 

Coincidence experiments performed later showed that the 

situation was more complex than the above data predicted. Several 

of the above partial spectra were found to be tllKl or more groups with 

end-point energies differing by a relatively small amount. Thus, 
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when the level scheme had been determined, the Fermi analyses were 

repeated, the partial spectra being drawn in with end points 

determined from coincidence experiments and the level scheme. 

151Unfortunately, the levels in sm are too closely spaced to 

determine by this method the beta intensity feeding each level. 

Several of the beta groups obtained are not actually single groups 

but feed more than one level. The results of this second analysis 

yielded partial spectra with energies and intensities 1.20 Mev (11%), 

1.13 Mev (13%), 1.03 Mev (12%), 0.85 Mev (4lf%), 0.75 Mev (11%) and 

0.425 Mev (9%) in reasonable agreement with the first analysis with 

its larger number of degrees of freedom. 

4.2.4 Coincidence Experiments 

As mentioned earlier, coincidence experiments were undertaken 

in an attempt to resolve some of the ambiguities in the possible deCBJ' 

schemes based on previous work. Different types of coincidence 

experiments were performed, depending apon the properties of the 

different transitions studied. 

First, the beta spectra in coincidence with the conversion 

electrons of various transitions were measured. This was accomplished 

by focusing the conversion elec'trons in one end of the spectrometer 

and scanning the beta continuum with the other end. The baffle in 

the conversion electron end of the instrument was usually set to give 

a resolution of 1.5% to 2% in momentum, while the baffle in the beta 

end was opened wider to give a greater transmission where high 

resolution was not necessary. Fifteen-minute counts were taken 
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at points spaced about 50 kev apart on the beta continuum, up to 

about 100 kev higher than the end-point energy of the partial spectra 

being measured. Care was taken to avoid setting the beta spectrometer 

on any internal conversion peaks. This "scanning" was then repeated 

six to eight times and the points were averaged after being corrected 

for decay and for accidental coincidences. Typical results are shown 

in Figures 15 and 16. Figure 15 shows Fermi plots of the partial 

beta spectra in coincidence with the K-conversion lines of the 0.168 

and 0.177 M~v doublets. Figure 16 shows the Fermi plots of beta 

spectra in coincidence with the K-conversion lines of the 0.100 and 

0.340 Mev transitions. The end-point energies of partial beta spectra 

in coincidence with various conversion lines are summnrized in 

column four of Table III. 

By removing the baffles in one end of the spectrometer and 

installing a NaI(Tl) crystal, coincidences between conversion 

electrons and gamma rays could be measured. First, the electron 

spectrometer was focused on the desired conversion line and the 

coincident gamma spectrum collected in the multi-channel pulse 

TABLE Ill 

Summary of conversion-elertron coincidence experiments 

Conversion Coincident 
elertrons beta 
focused, 

Mev 
Coincident gammas, 

Mev 
Coincident electrons, 

Mev 
end points, 

Mev 

0.0048 M 0.340, 0.275, 0.100 
0.065 K 0.275, gammas in 0.65-0.75 region 0.85, 1.13 
0.100 Kand L 0.240, gammas in 0.65-0.75 region 0.85, I.Oil 
0.105 L . 0.85, > 1.05 
0.163 K doublet Photopeak at 0.17 Mev 0.177 K doublet 

No. 0.163 or 0.168 K doublet 
0.168 K doublet Photopeak at 0.17 Mev 0.177 K doublet 0.85, 1.oa 

No. 0.16:J K doublet1 
0.177 K doublet Photopeak at 0.17 Mev 0.163 Kand 0.168K doublets 0.85 
0.340 K 0.85 

http:0.65-0.75
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Fig. 15. Fermi plots of beta spectra in coincidence with 
the 168 K and 177 K conversion lines. These data, when com
bined with electron-electron coincidence results, first 
suggested the existence of the level at 4.8 kev. 
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height analyzer. The electron spectrometer was then set just off 

the conversion line and the experiment repeated to determine the 

contribution of the underlying beta continuum to the coincidence 

gamma spectrum. The results of such experiments are. given in the 

second column of Table III, and some typical coincidence spectra 

are shown in Figure 17. 

Using the same experimental arrangement, the gamma spectra 

in coincidence with various points on the beta continuum were 

measured and Fermi plots made for each of the photopeaks in the 

gamma spectrum. As explained in Chapter 3, such gamma-beta experi
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Fig. 17. Results of conversion electron-gamma coincidence 
experiments with the 100 K and 65 K peaks. The top curve is 
a singles gamma spectrum for calibration. 
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ments are easier to do than electron-beta e:>q:>_eriments for high energy 

transitions, but the analysis is complicated by the fact that the 

transitions are not all resolved. Typical ~esults can be seen in 

Figure 18 which shows Fermi plots of the partial spectra in coincidence 

with the photopeaks at 0.170, 0.340 and 0.445Mev. The deviations 

from linearity for beta energies below about 300 kev in these plots 

result from source thickness, as this was an early experiment for 

which the source was not prepared by the sublimation technique. 

Colncidence experiments were also performed between different 

pairs of conversion lines. As discussed in section 3.3.2, these 

oi--~---.~~_,.~~--~~......~--........_--1 

340 KEV 

COINC. WITH ~ :: 
Ot-~---.r--~.....,.~~-.-~~-?...._~_..~---1 

20 COINC. WITH 
445 l<EV 

10 

20 170 l<EV 

10 

COINC. WITH 

400 800 1200 

ENERGY- KEV 

Fig.18. Fermi plots of beta spectra in coincidence with photopeaks 
at 170, 340 and 445 kev. 
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electron-electron experiments require a series of counts with each 

of the spectrometers on and off the conversion line in order to make 

a correction for the coincidences caused by the underlying beta 

continua. In this way the coincidence rates between the K-conversion 

lines of the 11 0.163, 0.168 and, 0.177 Mev transitions" were determined. 

Coincidences between "163K"- "177K" "168K" 11 177K" II163K"-"168K" 

Coincidence Rate 170 :!: 36 257 :!: 37 -5 +- 31 
(counts/hr) 

These data show that the "0.163 Mev" and 11 0.168 Mev" transitions are 

both in coincidence with the 110.177 Mev" transition but not with each 

other. It was later learned :from the experiments of Geiger and 

Graham (1962) that each of these lines was actually a doublet. 

That is, the 110.163, 0.168 and 0.177 Mev transitions" are actually the 

unresolved pairs of transitions 0.16291 and 0.16357, 0.16773 and 

0.16838, 0.17651 and 0.17716 Mev, respectively. Fortunately, this 

does not change an;y of the arguments based on these experiments. 

4. 2. 5 Formulation of Deca,y Scheme 

The above results are sufficient to determine a unique order 

for the strongest transitions in this decay. The various energy sums 

from coincidence work and the beta spectrum measurements indicate 

that the total decay energy is 1.195 :!: 0.010 Mev. This differs from 

predictions of 1.5 Mev and 1.8 Mev based on previous work. The 

value of 1.8 Mev was obtained by Rutledge .!,!, !!_· (1952) using 

coincidence methods with aluminum absorption techniques to measure 
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the beta energy. They concluded that a 1.1 Mev beta group was in 

coincidence with the 0.715 Mev transition•. The beta-gamma coincidence 

measurements in the present \\Ork indicate that the beta gt"oup in 

coincidence with the O. 715 Mev transition has an end point energy 

+of 0.390 - 0.020 Mev. This is consistent with a Q-value of 1.2 Mev. 

Other evidence for a decay energy gt"eater than 1.2 Mev is 

that Hans tl al. (1955) report a gamma transition of about 1.5 Mev 

with a half life of 27.5 hours. Also, Burson and Schmid (1958) 

report a weak beta-group· with an end-point energy of 1.5 Mev. It 

should be pointed out that none of the previous 'A'Orkers performed 

an ion exchange separation on the source before measurements were 

taken and therefore various impurities were probably present. As 

mentioned earlier, among the impurities separated out by the ion 

exchange process in the present 't.Ork were 9-hour Eu152m and 72-day 

160Tb • Both of these nuclides have beta gt"Oups of about 1.8 Mev and 

gammas of about 1.4 Mev. 

In the present 't.Ork, energy sums of coincidences with all the 

strong transitions add up to about 1.2 Mev; for example, the 0.340 Mev 

transition is in coincidence with a 0.850 Mev ~eta gE"Oup, the 0.065 Mev 

transition is in coincidence with a 1.14 Mev peta group and also with 

a O. 275 Mev transition and an O. 850 Mev beta gt"Oup, and so on. No 

sums greater than 1.2 Mev have been observed in the present work and 

all the strong transitions take part in coincident sums adding up to 

this value. Thus it is concluded that this value represents the decay 

energy. 



It was realized by early workers that several pairs of 

transitions had energy sums of 0.340 Mev; e.g.: 0.275 + 0.065 1 0.240 

+ 0.100, 0.163 + 0.177 and, of course, the 0.340 Mev transition 

itself. Hence, these were usually considered to be competing modes 

of decay from a 0.340 Mev level. Electron-gamma and electron

electron coincidence experiments in the present work verify that 

each of the above pairs is actually a pair of coincident trans

itions. Also, the electron-beta experiments show that the 0.065, 

0.100, 0.163, 0.177 and 0.340 Mev transitions all have a coincident 

beta spectrum with an end-point energy of 0.850 Mev. FUrtherrnore, 

since the first three of these transitions also have coincident 

beta spectra with end-point energies of 1.13, 1.09 and 1.03 Mev, 

respectively, they must be the lower members of the cascades. In 

all previous work, it was assumed that the level fed by these cascades 

was the ground state. However, the electron-electron and electron

beta coincidence experiments show that the 0.177 Mev transition feeds 

both the strong 0.168 Mev and the 0.163 Mev transitions. This leads 

one to postulate a level structure as shown in the decay scheme of 

Figure 19 where the 0.340 Mev transition and the cascades mentioned 

above feed a level at an excitation energy of 4.8 kev. As several 

strong transitions feed this low energy level, an intense 4.8 kev 

transition to the ground state should exist. Experiments which 

resulted in the identification of this transition and a measurement 

of the lifetime of the 4.8 kev level will be discussed in the next 

section. 
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'l'he existence of this low energy level immediately explains 

the nature of several pairs of transitions differing in energy by 

4.8 kev. For example, the o.440 and o.445 Mev transitions feed Ghe 

4.8 kev level and gr.-ound state, respectively, from a level at o.445 

Mev. This is substantiated by beta-gamma coincidence work, which 

shows a beta group with end-point energy of 0.750 Mev in coincidence 

with the photopeak containing the 0.440 Mev and 0.445 Mev trans

itions (see Figure 18). Similarly, the 0.0648 Mev and 0.0696 Mev 

transitions feed the two lowest levels from a level at 0.0696 Mev, 

while the 0.1000 and O.lo48 Mev transitions depopulate a level at 

O.lo48 Mev. The O.lo48 Mev transition was not seen clearly in the 

present work or in the internal conversion work of Rutledge et al. 

Its K-conversion line was mixed with the L lines of the O. 0648 and 

0.0658 Mev transitions, while its L conversion lines were under the 

K peak of the 0.143 Mev transition. However, the K/L ratio for 

the internal conversion peaks of the 0.143 Mev transition had an 

unrealistic value of greater than 10 in the present work, indicating 

that there was probably another peak mixed with its K-conversion 

line. The 0.143 Mev transition itself is well verified as it has 

been seen in external conversion. Postulating a 0.1048 Mev cross

over transition explains this abnormally high K/L ratio as well as 

the weak peak at about 0.104 Mev electron energy, which is attributed 

to the M-conversion electrons. This conclusion was later verified 

by Geiger and Graham (1962) who could resolve the lines in internal 

conversion. Also, their precise energy measurements confirm and add 

to the structure of the decay scheme for the levels below 0.345 Mev 
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as can be seen from Figure 20. There are several transitions of 

medium intensity which had not been placed by coincidence \\Ork 

' .l 

l ~- -  -

II 

.li 

- - --- ----· 

344-895 :t 0-025 
323·920 ± 0·030 

208·985 :t 0·020 

168•385 t 0·020 
167·730:!: 0·015 

104·818 t 0-010 
91·525* 0·012 

,,,- 69-694 t 0·008 
'- 65·825:!: O·OIO 

/ 4•817 * 0•002 
0 

FIG. 20 This Sm151 level scheme results from studies of the Pml•t conversion-electron 
spectrum made with the Chalk River beta spectrometer hy Geiger and Graham (1962). The 
level sequence has been deduced from energy sum considerations. The level energies are hased 

Hg198on a momentum value for the K-conversion line of the 411.772-kev transition in of 
2222.3!1!1±0.044 gauss-cm (Murray el al. l!J62). The uncertainties in the level energies are 
estimated standard deviations in their absolute values. 

before their results becsme available. These include the 0.076 

Mev, 0.143 Mev, 0.209 Mev, 0.232 Mev and 0.323 Mev transitions. 

In addition, the \<\Ork of Geiger and Graham has revealed several 

weak transitions not found by any other w::irkers (see Table I 

and Figure 20). The precise energy measurements for these trans

itions are sufficient to determine uniquely their position in the 

decay scheme. 

Several higher energy transitions have been seen in 

external conversion. These can be seen in Figure 11 which shows 

the external cqnversion spectrum taken with a gold radiator in 

the region from 1500 to 4200 gauss cm. There are peaks correspond

ing to transitions with energies 0.637 Mev, 0.670 Mev, O. 717 Mev 1 

0.735 Mev, 0.752 Mev, 0.772 Mev, 0.813 Mev and 0.821 Mev. The 
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conversion peaks from the first five of these transitions decay 

with a half life appropriate for Pm151• The conversion peaks from 

the last three transitions are weaker and therefore it is more 

difficult to obtain a measure of their half-lives. However, from 

the measurements which have been made, it is known that the half

lives for these peaks are greater than 8 hours and less than 60 

hours. As none of the known impurities with half-lives in this 

range have gamma rays with these energies, it is assumed that all 

of these transitions are in the decay of Pm151• 

From electron-gamma coincidence work, it is known that some 

of the transitions between 0.60 and 0.85 Mev are in coincidence 

with the conversion lines of the 0.0648 Mev and 0.1000 Mev 

transitions (see Figure 17). The individual photopeaks were not 

resolved in the NaI(Tl) detector used for this work but in each case 

the coincident gamma spectrum contained a peak in this region which 

was too wide to be one photopeak. Hence, more than one of the high 

energy gammas is in coincidence with each of the above conversion 

lines. On the basis of these measurements, the beta-gamma results 

for the high energy transitions, and energy fit, six of the high 

energy transitions are placed in the decay scheme as shown, 

depopulating levels at 0.741 Mev and o.821 Mev. 

The remaining two of these transitions, with energies of 

O. 772 Mev and O. 313 Mev, have not been placed in the decay scheme 

shown in Figure 19. Similarly, the 0.952 Mev transition, which has 
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been observed in external conversion with a urnnium radiator has not 

been placed in the decay scheme. The presence of these weak trans

itions indicates that the level structure is more complex at high 

energies than is shown in Figure 19. 

'rhe 0.116 Mev transition reported by Rutledge et al. has not 

been found. The internal conversion peak which was formerly thought 

to be the 0.116 Mev K peak has been found to be the L conversion 

lines to a 0.076 Mev transition. The reason for this change is that 

peaks corr~sponding to the O. 076 Mev K and O. 076 Mev M conversion lines 

have also been found. What was formerly called the L conversion lines 

to the 0.116 Mev transition is actually the K conversion line of the 

O. 1562 Mev transition. 

In view of the fact that the 0.340 Mev transition is one of 

the strongest in the decay, it was interesting to note that no 0.345 

Mev cross-over transition to the ground state had yet been seen. This 

region of the spectrum was examined more carefully using a urahl.um 

radiator with external conversion. The data are shown in the insert 

of Figure 11, where the 0.345 Mev K peak would be expected to be in 

the tail on the high energy side of the strong 0.340 Mev K peak. 

The solid line in this spectrum is the expected peak shape for this 

energy with the Siegbahn instrument obtained by examining the 0.308 

Mev transition in Er171• It is seen that a small peak appears to be 

present at' 0.345 Mev with an intensity of 0.07 ! 0.04 relative to the 

O. 340 Mev K peak. 

The improved statistics obtained on the nearby continuum 

while performing the search described above show the presence of 

http:urahl.um


another weak peak with an electron energy of about 0.238 Mev. This 

is interpreted as being the K conversion peak (in uranium) of a 0.353 

Mev transition which ~uld have the correct energy to fit between 

the levels at 0.0915 Mev and 0.4445 Mev. 

A transition with an energy of 0.2365 Mev has been observed 

in internal conversion and also in external conversion, using a 

uranium radiator. No observations could be made from external 

conversion with a gold radiator as the 0.2365 Mev K peak would be 

mixed with ~he 0.168 Mev L peak. This transition does not have the 

proper energy to fit between any pair of the levels shown in 

Figure 19. 

From the values of a.K in column 6 of Table II, and the 

theoretical conversion coefficients of Rose (1958), it is possible 

to determine the multipolarities of some of the transitions. The 

0.715 Mev, 0.445 Mev, 0.340 Mev, 0.275 Mev and 0.240 Mev transitions 

are all El. The 0.208 Mev and 0.232 Mev transitions would appear 

to be either E2 or Ml or some mixture of these. The 0.1677 Mev and 

0.1684 Mev transitions were not resolved in the present work but 

the ratio of the sum of the K conversion electron intensities to the 

sum of photon intensities is 0.054 ! 0.015. As this is about the 

value of a.K expe~ted for an El transition and all other multipolarities 

would have a larger conversion coefficient, it is assumed that at least 

one of these transitions 'is El in character. It will be seen later 

that the 4.8 kev transition is predominantly Ml. From these results 

it can be concluded that the o.0048, O.o696, 0.1048 and 0.2090 Mev 
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levels all have the same parity as the ground state, while the o.821, 

0.4445, 0.3449 Hev levels and one of the levels at about 0.168 Mev 

have opposite parity. 

In order to make a check on the balance of the intensities 

feeding into and out of each level, it was necessary to make estimates 

of the intensities of the strong transitions depopulating the O.o658 

Mev, O. 0696 Mev and 0.1048 Mev levels. In the present \IK>rk, none of 

the conversion lines from these transitions was completely separated 

from other lines. Therefore, the values which are obtained must be 

regarded as estimates only and should be used with caution. The K 

and L conversion peaks of the 0.1000 Mev transition could contain 

contributions from the 0.0980 Hev, 0.0987 Mev and 0.1019 Mev trans

itions. As these lines would have been resolved in the spectrum taken 

with the Siegbahn instrument, the fact that they were not seen indicates 

that they were probably weak compared with the 0.1000 Mev conversion 

lines. This assumption would appear to be justified by the fact that 

the gamma spectrum in coincidence with the 0.1000 Mev K conversion 

peak does not show the 0.177 Mev radiation which \IK>uld be eXt:>ected 

if the conversion electrons from the other three transitions were 

contributing strongly. 

The strong o.o648 Mev and O.o658 Mev K conversion peaks are 

resolved from each other but are both mixed with the 0.025 Mev L lines. 

The 0.0257 Mev transition must have an intensity of at least 0.03 per 

decay as it is the only mode of depopulation for the 0.0915 Mev level. 

If there is a beta group feeding the 0.0915 Mev level, the 0.0257 Mev 
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transition 111oOuld have to be still more intense. If at first one 

neglects the presence of such a beta group, estimates can be made 

of the K-conversion electron intensities for the o. 0648 and o. 0658 

Mev transitions. These are found to be 0.094 and 0.056 per dee~, 

respectively. It is note~ that if the intensity of the 0.0257 Mev 

transition were twice the value assumed above, the 0.0648 and 

0.0658 Mev K conversion intensities W>uld be affected only 15 to 

20 per cent. Similar crude calculations were made for the other 

conversion lines and small corrections applied for photon contrib

ution assuming E2 + Ml admixtures. The final estimates obtained in 

this fashion are entered in Table II with a dagger. It should be 

clear that these values have been arrived at in a rather arbitrary 

manner and that they could be in error by as much as 50 to 100 per 

cent. 

The intensities of the beta groups shown in Figure 19 have 

been deduced from the decay scheme, using the criterion that the 

total number of dec~s going to a.ey level must be the same as the 

number leaving that level. Exceptions to this are the 1.20 Mev beta 

group whose intensity was obtained from the Fermi analysis and the 

1.095 and 1.03 Mev groups whioh will be discussed later. It is 

seen that the beta intensities shown in Figure 19 are in reasonable 

agi-eement with the values obtained by Fermi analysis of the beta 

continuum. It is not known whether the 1. 20 Mev beta group feeds the 

ground state or the o.0048 Mev level, or whether it is actually two 

groups feeding both of these levels. Similarly, the 1.03 Mev group 

could feed either one or both of the levels at 0.168 Mev. 



4.2.6 Experiments with Low Energy Electrons 

One of the major changes in the structure of the level scheme 

brought about by this work is the prediction of a strongly fed level 

at 4.8 kev. It was felt that this structure could be verified by 

finding the conversion electrons from the 4.8 kev transition to the 

ground state. A thin source was prepared and mounted in the Gerholm 

spectrometer and a thin window Geiger counter, as described in 

Appendix B, was used as a detector. The spectrum obtained for 

electron energies from 3 to 8 kev is shown in Figure 14. The arrows 

in this fi1t1re show where the various M and N conversion electrons 

from the 4.8 kev transition w::iuld be expected. low energy calibration 

was accomplished by mounting an electron gun in the spectrometer in 

the position normally occupied by the source. By applying different 

accelerating voltages to this gun, calibration points were taken 

between 1.5 and 3.0 kev. Points at electron energies 18 kev and 

higher were obtained from the known lines in the decay of Pm151• When 

the electron momentum was plotted against the spectrometer current 

required to focus that momentum, the points obtained with the electrons 

from 1.5 to 3.0 kev were collinear with those at 18 kev and higher. 

Hence, it was assumed that the mmentum of electrons focused by the 

spectrometer was +inear with current for the entire region of interest. 

It was noticed, however, that the resolution of the instrument started 

to become poorer below about 20 kev until at 3 or 4 kev the resolution 

was about .5%, regardless of the baffle settings. It is felt that this 

effect may be the result of a change in the shape of the magnetic field 

as one goes to lower currents. No evidence for hysteresis in the iron 
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could be found at electron energies down to 3 kev as the peaks were 

found at the same current setting whether scanned with increasing or 

decreasing current. 

The low energy electron spectrum shown in Figure 14 shows 

evidence for the existence of a 4.8 kev transition in that peaks are 

found in the places expected. However, it is not considered to be a 

proof because the intense L-Auger electrons are expected to lie in 

this energy region also and the resolution is not good enough to 

separate the conversion electrons from them. 

Although it is energetically possible to have L-Auger electrons 

from 3.1 to 7.5 kev, analogy with nearby nuclides for which the L-Auger 

171 171spectra have been measured (Tm , Hatch·and Boehm (1957); r.u , 

Valentin (1962)) indicates that in Sml5l few or no L-Auger electrons 

should be found below about 3.8 kev, provided the various electronic 

transitions have roughly the same relative intensities in the Auger 

spectra of the different nuclides in this region. This \\QUld tend to 

indicate that the low energy peak at 3 kev in Figure 14 is due to M-

conversion electrons, while the spectrum from 4 to 7 kev is due to a 

mixture of Auger and N and 0 conversion electrons. 

This assumption has been verified by measuring the gamma 

spectrum in coincidence with each of the tl«> peaks seen at 3 kev and 

at 4. 4 kev in Figure 14. Auger electrons are produced by the re-arrange

ment of the atomic electrons following internal conversion. Therefore, 

in coincidence with Auger electrons one \\QUld expect to find the gamma 

rays which are in coincidence with strongly converted lines. The 



-85

o. 0648 Mev transition is strongly converted and there fore the o. 275 

Mev transition should be found in coincidence with the Auger lines. 

On the other hand, gamma-gamma coincidence experiments in the present 

work and also by Burson and Schmid (1958) have found no gammas in 

coincidence with the 0.340 Mev transition. Therefore, there should 

be no L-Auger electrons in coincidence with the 0.340 Mev gammas. 

However, it is seen from the decay scheme that the 0.340 Mev transition 

is expected to be found in coincidence with the 4.8 kev transition, 

provided the lifetime of the 4.8 kev level is shorter than or 

comparable to the resolving time of the coincidence circuitry. 

The gamma spectra in coincidence with the electron peaks at 

3 kev and 4.4 kev are shown in Figure 21 1 which also shows a single 

channel gamma spectrum for calibration. The difference between the 

t1t.0 coincidence spectra constitutes the proof of the existence of the 

4. 8 kev transition. 'rhe spectrum in coincidence with the 3 kev 

electrons shows a strong 0.34 Mev peak as expected for conversion 

electrons and which would not be present if the 3 kev electrons were 

Auger electrons. On the other hand, the spectrum in coincidence with 

the 4.4 kev electrons shows some 0.34 Mev radiation but also a 

stronger peak of 0.275 Mev gammas. This is caused by the fact that 

there are Auger electrons as well as conversion electrons in this peak. 

From the results of this experiment it is therefore possible 

to say that the existence of the 4.8 kev level has been confirmed and 

that the lifetime of this level is less than or co~parable to the 

resolving time of the circuit (in this case, 300 nanoseconds). 
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At about the same time, Geiger and Graham (1962) had 

independently verified the existence of the 4. 8 kev level by r~solving 

the various M, N and 0 conversion lines and separating them from the 

Auger lines. From the relative intensities of the M subshell con

version lines Geiger et al.(1963) conclude that the 4.8 kev trnnGition 

is Ml with an E2 admixture of ""'O. CJ?%. 

An attempt has also been made in the present ~rk to 

determine the lifetime of the 4.8 kev level, using the method of 

delayed co~ncidences. With the electron spectrometer set on the 

Auger and conversion electrons at 4.4 kev, coincident gamma spectra 

were measured for different values of artificially inserted delay in 

the t'AQ sides of the coincident circuit. The counts under the 0.34 

Mev peaks in these spectra were ~11 due to coincidences between 

conversion electrons and 0.340 Mev gammas and were used to plot the 

delayed coincidence curve shown in Figure 22. The counts under the 

0.275 Mev peaks in the same spectra were due partly to coincidences 

with Auger electrons and partly to coincidences with conversion 

electrons. The latter contribution was subtracted from each spectrum, 

using the ratio of O. 275 Mev counts to O. 340 Mev counts from the 

spectrum coincident with the 3 kev conversion electrons. After 

subtracting this portion, the remaining contribution, which was 

due to coincidences between Auger electrons and 0.275 Mev gammeR, 

was plotted as the dashed curve in Figure 22. The curves in this 

diagram have been normalized so that the area under each is the same. 

The difference in centroid positions along the time axis for the 
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ureas under these two curves is the mean life of thf' I•. 8 kev level 

minus the mean lives of the 0.06o/1 Mev level and of the electronic 

levels resulting in the Auger transitions. From Figure 22 this 

difference is found to be 28 ! 15 nanoseconds. It is seen from the 

work of Bamburg and Richtll\Yer (1937) that the electronic states 

leading to L-Auger transitions have level widths of the order of a 

few electron volts for Z ~ 60. Using the uncertainty relationship 

6.E At~--#\ , it is concluded that the lifetimes of the electronic levels 

are of the order of l0-15 seconds. As this is several orders of 

magnitude shorter than the centroid shift in Figure 22, .it can be 

ignored in this work. From the work of Chery (1962), it is concluded 

-10that the lifetime of the O.CJ597 Mev transition is ~ 5 x 10 sec, 

which is also negligible compared with 28 ! 15 nanoseconds. Hence, 

the dashed curve is considered to be a prompt curve for this 

particular electron energy. 

It has been observed that the collection time of the Geiger 

counter was dependent upon energy for low energy electrons. This is 

indicated by the fact that a different delayed coincidence curve was 

obtained for 0.340 Mev gamma coincidences with the M conversion 

electrons than for the N conversion electrons. These curves should 

have been identical if collection time effects were not present, but 

the centroid shift for the former was about 30 ! 10 nanoseconds greater 

than that of the latter. Also, the prompt curve in Figure 22 is 

delayed by 13 :t' 9 nanoseconds with respect to a prompt curve obtained 

at an electron energy of 0.25 Mev, using the same experimental set-up 
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with the beta-gamma and conversion electron-gamma coincidences in 

rr192• At first sight, it may seem unreasonable that the difference 

in collection time between 3 kev and 4.4 kev electrons is about 30 

nanoseconds, whereas, from the above, the collection time difference 

between 4.4 kev and 250 kev electrons is 13 ! 9 nanoseconds. However, 

it must be remembered that these are the electron energies before 

penetration of the thin VYNS window of the Geiger counter. As this 

window had a low energy cut-off for electrons of about 1.5 to 2 kev, 

a, 3 kev eleetron would lose a large fraction of its energy in passing 

through the window, whereas a 4.4 kev electron would lose a much 

smaller fraction. Also, the Geiger counter used was an end-window 

type with a glass bead on the end of the counter wire. It is felt 

that the glass bead may have effectively "shielded" a portion of the 

counter volume between the window and the wire, thus tending to dis

criminate against ).ow-energy electrons which could not travel very 

far through the counter gas. It should be pointed out that this 

dependence of collection time on energy \-tQuld not affect the relative 

displacements of the curves in Figure 22 as the data for these curves 

were being obtained simultaneously with electrons of the same energy. 

The only parameter which was different for these two curves was the 

energy of the coincident gamma radiation. Experience with the same 

ga.~mu detector operated in the same coincidence circuitry but with a 

resolving time of 12 nanoseconds showed no observable time shift fpr 

a change in energy from 0.100 Mev to 0.340 Mev. Hence, it is assumed 

that any such effect, if present, between energies of 0.275 and 0.340 
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Mev is negligible compared with the observed shift of 28 ! 15 

nanoseconds in Figure 22. This quantity represents the mean life 

of the 4.8 kev ievel and thus the half-life is 19 ! 10 nanoseconds. 

4. 2. 7 Additional Determinations of Transition Intensities 

Once the structure of the level scheme is known, it is possible 

to obtain from coincidence work some intensity data which would not 

otherwise be available. For example, the 0.100 Mev transition 

depopulates the 0.1048 Mev level, which is fed by a l• 09 Mev beta 

group, a o•.240 Mev transition and some higher energy transitions. 

The beta spectra in coincidence with the K and L conversion lines of 

the 0.100 Mev transition show beta groups with end-point energies of 

1.09, 0.850 and perhaps rv 0.40 Mev (see Figure 16). As the 0.240 

Mev transition is .the only mode of decay from the 0.3449 Mev level 

to the 0.1048 Mev level and the 0.3449 Mev level is not fed by gamma 

transitions, the ratio of intensities of the 1.09 and 0.850 Mev beta 

groups in this coincidence spectrum must be the ratio of intensities 

of the 1.09 Mev beta group and the 0.240 Mev transition. This ratio 

is measured to be o.60 ! 0.10 and the total probability per decay of 

the 0.240 Mev .transition is 0.031 + 0.014. Hence, the 1.09 Mev beta 

group makes up 0.019 ! 0.010 of the total dec8iY• This group is too 

weak to be found in the Fermi analysis of the total beta contiIWum, 

as it is surrounded by several groups which have much greater intensities. 

'l'his measured intensity for the 1.09 Mev beta group may be too large, 

since the conversion lines of the weak 0.0980, 0.0986 and 0.1019 Mev 

transitions were not resolved from the 0.100 Mev conversion lines. 
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The coincidence experiment discussed above alBo provides a 

check on some of the data presented earlier in this chapter. When 

spectrometer number 2 is set to focus a conversion line from the 

100 kev transition, the peak counting rate is 

(7) 

The nomenclature is the same as that used in section 3.3.2 and the 

subscripts on f and ::H. here refer to the transition energy. In 

this section, a factor E is explicitly included to take into account 

an;y decrease in counting rate on the low energy conversion peaks due 

either to a detection efficiency less than unity or to a reduction 

in peak height caused by source thickness. The area under the 

coincidence beta spectrum with end-point energy of 850 kev is 

(8) 

f is the sum of the probabilities of transitions which depopulate
B 

the 0.1048 Mev level. It is seen that (8)/(7) gives the ratio 

r24r/fs since 001 and 'l 1 are known. From the coincidence experiments, 

f24r/fs = 0.35 ! 0.08. This quantity is actually the ratio of r240 to 

the total population of the 0.1048 Mev level. From Table II and the 

decay scheme, this value is found to be 

The good agr-eement between these independent measurements tends to 

confirm the intensity data and proposed level structure presented 

earlier in this chapter. 
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In a similru· manner, coincidence experiments with the 

0.163, 0.168 and 0.177 Mev doublets provide an independent mean~ 

of obtaining some intensity data. For instance, consider the beta-

gamma exprriment with the 170 kev photopeak (see Figure 18). 

Suppose spectrometer numbf'r 1 counts gammas and 'number 2 scans 

the beta spectrum. 'rhP area under the single channel beta 

spectrum in number 2 is 

N2 (9)J- dp = N w2 '1.2p 0 .. 

At first we shall neglect internal conversion in expresnioru; 

for photon intensities and ignore tran.sitions depopulating the l'~velG 

;it 0.168 Mev other than the 0.163 and 0.168 Mev doublets. 'rhen 

the partial coincidence beta spectrum with end-point energy of 

0.850 Mev has an area 

(lo) 

Here E is the efficiency of the NaI(Tl) detector for the unresolved
1 

gammas in the 170 kev photopeak. The coincidence partial beta spectrum 

with an end point of 1.03 Mev has an area 

(11) 

where 7 and 0168•4 are the intensities of the beta groups feeding6167•

levels at 167.7 and 168.4 kev, respectively. 
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The factor (l)l f 
1 

can be found from an electron-gamma 

coincidence experiment using the same geometry for the NaI(Tl) 

counter. In this case the internal K-conversion peak height for 

the 0.177 Mev transition in spectrometer number 2 is 

(12) 

The rate of coincidences between this conversion peak and the 

gamma photopeak is 

(13) 

Thus it is seen that the ratio 

These experiments result in a value for +f177•1 t 176.5 
Of O.<X) ! 0.02, in g'OOd agreement With the value of O.<X)3 ! 0.012 

given in Table II. Extending the above expressions to correct for 

the reduction of photon intensities due to internal conversion 

re~ults in only a small change in the above value, as the new terms 

added tend to cancel out. The exact amount or direction of this 

correction is difficult to predict without more detailed knowledge 

of the decay, but the net effect is probabll' not greater than ten 
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or fifteen per cent of the value quoted above. Including the 

presence of the 76 kev transition depopulating the level at 167. 7 

kev would affect expressions (10) and (11) by about 5% and 1~, 

respectively, and thus \l.Quld lower the above value by approximately 

It is seen that the quantity (11)/(lO) gives the ratio of 

the number of betas feeding the t\IQ levels at about 168 kev to the 

number of 177 kev gammas feeding these levels. In the eXperiment 

discussed above, (11)/(10) = 0.284 ! o.o4, indicating that the 

ratio of betas to 177 kev gammas is 0.57 ! 0.08 and hence the sum 

of the intensities of the two beta groups is 0.034 ! 0.011. If 

one calculates from the decay scheme and Table II the intensities 

of gammas feeding into and out of this pair of levels, it is found 

that a beta intensity of IV 9J6 w:>uld be required to complete the 

balance. However, the gamma spectra in coincidence with the K-con

version lines of the 0.163 and 0.168 Mev transitions contain some 

transitions in the energy region from 0.55 to O. 80 Mev. These 

transitions are not shown in the decay scheme, but they are known 

to feed one or both of the levels at about 0.168 Mev. Their 

estimated intensity is 0.04 t'o.02 which accounts for a large 

portion of the discrepancy discussed above. 

4.3 Discussion 

The decay scheme presented in Figure 19 has been proposed to 

eXplain the results obtained during the course of the present work. 
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The levels at excitation energies of 0.0048 Mev, O.o696 Mev, O.lo48 Mev, 

0.345 Mev, o.445 Mev, 0.740 Mev, 0.820 Mev and the existence of one 

level at about 0.168 Mev have been established on the basis of both 

energy fit and coincidence experiments. The levels at O.o658 Mev, 

O. 0915 Mev, O. 209 Mev, o. 324 Mev and the existence of the doublet at 

0.168 Mev were added by Geiger and Graham (1962) on the basis of precise 

energy measurements of conversion electrons. 

The intensities of the gamma transitions were obtained by 

measuring aK for the 0.340 Mev transition and comparing the conversion 

electron intensity to the total beta intensity. The strengths of the 

low energy transitions were estimated from conversion electron intensities. 

The distribution of beta group intensities which would be required to 

satisfy the level scheme is in reasonable agreement with that obtained 

by a Fermi analysis of the beta spectrum. The only case where there 

is any discrepancy is the 0.750 Mev group which is found from the Fermi 

analysis to be 11 per cent, but the transitions depopulating the o.445 

Mev level add up to only 4.7 per cent of the decay. 

The total intensity of all the transitions leading to the ground 

state and the o.0048 Mev level, including the 1.195 Mev beta group, adds 

up to 95 :per cent. Since this quantity depends on the normalizatio·n 

of the gamma intensities to the total beta intensity, it is subject to 

errors in the measurement of aK for the 0.340 Mev transition and in the 

total beta continuum. It is also possible that the detector efficiency 

was less than 100 per cent for the conversion electrons below 60 kev 

which make up an appreciable fraction of the intensity feeding the ho 

lowest levels. In view of these uncertainties, it is considered that 
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the beta and gamma intensity scales are consistent. 

The beta intensities and corresponding log ft values for the 

various beta groups are shown on the decay scheme. The log ft values 

151•are insufficient to give much indication of the level spins in sm

In some cases this is so becausH only lower limits are established. 

In other cases, even though the log ft values may be well known, this 

does not determine the type of beta transition uniquely. For instance, 

the 0.850 Mev beta gr-oup has a log ft value of 6.8. This could be 

either a first forbidden or an allowed hindered transition (see Table 

IX of Motte!son and Nilsson, 1959). It is known from section 4.2.5 

that the levels at 0.0048 Mev, 0.0696 Mev, 0.1048 Mev and 0.209 Mev 

have the same parity as the ground state, whereas the levels at 0.821 

Mev, o.445 Mev, 0.345 Mev and one level at 0.168 Mev have the opposite 

parity. Thus, if the 0.850 Mev beta group is first forbidden, the 

1.195 Mev, 1.13 Mev and 1.09 Mev groups must be either allowed or 

second forbidden. The log ft values for these groups range from 7.8 

to 8.5 which do not seem reasonable for either allowed or second 

forbidden transitions. The more logical choice is that the O. 850 Mev 

group is an allowed hindered transition and then the above three groups 

could be first forbidden. This implies that the 0.38, 0.45 and 0.75 

Mev beta groups, with log ft values of 6.6, 7.0 and 7.6, respectively, 

are also allowed hindered. It also implies that the ground states of 

Pml5l and Sml5l have opposite parities. 

The recently published data of Harmatz et !!!.· (1962) are shown 

in Table IV and in Figure 23. It is seen that these data :further 
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TABLE IV 

Internal conversion electron data 

from the work of Harmatz ~ !!_. (1962) 

Transition 
energy 
(keV) K Lu Lm M N Remarka•·b 

25.6 
35.15 
58.6° 

" rv10 -60070 
25 " 80 

25 

......00 
35 

tl 

15 
10 

Et 
Mt/E2•2

E2 
61.0 .....,13 13 w E2 
64.85 >1000 400 w " 100 30 Mt 
65.8 
69.7 

>700 
>300 

......280d 
85 

70 
....,3 

(j() 

" 
80 
25 

20 Jfl/E2,,,.30 
Ml 

76.2 >100 ......17 105 115 70 12 E2 
77.2 20 tl 
89.00 8 w 

100.05 1000 <250d SO 15 Ml 
101.9 
104.85 

SQ 
-125()<1 

13 
210 

e 
17 

t11 
SO 12 

Et 
Ml 

105.8° -15 
109.6° ......10 w 
ll2.05• ......12 
139.4 <25()<1 ......20 
143.2 27 8 
149.6° ......g 
156.25° 20 "--6 
163.0 
163.6 

14 
200 

e
JO e ......5 tl El 

167.8 175 23 tl d 
168.4 130 19 " " 177.2 
186.4° 

390 
.....,5 

58 
w 

e 18 Ml 

188.1• -s w 

Energy 
(keV) K Lr Lu Lin M Remarks•·• 

208.9 120 20 e 6 Ml 
219.5• "'232.35• 70 Mt 
236.8° 15 
239.9 45 
251.1° 

257.5• "' "'275.05 
280.00 

55-11• 8., 
290.8 3.3 
323.7• 9 
339.65 100 15 
344.4 11 "' 

Energy Energy Energy 
(keV) K (keV) K (keV) 

358.8 w 447.3• 3.5 S47.0 
394.5 ....,5 459.0 555.5• 
422.9 ....,5 464.3 715.3• 
433.6 ........5 467.8• 833.4 
440.l ....,5 498.l• 838.2 
445.0 12 542.0 850.7• 

• MultfPole usl1nment1 are baaed In KIL and L-aubeheU ratloe. I 
• Intensity data are normalized to 1250 unite for the moat prominent 

Une. "•" Indicate• weak line. 
• Con"'raton line I• partially reeol"'d. 
•Conversion line 11 a composite of two different line• 
• Not pl~d In decay echeme. 
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veri:fy the level structure proposed in Figure 19. In addition, they 

provide relative conversion electron intensities and multipolarities 

for some of the transitions which were not resolved in this laboratory. 

These multipolarities are consistent with the parity assignments of 

Figure 19, with one exception. Harmatz et ~.(1962) suggest that both 

of the levels at 0.168 Mev have parity opposite to that of the ground 

state. However, Ewan (1962) has shown that the two levels at 0.168 Mev 

do not have the same parity. From the \\Ork of Harmatz et al. it is seen 

that their parity assignment for the 0.1677 Mev level is based on the 

multipolarities of three transitions, whereas that of the 0.1684 Mev 

level is based on the multipolarity of only one transition. As the 

0.1677 K and 0.1684 K peaks have approximately the same intensity but 

the 0.1635 K peak is much stronger than the 0.1629 K, it is seen that 

the relative intensities and "average" values of a.K in Table II are 

consistent with the assumption that the 0.1629 and 0.1677 Mev transitions 

are El, while the 0.1635, 0.1684 and 0.1771 Mev transitions are E2 + Ml. 

This means that the 0.1684 Mev level would have the same parity as the 

ground state, whereas the 0.1677 Mev level "90uld have opposite parity. 

At the present time, no direct measurements of the spin, magnetic 

dipole moment or electric quadrupole moment of the ground state of Sml5l 

have been made. Hence, any assignments of the spin and parity of this 

state are necessarily based on speculation. If one investigates the 

trends in nuclear properties with mass numbers, it is seen that this 

nuclide poses a difficult problem from the theoretical point of view. 

It is well known that a sudden increase in the deformation of nuclei 

is found as the mass number increases through the value A-150. To 
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be more exact, the sudden increase in deformation is found between 

neutron numbers 88 and 90; nuclides with 90 neutrons usually having 

a large deformation, whereas those with 88 neutrons have a relatively 

small deformation (Mottelson and Nilsson, 1959)), 'rhe nuclide Sm151 

has 89 neutrons and therefore is in the transition region between the 

above two cases. 

'l'he Nilsson model of the deformed nucleus (Nilsson, 1955) has 

had great success in explaining the level schemes of many nuclei with 

large permanent deformations. However, Sml5l is ju§t on the edge of 

the region where large deformations are found so it is not certain that 

the Nilsson model can be expected to explain the level structure shown 

in Figure 19. Perhaps an extenslon of the Davydov-Filippov model, 

such as has been worked out by Hecht and Satchler (1962) should really 

be used in the present case, since this theory is intended to be applic

able even in the transition regions from small to large deformation. 

On the other hand, the experimental data available are insufficient to 

make unique spin and parity assignments to the complex of levels identi

fied. Thus, one cannot proceed from either a secure experimental or 

a secure theoretical base to make interpretations. One fact, obvious 

from the large number of low-lying excited states, is that collective 

motions must play an important part in the interpretation of the 

level scheme. 

'rhe ground state spin of Prnl5l has been measured to be 5/2 

(Cabezas tl !!!-1961). The Nilsson diagram {Figure 3 of Hottelson 

and Nilsson, 1959) shows that there are t';«> possible particle states 

with spin 5/2 for the 6lst proton. For a deformation o > 0.2 the odd 
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proton should be in the 5/2 5/2 - [ 532] orbital, whereas for 6 < O. 2 

it is expected to be in the 5/2 5/2 + [413) orbital. (Quantum numbers 

used here are JK re ( N n A) as in section 2.3.) Harmatz tl al. (1962)
3 

151have assigned the 5/2 5/2 - ( 532] orbital to the ground state of Pm

because there are 90 neutrons and therefore the deformation is probably 

quite large. 

It is seen from the decay scheme in Figure 19 that in the present 

work the 5/2 5/2 + [ 413) orbital has been assigned to the ground state 

P 151 
o f m • This decision was made on the basis of the magnetic dipole 

and electric quadrupole moments which have been measured by Budick 

(1962) to be 1.8 ! 0.2 nm. and 2.9 ± o.4 barns, respectively. The top 

half of Figure 24 shows the expected values of the electric quadrupole 

moment calculated as a function of the deformation o, for both weak 

coupling and strong coupling cases. 'rhe cross-hatched area indicates 

the experimental value of 2.9 ! o.4 barns. In view of the fact that 

Pm151 has many low-lying levels and appears to have a rotational band 

based on the ground state (Schmid and Burson, 1959), it seems logical 

to assume that this nucleus approaches the strong coupling limit. Hence, 

the quadrupole moment measurement indicates that the deformation is 

probably in the region of o"' 0.3. 

The lower half of Figure 24 shows the theoretical values of the 

magnetic dipole moment for the 5/2 5/2 + ( 413] and 5/2 5/2 - [ 532] 

orbitals calculated from the Nilsson model. Again, the cross-hatched 

area indicates the experimentally observed value. It is seen that 

neither orbital has a dipole moment which agrees with the experimental 

measurement for a deformation of l'V0.3, but the 5/2 5/2 + [413] orbital 
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would fit the experiment for small deformations. It is noted, however, 

that the solid lines in the diagram represent extreme "single particle" 

limits and if any quenching of the intrinsic proton moment takes place 

the values for the 5/2 5/2 + [ 413] orbital \\Ould be raised and those 

for the 5/2 5/2 - [ 532] orbital would be lowered. The maximum 

possible variation which can be attributed to such quenching is shown 

by the dashed lines in Figure 24 where the calculations have been 

carried out assuming no anomalous proton magnetic moment (i.e. using 

a spin g-faator of 2). It is seen that such a strong measure as this 

would bring values for the 5/2 5/2 + [ 413] orbital into an agreement 

with experiment but would not do so for the negative parity orbital. 

In view of the discrepancies between the various values of magnetic 

dipole moments found in the literature, it is also possible that the 

•experimental value of 1.8 nm is slightly too large. Since, in general, 

the 5/2 5/2 + [ 413] orbital is closest. to the experimental value, it 

has been chosen for the ground state of Pm151 in the present \\Ork. The 

fact that neither of the orbitals agrees well with the experimental 

measurement could be an indication that the simple Nilsson model is 

not really applicable to this nucleus. For instance, a deviation from 

•Lindgren (1962), for instance, discusses some of the difficulties in 
interpretation of the experimental data which give rise to uncertainties 
in the quoted values for the moments. Budick (1962) has actually 
measured the ratio of the magnetic moments of Pml51 and Pml47 and used 
the atomic beam measurement of 3.2 nm for Pml47 to get the value of 
1.8 nm for Pml51. However, Stapleton et al. (1961) have measured the 
Pml47 magnetic moment to be 3.0 ± 0.3 iiiii and Klinkenberg et ~ (1960) 
obtain a value of 2.7 :t: 0.3 nm from optical spectroscopy. If one of 
these lower values is used, the experimental value for the magnetic 
moment of Pml51 't.OUld be reduced by the same proportion. 
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axial symmetry could have an effect upon the magnetic moment. 

Unfortunately, the calculations of Newton (1960) do not pp to high 

enough values of Z to settle this point. 

If the ground state parity of Pml5l is even, then that of 

Sml5l must be odd, because it was shown earlier in this section that 

the two must be opposite. The ground state spin of Sm151 must be 3/2, 

5/2 or 7/2 because it decays to the spin 5/2 state of Eul5l by means 

of an allowed or first forbidden beta transition (log ft = 7.5). Thus, 

the choice is narrowed down to the Nilsson orbitals with spin 3/2, 5/2 

or 7/2 and odd parity. The orbitals which best satisfy these conditions 

are the 3/2 3/2 - ( 521] and 5/2 5/2 - ( 523]. further away from the 

N = 89 position in the Nilsson diagram is the 3/2 3/2 - [ 532]orbital. 

The assignment of any of these orbitals to the ground state of Sml5l 

differs from the choice of Harmatz !!, !!_. (1962) who have assigned the 

3/2 3/2 + [651) orbital to this level from analogy with isotone 

Gdl53 and with odd-A Z =89 isotopes. 

From the above discussion, it is seen that the problem of a 

spin and parity assignment for the ground state of sm151 is still un

settled and that assignments to excited levels are therefore speculative 

in nature• However, from their multipolarity measurements, Harmatz ~ 

al.(1962) have set up a possible spin sequence, assuming the ground state 

to be 3/2 + as mentioned above. They have then proceeded to suggest 

possible assignments for some of the levels on the basis of the Nilsson 

model. These assignments, which can be seen in Figure 23, have been 

given with due consideration for the trends of the Nilsson orbitals in 

neighbouring rmclides. In general, it is seen that these assignments, 
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although not necessarily unique, are consistent with the observed 

transition intensities and mixing ratios. There are only one or two 

curious circumstances which might be pointed out. For instance, it 

is unusual that no levels with spin 7/2 are found. There should be 

an abundance of 7/2 levels in rotational bands based on the 3/2 and 

5/2 states. The beta transitions from spin 5/2 Pm151 to 7/2 levels 

in Sml5l should be comparable in intensity to those which feed 3/2 

and 5/2 states and stronger than the transitions feeding states with 

spin i· 

It is also noted that the i + [ 660J orbital is a case with 

K = i and hence may have a distu~bed ordering of the levels in the 

rotational band due to the Coriolis term (see section 2.2). Calcul

ations based on Nilsson's model show that, for O.l<C>(0.3, the de

coupling parameter, a, has a value between 6 and 7. This value is so 

large that one w::>uld expect the 5/2, or perhaps even the 9/2, level 

in the rotational band to have the lowest energy. In the decay scheme 

shown by Harmatz et !!•(1962) this orbital is assigned to the level at 

4.8 kev and the level with spin i has the lowest energy. 

One more interesting point is that the 0.0762 Mev E2 transition 

has an intensity approximately 18% as great as the 0.1678 Mev El 

transition depopulating the same level. Estimates of the probabilitiee. 

for single particle transitions indicate that the El transition should 

be approximately lcP times as fast as the E2 transition. It is logical 

to assume that the observed enhancement is due to collective motions 

and that the 0.0915 and 0.1678 Mev levels are part of the same 

rotational band. 
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The assignments shown on the level scheme in Figure 19 are 

suggested with the above difficulties in mind. Following Harmatz et al. 

(1962) the levels at 0.0658 and 0.06'1? Mev are assumed to be rotational 

levels based on the ground state and the O.oo48 Mev level, x~.spectively. 

The Ml character of the o. 0649, o. 0658 and O. 06'11 Mev transiUo.w; and 

the E2 character of the 0.610 Mev transition are explained very nicely 

by assuming the spin sequence I, I-1, I+l, I for the first four ievels. 

It is seen that the 0.0256 Mev transition feeding the 0.0658 Mev level 

is El and that no competing transitions to the levels at O, 0.0048 or 

O. 06'11 Mev are observed. This suggests a spin of I + 2 for the positive 

parity level at 0.0915 Mev. 

It was shown earlier in this section that the only negative 

parity 	Nilsson orbitals which were logical choices for the ground state 
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of sm were 3/2 3/2 - [ 521J , 3/2 3/2 - [ 532) and 5/2 5/2 - ( 523]. 

From the above discussion, it is seen that the first two of these would 

result in a spin of 7/2 for the O. 0915 Mev level. As there are no 

Nilsson orbitals with spin 7/2 predicted, it seems more logical to choose 

the 5/2 5/2 - ( 523] orbital for the. ground state, in which case the 

0.0915 Mev level is 9/2 + • If one assumes that this is the 9/2 level 

based on the i + [ 660] orbital and that the level at 0.1678 Mev is· the 

5/2 + member of the same rotational band, the available multipolarity 

data for these two positive parity states can be explained nicely. 

Also, from the \<vOrk of Harmatz tl al., the gamma intensity feeding the 

0.0915 Mev level is somewhat greater than the estimated intensity of 

the 0.025 Mev transition. ~hus, any beta group which feeds the 0.0915 

Mev level is probably quite weak. This would be expected if the level 
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were 9/2 + as the beta transition would be second forbidden. 

If the above assignments are correct, the spins of several other 

states can be predicted. The 0.1048 Mev level must be either 3/2 - or 

5/2 - because of the Ml transitions to the ground state and O.oo48 Mev 

level. In view of the fact that no transition to the 7/2 - level at 

0.0658 Mev has been found, the choice of 3/2 - seems most probable. 

·rhe level at 0.3239 Mev decays by El and Ml transitions to the ground 

state (5/2 -) and 0.0915 Mev level (9/2 +), respectiv0ly, and hence 

must be 7/2 +· The 0.1684 Mev level feeds the O, 0.0048, o.06'!7 

and 0.0915 Mev levels and thus has a spin of either 5/2 or 7/2. This 

may be the 7/2 + member of the rotational band based on the 0.0048 Mev 

level. Similarly, levels at 0.2090, 0-3449 and o.4445 Mev munt have 

spins of 3/2 or 5/2. 

If one examines the decay from the 0.3449 Mev level, strong 

El transitions are found to the 0.0048 and 0.06'!7 Mev levels. The 

fact that these transitions are considerably stronger than the El ground 

state transition is further evidence that the levels at o.oo48 and o.06'!7 

Mev may be members of a rotational band. It is an easy matter to calculate 

the relative intensities of single particle transitions from a given state 

to the various levels in a rotational band because the dependence on the 

initial and final spins can be absorbed into a geometrical factor which 

does not depend on the nuclear properties. Following Preston (1962) the 

reduced transition probability (see section 1.3) can be written 
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It is seen that the only dependence on the J's occurs in the Clebsch-

Gordan coefficient. Hence, for given values of K's and J's, the ratios 

of the transition intensities arc simply ratios of Clebsch-Gordan 

coefficients. Such ratios have been calculated for the 0.340 and 

0.275 Mev transitions assuming the most probable values of J and K 

for the 0.3449 Mev level. The calculations have also been made for 

different J and K assignments for the 0.0048 and 0.0697 Mev levels. 

'rhe results are given in the following table where the energy dependence 

of the transition rates has also been included. 

Assumed J and K for the level at T(El)340 
013'•49 Mev 0.0697 Mev 0.0048 Mev T~El~275 

J K J K J K 

3/2 3/2 5/2 3/2 3/2 3/2 2.82 

5/2 3/2 5/2 3/2 3/2 3/2 1.95 

5/2 5/2 5/2 3/2 3/2 3/2 4.40 

3/2 3/2 3/2 1/2 1/2 1/2 2.35 

3/2 1/2 3/2 1/2 1/2 1/2 9.4 

5/2 5/2 7/2 5/2 5/2 5/2 4.70 

7/2 5/2 7/2 5/2 5/2 5/2 1.02 

5/2 3/2 7/2 5/2 5/2 5/2 0.75 

The P.xperimental value for this ratio is 3.3 ! o.4 which not only 

suggests that the 0.3449 Mev level is· 3/2 3/2 but tends to confirm the 

assignments already made to the 0.0048 and 0.0697 Mev levels. 
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Another pertinent experiment which should be considered is a 

gamma-gamma angular correlation measurement by Chery (1962). The 

116511angular correlation patterns have been measured for the - 275, 

11 10011 - 240 and 11 16511 - 11 17511 kev cascades. It is now known that each 

one of the photopeaks considered "t.Ould include several transitions and 

thus it may be difficult to determine which cascade is responsible for 

any anisotropy which may be found. 

It is customary to write w(9) = 1 + A P (cos9) + A P (cos9)2 2 4 4

where w(9) is the probability that the cascading gamma rays will be 

emitted at angle 9 to each other, the A's are constants and the 

P(cos9 ) are Legendre polynomials. Chery (1962) gives the following 

values for A and A for the three cascades measured.2 4 

A2 A4Cascade 

11 6511 - 275 0.090 +- 0.011 - 0.078 +- 0.011 

11 10011 - 240 0.080 +- 0.017 0.062 +- 0.018 

1116511 - "175" 0.180 +- 0.080 - 0.057 -+ 0.081 

The third cascade is largely made up of the 0.1771 and 0.1677 Mev dipole 

transitieins. With the spin sequence 3/2,5/2,5/2 shown in Figure 19 for 

this cascade, one would expect A = - 0.043 (Ferentz and Rosenzweig (1955))2 

which does not agree with the measured value of 0.180 ! 0.080. The 

0.1771 - 0.1629 Mev cascade, which would also be included in this 

measurement, 't>Quld have a spin sequence 3/2,5/2,3/2 for which A = + 0.14
2 
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but this should not change the pattern very much as the 0.1677 Mev 

transition is much stronger than the 0.1629 Mev transition. The 

experimental value would be better explained by assuming J = K = 5/2 

for the 0.3449 Mev level (which is not quite as probable on the basis 

of the El intensity ratios discussed earlier). Then the spin sequence 

would be 5/2,5/2,5/2 for which A = 0~18. However, it is difficult to2 

estimate how much weight should be put on the angular correlation 

experiments when there is the possibility of other interfering trans

itions. For instance, it is noted that the first t~ cascades above 

have very large values for A but, since these are all dipole transitions,4 

A4 should be zero. In view of the fact that the experimental values for 

these t\\Q cascades do not agree with the well-substantiated multipolarity 

results, the data for the third cascade may be questioned, as they are 

subject to similar experimental difficulties. Thus, although there is 

some doubt, it seems most likely that J = K = 3/2 for the 0.3449 Mev 

level and the 3/2 3/2 + ( 651] orbital has been assigned to this state. 

In view of the lack of knowledge which still exists concerning 

spin values for other states, it seems pointless to make f\.trther 

assignments of orbitals. It is seen, however, that there are many 

Nilsson particle states in the region and only a few of them have been 

used in Figure 19. 

An examination of the trends of single particle states in 

neighbouring nuclides (see, for example, Table XXXl of Harmatz !!! ~· 

(1962)) shows that the assignments suggested in Figure 19 are not 

unreasonable if one considers that Sml5l may not be strongly de formed 
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and that the deformation may be different for the various intrinsic 

states. The choice of spins and parities in E'igure 19 overcomes some 

of the weak features present in the decay scheme given by Harmatz et !!• 
(1962). However, there is not enough evidence as yet to say which, if 

either, of the two schemes is correct and there still may be some 

questions \~hich neither scheme explains well. For instance, there is 

still no good explanation for the fact that the El transition from 

the 0.3449 Mev level to the 0.00485 Mev level is enhanced more than 

an order of magnitude over the ·E:l ground state transition. 

Whereas it is not yet possible to make unique spin and parity 

151assignments for the levels in sm , the future looks bright. Mr. 

Keith Eastwood of the Atomic Beams Group at this university has under

taken to measure the spin and magnetic moment of the Sml5l ground 

state. Also, when the complete results of Geiger and Graham (1962) 

and Ewan (1962) become available, it is certain that multipolarities 

will be known for more of the transitions. The additional information 

from these sources should remove most of the ambiguities discussed 

above. 



SUMMARY 

].:he trannitions in Sm151 following the beta decay of Pm151 

have been studied by internal and external conversion techniques. 

In addition, a series of coincidence experiments were performed with 

a double lens coincidence spectrometer. A decay scheme containing 

39 transitions and 14 levels has been proposed. The levels at 

excitation energies of 0.0048, O.o697, 0.1048, 0.345, 0.445, 0.741 

and O. 821 11ev and the existence of one level at about 0.168 Mev have 

been established on the basis of both the energy fit and coincidence 

experiments. 'l'he levels at o.o658, 0.0915, 0.209 and 0.324 Mev and 

the existence of the doublet at 0.168 Mev were added by Geiger and 

Gro.ham (1962) on the basis of precise energy measurements of 

conversion electrons. 

'l'he strengths of the beta groups feeding various levels were 

obtained by Fermi analysis of the beta spectrum or by coincidence 

measurements. In general, the values obtained are found to give a 

good balance of intensities feeding into and out of each level. The 

total decay energy of Pm151 is 1.195 ! 9.010 Mev. 

One of the interesting features of this decay scheme is a 

level at o. 0048 Mev. The conversion electrons of the ground state 

transition from this level have been observed and the half-life of the 

+state has been measured to be 19 - 10 nanoseconds. 

Finally, speculations are made concer.ning the possible inter

pretation of the levels on the basis of the Nilsson model. These 

suggestions are compared with similar conjectures reported in a recent 

article by Harmatz et ~· (1962). 
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APPENDIX A 

SOURCE PREPARATION 

For the stu~ of beta spectra and internal conversion lines, 

it is necessary to have "thin" sources in order to reduce the amount 

of energy lost by the electrons in escaping from the source material. 

The actual thickness which can be tolerated increases with electron 

energy. In many studies, the source thickness places a lower limit on 

the energy of electrons which can be used in a given experiment. 
. 151

Fortunately, the nuclear reactions used to produce Pm make it 

possible to prepare carrier-free sources by an ion exchange separation. 

A vacuum sublimation technique can then be used to deposit the active 

material on the source holder in what, theoretically, could be a 

monatomic layer. 

For the sources used in the present stu~, approximately 3 to 

1?05 mg. of Nd, enriched to 95.65 percent Nd , were irradiated in the 

McMaster reactor at a flux of 1.5 x 1013 n/cra2/sec for period'3 of from 

151 1518 to 70 hours. Neutron capture resulted in Nd which decayed to Pm 

by beta emission with a half life of 12 minutes. Hence, about two hours 

after the end of irradiation essentially all of the Nd151 had decayed to 

the 27.5 hr. Pm151• After removal from the reactor, the quartz capsule 

containing the sample was broken under 6N HCl and the contents were 

dissolved by heating. The solution was evaporated to dryness, re-dissolved 

in water and placed on an ion exchange column containing Dowex 50, 400 mesh, 

cation resin. This column was o. 3 cm in diameter ar..d 10 cm long. It 
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had previousl3 been washed with a solution of NH Cl and rinsed with4

water. After making sure that the Ndl5l had had time to decay to 

Pml5l the material was eluted from the column with alpha-HydroJcy"

isobutyric acid with a pH of 4.2. The activity in the solution which 

dripped from the bottom of the column was monitored with an end window 

counter and as the different elements came down, at different times, 

they were collected in different beakers. The Pm was thus separated 

from the other activities amongst which were found Tb160, Gdl59, 

Eul52m, Sml53 and Ndl47. 

The solution containing Pm was then acidified with HCl and 

placed on a second column containing Dowex 5ow, 100 - 200 mesh, cation 

resin. After washing with distilled water and l.5N HCl the Pm was 

eluted from the column with double distilled 6N HCl. This solution 

was placed under a heat lamp and evaporated until only a small drop 

of liquid remained. For most of the earl3 sources, this drop was 

transferred with a pipette to a VYNS or mylar source holder. 

For later sources, intended for experiments with low energy 

electrons, much thinner sources were made by a vacuum sublimation 

method. The apparatus for this process is shown in Figure 25. The 

small drop containing the Pml5l activity was placed in an indentation 

in the flat tungsten filament and dried with a heat lamp. The vacuum 

system was pumped down to a pressure of about 10-3 mm of Hg and pulses 

of current applied to the filament. As the material sublimed from 

the hot filament, some of it was deposited on the source holu~r which 

consisted of 800 FJO!cm2 aluminum foil, masked to limit the size of 

the source. 



-i15

MASI< TO 
LIMIT SIZE 
OF SOURCE HEAT SINK 

ALUMINUM 
SOURCE BACKING 

TUNGSTEN 
FROM FILAMENT 

CURRENT 
SUPPLY 

APPARATUS FOR PREPARATION OF 
SOURCES BY VACUUM SUBLIMATION 

FIGURE 25 

DIFFUSION 

PUMP 




-116

It was found that the drop of material invariably contained, in 

addition to the Pm, a small amount of inactive material which, if allowed 

to remain mixed with the activity, seriously increased the source thick

ness. However, it was found to have a lower sublimation temperature 

than the Pm and thus a separation could be effected on this basis. 

The voltage of the pulses applied to the filament was gt>adually increased 

until the filament glowed with a reddish-yellow heat with each pulse. 

At this temperature, the unwanted inactive material sublimed. A new 

source holder was then installed and the voltage of the pulses again 

increased until the Pm sublimed at a white heat. In this manner sources 

were obtained which were so thin that they could not be seen. It was 

found necessary to pulse the current to the filament in order to avoid 

melting the aluminum source holder. Periods of about one second on 

and ten seconds off were found to be satisfactory. The Timer and 

power supply circuits which were used for this purpose are shown in 

Figure 26. 
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APPENDIX B 


GEIGER COUNTER FOR WW ENERGY EI.mTRONS 


The anthracene crystal-photomultiplier assembly normally 

used as a detector in the Gerholm spectrometer was unsatisfactory 

for low energy electrons because the signal was masked by photo

multiplier noise. Whereas the 18 kev K-conversion line of the 65 kev 

transition could be found with this detector, the efficiency was only 

20 to 30%. For electron energies below 30 kev, it was not possible 

to obtain a "plateau" in the single channel discriminator bias curve. 

Thus, when it was decided to look for the conversion electrons from 

the 4.8 kev transition, a more efficient detector was required. 

For this purpose the Geiger counter shown in Figure 27 was 

constructed. The window of this counter had to be thin enough to 

transmit 3 kev electrons but strong enough to withstand a gas pressure 

of several centimeters of mercury. At the suggestion of J. s. Geiger, 

of the Chalk River Laboratories, the window was constructed of 

laminated VYNS films supported by an electro formed nickel grid. 

The grid used had a spacing of 100 lines per inch and an open area 

of 8()%. VYNS films which had been formed on water and picked up 

with a wire hoop were allowed to stand for about a <lay. Ones which 

had not developed visible pinholes after this length of time were 

selected and laminated onto the nickel mesh in the dry condition. 
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Experience showed that four films usually gave first-order reinforce

ment of reflected light in the purple to blue region. According to 

Pate and Yaffe (1955) this corresponds to a film thickness of 30 to 

35)' gm/cm2• For the actual experiments, only tlr.o such films were used 

2and hence the window thickness was estimated to be 15 to 18)1 wn/cm • 

The counter was mounted in the pole face of the spectrometer 

in such a manner that the window was in the position normally occupied 

by the anthracene crystal. A filling of 1 part ethanol to 3 parts 

Argon (by volume) at a total pressure of 8 cm of Hg was usually used. 

Coincidence experiments with this detector were limited to a resolving 

time of about 300 nanoseconds due to the .inherent time jitter in the 

counter. 

It was found that this detector had some undesirable features 

and if the experiment were repeated some modifications would be made. 

One problem was the difficulty encountered in getting a window which 

did not leak. Most of the windows w:rnld allow some of the counter gas 

to escape, so that after a few minutes the pressure in the counter 1r.0uld 

be reduced. This necessitated a gradual reduction in the counter 

voltage in order to stay on the "plateau." This problem could be 

overcome by using a thicker VYNS windov and applying post-acceleration 

to g'et the electrons through the extra window thickness. 

Another ~rthwhile modification 11«>uld be the removal of the 

glass bead on the counter wire. As mentioned in section 4.2.6, it was 

felt that the glass bead tended to "shield" part of the window area and 

increase the collection time for low-energy electrons. Better perform

ance should result if a simple wire loop were used in place of this bead. 
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