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CHAPTER I 


DESCRIPTION OF NUCLEAR STATES 

INTRODUCTION 

The understanding and interpre tat ion of nuclear properties 

within a theoretical frame\vork is a fundamental problem of nuclear 

physics. The most direct approach to this problem would be to deter

mine all the components of the total nucleon-nucleon interaction and 

using these , to derive the total nuclear wave functio n . This ,.,rave 

function would then conta in or could be used to calcula te all the 

properties \Vhich characterize a nuclear state e.g. spin, parity, 

energy, magnetic moment, quadrupole moment. 

Such an approach is, however, unrealistic both because of un

certainties in the form of the nucleon-nucl eon intera ction and the 

enormity of the calculations r equired to account fo r all the degrees 

of freedom of all the particles involved. Even if such a calculation 

could be performed the results Hould probably vastly exc eed one ' s 

ability to comprehend them. Hence it has become standard procedure 

to describe nuclear properties Hith the help of models; each of which 

may be more or les s limited in scope. The usefulness of any model is, 

of c ourse , determined by its ability to reproduce easily and under

standably, observed experimental facts. 

1.1 The Shell Model 

The shell model, or individual particle model, is a relatively 

1 
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simple but rather successful model. It is based on the assumption 

that the nucleons within the nucleus move as independent particles 

describing orbits determined by some average potential due t o t he 

presence of all the other nucleons. The particular form of the poten

t ial which is used in any ca l culation depends upon the degree of 

sophistication of the calculation and i s usually chosen in a phenom

enological or semi-phenomenological fashion for ease of calculation. 

The potential employed when the model was introduced origi

nally by Mayer (1949 , 1950) and independently by Haxel, Jensen and 

Suess (1949; 1950) was of the form Vc - V~s1·s. The central term 

(Vc ) , produces nuclear states which can be characterized by three 

quantum number - (n, 1, j ) . This indicates that , as a result of the 

spherical symmetry of the potenti;'Ll, both the orbital angular moment um 

designated by 1 and the total angular momentum, designated by j , are 

constants of the particle motion. There may, hmvever , be a degeneracy 
+ + 

i n energy of several of these states . The addition of the 1·s term 

partially remove.s this degeneracy without destroying the angular 

momentt~ properties so that the quantum numbers (n , 1, j ) continue to 

characterize the states. 

A further degeneracy Hith respect to the orientation o f the 

total angular momentum still exists . This means that each (n , 1 , j) 

state is actually as superposition of ( 2j + 1) states each with a 

different value form . , the quantum number representing the orien
J 

tation of j. For v1 .s a positive number the states with j = 1 + 1/2 

are depressed from the original position while the states Hith 
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j = £ - 1/2 are raised. 

Because nucleons are fermions and therefore obey the Pauli 

Exclusion principle each (n, t, j) level can contain at most ( 2j + l) 

nuc leons of a specific type. The structure of any nucleus is thus 

determined by filling the lmvest possible energy levels \vith neutrons 

and protons until all the particles have been placed. By properly 

sele cting the value of V0 , relatively large gaps can be w3de to
N•s 

occur in the energy required to add another nucleon, at occupation 

numbers corresponding to the observed "magi c numbers " of i nherently 

extra stable nuclei. The levels which are isolated between any t\<10 

of these gaps taken together are referred to as a major shell while each 

level separately may be referred to as a minor shell. 

Figure 1.1.1 shows the generally accepted ordering of l evels 

for neutrons in the simple shell model, l abelled by n£ .. For protons
J 

the ordering ts similar although minor varia tions do occur because 

of the additional energy of Coulomb repulsion. Such corrections 

depend on the spatial distribution of the nuclear change and hence 

quantitatively upon the exact ,.,ave functions of the particles . Quali

t at i vely, however, it is found that in the fHth shell (Z > SO) the 

2d or lg are inverted as are the 3s and 2d •
512 712 112 312

Another phenomenon \vhich must be considered in determining 

the filling of levels is the pairing energy. Hhenever t\<10 nucleons 

with the same (n, £, j) quanturn number occur with opposite m. i.e. 
J 

with their spins alligned in opposite directions, they tend to inter

act strongly together to form a "zero coupled pair" . Such a pair, 

\vhich has zero resultant angular momentum, is considerably more stable 
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·- 126ljl3/2 

3Pl/2 	
112 
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2l s l/2 

Figure 1.1.1 	 Simple Shell Mode l Energy Levels for the First 
126 Neutrons 
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and hence energetically more favourable than a pair formed by the 

interaction bet\V"een t\W nucleons \·lith the same (n, .9.. , j) but m. Hhich 
J 

are not exactly opposite. The magnitude of the gain in energy depends 

on the value of the orbital angular momenttnn, being larger for higher 

va lues , of momenttnn. Because of this pairing energy it is some times 

energetically more favourable for a nucleon to be in a l evel of 

higher intrinsic energy if there is another partic le already there 

available to form a pair. 

1. 2 Spins and .Parities of Ground Sta.tes 

Hith these considerations it is possible using the simple 

shell model to determine the spins and parities of many multi-:nucleon 

configurations. In particular, configurations which contain an even 

number of nucleons of the same (n, .9.., j) type '"ill have a resultant 

angular momentum of zero since t he nucleons will couple pair-·wise to 

zero thus gaining the pairing energy. Also since such a configuration 

is symmetric with respect to the pair-wise exchange of all the space 

co-ordina tes of all the particles the. system \<lill have a positive 

parity. Since each individual l evel can contain an even number of 

particles , all filled levels Hill have 0 spin and positive parity 

(0+ configurations). Thus the shell mo~el predicts the experimentally 

observed f a ct that all nuclei \·7ith even numbers of protons and neutrons 

(even-even nuclei ) '"ill have 0+ ground states. 

In nuclei which have an even number of protons and an odd 

number of neutrons , the protons vlill form a 0+ configuration, as will 

all the fill ed l evels of the neutron configura tion. The neutrons 

r ema in:1 ng in the unfilled shell will couple pair-wise, as much as 
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possible, to 0+ configurations so that the spin and par ity character

istics of the ground state of the to tal nucleus will be given by that 

of the final unpaired neutron . The situation for odd Z even N nuclei 

is ·the same but with the roles of m~utrons and protons interchanged. 

If the simple shell model i~: expanded to include residual 

interactions bet~veen all the nucleons in an unfilled shell the results 

obtained above are not altered. Generally the states produced by 

different combinat ions of identical particles are energy degenerate 

but the inclusion of the residual interaction removes this degeneracy. 

Provided the. interaction bet~veen levels of different · ~ and j is smaller 

than the interactions Hithin the unfilled level the pairing force will 

still dominate and even numbers of particles ,.,ill couple to resultant 

spin 0 and odd numbers of particles -vlill couple pair-·wise to zero 

with the resultant spin being that of the final remaining nucleon. 

In the case of nuclei ~,·hich have an odd number of both neutrons 

and protons the predictions are not so unique. The residual inter

action betvTeen the final neutron and final proton contains a part 

which depends on the relative orientation of the respective intrinsic 

spins of the particles. Brennan and Bernstein (1960), from an analysis 

of a number of unambiguous ground state assignments, proposed the 

fo llm..ring r ules to aid with configuration determinations. For (jp - ~p) 

(p designates proton) and (j n - ~n) (n designates neutron) of opposite 

sign, the strength of the spin dependent part of the residua l inter

ac tion is such that the state with resultant angular momentum J == lj n- jpl 

is energetically well below the other possible states, and hence 

becomes the ground state of the configuration. For (j p - ~p) and 
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(jn - in) of the s ame sign the interaction is such that either the 

state \<lith J = jn + jp or the state with J = Ijn - jp I \·lill be favoured 

over the intermediate spin values. Thus, for these cases, the ground 

state spin of the configuration may be either lj n -· jpl or (jn + jp). 

Using these principles it is possible, in a reasonable manner , 

to account for a good ma.n.y observed ground sta.te spins and parities 

and hence determine the nucleonic structure of the ground state con

figuration. Hith a stra ight:fono1ar d extension it is also possible in 

some cases to account for the . properties of lmo1 lying excited ste.t es. 

1. 3 Excited State SJ?i.ns and Parities 

In this interpretation, low lying excited states are formed 

by exciting one or more of the nucleons into levels \<lhich are un

occupied. 'fhe properties of the state are then ·determined as before. 

It must be remembered , however in interpreting excited states, that 

levels may arise sole ly from rearranging the ground state configura tion, 

as mentioned above. These levels may, therefore, not have a true 

single particle nature because the residual interaction has the effect 

of admixing certain amounts of other states into the ,.,ave function 

of the original sta te. This configuration mixing may make inter~ 

pretation of the low lying excited states difficult. 

1. 4 Justification of the She ll Model and Limitations 

The remarkable success of this model considering the incon

gruity between its basic asstnnpti.on and the established facts about 

the strength and nature of the nucleon-nucleon interaction is of con

http:asstnnpti.on
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siderable interest. In fact, the assumption of independent motion 

has been borne out in nuclear matter calculations '"here it is found 

that unless the nucleons are quite elose togehter (-< 1.0 fm; i.e. 

< -13 - 1. 0 x 10 · em) their \·mve function are essentially those of free 

particles. Since the average separation of nucleons in nuclear matter 

is about 1.66 fm the particles act by and l arge as free particles . 

The reason for this behaviour is that in order for two nucleons 

to interact in an. observable fashion they must be in different states 

after the in.ter.action than before. Hm.rever , all the available momen

tum states are occupied up to the Fe:nni momentum, detennined by the 

density of the particles , and since nucleons obey Fermi-Dirac statis

tics only those states above the Fenni momentum are available · as 

final states, Since large momentum transfer collision are improbable 

only those nucleons near this momentum ,.,ill undergo noticeable inter

action while the remaining deep lying nucleons Hill act as essentially 

fr ee . Since the interior of larger A nuclei resembles nuclear matter 

this same condition ,.,ill exist \vith only some slight modification for 

the density variation at the nuclear surface . 

The success of the Shell model is, of course, limited to 

quantities such as spin and parity which do not depend in detai led 

fa shion on the Have function. Such quantities as magnetic moments , 

quadrupole moments, transition probabi lities and spins and parities 

of many excited states are difficult to explain Hith the shell model 

and indeed suggest the existence of strong collective behaviour. 

1.5 Collective Motion 

One type of collective behaviour , already introduced , is the 
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preferred interaction of t~vo nucleons in similar (n, 9.., j) states but 

wi t h oppositely aligned spin vectors. If this is extended to include 

interaction between such zero-coupled pairs in both the same and dif 

fe rent orbitals a description of the nucleus is obtained in \·Ihich the 

mo t ioh of these pairs is also correL~ted . This is the so- called BCS 

description (Bardeen , Coope r and Schreiff er tl957 )) originally applied 

to the pr oblem of superconductivl.ty. The application to nuclear 

physics Has made by Bohr , Mottel son and Pines (1 958) . 

The correlation produced by the interacti on betw~en pa i rs 

of particles is such tha t the single (n, 9.., j) levels of the simple 

she11 model are no longer filled or empty in the usual sense. Instead 

the pa irs of particles are distributed amongst these l evels in a co-

rel ated fashion. Thus in a given st.~te of the nucleus a particular 

(n , 9.., j) shell model l evel has a probability v!9., j of being occupied 

2by a pair and U 0 of being empty. In the same state, a different
nx.,J

• 

2
(n , 9.., j) leve l will be characterized by a different set. at U and 

. v 2• Each state thus consists of a particular arrangement of pairs 

amongst the shel l model l evels and its ·wave function may be ~vritten 

as 

ll'BCS = 1T (U + V a+ a+ 
0 

• ) I 0> 
n9..j n9..j n9.. j n.:vJ 

+ +where a 0 • a-;;-:- represents the creat ion of a pair in the n9.. j shel l 
n x., J n x., J 


model l evel and jo> represents the state \vith no particles present. 


A different arrangement of pairs i.e . a different s et of U 0 • 's and 
n x., J 


V n . 's ~,rill have a different Have funct ion and therefore constitute 

n x.,J 


a different nucleon s tate . These different configurations plus the 
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states formed by breaking a pair and exciting a single particle Hith 

the required re-arrangement of the other pairs form the excited 

states of even-even nuclei . 

The description of these excited states is generally done in 

t erms of quasi-particles. These arise from the formalism in '~hich 

a simple transformation changes the problem from one of interacting 

pai rs of particles to independent entities which have properties of 

both particles and holes; hence the term quasi-particle. Under this 

transformation the single particle energies associated with (n, £, j) 

shell model orbits (E 0 .) are replaced by single quasi-particle 
n ...J 

energies / 

E = ( ( £ . ·- ;\ ) 2 + {'). 2 J- 1 / 2 
n£j n£J 

where A and b. are parameters of the problem. Also the ground state 

of an even-even nucleus becomes the quasi-particle vacuum. 

From the equation it can be :>ee.n that the minimum energy a 

quasi-particle can have is b.. Thus , rearrangement of the pairs in 

even-even nuclei, \-lhich correspond to the excitation of two quasi-

particles , must differ by at least 2L~. The occurence of intrinsic 

excited states i.e. states involving the excitation of individual 

particles as opposed to collective states involving excitation of all 

the particles, is then limited to the region above 2b. above the ground 

s tate. The existence of this energy gap has been experimentally 

verified. 

The excitation of a single quasi-particle amounts to the 

creation of an extra particle and thu.s constitutes the ground state 
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and low lying excited states of the neighbouring odd mass nuclei. 

Other types of collective motion may exist, particularly 

types which involve all the nucleons as a whole. If for example 

one of the quasi-particles was to undergo a slight perturbat ion from 

its orbit it could interact with other quasi-particles to produce a 

coherent oscillation. Depending on the frequency of this oscillation 

these states may occur belm• the 2/1 :gap imposed on intrinsic excita

tions. 

A phenomenologica l description of such vibrations has been 

established in an harmonic approxima t ion w-hich predicts excited states 

containing "phonons" of vibration of frequencies w>.. and hence at 

energies En>..= n>..w>.. n = 1, 2, 3............ These phonons carry an 

>..associated angular momentum A and par ity (-1) • Thus coupling these 

phonons with the ground state of even-even nucleus \vi ll produce the 

low lying excited states listed in Table 1. 5.1 

JTI excited states 	 Energy of excited 
state 

2 1 0+ -nw
2 

2 0+, 2+, 4+ 2nw2 , 2nw2 , 2nw2 

3 1 3 i1w
3 

:: 2hw
2 

TABLE 1. 5.1 

Charac teristics of Some Lm-1 Lying Vibrationa l States 

The degeneracy of the 2 phonon state is generally lifted to create an 



12 

expected triplet. Hmo1ever, only a few of these triplets have so far 

been observed experimentally. 

In odd A nuclei~ as previously mentioned, it is frequently 

assumed that the (A- 1) particles couple to form an inert core equiva

lent to the neighbouring even-even nucleus . 'Thus, in odd A nuclei, 

if the single particle excitation en·~rgies of the odd particle are 

fairly l arge so that the excited lev•els are \·7ell spaced, states may 

exist which consist of vibrational e:Kcitations of the even-even cor e 

coup l ed to the single particle level. The number of these states 

depends on the vector coupling of the odd particle angular momentum 

and that of the phonon. If the constraint on the single particle 

excitation energy is not met, then d:lfferent single particle states 

and their vibrational relations may all be considerab ly admixed by 

residua l interactions to produce states of no definite character. 

1.6 Rotational Description 

Another type of collective motion has been extensively con

sidered in the literature but '"ill be only briefly mentioned here as 

it is currently felt that it i s not particularly applicable in the 

mass region of interest in this thesis. In this description the · 

nucleus is assumed to have a large stable deformation. This accounts 

for the large ground state quadrupole moments observed in many heavier 

nuclei. The lowest lying excitations of these nuclei , turn out to be 

quantised rotations of the deformed E:quilibrium shape giving rise to 

exc ited states with spins and paritie:s 2+, 4+ , 6+ etc. for the even

even case. At higher excitations the vibrations described above 
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become energetically possible and can be divided into types which 

ret ain any axial symmetry of the original shape and those \vhich de

str oy it. 

In the odd A nuclei, the situation is as above with a coupling 

of rotations and vibrations to the various single particle excita

tions. Here hov1ever, the single particle state is generally taken 

to be that of a particle in a non...;sp'herical deformed potential. The 

energies of these deformed states differs considerably from the 

spherical case, the deviation depending 
. 

on rn.
J 

and the amount of 

def ormation, and many level crossings occur. Thus the order of level 

fi l ling depends on the equilibrium deformation and has in many cases 

been used to determine the ground state deformation. 

These considera tions have formed the bas is for much of the 

int erpretation of experimental observations of nuclear structure. 

Alt hough many other calculations, models, and approximations exist, 

the most widely used seem to be the shell model, the vibration11 l 

model and the rota tional (Nilsson) model. 



CHAPTER 2 

RADIOACTIVE DECAY 

I NTRODUCTION 

Any unstable configuration of nuclear states will attempt to 

become more stable by t he process of radioactive decay . Several 

processes exist for this transformation and all compete in each decay 

t o a greater or lesser degree. However , in most cases the probability 

of one particular mode is so great as to essentially eliminate all 

o ther possibilities. Of these various types of decay only those whiclt 

r elate to the problem under investigation in this thesis Hill be de·

s cribed . 

~· 2. 1 Fission 

Fission is the process by which an unstable configuration 

achieves greater. stability by separating into two sections. The gain 

i n stability is i ndicated in Figure 2.1.1 which shows the potential 

energy of the t~.Jo fragments as a fun ,::tion of the ir separation. The 

probability of fission depends on tlv~ position of the level I , which 

r epresents the initial state, relative to t he peak in the potential 

f unction. For l evels ,.,ell helm" this peak the quantum mechanical 

tunne l ing effect will produce fission but with a very low probability . 

As the level approaches the peak hom~ver, the probability increases 

rapidly exhibiting a threshold behav:i.our. This is indicated by Figure 

2.1. 2 \vhere the initial state i.s an excited state formed by the cap

14 
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Fragment Separation 

Fi gure 2. 1.1 	 Potential Energy of Fission Nucleus as a Function of 
t he Fragment Separation (Segre (1965)) . 

crf(b ) 

0 1 2 3 4 

Neutron Energy (HeV) 


Figure 2.1.2 	 Neutron Fission Cross Sections ( Segr~ (1965)) . 
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tur e of a neutron by the indicated even A nucleus. The position of 

this state thus can be increased from its initial position at the 

binding energy of the neutron by inc.reasing the incident neutron energy. 

For the neighbouring odd A nuclei , an extra amount of excitation energy 

is acquired from the pairing of the captured neutron with the one al

ready present. This lowers t he threshold energy by a similar amount 

so that Hhile neutrons of 0 . 4 MeV are required to cause f:i.ssion in 

234 233 235u, the threshold in u and u is <0 , and even thermal neutrons 

(energy -0.025 ev ) will indur~ e fission. 

The masses of the fragments produced in fission are neither 

equal nor constant. The distribution as a function of mass is shown 

233in Figure 2.1.3 for thermal neutron fission of u, the isotope used 

in this investigation. The use of the lighter uranium isotope tends 

t o shift the centroid of the lighter mass hump to a lm-1er value. Be

s ide being distributed in mass, the:! fission fragments are a so dis

t ributed in charge for any given mass. Here the distribution is \-lell 

described by a gaussian function whose width seems to be constant for 

all masses (Holfsburg (1965)) ; (Norris and Hahl (1966)) . Figure 2 . 1. 4 

s haHs a composite curve for both t he mass 90 and 91 chains centred 

about the most probable nuclear charge Z • This charge is , generally ,
p 

t\-70 or three units away from the beta stability line and consequently 

most fission fragments themselves are unstable against beta-decay. 

2.2 Beta Decay 

Beta decay in the form involved in the investigation discussed 

in this thesis consists of a transformation of one nucleus to another 
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Mass Z 
p 

90 36.25 + 0.04 

() = 0.59 + 0.06 

91 36.76 + 0 . 04 

/ 

-3 -2 -1 z 
p 

+1 +2 +3 

Figure 2.1. 4 Charge Distribution of Constant Hass Fission Fragments 
in Units of o. 
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through the changing of a neutron to a proton accompanied by the 

emission of an electron and an anti-neutrino. Although other modes of 

bet& decay exist , including positron emission, orbital electron capture 

and muon decays , the references in the following discussion ar e mainly 

to the mode of negatr on or electron emission. 

All types of S-decay are thought to proceed due to a universal 

loTeak interaction, The classifica tion of this interaction as loTeak stems 

from its strength relative to the other currently known types of inter

action. These are the str ong interaction,. responsible for specifical ly 

nuc lear forc es, the electromagne tic inter action between electric charges, 

the weak interaction, and the gravi ·at:i.onal interaction . The relative 

-45str engths of these are res pectively 10: 10 (Prest on 

(1962)) . 

The three body character of beta decay ,.,as or igina lly hypothe

sized (Pauli (1931) ) to account for the continuous distribution of the 

emi tted electron ' s energy, and to satisfy spin and sta tistics require

ments. The third particle, called the neutrino, w·as thus assumed to 

have zero charge , intrins ic spin 1/ 2 and probably zero mass. Its 

exi stence \-las indire~tly verified through the inverse neutrino-induced 

reaction by Reines and Cowan (1959). 

The transition probability for beta decay from an initial 

sta te ~~in> to a final state ~ ~ fin> can be written as 

T = 2TI I <~*. I H 2. 2.1h f1n S 

,.,here p is the density of final states and HS is the \veak interaction 

Hamiltonian . I f the emission , o-::- creation, of the anti-neutrino 
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involved in electron emission is considered , instead, as the absorption 

or destruction of a neutrino , hoth the initial and final states can be 

wr i tten as products of a nucleonic part , 1'¥ >, and a leptonic part , 

I$>. Thus j l)J. > = j '¥ . ~) . >, and the transition probability is sym-· 
~n ~n 1n 

me t ric. 

The weak interaction , HB, has been found to violate the prin

ciple of conservation of parity (Hu et al (1957)) by the observation 

60 
of the angular distribution of electrons emitted from aligned co 

nuclei. This poss ibility was .suggested by Lee and Yang (1956) and 

admits the possibility of experimentally observing both scaler and 

ps eudoscaler quantities. Of the five possible interactions of these 

t ypes i.e . scaler (S), pseudoscaler (P) , vector (V), axial-vector (A) 

and t ensor (T) , exper iment has shmv-n only the V and A terms to be non

zero . Each of these terms c ontain two parts , the second of which i s 

of the order of v / c of the first , where v is the velocity of the 
n n 

t ransforming nucleon. The V i nteractions contain a term proper

tional to the isotopic spin ladder operation which changes the neutron 

to a proton and a second smaller term involving both the isotopic 

s pin operator and the velocity operator for the nucleon . The larger 

portion of the A interaction arises from a term i nvolving the same 

i so-spin operator and the regular spin operator ~v-hile the sinaller 

contributions are generated by an iso-spin, helicity combination. 

++ 
(Helicity is defined as p•0 ) 

I "PI I ~ I 
The evaluation of 2.2 . 1 with these operators is done by ap

proximation methods , each successive approximation being required \vhen 

selection rules cause all preceeding terms to be zero. Thus the 
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approximation leading to allmved transitions involves r etaining on ly 

the larger t erms of the V and A interac tion. The fo rm of t hese opera

tors imposes certair1 constraints on the spin and parity of the nuclear 

states involved as is indicated in Table 2.2.1. 

Another approximation involved in th e allm-1ed transitions 

involves the leptonic \·lave functions. If these are taken as the wave 

functions of free particles ( pla1e waves ) the valuation of 2.2.1 

yields a term like e-i ( p+q) ' r \-Jhere p and q are the momenta of res 

pective ly the electron or neutrino and r is the nuclear co-ordinate 

at \vhich the transition occurs. In evaluating allmved transition 

probabilities this exponential is replaced by the leading term in its 

s eries expansion. The resulting electron energy distribution for 

allowed decay is then given by (S egr~ ( 1965)) 

2 5 4 2
w(E)dE = g m c IMi£1 2 

F(Z,E) (E0-E ) End E 2.2.2 

2n3117 

The nuclear transition matrix elements are lumped in H.f and F(Z,£)
] _ 

has been introduced to account for the distortion of the electronic 

\vave function by the interaction bet,oJeen the electron and the nucleus . 

The electron energy ( E: ) is measured in units of m c 2 and the electron 
e 

momentum (n ) in units of m c . Both are arranged to include the effect 
e 

o f the rest mass of the particle . 

If t he initial and final nuclear states do not satisfy the 

s pin and parity requirements of the allovJed approximation , the t ran

si tion cannot occur by these interactions. It is then necessary to 

include the rema ining t\vo terms of the V and A interactions and sue

c essively higher tenns in the e~ponentia 1 series e xp<ws · on until spin 
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and parity requirements are obta ined which can be satisfied and hence 

yield a non-zero transition probability. For each term of the series 

after the lead ing t erm which must be included an additional degree 

of forbiddenness is encountered. The spin and parity changes imposed 

by several forbidden transitions are also indicated in Table 2.2.1. 

The tota l probability for be t a decay may be obtained by 	in

2 
tegrating 2. 2. 2 from 0 to the maximum beta energy assuming IMif 1 is 

constant . 

2F(Z,E ) (E - £) £ n d £ 2.2.3 
0 0 

/ 

=g2 IHif 12 f (Z, £ )
0 

2n
311 7 

The integra l involved is a calculable quantity depending 

onl y on the end point of the beta trans ition and the charge of the 

nucleus. Since A is inversely proportional to the ha lf life 2.2.4 

can be re-written as 

A constant 2.2.5 

Thus the ''ft" of a beta transition is inversely proportional to the 

square of the nuclear matrix element and should be an indicator of the 

type of transition. Since each degree of forbiddenness introduces a 

2
factor of about 100 in l:r-\f 1 it is more usual to compare log(ft) 

values. Log (ft) values for various transition are also listed in 

Table 2. 2.1. 
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TABLE 2.2.1 

COHPARISON OF SOl'ill PROPERTIES OF SOME BETA TRANSITIONS 

Transition !J.J 1r i 1T f Log(f t ) Interaction and Restric
tion 

a11mved 0 + '•-6 v 

+1,0 + lj - 6 A no 0->-0 

. first _±1 ,0 "v7 v no 0+0 
fo r bidden 

+1,0 "v7 A no 0+0 

no 1/2+1/2 

no 0+1 

fi rst for- +2 7.4-9.0 A 
bidden unique 

s econd _±3,_±2 + 12- 14 V +A 
fo rbidden 

t hird _±4,_±3 "vl8 V+A 
fo rbidden 

115fourth .±5 ,_±4 + 23( 1 ) V +A 
for bidden n 

----·----------------



2.3 Gamma Emission 

Follmv-ing the process of beta decay, the final nucleus may 

be left in an unstable configuration from \•7hich the largest proba

bi l ity of decay is emission of a grunma ray. This occurs by rearrange

ment of one or more nucleons and, because of the charges and magnetic 

moments of these nucleons, this rearrangement is manifest by a per

turbation in the electromagnetic field surrounding the nucleus. The 

energy associated \vith this perturbation is just the difference in 

. energy of the two nuclear configurations. 

As with beta decay, the probability of gamma emission can be 

ca lculated from the formula 

T == 21T 
h 

2.3.1 


In this case, the interaction II is that of the configuration of A 
y 

particles with the electromagnetic field surrounding it, properly 

quantized to account for the emission or absorption of energy in 

units or photons. It is also usual to expand H in terms of quantizedy 

angular momentum since the interaction, in general, causes a change 

in total angular momentum of the system in going from 11/J. > to jlj;f·. > 
1n 1n 

and this angular momentum is carried off by the photon . The cr eation 

of this photon can then be attri.buted to one particular term of the 

expansion. The transition probability can then be written 

2.3.2T(cr~~) = 21T I< 1/Jfin
h 

where T(cr~~) represents the transition associated \V'ith the emission 

of a photon carrying angular momentum A lvith p ejection ).l due t.o the 
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operator 0~~ · 0~~ represents the quantized operator for either an 

oscillating electric (a=E) or magnetic (a=M) field of ( 2A ) multipole 

order . The form of these operators imposes the follmving restrictions 

on the spins and parities of the initial and final s tates : 

f or electric multipole transitions 

-- ( -1) A+l f . 1 . J . . or magne J.c mu t1.po .e trans1t1.ons 

( n . represents the parity , + or - of the initial state
) 

rr the parity
1 f 

of the final state. ) 

Evaluation of transition probabilities depends explicitly on 

the form of the \vave functions used for the initial and final con

figurati.ons . Order of magnitude ·estimates , hmvever, independent of 

the form of these wave functions indicates that the probability de

creases rapidly ~vi th increasing multipo l e order , and foJ: t he same 

order that electric transitions are considerably more probable than 

magnetic ones \vhen both are allmved by the selection rules . A notable 

exception to this arrangement frequently occurs for Hl and E2 transi

tion. The collective nature of many states may enhance the E2 tran

sition probability bebveen them \vhile un the o ther hand the Ml tran

sition , allowed by the general selection rules bet,veen the same states , 

may be hindered by some other s~lection rule . In this instance , the 

Hl and E2 strengths may compete favourably and t he radiation has a 

mixed multipole character . A particular set of single particle 

transition rates frequently used as reference values is l isted in 

Table 2.3.1. 



26 

TABLE 2.3.1 

GA!--IM.A RAY TRANSITION PROBABILITIES 

(Heisskopf Estimates; E in NeV ) . y 
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2. 4 Internal Conversion 

Besides emitting a. garrnna ray, an excited state may de-excite 

by the process of internal conversion. In this decay mode , the en

e rgy of the transition is transferred directly to an atomic electron , 

which is then ejected from the atom with an energy equa l to that of 

the trans i tion l ess the binding energy of the electron shell f rom 

which the electron originated. The competition bet"Vleen internal 

conversion and gamma ray emission is measured by the conversion co

efficient 

a = N 2.4.1 
e 

N /y 

where N is the number of electrons and N is the number of photons
e y 

emitted in the transformation per unit time. This coefficient i s 

further subdivided depending on t he atomic shell from Hhich the electrons 

originated. (ak, aLI' CY.LII' aLIII etc.) 

These coefficients are strongly increasing functions of mul

tipole order and atomic number and strongly decreasing functions of 

transition energy. In addition, if the associated gamma r ay has 

mixed multipole character , the conversion coefficient \vill exhibit 

the same amount of mixing . Since these coefficients depend only on 

the atomic electron 'l.vave functions and the electromagnetic multipole 

interaction their values may be theoretically predicted (e.g. Hager 

and Seltzer (196 8)) and a comparison of these predictions vrith ex-

per imental observations can be used to determine the mult ipolarity 

of the transition. 



CHAPTER 3 

SOURCE PREPARATION, DATA COLLECTION , AND DATA REDUCTION 

3.1 Source Preparation 

Sources Here prepared using an irradiation facility developed 

by Okendon and Tomlinson ( 1962). This is shmvn in figure 3.1.1. A 

233u •· o f ,.ms depos1te· d as a tlll.nt. 1ayer on 11ydrous · ·quant1ty z1.rcon1um 

· oxide plates, thus producing a large surface area with good em anating 

power for the gaseous fission products and long lifetime under con

stan t irradiat ion hy thermal neutrons (Archer (1965 )). The irradia

tion chamber Has surrouncted by a cadmium sheath with a hinged, 

gravity-operated shutter on the front end. Normally closed , this 

s hutter could be opened by remotely retracting the sheath thus 

lifting the shutter over the front end of the chamber . Hoving the 

sheath fo11vard again allo'-'7ed the shutter to fall back to it s normally 

closed position. This arrangement permitted irradiation of the 

Uranium for variable lengths of time. 

Follm.;ring irra.dia tion , the inert noble gas fis sion produc. ts 

Krypton and Xenon ,.;ere rapidly emanated from the source material 

whi.le the highly reactive halogen products , Bromine and Iodine, re

mained attached to surrounding material. The Krypton and Xenon 

fractions could then be preferentially removed from the chamber by 

flushing it v7i th Helium gas. The Xenon fraction Has removed by 

passing the Helium carrier. plus Xenon and Krypton traces through a 

28 
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~admium Shutt._e_r-r-----,--- , J Gas In 

y-~,~ ~~ ,J ~~---Gas Out 

-- ~ffin ~ead ~araffi~ Shu t ter Operating 

Cyl inder 

Out 

Cadmium Shutter AluminumS 

Figure 3 . 1.1 Irradiation Facility 
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chromatograph column of glass Hool at liquid nitrogen temperatures 

(Archer (1965) ) . Here the gases were absorbed and then re-emitted 

a t a rate depending exponentially on their molecular iveight . Thus 

th e He l ium and Krypton i·le.re re-emitted essentially instantaneous l y 

while t he Xenon ivas effectively permanently trapped . The Krypton 

which passed the chromatograph column was subsequently collected on 

a small amount of activated charcoal also at liquid nitrogen tempera

t ures. This acctwulated the Krypton activity , produced in the re

l atively capacious fission chamber, into a small volume more amenable 

to experbnental purposes . 

The gas system used to transport the radioactive sam1)les is 

shmvn schematically in Figure 3.1. 2. The valves marked by S ivere 

s olenoid operated and ivere controlled by relays remotely activated 

by hand operated switches. The unmarked valves uere smaller hand 

operated types. 

3. 1..1 !.!:Jpton Sources 

I n ·order t o i nvestigate the. radiations r esulting from the 

decay of the Krypton i sotopes , the Krypton collected on the charcoal 

was inrnediate l y released by heating the charcoa l , contained i n a 

g l ass U-tube, i n boiling water . The radioactive gas was then trans

por ted to a counting cell, again using Helium carrier gas . The 

l evel of activity i n t he counting c ell vras monitored on a scaler , and 

as the counting rate reached a maximum the valves Here c losed to trap 

t he sample in place. 

The Krypton gamma counting cell shmvn in Figure 3.1. 3 was 

developed in an attempt to remove contamination due to the daughter 
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Hyp odermic Needles 

Hater Out 

Ha t er In 

Gas Out 

Gas In 

Figure 3.1. 3 Krypton Ganuna Counting Cell 

Epoxy Sea l ------· 

Mylar h'indm-1 
(l.Jater Film Absent) 

Gas Ou th'ater Out 

Gas I n \.Jater In 

Figure 3.1. 4 Krypton Beta Counting Cell 
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Rubidium activities and proved to be about 95% effective. It con


sisted of a small section of a glass test tube approximately 1 em 


dia. X 2.5 Cm long w·ith 1 mm thick \valls, inverted and stoppered at 


311the open end. T\vO 18 gauge x long stainless steel hypodermic 

needles inserted through the stopper provided an inlet and outlet 

for the gas system. Two other hypodermic needles similarly inserted 

\ver e inlet and outlet r espectively for a pressurized water system . 

The ,,,ater , entering through the central needle under sufficient 

. pressure , shot up to the gla ss top and then washed all the interior 

of the cell. Thus, much of the Rubidium produc ed , \vhich Hould 

o thenvise adhere to the \valls, \vas removed in solution. The f lm-1 

ra t e of the \vater Has "" 1800 cc/hr so that the small volume ("" 1 cc) 

of Hater Hhich collected on the bottom of the cell \vas removed in a 

fe\v seconds t hus contributing little background contamination. 

The counting cell used in experiments involving Krypton 

b e t a particles is shmm in Figure 3.1. 4. Similar in design and opera

t ion to the gamma cell ,it ha d a hole of approximately 7 mm dia. 

2 
covered •vith a layer of 2. 7 mgm/cm mylar through \vhich the betas 

were detected. Since the beta f eeds all had end point energies 

greater tha n 2.5 l1eV this Hindmv ca used neg ligible degrada tion of 

the energies . The windm.;r \vas held in place by epo>-'Y resin and \vas 

bo t h gas and Hater tight. The mylar, ho"1ever, \vas not washed by 

the Hater and consequently Rubidium activity t ended to collect upon 

it. As a result frequ ent waiting periods \vere requir ed in these 

experiments to allmv- the Rubidium activity to deca y. 

I n the production of a sour ce there were five time intervaJR 
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,.,hich could be varied independently to maximize the desired activity 

'vith respect to that of the other isotopes Hhich '"ere ahmys present. 

These times "'ere: 

i) 	 i rradiation time: the time which t he cadmium shutter 

'vas kept open. This had a practical minimum of about 

5 sec. 

ii) 	 hold-up time: the time after irradiation during which 

t he s amp le remained in the i rradia tion cell be fore be

ing flushed to the collection station. 

iii) 	 transfer time: the time required to deliver the s ource 

f rom the irradiation cell to the collection station. 

This had a practical minimum of about 10 sec . 

iv) 	 delay time: the time after complete collection until 

the source was positioned near the detector ready for 

counting. This includes the time required to transfer 

the coll ecting charcoal to boiling water , heat it and 

transfer the gas to the counting cell . 

v) counting time: t he length of time for which events 

,.,ere recorded. 

. th . d d Thus 	 1 number of events f rom t h e decay o · f t h e ~ 1sotope recort1e e 

for a single source \vould be proportional to 

NK.r 	 'V [1-exp(-A.t. )]· [exp(-A . t 1 d )]·( exp(-A.t )]1	 1 1rr 1 110~ -up 1 trans 

•[ exp (-l. . td )]·[ 1-exp(-A.t )]1 e1ay ~ count 

Solution of this equa tion for i=89, 90, 91 to obtain the proper times 

for the best 91: 90: 89 ratios was done experimentally and yielded the 



Table 3. 1.1 Source Prescriptions (All Times in Sees) 

Irradiation Hold up Transfer Decay Delay Counting
Source Time Time Time Time Time Time 

Kr Standard 10 0 10 0 10 30 

Kr Delayed 10 0 10 0 40 30 

90Rb 30 20 10 30 15 180 

91Rb 10 10 10 10 15 70 

'-'> 
V1 
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times shmvn in Table 3.1.1. Hhen possible, minimum times \vere us ed 

89to reduce the amount of Kr present, since this possesses a complex, 

high energy gamma spectrum. 

3.1. 2 Rubidium Sources 

In order to investigate the radiations from the Rubidiwn 

isotopes , the Krypton, \vhich \vas collected in the charcoal , \vas al

lowed to remain the r e and decay to the Rubidium isotopes which then 

became strongly adso r bed. This introduces another time interval, 

t into the source preparation. After this interva l the re-decay ' 

mai ning excess Krypton \vas removed by heating the charcoal and cleans

ing it \vith Helium. In this case the counting cell \·las the U-tube 

containing the charcoa l. 

The number of events due to the ith Rubidium isotope from a 

single source is then proportional to 

Rb Kr Kr Kr
N. rv [1-exp (-A. t . ) )· [exp(-A. t ))· [exp (-A. t )]1 1 1rr 1 11011c-up 1 trans 

Kr Rb
• [exp (-A. td ) -exp (-A. td )]1 ecay 1 ecay 

Rb Rb·[ exp(-A. t )]·[1-exp (-A . t )]
1 delay 1 count 

Aga in exper i mentation \vas adopted to determine the most appropriate 

times for each isotope as listed in Table 3.1 .1. 

3. 2 Single Parameter Exp_eriments 

Single parameter experiments ,.,.ere performed to determine the 

energy , i ntensity and nuc lide of orig in of each of the gamma rays ob

served. A Ge(Li ) detector of approximately 12 cc a c tive volume Has 
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used \vith the associated electronics shm·m schematically in Figure 

3 . 2.1. This system had an optimum resolution of 3.2 keV on the 

60
1.333 HeV gamma ray of c o '"ith a peak/ compton ratio of about 16 : 1. 

In practice , this performance was not quite realized because of gain 

s hifts associated H·i th the rapidly decaying activity . 

The analysis of the spectra obtained in these experiment s Has 

performed using a computer program (" Jagspot") developed at Chalk 

River (AECL ) and modified by the Beta Ray Spectroscopy group at He-

Master . This program performed a non-linear, least-squares fit of the 

data i n the re8ion of a peak , or group of peaks (.::_ 6), to an analytical 

f unction of the form 

z . 
1 

I ( x ) 
<6 

= a + Bx + L: 
i=l 

I. 
1 J 

e: (y-z. )
e l. 

e-6 ( x--y ) 2 dy 3.2 .4 

- 00 

where a , S, 6 , £ , I., z. 'vere t he parameters for which the calculations 
]. 1 

were performed. The function is essentially a l inear background (a+Sx) 

2
plus an intensity \veighted stml of gaussians ((variance) = 1 / 20) con-· 

v oluted from - to · an upper limit z . vlith an exponential decaying from00 

1 

00z . toHards - at a rate depending on £. This form \vas chosen to ac
1 

c ount for the assymetric lm·l energy tail sometimes observed on full 

energy peaks from large volume Ge (Li ) detectors. 

'J;'his highly non-linear problem Has linearized by starting 

with a first order approximation to each of the various parameters and 

then doing a least squares calculation to obtain the best corrections 

t o add to these to obtain second order approximations. Thin process 

\vas repeated until the correction obtained for each parameter \ ·laS less 

than the error associated \vith the same par<lmeter. Provision was also 
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i ncluded to allm-1 the values of 6 and/or £ to be fixed during the 

calculations, at a value predetermined from either a curve calculated 

using prominent peaks in the spectrum or from input data. This pro-

cedure proved particularly useful in fitting veak peaks. 

The energies of the unknm-1n gamma rays from the nuclides 

und er investiga tion '\olere determined by collecting spectra including 

gamma rays whose energies are ,.,ell knm-1n , along 'lolith the unknoHns. 

The positions of all the prominent peaks '"ere then determined using 

the computer program and a calibration curve of energy versus peak 

pos ition calculated using the standard gamma rays in the spectrum. 

Thi s curve could be up to fourth order in peak position although a 

cubic was generally found to be sufficient to reproduce the non-linear ity 

of the analogue-to-digital converter (ADC ). The energies of the pro

minent unknown peaks were then calculated us ing the curve, and these 

va lues used as standard energies for the analysis of spectra obtained 

without standard sour ces. 

Above 2. 754 HeV , '"here standard gamma ray energies \-lith half 

lives in a range to make them useful for this purpose are rare, energy 

calibration Has done by using the accurate 0. 511 1'1eV and 1. 022 MeV 

dif ferences betHeen escape peaks and full energy peaks. In order to 

identify the escape peaks associated '"i th various full energy peaks, 

curves giving the ratio of single and double escape peak areas, res

pectively, to tha t of the full energy peak tlere obtained from the 

relatively simp le, high energy spectra obtained from (n,y) reactions 

of S (Kennett et al (19 67)) and Si (Lycklama et al (19 67)). These 

curves are shown in Figure 3.2.2. 

The r elative intensities of the var ious ganuna rays were de
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termined using the relationship bet\veen the relative intensity and 

the area of the full energy peak 

N . = (e::w) • I . 	 3.2.5 
1 . - 1 1 

,.,here N. is the area of the full energy of the peak associated with\ l. 

. th


tl1e 1. gamma ray, 

. h 1 . . . f h . th d ( )I . J.s t e re at1.ve 1.ntens1.ty or t e 1 gamma ray an e::w .
l. 	 l. 

is 	the relative efficiency of the detector at the energy of 

. tht h e 1. gamma ray. 

The variation of (cw) with energy was determined by analyzing spectra 

fr om sources in which the intensities ( I .) 'Ylere well known. The se·1. 
180 152parate curves obtained from thes e sources ( 1T)-rf , Eu, S(n ,y) and 

Si (n, y)) Here then overlapped to obtain t he composite curve shmm in 

Figure 3.2.3 . This curve is character istic of the 12 cc Ge (Li) de

t e e t or ,.,i th an absorber composed of 7. 5 mm lead, 3 mm Cadmium and 

0.5 mm Copper placed betHeen the detector and the source. The pur 

pos e of this absorber was to attenuate strong, l ow energy trans itions 

which might othen.;ise consume most of the data acquisition time at the 

expense of higher energy events . The relat ive efficiency for this 

152Fde ·ec t "thou t bsorb as obta l.·ned · .u d lSOm1:1.f J.s 

shown in Figure 3.2.4. 

The decay chain with 1-1hich each gamma ray are associated was 

determined by comparing the areas of the corresponding full energy 

peaks in two di fferent spectra, acquired in experiments designed to 

al ter the composition of the sources . For the Krypton isotopes , this 

variation i n composition 1-1as accomplished by making t .d = 40 sec, 

t or ,.,1 an a er, 	 us1.ng an · 

e 1ay 

as indicated in Table 3. 1. 1. . This caused the relative ac~ivity of 
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the mass 91 isotope to be reduced considerably, while that of the 

mass 90 isotope was reduced only slightly and the mass 89 isotope 'vas 

increased. For the Rubidium isotopes, the var iation was accomplished 

by using the different source prescriptions indicated in Table 3.1.1.. 

3. 3 Two Parameter Gamma--Gamma Experiments 

In order to establish gamma cascade relations hips to aid in 

d etermining the l evel structure of the nuclei, gamma-galllllla coincidence 

experiments '"ere performed using a 12 cc Ge (Li ) detector and a 3" x 3" 

·Nal (Tl) detector in the experimenta l arrangement shmm in Figure 3. 3 .1. 

The bi-polar output pulses from the main amplifiers \·lere fed to t:i.ming, 

single channel analyzers (TSCA) (Canberra 1436) \·,Thich genera ted timing 

markers at the zero-crossing point of each pulse respectively. One of 

these timing markers '"as used to start a time-to-amplitud<; converter 

(TAG ) while the other VJa s u sed to stop it. The output of the TAC Has 

then a pulse \<lith an amplitude proportional to the time difference 

b et\veen start and stop pulses. For events \·lhich are associated Hi.th 

gamma cascades though non-isomeric leve ls this t ime difference \<lill 

jus t be that due to the different t~ue delays of the c ircuitry as

sociated \..rith each detector, and all TAC output pulse from these events 

will have the same height. In addi t:i.on to these events, TAC output 

'"i 11 also be genera ted by unre l ated events \<lhich occur randomly in 

each detector but ~tich generate consecutive start and stop signals 

during the operating period of the converter. These chance coincidences 

will be unifonnly distributed in time and should therefore produce a 

uni form distribution of output pulse heights. The output pulse 

height spectrum from the TAC as collecte-d in the 512 channel multi 

channel' analyzer is shmm in Figure 3. 3. 2. The large '"idth of. the 
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"prompt" coincidence fraction~ r elative to that expected~ can be 

traced to the poor timing characteristics of large volume Ge(Li) 

detectors. 

The output pulses from the TAC \vere processed by a third 

TSCA (Canberra 1435) \vhich generated an output pulse only if the 

height of the input pulse was within the r egion indicated in Figure 

3. 3. 2. This "windmv" thus included most of the true coincidences 

plus a small chance contribution. The output from this TSCA ~vas used 

to open a linear gate at the input to two ADC ' s~ one for ' the linear 

output from each detection system. Thus the ADC's~ only digitized 

information from the dete ctors which had occured in coincidence. · For 

the Nal spectrometer, the bi-polar pulse used for timing \vas also 

used as the linear signal. Hm·lever, for the Ge (Li) spectrometer, 

in order to obtain better resolution, a uni-polar linear signal Has 

generated ~·l ith a second, low noise amplifier. In each case , a delay 

amplifier Hith unity gain and sHitchable delay times was used to 

properly align, in time, the arrival of the n..ro linear pulses and 

the coincidence enable pulse. 

The address output from the tHo ADC's, \vhen taken as a pair, 

form the co-ordinates of a coincidence in a t\vO dimensional matrix , 

whose axes r epresent the energy detected by each detector. These 

address pairs \vere collected in blocks of 2048 and \vri tten on mag

netic tape. An IBH 7040 computer later processed this address re

corded data to accumulate the total number of events that occured at 

each co-ordinate of the matrix. The data were collected in a grid 

of 1024 chan1.1els along the Ge (Li) direction and 128 cl annels along the 
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Nai (Tl) direction. 

In order to extract the coincidence information from this 

ma t rix this procedure \vas follm>1ed: The total summed projections 

of all coincidence events unto the Ge(Li) and Nai axes \vere obtained . 

"Gates" were then set along either dimension by instructing the com

puter to select certain channels along that dimension and sum the 

spe ctra in coincidence \vith these channels along the other dimension. 

For well defined peaks, the events due to underlying Compton dis

.tributions of higher energy gamma rays could be removed by subtracting 

an amount equivalent to this underlying portion using channels im

mediately above or belmv the region of interest. In general, this 

subtraction process \·!US applicable to only the peaks occuring in the 

Ge(U.) projection although it also \vorked \>lith some prominent peaks 

in the Nai projection. Houever, the Nai gates usually consisted of 

the sum of ten channels with no background contribution subtracted. 

The spectra generated by these gates were then analyzed to 

obtain the coincidence probabilities bet\veen the gamma rays observed 

in the gated spectrum and the gating transition. Experimentally, this 

is given by 

3.3.1 

where N.. is the nwnber of coincidence events occuring bet\>leen the 
l.J 

. th d . th ( ) d ( )f u11 energy peacs of t e 1. an J ganma rays, £W . an £W . are1 h 
1. J 

the corresponding efficiencies (one Nai , one Ge(Li)) and C . . is the 
l.J 

coincidence probability. Since N \vas not knmm, the coincidence
0 

probabilities were detemined by normal"zing the calculations to a 
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strong transition occuring in the gate, for which it was felt that 

the true coincidence probability \vas \¥ell knmm. A comparison of 

these probabilities tvith those predicted from the assignment made in 

the decay scheme provided a quantitative t est of the assignment. 

Because of the large range of gamma ray energies, these coin

cid ence experiments \vere performed in two sections for each element. 

The fir s t section cons tituted a "Lo- Lo" experiment in v1hich the 

electronics associated \vith both detection systems v.rere adjusted to 

cover approximately the same energy region. For the Krypton isotopes 

this upper limit was approximate ly 1. 9 HeV \vhile for the Rubidium 

isotopes the Ge(Li) dimension spanned 0- 2.77 HeV and the Nai dimen

sion spanned 0 -3.1 HeV. In the other section, the "Hi-Lo" experi

men t, the energy region accepted by the Nai detection system was left 

unchanged from that in the corresponding "Lo-Lo" experiment, \vhile 

that accepted by the Ge(Li) system \vas arranged to cover the upper 

portion of th e gamma ray spectrum \•lith some overlap vTith the ''Lo-Lo" 

experiment . Thus for the Krypton i sotopes the Ge(Li) system covered 

the region 1. 6 to 4. 49 HeV \.rh:i.le for the Rubidium isotopes the range 

\vas 2.7 to 5.9 MeV. 

3. 4 T\.ro Par_ameter Beta-Gamma Experiments 

As an aid to establishing l evel ordering, a two-parameter 

beta-gamma experiment was performed on the Krypton isotopes only. 

The experimental configuration \.ras the same as that shmm in Figure 

3.3.1 except tl~ Nai (Tl) detector was replaced by a 1.75 in diameter x 

2.0 in Nel02 plastic beta detector, and the gamma counting cell of 

Figure 3.1.3 was replaced with the beta counting cell. The beta 
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detector 1vas mounted on a Dumont 6292 photo tube 1vith op tical coupling 

provided by silicone fluid (D mv Corning /1200). The plastic \vas held 

firmly in place by a cardboard tube \vith a small lip projecting over 

the detector to provide mechanical strength. The tub e in turn Has 

firmly fastened to the lmver portion of the photo tube Hith light-

tight black plas tic tap e. The exposed end of the plastic \-laS covered 

2with three l ayers of Aluminum foil, each 0.228 mgm/cm thick, to ex-

elude light without affecting the beta spectra except at the very 

lmv energy end . 

A collimator consisting of 0. 3 mm copper and 0. 6 mm lead \vas 

placed bet\-leen the source and the beta detec tor. This had a conical 

ho l e (30° half angle ) with a 0.5 mm dia. intersection with the front 

surface of the copper por tion. This collimator served three functions: 

i) to ensure that the detector could only "see" a por tion 

of the source holder covered by the thin myl ar v7indmv; 

ii) to make the efficiency essentially independent of energy 

by making the shortest straight line path through the 

detector longer than the range of the expected electrons; 

iii) to absorb the strong 0.1086 MeV and 0.1215 MeV transitions 

in the 
91

Kr and 
90

Kr decays r espectively, \vhich origi

nated in the portion of the source not "seen" through the 

hole in the collimator . These gamma rays uould othenvise 

contribute a large gamma-gamma component to the observed 

coincidences . 

Although this gamma contribution to the coincident beta spectra 

would only become appreciable at rv 1. 0 HeV ( 1. 118 HeV Compton eclg e) 
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90
for 	the Kr decay and at"" 0.34 MeV ( 0 . 506 MeV Compton edge) for 

91 
t he Kr decay, i.e . approxima tely 1. 6 MeV belmv the end point of 

9
t he lmvest energy beta group expected in °Kr , an attempt was made 

to ·correct for it. This \.;ras done by performing a s eparate gamma-

gamma ' coincidence experiment i n the same geometry , but \vi th the Copper 

portion of the collimator replaced by a similar piec e \.;rithout the con-

i cal ho l e . The two experiments \.;rere normalized by comparing the areas 

of the full energy peaks in singles spectra from the Ge ( Li) spectrome ter 

recorded during the collection of the coincidence data iri each case . 

The corrections ranged from "" 20% to "" 50% depending on the relative 

s ize of the beta-ganm1a and ganuna-ganma c oincidence probabilities ·of 

t he gating transition and its coincidence radiations . 

The data \vere accumulated and gates \.;rere genera ted as des

c ribed for the gamma-·gamma case ( Section 3. 3) Hith the exception that 

no beta gates were used and the beta dimens ion grid \.;ra s reduced to 

51 from 256 to increase the number of events in each channel. The 

coincident b eta spectra were corrected for the expected coincident 

gamma contribution , and for the response of the plast ic de t ec tor 

(Slavinskas et al (1965)) . Energy calibration was obtained us ing the 

198 28 38 
beta spectra of Au, Al and Cl by the follm.;ring itera t ive pro

c edure. A first approximation to the calibration was used to generate 

Fermi plots of the three standards . Weighted , least-squares , straight-

line fits to these Fermi plots yielded channe l numb e r intercepts which 

\.;rere used to obtain a s e cond approximation to the energy calibration. 

This procedur e was repeated until the standard end points were re 

calculated \.;rithin the generated er.ror. This final energy calibration 
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was then used to generate the Fermi plots of the coincidence spectra 

and consisted of a ga in of approximately 0.111+ HeV /channel. Tlw 

above mentioned least-squares fit to the coincidence Fermi plots then 

yielded the end-points of the various beta groups. 

The beta-gamma coincidence probabilities Here determined from 

the Fermi plots using the relationship 

N .. (hl) = N ( cw). (cw). <J> .(H) c .. 3.4.1 
1] 0 1 J J l.J 

where N.. (H) is the number of coincidences betHeen the i th gamma ray
1J 

. thand the electrons in the J beta group that occur at an energy H, 

r/., (T l) • h b b • 1 • f 1 • \. •th • . • th~· r 1.s t . e pro a 1 1ty o · an e ectron 1n t11e J group occur1ng w1 . 
J 

energy H and the other symbols are as previously described. ¢. (lv) is 
J 

jus t the beta spectrum shape of equation 2.2.2 (with £ replaced by H) 

normalized to unit area and may therefore be calculated for the various 

beta groups involved. As with the gamma-gamma calculations , N \•las0 

unknmm and it \~as necessary to normalize the calculations to a coin

cidence where it was felt that the probability was Hell known. 

3. 5 Delayed Coincidences and Lifetime Heasurement 

During the course of this investigation it becam e evident 

91that the first excited state in sr at 0.0931 MeV possessed a measur

able lifetime . This lifetime \vas subsequently measured using the 

s tandard fast-slm-1 coincidence technique, and the experimental arrange

ment shmm in Figure 3. 5.1 (PrestHich et al (1968)). TAC start pulses 

were generated from both b e ta and gamma events above about 0 .150 MeV 

i n energy as detected in a 1.5 in thick by 1.8 india. NATON 136 pla stic 

dete ctor while stop pulses \ver e generated from events in the region 

of the 0.093 keV full energy peak detected in the 1 in x 1 in Nai (Tl) 
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scintillator . The TAC output spectrum \vas collected in a multi 

channel analyzer . The shape of the "prompt" curve, due to undelayed 

coincidences for this equipment was obtained using the annihilation 

22radiation from Na . Time calibration was also performed using this 

source by introducing successive additional de lays of 100 ns into the 

circuits generat ing the stop pulses . Another measure of the lifetime 

t-Ta s provided by the TAC output collected during the course of the 

delayed coincidence experiment described belmv. "Prompt" response 

and time calibration were determined in the same fashion as above. 

The existence of this lifetime provided an effective means 

for determining ~vhich transitions were connected to the first excited 

sta te, either directly or in cascade. By using the configuration 

shown in Figure 3.3.1 with a 0.125 in thick x 1 india. Nal(Tl) 

detector gated on the region of the 0 .093 MeV full energy peak (instead 

of the ungated 3" x 3'' Nal (Tl) detector) to generate the stop pulses, 

a TAC output spec trum as sho\vn in Figure 3. 5. 2 vias obtained. Se.tting 

the \·Tindov of the SCA vlhich generated the analyzer enabled pulse on 

the i ndicated region of this spectrum, effectively rejected all un

delayed events. Thus only those events associated with the population 

of the 0.0931 MeV level \vere analyzed. The events had to be delayed 

a ·longer time than usual in order that they arrive at the ana lyzer at 

the instant coinciding with the opening of the linear 8ate . The chance 

contribution to the collected spectrum, \vhich ~vas larger than tha t 

for an ordinary coincidence ex.periment due to the increased size of 

the windmv on the TAC spectrum, \.Jas readily corrected for using the 

90strong trans itions in the Rb decay. 



CHAPTER 4 


RESULTS AND DISCUSSION - 9°Kr AND 91Kr 

4 . 1 	 Previous and Concurrent Work 

90The decay scheme of Kr has been previously investigated by 

Goodman et al (1964) and the results of this investigation are pre

s ented in Figure 4 . 1.1.. Gamma-gamma and beta-gatruna measurements 

2111\lere performed using 211 x Nai detectors and an NE102 plastic beta 

detector . The gamma spectra obtained were analyzed by hand stripping 

procedures 1\lhile the analysis of the beta spectrum required the use 

of a correction factor for the plastic detector efficiency, 1\lhich was 

a function of energy because of the method of operation. As a result, 

t he decay scheme of Figure 4 . 1.1 might be expected to be in error 

in many of the weaker transitions. 

Hare recently Carlson et al (1969) have investigated the 

9radiations associated with the decay of °Kr using a mass separator 

to produce isotopically pure samples, and have determined the half-

life to be 32.32 + 0.09 sec. In addition, from measurements of the 

90 .
decay of the Rb daughter, they have discovered an isomer with a 

beta half life of approximately 255 sec . Talbert (1969 ) using the 

same equipment, has also measured the gamma ray spectrum associated 

9with the decay of °Kr with high resolution Ge (Li) detectors and 

90has identified this isomer as a level at 0.1069 MeV in Rb . Talbert's 

investigation, as '"ell as the present one indicates the existence 

56 
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of many more transitions than the previous measurements of Goodman. 

4.2 Identification of the Origin of Gamma Rays 

Figure 4.2.1 presents the spectrum obtained from sources 

90 prepared using the standard Kr prescription of Table 3.1.1. All 
\ 

90of the Kr full energy peaks have been labelled as have most of the 

prominent peaks due to contaminant activity. A few of the weaker 

contaminant peaks have not been labelled for the sake of clarity. 

A portion of thi.s spectrum is shown expanded in Figure 4.2.2 along 

wi th the correspond ing section from the spectrum ob~ained from the 

"delayed" sources. This section contains gamma rays from all three 

nuclides pt·esent in the samples and indicates the type of behaviour 

observed for peaks associated with each of these. A representat:i.ve 

sample of the numerical values generated by the procedure outlined 

i n Section 5. 3. 2 is sho't<m in Table 4. 2.1 to illustrate the quality 

of the dis tine tion that can be made between the nuclides . Al though 

this classification procedure was genera lly quite successful, some 

of the weaker gruruna rays were assigned to particular decay chains 

on the basis of compar ison with the results of Talbert (1969). In 

addition, many '\'Teak high energy transitions l.;rere observed in this 

l atter investigation which were not seen in the present one due to 

89the large contamination from high energy Kr events. 

904.3 Kr Dec~ 

904.3 .1 Kr Energy and Intensity Measurements 

The energy and intensity of the gamma rays assigned to the 

90 .
decay of Kr are s umnmrized in Table 4.3.1. The errors in the energy 
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TABLE 4.2.1 


Ra tio of Some Peaks Observed i n Krypton Singles Experiment 


(Ratio i s Peak Area Delayed Source/Peak Area Standard Source) 


E (MeV) Isotope Classification y 

0. 1086 0.47 91 

0.121.5 1.10 90 

0.2206 1. 35 89 

0.2341 0.92 90 

0.2419 1. 01 90 

o. 3564 1.56 89 

0.4120 1.48 89 

0.43 41 1.22 90 

0.5068 0.50 91 

0.5398 1.15 90 

0.6132 0.53 91 

0.7311 1. 30 90 

0.8675 1.96 89 

1.1187 1.20 90 



TABLE 4.3.1 

Gamma Rays Observed in the Decay of 90Kr 

Energy (MeV) Intensity Classification Basis for Classification 

Present Work Talbert (1969) Present 
v1ork 

Talbert 
(1969) 

Ein'c 

0.1059 2 0.64 1. 7998~1.6735 E 

0.1064 5 0.1069 3 251 sec Isomer 0.1069-+0 . 0 , E 

0. 1215 2 0.1216 1 58 58 0.121~ . 0 . E many y-y (2.5913) 

0.2341 

0.2419 

0.2490 

2 

2 

2 

0.2344 

0. 2422 

0.2493 

1 

1 

1 

4.6 

17 

3.0 

3. 1 

11.5 

1.6 

0. 3557-+o.l215 

0. 2419->Q. 0 

0 . 3557-+{).1069 

E 

E 

E 

4.2(0 . 121) 3.1(1.423) 
1. 3(2. 698) 

0.7(0.419) 15(1.537) 
10(2 . 61.;8) 

1. 9(1. 423) 

0. 4193 2 0. 4193 2 o. 3)': 0.35 o. 6612->0. 2419 E 0. 7(0.242) 

0 . 4341 2 0. 4335 

0. 4702 

1 

3 

3.2 1. 6 

0.35 

1. 6 735+1. 2402 E 2.7(0.121) 2.2(1.187) 
' 3.5(2. 808) 

o. 4929 2 0. 4926 2 1. 5* 1.6 0.6144-+<>.1215 1. 6(0 .121) 

0 . 5398 

0.5545 

0.6193 

2 

2 

2 

0. 5395 

0. 5544 

0. 6190 

1 

2 

2 

38 

6.5 

1.4 

39.5 

6 . 7 

1.4 

1. 7798-+1. 2402 

o.5545-+o.o 

o. 7408->0.1215 

E 

E 

E 

38(0 . 121)(n) 38(1.118)(n) 
38(2.638)(n) 

7.5(1.118) 5(2. 7313) 
0.7(3.868) 

1.7(0.121) 

~ 
N 

0.6i72 2 0. 6777 3 0.5 0.5 



Energ}: (MeV) Intensit}: Classification Basis for Classification 

· Present l~ork Talbert (1969) Present Talbert E 
Work (1969) 

0.6906 

o. 7311 

2 

2 

0.6904 

0.7313 

3 

4 

o.s 

1.9 

0.5 

2.1 o. 7311-+0.0 E 
(n)1.7(0.942) (2.75S) 

0. 9419 2 0.9417 2 1.6 1.8 1. 6 7 3.5-.Q. 7 311 E 1. 7(0. 731) (n) 

1.0395 4 1.0391 5 0.5 0.64 1. 7798-+0. 7408 E 0.5(0.121) ~.6(0.619) 

1.1187 2 1.1185 2 45 

7 
60.4 

1. 2402-+0 .1215 

1.6735-+0.5545 

E 

E 

43(0.121) 38(0.540)(n) 
49(2.558) 

8.2(0.555) 5(3.118) 

1.1652 3 1.1653 3 1.1 1.3 1. 7798-+0. 6144 E 1. 2(0.492) 

1.2405 0.29 1. 2402-+0. 0 E 

1. 3030 5 1. 3045 6 0.7 0.2 

1.3100 5 1. 3098 4 0.6 0.5 

1.3414 4 0.3 

1. 3862 3 1.3862 4 0.3 0.35 2.1261-+0.7408 E 

1.4237 

1.4635 

3 

2 

1.4230 

1.4656 

4 

4 

3.7 

0. 4 

5.2 

0.45 

1. 7798-+0. 3557 

2.1261+0.6612 

E 

E 

2.0(0.121) 3.1(0.234) 
1.9(0.249) 

1.4809 

1.5377 

5 

2 1.5372 4 

0.2 

13.2 17.5 1. 7798-+0. 2419 E 15(0. 242) "' w 

1.5521 2 1. 5516 4 3.1 4. 0 1. 6 7 35-+0 .1215 E 2. 8(0.121) 

1.6186 4 1. 6195 7 0.15* 0.29 



Energ! (MeV) Intensit~ Classification Basis for Classification 

Present Work Talbert (1969) Present Talbert E** 
Work (1969) 

, 

1.6582 2 L6577 4 1.6 2.3 1. 7798-+0 .1215 E 1. 3(0.121) 

1.6921 5 0.1 

1. 7800 2 1.7797 2 9.6 12.5 1. 7798-+0.0 · E no y-y 

1.885 4 L8849 4 0.2* 0.46 2.1261+0. 2419 E 

L980 5 1. 9805 4 0.3* 0.29 

2.005 5 2.0059 4 0.5* 0.3 2.1261-+0 .1215 E 

2. 1264 4 2.1271 3 1.5 2.7 2.1261-+0 E 

2.1482 4 2.1494 4 0.3* 0.52 

2.1911 5 0.23 

2.205 1 0.2 

2.353 1 0.2 3.0937-+0.7408 E 

2.3780 9 0.5 

2.4171 5 0.35 

2.4323 5 0.3 3.0937-+-0.6612 E 

2.469 

2.7085 

5 

13 

2.4680 4 0.6 1.0 
0\ 
~ 

2. 7260 8 2.7265 4 1.0 1.7 



Energy (MeV) 	 Intensity Classification Basis for Classification 

Present Work Talbert (1969) Present Talbert E** 
~iork (1969) 

2.8535 9 	 2.8543 4 1.0 0.81 3. 0937-+0. 2419 E 

2.865 6 	 2.865 6 0 .3 0.38 

2.9481 8 	 0.11 

2.971 	 'V0.2 3. 09 3 7-+0 .1215 

3.1130 	 6 0.3 

3.2689 10 0.15 

3.308 

4.354 

Note 

* Indicates transition identified as belonging to 9°Kr decay by comparison with Talbert's results. 

** E indicates energy fit. 

(n) Indicates this cascade used for normalization in calculation of coincidence probabi1~ties. 

0\ 
VI 
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are presented as that in the last significant figur e of the energy 

while errors in intensity are not quoted . These are believed to be 

about 10% for strong transitions where the error is generated l argely 

from uncertainties ·in the detector efficiency curve and to rise to 

about 20% for the weak transitions v7here there is an additional error 

associated with determining the area of the full energy peak . The 

r esults of Talbert are lis ted for comparison. 

Table 4.3.1 also i ndicates the classif ication within the 

decay scheme for those gan:.ma .rays wh:i.ch have been placed, as well as 

the basis for this classification. The l atter :ls givenin t erms of 

observed coincidence probabilities from both gamma-gamma and beta

gamma experiments. These probabil:i.ties l>Tere determined from an 

analysis of the coincidence data as outlined below. 

4.3.2 9°Kr Coincidence Measurements and Dec~Sch~ne Construction 

Figure 4.3.1 shows the Fermi plots of the par tia l beta spec

t ra in coincidence with the 0.1215, 0.2341, 0.2419, 0.4341, 0.5398, 

0.5545, 0.7311 and 1.1187 MeV full energy peaks. Each of these has 

had coind.dences due to underlying Compton events removed and all 

but the 0.1215 MeV gate have been corrected for gamma-gamma contri

butions . The 0.1215 MeV gate is presented in an uncorrected form 

to indi~ate the magnitude of this contribution to the low energy 

portion of the spectrum. From these it is immediately evident that 

the 0.1215, 0.2341 , 0.2419, 0.5398 and 1.1187 MeV transitions are 

in coincidence with the same beta group with an energy of 2.60 + 0.05 

MeV. The 1.1187 MeV gamma ray also shows indications of being i n 



0 

0• 4341 

0 1--4 

67 


5 

0·2418 

v 
<0. vN 

~ ~ l4 4+rllJtt-H-tt4f4i-f-4 

0·2341 

0·7 3 11 

I() 
1'-. 
N 

l 
ifHt4+t+t 

0·1215 

m 
LO . <0 
N N 

l ~ 

. ........_..._
. 
 ' 
1-1187 

0 . 
r<> 

1 
~.·· ·· ···· ····~ 

.. 
0·539 8 

r<> 
<.D 
N 

l 

0~----------~··~ ·.~·------·~ ·.~

0·5545 

r<> <0 
('- 00 

0 0 



68 

coincidence \-lith a beta group of a slightly higher endpoint of 3. 11 + 

0.1 MeV . 

I n particular , the beta group i n coincidence with t he 0.4341 

MeV radiation i s observed to have an endpoint of 2.8 + 0.1 MeV , some

l-7ha t higher than the strong group making t he multip l e coi ncidences . 

The endpoi nt of the beta group exci t i ng the 0.7311 HeV t ransition , 

which appears to be approximately that of t he group exciting the 

0.4341 MeV gamma ray, i s difficult t o determine . I t i s calcul ated 

to be 2. 6 + 0.2l.feV or 2. 9 + 0. 2l1eV depending on \·Thether t he t hree 

consecutive negative points generated by the Compton subtraction 

process are i ncluded. Titus a val ue of 2.75 + 0 . 2 MeV was ad?pted . 

Final ly the 0.5545 HeV gate indicates t hat t his transition 

i s i n coincidence l-Iith u-:o beta groups of energy 3. 86 + 0.2 MeV and 

2.73 + 0. 2 MeV. 

The t hree coincidence spectra associated with Nai photopeaks 

of the 0. 1215, 0.5398 and 1.1187 MeV tra~sitions , as generated f roo1 

the "Lo-Lo" gamma-gamma experiment , are sho\>m in Fi gures 4. 3. 2, 

4.3.3 a nd 4.3.4 respec t i vely. These demonstrate the exi stence of a 

s trong t riple cascade of the t hree gating t ransitions t hemse l ves and 

es t ablishes a l evel at 1.7800 MeV , de-excited a l so by a ground state 

t ransition , r egardless of how this cascade i s ordered . From the i n

t ensi t y of t he 0.1215 MeV t ransi tion i t can be assumed t o be t he 

gr ound state t ransition t hus es t ablishing a l evel at this excitation. 

The appearance of strong 0. 4341 - 1.1187 MeV and equally strong 

0.4341 - 0.1215 MeV coincidences suggests that of the remaining pair 

t he 1.1187 MeV gamma r ay i s the l o"1er. This \·Tould establish levels 
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at 1.6736 and 1.2402 MeV,the latter of which would accommodate the 

transition of approximately this energy observed by Talbert. The 

1.2402 MeV peak appearing in the 0.5398 MeV gate cannot be used as 

evidence directly since a 0.6616 MeV peak also occurs in the 1.1187 

MeV gate. These are both believed to be la.rgely due to coincidence 

summing in the Ge(Li) detector. Howev·er, under the assumption tha t 

the latter peak is entirely due to s umming the relationship 

540 . Nai Ge 
Ncs 121-1118 ( e-:w) 51•0 

. 1118 . =·~ar- X 

(ew) 1118 
--ae-·- X 

cl21-1118. 

Ncs 121-540 ( ew) 1.118 ( E:w) 5'•0 cl21.:.540 

may be used to estimate that approximately 1/7 of the 1. 2402 Z.1eV peak 

is not due to summing effects. This would correspond to a gamma r ay 

of intensity"' 0.25 as compared to the 0.29 ob$erved l_>y Talbert. 

Because of the errors involved in the peak areas and the efficiend.es, 

this result cannot be. regarded as proof . for the trans ition ordering. 

The strongest evidence for this ordering is pr.ovi.ded by the observed 

0. 4341 gamma coind.dences. The ordering proposed by Goodman would 

require a 0.227 HeV transition of intensity equal to that of the 

0.4341 MeV transition and such a gamma ray has not been observed in 

either singles or coincidence experim~nts. Tlte currently proposed 

ordering is suppor ted by the endpoint of the partial beta spectrum 

exciting the 0.4341 MeV ga~na ray and the existence of the upper 

group in the partial beta feed to the 1.1187 MeV transition. 

The 1.1187 HeV Nai gated spectrum clearly shows 1.1187-0.5545 

MeV coincidence events. The lack of corresponding 0.1215-0.5545 MeV 

events in the 0.1215 MeV Nai and 0.5545 MeV gated spectrQ (Figures 

http:efficiend.es
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4.3 .2 and 4.3.5 respe ct i vely ) jus t as clearly i ndi cates that the 

0 . 5545 HeV gamma r ay cannot f eed the 1.2402 HeV l evel. This and the 

coincidence pr ob abilit ies sugges ts tha t the 1.1187 MeV radiation is a 

complex of two gamma r ays one of i ntens i t y app roximate ly 7% which 

f eeds , the 0 .5545 HeV trans ition and the ot her of approxi matel y 45% 

i ntensit y which f eeds the s e cond excited s t ate at 0. 1215 MeV. The 

end point of the higher ener gy gr oup in the beta spectrum in coincidence 

wi th the 0 . 5545 MeV gamma r ay s uggests tha t the 0. 5545 MeV t ransition 

i s t he lm.-er member of the 1. 1787- 0.5545 HeV cascade . Thls cas cade has 

been placed between the 1. 7798 and 0.106'• HeV levels 'as a mechani !im 

f or popul at i ng the l a tter state . On an energy fit, it could equally 

we l l be located b e t\o~een the 1. 6 7 35 and ground sta t es . The end point s 

of the beta groups f eeding the 0. 5545 MeV t rans i t i on are compa tible 

with either i nt erpretation . 

The 0.2341 and 1.4237 HeV coincidences observed in the 

0 .1215 HeV Na l gated s pectra , ixi con j unc tion \·lith the 1. 4237 MeV 

pe ak i n the 0.23/11 HeV Ge (Li ) ga ted spectrum , i n Figure '•. 3.5 , es

t ablishes anot he r cas cade f r om the 1. 7800 MeV l evel. Event s at 

1. 4237 MeV in the 0.2490 MeV Ge (Li) gat ed spectrum (Figure 4. 3. 5) 

and energy f it sugges t or derings of 1.4237-0.2341- 0.1215 and 1 . 4237

0.2490- 0.1064 MeV r espe ctive ly thus es t ablishing a l evel a t 0. 355 7 MeV. 

Two f urther cascades from the 1 . 7800 MeV l evel to the 0 .1215 

MeV excite d s tate are es t ablished f rom the 0.4929 , 0 .619 3 and 1. 1652 

MeV coincidences in the 0.1215 MeV ga t ed spec trum and the 1.1652 and 

1. 0395 MeV events in the Ge (Li ) gated spe ctra ass ociated \~T ith the 

0. 4929 and 0 .6i93 MeV r adiations (Figure 4.3 . 6). Us i ng intensi t ies 

t o or der the t rans i t ions es t ablishes l evel s at 0 .614LI and 0 . 7408 HeV 
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r espective ly. 

Of the remaining gamma rays in the 0.1215 MeV Nai gated 

s pectrum the one at 1.6582 MeV cas cades directly from the 1.7800 MeV 

l evel to the second excited state while the one at 1.5521 MeV provides 

f urther evidence fo r the 1.6736 MeV level. The 0.9429- 0.7311 MeV 

cascade '"hose existence is determined from the corresponding Ge(Li) 

gated spectra shown in Figure 4.3.6 can be fitted either betHeen the 

1 . 7798 and 0.1064 MeV levels or be tween the 1.6735 MeV and ground 

s tates. The former choice has been made to provide a l arger feed to 

the i s omer . The beta spectra in coincidence with the 0.7311 MeV 

l evel is consistent with either interpretation. 

The beta group vTith end point at 2. 6 MeV which appears in 

coincidence with the 0.2419 MeV radiation is explained by the Ge(Li) 

gated spectrum associated ldth this s ame r adiation as shmm in Figure 

4.3.5. This figure establishes yet another cascade from the 1.7800 

l evel i nvo l ving the 1.5377 and 0.2419 HeV gamma r ays. The pressence 

in this spectrum of the 0.4193 MeV peak which defines the 0.4193

0.2419 He V cascade , offers furthe r support for the levels at 0.2419 

and 0.6612 MeV. 

The Krypton 11 Hi-Lo11 experiment which was per fo rmed yie lde d 

no information and consequently is not discussed. This negative 

result is due to the weak intensity of the gamma rays above 1.780 MeV 

and the s mall number of events recor ded during the experiment . 

94.3.3 °Kr Decay Scheme and Discussion 

The results of the foregoing analysis are presented graphically 
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i n the decay scheme of Figure 4.3.7. Solid dots at the t erminus of 

transitions indicate that this r adiation has been observed in coin

cidence . I ncluded on this scheme are two l evels at 3.0937 and 2.1261 

MeV respectively which have been established tentatively on the basis 

of multiple energy fit only, making use of several gamma rays observed 

by Talbert. Also included on t he basis of energy fit is the 0.1059 

MeV transition placed between the 1.7798 and 1.6735 MeV levels. TI1e 

l evel energies have been recalculated taking into account all well 

es tablished modes of decay and as a result the values shown , in some 

cases , differ from the corresponding values mentioned in the text~ 

The beta groups indicated by solid arrows are those '~hose 

end points \Jere determined , as sho\·m, from beta-gamma measurements. 

These end points along with the energy of the associated l evel s give 

a weighted average value of 4.38 + 0.05 MeV for the ground state 

Q-value. The intensities of the be t a f eeds with the exception of 

those indicated by dashed arrows .,.,ere established by i ntensity bal ance 

a t each l evel and normalized to tota l 100. For this purpose the 

gl:'ound state f eed \'las assumed to be 0. This normalization l<Tas then 

used to calcul ate t he gamma ray intensities i n photons / 100 decays . 

The upper l imits to t he intensities of the beta f eeds to 

the 0.1215 .nd 0. 2418 HeV l evels ·hich are sho~rn , ,.,ere determined 

f rom the beta spectra observed in coincidence with these radiations . 

This was done by determining the i ntensity of the directly f eeding 

t ransitions relative to that of the 2.6 MeV group using the net 

number of observed events bet:Heen the end points of these tvro groups . 
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An analysis 	of the various configurations available for the 

90l oH lying levels in Rb in an effort to postulate tentative spin 

87ass i gnments yields very ambiguous results. The ground state of Rb 

i n which the neutrons form a complete major shell , indicates that the 

-1 proton configuration consists of a (p ) arrangement in which the
312


th
37 proton 	has been promoted to fill the f l evel . Similarly the
512 

· 89 91 stground states of Sr and Zr indicate that the 51 neutron, and 

rdt herefore presumab ly also the 53 neutron, is in the d level. The
512 

+l atter assumption is also supported by the 5/2 assignment to the 

93 zr gro und state. 


90
The ground state and l ovl lying states of Rb would then be 

·expected to be fo rmed as a coupl ing of the d neutron particle state
512 

and (p ) proton hole state to produce states of negative parity and 
31 2

s pins 1, 2, 3 and/ or 4. Using Brennan and Bernstein ' s rules, since 1. 

and s are parallel for both neutron and pro ton , the lm.;est state in 

this multiplet shou.ld be either 1- or 4-. However , the even Rubidium 

88i sotopes systematically have a 2- ground state, including Rb. 

The log ( ft ) of 4.5 for the beta decay to the 1.7798 MeV level 

indicates an allo~'led transition and hence a spin of 0 or 1 and posi

t ive parity 	 for this level. A spin of 0 tvould imply a pure Fermi 

+t ransition f rom the 0 parent tvhich occurs only bet,.;reen isobaric ana

logue states. Since the neutrons are in the next maj or shell above 

the protons, the excitation of approximately 2 MeV is unlikely suf

f icient to justify classification of this leve l as the analogue of 

the ground state of 9°Kr. Consequently an assignment of 1+ for this 

state can be made Hith confidence. For the same reason, the levels at 

2. 1261 and 3.0937 also have spin 1 and positive parity. 
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The 1.7798 MeV level subsequently decays directly to all the 

lm>Ter lying states except the 0 .1069 MeV isomer. This decay pattern 

i ndicates that such a transition involves a large spin charge and 

s uggests a possible assignment of 4- f or the isomer. This arrangement 

90 would account for the beta decay of this state to a level in s r 

t entatively established as 4+, (see following chapter), and a 1- ground 

state configuration would satisfy both Brennan and Bernstein ' s Rules 

and the observed ,.,eak gamma branching from the isomer. The intensity 

. 90
of the beta feed from the Rb ground state as deduced from the gamma 

90 . 
i ntensity balance in the Sr level structure is consistent \olith the 

1- assignment. 

From Figure 4. 3. 7, it is apparent that at least 11.4% of the 

90t ransition intensity feeds the isomeric state . From the Rb decay, 

it will be shmm that the isomeric transition, including internal con

version, has an intensity of 'Vl. 3% leaving >10% to be de-excited by 

beta decay. This estimate is in fair agreement \-lith the 18% figure 

90deduced from the s r level structure. 

I t i s quite possible, of course, that the simple shell model 

l evel s and the simple coupling schemes discussed are completely 

i nadequate for even a simple minded description of these states. More 

l ikely, considerable configuration mixing included recoupling of the 

t hree neutrons, as ,.,ell as such proton configurations as 

1 ( 3 6 3or 1 p ) ( f ) > with the (p ) configura312 512 31 2

) 2 ) 6 )1tion recoupled or even I(p ( £ ( p > may be involved.
312 51 2 112

Further insight into the actual nature of t hese ~tates will need 

t o await both theoretical calculations and further experimental 

i nvestigations, if possible, into the multipolarities of the transi
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tions connecting these low lying levels. 

94.4 lxr Deca:r.. 

4.4.1 9lxr Energy and Intensity Measurements 

The information obtai.ned concerning the decay of 9lxr is 

very meagre as it was really only gleaned from the experiments on 

90Kr. Since the irradiation facility was 	 opet·ated at essentially 

90its ~~ximum rates in order to produce the Kr sources it was not 

possible to make sources maximizing the 91Kr activity. In fact, 

9~ . 90
the IKr was a contaminant in the Kr experiments and something 

was learned of its decay because the effects which were observed 

had to be accounted for. 
/ 

The energies and intens ities of the gamna rays observed to 

91 .
belong to the decay of Kr are listed in Table 4.4.1. Some of these 

were assigned by comparison with the work of Talbert, whose results 

are also listed. Some 97 transitions have been omitted from the 

latter list since they were not observedt even faintly, in the present 

investigation . 

4.4.2 9 ~cr Coincidence Measurement and Decay Scheme Construction 

The only gamma-gamma coincidence information that was obtained 

came from the 0.1215 MeV and 1.1187 MeV Nai gates of .Figures 4.3.2 

90and 4.3.·3 respectively. As well as the strong Kr gating transitions 

these also contained lesser amounts of 91Kr radiations of 0.1086 and 

1.1086 HeV respectively. The 0. 1086- 0.6132 MeV coincidences establish 

a leve l at 0.7218 MeV for which the 0.7215 MeV radiation observed by 

Talbert is probably the ground state transition, The 1.1086-0.5068 
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TABLE 4.4.1 

Gamma Rays Observed in the Decay of 9~r 

Energy (MeV) ~_..:I=ntens.!.~L-- Comments 
Present Ta lbert 

Present \>Jork Ta lber t (1969) Wor k (1969) 

0.1086 2 	 0.1088 1 197 206 . 

1'• y' s 

0. 5068 2 	 o.so-66 1 100 100 

'• y' s 
/ 

0.6132 2 0.6128 1 42 41 

4 y' s 


0.7215 2 3 


18 y's 


1.1086 5 1.1086 1 35* 43 strongly contami-· 
nated by 89Kr 

22 y' s 

1.5012 3 1. 5014 3 36* 37 strongl y contami.
na t ed by 89Kr 

35 y's 

2.488 2 2.4844 3 17 23 

7 y's 

2. 734 	 2 2.7356 4 11 10 

28 y's 

* 	 I ndi cates assigned to 9~r decay by comparison with r esults of 
Tal bert (1969). 
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MeV coincidences observed in the other gate place a l evel at 1.6154 

MeV from \-lhich there does not appear to be any ground state decay. 

The r esults of the beta-gamma coincidence experiment for 

~r are show·n in Figure 4.1~. 1 which present s the Fermi plots of the 

partial beta spectra in coincidence with the 0.1086, 0.5068 and 0.6132 

MeV full energy peaks. Since the 0.6132 and 0.1086 MeV r adiations are 

in coinc:i.dence, the latter gate contaius both a directly f eeding com

ponent and a cascade through the 0.7218 HeV level. Using the spectrum 

observed in co:i.ncidence with the 0. 6132 MeV gamma r ay , to correct the 

0.1086 HeV gate for this contributio11 yields the results which are 

also shown in Figur e 4.1•• 1. Analysis of these Fermi plots gives 

end points of 4.33 + 0.2, 4.59 + 0.1 and 4.98 + 0.7 MeV for the beta 

groups feeding the 0.7218, 0.5068 and 0.1086 MeV l eve l s respectively. 

4.4.3 9~r Decay Scheme and Discussion 

The results of the above discuss ion are presented in F:i.gure 

4. 4. 2 as a decay scheme i n min:i.a.ture. From the observed beta decays 

the ground state separation of 91Kr and 9 ~tb is ca lculated to be 

5.07 + 0.08 MeV. In vietv of the extremely limited information embodied 

in 	this decay scheme any discussion s eems to be even more unreason

90able than that for the decay of Kr. 



CHAPTER 5 


RESULTS AND DISCUSSION - 90Rb AND 91Rb 

5.1 	 Previous and Concurrent Work 

90The radiations associated with the decay of Rb h ave been 

i nvestigated by several ~10rkers . The half l.i fe has been measured by 

Kofoed-Hansen and Nielsen (1951) , Johnson et a l ( 1964) , ·Amarel et a l 

(1967) and Carlson et al (1969). The first of thE~se t~To obtained 

single values of 2. 74 and 2. 91 min respectively, \vhile t he l atter two 

showed t hat there ~vere actually two components pr· sent ~~:tth half-l:tves 

of approximately 255 sec and 153 sec ~'<lith the longer Hved compone.nt 

being rather \<Teak . In addition , Talbert (1969) has determined that 

t he 255 sec activity is associated with an i someri.c state at 0.1069 

90MeV i n Rb , as described i n Chapter 4. 

The beta and gamma decay scheme has a l so been i nvestigated 

by J ohnson et al ( 19M), by Zherebin et a l (1967), a.nd by Talbert 

(1969) . The H.rst t\vO groups obtained very similar r esults , 

measuring the ground state Q-val.ue t o b e 6. 60 + 0.10 MeV and 6.64 + 0. 12 

MeV respectively. However , both groups were l imited i n their gamma 

r ay inv~stigations by the resolution of the Nai scintillation spec-

t rometers used. The more recent \'Tork of Talbert empl oying an isotope 

s eparator arranged on l ine with an irradiation facility at a research 

r eactor as well as better resolution Ge (Li) spectrometers , i ndicates , 

as does the present investigation, that the decay scheme i s uch more 
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complicated than previously expected . 

91The decay of Rb has not previously been investigated. Hat¥

ever, Carlson et al (1969 ) have measured the halflife to be 58.2 + 0.2 

sec and it i s assumed that this gr oup wil l also study the deca~t scheme 

as part of a systematic investi.gation of thi.s region. 

5.2 Identification of the Origin of ~he Ga~na Rals 

Figures 5.2.1 and 5.2.2 show r espectivel y the singles gamma 

90 91 r ay s pectra ob tained fr om sources prepared to maximize Rb aud Rb 

as described 5.n 5. 3.1. Both figures have inserts taken from other 

experiments performed to examine the lot-1 energy portion of the spec.trum 

i n finer detail. I n the case of the 91Rb inser t, the full energy peaks 

associated with t wo energy standard t:JCansi tions are also included. 

Using the procedure outlined i n 5. 3. 2 an a ttempt \•las made to ide.ntify 

t he decay to which each peak be l onged . Table 5.2.1 shows a repre

s entative sample of the values invol ved , to indicate the quality of 

the distinction. I n many cases of weak peaks Hhich appeared in the 

9L · 	 90-ab spectrum, there l\l'ere no corresponding peaks occuring in the Rb 

spectrum. These peaks ere tentatively ass: gned to the 91Rb decay . 

90One l ine , at 1.4547 MeV, was assigned to the Rb decay by comparison 

with the results of Talbert (1969). 

5. 3 	 90Rb Decay 

905.3.1 Rb Energy and I ntensity Heasur ements 

The results of energy and intensity measurements as outlined 

i n Chapter 3 are summarized i n Table 5.3.1. The energies are the 

averages of at leas·t t wo and in some cases three separate determinations 
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TABLE 5.2.1 

Ra tios of Some Peaks Obset~ed in Rubidi um Singl es Experi ment 

90 91 (Ratios ar a Peak Area Rb Spec trum/ Peak Area Rb Spectrum) 

Ratio I sotope Classifica tion 

0. 8315 1. 19 90 

o. 91+78 1.05 89 + 91 

1. 0321 2. 51+ 89 

1.0606 1.19 90 

1..1375 0. 19 91 

1. 1Lt60 0. 41 91 

1.2482 2.62 89 

1. 6657 1. 50 90 

1. 8495 0. 21 91 

1. 9712 0.19 91 

2.008 2.67 89 

2.4745 1.35 90 

2.5643 0. 18 91 

2. 7520 1. 43 90 

3. 0385 1. 69 90 

3.0563 0. 24 91 

3. 5342 1.16 90 

3.5675 0.25 91 

4.0 785 0.18 91 
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9i.e. 	from the 90Rb spectrum, the ~ spectrum and the initial cali 

90bration of Rb with standards. The error in the energy is given as 

the error in the l ast significant figure quoted in the energy. In

tensities are normalized to the strong transition of 0.8315 MeV 

as 100. Errors in intensities are not given individually but are 

believed to be of the order of 10% on the stronger peaks where the 

error is lar&ely generated from uncertainties in the detector ef

ficiency curve, and rising to the order of 20% ur greater on the 

weaker peaks \<There a further error is introduced in determining the 

area of the full energy peak. 

Also included in the table are the energy and intensity 

measurements of Talbert (1969). The position of the gamma ray in 

t he decay scheme is indicated by the column headed "Classification" 

and the basis for this ass:f.gnment i s summarized in the fo rm of 

coincidence pt'ob~bilities with the0.8315 HeV (y ), 1.0606 MeV (y )
1	 2

or other gamma rays as listed . These l atter columns were prepared 

f rom an analysis of the coincidence da t a as outlined belo\·1. 

5. 3.2 90Rb Coincidence Measurements and Decay Scheme Construction 

Figure 5.3.1 sho~-1s the Ge (Li) projection from the "Hi-Lo" 

Rubidium experiment along with a singles spectrum containing approxi

mately ~he same total number of counts as the projection , t aken t-lith 

the same experimental configuration. The absence or severely at-

t enuated intensity of the prominent full energy peaks associated l1ith 

the 3.0385, 3.3833, 4.1360, 4.3660, 4.6466, 4.974, 5.070, 5.1878, 

5. 25l)5 and 5.3336 HeV gamma rays indicates that these are ground state 

t ransitions and establishes l evels at these energies. These classi 



TABLE 5. 3. 1 

90Gamma Rays Obs~rved in the Decay of Rb 

Energl (MeV) Intensitl Classification Basis for Classifica~ion 

Present Talbert 
Present Work Talbert (1969) Work (1969) E . y 

1 Y2 0 ther Gammas 

0.1064 5 0 . 1069 3 0.12 253 sec isomeric transition in 90Rb 
0.315 1 0 . 3149 3 0.4 0. 35 2. 2068-+1. 8921 E 0.5 0.45 

0.551 1 0. 5514 3 0.3 0. 4 2. 2068+1.6555 E 0 . 33 0 . 33(0 . 824) 

0 . 5863 6 0. 2 4. 0360-+3 . 4497 E 

0 . 7204 4 0. 35 2.927.5-+2.2068 E 

0 . 8240 2 0. 8237 1.5 3. 8 4.2 1. 6555-+0 ~ 8315 E 3. 8 

0.8315 1 0. 83115 1. 5 100 100 0 . 8315-+0 E 20. 5 

0.838 · o.2* 4. 974 -+4 . 1360 E o . 2(4 . 136) 

0. 871 1 0. 3* 2. 5271+1. 6555 E 0 . 3 0 . 3(0.824) 

0. 9525 2 0. 9524 2 0.7 0. 85 3.4497+2 . 4972 E 0 . 7 0 . 6(1.666) 

0. 3 4. 3355+3 . 3833 E 0 . 3(3.383) 

o. 9972 2 0.9975 2 0.9 0. 5 4. 0360-+3 . 0385 0.9(3 . 038) 

1.0320 6 0 . 3 

1.0388 ·3 0. 6 5. 1876-+4.1485 E 0.4(3.317) \0 
N 

1 . 0606 1 1.0604 2 19 19 1. 8921-+0. 8315 E 19 

1.1186 6 0.3 5.2545-+4.1360 E 0.2(4.136) 



Energy (MeV) Intensity Classification Basis for Classification 

Present Talbert 
Present Work Talbert (1969) Work (1969) E Other Ganmas 'Yl 'Y2 

1.1426 20 1.1412 4 0.4 0.4 0.7 
-

1. 2426 2 1. 2427 2 1.1 1.6 3. 4497->-2. 2068 E 1.3 1.1(1. 375) 

1. 2720 2 1.2716 3 0.8 0.9 2. 927.5-+1. 6555 E 0.8 0.8(0.824) 

1. 3268 0.6 4.3660+3.0385 E 0.3(3.0385) 

1. 3752 1 1. 3754 2 a·.l 9.8 2.2068+0.8315 1.1(1. 240)
8.4 2.1(2. 128) 1.3(2.834) 

1.377 0.4* 3.5835+2.2068 0.4(1.375) 

1. 4547 30 1. 4562 7 0.4** 0.3 

1. 4895 7 . 0.35 3. 3833+1. 8921 E 

1.6657 2 1.6653 2 2.8 3.0 2.4972+0.8315 E 2.6 

1.6961 6 1. 6960 5 0.7 0.75 2.5271+0.8315 E 1.1 

1. 7397 4 1.7386 4 1.3 0.85 2. 5712-+0. 8315 E 1.2 0.3(0.61) 0.3(1.03) 

1. 7939 8 1. 7938 7 0.4 0.4 3. 4497+1. 6555 E 0.35 0.35(0.824) 

1.8039 4 1.8039 4 1.1 1.1 5.187~3.3833 E 1. 2(3. 383) 

1.8380 10 1. 8386 7 ·o.5 0.4 4.3355+2.4972 E 

1. 8922 6 1.8921 4 1.1 1.0 1. 8921->-0 E 
' 

2.1279 2 2.1282 7 2.0 2.5 4.3355+2.2068 E 2.4 2.1(1.375) 
\0 
w 

2. 1404 6 2.1393 7 1.0 0.5 4. 0325+1. 8921 0.8 

2.1480 10 2.1484 7 0.3 0.45 5.1876+3.0385 E 0.3(3.0385) 

2.169 1 o. 8''r 0.7 

http:0.3(1.03
http:0.3(0.61


Energy (MeV) Intensity Classification Basis for Classification 

Present Talbert 
Present t.J'ork Talbert ( 1969) Work (1969) E yl Y2 Other Gammas 

2.1820 10 2.1829 7 0.4 0.4 0.6 0.5 

2.2076 8 2.2072 5 1.3 0.75 3.038.5-+0.8315 E 1.3 

2.2170 8 2.2162 5 0.9 0.85 1.3 

· 2.2430 2 2. 2l!30 10 0.6 0.7 3.8985+1.6555 E 0.8 0.8(0.832) 

2. 254 3 2.2570 8 0.5 0 . 35 4. 1485+1.8921 E <0. 6 <0.5 

2. 4745 5 2.4737 4 1.3 1.1 4. 3660-+1 . 8921 E 1.3 1.1 

2.525 2 0.6 2. 5271-+0 E 

2.551 2 0.4* 3. 3833-+0 . 8315 E 0.4 

2.566 2 0.4* 0.4 

2. 7520 3 2.7527 3 5.2 5.6 3.583.5-+0 . 8315 E 4.0 

2.754 2 0.2* 4. 6466-+-1. 8921 E 0.2 

2. 834 2 2.8345 4 1.0 1.15 5. 0397-+-2 . 2068 E 1.2 1.0(1. 375) 

3. 0385 5 3.0389 4 2.9 1.9 3. 0385-+0 E 0 . 8(0 . 99) 

3. 1475 10 3. 1487 4 2.3 1. 8 5.0397-+-1.8921 E 1.3 1.3 

3. 2953 6 3. 2954 6 1.3 1.3 5.1876-+-1. 8921 E 1.5 1.4 

3 . 3046 6 3. 3043 . 5 1 .5 1.5 4 . 1360+0. 8315 E 1.6 
1.0 

3.3170 2 3. 3171 4 5. 0 7. 3 4.1485->0 . 8315 E 4. 3 '1.1() . 15 (1. 03) ~ 

3.3603 10 3. 3616 5 2.4 1.6 5 . 254~1. 8921 E 2.4 1.6 

0 . 3(2.148) 



Energl (MeV) Intensitl Classification Basis for Classification 

Present Talbert 
Present Work Talbert (1969) \olork (1969) E yl Y2 Other Gammas 

3. 3833 3 3.3833 4 13 12.3 3.3833-+0 E 0.4(0.95) 1.2(1.80) 

3. 5053 10 3.5036 6 1.1 1.0 4.3355-+0.8315 E 0.8 

3.5342 2 3.5342 4 8. 3 7.5 4.366o-H>.8315 E 7.o 

3.654 2 0.3* 

3.8150 10 3.8149 5 1.2 0.9 4 . 6466~.8315 E 1.2 

3.SB9 2 0.6 

4 . 060 2 4.062 0.3* trace 4.891 -+0.8315 0.3 

4. 089 2 4.0871 9 o.8 0.75 4.921 -+0.8315 0.7 

4. 1360 3 4. 1353 5 14 12 4. 1360-+0 E 0.2(0.838) 

4.206 3 4.2099 10 0.4* 0. 45 5.0397-+0.8315 E 0.4 

4. 260 2 4.258 0.4* 5.091 -+0 . 8315 0.4 

4.332 2 4.332 0.4 5. 163 -+0 . 8315 0.5 

4. 356 2 0.6* 5.1876+{). 8315 E 0.6 

4.3660 2 4.3659 15 14.6 4 . 3660-+0 E no y-y 

4. 454 2 4.4537 9 0.6 0.5 5.285 -«1.8315 0.7 

4. 6466 6 4.6460 7 4.4 4.1 4.6466-+-0 E no y-y 
\0 

4. 974 2 ' 4.9739 7 0.4 0.4 4.974 -{-() no y-y VI 

5.070 1 5.0699 8 0.28 0.3 5.070 +() no y-y 



Energy (MeV) Intensity Classification Basis for Classification 

Present Talbert 
Present Work Talbert (1969) Work (1969) E yl Y2 Other Gammas 

5.1378 

5.2545 

5.3336 

2 

6 

3 

5.1878 

5.2545 

5.3329 

7 

7 

7 

2.1 

0.47 

0.85 

2.3 

0.5 

0.85 

5.1876+0 

5.2540+0 

5. 3336->0 

E 

E 

E 

no 

no 

no 

y-y 

y-y 

y-y 

Notes 

* Indicates transition seen only in coincidence. 

** Indicates assignment made to the decay of this nuclide by comparison with Talbert's results. 

E Indicates energy fit. 

\0 
0'\ 
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f ications are supported by the further absence of these full energy 

peaks from the "Hi- Lo" Nai gate associated wlth the strong 0.8315 

MeV transitions as presented in Figure 5 .3.2. This gate has been 

split at approximately 4.5 MeV with the upper section plo tted on a 

l inear scale. 

Also shovm in Figure 5. 3. 2 1.s the "Hi-Lo" Nai gate associated 

tvith the 1. 0606 l'ieV t ransition. TI1e appearance of several gam:na rays 

i n both gates indir.:ates that the 1.0606 and 0 . 8315 l1eV pa ir fo rm a 

ca sca de (vthich is supported by direct ly observed coincidences in the 

" Lo-Lo" experiment described be low) \-lith the 0 . r · .5 HeV member lower 

because of its intensity, and. that the transiti · j.n common t:Ti th the 

t t-IO gates populate a leve l at 1.8921 MeV . The c: 11opul a t ed level s are 

t hen at 5. 25lt5 and 5.1878 MeV as prev:l.ously defined by ground state 

t ransitions, de-excited by the 3. 3603 and 3.2953 1'1eV gamma rays r es

pe ctively and at 5. 040 l>leV, a nevr l evel for t"lhich there is o ther 

supporting evidence, de-excited by the 3 . 1.475 MeV. Of the transitions 

which appear only in the 0.8315 MeV gate, the ones at 4. 454 , 4.332, 

'•.260, 4.089 , 4. 060 and 3.3170 MeV have been used to de fine l evel s at 

5. 285, 5.163, 5.091, 4.921, 4.891 and 4.1485 MeV respectively for 

which they are the only evidence , Hhile the one at 3.5053 MeV is used 

t o define a l evel at '•.3355 MeV for t~hich there is other support. The 

r emaining gamma rays in this gate de-excite previous ly defined l eve l s 

with the 4.356, 4.206, 3.8150, 3.5342 and 3.3046 MeV transitions con

nec ting levels at 5.1878, 5.040, 4.6466, 4.3660, 4.1360 MeV respectively 

with the f irst excited state at 0.8315 MeV , while the 2.834 MeV connects 

l evels at 5.040 and 2.2068 MeV respectively. This latter termina l l evel 
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is established from "Lo-Lo" coincidence evidence to be discussed 

belo"t-:, and is connected with the O. 8315 NeV state by the appropriate 

radiation to generate these observed coincidences. 

The relatively strong peak occuri.ng at 2. 7520 MeV in the 

0.8315 MeV gated spectrum has the correct i ntensity to establish a 

direct 2.7520-0.8315 cascade. The small peak of approximately the 

s ame energy in the 1. 0606 HeV gated spectrum has much too small a 

coincidence probability to indicate a 2. 7520-1.0606-0.8315 cascade.• 

This intensity relationship is also evident from the 2.7520 Ge(Li) 

gated spectrum shovm in Figure 5. 3. 3. To be in triple cascade the 

1.0606 MeV Nai full energy peak in this spectr.\~ should be approximately 

2/3 the height of the 0.8315 MeV full energy peak as illustrated by 

the 3.1475 HeV Ge(Li) gated spectrum also in Figure 5.3.3. The pre

sence of the l-Teaker peaks at approximate energies of 1.06 HeV in 

the Ge(Li) gated spectrum and at 2. 752 11eV in the Na.I gated spectr m 

does indicate, ho\-Tever, that there are coincidences bet~-Teen lines of 

approximately these energies. ~-10 arrangements may be used to account 

f or this data, both of l-7hich cause another gamma ray to depopulate the 

l evel previously established at 4.3660. One of these involves using 

a 2. 754 !·1eV gamma ray to connect this state to the one at 1.8921 1'1eV 

l'lhich is de-excited by the 1.0606 MeV transition. The other l·lould 

place a 1. 063 HeV line between the 4. 3660 MeV l evel and the l evel at 

3.5835 HeV as established by the 2.7520- 0.8315 coincidences. The first 

of these has been indicated on the decay scheme and included in Table 

5. 3.1. 

Figure 5 . 3. 3 elso sho~·ys the Nai spectra in coincidence with 

3.0385, 3.3170, 3.3833 and 4.1360 MeV Ge (Li) full energy peak~. The 

'OJ\11\/C'OC:ITY I IRRAR'{- -- ---~ 

http:occuri.ng
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3. 0385 MeV gate is very poor as a result of the quali.ty of the data 

in the region from which it was generated, as may be seen from the 

projection. However, there is a hint of a coincidence peak at 2.1480 

MeV and also at 1.3268 MeV and a definite one at 0.9972 MeV. Using 

the 3.0385 as the ground state transition of this group, the 2.1480 

and 1.3268 MeV l ines fit well in between this and the l evels at 

5.1878 and 4.3660 MeV which have been previously well defined. The 

0.9972 MeV gamma ray, on the other hand defines a new l evel at 4.0360 
~ 

MeV for which the only other supporting evidence is the energy fit 

of the 0.5863 MeV t ransition observed by Talbert between this l evel 

and the l-rell defined state at 3. 3833 MeV. 

The 3.3170 MeV Ge(Li) gate indicates clearly that this 

t ransition feeds the first excited state as concluded from the 0. 8315 

MeV Na! gate. However , it also shows that a weaker transition of 

approximately 1. 03 MeV feeds the 4.1435 MeV level which the 3. 33170 MeV 

gamma r.ay de-excites. From energy fit and coincidence probability 

calculations as listed in Table 5.3.1, this was t aken to be the 1.0388 

MeV transition observed by Talbert l-1hich "'1ould then depopulate the 

l evel at 5.1878 HeV. The 1. 8039 HeV gamma ray observed in the 3. 3833 

MeV gate also de-excites this level, l eading to the state defined by 

the ground state gating t~ansition. The 0.9525 coincidences observed 

in this same gate provide supporting evidence for the level previous ly 

defined by 3.5053-0. 8315 MeV coincidences. However, this trans ition 

does not contain the tvhole strength of the 0.9525 decay as indicated 

by the coincidence probabi lity in Table 5.3.1. The r emaining strength 

has been placed through its appe~r<:1nc.~ in the 0. 8315 MeV "Lo-Lo" gate 

as will be outlined belol.r . 
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The remaining 4.1360 MeV Ge (Li) gate, which also contains 

some 4.6466 MeV single escape peak, shows coincidences with peaks 

of energy around 0.84 and 1.12 MeV. Since the intensity of the 0.84 

MeV peak is much too weak to allow a 4.1360-0.8315 MeV cascade , a 

gamm~ ray of energy 0. 838 MeV \-Tas introduced to connec.~t the uell 

defined levels at 4.974 and 4.1360 MeV. The 1.1186 HeV transition 

fits well between the previous ly defined 5. 25l•S MeV level and that 

defi.ned by the ga ting t1:ansition. 

The 0. 8315 and L 0606 MeV Nai ga .es for the "Lo-Lo" coir&

cidence experiment are shown in Figures 5.3.4 and 5.3.5 respectively. 

The former has had the underlying background subtracted '"'llile the latter 

has not. The peaks due to impurities either from other nuclides or 

underl.yi.ng Comp tons in the 1. 0606 ~leV gate have been enclosed in 

brackets. The reciprocal occurence in these gates of the gati.ng 

t t'ansitions themsebn~s, establishes directly the 1. 0606-0.8315 MeV 

cascade inferred previously, \>lith the 0.8315 MeV transition obviously 

the lo~1er me11ber because of its higher intensity. Thi.s l evel i s also 

de-populated by a 1.8922 MeV transition on the basis of energy fit. 

The strong l. 3752 1-feV transition which occurs in the 0 . 8315 

lieV gate, establishes a l evel at 2. 2068 1'1eV \-lhich was mentioned above. 

However , this mode contains only 907. of the transition strength of 

the 1.3752 MeV decay as evident. from the 1.3752 MeV Ge(Li) gated 

spectrum sho~n in Figure 5.3.6. This indicates that approximately 

107. of this transition strength goes between a previously defined 

l evel at 3.5835 HeV and the 2.2068 MeV state. This Nai spectrum also 

shows coincidences at 1.2426, 2.1279 and 2.834 MeV. The 2.834-1.3752 

MeV relationship ;as noted in the "Hi-Lo11 analysis and is confirmed 
. ...... 

http:underl.yi.ng
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here. The 2.1279 :t-ieV transition is found to depopula te the well 

establis hed 4.3360 MeV level while the 1.2426-1.3752 MeV cascade 

establishes a new level at 3. M+97 l>fcV for which there is other support. 

The 0. 315, 2. 254 and 2. I~ 745 l1eV gamma rays which occur in 

both the 1. 0606 and 0. 8315 MeV ga tes have been placed betl-teen the 

1.8921 MeV state and prf!Viously well established levels as indicated 

i n Table 5.3 . 1. The 2.1404 MeV radiat:i.on has been used to define 

a new level at 4. 0325 MeV for \1hj.ch it is the only evidence. and the 

The occur ence in Figure 5.3.4 of the 0.8240 MeV full ener gy 

peak indicates 0.8240-0.8315 MeV coincidences. Furthermore, since 

these r adiations wj.ll be unresolved in Na i, the ga ting region for 

this spectrum l·Tlll conta l.n both, thus accounting for the 0.8315 MeV 

peal~ of the s ame area in this gate. For this reason also, any gamma 

rays lV'hich popula te the level at 1. 6555 HeV defined by these t wo 

trans itions should occur with u v-ice the coincidence probability othe r 

wi se expected. Such transitions include the 0.551, 0.871, 1.2720, 

1.7939 and 2.2430 MeV gamma rays. All these coincidence relation

s hips with the exception of the 0.871 and 2.2430 MeV provide supporting 

evidence for the existence of pr eviously entablished l evels. The 

0. 871 MeV transition establishe s a new level at 2. 5276 t-t2V \-Ihose exis

t ence is confirmed by a possible 2.525 MeV ground state transition 

and obs erved 1.6961- 0.8315 MeV coincidences . The 2.2430 MeV gamma 

ray de fines a new level at 3.8985 MeV for which it is the only evi

dence . 

Of the r emai ning trans i tions observed in the 0.8315 HeV gated 

spectrum of Figure 5. 3. 4, the ones "'t 1. 6657 a1.1d 1. 7397 HeV have been 

http:radiat:i.on
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used to establish levels at 2.4972 and 2.5712 MeV respectively , while 

t he ones at 2.2076 and 2. 551 MeV have been placed between the estab

l ished l evels at 3. 0385 and 3.3833 HeV respectively and the first 

excited state. 

I n addition to the data discussed above , several coincidence 

probabilities are quoted in Table 5.3.1 for t-~hich the corresponding 

data are not shmm. l1ost of these involve the analysis of Nal spectra 

i n coincidence with weak Ge (Li) full energy peaks and as a result 

energy and area determinations are very imprecise. Generally t he 

possible coincidences observed do not correspond to trans itions 

observed i n singles experiments, or t o energy differences between 

wel l established levels and consequently have been omitted from the 

decay scheme. 

5.3. 3 90 Rb Decay Scheme and Discussion 

The results of the preceeding coincidence observations are 

s ummarized p:f.ctorially in the decay scheme of Figure 5. 3. 7. Transi

t ions which have been observed in coincidence are indicated with a 

solid dot at the terminal level. Level energies ir.cl:f.cated have been 

calculated using all possible decay chains and as a result may differ 

slightly from the corresponding values· referred to in the text. Using 

t he level structure deduced from coincidence data, several other gamma 

r ays have been inserted on the basis of energy fit alone . These are 

at energies of 0.5863, 0.7204, 1.1186, 1.3268, 1 . 4895 and 1. 8380 ~~V 

and the positions are indicated in Table 5. 3.1 . I n addition the 

transitions at 1.1426, 2.169, 2.1820 and 2.2170 MeV which have been 

weakly observed in coincidence have been omitted, as have gamma rays 
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at 3. 889 and 3. 654 MeV, \vhich ,.,ere observed in singles but not in 

coincidence . 

An estimate of the relative intensities of the beta decays 

90from the 0.1069 MeV isomeric state and the ground state of Rb can 

be made using the observation of Car l son et al (1969) that the 

1.3752 MeV gamma ray exhibits only a 253 s ec half-life. This indicates 

t hat the l evel at 2.2068 MeV and all other l evels which populate this 

s tate by gamma emission must be populated by beta decay f rom the 

isomeric state . Thus t he l evels at 2.9275, 3 .4497 , 3.5835, 4.3355, 

5. 0397 and 2. 2068 MeV \WI.lld be populated only f rom the isomer with. 

beta feeds of tota l intensity 20 . 3 relative to the 0.8315 MeV gamma 

r ay as 100. This Hould also mean that t he decay of the 0.8315 MeV 

t ransition \vould exhibit a 20% component with the longer half-life. 

The difference bet"t<reen this and the 33% reported by Carlson et al 

(1969) can be readily accounted for by assuming that his prescription · 

fo r source preparation included a l onge r delay time before counting 

than the one used in this work. 

The measurement by Johnson et al (1964 ) that the 0.8315 HeV 

t ransition occurs in 56% of the decays i mplies a to tal beta i ntens.ity 

of 178 and a ground state f eed of 23 re.lative to the 0. 8315 MeV 

gamma r ay as · lOO. The observation by Car lson et al (1969) that all 

beta r ays with energy >4.5 MeV exhibit the 153 sec half life i ndicates 

that this ground state group as \vell as those to the 0. 8315, 1. 6555 

90and 1.8921 levels all originate from the Rb ground state. 

Wi th these considerations it is possible to separate t he 

90l evels in s r into t\·lO groups one of which is f ed entirely from the 

i somer and the other of \<lhich is fed mainly from the ground state. 
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In determining the relative intensities of the partial beta feeds 

within the group originating from the isomer , the total intensity of 

90the 0.1064 MeV transition from the isomer to the ground state of Rb 

is required. Since this transition has a half life of 253 seconds , 

90it behaves like a transition in sr and appears in Table 5.3.1. 


90
From the discussion of Rb spins in chapter 4, this transition is 

most probably M3 and therefore has a total internal conversion co

ef ficient of 11. Thus the total intensity of the transitions de

.exciting with the isomers in 20.3 + 1.3 = 21.6. While some of the 

l evels in Figure 5 . 3.7, assumed to be fed from the 1- ground state 

may in fact be f ed from the 4- isomer , the intensity of these partial 

f eeds is almost certainly small and so the above procedure can give 

r easonably reliable log ( ft) val ues. 

The ratio R of the populations of the isomeric and ground 

s tates , at the time ,.,hen the 90Rb collection is completed, can be 

calculated from the expression 

R = [1-exp {-A t t )] • [1-exp (- A. tcnt)]-l • R gs en 1s c 

where R is the ratio of the intensities associa ted with the isomeric 
c 


and ground state decays as derived above. 


The value, R = 0.18, derived from this calculation is in f air 

90agreement with the lm-1er limit of 0.13 derived f rom the Rb in

t ensity balance of Figure 4.3.7. 


90
Since is an even-even nucleus with only two particles38sr52 

outs ide a closed shell it might be expected to behave like a "soft 

deformed nucleus ", to use the terminology of Baranger and Sorenson 

(S cientific American (1969) ), and exhibit a typical vibrational 
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+spectrum. In this case the first exci ted state would be 2 • From 

t he observation mentioned above, concerning the beta f eeding to the 

2.2068 HeV level, a tentative designation of this state as the 4+ 

+ + +member of the expected 0 , 2 , 4 t\-To-phonon triplet, may be made. 

That is, if the isomer is indeed 4- level, or at least a high spin 

configuration, it would be expected to feed a high spin leve l in the 

daughter. This assignment is supported by the strong transition to 
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the first excited state and the absence of a trans ition to the ground 

state. A similar gamma decay pattern for the 1. 8921 MeV l eve l \>7ith 

a relatively \-reak ground state transition r ather than none at all, 

. + 
suggests that this may be the 2 member of the multiplet. The single 

trans ition from the 1.6555 HeV level to the first excited state with 

+no ground state transition indicates tha t this may be the 0 member. 

The log (ft ) values for the corresponding beta feeds are also com

patable Hith these assignments. The 0.551.4 He.V gamma r ay, however , 

placed be tween the 2.2068 and 1.6555 MeV l evels would s eem to be a 

contradiction. Ho\..rever, since the single partic l e l evel spacing i.s 

89only "v 1 MeV as indicated by the l evel structure of sr (Kitching 

and Johns (1966) ) states in this energy region may not be very pure 

and such Heak transitions could be due to adrrd.xtures. 

Recent ly Ball (1969) has demonstrated that nuclei in th:l.s 

region (in particular nuclei \>lith N=50) are particular ly amenable to 

shell model calculations . Thus he has successfully ca lculated the 

88 90l o,., lying l evel structure (~ 4 MeV) of Sr and Zr among others. 

90 I t might be expected then, that the structure of Sr and possibly 

91 Sr, which follows, would also be readily calculable. In this case , 

the spins t entatively assigned above on the basis of the vibrational 

picture would be expected to be reproduced. I n addition a 3- state 

86 88 90 which appears consistently at just below 3 ~reV in Kr, Sr, Zr 

and 9~o might be identified ,.,ith the l evel at 3.0385 MeV. In t he 

vibrational i nterpretation this configuration would be due to the 

excitation of octupole oscillations and consequently would decay to 

t he grour.d state >-lith ~ssentially no branching. As w·ith the 0.5514 HeV 

t ransition the observed branching could be due to admixed i mpurities 
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because of the relatively high excitation compared to the single 

particle level spacing. In view of this it t.rould appear that the 

shell model calculation approach Hould be the most fruitfu l for level 

i nterpretation. 

5.4 
91 Rb Decay 

91 5.4 .1 Rb Energy and Intensity Meas~~~e.nts 

Table 5. 4.1 presents a compilation of the energies and i n

t ensities of the gamma rays assigned to the decay of 91Rb . The in

t ensities are normalized to that of the relatively strong 0 .6027 MeV 

t ransition. This transition was chosen for this purpose since it 

t>~as the strongest t ransition to appear well resolved in experiments 

done both tdth and l>lithout absorber and in each case occured at a 

point on the detector efficiency curve ll7hich was relatively unaffected 

by the addition of the absorber . The transitions preceeded by an 

asterisk were assigned to this decay solely on the basis of the appear

ance of a peak in the spectrum accumulated from sources expected to 

enhance the activity due to this nuclide. The r emaining photons were 

i dentified from their ratio in this spectrum to t hat acquired from 

90 s ources enhanced in Rb act:l.vity. The remarks made i n Section 5.3.1 

concerning the errors in intensities and energies also apply here. 

The basis for classification is given as coincidence pro

babilities determined from ga ting transitions at 0 .0931 (y ), 0. 34601

(y2) , 0 .6027 (y ) and other gamma rays as l isted. These columns were3

prepared from an analysis of the coincidence data as outlined belm·T. 



TABLE 5. 4. 1 

91Gamma Rays Observed in the Decay of Rb 

Energy (MeV) Intensity Classification Basis f or Classification 

0. 0931 MeV 0. 3460 MeV 0. 6027 MeV Other 

0.0931 3 930 0.0931->0 E 

0. 3460 5 288 0. 4392->0 . 0931 288(n) 81 (n) E 

0 • .!~393 5 68 o. 4392->0 20 E 

0. 5931 2 43 2. 6574+2. 064 3 33 1. 9712 E 

0. 6027 2 100 1. 0414+0 . 4392 62 B1(n) E 

0.641 2 33 23 

0.707 1 33 1. 146 -+0 . 4392 26 E 

0.9478 3 70 1. 0414+0. 09 31 67 E 

1.0413 3 85 1.0414-+0 E 

1.1374 2 117 1.2306-+0. 0931 132 E 

1.146 1 20 1.146 ->() E 

*1. 301 2 20 

*1.4358 10 23 
...... 

1.4832 8 38 
...... 
w 

•"•1. 6160 5 85 2. 6574-+1.0414 43 45 53 E 

ii l . 6251) 7 39 2 . 0643~ . 4392 48 28 E 



Energy (MeV) Intensity Classification Basis for Classification 

0.0931 MeV 0.3460 MeV 0.6027 MeV Other 



Energy (MeV) Intensity Classification Basis for Classification 

0.0931 MeV 0 . 3460 MeV 0 . 6027 MeV Other 

*3.842 1 52 3.935 -+0.0931 40 E 

4.0785 5 143 4.0785+0 no y-y E 

•'-4. 252 1 22 4.252-+{) no y-y E 

*4.265 1 50 4.265-+{) no y-y E 

·"4. 49"7 3 88 4.497 -+() no y-y E 

Note 

~ Indicates transition assigned to decay of 9~b by virtue of peak occuring in this spectrum but not that of
90 . 
~-

(n) Indicates this coincidence used as normalization. 


E Indicates energy fit . 


..... ..... 
VI 
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915.4 .2 Rb Coincidence l1easuremen.ts and Decay Scheme Construction 

Figures 5. 4.1, 5. 4. 2, and 5. 4. 3 sho·1 the three coincidence 

gates which provided essentially all the coincidence information for 

the construction of the decay scheme. The fi.rst two show the 0. 3460 

and 0.6027 MeV Nai gated spectra generated from the "Lo- Lo" Rubidium 

experiment and the fina l one presents the delayed coincidences with 

the 0.0931 Nai gate fr om the separate experi.ment described in Section 

3.5. Analysis of these gates provided the coincidence probabilities 

listed in Table 5. 4.1. \-1ithin each gate the calculations were normalized 

to the cascade indicated in the table as it ~'las believed that the 

coincidence probabilities for these cascades were well kno~m . 

The occurence of the 0.3460 and 0.6027 MeV peaks in the 0.0931 

MeV gated spectrum and the r eciprocal occurence of these radiations 

i n their own gates i ndicates the presence of a triple cascade . Their 

i ntensity relationship suggests a 0.6027-0.3460-0.0931 MeV ordering 

which :l.s supported by the appearance of the 0.4393 HeV radiation in 

t he 0.6027 gated spectrum and its absence from the others , as well as 

t he 0.0931 + 0.3460 energy fit. This establishes l evel s at 0.0931, 

0. 4392 and 1.0414 MeV, the uppermost of which is verified by the 

0. 9478- 0. 0931 coincidences and the energy fit of the possible 1.0413 

MeV ground state transition. 

The presence of the 1.6160 M2V radiation in all three ga t ed 

spec t ra suggests a l evel at 2.6574 MeV whose existence is confirmed 

by the energy fit of the observed 2.5643-0.0931, 0.5931-0.0931, 

1. 9712-0.0931 and 0. 5931- 1.9712 MeV coincidences . The l ast of 

these has not been presented since the Nal gated spectrum in which 

89i t was observed contained considerable contamination frcm Rb or 

http:l1easuremen.ts
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90Rb events but only the single 91ab coincidence peak. The l eve l 

defined in this manner at 2.0643 MeV from the 1.9712- 0.0931 MeV 

cascade, is supported by the presence of the 1.6250 MeV gamma r ay 

in both the 0.3460 and 0.0931 HeV gated spectra . 

The observed 1.8495- 0.091 MeV and 1.1374- 0.0931 MeV coin

cidences establish levels at 1.9426 and 1.2306 MeV r espect:f.vely l11hich 

are useful for delineating the higher lying portion of the decay 

scheme. Levels can then be established at 4.497, 4.265, 4.252, 4.0785, 

3.782, 3.737 and 2.9257 MeV because of the absence 9f these tran

sitions from a.ny of the Nai gated spectra and in particular from the 

0.0931 MeV gated spectrum. Since each of the l evels so far esta

blished is stt·ongly connected either directly o1.· in cascade to the 

first excited state all these full energy peaks ...,hould appeal: in the 

delayed coincidence spectrum if the corresponding t ransition populates 

any of these level s . In addition, population of any of these leve ls 

by these gamma rays '.wuld require leve l s either close to or above the 

estimated ground state Q-value of 5. 5 MeV (Lederer (1967)). I<'urthe:r

more , some of these l evels have supporting evidence.· Thus the 4.265 

MeV state is supported by the energy fit of the 2.322 MeV transition 

to the 1. 9426 MeV l evel; the 4.0785 r!eV assignment is supported by 

the observed 3.640-0.0931 MeV coincidences and the energy fit of the 

3.640 MeV transition if it is t aken to populate the 0.4392 MeV l evel ; 

the 3.752 MeV placement is supported by the 2.712 MeV energy fit to 

the 1.0414 HeV level; and the 3. 737 MeV state is supported by the 

observed 2.5055-1.1374 MeV coincidences. 

The strong 3. 6000-G. 0931 N.eV coincidences , not yet accounted 

for, defines a ne~-1 level at 3. 6931 M.;V which all0\-7S the 1. 6291 HeV 
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gamma r ay to be placed beu1een this state and the one at 2.0643 MeV 

on the bas is of energy fit. The ~1eak t ransition at 0.645 MeV observed 

i n the 0.3460 MeV Nai gate (Figure 5.4.1) has not been placed. 

5.4.3 Lifetime of the First Excited State 

Using the procedur e outlined in Section 3.5 the life time of 

the 0.0931 MeV state was determined. The da ta froTil \vhich the lifetime 

\rtas obtained is presented i n Figure 5.4.4, along "lith the "prompt" 

response curves. Figure 5.4.4(a) cons ists of the data acquired with 

the f ast electronics discussed explicitly in Section 3.5 while 

5.4.4(b) contai ns the data acquired during the del ayed coincidence 

experiment . The lifetimes were determined from these data by an 

iterative l east squares t echnique (Archer et al (1960)) us ing only 

those points to the righ t of the arrows :i.n.dica t ed in the figure . A 

second ca lculation was also performed~ in each case , omi tting further 

data points from the lo~·7 time end of the spectrum, to ensure ha t none 

of the prompt response \-las included . The results of these calcul a

tions yie lded a lifetime of 90 + 5 ns. The error, ·uhich i s an or der. 

of magnitude l arger than the stati.stical error generat ed fr om the 

data by the computer analys is, i s made intentionally l arge to account 

fo r any systematic errors in the equipment \-Thich rnay not have been 

eliminated• 

. 91 5. 4. 4 Rb Decay Sch~me and Discussion 

Figure 5.4.5 presents pictorially the i nformation gleaned 

f rom the analysis of t he coincidence data as ,.,ell as . the lifetime 

measurement. Unfortunately it is cot poss ible t o determine th~ inten

si ties of the beta f eeds to the various l evels since nothing is kno>·m 
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about the ground state or first excited state feeds ,and therefore , 

the gamma r ay intensities canno t be normalized to photons /100 decays. 

The gr ound state of 91sr is 5/2+ as expected from shell model system

312 

atics and the ground state of 91Rb i s -1probab ly (p )312 as a result of 
\ 

the promo tion of a proton f rom the p she ll model level to fill the 

£ l evel, thus gaining the advantage of the pairing energy. On
512 

this assumption , the ground state beta trans ition would be expected 

to be fi rs t fo rbidden. Assuming a r epr esentative value of 7 for the 

log (f t) of such a transition results i.n an i n t ensi ty of the order 

of 2%. Ho"t-1ever , should the log ( ft) be closer to 6 or 8 the inten

sity might vary from 0. 2 to 20%. In view of this any prediction. of 

the ground state beta intensity seems unreasonable. 

In addi tion, t he use of the photon intens:i.ty of th e 0.09 31 

MeV trans ition to determine t otal ground state f eecUng i s unaccept

able i nasmuch as this t ransition i s expected to be highly converted . 

Using the gamma rays f eed:f.ng this level and the g·.r()und state , with 

the exception of the 0 . 0931 MeV line , encounters t he problem of the 

be t a f eed to the f:i.rst excited state s i milar to tha t _of the ground 

state. The problem i s also compounded in this case due to a l ack 

of knowledge of the spin of the i somer . 

A t entative ass ignment of 3/2+ may be made fo r this stat:e 

from compar; son with 93zr loThich_has the same neutron configuration. 

Since both. these Sr and Zr i sotopes contain an even number of pro·· 

tons , t he properti es of the l ow lying states in each might be ex

pected 'to be l argely determined by the neutrons and hence t o exhibit 

93 some similarity. I n f act the first excit.ed state of Zr at 0 .267 

MeV also has a lifetime measured to be 1.45 + 0.05 ns. (Prestwich 

http:excit.ed
http:feed:f.ng
http:intens:i.ty
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et al (1969)). Using the K shell internal conversion coefficient 

determined by Knight et al (1959), '<~hich indicates at mixing ratio 

of 28/72 Ml / E2 , it is po~sible to calculate the hinderance and en

hancement, respectively~ of these radiations t>lith respect to the 

lveisskopf single particle transition probabiliti.es . 

91I n order to make corresponding calculations for the Sr 

case , it is necessary to estimate the intertl.al conversion coefficient 

of the 0.0931 MeV transition. This can be obtained fr0111 the gamma 

r ay intensity measurement and the relationship 

where Ia + E I represent the tota l intensity of all radiations 
..., K YK 

populating the 0.0931 HeV level. Although r is not known, the as
13 

s umption r = 0 t-lill. yield a lot-1er limit for the conversion coeffi 
13 

cient. Such a calculation gives <l .,. 0. 87 + 0.15 t~hich corresponds 

to 75 + 16% E2 or an Ml/E2 mixing ratio of 25/75, which corresponds 

closely to that in 93zr. 'fhe errors that have been :i.ndicated resulted 

from the assumption that the intensities involved t-Iere statistically 

i ndependent variables each with an error of 10%. The hinderance and 

enhancement factors corresponding to this m xing ratio are listed in 

93 95.Lable 5.4. 2 along t-lith the corresponding values for Zr and Mo 

(Prestl-Tich et al (1969) ), both of Hhich have . the same neutron con

91figuration as sr. 

One possible explanation for the severe retardation of the 

Ml trans ition probability i s that che first excited state is the 3/2 

member of the multiplet produced from the coupling of the 

http:intertl.al
http:probabiliti.es
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>3lv(d ; J1T = 5/2+ > ground state to the 2+ one-phonon vibrational
512

state of the 90sr core. In this case the transition to the ground 

state would involve the annihilation of a quadrupole phonon and as 

a result would be limited to this multipolarity. Any Ml transition 

strength could only arise from admixtures of other shell model states 

i nto the wave functions . In addition , because of the collective nature 

of the excited state, t.he strength of the E2 transition 1iYould be ex

pected to be enhanced, as is observed. 

TABLE 5.4. 2 


Comparison of Reduced 1rans ition Probabilities 


I sotope E(MeV) B(E2) W.U. B(Ml) w.u. 

91Sr 0.093 27 7 o 7 'II 10-5 

93Zr 0. 267 7.4 2. 3 -; 10-4 

95Ho 0.204 17 .5 3. 3 * 10-3 

----·--------- 

On the other hand , the first excited state might be fo rmed 

3 1T +f rom a re-coupling of the neutrons to a V(d ) ; J = 3/2 > COll-I 512

f iguration. In this event, the expected Ml transition be~1een this 

and the grou1'\d state ould be L-forbidden and therefore strongly 

hindered, again only existing through admixtures of other configu

r ations. In this case, however, no natural explanation for the en

hancement of the E2 portion of the radiation exists except for the 

observation tha t these transitions are generally enhanced. 
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