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Abst rac t 

The p r i m a r y purpose of the investigation was to study 

the energy levels of odd-odd nucle i , specifically those populated by 

the decay of Dy^^^ and Er^^^ . The decay of , Tm^'^^, the daughter 
172 of E r , was a l so studied. These radionuclides were produced by 

the success ive capture of two neutrons in the stable isotopes Dy ° 
170 and E r . As an introduction to the exper imental work , a survey 

of the pert inent features of the theory of beta decay and g a m m a - r a y 

t ransi t ions is p resen ted . Also the s ingle-par t ic le model and the 

unified model a re d iscussed . Measurements were made with in

t e rna l -convers ion-e lec t ron spec t rographs , a b e t a - r a y spec t rome te r , 

and a mult ichannel scintil lation coincidence s p e c t r o m e t e r . Energy 

levels in 57H0 Q . a r e establ ished at 0, 5 4 . 2 , 8 2 . 5 , 370, and 428 

kev. The f i r s t th ree levels have spins 0, 2 , and 1 and a r e i n t e r 

pre ted a s m e m b e r s of a rotat ional band with K = 0. F r o m the decay 
172 of Tm a level scheme was constructed for the even-even nucleus 

172 _-YbjQ2. The energ ies and the corresponding spin and par i ty 

ass ignments a r e 0 (0' ' ') , 0.079 (2+), 0.260 (4+), 1 .17(3) , 1 .46(2 ) , 

1,54 (3), 1.60 (1), 1.64 ( ? ) , and 1.73 Mev (3). It is also concluded 

that the spin of the thulium ground state is I = K = 2 with negative 

par i ty . In terpre ta t ions in t e r m s of the collective model a re d i s 

cussed. F rom the decay of E r ^ ' , the energy levels and the c o r r e s -
172 ponding spin and par i ty ass ignments in ^oTm.-^- a r e 0 (2~ ), 408, 

450 or 160, 475 ± 15, 530 (O"*" or l"*"), and 610 kev (O"*" or 1+ ). 
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CHAPTER I. Introduction 

The ultimate goal of physics is to attain a quantitative ex

planation for all natural phenomena in termis of the smallest possible 

number of independent laws. The progress toward this goal in many 

branches of physics has been to a large extent independent of the pro

gress in other fields of physics. A qusmtitative explanation of the 

phenomena in any one field involves the description of the basic con

stituents of which complex systems are built, the rules for the inter

actions of the constituents, and finally the manner in which the funda

mental interactions combine to produce those of the complex systems. 

Ultimately, these descriptions and interactions must be related to the 

"elementary particles" of which all matter is constructed and the 

interactions of these elementary part icles . 

Although nuclear physics deals with the "elementary particles" 

and interactions from which all matter i s constructed, ignorance of the 

laws of nuclear physics has not been a great impediment to advancement 
0 

in other fields of science. In many cases laws governing the inter

actions of electron, atomic, or larger systems have been successfully 

postulated in spite of the lack of the corresponding laws for nuclear 

systems. This has been possible primarily because the energies 

necessary to produce nuclear excitations a re usually much higher than 

those involved in extranuclear phenomena. 

The basic goals of nuclear physics have essentially rentiained 

tinchanged since the discovery of the nucleus. Physicists are still 

attempting to determine what elementary particles exist and the inter

actions between them. From the discovery of the electron in 1897 

through the observation of the :=: particle in 1959> a total of twenty 

five elementary particles have been observed and five more are postu

lated from the current "theory" which predicts the existence of anti-

particle-particle pa i r s . These particles have been grouped into 

isotopic-spin multiplets such that each member of a group has a differ-

1 
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ent charge but the same spin, the same s t r a n g e n e s s , and approxi -

naately the s ame m a s s . In th is manner the twenty pa r t i c l e s that a r e 

heavier than 200 e l e c t r o n - m a s s units can be classified^as five mu l t i 

plets plus the corresponding five ant ipar t ic le g roups . I r respec t ive 

of the success in the c lass i f icat ion and understanding of some of the 

p roper t i e s of the known p a r t i c l e s , the question of how many of these 

a r e t ru ly e lementary pa r t i c l e s has not been answered; nor has that 

of how many more a r e to be discovered with the higher energy 

machines of the future. 

The p rob lem of the in teract ions of e lementa ry p a r t i c l e s , 

and especial ly those involving the nucleons , has been studied exten

sively by means of scat ter ing exper iments . The angular d i s t r ibu

tions and c ro s s sect ions for the scat ter ing of nucleons or ve ry light 

nuclei from very light nuclei should be re la ted d i rec t ly to the nucleon-

nucleon in teract ion. Although these m e a s u r e m e n t s do indicate that 

the interact ion has a short range and is "charge independent ," no 

quantitative ejqjression for the spat ial dependence of the force has been 

deduced. 

Another approach to the nucleon in terac t ions is through the 

study of nuclear s t r u c t u r e . However, in this case the problem is com

pounded by the inherent difficulties of a many-body sys t em. Because 

of insufficient knowledge to attack the problem d i rec t ly , it has been 

expedient to formulate phenomenological theor ies or "mode l s" of the 

nucleus . These models a t tempt to "explain" the exper imenta l data 

in t e r m s of a few ad hoc r u l e s . Eventually these ru les and models 

mus t be der ived from physical laws; but in the mean t ime the models 

may provide some insight into the physical laws from which they a r i s e . 

Current ly nuclei a re d iscussed in t e r m s of two complemen

t a ry m o d e l s , namely , the shell model or s ingle-par t i d e model and 

the collective mode l . The investigations r epor t ed h e r e a r e concerned 

with nuclei that a r e in the region of the periodic table in which the 

collective model has had a grea t deal of success in in terpret ing and 
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predicting nuclear properties. In this region, a vast amount of ex

perimental data on the level structure of even-even and odd-mass nu

clei has been accumulated. However, extremely little is known about 

the levels in odd-odd nuclei. The states of odd-odd nuclei are also of 

interest because they involve the interaction of a proton and neutron 

outside of the "core"; this is not true of the other two classes . 

The purpose of this investigation is to add a small amount 

of knowledge in one of the many branches of nuclear physics, neimely, 

to study the energies and characters of the levels in two odd-odd nuclei 

and one related even-even nucleus. It is hoped that this information 

will aid in the eventual solution of the basic problems of nuclear 

physics. 



CHAPTER II . Radioactivity 

A. CLASSIFICATION OF NUCLEAR STATES 

In a theore t ica l descr ip t ion , the nucleus is t r ea t ed in genera l 

as a quantum mechanica l systena. Any nuclear s tate is then c l a s s i 

fied by the eigenvalues of the opera to r s that cor respond to the dynamical 

var iab les which a r e constants of the sys tem ( i . e . , by the quantum num

b e r s ) . No genera l solution of the nuclear problem exis t s and the 

"phenomenological" t r ea tmen t s a r e only valid in cer ta in approximat ions . 

The re fo re , the set of quantum numbers used to descr ibe a state de 

pends on the model that i s assumed to be applicable. 

In spite of this dependence of the quantum nunnbers on the 

model , the re a r e th ree quantum numbers that should always be appl ica

b le . Two of these correspond to the bas ic conservat ion laws of c lass ica l 

phys ics . The law of conservat ion of energy impl ies that the energy E 

of any level must be well defined. Also the law of conservat ion of 

angular momentum requ i r e s the existence of a total angular momentum 

(or spin) I. The th i rd quantum number a r i s e s from the law of conse rva 

tion of par i ty which has no c lass ica l analogue. This law, which holds 

as far a s this study i s concerned, impl ies that each level has a definite 

par i ty IT. By definition, the par i ty of a s tate is posit ive if the wave 

function is unchanged under an invers ion of the spat ial coord ina tes , 

negative if the sign is r e v e r s e d . If par i ty is conserved , the wave 

function of a state can be chosen so that it has ei ther positive or nega

tive par i ty . 

In addition to these th ree quantum n u m b e r s , t he re a r e others 

which a r e applicable only in cer ta in approximat ions . 

B . ELEMENTARY PARTICLES 

Although there a re many e lementary pa r t i c l e s (current ly 

about 30), a l l but nine have l ifet imes of l e s s than 10" sec . These 

shor t - l ived pa r t i c l e s exist only as the products of h igh-energy nuclear 

4 
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r eac t ions . Most of the other nine e lementary par t i c les a r e involved in 

the formation of nuclear s ta tes or in the t rans i t ions between such s ta tes . 

The p roper t i e s of the pa r t i c l e s of in te res t he re a r e l is ted in Table I. 

TABLE I 

P rope r t i e s of some e lementary p a r t i c l e s , 

Pa r t i c l e Symbol Mass ' Charge Intr insic spin^ 

Photon 

Neutrino 

Antineutrino 

Elec t ron 

Pos i t ron 

Proton 

Neutron 

y 

V 

V 

e~ or (3-

e+ or |3+ 

P 

n 

0 

0 

0 

1 

1 

1836 

1839 

0 

0 

0 

- 1 

1 

1 

0 

In units of the r e s t m a s s of the e lec t ron . 
• i_ 

In units of the proton charge . 

*̂  In units of fi. 

In t e r m s of the present theory of e lementary p a r t i c l e s , the 

e lect ron and posi tron a r e considered as a par t i c le -an t ipar t i c le pa i r . 

The e lec t rons , e~, and the neu t r inos , v and "w, a re m e m b e r s of a group 

of pa r t i c l e s known as leptons. The proton and neutron, often called 

nucleons , a r e m e m b e r s of a group known a s ba ryons . 

C. BETA DECAY 

Two types of nuclear instabil i ty a re found in n a t u r e . The 

f i rs t i s cha rac te r i zed by the spontaneous emiss ion of one or m o r e 

nucleons , namely, alpha emiss ion or f ission. The second type of in

stabil i ty, known as beta decay, i s charac te r ized by the emiss ion of 

leptons . It is the lat ter form of radioact ive decay that i s of i n t e re s t 
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in this investigation. 

Beta decay is a gener ic t e r m which applies to the follow

ing th ree modes of decay: 

beta emiss ion n - ^ p + e ' + T (la) 

posi t ron emiss ion p —. n + e"*" + v (lb) 

e lect ron capture p + e ~ - ^ n + v (Ic) 

All the nucleons and the e lec t ron on the left side of (Ic) a r e in s ta tes 

of definite energy. The leptons on the right side of each reaction a re 

in unbound s ta tes ; i . e . , they a re emit ted from the nucleus . Hence

forth the discussion will be explicitly concerned only with beta 

emiss ion , the only mode encountered in this study, although the theory 

applies equally to pos i t ron emiss ion . (The electron capture p r o c e s s 

i s bas ical ly different in that only one par t ic le is emit ted into an un

bound s ta te . ) 

The theory of beta decay was formulated by F e r m i , who 

t rea ted the neutron and proton as two s ta tes of the same par t ic le and 

assumed that e lec t rons and neutr inos could be c rea ted and annihilated. 

This formulation is somewhat analogous to the theory of absorpt ion 

and emiss ion of light quanta. (The t r ea tmen t of creat ion and annihi

lation opera to rs necess i t a t es the use of field theory . Also both leptons 

general ly have energies large enough to r equ i re exact application of 

the theory of specia l re la t iv i ty . ) 

It can be shown that the interact ion energy , or Hamil ton-

ian, i s then of the form 

H = g ( 4 . ; ^ 0 ^ Q ^ p ) ( q . ; 0 ^ ^ ^ ) , (2) 

where g is a constant that m e a s u r e s the s t rength of the interact ion 

(analogous to an e lec t r i c charge e); Q is an opera tor that t r ans fo rms 

a neutron into a proton; O^, and O are o p e r a t o r s , as yet undetermined , 
rl L 

that ac t on the wave functions of the heavy and light p a r t i c l e s , r e s p e c t i v e -
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ly; and \\) , \\i , \\j , i\i a re the wave functions of the p a r t i c l e s . These 

wave functions depend not only on space and t i m e , but a l so on " in te rna l " 

degrees of freedom result ing from the in t r ins ic spins of ^. In fact , 

the functions have four components at each space- t ime point. 

One a s sumes that H is invariant under both proper and 

improper Lorentz t ransformat ions ( i . e . , t r ans la t ion , space invers ion , 

and t ime reve r sa l ) and that no der ivat ives of the wave functions occur . 

F r o m these conditions it follows that the products ( iji ' ĵ ) include 16 

independent combinations. These a r e classif ied into five groups: 

scalar (one combination), vector (four), tensor (six) , axial vector (four), 

and pseudosfcalar (one). Since H must be a s c a l a r , each product 

(i}j '' ijj ) must be combined with the complementary (I|J ' ĴJ ) product . 

This gives five invar iants which a r e denoted by H. , where i = S , V , T , A , 

and P . Then the total Hamiltonian is given by H = g 2-̂  C. H. , where 

al l of the C. a r e constant and r e a l . The form of each H. i s determined 
1 1 

from theory , but the numer ica l values of the C. must be found exper i 

menta l ly . 

In 1956, Lee and Yang suggested that the assumption of 

conservat ion of par i ty in beta decay (and weak in terac t ions in general) 

might not be valid. They point out that the types of exper iments that 

had been ca r r i ed out up to that t ime (shapes of allowed, f i rs t - forbidden, 

and unique-forbidden spec t r a , and be ta-neut r ino and beta-gaxnma 
correla t ions) would not be affected by the nonconservation of par i ty . 

3 
In 1957, Wu et a l . demonst ra ted experimental ly that par i ty is not 

conserved in beta decay. In this case the Hamiltonian has the form 

H = g ( C ^ Hy + C^' H^ + C ^ H ^ + C^' H^' + • • • • ) . 

If one a lso drops the assumption of invariance under t ime r e v e r s a l , 

the coupling cons tants , C. and C. , can be complex n u m b e r s , so that 

the re a r e twenty a r b i t r a r y constants . 

Evidence now available grea t ly reduces the number of 



4 
constants . A la rge number of exper iments together indicate that 

cJ-K Q.^ » C ^ and C ^ » C ^ . The re la t ive magnitude of C 
4 

has not been de termined. Other exper iments can be in te rpre ted 

only if C,. = C.^ and C. = C . . ^ V V A A 

In this study only spec t ra l shapes are m e a s u r e d . T h e r e 

fore , as noted above, the nonconservation of par i ty or failure of t ime 

r e v e r s a l invar iance would have no effect on the per t inent theore t ica l 

predict ions (except for a t r iv ia l redefinition of the coupling constants) . 

The calculation of the dis tr ibut ion of the e lec t rons emitted 

as a function of momentum involves an integration of the Hamil ton

ian. For this in tegra t ion , it i s useful to wr i te the wave functions a s 

s e r i e s expansions . If Coulomb effects a r e neglected, the leptons can 

be t rea ted as free p a r t i c l e s . The corresponding wave functions a r e 

plane waves which can be expanded in the form 

-•. -» CO 

e ' ^ * "" = E ( 2 i + l ) i ^ j (kr) P (cos e ) , 
i = o 

where k i s the wave vec to r , r is the position vec to r , j i s the 

spher ica l Besse l function, and P , is the Legendre polynomial . Each 

succeeding terna cor responds to a wave of higher angular momentum. 

For a l l cases of prac t ica l i n t e r e s t , each succeeding t e rm is of smal le r 

magnitude. 

Although the leptons must be t rea ted in a completely 

re la t iv is t ic manne r , the same is not t rue for the nucleons . Instead 

it is ve ry useful to expand the opera to r s acting on the nucleon wave 

functions in powers of v / c . 

If only the f i rs t t e r m of each expansion is r e ta ined , the 

result ing m a t r i x e lements a r e re la ted to "allowed" beta decay. If, 

by chance, the probabil i ty for th is type of decay should vanish , one 

considers the next t e r m in each expansion. The success ive ma t r ix 

e lements formed in this fashion a re called "first forbidden," "second 
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forbidden," e tc . The selection rules for the f i rs t few "degrees of 

forbiddenness" a re l i s ted in Table II. 

TABLE II 

Classif ication of b e t a - r a y t rans i t ions : selection rules 

and range of log ft va lues . 

Class Spin change. Par i ty change Log ft 

Allowed 0 or 1 

Ordinary f i rs t forbidden 0 or 1 

Unique f i r s t forbidden 2 

Second forbidden 2 or 3 

For an, allowed t ransi t ion, the probability of emiss ion for 

an e lect ron with a momentum between p and p+ dp is 

2 
N(p) dp = ±^ F(Z,p) p2 (Wo - W)2 [(Cg2 +c 2) [ M ^ \^HC^^+ C^) \ M ^ ^ ft(l.:^)dp, 

no 

y e s 

y e s 

no 

3 -

6 -

8 -

10 -

- 6 

• 8 

- 10 

- 14 

w h e r e W is the e l e c t r o n e n e r g y and WQ is the e n e r g y of the t r a n s i t i o n 

(both in un i t s of m c ), and 

C s C y I M p I + Crp C ^ JMQrp I 
b = 27 

(3) 

(Cs^+ C v ^ ) i M F l ^ + ( C T ^ + C A ^ ) | M G T P 

F ( Z , p ) = 2 ( H - 7 ) ( 2 p R ) 2 ( ' > ' - ^ ) exp 
2 

TTy 
| r ( 7 + i y ) | 

| r (2y +1)1^^ 

wi th 2 
A 7 ~ T ^ e^ 1 ^ a Z W 

7 = y i - ( a Z ) ^ a = ^ « y ^ , and V = - ^ • 

The f a c t o r F ( Z , p ) r e p r e s e n t s the e f fec t s of the C o u l o m b f ie ld on the 

e l e c t r o n , and M p and MQ-p a r e i n t e g r a l s of the n u c l e o n wave func 

t i o n s . E x p e r i m e n t a l l y it i s found for m o s t s p e c t r a t ha t b = 0 wi th in 
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2 
exper imental e r r o r . Using th is fact and letting f (Z ,p )=p F(Z,p) 

reduces Eq . (3) to 

^ l ' = C ( W „ - W ) . (4) 
f " 

Thus a plot of (N/f)^ vs W should yield a s t ra ight line whose intercept 

on the absc i s sa is W . Such a plot i s called a Kurie or F e r m i plot. 

For forbidden t rans i t ions the m a t r i x e lements M „ and 

M _ _ both vanish , but new m a t r i x e lements a r e genera ted by the next 

t e r m s in the s e r i e s expansions. The spec t ra l distr ibution of the e l ec 

t rons for an n - t imes forbidden t rans i t ion is given by 

N(p)dp = - ^ F ( Z , p ) p^ (W^ - W)^S^(W) 
2lT 

The F e r m i plot then has the shape 

w- 1 
= C(W^ - W) [ S ^ ( W ) ] ^ . (5) 

5 
General express ions have been derived for the "shape fac tors" S (W). 

n 

The t rans i t ion probabil i ty for a par t icular beta decay is 

defined as the number of t rans i t ions per second per active nucleus. 

This probabil i ty depends strongly on the t ransi t ion energy. The com

par i son of different t rans i t ions i s facilitated by removing this energy 

dependence and comparing the "reduced" probabi l i t ies . The reduced 

t rans i t ion probabil i ty T is usually expressed in t e r m s of the logari thm 

of i t s r e c ip roca l , i . e . , log (1/T ) = log ft. In the expansions of the 

wave functions, each succeeding t e r m is smal le r than the preceeding one. 

It follows that the t rans i t ion probabil i ty should dec rease (log ft should in

crease) with increas ing forbiddenness. The ranges of log ft values that 

have been observed a r e l isted in Table II for the var ious types of 

t r ans i t i ons . 

So far only the quantum numbers E , I , and ir have been 
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considered. In the case of a specific nuclear mode l , the re may be 

additional selection ru les which will reduce the t rans i t ion probabi l i t ies 

to be expected. (The ranges of log ft values quoted in Table II do not 

include t rans i t ions which a r e believed to be hindered by other selection 

r u l e s . ) 

D. GAMMA-RAY EMISSION AND INTERNAL CONVERSION 

1. Introduction 

General ly a be t a - r ay t rans i t ion leaves the daughter nu

cleus in an excited s t a te . The nucleus will de-exci te to i ts ground state 

by way of one or m o r e g a m m a - r a y trauisit ions. Such a t rans i t ion can 

take place ei ther by emiss ion of a g a m m a - r a y (electromagnet ic radiation) 

or by ejection of an electron from an atomic orbi t . The la t te r p r o c e s s 

is called in ternal conversion. 

It is convenient and useful to classify a g a m m a - r a y 

t rans i t ion by i ts multipole o rder L , where L is the angular momentum 

ca r r i ed off by the quantum. Fo r each multipole o r d e r , there a r e two 

c l a s ses of radiat ion which differ with r e spec t to par i ty , namely, 

e lec t r ic 2 pole (EL) with Air = (-1) , and 

where 

magnetic 2 pole (ML) with Air = (-1) , 

_ r 1 for no change in par i ty 
\-i for a change in par i ty . 

The conservation of angular momentum and of par i ty for the sys tem i m 

pose selection ru les for the mult ipolari ty,(mult iple oi^der and class) of a 

^ a m m a t ransi t ion between two nuclear s t a t e s with total angular momenta 

I . , I and par i t i e s ir., IT , , t hese a re „ . 

I I. - I^ I ^ L « I. + L and 
' i f ' i f 

L 
"i / ( - I ) " 

^ - 1 ( - 1 ) L - 1 
°̂̂  ^^ (6) 

for ML . ^ ' 
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F r o m the fact that e lec t romagnet ic waves a r e t r a n s v e r s e , it follows 

that no gamma rays.of multipole order ze ro can occur . 

It follows from the selection rule I. - I . < L < I. + 1 . 
' i f ' i f 

that mix tu res of t rans i t ions of different multipole o r d e r s a re allowed. 

As will be shown below, the t rans i t ion probabil i ty for gamntia r ays d e 

c r ea se s rapidly with increas ing multipole o rde r . Hence, one expects 

the lowest allowed multipole o rder (L = j I. - I | ) to predominate; but 

in some cases a mixture of the two lowest allowed multipole o r d e r s will 

occur . 

Before outlining the theor ies of these two p r o c e s s e s , it 

is of in te res t to note the difference in their dependence on nuclear 

p r o p e r t i e s . The t rans i t ion probabili ty for g a m m a - r a y emiss ion between 

two nuclear s ta tes will depend on the wave functions of the two s t a t e s . 

This means that these probabil i t ies can only be calculated explicitly for 

specific nuclear mode l s . In cont ras t , the probability for in ternal con

vers ion depends on the energy of the t rans i t ion , on L , and on the e l ec 

tron wave functions . Thus the in te rna l -convers ion probabi l i t ies can be 

calculated to a high degree of accuracy independent of the nuclear 

s t ruc tu re . This relat ionship means that in te rna l -convers ion data can 

be compared with theory in order to de termine the charac te r of the 

t rans i t ion . The charac ter and the data on gannma-ray emiss ion can then 

be used to obtain information concerning the nuclear wave functions. 

2. Gamncia-Ray Emiss ion 

Elec t romagnet ic t rans i t ions a re induced by an interact ion 

between the magnetic or e l ec t r i c moments of the nucleus and the 

radiat ion field. In quantum mechan ic s , the t ransi t ion probabili ty T 

between the s ta tes i and f is given according to per turbat ion theory by 

the equation: 

T._̂ ^= f ^ | < f 1 H I i>l^(dN/dj;), 
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where H is the per turbat ion interact ion and dN/dE denotes the density 

of possible final s t a tes . In o rde r to c a r r y out complete theoret ica l 

calculat ions , one must make some assumption about the nuclear 

s t ruc ture so that the init ial and final wave functions can be calculated. 

However, the bas ic quantum mechanical theory of multipole radiation 

indicates that it i s reasonable to express the t rans i t ion probabil i ty in 

the form 

' " ' « L [ (2L+1 )11]^ 
( ^ B ( . L , I . - I j ) , (7) 

where trL stands for an e lec t r i c or magnet ic t rans i t ion of o rde r L , 

w = (E. - E )/R, c is the velocity of light, and B is the reduced t r a n s i 

tion probabil i ty. The energy dependence of the t rans i t ion probabil i ty 

is expected to be contained in the oj t e r m , so that the B((rL, I. —Ir) 

is independent of the t rans i t ion energy. All of the p roper t i es of nuclear 

s t ruc ture a r e contained in B which i s given by 

B(crL, I . ^ I ^ ) = E | < f | M « ^ ^ j ^ | i > l ^ , 

where the M^^, a r e the e lec t r ic and magnetic multipole o p e r a t o r s . 
LM 

The resu l t s of some theore t ica l calculations for specific 

nuclear models will be d i scussed in conjunction with those mode l s . 

3. Internal Conversion 

As noted previously , the in te rna l -convers ion p roces s 

involves an interact ion between a nucleus in an excited state and the 

atomic e l ec t rons . This interact ion r e su l t s in the ejection of an atomic 

electron from the_ith shell or subshel l . The ejected electron c a r r i e s 

off a kinetic energy of E - E . , where E is the t rans i t ion energy and E. 

i s the e lect ron binding energy. Calculations of the theore t ica l t r a n s i 

tion probabi l i t ies a r e c a r r i e d out by means of per turbat ion theory . 

The re su l t s give values for the in te rna l -convers ion coefficientSjt 



14 

. , « _ number of e lec t rons ejected from the j^th subshell 
i ~ number of photons emitted 

= 2TT̂  kZ) I < f I H I i > 1^ , 

2 

where k is the t rans i t ion energy in units of mc (and the units a r e such 

that m = c = fi = 1 ). The last factor is the square of the absolute value 

of the ma t r i x element between the init ial and final e lectron s ta tes for this 

per turbat ion . The summation i s over a l l unobserved degrees of f reedom, 

including the init ial and final magnet ic substa tes of the e lec t ron . This 

summation removes in ter ference t e r m s when the t rans i t ion has mixed 

charac te r ( e . g . , Ml + E 2 ) . Since the re is no in te r ference between 

different multipole o r d e r s , the conversion coefficient for a mixed t r a n s i 

tion is given by 

a = d a ( L ) + (1 - d ) a ( L ' ) , 

where d i s a constant , 0 < d < 1 , and L' = L ± 1. The theore t ica l values 

of the conversion coefficients depend on: 

1. the mult ipolar i ty of the competing g a m m a - r a y t r ans i t i ons , 

2. the Z of the emitting nucleus , 

3. the subshell of the e lec t ron , and 

4 . the energy of the t rans i t ion . 

Eixtensive tables of theore t ica l in te rna l -convers ion co-
6 7 

efficients have been tabulated by both Rose and Sliv. Both calculations 

include correc t ions for the effects of the finite nuclear s i z e , although 

their methods for making the cor rec t ions differ. It should be noted that 

once the nucleus is allowed to have finite s i z e , it i s possible that the nu

clear s t ruc ture will have some effect on the conversion coefficients, but 

this effect i s expected to be very sma l l . 

These theore t ica l calculations a r e of g rea t value to the 

exper imental is t because they often allow him to deduce the mult ipolar i ty 

(L and IT) of a t ransi t ion from i ts conversion coefficients. In p r a c t i c e . 
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it i s often difficult to measu re the absolute value of a conversion co 

efficient, but it may be possible to m e a s u r e the relat ive intensi t ies of 

a set of conversion l ines from the same t rans i t ion . Since the ra te of 

photon emiss ion i s the s a m e , one can compare these ra t ios d i rec t ly 

with the theore t ica l r a t ios of the conversion coefficients, namely , 

a 
-K _ K _ number of K e lec t rons 

a L number of L e lect rons 
L 

These values a r e somet imes sufficient to de termine the mul t ipolar i ty . 

The p r o c e s s of in te rna l conversion also provides an ex

cellent tool for measur ing t rans i t ion ene rg i e s . Since the binding 

energies of a tomic e lec t rons a r e known accura te ly , the convers ion-

line energies together with the binding energies give an accura te value 

for the t ransi t ion energy . 



CHAPTER m . Nuclear Models 

A. NUCLEAR SHELL MODEL 

By 1950 a large amount of exper imenta l data indicated 

the existence of a nuclear shell s t r u c t u r e , analogous to the shell 

s t ruc ture of a t o m s . These nuclear shel ls appeared to be filled at the 

neutron and proton numbers 2 , 8, 20, 50 , 82, and 126. (These a r e 

often called "magic n u m b e r s . " ) 
Q 

The nuclear shel l mode l , or s ingle-par t ic le mode l , 

successfully accounts for the magic numbers as well as some other 

p roper t ies of low-energy excited s t a t e s . 

The bas ic assumption of the shell model i s : The in te r 

actions of any par t icu la r nucleon with a l l the remaining nucleons in the 

nucleus can, to a sa t is factory approximat ion, be rep laced by a single 

s tat ic potential . This potential i s in some sense the average of 

the two-par t ic le (and th ree -pa r t i c l e ) in te rac t ions . 

It is reasonable to a s sume that this stat ic potential does 

not have a s ingulari ty at the center of m a s s , that it d ec r ea se s rapidly 

at the nuclear su r face , and that it is spher ical ly s y m m e t r i c . (Re

laxation of the last condition is d i scussed in Sec . B of this chap te r , ) 

Two soluble potentials which have these proper t ies a r e the isot ropic 

harmonic osci l lator and the square well with infinite wa l l s . Both 

potentials have energy levels which a r e de te rmined by the orbi ta l 

angular momentum i , and a r e 2 (2i + 1 ) degenera te . Although both 

potentials have closed shells for 2, 8, and 20 p a r t i c l e s , neither is 

capable of explaining the magic numbers 50, 82, and 126. 

However , it was foun4 that by adding a spin-orbi t 

coupling t e r m of the proper magnitude and sign to a potential in te rmedia te 

between the two above , al l of the magic numbers can be explained. This 

spin-orbi t coupling t e r m [f ( r ) i • s , where r is the dis tance from the 

center of m a s s and s i s the in t r ins ic or par t ic le sp in ] splits every 

i level into two levels with total angular momentum } = l- ^^ each with 

16 
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a degeneracy of 2 j + l . The sign of the spin-orbi t in teract ion i s taken 

so that the 1 + ^ level becomes the lower one. Figure 1 shows the 

energy- leve l sequence for an isot ropic harmonic osc i l l a to r , for a 

potential in te rmedia te between that and an infinite square wel l , and 

for the in te rmedia te potential with spin-orbi t coupling. 

This model i s analogous to the s t ruc tu re of the a tom. 

In the atomic c a s e , the e lect ron shel ls become filled at the r a r e 

gases (2, 10, 18, 36, 54, and 86 electrons) which a r e to be compared 

with the magic nximber nuclei (2, 8, 20, 50, 82 , and 126 protons or 

neutrons) . 

F o r nuc le i , these levels a re filled in o rder of i n c r e a s 

ing energy , proton levels and neutron levels being filled independently. 

The wave function for each nucleon i s cha rac te r i zed by a set of in

dividual quantum n u m b e r s , namely , n , j , £, and m , where n is the 

total osci l la tor quantum number , j and i a r e the total and orbi ta l an 

gular momen ta , r espec t ive ly , and m is the projection of j on an axis 

fixed in space . The p roper t i e s of the ent i re nucleus a r e governed 

by the appropr ia te combinations of these wave functions for the in

dividual pa r t i c l e s . 

Now that a potential which produces the magic num

b e r s has been obtained, it i s of in te res t to see if th is level sequence 

is compatible with the total angular momenta , or sp ins , of nuclear 

ground s t a t e s . In o rder to make this compar i son , it i s n e c e s s a r y 

to specify the coupling ru les for obtaining the total angular momen

tum J of the nucleus from the angular momenta j of the p a r t i c l e s . 

These ru les a r e : 

1. For any closed shell or subshell (a subshell i s 

a j level) the pa r t i c l e s couple so that J = 0. 

2(a). A pair of nucleons in an unclosed subshell usually 

couples so that J = 0. Hence , for an odd-A nucleus J is equal to the j 
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Fig. 1. Energy- leve l diagreims for the s ingle-par t ic le model . 
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of the unpaired par t ic le ; and for even-even nuclei J = 0. 

2(b). If there a r e m par t i c les in a subshel l , and m 

is odd, g r ea t e r than 2 , and less than 2j - 1, it i s possible for the 

m par t i c l e s to couple so that J = j - 1. (This "anomalous coupling" 

rule has been d i scussed theore t ica l ly and appea r s to be just i f ied.) 

3. F o r nuclei with an odd nvunber of both neut rons and 

p ro tons , the neutrons couple to the spin J and likewise the protons 

to Jp according to rule 2 . These two spins then couple to give the 

total spin J , where J + J > J ^ J - J . (Nordheim has p r o -*̂  ' n p '̂  I n p ' ^ '^ 

posed a m o r e explicit set of coupling r u l e s . 

The re is one other empi r i ca l phenomenon that mus t 

be included in this model before the predic ted ground-s ta te spins 

will agree with exper iment . Consider the case of two closely spaced 

levels with a l a rge difference in spin and with the s ta te with the s m a l l 

er spin lying lower ( e . g . , the gg/T and p,/-, levels in F ig . 1). The 

observed ground-s ta te spins indicate that the energy of a configuration 

with an odd number of nucleons in the g^i^ level i s always higher 
9 / 2 

than that of the' corresponding state with one of the pa r t i c l e s in the 

p , level excited to the .g^.^ level . F o r example , the configuration 
1/2 9/2 

(p, .^ ) (gn/T ) ) for which J = 9 / 2 , does not occur in a ground state 
1 / 2 9 / 2 

because the s ta te (p. ._ ) igni-f ) > f°^ which J = 1/2, has a lower 

energy. This lower energy is explained by the existence of a 

pairing energy ( i . e . , the energy r e l ea sed in the p r o c e s s of coupling 

two pa r t i c l e s so that j . + j = 0 ) which i n c r e a s e s rapidly with in

creasing j . 

With the above coupling ru les for the angular momenta , 

the pa i r ing-energy a r g u m e n t s , and the level order ing in F i g . 1, one 

can ass ign reasonable configurations that account for most of the ob

served ground-s ta te spins . The only major exceptions a re in the 

regions 155 < A < 185 and A > 225 where i t appea r s that th is r e s t r i c t e d 

shell model does not apply. 
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F o r an o d d - Z n u c l e u s i t h a s b e e n shown tha t t he s ign 

of t h e n u c l e a r q u a d r u p o l e m o m e n t i s p o s i t i v e (nega t ive) if t h e r e i s 

an i n c o m p l e t e l y f i l led l e v e l t h a t i s m o r e t h a n ( l e s s than) hal f ful l . 

T h e s h e l l - m o d e l c o n f i g u r a t i o n s t h a t g ive the o b s e r v e d g r o u n d - s t a t e 

s p i n s a l s o g e n e r a l l y p r e d i c t the m e a s u r e d s ign for the q u a d r u p o l e 

m o m e n t . 

B y u s e of the s h e l l - m o d e l wave f u n c t i o n s , e s t i m a t e s of 

the g a m m a - r a y t r a n s i t i o n p r o b a b i l i t i e s have b e e n m a d e for a s i n g l e -

p r o t o n t r a n s i t i o n . T a b l e III g i v e s a p a r t i a l l i s t of s u c h e s t i m a t e s . 

S ince t h e t h e o r e t i c a l c a l c u l a t i o n s depend c r i t i c a l l y on the wave func

t i o n s of t h e spec i f i c n u c l e a r s t a t e s i n v o l v e d , t h e s e e s t i m a t e s canno t 

be esqpected t o be a c c u r a t e t o b e t t e r t h a n a n o r d e r of m a g n i t u d e . 

T A B L E III 

E s t i m a t e s of the t r a n s i t i o n p r o b a b i l i t i e s T for 

g a m m a - r a y e m i s s i o n for a s i n g l e - p r o t o n t r a n s i t i o n . E i s 

t h e g a m m a - r a y e n e r g y in Mev and A i s the a t o m i c m a s s . 

T h e s e v a l u e s a r e t a k e n f r o m r e f e r e n c e 12. 

M u l t i p o l a r i t y T in s e c 

E l 1.5 X 10^^ A ^ / ^ E ^ 

M l 2 . 8 X 1 0 ^ ^ E ^ 

E 2 1.6 X 10^ A 4 / 3 E ^ 

M2 1.2 X 10^ A^f^ E ^ 

E 3 1.1 X 10^ A^ E*̂  

M3 1.8 X 10^ A^^^ E"^ 

B . T H E UNIFIED M O D E L AND C O L L E C T I V E MOTIONS 

1, I n t r o d u c t i o n 

Al though the she l l m o d e l , or s i n g l e - p a r t i c l e m o d e l . 
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has been very successful in explaining and predicting many p r o p e r 

t ies of ground s ta tes and low-energy excited s t a t e s , t he re a r e sev

e r a l phenomena that it does not explain sa t i s fac tor i ly . In the regions 

of the per iodic table where there i s a la rge number of both neutrons 

and protons outside of closed shel ls (150 < A < 190 and A ^ 225), 

p roper t ies a r e observed which a r e indicative of collective motions of 

the entire nuc leus . More explicit ly, some of these nuclei have e lec 

t r i c quadrupole moments and e lec t r ic quadrupole g a m m a - r a y t r a n s i 

tion probabi l i t ies which exceed the she l l -model predict ions by m o r e 
1 3 than one and two o r d e r s of magni tude , respec t ive ly . Also the 

energy levels observed in even-even nuclei show a marked s imi lar i ty 

in spite of the g rea t var ie ty of par t ic le configurations that the shell 

model p red ic t s . 

The "unified model" has been developed in o rder to 

descr ibe a sys tem that p r e s e r v e s the par t ic le s t ruc tu re of a shell 

mode l , but s imultaneously can have vibrat ions and rotat ions of the 
14 nucleus as a whole. The collective motions of the nucleus a r e 

desc r ibed in t e r m s of a hydrodynamical model . Th ree bas i c 

assumpt ions a r e made concerning these collective mot ions . The 

f irst is that in the f i rs t approximation the nuclear "fluid" is incom

p r e s s i b l e . Mathematical ly th is means the divergence of the fluid 

velocity is zero ( V * v = 0 ) at al l points in the nucleus . Second, 

it is a s sumed that the fluid motion is i r rotat ional ( V X v = 0 ). 

Las t ly , the equation of the nuclear surface is a s sumed to be 

R = R„ 

2 

(8) 1 + S a. Y_^(0,4)) 
= - 2 ^ '̂ 

2 
where the a a r e constants and the Y a r e spher ica l ha rmon ics . 

H. p. 

This surface i s an ellipsoid and the length of the radi i along the 

pr incipal axes a r e given by 



22 

1, -| 

l + ( 5 / 4 , ) ' p c o s ( v - ^ j , (9) \=R„ 

where II = 1, 2, and 3 , 0° ^-y < 60 , and P is the deformation p a r a 

m e t e r . F r o m this express ion it follows that for "y > 0° the surface 

is a t r i ax ia l el l ipsoid, while for -y = 0 the nucleus has an a^xis of 

rotat ional symmet ry . For P = 0 the surface reduces to a sphe re . 

F o r nuclei with all protons and neutrons in closed 

she l l s , the equilibrixim shape of the nucleus i s expected to be spher ica l . 

This shape should be very stable and the nucleus should be well d e s 

cribed by the s ingle-par t ic le model . I ts excited s ta tes should be 

charac te r ized by the excitation of a par t ic le to a higher energy level . 

As the number of ei ther neutrons or protons gets a 

few units away from a magic number , the shape of the nucleus may be 

expected to v ibra te around i ts spher ica l equil ibrium shape. The nuclear 

system now has degrees of freedom of a vibrat ional nature and a set 

of vibrat ional energy leve ls . The interact ion between the vibrat ional 

and par t ic le excitations p resen t s a very complicated theore t ica l p rob

lem for nuclei in these reg ions . 

For nuclei with a l a rge r number of both protons and 

neutrons outside of their respect ive closed she l l s , the equil ibrium 
15 shape is no longer expected to be spher ica l , that i s , the equil ibrium 

value of the pa r ame te r p i s no longer z e r o . The system now has three 

distinct possible motions: pseudorotation of the nucleus , vibrat ion of 

the nuclear surface about i t s equil ibrium shape, and individual p a r 

t icle mot ions . For " l a rge" deformations the nucleus is expected to 

be descr ibed by the strong-coupling scheme discussed in the follow

ing sec t ions . 

The studies which are repor ted here in a r e of nuclei 

with proton numbers midway between the magic numbers 50 and 82 and 

neutron numbers midway between the magic numbers of 82 and 126, 
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E x p e r i m e n t a l d a t a i n d i c a t e t ha t t he n u c l e i of t h i s r e g i o n a r e c h a r 

a c t e r i z e d by " l a r g e " e q u i l i b r i u m d e f o r m a t i o n s . 

2 . T o t a l Wave F u n c t i o n 

If t he e n e r g i e s of the i n t r i n s i c o r p a r t i c l e e x c i t a t i o n s 

a r e l a r g e c o m p a r e d t o t h o s e of the c o l l e c t i v e m o t i o n s , on t h e b a s i s 

of the a d i a b a t i c a p p r o x i m a t i o n , the w a v e funct ion of t h e n u c l e u s i s t h e 

p r o d u c t of wave func t ions for the s e p a r a t e m o t i o n s . If the v i b r a t i o n a l 

and r o t a t i o n a l m o t i o n s a r e s i m i l a r l y decoup l ed f rom e a c h o t h e r , the 

wave funct ion t a k e s on the f o r m 

4̂  = X <t><JD . 

w h e r e x r e p r e s e n t s t h e m o t i o n of the i nd iv idua l p a r t i c l e s in t h e d e f o r m e d 

f i e ld , <|) d e n o t e s the v i b r a t i o n s of the n u c l e u s about i t s e q u i l i b r i u m 

s h a p e , and oO r e p r e s e n t s the r o t a t i o n of t h e n u c l e a r s u r f a c e . It fol lows 

f r o m E q . (8) t h a t t he n u c l e u s h a s r e f l e c t i o n s y m m e t r y wi th r e s p e c t 

to a p l ane t h r o u g h t h e c e n t e r of m a s s and p e r p e n d i c u l a r to the s y m m e t r y 

a x i s . I t can be shown tha t t h i s r e f l e c t i o n s y m m e t r y i m p l i e s t ha t the 

co l l e c t i ve m o t i o n s h a v e even p a r i t y . H e n c e , t h e p a r i t y of t h e s y s t e m 

i s d e t e r m i n e d by that of t h e p a r t i c l e wave funct ion x- lu t h i s t r e a t 

m e n t of t h e c o l l e c t i v e m o t i o n , i t i s a s s u m e d tha t t he e q u i l i b r i u m s h a p e 

of the d e f o r m e d nuc l eus h a s a x i a l s y m m e t r y ("y = 0 ) . It then fol lows 

t h a t for a n u c l e u s in the v i b r a t i o n a l g r o i m d s t a t e the p r o p e r l y s y m m e 

t r i z e d w a v e funct ion h a s the f o r m 

^ = c o n s t a n t . 4 , { x / ) J j ^ ( a ) + ( - i ) ^ - % x _ / ' M . K ^ ^ i > > ^ ^^°) 

w h e r e t h e quan tum n u m b e r s S2, I , K , and M , which a r e va l i d for the 

s t r o n g - c o u p l i n g s c h e m e a r e i l l u s t r a t e d in F i g . 2 , (The 0- a r e the 

E u l e r a n g l e s . ) 
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Fig . 2. Angular-momentum coupling scheme for deformed nuclei . 
The total angular momentum I is composed of two p a r t s . 
One par t R corresponds to the collective motion of the 
nucleus , while the other par t J r ep resen t s the in t r ins ic 
motion of the nucleons. The vector J p r e c e s s e s around 
the nuclear symmetry axis z with a constant projection 
fi. The total angular momentum I has the component 
M along the z ' axis which is fixed in space and the com
ponent K along the symmet ry ax is . In the ground 
s ta te , R is perpendicular to the z axis so that fi = K. 
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3. In t r ins ic Wave Function and Energy Levels 

The in t r ins ic wave function x can be calculated by 

use of a s tat ic potential a s in the shell model . Nilsson has ca r r i ed 

out the calculations of the energy levels of individual nucleons in de 

formed nuclei as a function of the deformation. These calculations 

were c a r r i e d out by use of the Hamiltonian 

H = -|^A+^[co2(l + |6)(x^ + y^)+ co^(l- |6)z^]+Cr- T + D T ^ , (11) 

where x , y , and z a r e the coordinates of a par t ic le in the sys tem fixed 

in the body and 6 is the deformation p a r a m e t e r (6 K 0 .95P) . The 

i • s t e r m is the sp in -o rb i t coupling and the i t e r m has somewhat 

the same effect as using a potential in te rmedia te between the h a r 

monic osci l lator and a square wel l . The coefficients C and D must be 

adjusted so that the level s t ruc ture reduces to that of the shell model 

as the deformation goes to ze ro (6 -• 0). 

In these calculat ions the energies of the in t r ins ic 

s ta tes a r e calculated by use of a represen ta t ion in which the s ta tes a r e 

labeled by the quantum numbers N , i , A, and Zl. Here N is the 

total osci l la tor quantum number and the ope ra to r s corresponding to 
-2 

the other th ree quantum numbers a r e i , £ , and s , r e spec t ive ly , 

where i and s a r e the orbi ta l and in t r ins ic angular momenta of the 

p a r t i c l e . (The subscr ip t z indicates the project ion on the nuclear 

symmet ry ax i s . ) In g e n e r a l , these th ree opera to r s do not commute 

with the total Hamiltonian and, t h e r e f o r e , these a r e not good quantum 

numbers ( i . e . , i , A, and ZI a r e not constants for a par t icu la r s ta te) . 

However , the opera tor j = i + s does commute with H and the co r -
z z z 

responding quantum number n = A+ S is always a constant of the 

motion. ( fi is the projection on the symmet ry axis of the total angu

lar momentum of the pa r t i c l e . ) 

In the l imit of smal l deformations (6 = 0), this model 
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reduces to the shell model descr ip t ion . 

In the l imit of la rge deformat ions , the i • s and i t e r m s 

can be t r ea t ed as pe r tu rba t ions . The s ta tes a r e then labeled by the 

"asymptot ic" quantum numbers N, n , A, and S . N is the total number 

of osci l la tor quanta and n is the number of osci l lator quanta along 
z 

the symmet ry axis (i . e . , the number of nodal planes perpendicular to 

the symmet ry axis , ) Exper imenta l ly it appears that in the region of 

deformed nuclei with 155 < A < 185, these asymptot ic quantum numbers 

a r e appl icable . 
17 The level diagraxns calculated by Nilsson for 

50 < Z < 82 and 82 < N < 126 a r e shown in F i g . 3. As noted above, the 

levels a re charac te r i zed by the component along the s y m m e t r y axis of 

the angular momentum fi. of the individual p a r t i c l e s . Each level is two

fold degenerate corresponding to the s ta tes ± ̂ . . In the regions of 

large deformation, the z component of the total nuclear angular momen

tum is given by Q = 2-jQ. , where z denotes the direct ion of the symmet ry 

ax i s . The protons and neutrons fill these levels independently and in 

the o rder of increas ing energy. Thus for an even number of neutrons 
one has Q - 0} and for an odd number Q is equal to the Q. of the las t 

n n 1 
neutron; s imi la r ly for p ro tons . Thus for an even-even nucleus i^=0, 

and for an odd-A nucleus 2̂ = ^ (for N odd) or i[2 = ^ (if Z is odd). 
n p 

Thus with the Nilsson d i a g r a m s one may predic t the spin of the ground 

s t a t e , I = i[2, as well as the wave function for any deformed nucleus . 

One mode of nuclear excitation involves rais ing one of 

the nucleons to a new in t r ins ic level with a corresponding change in S2 and I 

4. Nuclear Exci tat ions Associa ted with Collective Motions 

The vibra t ional portion ^ of the total wave function (10), 

gives r i se to vibrat ional excited s t a t e s . In o rder for this express ion for 

the total wave function to be va l id , the vibrat ions mus t be r e l a t ed to 

smal l dis tor t ions of the nuclear sur face . F o r sma l l v ib ra t ions , these 
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F i g . 3. Energy levels for (a) protons in the region 50 < Z < 82 and (b) neutrons in the 
region 82 < N < 126. The levels a r e labeled by the quantum numbers 
^•'^[Nn A ] . The figures a r e taken from reference 17. 
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motions a re expected to be near ly ha rmonic . Then the energy levels 

for any one type of vibrat ional motion will be of the form 

E = nho) for n = 0, 1, 2 , 3 , • • • (12) 
n 

In the actual case in which severa l types of excitat ions exist in the same 

nucleus , these motions naay in te rac t , thereby al ter ing the harmonic 

s t ruc ture of the energy l eve l s . 

Vibrat ional motions a r e classifed by the quantum numbers 

V and X., where X is the multipole o rder of the motion and is re la ted 

to the change in par i ty of the nucleus by the express ion AIT = ( - 1 ) , 

and V is equal to the change in the z component of the total angular 

momentum ( i . e . , AK = v ). The value \ ? 1 cor responds to a t r a n s 

lation of the whole nucleus and is of no ih t e r e s t . The quadrupole 

vibrat ions have X = 2 and v = 0, ± 1, ± 2. The cases v = ± i a re r e 

lated to the rota t ional motions which will be d i scussed below. The 

V = 0 case cor responds to an oscil lat ion of P around the equil ibrium 

value P (P-vibrat ion) , while the nuclear surface mainta ins i ts axial 

symmet ry at a l l t imes [ i . e. , -y = 0 in Eq . (9) ] , F o r v - ±2 the value 

of p is constant and y osc i l la tes between y, and -y, . Although th is 

nuclear surface is not instantaneously axially s y m m e t r i c , the average 

value of y is z e r o . 

The surface motions which cor respond to X > 2 can not 

be expressed in the form (9). They will be d iscussed in Sec. 7. 

Final ly one may have rota t ional excited s tates based on 

any in t r ins ic or v ibra t ional level . The nuclear surface ro ta tes 

around an ax;is perpendicular to the symmet ry axis and gives r i s e to 

a spec t rum of the same type as that of a rotat ing r igid body. (However, 

the motions do not cor respond to an actual rotat ional flow of the nuclear 

fluid.) If the rotat ional s ta tes a r e built on a level which has angular 

momentum I = K, the energy levels a r e 
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E(I) = - ^ [ 1 ( 1 + 1 ) + a ( - l ) ^ + 2 ( i + i ) 5 ^ ^ ^ w i t h l = l^, I ^ - H , 1^ + 2, . . .(13) 

For I = K = S2 = 0 in even-even nuclei , the wave function (10) reduces 

to 4* * *t>3D.̂ p. [ Xn"̂  ("^) ^ n 1 which vanishes if I is odd. Thus the 

energy levels a r e given by 

E(I) = ^ [ 1 ( 1 + 1 ) 1 w i t h i = 0, 2 , 4 , 6, • • • (14) 

In s u m m a r y , the th ree types of excited s ta tes a r e cha r 

ac te r ized by changes in different quantum number s . A par t ic le ex

citation genera l ly involves a change in n and -rr with the corresponding 

changes in K and I . A quadrupole vibrat ional excitation is c h a r a c t e r 

i zed by a change in the value of K (by z e r o or two units) with no change 

in fi or IT. Last ly a rotat ional excitation is re la ted to a change of I 

(by one or two units) with no change in K, ^ , or ir . 

5 . Trans i t ion Probabil i t ies 

1 6 

For the unified mode l , Nilsson has der ived e x p r e s s 

ions for the g a m m a - r a y and b e t a - r a y t rans i t ion probabi l i t i es . Of p a r 

t icular in te res t i s the special case of t rans i t ions of mult ipole o rder L 

from a given init ial state to two m e m b e r s of a single rotat ional band. 

If one takes the ra t io of the reduced t rans i t ion p robab i l i t i e s , the in tegra l s 

of the nuclear wave functions cancel and one obtains the s imple formula 

2 
B(L , I. ^ I f ) 

B ( L , L - L , 

< I. L K. K^ - K- I Ii L If Kf > 

<I . L K. K . - K. I I. L L, K^> 
1 1 ± 1 1 f f 

(15) 
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where ^I. L K. K . - K. I I. L I . K . ^ a r e Clebsch-Gordan coeffi-
1 i f I ' l f f 

18 
c ients . (In the unusual c a s e , in which L > K. + K with K > 0, this 

express ion is not va l id . ) This rule holds both for gsimma-ray t rans i t ions 

and for pure Gamow-Tel le r b e t a - r a y t r ans i t ions . 

The existence of the angular momentum quantum number 

19 K implies the selection rule L > AK, Exper imenta l ly observed t r a n s i 

tions which violate this rule a r e genera l ly slower than the s ing le -pa r 

t icle model t rans i t ion r a t e s by a factor of the o rde r of 100 for each degree 

of fo rb iddenness . The degree of forbiddenness is equal to AK - L. 

The finite probabi l i t ies of these forbidden t rans i t ions imply that one of 

the s ta tes involved does not have a pure K value. 

20 

Alaga has pointed out that in the l imit of la rge deforma

t ions , the re a r e additional selection ru les for both g a m m a - r a y and be t a -

ray emiss ion in odd-A nuclei . These r u l e s , which a r e r e l a t ed to the 

asymptot ic quantum numbers N , n , and A , a r e given in re fe rences 
z 

17 and 20. Trans i t ions which violate these selection ru les a r e called 

"hindered" and a r e expected to be slower than the corresponding "un

hindered" t r ans i t ions , 

6. In teract ions of Rotat ional , Vibra t ional , and P a r t i c l e Motions 

So far in this d iscuss ion it has been a s sumed that the 

ro ta t ional , v ib ra t iona l , and par t ic le motions a r e completely independent. 

In genera l there will be some in terac t ion . In even-even nuclei ,any p a r 

t icle excitation involves the splitting of a pai r of nucleons. Since this 
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proces s itself necess i t a t es an energy of about 1 Mev, the lowest ex

cited in t r ins ic s ta tes a r e expected to lie somewhat above 1 Mev. This 

means that they should have very little effect on the low-lying rota t ion

al s t a t e s . However , the vibrat ional motions a r e expected to have 

some effect on the rotat ional ene rg ies . The f i rs t t e r m in such an i n t e r 

action will be negative and proport ional to the square of the rotat ional 

energy. Thus the energy levels of the ground-s ta te band are expected 

to be given m o r e near ly by 

fi^ 2 
E(I) = 1 ^ { [ K I + D ] -b [ I ( I -H)] } ioxK^^. (16) 

In most ground-s ta te rotat ional bands of even-even nucle i , this type 

of deviation from the 1(1+1) in te rva l rule is observed . 

In odd-A nuclei the situation is quite different. The 

odd nucleon can now be excited to new in t r ins ic s ta tes without breaking 

a pair of p a r t i c l e s . Thus one has low-lying in t r ins ic levels which 

can in te rac t with the rota t ional mot ions . The problem of this i n t e r -

21 
action has been d i scussed in de ta i l . 

7. Octupole Vibrat ions in Even-Even Nuclei 

All the s ta tes a r i s ing from rotat ions and quadrupole 

vibrat ions in even-even nuclei have positive par i ty . Severa l cases of 

odd-pari ty levels have been observed exper imenta l ly . The p roper t i e s 

of these s ta tes indicate that they may be assoc ia ted with octupole v i -

22 bra t ions ( X = 3 , Air = -1 ) of the nuclear sur face . The only case of 
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this type of motion which i s of in te res t in this study is for v = 0. 

Thus the vibra t ional level has K = 0 and negative pa r i ty . It has been 
22 

pointed out that the wave function vanishes for even values of I. 

There fo re , the rota t ional band based on this s ta te has the spin sequence 

1, 3 , 5 , e t c . For an octupole vibrat ion the shape of the nuclear s u r -
-2 

face can no longer be given by Eq. (8); t e r m s of the form Y mus t 

be added. 

8. Odd-Odd Nuclei 

Until very recen t ly , the only theore t ica l predic t ions 

explicitly dealing with odd-odd nucle i , were those concerning the 
7 "̂  24 

ground-s ta te sp ins . Gal lagher has now d iscussed the b e t a - r a y 

and g a m m a - r a y t rans i t ion probabi l i t ies for these nucle i . 

The spin of the ground state is expected to resu l t from 

the coupling of the odd neutron and odd proton. In the strong-coupling 

l imi t , which we have been consider ing, one expects the two pa r t i c l e s 

to be coupled to the symmet ry ax i s . This means that ^ = ^ ± fi . 
23 ' n p ' 

Gallagher and Moskowski have der ived coupling ru les (s imilar to the 

Nordheim ru les for spher ica l odd-odd nuclei) which imply that the 

z components of the in t r ins ic sp ins , H and 21 , tend to line up in the 

same di rec t ion. Thus , the ground state should have 

and 

^=n +i2 i f ^ = A ± z : and ^ =A ± 2 , (17a) 
n p n n n P P P ' 

f 2 = k 2 - ^ i f S 2 = A ± 2 : and n = A ^ 2 . (17b) 
' n p ' n n n p p p 

While this predict ion is co r r ec t in mos t c a s e s , the re a r e a lso 

many except ions. 

In the ground state of the odd-odd nucleus it is not 

possible to de te rmine d i rec t ly what in t r ins ic s ta tes a r e occupied by 

pa r t i c l e s . However , it i s reasonable to a s sume that the odd proton 

is in the same state a s the unpaired proton in a neighboring odd-A 
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nucleus with the same number of p ro tons . The same assumpt ion is 

made for the odd neutron. In th is way it is possible to obtain the 

asymptotic qxiantum numbers and corresponding Nilsson levels of 

the unpaired nucleons. 

Let these s ta tes be denoted by S and S 
' n p 

Now consider the pa r t i c l e s in an even-even nucleus .which 

decays by beta emiss ion to this odd-odd nucleus . Before a beta t r a n s i 

tion takes p lace , the even-even nucleus has i ts last pair of neutrons 

in the Nilsson level denoted by S and no protons in the level S . Since 
^ P 

the be ta-decay p roces s involves only one nucleon, one of the neutrons 

can be a s sumed to be unal tered by the be ta -decay p r o c e s s . The other 

neutron is then t r a n s f e r r e d from the state S to the s ta te S with 
n p 

the corresponding change in quantum n u m b e r s . This t rans i t ion is 

then identical to the corresponding t rans i t ion in an odd-A nucleus 

and, t he re fo re , the asymptot ic selection ru les given by Alaga^^ should 
24 be val id . The re su l t s of Ga l lagher ' s detailed t r e a tmen t of this 

problem agree with this conclusion for a lmost a l l c a s e s . 

In the s imples t picture of odd-odd nucle i , one would 

expect rotat ional bands of the same s t ruc ture as d i scussed previously . 

That i s , for K > 0 
>.2 

E = 2 j - n ( I + l ) - I J I ^ + D ] w i t h l = l „ , 1̂ ,+ 1, I^ + 2 , . . . , 
and for K = 0 

^2 
E =2T [1(1+1)1 with I = 0, 2 , 4 , 6, • • • (18) 

However , the two observed cases of K = 0 rotat ional 

bands with negative par i ty suggest that Eq. (18) is not val id. These 

a r e the decays of Dy repor t ed h e r e and of Am '*'̂  r epor t ed by 

A s a r o et a l . It appears that the odd-spin s ta tes do occur for 

K = 0 bands with negative par i ty in odd-odd nuclei ( i . e . , the c o r r e s -
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ponding wave function does not v a n i s h a s in e v e n - e v e n n u c l e i ) . A l s o 

the l e v e l s do not follow the 1(1-1- 1 ) i n t e r v a l r u l e . A t h e o r e t i c a l i n -

24 t e r p r e t a t i o n of t h i s fact h a s b e e n p r o p o s e d by G a l l a g h e r and by 
26 

K u r a t h . T h i s p r o b l e m wi l l b e d i s c u s s e d in conjunc t ion wi th the 

d e c a y s c h e m e of Dy . 

9. R o t a t i o n a l S t a t e s of E v e n - E v e n N u c l e i Not P o s s e s s i n g A x i a l 

S y m m e t r y 

In the B o h r - M o t t e l s o n m o d e l of the n u c l e u s , d i s c u s s e d 

a b o v e , it i s a s s u m e d t h a t the n u c l e u s h a s a x i a l s y m m e t r y . A s no ted 

p r e v i o u s l y , the l e n g t h s of p r i n c i p a l a x e s of the n u c l e u s can be w r i t t e n 

in the f o r m 

^ X = ^ o 1 + vfrr P cos ^ - - ^ l ^ j w i th X = 1, 2 , and 3 . (9) 

Al though the n u c l e u s m a y i n s t a n t a n e o u s l y have finite v a l u e s of y 

(•y v i b r a t i o n s ) , the a v e r a g e v a l u e of y i s a s s u m e d to be z e r o . 

Wi th in the l a s t two y e a r s , c a l c u l a t i o n s of r o t a t i o n a l 

s t a t e s in e v e n - e v e n nuc le i have b e e n m a d e in w h i c h th i s a s s u m p t i o n 

27 28 

h a s b e e n d r o p p e d . Davydov a n d F i l l i p o v and D e M i l l e et a l . 

have c a l c u l a t e d the e n e r g i e s of t h e s e s t a t e s on the a s s u m p t i o n of no 

r o t a t i o n a l - p a r t i c l e or r o t a t i o n a l - v i b r a t i o n a l i n t e r a c t i o n s . Davydov a n d 

c o - w o r k e r s have a l s o c o n s i d e r e d t h e e l e c t r o m a g n e t i c t r a n s i t i o n p r o b -
29 a b i l i t i e s b e t w e e n the p r e d i c t e d r o t a t i o n a l s t a t e s a s w e l l a s t h e 

30 e q u i l i b r i u m n u c l e a r s h a p e s to b e e x p e c t e d . A d e t a i l e d c o m p a r i s o n 

of t h e t h e o r e t i c a l t r a n s i t i o n p r o b a b i l i t i e s wi th the a v a i l a b l e e x p e r i -
31 32 

m e n t a l da t a h a s been m a d e by Van P a t t e r . M a i l m a n and K e r m a n 

have e x t e n d e d t h e m o d e l to i nc lude p e r t u r b a t i o n of the r o t a t i o n a l s p e c 

t r u m by P - v i b r a t i o n a l m o t i o n s . 

F o r v a l u e s of y l e s s than abou t 1 5 ° , the p r e d i c t i o n s 

of the Davydov m o d e l a r e v e r y s i m i l a r to t h o s e for a x i a l l y s y m m e t r i c 

n u c l e i . F o r e v e n - e v e n n u c l e i in the s t r o n g l y d e f o r m e d r e g i o n , t he 
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exper imenta l data as in te rp re ted by the nonaxial model indicate 

Y « 12 . Hence, for the exper imenta l studies r epor t ed h e r e , t he re 

i s no essen t ia l difference between these mode l s . 

> 



CHAPTER IV. Exper imenta l Methods and Source P repa ra t ion 

A. INSTRUMENTATION AND ANALYSIS OF DATA 

1. Introduction 

The ins t ruments employed in this investigation a re all 

of conventional design and have been descr ibed in var ious publicat ions. 

However , a brief descr ipt ion of each will be included h e r e . The t h r e e 

ins t ruments used were a set of 180° inagnetic spec t rographs for i n t e rna l -

convers ion-e lec t ron s tud ies , a 180 magnet ic spec t romete r with a 

var iab le field for m e a s u r e m e n t s of continuous b e t a - r a y s p e c t r a , and a 

256-channel coincidence scinti l lation s p e c t r o m e t e r . 

2. Internal-Con ve r s ion -E lec t ron Spect rographs 

Internal- .conversion e lec t rons a r e m e a s u r e d in 180° 

magnet ic spec t rographs with fixed, uniform f ie lds . In a uniform m a g 

netic field, charged par t i c les descr ibe hel ica l t r a j ec to r i e s about the field 
33 l ines . It has been shown that a diverging pencil of monoenerget ic 

e lec t rons i s radia l ly focused after t r ave r s ing an angle of 180°. Since 

the paths a r e he l i ca l , the re is no focusing in the direct ion of the field. 

The pa r t i cu la r ins t ruments used have been descr ibed 
34 previous ly . F igure 4 shows a c ro s s sect ion, perpendicular to the 

magnet ic field l i n e s , of the vacuum chamber which is used in these spec t ro

g r a p h s . The e lec t rons a r e detected by a photographic emulsion (Kodak 

n o - s c r e e n p la tes ) . A line s o u r c e , pa ra l l e l to the field, is used (nominal 

d imensions 0.05 cm X 1.5 cm) . The image is then a line with a fair ly 

sharp h igh-energy edge. The energy of the e lec t rons can be calculated 

from the position of the line on the plate together with the dimensions of 

the box and the magnet ic field s t rength . The s t rengths of the magnet ic 

fields of the th ree spec t rographs used in this invest igat ion a r e 121, 345, 

and 850 g a u s s . The corresponding observable energy ranges a r e 9-160 

kev , 70-830 kev , and 350-2600 kev. 

This type of detection has the advantage that a wide 
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range of energies can be observed s imultaneously. This means that all 

the data on a given plate can be compared without cor rec t ion for decay 

of the source . A l s o , the exposures can be made for a duration of sev

e ra l half- l ives over the entire energy r ange . 

The relat ive in tensi t ies of the convers ion-e lec t ron 

lines a r e obtained from m e a s u r e m e n t s of the optical density as a func

tion of the position on the photographic p la te . To obtain the intensi ty 

the a rea of the peak, corresponding to a par t i cu la r l ine , mus t be co r r ec t ed 

for the sensi t ivi ty of the emulsion and the var ia t ion of the solid angle with 

the posit ion. These co r rec t ions have been de termined empir ica l ly and 

above 40 kev they are expected to be accura te to within about 10%. B e 

low 40 kev the uncer ta in t ies become l a r g e r . Several e r r o r s a lso a r i s e 

in the m e a s u r e m e n t s of the a r e a s of the l ines . F o r samples with con

tinuous b e t a - r a y spec t r a , such as those in this study, there i s often an 

uncer ta in ty in the es t imated spec t r a l background under the l ine . F o r 

lines which are closely spaced on a p la te , the line profiles may over lap . 

The decomposit ion of these lines can involve considerable uncer ta in ty . 

Another problem is that at low energ ies the lines a re widened noticeably 

by scat ter ing in the sou rce . This scat ter ing may also introduce an 

e r r o r in the intensi ty m e a s u r e m e n t s . 

As a r esu l t of the combination of these e r r o r s , it i s 

es t imated that the intensi ty m e a s u r e m e n t s a r e genera l ly accura te to 

2 0 - 5 0 % . 

3. Be ta -Ray Spec t rometer 

Continuous b e t a - r a y spec t ra assoc ia ted with the p r o c e s s 

of beta decay a re m e a s u r e d with a 180 magnet ic spec t rome te r with a 

va r i ab l e , uniform field. The principle of the focusing of the e lec t rons 

is the same as in the spec t rog raphs . In cont ras t to the spec t rog raphs , 

the spec t romete r has the detector at a fixed radius so that a baffle sys tem 

is used to define the e lec t ron t r a j ec to r i e s which a r e accepted. 
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An anthracene c rys ta l (15 m m X 5 m m X 1. 5 mm thick) 

is used as the e lect ron de tec to r . In o r d e r to prevent sublimation of 

the anthracene into the vacuum chamber , the c rys ta l i s covered with a 
2 

thin aluminum foil (about 200 (j.g/cm ) . The light pulses from the 

detector a r e t r ansmi t t ed to an RCA-5819 photomult ipl ier by means of a 

lucite lightpipe 2 ft long. This is done so that the photomultiplier is well 

outside the magnet ic field. After amplif ication, al l pulses below a c e r 

tain threshold voltage a r e el iminated by a d i sc r imina to r ; this r emoves 

the noise s ignals . All pulses above the threshold a r e counted. Because 

of the photomultiplier no i se , it i s not p rac t ica l to operate this s p e c t r o 

me te r below about 100 kev. 

The per formance of a b e t a - r a y spec t rome te r i s eva l 

uated in t e r m s of the t r a n s m i s s i o n and resolut ion. For a group of 

monoenerget ic e l ec t rons , the t r a n s m i s s i o n is the max imum fraction that 

can t r a v e r s e the baffle sys tem and a r r i v e at the de tec tor . The resolut ion 

width is defined as the width (in momentum units) of a monoenerget ic 

line at half the peak height divided by the momentum of the l ine . For 

a Cs source of typical s ize ( 0. 4 cm X 1. 5 cm) , the m e a s u r e d r e s o 

lution width of the 624-kev K-convers ion line is 1.8%. The theore t ica l 

t r ansmi s s ion for the baffle sys tem used is about 0 .03%. This e x t r e m e 

ly low t r ansmi s s ion is the pr incipal disadvantage of th is type of s p e c t r o 

m e t e r . 

In any var iab le- f ie ld spec t ro ine t e r , the accuracy of 

the m e a s u r e m e n t s depends on the control of the magnet ic field as well 

as the m e a s u r e m e n t of the field. This par t i cu la r ins t rument has an 
35 automatic f ie ld-control sys tem designed by S. B . Burson et a l . In 

brief, the sys tem works as follows. A rotating coil in the magnet ic 

field produces a sinusoidal voltage signal whose amplitude is p ropor t ion

al to the field s t rength . Mounted on the same shaft as the coil but out

side of the field, is a condenser with a ro tor section and two s ta tor 

sec t ions . Each ro tor plate in te r l eaves the s tator sections a l te rna te ly . 
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The rotor plates a r e shaped so that when a constant dc voltage is 

applied a c r o s s the stator sec t ions , a sinusoidal signal proport ional to 

the applied voltage is produced between the rotor and each s t a to r . If 

one adjusts the signals from the coil and the condenser so that they a r e 

180° out of phase , the synchronously rect if ied sum of the two signals 

can be used as a m e a s u r e of the difference between the ac tual field and 

the des i red field (given by the dc voltage applied to the condenser ) . 

Fo r automatic field control , this difference signal is used to continuous

ly adjust the cur ren t supply of the magne t , thereby maintaining the m a g 

netic field at the des i red va lue . 

A stabil i ty t es t was made by checking the r ep roduc i 

bility of the position of the K-convers ion line of the 662-kev t rans i t ion 
1 3 7 

from Cs . This indicated that the drift was less than one par t in 

2500 over a period of s eve ra l days . A l inear i ty check showed no ob

servable deviations from l inear i ty over a range from 0 to 300 gauss (or 

0 to 1064 kev), 

4 . Computer P r o g r a m for Analysis of Beta-Ray Spect ra 

A computer p rog ram for the analysis of complex be ta
's 

ray spec t ra was developed concurrent ly with the studies repor ted h e r e . 

The p rogram was compiled for use on an IBM-704 computer by the use 

of F o r t r a n . The complete prograna consis ts of four independent but 

compatible s t a g e s . The f i rs t th ree s tages per form the mathemat ica l 

calculations assoc ia ted with a "conventional" spec t ra l ana lys i s . The 

fourth stage of the p r o g r a m is designed to make a l eas t - squares fit to 

seve ra l components s imul taneously . Usually it is not feasible to c a r r y 

out such a calculation by hand. Of the th ree spec t ra s tudied, two were 

analyzed without the use of this p r o g r a m . However , the decomposit ion 
1 7 2 

of the Tm spec t rum made extensive use of the fourth sect ion, and , 

in fact , the analys is could not have been c a r r i e d out by the conventional 

p rocedure . 
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In stage I the exper imenta l counting r a t e i s calculated 

at each point and co r rec t ed for the background and for the decay of 

the source . The s ta t is t ica l e r r o r s a r e a lso computed. The chief 

l imitation is that decay correc t ions can only be made for a single 

half-l ife. 

In stage II the counting ra te can be co r r ec t ed for the 

finite resolut ion of the spec t romete r by use of the method of P o r t e r 

et a l . Also the values of T], e, E , f, N, and \fWJi are calculated for 

each exper imenta l point, where 

-q = e lect ron momentum in units of mc 
2 

€ = electron energy in units of mc 

E = electron energy in kev = 510. 984 (c -1) 

f = F e r m i function 

N = counts per unit t ime per unit momentum 

0" = s tandard deviation for N 

\/N/f = ordinate of a F e r m i plot 

L , L ^ = cor rec t ion p a r a m e t e r s for spec t ra l shape for unique 

f i r s t - fo rb idden spec t ra 

m = slope of l inear ized F e r m i plot 

a = fraction of a component which is unique f i rs t forbidden 

(see d iscuss ion of s tage IV) 

r = number of exper imenta l points . 

The F e r m i functions f a r e not in terpolated from t a b l e s , but a re ca lcu

lated by the machine . 

Stage III is for use in decomposing the total F e r m i plot. 

One chooses the points which appear to be on the highest energy compon

ent , but above the end point of the second component, A weighted or 

unweighted l e a s t - s q u a r e s fit can then be made to e i the r , or both, of 

the functions 

file:///fWJi
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N^ = m^f(€j, - €)^ , (19a) 

N^ = m^f(6o - O^ [(€„ - €)^ L^ -̂  9 L J , (19b) 

1 2 

where N represents an allowed shape (linear Fermi plot) and N re

presents an unique first-forbidden shape. After making the least-squares 

fit to obtain the best values of m and e , this component is subtracted 

from the total spectrum. The process can then be repeated to obtain the 

complete analysis. 

In stage IV, the complete spectrum, or any portion 

of it, can be fitted to J components with the function 

J 

N = E mf f (€ - 0 ^ { ( l - a )-^a [(6 - O^ Lo + 9 L i l > ^^^^ 

for all points for which C < € Q . . I f € > € ; the contribution from the 

j th component is zero. The parameters are limited to the ranges 
2 2 

0 < m . i$m , l < € „ . < e , and 0 < a. •$ 1 , Also any of the 
j max Oj max j 

parameters maybe fixed, and the energy difference between any pair 

of end points maybe fixed. The variable parameters are then varied 
2 •^-v 2 

to obtain the minimum value of the function x = 2-t [ (N- -T .̂ )/(r. ] 
i = 1 •"• ^ 

When the parameters cease to vary, within an arbitrary limit, the pro

gram is said to have converged. In principle, all 3J parameters can 

be varied simultaneously in the least-squares fit. However, in practice 

if J is "large" such a fit may not converge. 

This method has several advantages over stage III. 

First, a fit can be made to a component whose spectrum is a linear 

combination of the allowed and unique first-forbidden shapes. The next 

advantage is that the energy difference between any two or more end 

points can be fixed in those cases in which it is known from other data. 
1 7 2 

The third advantage is illustrated by the Tm spectrum reported here. 

In this case, there are three closely spaced components and there are 

not sufficient data to make a fit to either of the first two components. 
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There fo re , it i s imposs ib le to subtract them. However, it is possible 

to make a fit to al l t h ree s imultaneously. 

5, Scintillation Coincidence Spect rometer 

The p roces s of beta decay often leaves the nucleus in 

an excited s t a t e . The subsequent de-exci ta t ion to the ground state is 

genera l ly accompanied by the emiss ion of gamma r a y s . In this inves t i 

gation th ree types of m e a s u r e m e n t s a r e made on the g a m m a - r a y spec t r a . 

F i r s t , the " s ing les" spec t rum (all gamma radiat ion emit ted by the 

s o u r c e — i . e . , the spec t rum observed without coincidence) is observed 

in o rde r to de te rmine the number of g a m m a - r a y t rans i t ions which are 

p r e s e n t , together with their energies and re la t ive in tens i t i e s . Second, 

in o rder to de te rmine the energy levels of the daughter nucleus it i s 

n e c e s s a r y to know which t rans i t ions occur in success ion and which a r e 

a l te rna te modes of decay. This is accompl ished by g a m m a - g a m m a co

incidence s tud ies . Las t ly , the energy level scheme is verif ied by 

observing the energies of the b e t a - r a y t rans i t ions which precede a 

pa r t i cu la r gamma r a y . These be t a -gamma coincidence exper iments 

also de te rmine the total decay energy; that i s , the energy difference 

between the ground s ta tes of the parent and daughter nucl ides . 

The g a m m a - r a y spec t ra a r e m e a s u r e d with the sc in

t i l lat ion spec t rome te r shown schemat ica l ly in F ig , 5a. The photons 

a r e detected by a c rys ta l of T l -ac t iva ted Nal . This m a t e r i a l has the 

p roper ty that the energy absorbed from the photon is emit ted as quanta 

of visible l ight. When this light falls on the photocathode of the photo

mul t ip l ie r tube , e l ec t rons a r e ejected. This e lect ron pulse is ampl i 

fied by the photomultiplier and by the l inear ampl i f ier . The 256-

channel ana lyze r , whose operat ion has been desc r ibed by Schumann and 

38 McMahon, ^ then s o r t s the pulses with peak heights between two voltages 

V, and V^ into 256 eqxial voltage ranges or channels . To a ve ry good 

approximation the voltage of a pulse out of the l inear amplifier is p r o 

port ional to the energy lost in the c rys t a l by the photon. Hence the 
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multichannel analyzer counts the number of events in which the energy 

loss in the c rys ta l is between E and E + AE for 256 adjacent in terva ls 

in the energy range from E to E = E + 256 AE. The values of E 

and E can be va r i ed over wide ranges of energy, 

A photon loses energy in the c rys t a l by the p r o c e s s e s 
39 

of Compton and photoelectr ic sca t t e r ing . These p r o c e s s e s will not 

be d i scussed in deta i l . It is only n e c e s s a r y to note that either s c a t t e r 

ing p roces s produces a secondary photon which may escape from the 

c rys ta l . This means that the output pulses produced in response to a 

beam of monoenerget ic photons will not al l be of the same energy. This 

pulse spec t rum is also modified by the s ta t i s t i ca l var ia t ions in the 

amplification in the photomult ipl ier . For a typical gamma ray in the 

energy range of i n t e r e s t , the observed spec t rum consis ts of a photo-

peak, corresponding to complete absorpt ion of the photon, and at lower 

energies a continuous dis tr ibut ion of pulses corresponding to var ious 

amounts of energy escaping from the c r y s t a l . The photopeak has 

essent ia l ly a Gauss ian dis t r ibut ion. Fo r a given geomet r ic a r r a n g e 

men t , the spect rum for a single gamma ray depends only on the en

ergy of the t r ans i t ion . 

The lead coll imator which is shown in F ig . 5a is used 

to r e s t r i c t the incident radiat ion to the cen t ra l port ion of the c r y s t a l . 

This r educes the loss of secondary photons resul t ing from the s c a t t e r 

ing p r o c e s s e s . This s implif ies the spec t ra l shapes obse rved , thereby 

facilitating to some extent the analys is of complex s p e c t r a . The inside 

conical surface of the col l imator is lined with l aye r s of t an ta lum, t in , 

and s t ee l . The tantalum layer a lmost completely absorbs the lead 

x r ays that a re produced by the photoelectr ic absorpt ion of radia t ion 

in the lead. The tin and s teel l aye r s s imi la r ly reduce the tantalum 

and tin x r a y s , r espec t ive ly . The bery l l ium filter i s used to absorb 

the e lec t rons emit ted by the sou rce . For this purpose a low-Z m a t e r i a l 

is d e s i r a b l e , because a high-Z filter would produce a l a rge r number of 

photons in the p r o c e s s of stopping the e l ec t rons . 
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As noted previous ly , one wishes to decompose a c o m 

plex spect rum into i ts consti tuents in order to de te rmine thei r e n e r 

gies and in tens i t i es . This analysis is facilitated by the use of spec 

t r a that exhibit only one g a m m a - r a y t rans i t ion . F r o m a set of such 

spec t ra one can interpolate to obtain the spec t ra l distr ibution for any 

gamma r ay in the complex spec t rum. An approximate interpolat ion 

can be made exper imenta l ly by e lec t ronical ly varying the gain of the 

amplifying sys t em. In th is manner the photopeak of a single gamma 

ray can be moved to the des i red posit ion. With the interpolated shapes , 

the complex spec t rum can be synthesized by varying the energies and 

in tens i t ies of the const i tuents . 

The energy of a t rans i t ion is a l inear function of the 

channel number corresponding to the center of the photopeak. T h e r e 

fore , the energies of the constituent gamma rays a r e calculated from 

a set of photopeaks whose energies a r e known. The intensi t ies of the 

individual components a re calculated from the a r e a s of the photopeaks. 

The only cor rec t ions a r e for the absorpt ion in the beryl l ium and for 

the net photopeak efficiency of the c rys t a l ( i . e . , the fraction of the 

incident radiat ion which appears in the photopeak). The la t ter i s 

de te rmined from a s e m i - e m p i r i c a l cor rec t ion curve . 

Although this technique is ve ry useful , one mus t always 

be cognizant of the fact that the poor resolution of a scinti l lat ion spec 

t r o m e t e r makes it difficult to reso lve closely spaced photopeaks. This 

i s especia l ly t rue for radiat ions of quite different intensi ty . Therefore , 

verif ications of the r e su l t s of such decomposit ions a re always des i r ab l e . 

To de te rmine which t rans i t ions occur in success ion (or 

cascade) , the g a m m a - g a m m a coincidence circui t shown in F ig , 5b is 

used. In this case the 256-channel analyzer counts only those pulses 

which occur during a "gating" s ignal . This gating signal i s produced 

by the "fas t -s low" coincidence circui t together with the s ingle-channel 

ana lyzer . As is shown, two simultaneous signals a r e taken from 

each photomult ipl ier . The voltage of the "slow" signal is propor t ional 
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to the energy lost in the c r y s t a l , and the voltage of the "fast" signal 

is approximate ly independent of the energy los t . The slow signal i s 

used for energy ana lys is while the fast s ignal is used for t ime a n a l y s i s . 

After amplif icat ion and shaping, the fast s ignals a r e fed into the fast 
- 8 

coincidence c i rcui t ( T « 2 X 10 sec) . An output pulse is genera ted 

whenever the input pulses a r r i v e within the time T. The slow signal 

from photomult ip l ier No, 2 i s fed through a l inear ampl i f ie r , and goes 

into the s ingle-channel a n a l y z e r . The window of this ins t rument i s ad

justed to include a pa r t i cu l a r port ion of the spec t rum ( e . g . , the photo

peak of a gamma r a y ) . This ana lyzer p roduces an output pulse for 

every input pulse which l ies in th is port ion of the s p e c t r u m . The pulses 

from the s ing le-channel ana lyzer and the fast coincidence c i rcui t a re 

fed into a slow coincidence c i rcu i t (2 r ~ 9 X 1 0 sec ) . The output 

pulses from this slow coincidence c i rcu i t gate the 256-channel ana lyze r . 

Thus the mul t ichannel ana lyzer counts only those events for which the 

radia t ion followed, or p r e c e d e d , a pulse accepted by the s ingle-channel 
- 8 

ana lyzer by a t ime l e s s than about 2 X 1 0 seconds . 
1 7 2 

In the invest igat ion of one decay scheme (Er ) , it 

was n e c e s s a r y to de t e rmine the rad ia t ions in s imul taneous coincidence 

with two reg ions of the s p e c t r u m . This was accompl ished by adding 

a t h i rd de tec tor and modifying the coincidence circui t as shown in 

F i g . 6. The slow coincidence c i rcu i t g e n e r a t e s an output pulse only 

if t h e r e a r e input pulses from both of the s ingle-channel a n a l y z e r s . 

This output pulse is used to gate the mul t ichannel ana lyze r . This gate 

i s i tself the second coincidence c i r cu i t . 

The las t expe r imen t s to be d i scussed a r e the b e t a - g a m 

m a coincidence m e a s u r e m e n t s . The be ta detector is an anthracene 
3 

c r y s t a l which i s i ^ in . thick by l-j in . in d i a m e t e r . The exper imenta l 

a r r a n g e m e n t i s ident ica l to that of F ig . 5b , except that the an th racene 

c r y s t a l r e p l a c e s N a l ( T l ) c r y s t a l No. 2. 
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, A ( n , y ) 
7} ' N 0- 7> ' N + 1 

(P") 

Z + 1 ^ ' N 

(P") 

(P-) 

( n , y ) 
Z^ ' N + 2 

(P-) 

( n , y ) 

(n ,v ) ^ ( ) ^ + ^ ( n , y ) ^ 
0- z + i N-h l or ( 2 1 ) 

(P") 

/ ) A + 1 (n ,y ) ( ) ^ + ^ _ ( n ^ v ) _ 
+ 2^ ' N - 1 Z~^ -L^i N̂ '^ *• 

(P-) 

In t h i s d i a g r a m , the cr's a r e t h e r m a l - n e u t r o n - c a p t u r e c r o s s s e c t i o n s , 

the X's a r e d e c a y c o n s t a n t s , and (n ,y ) and (P~ ) r e p r e s e n t t h e c a p t u r e 

p r o c e s s a n d b e t a d e c a y , r e s p e c t i v e l y . F o r the p u r p o s e s of t h i s d i s 

c u s s i o n , one can n e g l e c t a l l t r i p l e n e u t r o n c a p t u r e s . A l s o , for t h e 

c a s e s in t h e s e s t u d i e s , ry , -,( ) j.^ i s s t ab l e and e i t h e r ,, , , ( )T.T A 
A 4" 1 

or _ , , ( ).^ i s s t a b l e . H e n c e no f u r t h e r b e t a d e c a y s in t h e s e two 
Z + 1' 'N ' 

c h a i n s n e e d to b e c o n s i d e r e d . 

If N(t) r e p r e s e n t s the n u m b e r of a t o m s of a nuc l ide 

p r e s e n t a t a t i m e t a f t e r t he s t a r t of t h e i r r a d i a t i o n , s c h e m e (21) can 

be r e p r e s e n t e d by 

N, 
^0 

N 
11 

X 
11 

N 
21 

21 

^11 

'21 

N 
-*- 12 

'12 

N 
22 

22 

(22) 
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H e r e N . ^ a n d N22 r e p r e s e n t the a b u n d a n c e s of t h e n u c l i d e s of i n t e r e s t 

and a r e g iven b y the d i f f e r en t i a l e q u a t i o n s 

dN 
12 

dt •^11 ^ ^ 1 1 " ^ 1 2 ^ 1 2 w i t h N ^ 2 ( ^ = ° ) = ° ' ^ " ^ t23a) 

dN 22 
dt = «^2i^N21+ ^ 1 2 ^ 2 - ^ ^ 2 2 ^ 2 2 wi th N^^ (t = 0 ) = 0 . (23b) 

The a b u n d a n c e s N , N . - , N, . , , N - , , and N - ^ a r e g iven by o t h e r 

e q u a t i o n s of the s a m e g e n e r a l f o r m . F o r a n i r r a d i a t i o n of d u r a t i o n t . 

the s o l u t i o n s for N a n d N a r e 

N , 2 W = a b c 

no-Qf(r^jf r ~^^->'^ "O^n^t -( X̂  < + cr̂  ^ f )t 12" , "0 " ' " " l l ' " U 
a e + b e - c e , and (24a) 

N22(t)=no-0^'^11^N2{^ 
-\z'- -hz' 

e - e acg 
e - e 

+ abh 

•x^^t -(X, ,-^o•, , f ) t 

-e 
iî '̂ iî ^Ml . . f i 

JI +"V°"21^Nl|-jl^ 
- ^ 2 1 ^ ^ - ^ 2 ^ 

akg 
""0̂ ^ "*^22^ 

ajh 

•^22^ - ( ^ l + ' ^ l l f H l 

]• (24b) 

w h e r e 

a = X^^ + o-^^f - (Tpf 

^= hz- hi -^1^ 
'̂  " ^22 " ""O^ 

*̂  " ^22 " ^12 

8 = ^22 " ""O ^ 

^ " ^ 2 - ' ^ U ^ - M l 

j " °'21^ ~ " " l l ^ ' S l 

^ = ^^21^ " °"0^ 



52 

"" = ^ 2 " '^21^ 

n = number of nuclei of the isotope ^j, ) in the sample before 

the i r rad ia t ion . 

It i s of in te res t to es t imate the specific act ivi t ies (i . e. , N. /n) 

obtainable for the nuclides to be invest igated. 
1 66 For the production of Dy the p a r a m e t e r s have been m e a s u r e d 

to be 

-21 2 -5 -1 
o-Q = 3 . 5 X l O cm X, = 8 . 3 0 X 1 0 sec 

0-. = 5 X l O ' ^ ^ c m ^ X, , = 2.35 X l O ' ^ sec"^ 
11 12 

14 -2 -1 

If one le ts f = 2 X 1 0 neutrons - cm - s e c and t = 80 hr (the half-

life of D y l ° ° ) , the specific activity is 

^12 -3 
—=- « 2X 10 . (25) 

n 

This i s a re la t ively high specific activi ty and indicaljes that it should 

be feasible to make the thin sources which a r e needed for measur ing 

be t a - r ay spec t r a . 
1 72 For the production of Er the p a r a m e t e r s are 

-24 2 -5 -1 
0-̂  = 9 X 1 0 cm X,. = 2 . 4 7 X 1 0 sec 

(T, , = 1 X 10"^^cm^ X^., = 1.21 X 10"^ sec"^ 
11 12 

(The value of cr, , is chosen a r b i t r a r i l y since it has not been m e a s u r e d . ) 
14 -2 -1 

If one le ts f = 2 X 10 neutrons -cm - s e c and t = 50 h r s (the 
half-life of E r l ' ^ ) , the specific activity i s 

^12 8 
« 3X 10 . (26) n 

This low specific activity caused severa l difficulties which will be 

noted in the discuss ion of the exper imental r e s u l t s . 
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2. Cheinical Separat ions by Use of an Ion-Exchange Column. 

In al l of the studies repor ted he re it was n e c e s s a r y to c a r r y 

out chemical separat ions of the r a r e - e a r t h e l emen t s . This was due to 

the p re sence of other act ivi t ies which would severe ly limit the accuracy 

of the exper imental data . Since the e lements i r r ad ia t ed have six or 

seven stable i so topes , m a t e r i a l s highly enriched in the heaviest isotope 

were used . However , other isotopes were s t i l l p re sen t to the extent 

of seve ra l percent of the total m a s s . In the study of Dy , the only 

interfer ing activity was that of the daughter nucleus Ho . The nuclides 

E r and i ts daughter Tm were produced from E r . The other 

act ivi t ies p resen t in these samples were those of S c ^ " , Ho , E r " , 

E r ^ ' ^ S T m i ' ^ ° , Tm^'^^, Yb^^^, and Yb^"^^. In this c a se , even after 

chemical separat ion the re w e r e th ree active nuclides s t i l l p re sen t in 

each fraction to be studied. 

The chemical separat ions were made by means of an ion-

exchange column. This method of separat ing the r a r e - e a r t h e lements 

is based on the existence of slight differences in the i r reac t iv i t ies with 

the r e s i n . It is observed that these reac t iv i t i es dec rea se as the atomic 

number Z d e c r e a s e s . The re fo re , the element with the higher Z is eluted 

from the column before that with the lower Z. 

The bas i c techniques a re s imi lar to those d i scussed by 
42 43 

Kete l l e , except that the eluting agent i s a lpha-hydroxyisobutyr ic ac id . 

The p rocedures were continually improved in order to obtain faster and 

more complete separa t ions . A summary will be given of the procedure 

that finally evolved. 

A schematic diagram of the exper imenta l a r rangement 

is shown in F ig . 7a. The cation-exchange r e s in is Berol i te 220 (8% 

cross- l inked) with a settling ra te in water of > 0.5 c m / m i n . Ci rcu la 

ting hot water is used to maintain the t empera tu re of the column at 

approximately 80 C. Elevation of the t empe ra tu r e reduces the t ime 

n e c e s s a r y to make a separa t ion. A column of the dimensions shown 
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(4 m m X 7 cm) is sat isfactory for separat ing up to about one mg of 

m a t e r i a l . For l a rge r amounts a proport ionately l a rge r column is 

needed un less a broadening of the activity peaks as a r e su l t of ove r 

loading CcUi be to le ra ted . The g lass wool i s placed at the top of 

the column to prevent splattering of the r e s in when liquids a r e 

added. The flow ra te of the liquid through this column is usual ly a d 

justed to about 0. 1 m l / m i n , ei ther by the height of the head of liquid 

or by using ni trogen gas p r e s s u r e . 

Before the separa t ion , the r e s i n is washed with 1 M HCl 

to remove complexing cat ions . It is then washed with H O , 4 m NH .CI, 

H O , the eluting agent to be used , and finally with H O . This procedure 

gets the r e s in into the "ammoniated form" needed for the separa t ion . 

The r a r e - e a r t h m a t e r i a l i s i r r ad ia t ed in the oxide fo rm. 

After the act ivation it is dissolved in 1 M HCl to produce the ch lor ide . 

After drying to dispose of the excess HCl, the sample i s picked up in 

a min imum amount of 0.05 M HCl and placed on the column. The g lass 

above the r e s i n is washed success ively with 0.05 M HCl, H O , and a 

few drops of the eluting agent in order to remove any active m a t e r i a l 

that is not adsorbed on the r e s i n . The separat ion is s t a r t ed by adding 

alpha-hydroxyisobutyr ic ac id . 

Fo r the separat ion of e rb ium and thul ium, the a lpha-

hydroxyisobutyric acid solution used has approximate ly an 0. 1 M 

butyrate ion concentrat ion and an 0.2 M total acid concentrat ion. This 

solution i s made by mixing equal volumes of 0.2 M alpha-hydroxyisobuty

r i c acid and 0.2 M ammonium alpha-hydroxyisobutyra te . The neut ra l 

salt solution is made by neutral izing a solution of the acid with a m m o n 

ium hydroxide or ammonia gas to pH 6 . 4 , and adjusting the final volume 

to give 0.2 M concentrat ion. Since the ionization of the free acid is 

negligible, and that of the ammonium salt near ly comple te , the "buty

r a t e " ion concentrat ion (which de te rmines the elution volume for a 

given element) i s equal to the concentrat ion of the ammonium sal t . 
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The acid concentration is not c r i t i ca l provided the final pH is less than 5 . 

The pH of a 50-50 mixture is about 3 .75 . With this eluting agent the 

thulium and erbium nuclides a r e expected to be eluted from the coluran 

in about 10 and 15 free column vo lumes , respec t ive ly . For a s imi la r 

separa t ion of europium and sanaar ium, for example , the butyrate ion and 

total butyrate acid concentrat ions should be about 0.2 M and 0.4 M, r e -

spect ively. 

An exanaple of a separa t ion made with this p rocedure is 

shown in F ig . 7b. The load consisted of 2 mg of e rb ium. Five drops 

(about 0.2 nnl) were collected in each tes t tube . The g a m m a - r a y s p e c 

t rum of each sample was m e a s u r e d on the multichannel ana lyze r . The 

counting ra t e of a selected gamma ray re la ted to a par t i cu la r radionuclide 

is plotted as a function of the drop number . The peaks a r e typically 

only one- th i rd as wide as t he se . However , th is curve is shown to 

demons t ra te the re la t ive posit ions of a l l the e lements observed in the 

erbium samples . 

3. P repa ra t ion of Sources 

In m e a s u r e m e n t s of g a m m a - r a y spec t r a , the absorpt ion 

of the gamma rays in the source is completely negligible. Even for 

be t a -gamma coincidence s tud ies , ex t raord inary precaut ions a r e n e c 

e s s a r y only if the energy of the b e t a - r a y t rans i t ion is less than a few 

hundred kev . The techniques of source prepara t ion do become i m 

portant in those exper iments in which it i s n e c e s s a r y to m e a s u r e the 

or ig inal energy of an e lec t ron coming from the source . T h e r e f o r e , only 

the techniques that were used to p repare sources for the convers ion-

e lec t ron spec t rographs and the b e t a - r a y spec t romete r will be s u m 

m a r i z e d . 

This mixing procedure was suggested by D r . J . Milsted of the Atomic 
Energy Resea rch E s t a b l i s h m e n t , Harwel l , England, at p resen t with the 
Chemis t ry Division of Argonne National Labora to ry . 
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For the in te rna l -convers ion spec t rog raphs , the thickness 

of the source affects only the " ta i l " on the low-energy side of the l ine. 

Except at ve ry low energies this does not in ter fere with energy m e a s u r e 

m e n t s . Since the thickness of the backing i s usxially not c r i t i ca l , it 

was found sat isfactory to use commerc ia l aluminum foil which has an a r e a l 
2 

density of 5 m g / c m . 

In measur ing a continuous b e t a - r a y spec t rum, the finite 

thickness of the source and of i t s backing become of pr ime importance 

because of the scat tering they produce. In the present study, it was found 

sat isfactory to use backings with an a r e a l density of approximately 1 m g / c m 

The backing was ei ther pure aluminum or polyester film with aluminum 
44 coated on both sides by vacuum evaporat ion. At energies g r ea t e r 

than 200 kev the scat ter ing produced by such a backing seems to be 

negligible. The thickness of the source is usually a resu l t of a com

promise between the des i r e to minimize the scat ter ing in the source and 

the need for a usable total counting r a t e . 

Several of the techniques for source prepara t ion are 

l isted below. The f irst two methods were used for m a t e r i a l that had not 

been chemically sepa ra ted , while the other th ree were for chemical ly 

separa ted s a m p l e s . 

(1) The radioact ive r a r e - e a r t h m a t e r i a l , in the oxide 

form, is placed in a few drops of alcohol . A s l u r r y i s made and a drop 

of the alcohol is placed on the backing. This i s dr ied and the p roces s 

i s repea ted until a sufficient total activity is p resen t . 

(2) The r a r e - e a r t h oxide m a t e r i a l is converted to the 

chloride form by dissolving it in 1 M HCl. After drying to get r i d of 

the excess HCl, washing with H^O, and drying again, the chloride is 

dissolved in alcohol and deposited as in (1). 

(3) The chennically separa ted m a t e r i a l comes from the 

ion-exchange column in the form of a complex of the r a r e - e a r t h element 

with the alpha-hydroxyisobutyr ic acid. The s implest method of source 

making is to place this solution, a drop at a t i m e , on a backing of a luminum 
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foil. The drops a r e dr ied by heating to approximately 240 C, which 

is sufficient to volat i l ize the organic m a t e r i a l . 

(4) Another method involves a solvent extract ion of the 

active m a t e r i a l . The pH of the active fraction of the a lpha-hydroxyiso

butyric acid i s adjusted to about 5 by the addition of NH.OH. A few 

drops of a solution of thenoyltrif luoroacetone in benzene a r e added 'and the 

water and benzene phases a re mixed thoroughly. By this p r o c e s s the 

active m a t e r i a l is t r a n s f e r r e d to the benzene solution. The benzene 

solution is then placed on the backing and dr ied . A t empera tu re of about 

120° C is sufficient to des t roy the organic m a t e r i a l and yet does not 

damage polyester film. 

(5) The last method, which also se rves to remove i m 

pur i t i es from the source m a t e r i a l , involves the u s e of another ion-

exchange column. The active fraction is made 0. 1 N with H C l . This 

solution is placed on a smal l column (about 3 cm long and 2 m m in d ia

meter ) which i s loaded with Dowex-50 r e s in . As the liquid p a s s e s 

through the colunan, the active m a t e r i a l is adsorbed at the top of the 

column. After passing 0. 1 N, 1 N, and 2N HCl through the column to 

remove i m p u r i t i e s , the activity i s eluted with 6N H C l . After drying 

the resul t ing solution, the r a r e - e a r t h chloride is picked up in alcohol 

and placed on the backing. 



CHAPTER V. Exper imenta l Resul t s 

A. INTRODUCTION 

The primiary purpose of this investigation was to study 

the excited s ta tes of odd-odd deformed nucle i . As d i scussed in the 

previous chapter , these levels a r e populated by the decay of even-even 

nuclei . Studies of the radioact ive nuclides cfj^y and ^OBT^'^ a r e 

r e p o r t e d . a s well as the nuclide ^^gTm^''^ which is assoc ia ted with 
1 72 Er ' . These nuclides a re a l l at approximately the center of the region 

between the neutron closed shel ls of 82 and 126, as well as the center of 

the region between the proton closed shel ls of 50 and 82. T h e r e f o r e , 

the strong-coupling l imit of the unified model and the asymptot ic quan

tum numbers a r e expected to be applicable. 

B . LEVELS IN ^ Ho^^^ FROM THE DECAY OF Dy^^^ 

1. Introduction 

An 81 -hr (3" act ivi ty was r epor t ed in samples of d y s p r o s -
45 46 ium that had been i r r ad i a t ed with neu t rons . ' Ke te l l e , using 

sources separa ted in an ion-exchange column, found that this act ivi ty 

was assoc ia ted with the p r e c u r s o r of a daughter exhibiting a period of 

27 h r . For the lat ter ac t iv i ty , both the half-life and the end-point en

ergy of the beta spec t rum (measured by aluminum absorpt ion methods) 
1 6f) 

agreed with those r epor t ed for the 27-hr activity of Ho . The 81-hr 

activity was there fore ass igned to Dy , which would be produced by 
1 66 double neutron capture . Using a chemical ly separa ted sample of Dy , 

Ketelle found the end-point of the beta spec t rum to be 0 .4 Mev. The 

neu t ron-cap ture c r o s s section in Dy^°^ was es t imated to be 5000 b a r n s . 

Independently, Butement invest igated this act ivi ty and 

a r r ived at the same ass ignment . Butement also found that the yield of 

the 81-hr activity was approximately propor t ional to the square of the 
165 neutron flux. In addit ion, he found that the neutron capture in Dy 

59 
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takes place mainly , if not en t i re ly , in the 2 .3 -h r ground s ta te . Using 

an unsepara ted dyspros ium s o u r c e , he found the end-point of the 
166 Dy beta spec t rum (by aluminum absorpt ion methods) to be 0.22 Mev. 

By the usual technique of absorption m e a s u r e m e n t s in alximinum, 

copper , and lead, some low-energy ( less than 50-kev) gaxnma radiat ion 

was found in Dy 

F r o m the above information, the act ivi t ies of i n t e r e s t in 

th is study were p resumed to be re la ted a s follows: 

T̂  164 , , ^ 1 6 5 , . ^ 166 
^ y ( n , \ ) . Dy (n,y) ^ Dy 

Ho 

(2 .3 hr) 

i 

' " ( n , . ) 

P" (80 hr) 
f 

^ Hoi66 

P - (27 hr) 

1 
Tr_166 

(27) 

F o r simplici ty and because of the r e su l t s of Butement , the 1 .2-min 
165 i s o m e r i c state of Dy has been omitted from this d iagrajn . In this 

r epor t r e fe rences to Ho , except where otherwise noted, r e fe r to 

the 27-hr ground s ta te ; the long-lived i s o m e r (half-life > 30 hr) was 

not observed . The conclusions of the previous authors concerning 

the isotopic ass ignments of the var ious re la ted act ivi t ies a r e confirmed 

by th i s study. 

The source m a t e r i a l used throughout this invest igat ion 
164 was dyspros ium oxide enr iched to 90% in Dy (supplied by the Stable 

Isotopes Division, Oak Ridge National Labora to ry) . The i r rad ia t ions 
13 

were made in the Argonne CP-5 reac tor in a flxix of 3 X 1 0 and at 

the Mater ia l s Testing R e a c t o r , A r c o , Idaho in a flux of 2 X 10 neu-
-2 -1 

t rons cm sec . In o rde r to make a separa te study of the daughter 
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act iv i ty . Ho , samples of holmium oxide were a lso i r r ad i a t ed . 

Fo r the studies of the continuous b e t a - r a y spec t r a , the 

source backing consis ted of polyester film with aluminum vacuum 

coated on both sides (total density about 1 mg/cm. ). The first of two 

dyspros ium sources (in equil ibrium with the holmium daughter) and 

the holmium source were made by prepar ing a s lu r ry of the act ive 

powder in alcohol and depositing it on the backing. A second d y s p r o s 

ium source was made from dyspros ium that had been separa ted in an 

ion-exchange colximn. The active m a t e r i a l was removed from the 

elutr ient by solvent extract ion into a solution of thenoyl t r i f luoroace

tone in benzene . This solution was then placed on the backing and 

dr ied a drop, at a t ime in an oven at approximately 120 C. 

2. Exper imenta l Resul t s 

a. Studies of in te rna l -convers ion e lec t rons 

The in te rna l -convers ion-e lec t ron lines obse rved a r e 

l is ted in Table IV along with the in te rpre ta t ions and some re la t ive 

in tens i t i e s . Although the decay of the l ines was not m e a s u r e d 

quanti tat ively, a l l the l ines appeared to decay with the same half-

life (within about 30%), The energ ies of the lines a r e accu ra t e to 

about 0 .3 kev. In p a r t i c u l a r , a s a c r i t e r ion of a c c u r a c y , we refer 
48 to the work of Chupp et a l . who r e po r t a g a m m a - r a y energy of 

80.57 kev for the t rans i t ion in erbium which we m e a s u r e to be 

80 .6 kev. 

All of the observed lines are ass igned to th ree of the 

t rans i t ions in Ho " (the ones at 8 2 . 5 , 5 4 . 2 , and 28. 1 kev) and to 

the 80 ,6 -kev t rans i t ion in E r . For the 82 .5-kev t r ans i t ion , the 

K, L , and N lines a r e observed . Its M line is m e r g e d with the N 

line of the 80 .6-kev t rans i t ion . The K / L ra t io of the 82 .5 -kev t r a n s i 

tion is found to be 7 ± 3. 

The L , L , M, and N lines a r e observed for the 



T A B L E IV 

Data r e l a t ing to g a m m a - r a y t r a n s i t i o n s . Al l e n e r g i e s a r e in kev . 

T r a n s i t i o n 
e n e r g y 

I n t e r n a l - c o n v e r s i o n l ines 
E n e r g y I n t e r p r e t a t i o n G a m m a 

e n e r g y 
L ines in ho lmium 

2 8 . 1 

5 4 . 2 

5 4 . 2 

5 4 . 1 

5 4 . 2 

8 2 . 2 

8 2 . 6 

( 8 2 . 4 ) 

8 2 . 5 

C 

6 

6 

4 

0 . 4 

55 

8 

« 2 

~ 0 . 2 

Conve r s ion 
e l e c t r o n s 

Re la t ive i n t ens i t i e s 
b -

Photons'^ T r a n s i 
t ion 

2 8 . 1 + 0. 3 

5 4 . 2 ± 0 . 2 

8 2 . 5 ± 0 .2 

18.7 

4 5 . 3 

4 6 . 2 

5 2 . 3 

5 3 . 8 

2 6 . 6 

7 3 . 3 

( 8 0 . 5 ) * 

82 .1 

L . 

L . 

L , 

M 

N 

K 

L , 

M 

N 

I I 

in 

II, m 

• 12 

16 

63 14^ 

~ 1 2 

16 

77 

288 ± 4 

344 + 2 

375 ± 2 

428 ± 2 

0 .1 ± 0 .05 

0 . 3 + 0 .1 

1.1 ± 0 .1 

1.4 ± 0. 1 

0 .1 

0 . 3 

1.1 

1.4 

8 0 . 6 2 2 . 8 

7 1 . 4 

7 2 . 3 

7 8 . 9 

( 8 0 . 5 ) * 

K 

L -

L -

M 

N 

II 

U I 

Lines in 
8 0 . 3 

8 0 . 7 

8 0 . 7 

8 0 . 7 

( 8 0 . 8 ) 

e r b i u m 
22 

25 

2 3 

~ 9 

« 2 

T h e s e two l ines a r e not r e s o l v e d . 

The da ta on photon and c o n v e r s i o n - l i n e i n t e n s i t i e s a r e n o r m a l i z e d by use of the e x p e r i m e n t a l va lue a_ 
' K 4 . 0 . 

All o the r photon i n t e n s i t i e s a r e m e a s u r e d r e l a t i ve to th i s v a l u e . 
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54.2-kev t rans i t ion . The mult ipolar i ty of this t rans i t ion is deduced 

from the relat ive intensi t ies of the L conversion lines (see Table 

V). The two lines a r e observed to be of equal intensi ty. Of the four 

possible mult ipoles ( E l , E 2 , M l , M2), E2 is the only one for which 

the L line is not predominant . The observed intensi ty ra t ios can, 

t he re fo re , be produced only by a t rans i t ion which has ei ther pure or 

p r imar i l y E2 cha rac t e r . However, the conversion coefficients a re 

such that a substant ial admixture of Ml could be p resen t without being 

observed. As will be seen in the d iscuss ion of the decay s c h e m e , the 

0" ass ignment for the ground state of Ho ° r equ i r e s that the 54 ,2 -kev 

t rans i t ion be pu re . 

TABLE V 

Relative intensi t ies of conversion l ines of the 28- and 
54-kev t rans i t ions compared with the theore t ica l values for va r ious 
multipole o r d e r s . 

Trans i t ion 
energy 
(kev) 

28.1 

54 .2 

Ratio L ^ : L^^ : L^^^ 

E x p e r i - Theore t ica l^ 
menta l E l E2 Ml 

1:0:0 1:0.7:1.1 1:110:140 1:0.09:0.02 

0:1:1 1.9:0.7:1 0 .03:0 .9:1 67:5.7:1 

Cha r 
ac te r 

M2 

1:0.07:0.55 Ml 

2 .9 :0 .3 :1 E2 

See re fe rence 6. 

We have in te rp re ted the 18 .7-kev in te rna l -convers ion 

line as an L.J. for a 28. 1-kev t rans i t ion . This conclusion is supported 

by severa l fac t s . If this were the K conversion line of a 74. 3-kev 

t rans i t ion , accompanying L l ines would have been v i s ib l e , but none w e r e 

observed. Considering the line to be the L . line of a 28. 1-kev t rans i t ion 

leads to an excellent energy fit to the 82. 5-kev t rans i t ion when combined 

with the 54.2-kev t rans i t ion (28. 1 + 54 .2 = 82 .3) . The failure to observe 
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the M and N lines is probably due to the fact that they a r e masked by 

the K line for the 82.5-kev t rans i t ion . Since only the L line i s ob

se rved , the t rans i t ion mus t have predominantly Ml c h a r a c t e r . An 

l^-r-ry line with an intensi ty no g rea te r than one-fourth of that of the L 

line would have been observab le . F r o m this fact it is possible to place 

an upper l imit of 1% for the possible E2 content of th is t r ans i t ion . 

b . Beta-Ray Spectrum 

The b e t a - r a y spec t rum of the f irs t dyspros ium source 

(Dy ° ° in equil ibrium with the holmium daughter . Ho ) is shown in 

F ig . 8. Normal ized to t h i s , is the spec t rum of a pure 27-hr Ho 

sou rce . These spec t ra indicate the re la t ive intensi t ies of the two 

act ivi t ies in a dyspros ium source in equil ibrium with holmium. In 

order to obtain a more accura te Dy ° " spec t rum, another dyspros ium 

spec t rum was recorded for a source that had been separa ted in an ion-

exchange column. In the la t ter s o u r c e , the re la t ive intensi ty of the 

holmium was about 1/7 of that in the or iginal dyspros ium sou rce . 

The F e r m i plot of the Dy spec t rum from the 

separa ted s amp le , after subtraction of the Ho^"° spec t rum, is shown in 

F ig . 9. For the higher energy component, the s traight line r e p r e s e n t s 

a l e a s t - s q u a r e s fit to the seven points between 475 and 405 kev. B e 

cause of the sma l l number of points for th is component , no conclusion 

about i ts shape could be reached; t he re fo re , it was a s sumed to be 

l inear . For the lower energy component, the s t ra ight line r e p r e s e n t s 

a l e a s t - s q u a r e s fit to the seven points between 400 and 240 kev. The 

deviation from l inear i ty below 240 kev i s probably due to scat ter ing 

in the source and from the backing. 

The decay scheme which is proposed la ter in this r e 

port r equ i r e s two additional b e t a - r a y b ranches ; these components a r e 

both below 120 kev and therefore would not be observed in this spec t rum. 

For completeness these two components a re included in Table VI which 

s u m m a r i z e s these data . 
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TABLE VI 

Summary of b e t a - r a y components . 

Energy 
(kev) 

481 ± 10 

402 ± 5 

114^ 

56^ 

Relat ive intensity 
(percent) 

5 

92 

< 0.1 

2 .8 

Log ft 

7 .4 

6.0 

> 7.1 

4 . 8 

3. 

The data for these two components a r e calculated from 
the g a m m a - r a y energ ies and in tensi t ies and the level scheme 
shown in F ig . 13. 

1 66 A m e a s u r e m e n t of the half-life of Dy was made with 

the or iginal dyspros ium b e t a - r a y source . A set of four points 

( i ] = 0 . 9 8 , 1.47, 2 . 5 5 , and 2. 74 on F ig . 8) was followed for a period 

of one month. In o rde r to minimize the effect of any drif ts in the 

appa ra tus , each of these four points was selected where the counting 

r a t e is a slowly varying function of the momentxim. Initially t h e s e 

data showed a smal l amount of 27-hr activity that resu l ted from the 

production of an excess of Ho by neutron capture in Ho^°^ . (See 

Eq. 27.) No indication of impur i t ies of longer half-life was observed 

at the end of one month. An average of the four de te imina tions gives 

a value of 80 .2 ± 0.5 hr for the half-life of Dy^^^. 

c. Scintil lation Studies 

The scinti l lat ion spec t rum for a dyspros ium source (in 

equil ibrium with the holmium daughter) is shown in F ig . 10. N o r m a l 

ized to this in the region above 500 kev is the spectruna of a pure holmium 

source . In F ig , 11 i s shown a Dy spec t rum with the holmium sub

t r ac t ed . This spec t rum was obtained from a source in which the re la t ive 
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holmium activity had been reduced by a factor of six by means of a 

separat ion in an ion-exchange column. The dashed lines in the figure 

show the energies and relat ive in tensi t ies of the individual components 

that a r e p resumed to be p re sen t . Of the energies repor ted (Table 

IV, columm 1) for the four higher energy t r ans i t i ons , the values for 

the 428- and 375-kev radiat ions were obtained from this decomposit ion 

of the singles spec t rum. The energ ies for the 344- and 288-kev gamma 

rays were taken from the coincidence data d i scussed below. The spec 

t r a l shapes of single gamma rays were approximated by those of 

Au^*^^ (412 kev) , C r ^ M 3 2 3 k e v ) , and Ho^^^ (80-kev gamma ray and 

48-kev K x - r a y s ) . The solid cu rve , which is to be compared with the 

exper imenta l poin ts , r ep re sen t s the sum of the individual components 

as they a r e shown. A summary of the re la t ive photon intensi t ies ca l 

culated from this scint i l lat ion spec t rum is p resen ted in column 6 of 

Table IV. 

As can be seen in F i g . 1 1 , the scinti l lat ion spec t rum for 

Dy does not show any evidence of the 54-kev t ransi t ion whose con

vers ion l ines were observed (see Table IV). Hence , since the t rans i t ion 

energy of 54 kev is too low to produce K-convers ion in holmium, the K 

x - r a y peak mus t be due a lmost ent i rely to K-convers ion of the 82-kev 

t rans i t ion . (The K x - r a y s following in te rna l conversion of the four 

higher energy t rans i t ions should be completely negligible in view of the 

low intensity of these gamma r a y s . ) Thus the K conversion coefficient 

for the 82-kev t rans i t ion , a ° ^ , can be calculated from the spectrxom in 

F ig . 11 . After correct ing for detector efficiency and f luorescence 

yield, a value of o,.^^ = 4 .0 ± 0 .6 r e su l t s from these data. Table VII 
6 

p resen t s a compar i son of this value with the theore t ica l values of 

a for t rans i t ions of var ious mul t ipo la r i t i es ; the K / L ra t io calculated 
K 

from the data in Table IV is also included in Table VII along with the 

corresponding theore t ica l va lues . These data indicate that the 82-kev 

t rans i t ion has p r i m a r i l y Ml cha rac t e r . 
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TABLE Vn 

Values of Uj^ and K / L for the 82- and 80-kev t rans i t ions 
compared with theore t ica l predict ions for var ious multipole o r d e r s . 

Trans i t ion 
energy 
(kev) 
82 .5 

80 .6 

82 .5 

80 .6 

Exper imenta l 

4 .0 ± 0.6 

1.7 ± 0 .3 

Expe r i me nta 1 

7 ± 3 

0 . 4 5 ± 0 . 1 5 

'^K 

E l 
0.44 

0.46 

K / L 

E l 

6 .3 

6,0 

E 2 

i:6 
1.6 

E 2 

0.5 

0 .4 

Theore t ica l 
E 3 Ml 

4 .2 

3.7 

4 .0 

4 . 6 

Theore t ica l 
E 3 Ml 

0 .04 

0 .03 

7 .4 

7 .3 

M2 
38 

44 

Char-
M2 ac te r 

3.2 Ml 

3.1 E2 

In order to check the accuracy of the calculation of 
82 a „ made above , the data in F ig . 10 were used to c a r r y out a s imi la r K 

computation for the 80 .6-kev t rans i t ion in e rb ium. This t rans i t ion is 

from the f irs t excited state to the ground s tate of an even-even nucleus 

and i s thus presxuned to have pure E2 c h a r a c t e r . The E2 cha rac te r has 
49 

been verif ied by g a m m a - g a m m a angular cor re la t ion expe r imen t s . 
80 The calculation for this t rans i t ion gives a value a = 1.7 ± 0 . 3 ; the 

comparable theore t i ca l value is a ° " ( theor . ) = 1.60. This ag reemen t 

indicates that t he re i s probably no la rge e r r o r in these ca lcula t ions . The 

value of a and the K / L ra t io for this t r ans i t ion a r e included in Table 
K 

VII. 

The r e su l t s of the mos t in teres t ing g a m m a - g a m m a co

incidence m e a s u r e m e n t s a r e shown in F ig . 12. These spec t r a were ob

tained with a separa ted dyspros ium sample; the holmium content at the 

t ime of these runs was only one-fourth of the equil ibrium amount . 

F igure 12a shows a coincidence run with the s ingle-channel analyzer set 
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SINGLE CHANNEL COINCIDENCE SPECTRA 
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Fig . 12. Gamma-gamma coincidence spec t ra . 
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to accept pulses from the 82-kev photopeak. F igure 12b r e p r e s e n t s a 

coincidence spectrxom taken when the single-channel analyzer was moved 

to the low-energy side of the x - r a y peak. This side of the x - r a y peak 

was selected in o rder to minimize any coincidences due to the 54-kev 

radiat ion. In con t ra s t . F ig . 12c shows the spect rum obtained when the 

single channel was moved to the h igh-energy side of the x - r a y in order to 

enhance any effects due to the 54-kev t rans i t ion . It was found that the 

number of coincidence in the 288- and 344-kev photopeaks per s ingle-

channel count was near ly the same for these t h r e e exper imen t s . On the 

other hand, the 375-kev peaJc, not p resen t in (a) and ba re ly observable 

in (b), is approximately as intense as the other two when the single 

channel i s set at the energy at which the 54-kev radiat ion is expected to 

be found. F r o m these exper imen t s , it can be concluded that the 375-kev 

gamma ray is in coincidence with the 54-kev radiat ion (unobserved in the 

"s ing les" spec t rum) , but not with the 82-kev gamma r a y . The 288- and 

344-kev gamma rays a r e in coincidence with the 82-kev radiat ion and the 

K x - r a y s which (as mentioned ea r l i e r ) a r i s e p r i m a r i l y from in te rna l 

conversion of the 82-kev t rans i t ion . 

In addition to the experiments desc r ibed above, a 

thorough survey of the ent i re spec t rum was mtade with the s ingle-channel 

analyzer in a s ea rch for other coincident re la t ionsh ips , but none were 

found. (In all c a ses it was neces sa ry in the analysis to take into con

siderat ion the effects of the daughter act ivi ty . ) 

F r o m beta-ganrmna coincidence m e a s u r e m e n t s , it was 

possible to de termine the total decay energy. Standard aluminum ab

sorption methods were used to m e a s u r e the end-point energies of the 

b e t a - r a y components in coincidence with each par t icu lar gamma r a y . 

It was found that the 82-kev gamma ray is in coincidence with a b e t a - r a y 

branch whose maximum energy is 400 ± 20 kev (half-thickness = l O m g / c m ) 

this is assumed to be the 402 ± 5-kev component found with the magnet ic 

spec t romete r . None of the higher energy gamma rays were found to be 
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in coincidence with this be t a - r ay b ranch . 

With no absorber between the source and anthracene 

c rys t a l , except about Q" in . of a i r , t he re were sonae be t a -gamma coinci

dences with the 375- and 428-kev gamma r a y s . No definite conclusions 

could be infer red from the coincidences with the 375-kev photopeak, 

since these events could as well be at t r ibuted to in te rna l -convers ion e l ec 

t r o n s as to beta r a y s . However , the coincidences with the 428-kev g a m 

ma ray can be ascr ibed to b e t a - r a y s , since as has been seen , this 

radiat ion is in coincidence with no other gamma t rans i t ions from which 

conversion e lec t rons might or ig inate . Although the coincidence ra te was 

low, the attenuation in aluminum (half-value thickness = 0.6 ± 0. 3 m g / c m ) 

corresponds approximately to an end-point energy of 55 kev. 

3. Decay Scheme 

a. Construction 

The proposed decay scheme is shown in F ig . 13. It 

is consistent with all of the exper imental data. The 428-kev t ransi t ion 

was not observed in coincidence with any other gamma ray and the 

375-54, 288-82, and 344-82 kev cascades were al l observed . The en

ergy fits between the cascades and the c ro s s -ove r t rans i t ions agree 

within exper imenta l uncer ta in t ies . 

As noted in Table IV, in order to obtain re la t ive 

t rans i t ion probabi l i t ies , the two sets of re la t ive- in tens i ty data (scin

ti l lation and spectrographic) a re normal ized by using the exper imental ly 

determined value of a ^ ^ = 4 . 0 . These t rans i t ion probabi l i t ies (the 
K 

numbers in parentheses on the decay scheme) have been reduced to 

percentages of the total number of decays by incorporating the be ta -

ray branching data from the magnet ic spec t rometer m e a s u r e m e n t s 

(Table VI). 

The log ft values of 7 .4 and 6. 0 for the 481 - and 

402-kev b e t a - r a y b ranches indicate that these t rans i t ions a r e f i r s t for -
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bidden. The log ft value of the branch to the 428-kev level i s d e t e r 

mined by use of a re la t ive intensity of 3% as calculated from the in 

tens i t ies of the gamma t r ans i t i ons . The la t ter log ft. value of about 

4. 8 is significant in that it suggests that this b ranch is allowed. 

F o r any charac te r which might be ass igned to the 

28-kev t rans i t ion (except E l ) , the re la t ive t rans i t ion intensity i s ve ry 

near ly equal to that of the in terna l -convers ion l ines . Although there is 

considerable uncertainty in this t rans i t ion intensi ty , the value calculated 

(considered together with that of the 54-kev t rans i t ion) , i s consistent 

with this cascade . 

The re a r e th ree other g a m m a - r a y t rans i t ions which 

might occur between the levels indicated: 58 , 316, and 370 kev. If the 

58-kev t rans i t ion , between the 428- and 370-kev leve ls , were p resen t 

and highly converted, it could be sufficiently intense to obviate the beta-

ray branch to the 370-kev level and st i l l be unobservable . If a 316-kev 

t rans i t ion occurs between the 370- and 54-kev leve l s , it must have an 

intensi ty l ess than about 25% of that of the 288-kev t rans i t ion . The 

possible 370-kev t ransi t ion to the ground state would be indistinguishable 

from the 375-kev gamma r a y in the "s ing les" spec t rum. However , 

in terpre ta t ion of the coincidence experiments indicates that this ground-

state t r ans i t ion , if p resent mus t be weak compared to the 375-kev 

gamma r ay . 

Since --rDy is an even-even nuc leus , i ts ground-

state spin and par i ty a r e assumed to be O''" . On the bas i s of the analy

sis of the beta spect rum and be ta -gamma angu la r -cor re la t ion m e a s u r e -
51 ments of Graham et a l . , the spin and pari ty of the 27-hr ground 

state of /--Ho^"^ is a s sumed to be 0 . This spin ass ignment is sup-
52 ported by the resxilts of recent a tomic-beam m e a s u r e m e n t s . It 

follows from the lat ter spin assignment that the g a m m a - r a y t rans i t ions 

to the Ho ground state mus t be pure t rans i t ions ( i . e . , they can not 

be mix tu res of different mult ipole o r d e r ) . Thus , the predominantly 
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E2 c h a r a c t e r of t h e 5 4 - k e v t r a n s i t i o n i n d i c a t e s t ha t t h e f i r s t e x c i t e d 

s t a t e h a s sp in and p a r i t y 2 . S i m i l a r l y , the M l c h a r a c t e r of the 

8 2 - k e v t r a n s i t i o n i n d i c a t e s t h a t t he 8 2 - k e v l e v e l i s a 1" s t a t e . T h e only 

p o s s i b l e a s s i g n m e n t s which a r e c o n s i s t e n t w i th the c h a r a c t e r of t h e be t a 

d e c a y t o t h e 4 2 8 - k e v s t a t e (log ft « 4 . 8 ) a r e 0 and 1 . T h e fact t h a t 

th i s l e v e l d o e s d e c a y to the g r o u n d s t a t e by g a m m a - r a y e m i s s i o n e l i m 

i n a t e s the O"*" p o s s i b i l i t y ( s i n c e m o n o p o l e pho tons do not e x i s t ) . 

166 
b . I n t e r p r e t a t i o n of E n e r g y L e v e l s in Ho 

The spin 0" for t h e h o l m i u m g r o u n d s t a t e i s c o n s i s t e n t 

165 with the s p i n s m e a s u r e d for n e i g h b o r i n g o d d - A n u c l e i . Ho wi th 67 

p r o t o n s a n d E r wi th 99 n e u t r o n s . The sp in of ^^Ho h a s b e e n 
7 53 

m e a s u r e d a s —; M o t t e l s o n and N i l s s o n have i n t e r p r e t e d t h i s a s 

the N i l s s o n l e v e l rf- [ 5 2 3 ] } ' ^ The sp in of E r ^ ° ^ , wh ich h a s 99 n e u -

t r o n s , h a s b e e n m e a s u r e d a s -r-; t h i s h a s b e e n i n t e r p r e t e d a s t h e 

7+ 17 166 

— [ 6 3 3 ] l e v e l . A p p a r e n t l y , in Ho t h e s e two odd p a r t i c l e s couple 

to p r o d u c e a s t a t e of z e r o sp in and odd p a r i t y . A l o n g - l i v e d ( > 30 y r ) 

i s o m e r of Ho a l s o e x i s t s . The h igh sp in n e c e s s a r y for t h i s m e t a -

s t ab i l i t y p r e s u m a b l y r e s u l t s f r o m a d i f fe ren t coupl ing of t h e s e s a m e 

two p a r t i c l e s to p r o d u c e a s t a t e of sp in 7 . The e x i s t e n c e of t h i s p a i r 

of s t a t e s i s in a g r e e m e n t wi th the t h e o r y tha t p r e d i c t s the sp in of the 

g r o u n d s t a t e of an odd-odd n u c l e u s to be one of the two s t a t e s g iven 
b y I = K = ^ = ^ ±f2 , w h e r e p and n r e f e r to the odd p r o t o n and 

' p n ' 

n e u t r o n , r e s p e c t i v e l y . 

It i s r e a s o n a b l e t o a s s u m e t h a t t he 99th a n d 100th n e u 

t r o n s in the p a r e n t n u c l e u s Dy a r e in the s a m e l e v e l a s the 99th n e u 

t r o n in Dy , t ha t i s , t he — [633 ] l e v e l . T h e n t h e be t a decay to the 

g r o u n d s t a t e should b e c h a r a c t e r i z e d by t h e following c h a n g e s in 

q u a n t u m n u m b e r s : Al = 0 , ZIK = 0 , AN = - 1 , An = -1 A A = 0 . A c c o r d 
z 

ing to the a s y m p t o t i c s e l e c t i o n r u l e s t a b u l a t e d in r e f e r e n c e 17, t h i s 

b e t a t r a n s i t i o n would be u n h i n d e r e d o r d i n a r y f i r s t f o r b i d d e n . T h i s i s 
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consistent with the observed log ft value of 7 . 4 . 

The 54-kev level , which has spin 2, is p resumed to 

be an excited state of a rotat ional band (with K = 0) based on the ground 

s ta te . The second excited s t a t e , which has spin 1, might have ei ther 

of two values (K = 0 or 1) for the projection of i t s spin on the symmet ry 

ajcis. The two radia t ions which de-exci te this level a r e both essent ia l ly 

pure Ml t r ans i t ions . By comparing the exper imental rat io of the r e 

duced t ransi t ion probabil i t ies to the theore t ica l va lues , we can dist inguish 

between the two possible values of K. (The g a m m a - r a y intensity for 
28 the 28-kev t rans i t ion was computed by use of a .̂  = 9 . 6 from r e f e r -

ence 6.) F r o m Eq. (15) the resu l t s of such a compar ison a r e 

Theore t ica l Experimenta,l 
K = 1 K = 0 

B ( l : l -> 0) 
B ( l : l ^ 2) 

< 1 I K - K I 1 1 00 > 
< 1 I K - K I 1 1 2 0 > 

2 
= 2 . 0 0 . 5 0.4 ± 0 .2 

Thus it is c lear that the second excited state a l so has K = 0 and is p r o b 

ably another member of the rotat ional band based on the ground s ta te . 

The fact that the 82-kev state has K = 0 explains why no E2 admixture 

was observed in the 28-kev t rans i t ion . The E2 t rans i t ion probabil i ty 

between these two levels should be proport ional to the Clebsch-Gordan 

coefficient < I . L K . K ^ - K . I I. L I^ K^ > = < 1 2 0 0 l l 2 2 0 > . This 
1 1 f 1 ' 1 f f ' 

coefficient is z e r o , so the E2 t rans i t ion probabili ty van i shes . 

If our in terpre ta t ion of the exper imental data is cor 

rec t and the first two excited s ta tes a r e in fact m e m b e r s of a K = 0 

band based on the ground s t a t e , then two features of th is re la t ionship 

should be noted. F i r s t , both odd-spin and even-spin s ta tes a r e 

p resen t . Second, the express ion which governs the energy spacing 

of the s ta tes must be such as to pe rmi t the invers ion of the f irs t and 

second excited s t a t e s . 

The available information concerning the excited state 

at 370 kev is too meager to a t tempt any in te rpre ta t ion . 



79 

F r o m the charac te r of the beta decay to the 428-kev 

level , th is s tate has been ass igned the spin and par i ty 1 . For this 

spin the re i s again a choice between the two values K = 0 and K = 1. 

Although the ground-s ta te t rans i t ion mus t be pure dipole rad ia t ion , 

the other t rans i t ions might be mix tu re s of dipole and quadrupole 

radiat ion. In Table VIII, the exper imenta l g a m m a - r a y t ransi t ion in 

tens i t ies a r e compared with the theore t ica l t ransi t ion probabi l i t i es . 

TABLE VIII 

Compar ison of exper imenta l t rans i t ion intensi t ies from the 
428-kev level with the theore t i ca l t rans i t ion probabi l i t ies 

Theore t ica l 
K = 1 

03^6(1,1-^-0): CD^BlU—-2): 03^6(1,1 

CD^B(2,l-^0): CD^B(2,l-^2): a:?B(2,l 

K = 0 

00^B(1,1—0): a ^ B ( l , l - ^ 2 ) : a3^B(l,l 

a:?B(2,l—-0): a :?B(2, l—2): a:?B(2,l 

Exper imenta l 

T( l—^0) : T ( l ^ 2 ) : T(l 

F r o m this compar i son , it is c lear that the choice K = 1 is incompatible 

with the exper imenta l data . Fo r the a l t e rna t ive value K = 0, the a g r e e 

ment i s only be t te r for a par t i cu la r range of quadrupole mixing. How

eve r , the values a r e st i l l not within the exper imenta l u n c e r t a i n t i e s . 

This may indicate that K is not a good quantum number for this s t a te . 

After a r epo r t of this work had been submitted for 

publication, the r e su l t s of cui independent investigation on Dy'^"^ 

-1) = 3.0 : 1.0: 2.3 

-1) = 0 : 2.5: 1.0 

-1) = 0.75: 1.0: 0 

-1) = 0: 0: 1.0 

4) = 1.3 : 1.0: 0.25 
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56 
a p p e a r e d . T h e s e d a t a a r e in s u b s t a n t i a l a c c o r d wi th t h e e x p e r i m e n 

t a l and t h e o r e t i c a l c o n c l u s i o n s con ta ined in t h e a u t h o r ' s p r e l i m i n a r y 

p a p e r ' and in t h i s r e p o r t . 

c . T h e o r y of K = 0 B a n d s in Odd-Odd N u c l e i 

It h a s b e e n po in ted ou t " t ha t in o d d - o d d n u c l e i 

the i n t r i n s i c wave funct ion of t h e n u c l e u s m u s t be w r i t t e n a s the p r o 

duct of the i n t r i n s i c w a v e func t ions of the two u n p a i r e d p a r t i c l e s . 

F o r Ho one h a s t h e s p e c i a l c a s e in wh ich the p a r t i c l e s couple to 

z e r o s p i n , i . e . , K = J2 = fi - fi = 0 . In t h i s c a s e t h e wave func t ion , 
^ ' ' p n 

E q . (10) , b e c o m e s 

ijj = ( cons tan t ) cj) 
I - j - jj^ 

^ ^ f i ' ^ - f i ^ ^ - ^ ) >^-fi^fi 
p n P u ^ ' M O <28> 

The two func t ions Xo X o * ^ ^ X o X o ^^^ ^ ° * ^^ g e n e r a l i d e n t i c a l 

and t h e r e f o r e t h e wave funct ion d o e s not v a n i s h for a n y v a l u e of I . 

T h i s e x p l a i n s t h e e x i s t e n c e of t h e o d d - s p i n s t a t e s in t h i s r o t a t i o n a l 

band . A l s o t h e s e c o n d t e r m in the i n t r i n s i c funct ion (in the b r a c k e t ) 

c h a n g e s s ign for e a c h s u c c e s s i v e i n c r e a s e in I . T h e r e f o r e , t h e r e 

i s one i n t r i n s i c funct ion for the o d d - s p i n l e v e l s and a d i f f e ren t i n 

t r i n s i c function for t h e e v e n - s p i n l e v e l s . If t h e r e i s a r e s i d u a l 

i n t e r a c t i o n b e t w e e n the two u n p a i r e d n u c l e o n s , t h e s e two i n t r i n s i c 

funct ions w i l l r e s u l t in d i f fe ren t i n t r i n s i c e n e r g i e s . In t h e r e s u l t i n g 

r o t a t i o n a l band the o d d - s p i n a n d e v e n - s p i n s t a t e s w i l l t h u s be d i s p l a c e d 

by a c o n s t a n t e n e r g y a l t h o u g h s e p a r a t e l y t h e y bo th o b e y the I (I + 1 ) 

i n t e r v a l r u l e , i . e . , 

E ( I ) = 2 ^ M I + l ) + A E 6 j ^ ^ ^ ^ , (29) 

w h e r e 6^ , , e q u a l s z e r o if I i s even a n d one if I i s odd . The s ign 
I , odd 

of A E d e p e n d s on the p a r t i c u l a r i n t r i n s i c s t a t e s i n v o l v e d . 
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25 Asa^ro et a l . have recent ly proposed a level scheme 

for Am '* in which the ground state has I = 1, K = 0, and negative 

par i ty . The spin 1 for the ground state is in te rp re ted a s meaning that 

AE is negative and sufficiently large to displace this level below the 

state with ze ro spin. However , the other m e m b e r s of the rotat ional 

band a r e not observed so that the va lues AE and ti / 2 ^ a r e not known. 

F o r the levels in Ho °° repor ted h e r e , one has 

AE = +64 kev and Sfi/^ = 54 kev. The corresponding value of the 

moment of iner t ia S i s slightly l a rge r than those of the ground s ta tes 

of the neighboring odd-mass nuclides ( e . g . , in Ho , 3'ft/a = 64 kev 

and in Dy " , 3ii/y = 6 4 kev) , and i s considerably l a rge r than those 

of the neighboring even-even nuclei , ( e .g . , in E r ^ " ° , 3-¥i/9 = 81 kev) . 

In a theore t ica l study of Ho , Kurath has shown 

that for a delta-function interact ion between the proton and the neu

t ron and for the appropr ia te Nilsson wave functions, the energies of 

the odd-spin s ta tes should be r a i sed in ag reemen t with the exper imental 

data. 

C. DECAY OF Tm^^' 

1. Introduction 

1 72 The radioact ive nuclide ^ g T m , which decays to 

Yb ' by P~ emiss ion , has been j-eported.by Nethaway, Michel , and 

Nervik, They obtained this isotope from the decay of E r which 
170 was produced by two success ive neutron captures in stable E r 

The thulium activity was identified by i ts gener ic relat ionship to-the 
172 E r act ivi ty . The m a s s ass ignment was verif ied by t ime-of-f l ight 

isotopic separa t ion . The thulium half-life was m e a s u r e d to be 

63.6 ± 0. 3 h r . Gamma rays of 0 .076 , 0. 18, 0 .40 , 1.09, 1.44, and 

1.79 Mev were repor ted . 
172 Excited s ta tes in Yb a r e a l so populated by e l e c -

\ 72 t ron capture in Lu ' . The la t ter activity has been studied by 
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59-61 59 

severa l g roups . Wilson and Pool have proposed a decay scheme 

with excited s ta tes a t 0 .079, 0 .260, 0 .530 , 1.172, 1.283, 1.375, 

1.662, (1.699)^ and 2.072 Mev. They have ass igned sp ins , K va lue s , 

and pa r i t i e s to a l l of these s t a t e s , except the one at 1.699 Mev. 

The source m a t e r i a l used throughout this inves t iga

tion was E r 2 0 , enriched to 87% in E r ^ ' ^ . The i r rad ia t ions were 

miade pr i inar i ly in the Mater ia l s Testing Reac to r , A r c o , Idaho in a 
14 -2 -1 

flux of approximately 2 X 1 0 neutrons -cm - sec . A few 

i r rad ia t ions were made in the Argonne CP-5 reac tor in a flux of 

3X 10^^. 
The act iv i t ies of in te res t in this study a re r e l a t ed 

as follows. 

E r 
170 

i^^y)^ E r 
171 

(n , \ )^ E r 
172 

7.5 hr 50 hr 

T m l ^ l (n,y) Tm^'^^ 

2 yr 64 hr 

Yb 171 Yb 172 

(30) 

In addition to the above ac t iv i t i e s , observable 

,170 169 169 .175 amounts of T m ^ ' " (125 day), E r " " ^ (9 day) , Y b ' " ^ (35 day), Yb 

(4 day) . Ho (1 day), and Sc (85 day) w e r e p r e s e n t . Because of 

these contaminants , in addition to the E r and E r , chemical 

separat ions were used to produce pure thul ium. Fo r this purpose the 

171 

ion-exchange colximn was used . The 2-yr activi ty in Tm is cha r 

ac te r i zed by b e t a - r a y t rans i t ions of 30 and 100 kev and a 67-kev g a m 

m a - r a y t rans i t ion . Their p resence did not in ter fere with the m e a s 

u remen t s made in th is study. It only remained neces sa ry to make 

correc t ions for the 965- and 880-kev be ta r ays and 84-kev gamma ray 
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170 assoc ia ted with the decay of T m 

2. Exper imenta l Resul ts 

a . Studies of In terna l -Convers ion Elec t rons 

In te rna l -convers ion-e lec t ron groups were observed 

which cor respond to the K, L.J..., Lj^-r^ M, and N lines for a 0 .0787-

Mev t rans i t ion and to the K and L lines for a 0.181-Mev t rans i t ion . 

All of these l ines have been previously repor ted in the studies of 

172 

Lu . In addition, a weak conversion line was observed which co r 

responds to the K conversion group for a t rans i t ion of about 0. 145 Mev. 

And a s will be seen , the exis tence of this t rans i t ion is verified by 

coincidence m e a s u r e m e n t s . 

Visual e s t ima tes of the re la t ive intensi t ies of the 

lines indicate that these r e s u l t s support the previous ass ignments of 

E2 charac te r for both the 0 .079- and 0. 181-Mev t r ans i t ions . 

b . Scintillation Studies 

The g a m m a - r a y spec t rum is shown in F ig . 14. The 

light l ines show the energies and intensi t ies of the individual com

ponents that a r e p resumed to be p re sen t . In should be emphasized 

that this figure does not constitute a decomposit ion of the total 

singles spec t rum independent of other exper imenta l information. 

Ra the r , it r ep re sen t s more near ly a synthesis in which the re la t ive 

in tens i t i es and approximate energ ies of many of the consti tuents a r e 

taken di rect ly from the coincidence exper imen t s . For example , the 

re la t ive in tensi t ies of the 0.91-.> 1 .19- , 1 .28- , 1 ,37- , and 1.46-Mev 

t rans i t ions a r e imposed by the values obtained from the spec t rum in 

coincidence with the 0. 181-Mev t rans i t ion . The heavy l ine , which 

is to be compared with the exper imenta l po in t s , r e p r e s e n t s the sum 

of the individual gamma r ays shown. The spec t ra l shapes of single 
52 ? 7 

gamma rays were interpolated from those of V (1.42 Mev), Na 
(1.28 and 0.511 Mev), Zn^^ (1 . 12 Mev), Cs^^"^ (0,662 Mev) and Ce 

141 
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Fig . 14. G a m m a - r a y spectrxim of Tm . The dashed line r e 

p resen t s the sum of the gamma r ays whose energies 
a r e above 0.2 Mev. 
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(0. 142 Mev). A summary of the re la t ive photon in tens i t ies calculated 

from this spec t rum is given in Table IX. 

TABLE IX 

G a m m a - r a y energ ies and re la t ive in tensi t ies calculated 
from the decomposit ion of the scinti l lation spectrxim. 

Trans i t ion energy Relat ive photon intensi t ies 
(Mev) 

1.60 ± 0.015 73 ± 15 

1.56 ± 0.02 12 ± 8 

1.52 ± 0.015 93 ± 15 

1.47 ± 0.03 1.0 ± 0.7 

1.46 ± 0.015 79 ± 20 

1.45 ± 0.02 34 ± 15 

1.38 ± 0.015 93 ± 15 

1.37 ± 0.025 4 .4 ± 1 

1.28 ± 0.02 8 ± 1 

1.19 ± 0 .03 3.5 ± 0.7 

1.09 ± 0.01 112 

1.00 ± 0.02 6 ± 5 

0.91 ± 0 . 0 1 24 ± 4 

0.51 ± 0.025 6 ± 2 

0.46 ± 0.025 4 . 4 ± 2 

0. 39 ± 0.03 3 ± 1 

0.181 ± 0.004 35 ± 2 

0.142 ± 0.008 2 .4 ± 1 

0.079 ± 0.002 47 ± 12 

x - r a y 63 ± 16 

During a recen t conversat ion, P . G r e g e r s Hansen of the Chemis t ry Div
is ion , Atomic Energy Commiss ion , R e s e a r c h Es tab l i shment R i s 0 , Rosk-
i lde , Denmark , showed the author a g a m m a - r a y spec t rum m e a s u r e d with 
a t h r ee -c rys t a l pa i r s p e c t r o m e t e r . This spectrxim exhibited four well re
solved gamma rays that the author i n t e r p r e t e s as those corresponding to 
the four s t ronges t photopeaks in this decomposit ion above 1.2 Mev ( i . e . , 
tl;e 1 .38- , 1^46-, 1 .52- , and 1. 60-Mev t r ans i t ions ) . This fact i s noted 
in support of the foregoing ana ly s i s . 
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A large number of coincidence m e a s u r e m e n t s were made 

in o rder to de te rmine the energ ies and in tensi t ies of the radia t ions 

p r e s e n t , a s well a s to determine their posit ions in the decay scheme. 

In o rder to a sce r t a in the coincidence re la t ionships 

between the radiat ions with energies above 1 Mev and those below 0 .4 Mev, 

the region between 1.1 and 1.6 Mev was scanned with the s ingle-channel 

ana lyzer . A window approximately 35 kev wide was used and 13 coin

cidence spec t ra were taken. F igure 15 is an example of this s e r i e s . 

This spec t rum, taken in coincidence with the pulses in the energy in terva l 

between 1.46 and 1.50 Mev, was selected because the photopeak at 0. 14 

Mev, which was not apparent in the singles spec t rum, demons t ra tes 

the exis tence of a gamma ray of this energy. (The observat ion of K 

conversion e lec t rons for this t rans i t ion has been noted previous ly . ) 

The analys is of the 13 coincidence spec t ra i s p resen ted in F ig . 16. 

The in tensi t ies of the th ree low-energy t rans i t ions (0 .079 , 0 .14 , and 

0. 181 Mev) a r e plotted as functions of the energy corresponding to the 

center of the s ingle-channel window. Again the dashed lines indicate 

the energies and intensi t ies of the individual radiat ions p resumed to 

be p re sen t . The in terpre ta t ion of these spec t ra is p resen ted in the 

succeeding p a r a g r a p h s . 

The re la t ionships suggested by the above data were 

further studied by setting the s ingle-channel window on each of the 

three low-energy photopeaks. The re su l t s of these runs a r e p resen ted 

in F ig . 17. As before , the decomposit ions into individual components 

a r e shown. In the spec t rum of radia t ions in coincidence with the 

photopeak at 0. 181 Mev, F ig . 17a, the peak at 1.09 Mev is in te rpre ted 

as being due to coincidences with backsca t t e red radia t ion ar i s ing from 

gamma rays of 0.50 to 0. 35 Mev. (It will be shown la ter that these co

incidences ex i s t . ) This in te rpre ta t ion is supported by the absence of a 

corresponding peak at 1.09 Mev in Fig. 16a. With the exception of the 

1.09-Mev photopeak, the curves in F i g s . 16a and 17a a r e prac t ica l ly 

ident ical . T h e r e f o r e , it i s concluded that the 0. 181-Mev t rans i t ion 
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Fig . 15. G a m m a - r a y spectrxim in coincidence with pulses in the range from 
1.46 to 1.50 Mev. 
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16. Summary of coincidence spec t ra . The a r ea s of the photo
peaks at (a) 0.181 Mev, (b) 0.079 Mev, and (c) 0.14 Mev 
a r e plotted as a function of the energy corresponding to the 
center of the single-channel window. 
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Fig. 17. Coincidence 
spect ra of Tml72_ 
The gamma- ray 
spect ra in coincidence 
with the (a) 0. 181-
Mev, (b) 0. 079-Mev, 
and (c) 0. 14-Mev 
t rans i t ions . Note I: 
In curves (a) and (b), 
the 1. 09-Mev photo
peak is in terpre ted 
as being due to 
coincidences with 
backscat te red rad ia 
tion from gamma 
rays whose energies 
a re from 0. 4 to 0. 5 
Mev. Note II: The 
dotted curve r e p r e 
sents the radiations 
which are in coinci
dence with the 0, 079-
Mev t ransi t ion via 
the 0. 181 -Mev 
transit ion. Note III: 
This curve r e p r e 
sents coincidences 
with the 0. 181-Mev 
gamma ray. 
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is in coincidence with gamma rays at 1.47, 1.37, 1.28, 1.19, and 

0.91 Mev. 

The gamma rays of 0.079 and 0. 181 Mev are in c a s 

cade. (The exper iments demonstrat ing this re lat ionship a r e not d e s 

c r ibed h e r e . ) F r o m the i r intensi t ies as well as the studies of 
172 59 Lu , it is apparent that the 0. 079-Mev t ransi t ion goes to the 

ground s t a t e , and the 0. 181-Mev t rans i t ion goes from the second excited 

state at 0.260 Mev to the 0. 079-Mev level . The re fo re , the spect rum 

in coincidence with the 0. 079-Mev photopeak. F ig . 17b,also shows the 

radiat ions found in coincidence with the 0. 181-Mev t rans i t ion (Fig. 

17a). The result ing analysis of F ig . 17b indicates that the 0. 079-

Mev level is fed di rect ly by t rans i t ions of 1. 56, 1.52, 1.45, 1.38, and 

1.09 Mev. Again the data in F ig . 16b a r e consistent with this i n t e r 

preta t ion. 

When the single-channel window is set to bracke t the 

region of the weak 0. 14-Mev radia t ion, most of the pulses r eg i s t e r ed 

a r i s e from the spec t ra l background. In F ig . 17c the dotted curves 

correspond to radia t ions which a r e in te rpre ted as resul t ing from coin

cidences with this spec t ra l background. The peaks at 1.46, 1.38, 

and 1. 19 Mev a r e in te rpre ted as represent ing gamma rays which a r e 

in coincidence with the 0. 14-Mev t rans i t ion . These conclusions a re 

supported by the spec t rum in F ig . 16c. 

One observes the spect rum shown in F ig . 18 when the 

s ingle-channel analyzer i s set to b racke t the 1.09-Mev photopeak. 

This indicates the 1.09-Mev t rans i t ion is in coincidence with gamma 

rays at about 0 .52 , 0 . 4 8 , 0 .42 , and 0. 38 Mev a s well as 0. 079 Mev. 

The peaks at 0. 181 and 0. 14 Mev a r e due to coincidences with higher 

energy t rans i t ions whose Connpton dis tr ibut ions a r e counted in the 

single-channel window. The unresolved radiat ions below 0.35 Mev 

may be in coincidence with either the 1. 09-Mev gamma ray or the 

underlying Compton d is t r ibut ions . When the single-channel window 

is moved to the 0 .91-Mev photopeak, the observed spec t rum is s imi la r 
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Fig . 18. G a m m a - r a y spect rum in coincidence with the 1. 09-Mev t rans i t ion . 
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to this one, except for a strong 0. 181-Mev peak. The re fo re , it is 

concluded that the 0. 91-Mev t rans i t ion is a lso in coincidence with the 

gamma rays of 0 ,52 , 0 . 4 8 , 0 .42 , and 0.38 Mev a s well as those of 

0.181 and 0.079 Mev. 

All of the coincidence data a re summar ized in Table 

X. Relative g a m m a - r a y in tensi t ies calculated from these coincidence 

spect ra a re a lso given. 

TABLE X 

Gamma-gamma coincidences observed and re la t ive 
g a m m a - r a y intensi t ies calculated from these data . 

Gamma ray in s ingle-
channel window 

(Mev) 

Coincident 
gamma rays 

(Mev) 

Relative photon 
intensi t ies 

0.181 1.47 4 
1.37 18 
1.28 33 
1.19 14 
0.91 100.0 

0.079 1.56 13 
1.52 81 
1.45 31 
1.38 83 
1.09 100.0 

0.14 1.46 100.0 
1.38 100 
1.19 6 

1.09 ~ 0 . 5 1 
~ 0 . 4 7 
~ 0 . 4 2 
~ 0 . 3 8 

The energies of the beta r ays in coincidence with the 

dominant gamma rays were m e a s u r e d by absorpt ion in a luminum. F r o m 

these data , end-point energies were de termined for the beta rays in 

coincidence with the gamma rays of 0 .079 , 0 . 1 8 1 , 0 . 9 1 , 1.09, 1.38, 
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1.46, 1.52, and 1.60 Mev. The analysis of the data in the energy 

interval from 1. 3 to 1.6 Mev requi red a decomposit ion of the coin

cidence spec t ra into individual components. The re su l t s of these 

coincidence m e a s u r e m e n t s a r e summar ized in Table XI. 

TABLE XI. 

Summary of beta-ganama coincidence r e s u l t s . 

Ganama-ray energy 
(Mev) 

Coincident be ta - ray 
energies 
(Mev) 

1.60 
1.52 

1.46 
1.38 

1.09 
0.91 

0.181 

0.079 

0. 30 ± 0.04 

0.43 ± 0.03 

0.74 ± 0.06 

r 1.72 ± 0.12 
- ~ 0 . 7 4 
^ ~ 0 . 3 6 

1.83 ± 0.07 

F r o m the re la t ive g a m m a - r a y t rans i t ion in tens i t i e s , 

together with the be ta -gamma coincidence data , it follows that the beta-

ray branches of (1.72 ± 0.12) and (1.83 ± 0. 07) Mev, in coincidence 

with the 0. 181- and 0. 079-Mev gamma r a y s , a r e in fact two different 

t r ans i t ions . 

The proposed decay scheme requ i re s the 0. 079-Mev 

gamma ray to be in coincidence with b e t a - r a y branches of about 0 . 7 4 , 

0 . 4 5 , and 0.32 Mev in addition to the one l is ted at 1.83 Mev. These 

were not observed because of the p resence of s t ronger coincidences 

between the 0 .084-Mev gamma ray of T m ^ ' ^ and a 0.88-Mev be ta -

ray component. 
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c. Beta-Ray Spectrum 
172 

The F e r m i plot of the be t a - r ay spec t rum of Tm is 

shown in F ig . 19. In the original data, m o r e than 15 000 counts were 

collected at each point below 1.3 Mev. This spec t rum includes the 
170 

long-lived Tm which has be t a - r ay branches of about 0.96 and 0.88 

Mev. 

As noted in the previous section, it was concluded from the 

analysis of be ta -gamma coincidence data, together with the proposed 

decay scheme (Fig. 20), that the re a r e two b e t a - r a y t rans i t ions differing 

in energy by 0.1815 Mev; the end-point of the higher energy branch is 

about 1.80 Mev. These two t rans i t ions go to the 0.260- and 0.079-Mev 

l eve l s . The ground-s ta te beta branch, if present , would then have an 

energy of about 1.88 Mev. The data in F ig . 19 a r e not sufficient to 

allow differentiation of these three components (i .e. , the "conventional" 

analys is , by the use of Stage III of the computer p r o g r a m discussed in 

Chapter IV, is not possible) . 

The portion of this spec t rum above 1 Mev was analyzed by 

use of Stage IV of the computer p r o g r a m . The data were fitted with the 

function 

J 
N = X m^ f(£oj - e ) ' { (1 - a . ) + a.[(£oj - e ) ' L o + 9 L i ] } (20) 

where the p a r a m e t e r s to be var ied a r e the m^ .^ov ^^^ '^• • F i t s were 
J J J 

made on the assumpt ion of the p resence of one, two, th ree , and four 

components (J = 1, 2, 3, and 4). The end-point energ ies were re la ted 

by £oi - ^02 = 0.1815 Mev for 1 = 2, and GQI - 0̂2 = 0.0787 Mev and 

S i - ^ 03 = 0.2602 Mev for J = 3 and J = 4. Thus, except for the case 

of J = 4, there is only one independent energy p a r a m e t e r . The resul t ing 

values of e^-, a. and the re la t ive intensi t ies a r e given in fit Nos. 1-4 

in Table XII. In column 7 the value of x^ = Z[(N. - N. ) /a . f is given. 
ĵ  1 1 1 
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TABLE XII 

Summary of computer fits to the be t a - r ay spect rum of Tm ' . The dec 
position shown in F ig . 19 cor responds to r e su l t s in fits Nos. 3, 5, and 6. 

TH Energy range Number of P a r a m e t e r s from fit ^ 
, . , , ^ Energy a Intensity v 

number (Mev) components " ' , ^ (Mev) (a rb i t ra ry) 

1 . 0 0 - 1 . 8 7 1 1 . 8 4 7 ± 0 . 0 0 3 0.30 4 . 6 ± 0 . 7 60.9 =0 .99995 

1 . 0 0 - 1 . 8 7 2 1.852 ± 0 . 0 0 3 1.0 4 . 2 1 0 . 1 44 .8 0.995 
1.671 ± 0 . 0 0 3 1.0 0.7 ± 0. 1 

1 . 0 0 - 1 . 8 7 3 1 . 8 8 0 ± 0 . 0 1 1 1.0 2.1 + 0.7 22.6 0.57 
1. 802 ± 0.011 0.63 2 . 6 + 0 . 5 
1.620 ± 0 . 0 1 1 1.0 0.07 ± 0.2 

1 . 0 0 - 1 . 8 7 4 1 . 8 8 0 ± 0 . 0 1 1 1.0* 2 . 1 + 0 . 7 22.6 • • | 0 . < r ' 7 
1.802 ± 0.011 0 .63* 2.6 ± 0.5 
1.620 ± 0 . 0 1 1 1.0* 0.07 ± 0.2 
0.0 0.0 0.0 

0 . 3 8 - 0 . 9 8 6 1.880* 1.0* 2 . 1 * 16.3 0.36 

0 . 1 8 - 0 . 4 6 10 1.880 1.0" 2 . r 9.0 

1.852 ± 
1.671 ± 

1.880 ± 
1. 802 ± 
1.620 ± 

1.880 ± 
1.802 ± 
1.620 ± 
0 . 0 

1.880* 
1.802* 
1.620* 

0.962 ± 
0.878 ± 
0.710* 

1.880* 
1.802* 
1.620* 
0.962* 
0.878* 
0.710* 

0.420' ' 
0 .340* 
0.280* 
0 .240" 

1.880* 
1.802* 
1.620* 

0.963 + 
0.878 ± 
0.710* 

1.880* 
1.802* 
1.620* 
0.963* 
0.878* 

0.710* 
0.420* 
0.280* 

0. 
0 . 

0 . 
0. 
0 . 

0 . 
0 . 
0 . 

0 . 
0 . 

0, 
0, 

0 0 3 
0 0 3 

on 
,011 

on 

on 
on 
on 

0 0 4 
004 

.004 
,004 

1.0 
1.0 

1.0 
0.63 
1.0 

1.0* 
0 .63* 
1.0* 
0 . 0 

1.0* 
0.63 
1.0* 

0.23 
0 . 0 

0.0* 

1.0* 
0 .63* 
1.0* 
0 .23* 
0.0* 
O.O" 

0.0* 
0 .0* 
0 .0* 
0 .0* 

1.0* 
0.6 3* 
1.0 

0.0* 
o.o* 
0.0 ' 

1.0* 
0 .63* 
1.0* 
0 .0* 
0.0* 

0.0* 
0.0* 
0.0* 

4 .2 ± 0.1 
0.7 ± 0.1 

2.1 + 0.7 
2 . 6 + 0 . 5 
0.07 ± 0 . 2 

2.1 + 0 . 7 
2.6 ± 0.5 
0.07 ± 0 . 2 
0 . 0 

2 . 1 * 
2 . 6 ' 
0 .07* 

U .O ± 2.0 
3.2 + 1.0 
1. 1 ± 0.6 

2 . 1 * 
2 .6* 
0 .07* 

11.0* 
3.2* 
1.1* 

1.3 ± 0.6 
0 . 0 
1.2 ± 1.0 
1.9 ± 2 . 0 t 

2.1 ' 
2 . 6 ' 
0 .07" 

13.8 ± 1.2 
0 .3 ± 1.2 
0.44 + 0 . 4 

2 . 1 * 
2 .6* 
0 .07* 

13.8* 
0 . 3 * 

0.66 ± 0.4 
1.8 + 0.4 
2.0 ± 1.0 t 

0 . 4 6 - 0 . 9 8 6 1.880'' 1.0 2.1 15.6 0.26 

0. 1 8 - 0 . 4 6 8 1.880'^ 1.0 2. l ' 10. 1 0.48 

These p a r a m e t e r s were not allowed to va ry . 

^ These intensi t ies a re expected to be too large because of the p resence of electron scattering in the 
source at low ene rg ies . 
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F r o m X and the number of degrees of freedom ( i . e . , the nximber of 

exper imental points minus the number of independent p a r a m e t e r s ) , 

one can compute the probabil i ty p of obtaining a be t te r fit. That i s , 

on the assumption that the t rue spectrum is given by a function of the 

form (20) with the p a r a m e t e r s l i s ted , p is the probabili ty that any one 

set of exper imental data from a large group of such se ts would give a 
2 

bet ter fit ( i . e . , lower \ ). These probabi l i t ies a re given in column 8. 

A value of p near 1.0 may indicate that the par t icu la r form of Eq. 

(20) used is not co r rec t ( e . g . , the number of components a s sumed to be 

present may be inco r rec t ) . 

The p rogram is designed to compute the s tandard d e 

viation assoc ia ted with the best value of each of the var iab le p a r a m e t e r s , 

except those for which the final value is at one ex t reme of the allowable 
2 

in terval of variat ion ( e . g . , m . = 0, a. = 0, or a. = 1).. In Table XII the 
J J J 

uncer ta in t ies in the energies a r e those computed by the p r o g r a m , and 

include no sys temat ic e r r o r s . The uncer ta in t ies in the relat ive in tens i -
2 

t ies a r e calculated from the e r r o r s in the corresponding m. only and 

neglect the effect of the e r r o r s in «„ . and a. . 

It is concluded from the data in Table XII that a ground-

state beta t rans i t ion e x i s t s . This conclusion is based on the dec rease 

in p in going from the fit with two components to that with t h r e e . As 

shown, the addition of a fourth component in this region does not further 

dec rease the value of p . And, in fact, the best fit is with zero intensity 

for a fourth component. 

For the bes t fit, that with th ree components , the value 

a^ = 0 .63 indicates that the second beta branch consis ts of a combination 

of an allowed shape and unique fir st-for bidden shape. The intensity of 

the allowed portion is (6 ± 6)% of the total in tensi ty . (This e r r o r i s an 

e s t ima te . ) The re fo re , this branch has predominently unique f i r s t -

forbidden cha rac t e r . It should s imi la r ly be noted that the values 

a-ĵ  - Ug = 1 . 0 nnean that these components have unique f i rs t - forbidden 
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cha rac t e r . 
172 Below 1 Mev the analysis of the Tm spect rum is 

170 hampered by the p resence of the Tm spect rum consisting of two 

components of about 0.96 and 0.88 Mev. The energy difference 

c - Egg , as deternained from the. repor ted g a m m a - r a y energy, is 

0.0842 Mev. The spec t rum of T m ^ ' ^ has been studied by severa l 

g roups . Two of the more recent r e su l t s ' ag ree that the 

0 .88 -Mev component consti tutes about 24% of the total intensity and 

that i ts F e r m i plot is l inear . However, these r e p o r t s °^^°^ do not 

agree as to the shape of the F e r m i plot of the 0. 96-Mev t rans i t ion . 
62 Pohm et a l . r epor t that this component is l inear (a4 = 0). The shape 

6 3 repor ted by Graham et a l . can not be expres sed exactly in the form 

of Eq . ( 20); that i s , it is not a l inear combination of allowed and un i 

que f i rs t - forbidden shapes . 

Because of this uncer ta inty in the shape of the F e r m i plot 

of the 0 .96-Mev t rans i t ion , it is not possible to analyze the remainder of 

the spec t rum unambiguously. Two a t tempts were made to fit the s p e c 

t rum between 0.71 and 0.96 Mev. In the f i r s t c a s e , the values of a 

and a^ were allowed to vary ( e . g . , see fit No. 5 in Table XII). The 

result ing p a r a m e t e r s ag ree with the previous data ' in that the 

0.88-Mev component is l inear (a^ = 0) and has an intensi ty of (23 ± 10)%. 

On the other hand, the shape of the 0 .96-Mev branch is nonlinear 
62 

(a - 0 .23) , which is not in agreement with the r e su l t s of Pohm et a l . , 
63 but is in accord with the nonlineari ty observed by Graham ê t a l . The 

second fit to the data in this region (see No. 7, Table XII) was made on 

the assumption that both components a r e l inear (a^ = a^ = 0). The qual

ity of the f i ts , a s given by the values of p , gives no bas is for a choice 

between these two c a s e s , except that in the former case the re la t ive in

tens i t ies a r e in be t ter agreement with the exper imenta l r e s u l t s . However , 

this i s not sufficient to d iscard the second fit for the following r ea son . 
fi 3 The total F e r m i plot published by Graham et a l . appea r s to be almosi 

l inear . T h u s , a combination of two l inear components might ve ry well 
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resu l t in a good over -a l l fit to the exper imental da ta , but st i l l contain 

a la rge e r r o r in the re la t ive in tens i t i es . The re fo re , the analys is of 

the spect rum below 0.7 Mev was ca r r i ed out for both of these c a s e s . 

The be t a - r ay in tens i t i e s , as der ived from the g a m m a -

ray in tens i t i es , suggest that a l l the components below 0.8 Mev (see 

F ig . 20) have allowed or ordinary f i rs t-forbidden cha rac t e r . The re fo re , 

the corresponding a. were a l l set equal to z e r o . A l so , the end-point 

energies of al l the branches were fixed at those values de te rmined from 

the g a m m a - r a y energies together with the proposed decay scheme. The 

result ing re la t ive intensi t ies a re given in fits Nos . 5 , 6 , 7 and 8 in 

Table XII. The two sets of re la t ive intensi t ies for the components below 

0.8 Mev, corresponding to a^ = 0 and a^ = 0 . 2 3 , ag ree within one s tand

a rd deviation. However, the intensity of the 0 .71-Mev component ca l 

culated with a^ = 0.23 is in much c loser ag reemen t with the value ca l 

culated from the g a m m a - r a y in tens i t i es . There fo re , the values from 

this decomposit ion (Nos. 3, 5 , and 6) a r e shown in Table XIII and F ig . 

19. 

The end-point ene rg i e s , re la t ive in tens i t i e s , and log 

ft values a r e shown in Table XIII. It should be noted that the re la t ive 

intensi t ies from the analys is of the be t a - r ay spec t rum a r e in excellent 

agreement with those computed from the g a m m a - r a y in tens i t i e s . 

The s ta t i s t i ca l evaluation of the fit to the complete 

spectrunn is compatible with the data. For 68 exper imenta l po in t s , the 
2 

value of X is 4 7 . 9 . Fo r 17 var iable p a r a m e t e r s this cor responds to 

p = 0. 36;; that i s , the probabil i ty of obtaining a be t ter fit is only 36%. 

The log ft values of the th ree highest energy t r ans i t ions 

indicate that they al l have unique f i rs t - forbidden charac te r (Al = Z, yes ) . 

This conclusion is supported by the spec t r a l shape , at leas t for the two 

higher energy components . The log ft values of the lower energy t r a n s i 

tions al l lie in the range from 6 to 8, which normal ly cor responds to 

ordinary f i rs t - forbidden t rans i t ions (Al = 0 or 1, yes ) . 
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TABLE XIII 

Summary of be t a - r ay components. 

Energy Relative intensity Log ft 
(Mev) F r o m gamma F r o m beta 

spec t rum 
(per cent) 

1.88 ± 0.02 (20) 24 ± 8 8.9 
1.80 25 29 ± 6 8.0 
1.62 1 ± 1 1 ± 3 10.0 
0.71 14 ± 2 12 ± 6 7.6 
0.42 .^17 15 ± 7 6.7 
0.34 4 ± 3 - 7.0 
0.28 >17 13 ± 10 6.2 
0.24 2 ± 1 - 6.8 
0.15 0.1 ± 0.3 - 7.6 

3. Decay Scheme 

a. Construction of Level Scheme 

The proposed decay schenne is shown in F ig . 20. The 

existence of levels at 0.0 79 and 0.260 Mev is in agreement with a d i 

v e r s e group of exper imenta l data . Coulomb excitation exper iments"^ 

suggest the p resence of an excited state at 0.079 Mev in Yb . As 

previously noted, the in te rna l -convers ion-e lec t ron data indicate that 

the 0.079-Mev gamma ray has E2 cha rac t e r . Using this fact together 

with the re la t ive g a m m a - r a y intensity in the thulium activity, one finds 

that this t rans i t ion is more intense than the sum of all the other t r a n s i 

t ions . Hence, it must go d i rec t ly to the ground s ta te . Also the be ta -

gamma coincidence measu remen t s repor ted here in requ i re that both 

the 0.0 79- and 0.1 81-Mev gamma t rans i t ions must go to levels near 

the ground s ta te . Finally, these two levels in Yb^ ' ^ a r e also populated 

in the decay of Lu-̂  ''^. The g a m m a - g a m m a coincidences to be expected 

from the 0.079-0.181 Mev cascade were observed . (These spec t ra 

a re not shown.) 
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Fig . 20. Proposed decay scheme for Tm ' . The re la t ive t rans i t ion intensi t ies 
(1000 total decays) a re shown in pa ren theses . All energies a re in Mev. 



102 

The levels at 1.73, 1.64, 1.54, 1.46, and 1. 17 Mev 

a r e indicated by the spect rum in coincidence with the 0. 181-Mev g a m 

ma r ay . It is seen that this gamnaa ray is in coincidence with gamma 

rays o f l . 4 7 , 1.37, 1.28, 1.19, and 0.91 Mev. The absence of coin

cidences between any two of the lat ter t rans i t ions and the fact that the 

sum of any pair exceeds the total decay energy of about 1. 9 Mev, both 

support this in te rpre ta t ion . 

Of the five radiat ions in coincidence with the 0. 079-

Mev gamma r a y and not in coincidence with the 0. 181-Mev gamma ray 

(Fig. 17b), four (1 .56 , 1,45, 1.38, and 1.09 Mev) a r e assoc ia ted with 

t rans i t ions to the first excited s tate from levels deduced in the previous 

pa rag raph . The 1 . 46-Mev gamnaa ray observed in the singles spec t rum 

(Fig. 14) is in te rpre ted as the t rans i t ion from the level at 1.46 Mev to 

the ground s ta te . The fifth radia t ion, 1.52 Mev, is placed between a 

level at 1.60 Mev and the first excited s ta te . The existence of this level 

i s further supported by observat ion of the i .60-MeY c r o s s - o v e r t r a n s i 

tion in the s ingles spec t rum. 

The exper iments involving the 0. 14-Mev gamma ray 

support a number of fea tures of the decay scheme . This t rans i t ion is 

placed between the levels at 1.46 and 1.60 Mev. Observat ion of coin

cidences between the 0. 14-Mev gamma r a y and radia t ions of 1.46, 

1.38, and 1.19 Mev tends to confirm this conclusion. 

The radia t ions of approximate ly 0 . 4 7 , 0 . 42 , and 0 .38 

Mev, which a r e in coincidence with the 1.09-Mev gamma r ay (Fig. 18), 

a re in te rp re ted as t rans i t ions to the 1. 17-Mev level from the s ta tes at 

1.64, 1.60, and 1.54 Mev. 

The re a r e a few weak t rans i t ions which have not been 

d i scussed . In the analys is of the singles spectruna, the re a r e gamma 

rays of about 1.00 and 0.51 Mev. There is a l so evidence that a t r a n s i 

tion of about 0.52 Mev and severa l possible radiat ions below 0. 35 Mev 

are in coincidence with the 1.09-Mev gamma r a y . Since t h e r e is no 
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definite evidence for the positions of these radiat ions in the decay scheme , 

there a r e omitted from it. 

The resu l t s of the be ta -gamma coincidence m e a s u r e 

ments (Table XI) substantiate the existence of the proposed levels at 

1.17, 1.46, and 1. 60 Mev as well as the placement of the t rans i t ions 

depopulating these leve ls . 

E s t i m a t e s of the re la t ive intensi t ies of the g a m m a - r a y 

and b e t a - r a y t rans i t ions (total number of t rans i t ions = 1000) a r e given 

in pa ren these s . For the t rans i t ions above 0 .4 Mev, internal conversion 

is assunaed to be negligible. As noted, convers ion-e lec t ron naeasu re -

ments indicate that the 0 .079- and 0. 181-Mev t rans i t ions have E2 

cha rac t e r . Hence the corresponding conversion coefficients were used 

in calculating these in tens i t i es . For the 0. 14-Mev t rans i t ion , the 

available conversion data a re not sufficient to de te rmine the mul t ipo la r 

ity. The re fo re , only a lower linait is quoted for the in tensi ty . 

b . Spins and Interpre ta t ions of Levels 

172 172 
Ground-State Rotational Band in Yb . Since Yb 

is an even-even nuc leus , the spin and par i ty of i ts ground state a re 
1 65 

assumed to be 0 . Both the Coulomb excitation data and the fact 

that the 0. 079-Mev t rans i t ion is E2 requ i re that the f i rs t excited state 

at 0.079 Mev have 2"̂  cha r ac t e r . The E2 cha rac te r of the 0. 181-Mev 

t rans i t ion r equ i r e s that the spin of the state at 0.260 Mev lie between 

0 and 4 and that it have positive par i ty . The ra t io of energies of the 

levels a g r e e s quite well with that predicted by the I (I + 1) in terval 

rule for rotat ional levels with 1 = 2 and 4. This fact, together with 

the sys temat ics of even-even nuc le i , suggests that these t h r ee levels 

form a rota t ional band with K = 0, positive pa r i ty , and 1 = 0 , 2 , and 4. 

Thulium Ground State . The ground-s ta te spin of the 

odd-odd nucleus /pTm^^^ is expected to r e su l t from the coupling of 

the 69th proton and the 103rd neut ron. The spin of the odd-A nucleus 

59Tm^"9 has been m e a s u r e d as ^ ; Mottelson and Nilsson have 
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in te rpre ted this a s the Nilsson level ^ [411] . The spin of E r 
Aft 173 

and that of Yb , which have 103 neu t rons , have both been m e a s -
5 4j 5 -

ured a s I" ; these have been in terpre ted ' as the 2 [512] level . 
172 In gene ra l , the result ing spin of Tm would be given by 

I = K = fi = | ^ ± ^ I , where p and n refer to the odd proton and neu-
' p n ' 

172 t ron , respec t ive ly . If one a s s u m e s that the odd pa r t i c l e s in Tm a r e 

in the same s ta tes a s in the neighboring odd-A nucle i , this re la t ionship 

gives I = 2- or 3" . Gallagher and Mozkowski have der ived coup

ling ru les which predic t that the ground state will be the one in which 

the project ions of the in t r ins ic spins lie in the same d i rec t ion . For 
17? Tm , this ru le predic ts that the I""̂  = 2" state should be the ground 

s ta te . However , severa l exceptions to these coupling ru les a r e known. 

The spin of the ground state of thulium is de termined 

from the p roper t i e s of the beta decay to the K = 0 rotat ional band. The 

choice 1 = K= 3 can be excluded, since the decay to the ground state of 

•ytterbium would be th i rd forbidden (Al = 3, yes ) and should have a log 

ft value of approximately 15. If K is a good quantum number , the 

t rans i t ions to the f i rs t and second excited s ta tes would likewise be 

th i rd forbidden because of the change in the quantum number K (AK = 3). 

However, the naeasured log ft values a re about 9 for a l l th ree b ranches . 

On the other hand, for the choice I = K = 2 the calculated log ft values 

agree with those observed experinaentally. The unique fir st-forbidden 

shape for the t rans i t ion to the 2 level is explained by the change of 

the quantum number K. It should be pointed out that the ass ignment 

I = K = 2 could be deduced without r e c o u r s e to the a rguments con

cerning the Nilsson levels and the spins of the individual p a r t i c l e s . 

This ass ignment is further supported by the a g r e e 

ment between the experinaental and theore t ica l b e t a - r a y branching 

ra t ios to the m e m b e r s of the ground-s ta te rotat ional band. Fo r the 

case of L = 2 t r ans i t i ons , the theore t ica l ra t ios a r e 
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B(2, 2 ^ 4 ) : B(2, 2 ^ 2 ) : B ( 2 , 2 - * 0 ) = 0 . 5 ^ 1 0 : 7 

where B(2,2 —I) = (constant) j < 222 - 2 | 2210 ^ | . The corresponding 

exper imental ra t ios (0.35 ± 0.30) ; 10 : (6 ± 4 ) , where B = (constant) /f t , 

agree well within the exper imental e r r o r s . 

A res t r i c t ion can now be placed on the choice of spins 

which may be ass igned to a l l the higher levels in Y b ^ ' ^ . The be ta -

ray branches which populate these s ta tes a re a l l o rd inary f i r s t - forb id

den (or "s low" allowed) t r ans i t i ons , so that the spins of these levels 

must be 1, 2 , and 3. Also , if one a s s u m e s that K is a good quantum 

number , the value of K for any of these s ta tes would s imi l a r ly be l i m i 

ted to the values 1 , 2 , and 3. 

State in Yb at 1.17 Mev. The state at 1.17 Mev is de

populated by t rans i t ions to the 2"'" and 4"*" leve ls . The intensity of the 

t rans i t ion to the O""" state is l e s s than 3% of that of the 1. 09-Mev gamma 

ray . If only the changes in I a r e cons idered , a spin of ei ther 3 or 4 

for the 1. 17-Mev level would be consistent with these observa t ions . 

This state can then have K = 0, 1, 2 , 3 , or 4 since 
4 

K < I. The value K = 4 is excluded since it would requ i re 2 -pole 

radiat ions for the t rans i t ions to the K = 0 band. The l ifet imes of such 

t rans i t ions would be too long to allow observat ion of the m e a s u r e d 

coincidences. A choice between the remaining possibi l i t ies is made 

on the bas i s of the re la t ive reduced t rans i t ion probabil i t ies to the 

var ious m e m b e r s of the ground-s ta te band. The theore t ica l probabi l i 

t i e s , which a re l is ted in Table XIV, a r e considered to be propor t ional 

to the squares of the Clebsch-Gordan coefficients •<'I. LK. K. - K. I. L I . K . )>, 
i i f i ' i f f 

Without calculation of the magnet ic and e lec t r i c m o m e n t s , the re la t ive 

intensi t ies for the two cases I = 4 , K = 1 and I = K = 1 a r e inde te rmina te . 

Hence, these poss ibi l i t ies a r e ignored in the following d i scuss ion . 
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T A B L E XIV 

T h e o r e t i c a l r e l a t i v e r e d u c e d t r a n s i t i o n p r o b a b i l i t i e s to the 
I = 4 , 2, and 0 m e n a b e r s of a r o t a t i o n a l band wi th K = 0 f r o m s t a t e s 
wi th v a r i o u s v a l u e s of I and K. The r a t i o s a r e g iven in the f o r m 
B ( L , 1—4) : B ( L , l^Z) : B ( L , I—0) w h e r e B (L , Ii-*If ) = ( cons tan t ) 
| < I i L Ki Kf - Ki I Ii L If Kf > |^ . (The r a t i o s a r e r e a d v e r t i c a l l y ) . 
W h e r e the v a l u e s a r e not shown fo r L = 1 o r L = 2, the t h r e e c o r r e s 
ponding p r o b a b i l i t i e s a l l v a n i s h . 

B ( L , I * 4 ) 
B ( L , I - 2 ) 
B ( L , I * 0 ) 

K = 3 
L = 3 

= n 
0 

K = 2 
L = 2 
2 
l_ 
0 

I = 4 
K = l 

L = 2 L = l 
9 1 

110 0 
0 0 

K = 0 
L = 2 

10 
11 
0 

K = 3 
L = 3 

54 
275 
132 

K = 2 
L = 2 

2_ 
_5, 
0 

I = 3 
K = l 

L = 2 L = l 
5_ 2 
Z_ ±_ 
0 0 

K = 0 
L = l 

£ 
3_ 
0 

B(L,I->4) 
B ( L , I - 2 ) 
B(L,I-*0) 

K = 2 
L = 2 

I = 2 
K = l 

L = 2 L = l 
K= 0 
L = 2 

l_ 
20 
14 

96 
15_ 
56 

18 
]_0 

7 

I = 1 
K= 1 

1 0_ 

0 2 

K = 0 
L = 2 L = 1 L = l 

0 
Z_ 
1 

0 
K = 0 
L = 2 

0. 
!_ 
0 

v a l u e s a r e 

F o r the 1 .17-Mev s t a t e the c o r r e s p o n d i n g e x p e r i m e n t a l 

(1.8 + 0.4) 

(2.6 + 0.6) 

(3.8 + 0.8) 

5 

5 

5 

<0.1 

<0.1 

<0.1 

for L = l 

for L = 2 

fo r L = 3 

B ( L , I - * 4 ) : B ( L , I - * 2 ) : B(L,I—O) 

The only t h e o r e t i c a l p r e d i c t i o n tha t is w i th in the e x p e r i m e n t a l l i m i t s 

is the one for I = 3 , K = 2. F r o m th i s it fo l lows tha t the t r a n s i t i o n s 

have q u a d r u p o l e c h a r a c t e r . H o w e v e r , t h i s a s s i g n m e n t for the K v a l u e 

would i m p l y t h a t t h i s s t a t e would be the f i r s t e x c i t e d s t a t e of a r o t a t i o n 

a l band b a s e d on an i n t r i n s i c o r v i b r a t i o n a l l e v e l w i th I = K = 2 . T h i s 

h y p o t h e t i c a l 1 = 2 s t a t e , w h i c h should l i e about 0.08 Mev be low the 
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1.17-Mev level , is not observed, in spite of the fact that theoret ica l ly 

the beta branch to it would be more intense than that to the 1.17-Mev 

level. 

It is therefore suggested that the 1.17-Mev state has 

I = K = 3. This means that quadrupole t rans i t ions to the K = 0 band 

are K forbidden by one degree of forbiddenness (i .e. , AK - L = 1). 

As d iscussed on page 30, such t rans i t ions usually a re slower than the 

s ingle-par t ic le es t imates by a factor of the order of 100 for each de

gree of forbiddenness. If the 1.17-Mev state has posit ive par i ty , the 

competition is between E2 and M3 t rans i t ions . In spite of a hindrance 

factor of 100 for the E2 probabi l i t ies , the t rans i t ions would sti l l be 

ejqjected to be predominantly e lec t r ic quadrupole. (The finite p roba

bil i t ies for quadrupole radiat ions indicates that the K value of one of 

the states involved, probably the 1.17-Mev level, is not pure.) 

The ass ignment of I = 3 to the 1.1 7-Mev level is sup

por ted by the intensity of the beta branch to this level. As noted p r e 

viously, the fact that log ft = 7.6 implies that this level does not have 

spin 4. 

One would favor the assignment of positive par i ty to 

the 1.17-Mev level, as well as to all the higher excited s ta tes , on the 

bas is of the log ft values for the beta decay. However, some of these 

branches might be allowed t rans i t ions which a re hindered by violations 

of selection rules for the asymptotic quantum numbers or K. 

States at 1.46, 1.54, and 1.64 Mev. It is concluded 

that the 1.46-Mev state has spin 2 because it decays to all th ree mena

be r s of the ground-state band. The value 1 = 2 requ i res that K = 0, 1, 

or 2. A definite choice between these poss ib i l i t ies is naade on the 

basis of the relat ive reduced t rans i t ion probabi l i t ies to the ground-s ta te 

band. For quadrupole t rans i t ions , the exper imental ra t ios a re 

B(2,I -*- 4) : B(2,I - » 2) : B(2,I -^ 0) = (6.5 ± 2) : 10 : (0.8 ± 0.3). 
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This resul t is c lea r ly inconsistent with an assignment of K = 0 or 1, 

but is in good agreement with the choice K = 2 (see Table XIV). 

An in terpre ta t ion of the 1.54-Mev state as a m e m b e r 

of a rotational band based on the 1.46-Mev level is consistent with 

all of the exper imental data. The energies of the levels of such a 

band are given by E(I) = (*y2J ) [ l ( l + 1) - K(K + 1) ], with K = 2, 

yt?/y ~ 0.08 Mev, and I = 3, 4, etc . Fo r 1 = 3, the calculated energy 

of the f i rs t excited state of the band is E ~ 1.54 Mev which agrees 

with the m e a s u r e d value, well within exper imental uncer ta inty . If the 

t ransi t ions ,to the K = 0 band are assumed to have quadrupole cha rac t e r , 

the experimental ra t ios of the reduced t rans i t ion probabi l i t ies a re 

(2.2 ± 0.4) : 5 : ~ 0. This is in good agreement with the theoret ica l 

ra t ios of 2 : 5 : 0. 

The next rotational state in the K = 2 band based on 

the 1.46-Mev level would be at approximately 1.64 Mev and have 1 = 4. 

Since a state with this energy i s , in fact, found in the decay scheme, 

the t rans i t ion probabi l i t ies a re again compared with the theoret ical 

ra t ios of 3 : 1 : 0. The corresponding exper imental ra t ios a re 

(0.7 ± 0.5) : 1 : 0. F r o m this d isagreement , it is concluded that this 

state is probably not the spin-4 m e m b e r of the K = 2 rotat ional band. 

The accuracy of the data is not sufficient to war ran t the considerat ion 

of any other in terpre ta t ion , so no conclusion is reached as to the nature 

of this s ta te . 

States at 1.60 and 1.73 Mev. The state at 1.60 Mev 

is observed to decay to the 0+ and 2+ m e m b e r s of the ground-s ta te band. 

An upper l imit of the intensity of the unobserved 1.34-Mev t rans i t ion to 

the 4'*' level is placed at 10% of that of the 1.60-Mev t rans i t ion . A 

spin of ei ther 1 or 2 would be acceptable for the 1.60-Mev s ta te . The 

exper imental reduced t rans i t ion probabi l i t ies a re 
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Ci < 0 . 2 ) : (1.4 ± 0.4) : 1 for L = l 
B(L, I ^ 4) : B(L, 1 ^ 2 ) : B(L, 1 ^ 0 ) = -/ 

1 ( < 0 . 3 ) : (1.5 ± 0.4) : 1 for L = 2 . 

F r o m the theoret ica l predict ions in Table XIV, the values for both 

I = K = 2 and I = 1, K = 0 lie -within the experimental e r r o r s . If this 

level has I = K = 2, the first excited state of a rotat ional band based on 

this level should occur at about 1.68 Mev. The failure to observe 

t ransi t ions to or from such a level suggests that the level at 

1.60 Mev does not have I = K = 2. 

As noted on page 30, severa l examples of s ta tes with 

1 = 1, K = 0, and negative par i ty have been repor ted in even-even d e 

formed nuclei . These a r e in terpre ted as s ta tes produced by octupole 

vibrations of the nuclear surface. In a rotat ional band acconapanying 

this s ta te , one finds the spin sequence 1, 3 , 5 , e tc . If the moment 

of iner t ia of the ground-sta te band is used , the 1 = 3 state should lie 

approximately 0. 13 Mev above the 1 = 1 s ta te . This prediction ag rees 

with the exper imental energy for the 1.73-Mev level . For the 1.73-

Mev s ta te , only the t ransi t ion to the 4 level has been observed. 

F rom an estinaate of the upper limit for the intensity of the t ransi t ion 

to the 2 (K = 0) s t a t e , the limit on the rat io of the reduced t ransi t ion 

probabili t ies i s calculated to be 

experimental theoret ica l (1=3 , K = 0) 

B ( 1 , I ^ 4) ^ 4 4 
B ( i , I - 2 ) < 3 . 3 3 

Although this argument is not conclusive, the resu l t is not incon

sistent with this in terpre ta t ion . 

The interpreta t ion of these states as the resul t of an 

octupole vibrat ion, requi res that they have negative par i ty . If the K 

selection ru les a r e neglected, the be t a - r ay t rans i t ions have allowed 

character ( Al = 1, no ) . The fact that AK = 2 suggests that these 
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t rans i t ions naay be expected to be hindered by a factor of the o rder 

of 100. The log ft values to be expected would then be inc reased from 

the nornaal range of 4 to 6 to the range of 6 to 8. The exper imental 

log ft values of about 6.2 and 7 .6 do lie within the lat ter r ange . On 

the bas i s of th is in te rpre ta t ion , a qualitative explanation can be 

given for the difference between these two log ft va lues . The b r e a k 

down of the K selection rule is in te rpre ted as meaning that the wave 

functions of the s tates at 1.60 and 1.73 Mev contain some t e r m s with 

K = 1. Then allowed beta t rans i t ions take place to the K = 1 portion 

of the s ta te . The ra t io of the reduced probabil i t ies for this allowed 

be ta decay is 

B ( l , 2 -> 3) _ |<212 - 1 I 2131 > | ^ J_ 
B ( l , 2 . . 1 ) ~ I < 2 1 2 - 1 |2111 > | ^ " 9 • 

Thus the branch to the 1.73-Mev level should have a log ft value about 

one unit higher than that of the branch to the i . 60-Mev level . This 

i s in qualitative agreement with the experi inental difference of about 

1. 4 unit s . 
1 6fi 

It is of in te res t that in ĝ-̂ -"̂  there i s a level at 

1.66 Mev which has been in te rpre ted as an octupole vibrat ional state 

with 1 = 1 , K = 0, and negative par i ty . Since the energy of this v i 

brat ional state is not expected to vary rapidly with neutron and 

proton number , this information adds support to the proposed in te r 

pretat ion of the 1.60-Mev level in Yb^^^. 

c. Discussion 

Frona the experimental r e su l t s of this study, it has 
172 been concluded that the ground-s ta te spin of Tm is I = 2. The 

measu red spins of neighboring nuclei and the Nilsson level d i ag rams 

combine to indicate that this state resu l t s from the coupling of a 

2 [411] proton and a. ^ [512] neutron with a r e su l t of K = 2 and 
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negative par i ty . 

The exper imental data agree with the previous sug

gestion of a K = 0 rotat ional band based on the ground state of Y b ^ ' ^ . 

The observed levels of this band a r e 0 .00 , 0 .079 , and 0.260 Mev 

with spins and par i t i e s 0"*", Z'^, and 4"^, respec t ive ly . 

It is concluded that a state with I = K = 2 exis ts at 

1.46 Mev. This level might be ei ther a gamma -vibrational state or 

an in t r ins ic s tate produced by excitation of a nucleon. This level is 

the bas is of another rotat ional band with an excited state at 1.53 Mev 

(I = 3). The second excited state of this band would be at about 1. 64 

Mev. A state of this energy i s , in fact, observed but the probabi l i 

t ies of the t rans i t ions to and from this state a re not in agreement -with 

such an in te rpre ta t ion . 

It has a l so been noted that the p roper t i e s of the 

s ta te at 1. 60 Mev a r e consistent with an a s s ignment I = 1, K = 0. 

Such an ass ignment is in ag reement with an in te rpre ta t ion of this as 

an octupole v ibra t ional s ta te . The state at 1.73 Mev can then be i n t e r 

preted as a rota t ional state with I = 3 , K = 0. The observed probabi l i 

t ies of the beta t rans i t ions to these s ta tes necess i ta te a breakdown of 

the K selection ru l e . In other w o r d s , th i s in te rpre ta t ion would requ i re 

these s ta tes to include mix tu res of a higher K value in their wave func

t ions . 

The exper imenta l data for the 1. 17-Mev level sug

gest the ass ignment I = K = 3. A state with this spin could a r i s e from 

a par t ic le excitat ion. 

Since the re is some evidence for possible in t r ins ic 

s ta tes of spin 2 at 1.46 Mev and of spin 3 at 1. 17 Mev, it i s of in te res t 

to see if any such s ta tes a r e suggested by theory . The Nilsson level 

d iagrams indicate that at least th ree par t ic le configurations having these 

spins can be formed by the excitation of a single nucleon. When only 

the pert inent levels a r e cons idered , the nucleon configurations in the 
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ground state of thulium and ytterbium a re assumed to be 

{ i " * ' [ 4 i i ] } ' 
I = K = 2" for T m , 

2 5-
( i " [521]} {2 [512] 

{i^[411] f 

{ F [ 5 2 1 ] } ' 

I = K = 0 for Yb. 

The first excited in t r ins ic state is formed by decay of a \~ [521] neu

t ron into the j [411] proton level; the second is obtained when a 
5 - 5 -

neutron in the -̂  [512] level decays to a proton in the 2" [402] 

level; and the third is produced when the sajne neutron decays into the 

2 [404] proton level. The part ic le configurations in these cases a r e 

{ i+[411] f 

{ r [ 5 2 1 ] } ^ { | " [512] ] ' 

for I = K = 2"̂  or 3'*" , 

5+ 
{ i ^ [411 ] f {- i [402]} ' 

{ r [ 5 2 i ] r 
for I = K = 2"̂  or 3̂  

1 , ' 
{i^[411] r {-2 [404] } 

( i " [521]} 

.i-> 

• for I = K = 3 + 

For the beta decay that would populate the f irs t two 

s t a t e s , the changes in quantum numbers a r e identical; they a r e 

Al = AK = AS = 0 or 1, AN = An = - 1 , AA = 0 with a change in par i ty . 

This corresponds to an unhindered first-forbidden t rans i t ion , which is 
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c o m p a t i b l e wi th the o b s e r v e d log ft v a l u e s for the t r a n s i t i o n s to bo th 

the 1 .17- and 1. 4 6 - M e v l e v e l s . In the t h i r d c a s e AN = - 1 , An = - 1 , 

AA-= 2 , wh ich c o r r e s p o n d s to a h i n d e r e d f i r s t - f o r b i d d e n t r a n s i t i o n . 

The log ft va lue of 7 . 6 for the t r a n s i t i o n to the 1. 17 -Mev l eve l i s a l s o 

in the r a n g e of v a l u e s o b s e r v e d for o t h e r d e c a y s of t h i s t y p e . 

D . ENERGY L E V E L S IN , „ T m F R O M T H E DECAY OF^^Er^"^^ 
69 68 

1. I n t r o d u c t i o n 

172 
The r a d i o a c t i v e nuc l ide E r , wh ich d e c a y s by b e t a 

17 2 ^ft 

e m i s s i o n to T m , h a s b e e n r e p o r t e d by Ne thaway et a l . T h e y 

r e p o r t a ha l f - l i f e of 4 9 . 8 ± 1. 0 h r for the e r b i u m a c t i v i t y . No m e a s u r e 

m e n t s of t h e r a d i a t i o n s a s s o c i a t e d wi th th i s a c t i v i t y have been r e p o r t e d . 
172 

The p r o d u c t i o n of the nuc l ide E r h a s been d e s r i b e d 
172 

in the d i s c u s s i o n of the d a u g h t e r nuc l ide T m (pa-ge 82). Af te r a c t i -
170 

v a t i o n , the E r s a m p l e s w e r e s e p a r a t e d wi th an ion-exchange c o l u m n . 
169 172 

T h e s e s a m p l e s con ta ined the r a d i o n u c l i d e s E r (9 d a y ) , E r , and 
172 

s o m e T m which had g r o w n back in dur ing and af ter the s e p a r a t i o n . 
169 

The only g a m m a r a y a s s o c i a t e d with E r i s an 8 -kev t r a n s i t i o n tha t 

did not i n t e r f e r -with t h e s e s t u d i e s . 

2 . S tudies of the I n t e r n a l - C o n v e r s i o n E l e c t r o n s and the B e t a -

Ray S p e c t r u m 

S e v e r a l a t t e m p t s w e r e m a d e to o b s e r v e the i n t e r n a l -

c o n v e r s i o n e l e c t r o n s a s s o c i a t e d with t h e e r b i u m a c t i v i t y . C h e m i c a l l y 

s e p a r a t e d e r b i u m s a m p l e s w e r e u s e d a s wel l as s o u r c e s in which the 
172 

T m daugh te r had not b e e n r e m o v e d . The only c o n v e r s i o n l ine which 

was c o n s i s t e n t l y o b s e r v e d , and which was not a s s o c i a t e d with s o m e 

o the r a c t i v i t y , w a s i n t e r p r e t e d a s the K line of a t r a n s i t i o n of a p p r o x i 

m a t e l y 408 k e v . As wi l l be shown, such a t r a n s i t i o n e x i s t s in t h e 

e r b i u m a c t i v i t y . 

O b s e r v a t i o n of lower e n e r g y c o n v e r s i o n l ines was 

p r e v e n t e d by the p r e s e n c e of an i n t e n s e b e t a - r a y spec t runa (end point 
169 

about 330 kev) r e s u l t i n g f rom the d e c a y of E r . T h i s nuc l ide i s 
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p r o d u c e d by n e u t r o n c a p t u r e in E r w h i c h c o n s t i t u t e d a b o u t 9% of the 

o r i g i n a l s o u r c e m a t e r i a l . At t h e end of a 5 0 - h r i r r a d i a t i o n the c a l c u 

l a t e d spec i f i c a c t i v i t y of the E r i s abou t 6 X 1 0 , conapa red t o the 
-8 172 

va lue of 2 X 10 for t h e E r [ E q . ( 2 6 ) ] . Af te r c o r r e c t i n g for d e c a y 

w h i c h took p l a c e p r i o r to p r e p a r a t i o n of the s o u r c e s , t h e s e c o m p u t a -
169 

t i ons i n d i c a t e t h a t the r a t e of d e c a y of the E r w a s about 1000 t i m e s 
172 

a s g r e a t a s t ha t of the E r 

The b e t a - r a y s p e c t r u m of a c h e m i c a l l y s e p a r a t e d 

s o u r c e w a s n a e a s u r e d in the naagnet ic s p e c t r o i n e t e r . B e c a u s e of the 

low spec i f i c a c t i v i t y [ E q . (26)] , t h i s s o u r c e had to be m a d e v e r y 

t h i ck in o r d e r t o have a u s a b l e count ing r a t e . B e c a u s e of t h e g r o w t h 
172 

of the T m , t h e count ing r a t e a t e a c h e x p e r i m e n t a l point on the 

spec t runa w a s fol lowed for a p e r i o d of one m o n t h a s t h e s o u r c e d e 

c a y e d . Above about 880 k e v , t h e da ta a t e a c h v a l u e of the m a g n e t i c 

f ie ld follow (within e x p e r i m e n t a l e r r o r ) t he t h e o r e t i c a l c u r v e for the 
172 

g r o w t h and the d e c a y of T m . Be low 330 k e v only the i n t e n s e b e t a -
169 

r a y s p e c t r u m of E r i s o b s e r v a b l e . In t h e r e g i o n b e t w e e n abou t 

330 and 880 k e v , t h e e x p e r i m e n t a l d a t a i n d i c a t e the p r e s e n c e of bo th 
172 172 

E r and T m . In o r d e r to s e p a r a t e the e r b i u m s p e c t r u m it w a s 

n e c e s s a r y to d e t e r m i n e what f r ac t i on of t h e o r i g i n a l count ing r a t e 
172 

w a s due to t h e d a u g h t e r T m . T h i s w a s done by g r a p h i c a l l y fit t ing 

the d e c a y c u r v e a t e a c h m a g n e t i c f ield se t t ing wi th a n e m p i r i c a l 

c u r v e . T h i s c u r v e w a s d e r i v e d by ad jus t ing t h e p o r t i o n s of two 

t h e o r e t i c a l d e c a y c u r v e s wh ich r e p r e s e n t the d e c a y of t h e two 

a c t i v i t i e s c o n s i d e r e d s e p a r a t e l y . 

T h e F e r m i p lo t r e s u l t i n g f r o m t h i s a n a l y s i s i s shown 

in F i g . 2 1 . T h e e r r o r s shown a r e e s t i m a t e s . T h i s p lo t s u g g e s t s 

the p r e s e n c e of b e t a b r a n c h e s of abou t 900 and 400 k e v wi th r e l a t i v e 

i n t e n s i t i e s of (10 ± 8)% and (90 ± 8 ) % , r e s p e c t i v e l y . B e c a u s e of the 

c o m p l e x i t y of t h e a n a l y s i s , t h e i n d i c a t e d u n c e r t a i n t i e s a r e only e s t i 

m a t e d . 



in 

o o 
00 

8 
CO 

o o 

o 

^ • ^ ^ 

> 
<D 

> -
o 
(r 
UJ 

LU 

i - t 

o 

a 
3 
O 
<\) 
CD 

>. 
(T) 

(T) 

-1-1 

"3 
o 
fl< 

a 

1—1 

(VJ 

lO ro 1 ^ CM O CVJ 



116 

3. Scintillation Studies 

a. Singles 

The scintil lation spect rum of a chemically separa ted 

sample is shown in F ig . 22. The decomposition of the spec t rum into 
172 

individual components i s shown. The amount of Tm presen t is indi
cated by the intensi t ies of the 181- and 79-kev photopeaks and the Yb 

K x - r a y which a r e associa ted with the thulium. The spec t ra l shapes 
137 

for single gamma r ays a r e interpolated from those of Cs (662 kev) , 

Au (412 kev) , Ce (142 kev) , and Eu (122 kev) . The shape of the 

thulium K x - r a y peak was derived from the yt terbium K x - r a y from a 
171 170 

source of Tm + Tm . The g a m m a - r a y energies and re la t ive in

tens i t ies calculated from this spect rum are l isted in Table XV. 

TABLE XV 

G a m m a - r a y energies and re la t ive intensi t ies calcu

lated from the scinti l lation spec t rum. 

G a m m a - r a y energy Relative Intensity 
(kev) 

610 ± 8 42 
450 ± 10 2.7 ± 1.5 
408 ± 4 44 i 5 
200 ± 6 0 .8 ± 0 .4 
160 ± 4 1.0 ± 0.5 
125 ± 3 3.1 ± 1.0 
K X ray 69 ± 15 

b . Sum Spectra 

The singles spect rum in F ig . 22 was m e a s u r e d in 

the geometr ic a r rangement shown in F ig . 5 (a) , in which the col l i 

ma tor defines a solid angle of approximately 0. 3% of 4Tr. This smal l 

solid angle , together with the a b s o r b e r s used , r educes the summing 

of any coincident radiat ions to a negligible amount . In order to in

vest igate any strong coincidence re la t ionsh ips , singles spec t ra were 

taken with solid angles of nominally 2 IT (with one crysta l ) and 4-rr 
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(with two crysta ls) as depicted in the inse r t of F ig . 23 . (When two 

crys ta l s a r e used, the gains of the photomultipliers a re matched 

and the output pulses a r e added electronical ly before being amplified.) 

The observed spect ra a re shown in F ig . 23. There 

is no detectable summing with the 610-kev gamma ray; therefore the 

two curves have been normal ized on this photopeak. In curve (a), for 

2-17 solid angle , a sum peak appears at about 460 kev and is in te rpre ted 

as the sum of a 50-kev radiation and the 408-kev gamma ray . This 

conclusion is supported by a corresponding decrease in the intensity of 

the 408-kev photopeak. In curve (b), (the case of 4 IT solid angle), the re 

is a peak at 510 kev, in addition to the peak at 460 kev. The 5 i0-kev 

peak is in terpre ted as a "double-sum" peak which is produced by the 

summing of a 408-kev gamma ray with two 50-kev rad ia t ions . The 

possibil i ty that these sum peaks resu l t from accidental summing of 

noncoincident radiat ions is ruled out by two independent facts . F i r s t , 

any radiation intense enough to cause accidental sums -with the 408-kev 

gamma r a y , would likewise cause sums with the 6 i0-kev gamma ray . 

Since no sums of any type were observed with the 610-kev t rans i t ions , 

all of the observed sums must be r e a l . Second, to further verify this 

conclusion these spec t ra were also measured with a source that was 

one-fourth as s t rong. The spec t ra l shapes were ident ical , -within ex

per imenta l e r r o r s , with those in F ig . 23 . (The intensity of an accidental 

sum peak va r i e s as the square of the source s t rength , while that of a r ea l 

sum peak va r i e s as the source s t rength . ) There fore , it is concluded that 

there must be two radiat ions of approximately 50 kev. These radiat ions 

a re in coincidence with each other and with the 408-kev t rans i t ion . Each 

of the 50-kev radiat ions could resul t from a t rans i t ion of approximately 

50 kev, or from K conversion of a t ransi t ion whose energy is higher 

than the K-elec t ron binding energy of 59 .4 kev. A 100-kev sum peak, 

corresponding to the summing of two 50-kev rad ia t ions , was also 

observed in many spect ra taken with a large solid angle . 
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c . B e t a - G a m m a Co inc idence M e a s u r e m e n t s 

The e n d - p o i n t e n e r g i e s of t h e b e t a - r a y c o m p o n e n t s in 

c o i n c i d e n c e w i th t h e d o m i n a n t g a m m a - r a y t r a n s i t i o n s w e r e m e a s u r e d by 

the s t a n d a r d a l u m i n u m a b s o r p t i o n m e t h o d . T h e s e d a t a i n d i c a t e t h a t the 

610- and 4 0 8 - k e v g a m m a r a y s a r e in c o i n c i d e n c e with b e t a b r a n c h e s of 

(310 ± 30) and (370 ± 30) k e v , r e s p e c t i v e l y . The d i f f e r ence in the e n e r g i e s 

of t h e s e two b e t a - r a y c o m p o n e n t s i s e s t i m a t e d to be 60 ± 20 k e v . 

It w a s not p o s s i b l e to d e t e r m i n e the e n e r g i e s of the b e t a 

r a y s in c o i n c i d e n c e -with t h e o the r r a d i a t i o n s . H o w e v e r , t h e r e w a s no 

ind ica t ion of t h e e x i s t e n c e of any b e t a b r a n c h e s o t h e r t han t h e s e t w o . 

d. G a m m a - G a m m a C o i n c i d e n c e M e a s u r e m e n t s 

No g a m m a r a y s w e r e found to be in c o i n c i d e n c e wi th the 

6 1 0 - k e v t r a n s i t i o n . 

A s e r i e s of c o i n c i d e n c e s p e c t r a w e r e m e a s u r e d in 

o r d e r to d e t e r m i n e the r a d i a t i o n s in c a s c a d e wi th the 4 0 8 - and 4 5 0 - k e v 

t r a n s i t i o n s . T h i s s e t of r u n s w a s t a k e n wi th a s i n g l e - c h a n n e l a n a l y z e r 

window about 20 kev w i d e . F i v e s u c c e s s i v e s p e c t r a w e r e m e a s u r e d 

wi th t h e a n a l y z e r se t t o a c c e p t ad jacen t p o r t i o n s of the s p e c t r u m b e 

t w e e n about 380 and 480 k e v . T h e g e o m e t r i c a r r a n g e m e n t shown in 

the i n s e r t of F i g . 24 w a s c h o s e n to p r e v e n t s c a t t e r i n g f rom one c r y s t a l 

to t h e o t h e r . T h e Cu a b s o r b e r s a r e u s e d to r e d u c e the 100- and 4 6 0 - k e v 

s u m p e a k s in t h e m u l t i c h a n n e l and s i n g l e - c h a n n e l s p e c t r a , r e s p e c t i v e l y . 

Two of the r e s u l t i n g s p e c t r a a r e shown in F i g . 2 4 . T h e s e two s p e c t r a 

a r e n o r m a l i z e d to the s a m e count ing i n t e r v a l and s o u r c e s t r e n g t h for 
172 

the e r b i u m a c t i v i t y . (The r a d i a t i o n s r e s u l t i n g f rom the d e c a y of T m 

a r e not n o r m a l i z e d . ) A n a l y s i s of t h e s e s p e c t r a i n d i c a t e s t h a t t he 

4 0 8 - k e v t r a n s i t i o n i s i n c o i n c i d e n c e wi th r a d i a t i o n s of 200 ± 6 , 160 ± 1 5 , 

and 125 ± 4 k e v , in a d d i t i o n to the K x r a y . T h e 4 5 0 - k e v g a m m a r a y i s 

in c o i n c i d e n c e only wi th a 160 ± 4 k e v t r a n s i t i o n and t h e K x r a y . T h i s 

a n a l y s i s a l s o i n d i c a t e s t h a t the n u m b e r s of 160 -kev t r a n s i t i o n s in c o i n 

c i d e n c e wi th the 4 0 8 - and 4 5 0 - k e v g a m m a r a y s a r e abou t e q u a l . T h e 

p h o t o p e a k s a t 79 and 181 k e v , a s w e l l a s a p o r t i o n of the K x - r a y pea lcs . 
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r e su l t from coincidences following the decay of the daughter Tm 

These t rans i t ions a r e in coincidence with severa l radiat ions between 

400 and 1600 kev. 

A s e r i e s of spec t ra was taken -with the s ingle-channel 

analyzer window accepting port ions of the spec t rum below 250 kev. 

The r e su l t s of the analys is of these data a r e consistent with the above 

in te rpre ta t ion . 

In addition to the exper iments descr ibed above, a 

thorough sea rch was made for any coincidences between the 125- , 

160- , and 200-kev gamma r a y s . None were found. 

In o rde r to invest igate further the nature of the 50-kev 

radiat ions which sum with the 408-kev peak, the t r ip le-coincidence 

circui t (Fig. 6) was used . Two t r ip le coincidence spec t ra were 

m e a s u r e d . In the f i r s t , the two single-channel ana lyzers were set 

to b racke t the 408- and 50-kev peaks . The resul t ing coincidence 

spect rum displayed only a peak corresponding to the K x r ay . In the 

second exper iment , both s ingle-channel windows were set to b racke t 

the K x - r a y peak. The resul t ing spec t rum, which is shown in F ig . 25 , 

exhibits peaks at 408 kev and at the K x - r a y energy. This r e su l t 

suggests two poss ib i l i t i e s . Ei ther the re a r e three low-energy t r a n s i 

t ions producing 50-kev rad ia t ions , al l of which a r e in coincidence -with 

each other; or the x r a y s in F i g . 25 r e su l t from in te rna l conversion of 

the 410-kev t rans i t ion . A combination of both effects may be p r e sen t . 

If one a s s u m e s that the 408-kev t rans i t ion is in 

cascade with only two 50-kev r ad ia t ions , an es t imate of i ts K conver

sion coefficient can be made from these data . For any other decay 
408 

scheme this calculation yields an upper l imit for a . It is , 
xs. 

assumed that the detection efficiencies of c rys ta l s 1 and 2 (Fig, 6) 

a r e identical in the energy range of in te res t and that the efficiency of 

c rys ta l 3 i s the same for a l l t h r ee 50-kev rad ia t ions . It then can be 

shown that 
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•NTX 408 
408 N € 

a. 
N 3 € o) 

X 408 

w h e r e N and N a r e t h e n u m b e r of coun t s in t h e x r a y a n d 4 0 8 - k e v 

p e a k s , c and € a r e the d e t e c t i o n e f f i c i enc ies for 4 0 8 - g a m m a r a y s 

in c r y s t a l 1 and for K x r a y s in c r y s t a l 3 , r e s p e c t i v e l y , and w i s the 
X 408 

f l u o r e s c e n c e y i e l d . E x p e r i m e n t a l l y N / N = 0 . 7 4 ± 0 . 1 5 and 
408 X 408 

€ / e = 0 . 4 6 ± 0. 1; t h e s e v a l u e s -yield a = 0 . 1 2 ± 0 . 0 5 . T h e 
7 408 

c o r r e s p o n d i n g t h e o r e t i c a l v a l u e s of a a r e 

E l 0 .0077 E 2 0 . 0 2 3 E 3 0 . 0 6 3 

M l 0 . 0 5 5 M2 0 . 1 8 M 3 0 . 5 0 . 

The o b s e r v a t i o n of c o i n c i d e n c e s wi th t h e 4 0 8 - k e v t r a n s i t i o n l i m i t s the 
-7 

l i f e t ime of t h i s t r a n s i t i o n t o a v a l u e l e s s t h a n about 10 s e c . T h i s 

r e s t r i c t s t he m u l t i p o l e o r d e r to d ipo le o r q u a d r u p o l e . T h e v a l u e 
408 

a « 0 . 12 i s t h e n c o n s i s t e n t wi th a t r a n s t i o n w h i c h i s e i t h e r p r e -
K. 

d o m i n a n t l y Ml or M 2 . H o w e v e r , if t h e r e a r e t h r e e 5 0 - k e v r a d i a t i o n s , 

in add i t ion to t h o s e f r o m the 4 0 8 - k e v t r a n s i t i o n , in c o i n c i d e n c e wi th 

e a c h o t h e r , t h i s r e s u l t could be c o n s i s t e n t wi th a n E l or E 2 t r a n s i t i o n . 

4 . D e c a v S c h e m e 

a . C o n s t r u c t i o n 

The p r o p o s e d d e c a y s c h e m e i s shown in F i g . 26 . T h e 

r e l a t i v e t r a n s i t i o n i n t e n s i t i e s a r e shown in p a r e n t h e s e s . 

The a b s e n c e of any g a m m a r a y s in c o i n c i d e n c e w i th 

the 6 1 0 - k e v t r a n s i t i o n i n d i c a t e s t h a t t h i s t r a n s i t i o n g o e s to the g r o u n d 

s t a t e and tha t t h e r e i s an e x c i t e d s t a t e a t 610 k e v . F r o m t h e c o i n c i 

d e n c e of t h i s g a m m a r a y wi th a b e t a - r a y b r a n c h of a p p r o x i m a t e l y 

310 k e v , i t fol lows t h a t the t o t a l d e c a y e n e r g y i s a b o u t 900 k e v . 

T h e o b s e r v a t i o n of 408 -200 k e v g a m m a - r a y c o i n c i 

d e n c e s s u g g e s t s tha t t h i s c a s c a d e i s p a r a l l e l to t h e 6 1 0 - k e v t r a n s i 

t i o n . T h e i n t e r m e d i a t e l e v e l i s p l a c e d a t 408 k e v for s e v e r a l r e a s o n s . 

F i r s t , the 4 0 8 - k e v g a m m a r a y i s m u c h m o r e i n t e n s e t h a n t h e 2 0 0 - k e v 

t r a n s i t i o n , even w h e n p o s s i b l e c o n v e r s i o n i s c o n s i d e r e d . S e c o n d , the 

4 0 8 - k e v t r a n s i t i o n i s in c o i n c i d e n c e wi th b e t a s of abou t 370 k e v , and 
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therefore can not depopulate the 610-kev level . These be ta -gamma 

coincidence data requi re that the 408-kev level is populated via a 

level of about 900 - 370 = 530 kev. The t rans i t ions between this 

530-kev state and the 408-kev level are concluded to be the two t r a n s i 

t ions which produce the intense 50-kev radiat ions in para l le l -with the 

125-kev gamma ray . The energy of each of the two t rans i t ions p r o 

ducing 50-kev radiat ions must be above about 48 kev. If it is 

accepted that the sum of the two t rans i t ions is 125 kev, an upper limit 

of about 77 kev may be placed on these energ ies . Thus the level be 

tween these t ransi t ions is placed at470± 15 kev. 

The coincident gamma rays of 450 and 160 kev also 

sum to 610 kev. The sequence of the t rans i t ions is not unambiguous. 

However, placement of the intermediate level at 450 kev is p re fe r r ed . 

If the intermediate state were placed at 160 kev, one would have to 

postulate a t ransi t ion of about 150 kev between the 610- and 470-kev 

levels in order to explain the observed 408-160 kev coincidences. 

Also in this case one might expect to observe t ransi t ions from the high-

energy states to the 160-kev level. With the intermediate state at 

450 kev, as is shown in F ig . 26, one must still postulate an additional 

t ransi t ion to explain the 408-160 kev coincidences. This gamma ray 

could be either a 150 ± 20 kev t ransi t ion between the 610- and 470-kev 

leve l s , or a 40-kev transi t ion between the levels at 450 and 408 kev. 

The lat ter possibil i ty is shown in the decay scheme. 

For the be t a - r ay branches to the 530- and 610-kev leve ls , 

the log ft values indicate the t ransi t ions have allowed charac te r . There 

is no experimental evidence for be ta - ray t ransi t ions to the 408- , 450- , 

and 470-kev levels . The log ft value of the branch to the ground state 

suggests that this t ransi t ion probably has unique first-forbidden 

cha rac te r . 

b . Spin Assignments 

Since Er is an even-even nucleus , the spin and pari ty 

of its ground state a re assumed to be 0 . 
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F r o m the study of the decay of Tm , the spin and 
172 

par i ty of the ground state of Tm were concluded to be 2 . These 

two spin ass ignments a r e consistent with the unique f i rs t -forbidden 

charac te r of the beta t rans i t ion to the ground s ta te . 

Since the beta t rans i t ions to the 610- and 530-kev 

levels a re allowed, the spin of each of these levels i s ei ther 0 or 1 

with positive par i ty . The re is no exper imenta l information on which 

to base a choice between these va lues . (It is only of in t e re s t to note 

that these s ta tes could be m e m b e r s of a rotat ional band if the 530-kev 

level has spin 0. The 610-kev level would then have 1 = 1 and K = 0.) 

F r o m the apparent absence of the beta decay to the 

levels at 410, 450, and 470 kev, it is concluded that these s ta tes 

have 1 ^ 2 . 



C H A P T E R V I . S u m m a r y 

T h e d e c a y s c h e m e s of t h r e e r a d i o a c t i v e n u c l i d e s Dy , 
172 172 

T m , and E r h a v e b e e n s t u d i e d . P r i o r to t h i s i n v e s t i g a t i o n , no 

d e c a y s c h e m e s had b e e n p r o p o s e d for any of t h e s e . E a c h nuc l ide w a s 

p r o d u c e d by the s u c c e s s i v e c a p t u r e of two n e u t r o n s in a s ing le s t a b l e 

n u c l e u s . In o r d e r to ob ta in c h e m i c a i l y p u r e s o u r c e s , s e p a r a t i o n s w e r e 

c a r r i e d out in an i o n - e x c h a n g e c o l u m n . 

Con t inuous b e t a - r a y s p e c t r a w e r e m e a s u r e d in a m a g 

n e t i c b e t a - r a y s p e c t r o m e t e r . G a m m a - r a y t r a n s i t i o n s w e r e s tud i ed 

wi th i n t e r n a l - c o n v e r s i o n - e l e c t r o n s p e c t r o g r a p h s and w i t h a m u l t i c h a n n e l 

s c i n t i l l a t i o n s p e c t r o m e t e r . G a m m a - g a m m a and b e t a - g a m m a c o i n c i d e n c e 

m e a s u r e m e n t s w e r e p e r f o r m e d in o r d e r to d e t e r m i n e t h e d e c a y s c h e m e s . 

When p o s s i b l e , s p i n , p a r i t y , and o t h e r a p p r o p r i a t e q u a n t u m n u m b e r s 

w e r e a s s i g n e d . T h e s e a s s i g n m e n t s a r e b a s e d on the uni f ied m o d e l 

d e s c r i p t i o n of a x i a l l y s-ynametric n u c l e i . 

T h e r e s u l t s of t h i s s tudy a r e s u m m a r i z e d b e l o w . A l s o 

i n c l u d e d i s a b r i e f l i s t of the t-ype of a d d i t i o n a l m e a s u r e m e n t s w h i c h the 

a u t h o r f ee l s would be helpful in ve r i fy ing or c o m p l e t i n g the p r o p o s e d 

d e c a y s c h e m e s . 
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Dy Six g a m m a - r a y t r a n s i t i o n s w e r e found, a long 
with e v i d e n c e for four b e t a - r a y b r a n c h e s . E x c i t e d s t a t e s in the o d d - o d d 

n u c l e u s , Ho w e r e e s t a b l i s h e d a t 5 4 , 2 , 8 2 . 5 , 370 , a n d 428 k e v . 67 > } } 

T h e t o t a l d e c a y e n e r g y w a s found to be a p p r o x i m a t e l y 483 k e v . It h a s 

b e e n p r o p o s e d t h a t t he l e v e l s a t 0 , 5 4 , and 82 k e v f o r m a r o t a t i o n a l 

band w i th K = 0 and n e g a t i v e p a r i t y . T h e y h a v e the sp in s e q u e n c e 0 , 2 , 

1. T h e d e v i a t i o n of the l e v e l e n e r g i e s f r o m the 1(1 + 1) i n t e r v a l r u l e 

i s a p p a r e n t l y due t o an i n t e r a c t i o n b e t w e e n the u n p a i r e d n e u t r o n a n d 

p r o t o n . T h e t h e o r e t i c a l e x p l a n a t i o n of t h e d e v i a t i o n ( d i s c u s s e d in 

C h a p t e r V) p r e d i c t s e n e r g y l e v e l s of E(I) = ( f i / 2 3 ) I ( I + l ) + A E 6^ ^^ 
i , o d a 

for K = 0 b a n d s in o d d - o d d n u c l e i . 
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56 
The repor t of Geiger et a l . confirms a major port ion 

+ 
of the proposed decay scheme. It would be of in te res t to verify the 1 

spin ass ignment of the 428-kev level by direct ional cor re la t ion m e a s u r e 

ment s between success ive gamma rays or between a ganama ray and a 

convers ion-e lec t ron l ine. 
172 

Tm Analysis of the g a m m a - r a y spec t ra indicated 

the exis tence of at leas t 17 g a m m a - r a y t r ans i t ions . F r o m the g a m m a -

gamma and be ta -gamma coincidence da ta , a level scheme was con-
172 

s t ructed for the even-even nucleus -^^Yb . The l eve l s , along -with 
+ + + 

the spin and par i ty a s s ignmen t s , a r e 0(0 ), 0.079 (2 ) , 0.260 (4 )^ 

1 . 1 7 ( 3 ) , 1 . 4 6 ( 2 ) , 1 . 5 4 ( 3 ) , 1 . 6 0 ( 1 ) , 1. 64, and 1. 73 (3) Mev. 

The total decay energy was found to be approximately 1 . 88 Mev. The 

f i rs t three s ta tes (0, 0 .079 , and 0.260 Mev) form a rota t ional band 

with K = 0 and positive par i ty . The s ta tes at 1.46 and 1.54 Mev a r e 

in te rpre ted as m e m b e r s of a rotat ional band with K = 2. Tentat ively , 

the s ta tes at 1.60 and 1.73 Mev a r e in te rpre ted as m e m b e r s of a 

rotat ional band with K = 0 and negative par i ty . Such a band with 

I = 1, 3, 5 , . . . has been observed in severa l nucle i . The state 

at 1.17 Mev is tentat ively ass igned K = 3. Such a state could be 

assoc ia ted with the excitation of a pa r t i c l e . The b e t a - r a y spec t rum 

was analyzed by the use of a computer p rog ram that pe r fo rms a l ea s t -

squares fit s imultaneously to s eve ra l components . F r o m this analys is 

it was concluded that the spin of the thulium ground state is I = K = 2 

with negative par i ty . 
172 

Above 1 Mev the g a m m a - r a y spec t ra of Tm a r e 

ve ry complex. The analyses of these spec t ra a re to some extent 

speculative because of the low resolut ion inherent in scinti l lat ion 

spec t rome t ry . T h e r e f o r e , a verif icat ion of the exis tence of the g a m m a -

ray t rans i t ions repor ted by techniques which a r e able to c lear ly reso lve 

the many t rans i t ions would be des i r ab le ( e . g . by observat ion of the 

conversion l ines) . If feas ib le , the spin ass ignments should be verif ied 

by g a m m a - g a m m a di rec t ional cor re la t ion m e a s u r e m e n t s . Also a 
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172 
measu remen t of the ground-s ta te spin of Tm would be useful. 

172 
E r Eight g a m m a - r a y t rans i t ions were found along 

with th ree b e t a - r a y t r ans i t i ons . Gamnaa-gamma, b e t a - g a m m a , and 

g a m m a - g a m m a - g a m m a coincidence m e a s u r e m e n t s were ca r r i ed out in 

o rder to deduce the decay scheme . The proposed scheme has excited 
172 

s ta tes in the odd-odd nucleus , _ T m at 408, 450 (or 160), 475 ± 15, 
D 9 

530 and 610 kev. The total decay energy was found to be 900 kev. The 

three observed b e t a - r a y t rans i t ions populate the levels at 0, 5 30 and 

610 kev. F rom the b e t a - r a y intensi t ies i t was concluded that the s ta tes 

at 530 and 610 kev have I = 0 or 1 and positive pa r i ty , and the s ta tes 

at 408, 450 (or 160), and 475 kev have I > 2 . These data a r e cons i s -

tent with the ass ignment of I = 2 for the ground state of thul ium. 

The chief problem in this study was the p resence of 
169 

the E r with i t s intense 330 kev beta spec t rum. This difficulty 

would be obviated only by the use of samples that have a much lower 

168 

abundance of E r . With this problem solved, i n t e rna l - conver s ion -

electron studies would be useful in determining the energ ies of the 

t r ans i t ions . Direc t ional cor re la t ions between gamma rays and con

vers ion e lec t rons might then be feasible for determining the spins 

of some of the excited s t a t e s . 
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