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ABSTRACT 

The method of delayed coincidences was used to search for 

metastable states with half-lives in the millimicrosecond range . 

Metastable states were found in the following daughter nuclei: Pa 
231 

-8 209 -9 . 
t 1; 2 ""4.1±.4xl0 sec,Pb , t

1
/ 2 :w:3,l±LOxlO sec, and 

wl84, t
1
/

2 
= 9 ± 3 x 10 -lO sec. In addition, the existence of short

lived metastable states in the daughter nuclides Pa
233 

and P u
239 

was 

confirmed. Upper limits for the half-lives of other gamma tran

sitions were set. A decay scheme for He
184 

is proposed. 

Several critical tests of Nilsson 1 s wave functions were made 

for strongly deformed nuclei. The wave functions were used to 

calculate decoupling parameters, rnagnetic moments, and El transition 

probabilities. These calculated nuclear properties are compared with 

experimental·data in the heavy element region. The calculated values 

are found to be generally in qualitative agreement with the experimen~

tal data. Nilsson's orbits are correlated with nuclear ground-state 

spins in the actinide region. New selection rules for El transitions 

are discus sed. 
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I. EXPERIMENTAL STUDY OF NUCLEAR ISOMERS IN 'IH E 

MILLIMICROSECOND LIFETIME REGION 

A. Introduction 

A nuclear metastable state may be defined as an excited state 

of a nucleus which exists for a measurable length of time. With 

present delayed~coincidence techniques it is possible to measure half

lives as short as a few hundredths of a millimicrosecond. 
1 

Excited nuclear states may decay by the emission of gamma 

radiation or by the ejection of an orbital electron. It is convenient 

to classify electromagnetic radiation by multipole order LD 0 according 

to the angular momenta L (in units of ti) carried by the radiation. 

There are two classes of multipole order, EL (electric~ and ML 

(magnetic), which differ with respect to parity. The conservation of 

angular momentum and parity imposes certain selection rules on the 

possible multipolarities of a gamma transition between two states of 

specified angular momenta (119 If} and parities (n-1, 1Tf~: 2 

(1) 

'if. 

D.:rr = _1_ = 
. :rr f 

( -l)L for EL radiation 

= ( -l}L + 1 for ML radiation. 

Here .6'11' = =1 denotes a parity change. 

The transition probability for the decay of an excited nuclear 

state by gamma radiation depends upon the multipolarity and energy 

of the radiations and also on the wave functions of the nuclear states 

involved in the transition. 
2 

Formulae for estimating the transition 

probabilities of various multipole radiations have been given by 

Weisskopf. 
2

• 3 These formulae were obtained on the assumption that 

the radiations were due to single-particle transitions. Unfortunately 

the formulae are of little value in determining multipolarities. A 

particular transition may be highly hindered if there is little overlap 

between the w;:tve functions of the nuclear states involved. 
4 

On the 
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other hand, certain transition probabilities are greatly enhanced by a 
4-6 "cooperative" phenomenon of many nucleons. It is still convenient 

to compare experimental half lives with the values calculated from the 
2-4 

Weisskopf formulae. 

Internal conversion coefficients depend on the energy and 

multipolarity of the radiation, and the particular atomic orbitals and 

wave functions of the electrons involved, but not on the wave functions 
2 

of the nuclear levels. Therefore~ relative and absolute internal 

conversion coefficients can be used to determine multipole orders of 

radiation. 

Consider a nuclear level and let 

T level = mean life of the level, 

T r = partial mean life of the gamma radiations 

from the level, 

T -e = partial mean life of the conversion electrons 

from tli~ level, 

N = relative number of gamma rays emitted, 
r 

Ne- = relative number of total conversion electrons 

emitted, 

a = total conversion coefficient. 

l 1 1 
ThenT - T +T-

Ie vel r e 

N _ T 
By definition a. =. N e - T r _ 

1 
Therefore ""'T::---~-

.· level 

r e 

1 Ne= 1 
= T- (1 + 1\r"' ) = T (1 + a}. 

r r r 

(2} 

(2 ) 

From this result we see that the transition probability of the 

level is enhanced by a factor of (1 + o.} because of the internal con

version process. This formula also relates the experimentally 

determined half life with the partial half life of the gamma radiation. 

Nuclear isomeric states play a significant role in the under

standing of the details of nuclear structure. From the multipole 

character and the transition probabilities of gamma radiations, many 

checks on the validity of existing nuclear models can be made. 
4

-
6 

,_1 

~. 

' 
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The metastable state must be reachecl as a product of a radio .. 

active disintegration. As a:n. i1,lustratiGm9 let us ccmsider alpha decay 

to an excited state. The alpha particles., and gamma rays fr~t~m the 

excited states will not be emitted simultanecgusly,, but there will be a 

time interval between the alpha .. particle and the gamma =ray emission .. 

Experimentally, the problem is to me a sure this time intervaL. In 

this study the method of delayt;:d co.incidences. was empl<3yed fc:>.r this 

purpose. 

Only metastable states with half lives in the millimicrosecond 

region were soughL This immediately restricts us to transitiems with 

multipolarities El~ Ml, E2 9 or M2, Any higher ~order multipole 

transition would have a half life so much lcmger that it would not be 

in the millimicrosecond regie>n unless the energy of the transition were 
2 3 very large. 1 

There are G>ther ways G>f deducing 'transition prCiJ babilitie s of 

gamma transitions besides direct lifetime measurement (coulombic 

't t' 6; 7 . . f d' . ' h h . exc1 a 10n, compet1t1on 0 gamma ra ;~,at1on Wlt ot · er processes 

like alpha emission,, 
8 

etc,.)" The cmulGmbic excitahon process has 

proved useful for measuring electric q\.ladru·pOl!; transition p1·gbabilities 

which directly populate the ground state .. 5 "'
7 T~1e met];;J;Gd.s of delayed 

coincidences and coulombic excitation compliment each other in that 

the latter method is easier to apply when the transition pr0bability 

is large, while the former is more useful for transitions with small 

transition probabilities. 

B . Experimental Techni9-ues 

1. Radiation Detecter s 

Scintillation detectors were us.ed to detect all tyF>es of radiati,on 

emitted from nuclei. Tlaey offer the advantages of short resolving 

times while there is still a reasonable measure of the energy of the 

detected radiation, 9 The type of phosphor used in the scintillati~n 
detector varied with the nature ef the radiatiam and tlue specific experi.,, 

ment being carried out. 
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To detect alpha particles both potassi urn iodide 9 (thallium 

iodide activated) and stilbene 9 scintillation crystals were used. 

Potassium iodide crystals were used only when it was desired to 

resolve alpha radiation from a high beta or gamma background. These 

crystals were about 1 em square and about 2 mm thick. For our 

purposes the crystals were usually cleaved on five sides. The crystals 

were then fastened directly to the window of an RCA-~5819 photpmulti

plier tube with a vaseline seal. The resolution obtained with 

potassium iodide crystals prepared in this manner was more than 

sufficient to resolve alpha particles from other high-energy radiation 

present. 

When it was not necessary to resolve alpha radiation from 

other radiation~ a stilbene crystal was used, which was prepared in 

the following manner. A lucite disc approximately 5 em in diameter 

and 2 em thick was shaped on one end to fit the window of an RCA 

5819 photomultiplier tube. A well was drilled on the other face of the 

disc about 1 em in depth and 3 em in diameter. Enough trans -stilbene 

was sublimed to form a thin layer of the material on the inside of the 

well. The disc was then fastened with a vaseline seal to an RCA 5819 

photomultiplier tube, 

Sodium iodide (thallium iodide activated) crystals 9 were used 

for the detection and analysis of electromagnetic radiation. By nature 

sodium iodide is hygroscopic; therefore, it is necessary to protect the 

crystal from the atmosphere. This was done by placing the crystal 

in an aluminum can with a thin beryllium window on one face and a 

thin quartz window on the other. The quartz was preshaped to fit an 

RCA 5819 photomultiplier tube. Magnesium oxide was placed between 

the me tal shield and the sodium iodide crystal to act as a light reflector. 

The optical contact was made with Dow Corning 200 Fluid. The sodium 

iodide crystals used were 1. 5 in.· in diameter by 1 in. in thickness. 

Kalkstein and Hollander10 have thoroughly reviewed the literature on 

the subject of the counting efficiency of a sodium iodide crystal with 

the above dimensions. The curves given in that reference were used 

to correct for the photopeak counting efficiency. 
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2. The Fast -Slow Coincidence Circuit 

A block diagram of the coincidence circuit is shown in Fig. 1. 

In order to get the shortest possible rise time for the electronic pulses, 

it is desirable to maintain a very high voltage oil the RCA 5819 

photomultiplier tubes. Thus 1100 volts were usually applied to the 5819 

photomultiplier tubes. 

The pulses, at this point negative, are sent from the photo=_ 

multiplier tubes through a preamplifier and cathode follower. Here 

t,he pulses are branched. For the fast~coincidetice part they are 

passed through two or three Hewlett-Packard 460A Wide Band 

Amplifiers (modified}. To ensure maximum gain in these amplifiers 

only 5654 tubes with a transconductance greater than four thousand 

micromhos were used. To prevent positive pulses from entering the 

fast -coincidence circuit General Eiectric G7 A diodes were placed on 

the outputs of the wide=band amplifiers. From the wide=band 

amplifiers the pulses are led into a delay box. This delay box·consists 

of measured lengths of RG-63/U _or Ainphenol 21 342 cable. :Both of 

these cables have a nominal propagation factor of about 0. 84. That is, 

one foot of this cable will delay a pulse L 21 miliiinicroseconds. This 

value was checked experimentally by searching for resonant frequencies 

in open and shorted cables of the delay box. .The results obtained were 

in reasonable agreement with the above value. From the delay box the 

pulses are fed into the "fastn coincidence circuit. 

A schematic diagram of the VVfastn coincidence eire uit is shown 

in Fig. 2. The pulses are flattened and converted into positive pulses 

by balanced 404A pentodes. Next the pulses are shaped to. 0. 01 to 0. 04 

microsecond by a shorted 200-ohm cable •. Thus the resolving time of 

the fast=coincidence circuit is 0. 02 to 0""{)8 fJ.Sec (the SUln of the 

widths of the shaped pulses in each channel~. A bias is placed on the 

first G?A diode sufficient that if a pulse comes from only one of the 

channels it will not overcoitle the bias, but if two puises are in co= 

incidence the composite pulse is larger thari the bias on the 'diode; The 

rest of this circuit is designed to generate a uniform pulse whenever 

there is a fast coincidence at the G7A diode. This output pulse is fed 
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into the "coinc in" part of the triple-coincidence circuit of the iipulse 

shaper and timing-pulse generator. 11 

The other branch of the pulse from the cathode follower on the 

gate side goes through a shaper where it is shaped to about 2 tJ.Sec. 

It is amplitied and converted into a positive pulse in a linear amplifier 

and then analyzed by a Los Alamos-type single-channel pulse-height .' 

analyzer. ll The selected pulses from this analyzer are fed into the 

11 gate in11 part of the slow trip(;e-coincidence circuit of the pulse shaper 

and timing-pulse generator, 

The other part of the pulse from the cathode follower on the 

signal side is shaped to about 2 tJ.Sec, amplified, and converted into a 

positive pulse in a linear amplifie'r and then fed into the pulse shaper 

and timing-pulse generator, Here part of the signal pulse is used to 

trigger a multi vibrator which sends its pulse to the triple-coincidence 

circuit. The rest of the signal pulse is shaped to about 10 tJ.Sec and fed 

into the signal input of the 50-channel pulse -height analyzer. 
12 

If the 

pulses from the single-channel @AWlse -height analyzer, fast-coincidence 

circuit, and the multivibrator in the pulse shaper arrive at the triple

coincidence circuit within its resolving time (about 2 IJ.Sec), a timing 

pulse is generated which is used to gate the 50-channel pulse-height 

analyzer. 

3. The Method of Delayed Coincidences 

The method of delayed coincidences as it applies to measure

ment of the lifetime of a particular nuclear state is performed as 

follows. The proper scintillation detector is chosen for the initial 

radiation {which may be alpha particles~ beta particles, K x-rays 

following electron capture, or a gamma transition which precedes the 

transition of interest). The electronic pulses resulting from this 

initial radiation are selected by the single -channel pulse -height 

analyzer. The succeeding radiation is detected on the signal counter 

and the gains of the various amplifiers adjusted so that its energy 

spectrum appears on the 50-channel pulse-height analyzer. The rest 

of the experiment consists of determining the coincidence =counting 

rate as a function of electronic delay. 
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A plot of the coincidence .. counting'r-ate as a function of delay 

is conveniently made .on: semilogarithmic graph paper. We shall hence= 

forth call such a graph·a delay curve. To determine the lower limit 

of half=life detection it is necessary to run a nprompt" delay curve. 

That is, a delay curve must be run where it is known that the 

succeeding radiation is prompt (t
1
;

2 
< 10-llsec} with regcird to the 

initial radiation. The two 510.okev annihilation radiations accompany= 

ing the positron decay of Na 
22 

were used to show that the optimum 

lower limit of half=life measurement with this equipment is about 0. 8 

mJ;J~.sec. This latter figure is. the actual finite slope shown by prompt 

delay curves. Unfortunately' the finite slope seems to be energy= 

dependent, and the optimum lower limit for low ... energy radiations is 

somewhat more than 0. 8 mj.Lsec. The upper limit of half=life detection 

is determined by the resolving time of the fast=coincidence circuit. 

Thus, with our resolving time of 0. 02 to 0. 08 iJLSec, the upper limit is 

about 1 JJ.Sec. 

Random coincidence rates were usually obtained by inserting a 

long delay (about 160 mf.Lsec) between the Hewlett-Packard amplifiers 

and the fast =Coincidence circuit on the signal channel. The chance 

counting rate thus obtained was usually negligible compared to the 

prompt true coincidence counting rate. 

4. General Considerations of Delay ·curves 

The nature of the delay curve obtained in a particular experi'"' 

ment is a function of several variables. The one over which we have 

the least control is the energy of the radiations in coincidence with the 

gating event. 

From the description of the electronics equipment we see that 

the final pulses used for the fast -coincidence circuit are shaped by a 

process of reflection. Thus the time displacement of these pulses 

relative to the gating event will be a function of the rise times of the 

initial pulses» which are functions of the energy of the radiations. 

Low=energy radiations have longer rise times; therefore, the entire 
' " 

delay curves of these lower -energy radiations will be displaced f:i-om 

the d~lay curves of highe~ 6energy radi~tions. 
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As a consequence of the above it is essential to have each 

counter count radiation of only a single energy at any one time. It is 

also important when comparing an experimental delay curve with a 
11 prompt11 delay curve to have the energies of the two gating radiations 

and the two coincident radiations as close as possible for the purposes 

of this comparison. 

For half lives that are long compared to the finite slope of a 

prompt delay curve, the ,trailing edge of the delay curve becomes an 

exponential whose slope is determined by the half life or half lives 

of the coincident radiati~n. 13 o;ol 6 If the half life of the radioactive 

transition is about the .same as the finite slope of a prompt delay 

curve, then a more detailed analysis of the delay curve is necessary. 

Much work has been done on the statistical theory of delayed-

" · d · " . 14 -l 6 Th" k h d d d h " 1 coinCI ence experiments. IS war as e uce t eoretlca 

equations which correlate "prompt" coincidence curves with 1 ~111delayed 11 · 

coincidence curves when the coincident radiation has. a measurable 

half life. 
14

• 
15 

If the half life of a coincident radiation is too short to be 

measured by the exponential slope of the delay curve, but is long 

enough to cause a displacement of the delay curve, the half life may 
15 14 

be calculated by methods suggested by Newton and Bay. A method 

similar to Newton•s
15 

was used to evaluate the half life of the 1.1 

mJ.Lsec metastable state fallowing Cm
243 

alpha decay, and Bay's 

method
14 

was used to calculate the half life of the 111. 2-kev level fal-

l 0 • 184 
owing the electron-capture decay of Re . 

Other interesting properties of delay curves are enumera~d 

and discus sed in more .detail by Newton, 
15 

and also by Bell et al. 
13 

C. Experimental Results 

Electric Dipole Transitions 

The lifetime measurements of El transitions in the heavy 

region has been of considerable interest ever since Beling, Newton, 

and Rose
17 

discovered the measurable half life of the 59. 7 .. kev El 
. 241 237 18 

transition following the alpha decay of Am to Np . Stephens 

" 



has tabulated many of the El transitions known in the odd=mass nuclei 

in the translead region and the measurement of the lifetimes of most 

of these transitions has now been completed either in this study or by 
18=21 

the work of others. 
18 

Stephens has also reported the existence of several low= 

lying odd=parity states in even-even nuclei which decay by El 

transitions. Several of these particular transitions were also studied. 

The results of the measurements on odd~mass nuclides in the deformed 

region are discussed in the section dealing with Nilsson's wave func= 

tions. The rest of the data are covered in the section on discussion of 

results for Part I. 

a. Am
243 

decay. The isotope Am
243 

is prepared by the intense 
0 do 0 f 1 1 1 0 1 0 22, 23 Th neutron 1rra 1ahon o ower e ements, u tlmate y uran1um. e 

samples used for the following study .had one hundred times as much 
243 241 . 

Am as Am by activity. This activity was placed on thin 

aluminum plates 0 

Of interest here is a 75 ~kev transition following the alpha decay 

of Am
243 

assigned as El on the basis of conversion coefficients. 
24 

Since the analogous 59. 7 =kev El transition following the alpha decay of 
241 0 17 . 

Am has a half hfe .of 63 mJ.Lsec, we would expect the El transition 

in Np 239 to have some similar half life. 

Figure 3 shows a delay curve of the 75 ~kev radiation coincident 

with alpha particles. A potassium iodide crystal was used for the 

detection of alpha particles and a sodium iodide crystal was used for 

gamma ""ray detection and analysis. As a result of this run we rna y set 

an upper limit of 1. 6 mJ.Lsec for the half life of the 75=kev transition. 

This result is in agreement with the results of Kalkstein and 
25 . . 26 

Rasmussen and also those of Engelkemeu, who were able to set 

an upper limit of 2 mtJ.sec for the half life. They studied this El tran= 

sition following the beta decay of u 23 9 to Np 23 9. 

b R 
225 d · · R. 225 · b · t. . .. t· t . th 14. 8 d . a . ecay. a 1s a e a em1 er W1 a . = ay 

half life. 
22 

It may be prepared from the natural radioactive product 

Th 
229

. Chemical purification of this isotope is simple. It consists 

of an extraction of aqueous Th
229 

solution with 0. 4 ~ TTA 

(thenoyltrifluoroacetone) solution in benzene. The acidity of the 

2 
v 
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aqueous phase is adjusted to a pH of about 5. Under these conditions 

the Ra
225 

activity remains in the aqueous phase while all the othe.r 

· · · . th Th229 d. · h.. . t· t . h b . act1v1t1es present 1rt e . ecay c a1n ex rae 1nto t e enzene 

h R 
225 . 't d . h b d p as e. a act1v1 y prepare 1n t e a ove manner was mounte · on 

a thin aluminum disc, 

The main point of interest here was to study the lifetime 6f 
225 18 

the 40-kev transition following the beta decay of Ra Stephens 

has c:ssigned this transition as El on the basis of total and L-subshell 

conversion coefficients. The level giving rise to the 27-kev El tran-

't' f 11·· · · 1 h. d.,.,. rp· 231 t· A ZZ?h · b 'f 'dt. b. s1 10n o ow1ng a p a e .... ay or a o c as een . oun o e 

metastable, with a half life of about 4() rbfisec. ZO Sine e Ra 225 betao~ 
decays td the analogous. daughter, Ac 225

, it is reasonable to expect 

the 40 =kev El transition to be delayed in a manner similar to the 

delay shown by the El transition of Ac 
22 7 

An anthracene crystal was used for the detection of beta 

particles an:d a sodiurn· iodide crystal was used for the detection and 

analysis of the coincident 40-k~v phdtons. An analysis of the delay 

Ct'..rve showed that an upper lirriit of 4 ti:qJ.St::c couid be set fbr the 

half life of the level from which this transition occurs. Thus this 

coP..iirms the work of Rasmuss~n.and Stepheris, 
27 

who reported the 

11 promptn nature of this El transition, 

c. Np
237 

decay. Engelkerneir and Magnusson19 rep~rted the 

existence of a 37 =n'l!J.Sec metastable state .following the alpha decay of 

Np
237 

Stephens
18 

has shown the existence of El transitions of 
I 

enei·gies 30 an:d 87 kev, The study reported herein was undertaken 

to see if either or both of these El trarisitiorts were delayed·. 

Quantities of Np231
M high isotopic purit'y wete .available 

·from an (n, Zn) reaction on u 238
. To remove the prolific radiaqons 

associated with the daughter. Pa 
233 ~ a chemical separation was 

d 
. 237 . 

evised. The Np activity was put in solution and hydrogen 

chloride gas was passed thtough the sblutiori ~~tb :lt 'was sd:tU.r it~d 
with hydrogen chloride. This Solution w~s placed 6h a co lum.n 

consisting of Dowex A~l anion re~in, (Under these conditions both 

neptunium and protactinium are adsorbed onto the resin. } Elution 
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was then effected with dilute hydrogen chloride (1 M) which was found 
r-

to remove the neptunium quickly while leaving most of the protactinium 

on the column. The hydrogen chloride concentration of the solution was 

then adjusted to 1. 5 ~· from which the neptunium was extracted into · 

a 0. 4 M solution of TTA in benzene. The neptunium activity was then 

back~extracted into an aqueous 8 ~ HN0
3 

solution. The activity could 

then be mounted directly onto thin aluminum plates. 

A stilbene crystal was used for the detection of alpha particles 

and a sodium iodide crystal was employed for the detectipn and analysis 

of electromagnetic radiations. Figures 4 and 5 are delay curves of the 

two photons. These two figures also show the gross coincident electro

magnetic spectrum as a function of delay. These graphs clearly 

indicate that both the 30- and the 87 -kev transitions are delayed with a 

half-life equal to 36 ± 4 mtJ.sec. Careful analysis of the 87-kev photon 

delay curve indicates the presence of a "prompt11 component with an 

intensity of about 25 percent of the total 87 -kev photopeak. This 

could be attributed to K x ... rays arising from the K conversion of 
237 . . 26 

~igher -energy transitions in the decay of Np Engelkemeu 

has confirmed that both of the El transitions are delayed. 

Two higher-energy photons of energies 143 and 198 kev have 

also been observed in the gamma spectrum of Np
237

• A delay curve 

was run on these two particular gamma transitions and they appeared 

to be prompt. An upper limit of 2 mtJ.sec was set for the half-lives 

of both transitions. 

d. 231 231 . 22 . 
Th decay. Th betacdecays With a 25. 6-hr half-

l "f p 231 1 e to a . Beta emitter Th
231 

has been studied extensively by 
28 18 

Freedman et al. and by Stephens. The decay. is quite complex, 

and no wholly satisfactory decay scheme has yet been established. 
18 

Stephens has observed 26- and 85-kev transitions in this decay and 

has assigned them as El on the basis of total conversion coefficients. 

Pa 
233 

(the daughter nucleus of Np
237

} has El transitions of just about 

the same energies, which arise from a state with a measurable 

lifetime. Thus this study was undertaken to seeiif the analogous El 

transitions of Pa 
231 

were also delayed. 

.. 
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235 A sample of U was obtained which had been isotopically 

enriched to a purity of more than 99 percent. This uranium activity 

was placed on a Dowex A-1 anion resin column. Th
231 

activity was 

stripped off the column by concentrated hydrogen chloride, which 

left the uranium on the column. The pH of the :eluant: was adjusted to 

about 4. 0 and the thorium activity extracted into a 0. 4 ~ TTA 

solution in benze.ne. The activity was back-extracted into 8 :t::;:! 

HN0
3 

and transferred to a thin aluminum plate .. To check the. purity 

of samples prepared in this manner the decay of Th
231 

was usually 

followed for several half-lives, during which time no deviations from 

a simple exponential decay were ever observed. 

An anthracene crystal was used to detect the beta particles 

and a sodium iodide crystal was employed to detect and analyze the 

coincident electromagnetic radiation. Figure 6 shows the delay 

curve of the 26-kev photon. A similar delay curve was obtained for 

the 85 -kev photon. Thus both El transitions were delayed with 

respect to the bda particles. To verify that this delay was not being 

introduced by some faulty electronic equipment. a delay curve of the 

. 
11 prompt11 El transition of Ra225 was also run. This delay curve is 

also shown in Fig. 6. Figure 7 in~cates the results of another run. 

This time the statistics were much better and only that part of the 

delay curve that determines the half =life is shown. The average of 

several of these delay curves. gives a value of 41 ± 4 I'n!J.Sec £Gr the 

half-life of the level in Pa
231 

giving rise to these El transitions. 

From these delay curves it appears that almost all of the 
28 

radiation is delayed. However. Freedman et al. have reported an 

intense sbft beta group with an erid point at 94 kev, and it is possible 
. \ . . 

that the pulses from the soft betas were not of sufficient energy to 

trigger the coincidence circuits. In addition to these intense El 

photons there a:te some higher -energy gamma transitions in very low 

abundance. The abundance is so low that no energy determination 

was attempted. However, it was possible to show that most of this 

radiation wasuuprompt! 1 with the upper limit fuf the half-life of the levels 

from which they emanate :ab'o\!1: 3trn~s~c.:• .. 
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In addition to beta-:-gamma some gamma-gamma coincidences 

were also undertaken~ using two sodium iodide crystals. The single= 

channel pulse-height analyzer was set to accept only electromagnetic 

radiation of energy about 85 kev. The 26- and 85-kev photons, along 

with some low-intensity higher-energy radiation, appeared in 

coincidence on the 50-channel pulse.,..height analyzer. The coincident 

85-kev photopeak appeared too broad to be due to a single gamma ray. 

A long delay (about 80 mtJ.sec) was put on the gate pulses leading into 

the fast-coincidence circuit. (Under these conditions the coincidence 

spectrum shows the gamma rays delayed w?.th respect to K x-rays. ) 

The coincidence spectrum showed the 26- and 85-kev photons, but the 

higher-energy radiation was no longer present. The 85-kev photo

peak in this spectrum no longer appeared complex. It also appeared 

to be a little lower in energy than the prompt-coincidence peak. 

A long delay {about 80 mf.Lsec) was placed on the signal pulses 

leading in to the fast-coincidence circuit • Under these conditions 

the coincidence spectra show those gamma rays which populate the 

metastable state. The peak at 26 kev disappeared but the photopeak 

at about 85 kev remained in the spectrum. The peak appeared complex 

and displaced towards a little higher energy than the prompt

coincidence peak. In addition this spectrum showed some higher

energy radiation in low abundance. 

Thus, we conclude that all gamma transitions of energy 

greater than 85 kev emanate from states above the metastable level 

and that at least one of these higher-energy tr~nsitions populates the 

metastable level. 

Stephens
18 

has already reported one discrepancy in the decay 
28 

scheme proposed by Freedman et al. The above data are contrary 

to another phase of that proposed decay scheme, According to that .. 

decay scheme about 50 percent of the 26-kev photons should be prompt, 

since Freedman et al. 
28 

have postulated a relative hard beta 

group populating a 26-kev level directly. The delay curves of 

the beta-26-kev photon coincidences do not show any prompt 

component {at least 90 percent of the 26-kev photons are delayed). 
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This discrepancy cannot be explained by the soft beta group~ since the 

beta group populating the 26-kev level would be relatively hard in 

Freedman's decay scheme. . 

Recently, Hoff and Mann
29 

have studied the alpha decay of 

Np 
235

, which decays to the same daughter nucleus, Pa 
231

. Their 

work has confirmed the existence of a metastable state with a half 

life of about 40 m1-1sec. 

e. Cf
249 

decay. Cf
249 

is an alpha emitter with a half life of 

400 to 500 yr. 
30 

It may be prepared by intensive neutron irradiation 

of lower elements. 
30 

The samples used in this study were milked 
250 

from a separated berkelium fraction, to reduce the amounts of Cf -
252 

Cf. present~ and then mounted on a 0" 00025 ~in,. platinum plate. 
18 

Stephens has studied this isotope and has proposed a tentative decay 

scheme. The main gamma transition has an energy of 394 kev~ with 

weaker transitions at 341 and 270 kev. The 341- and 394~kev tran= 

sitions have been assigned as probably El on the basis of K-conversion 

coefficients. 
31 

The photon of energy about 270 kev has not been 

assigned a multipolarity. 

Figure 8 shows the delay curves of the two high-energy gamma 

rays. A stilbene crystal was used to detect alpha particles, and a 

sodium iodide crystal was used to detect and analyze electromagnetic 

radiations. From the delay curves we may set an upper limit of 0. 8 

m1-1sec for 

f. 

t R 
223 

o a . 

the half life of the levels from which these transitions occur. 

Th
227 

decay. Th
227 

alphae<iecays 22 with a 19 ... hr half life 

Hyde
32 

has reported the existence of a 50-kev transition 

whose total conversion is so low that the transition, can only be El. 

There is another intense transition~ of energy 236. 1 kev, which has 

been assigned as El by Pilger 33 on the basis of K and L conversion 

coefficients. 

A sample of this activity was made available and a delayed

coincidence experiment was carried out to see if either or both of 

these transitions have measurable 'lifetimes. A potassium iodide 

crystal was used to detect and analyze alpha particles, and a sodium 

iodide crystal was employed to analyze the coincident electromagnetic 

spectrum. Electromagnetic radiation peaks were seen at 50, 80, and 
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235 kev. The latter peak was much too broad to be due to a single 

gamma-ray. 

The delay curves were analyzed and .all photons appeared to be 

, "prompt. 11 An upper limit of 2 mtJ.sec could be set for the half life of 

t.he 50o.kev El transition and an upper limit of 1 mtJ.Sec could be set for 

the half life of the 236-kev transition. The K x=rays also appeared to 

be prompt with respect to the initial alpha particles. This, in part, 

confirms the work of Rasmussen and Hyde
34 

who previously observed 

the prompt nat~re of the 50=kev El transition. 
235 18 . • 235 

, g. U ·. ~decay. Stephens has studied the alpha decay of U 

in considerable detail and has proposed a decay scheme~ The main 

gamma tr':lnsitions accompanying the decay have energies of 184, 143, 

and 109 kev. All three of these transitions have been assigned as El 

on the basis of K.-conversion coefficients.
18 

The u235 
samf>le described in the section on Th

231 
decay was 

available for this study. No attempt was made to chemically remove 

the Th231 daughter, as it grows into the u 235 sample too rapidly to 

be practical. As Th
231 

is a beta emitter it in no way interfered with 

the 'alpha-.gamma coincidence experiments. A stilbene crystal was 

used to detect alpha particles, and a sodium iodide crystal was used 

for the detection and analysis of gamma radiation. 

The specific activity of u 235 is too low to permit good statistics 

to be obtained on delay curves. However, one delay curve was run 

between alpha particles and the most intense gamma ray, the, 184-kev 

photon. This run permits us to set an upper limit of 1. 5 mJJ.sec for 

the half life of the state from which this transition emanates. In the 
~ .' . 

decay scheme proposed by Stephens
18 

all three El transitions depopu-

lat~ the same level. Therefore this half.Jife limit will be true for all 

thre~ El transitions in the u2 3"~ decay. . . 
209 . 209 . . . . 18 22 35 36 

h. Tl decay. Tl 1s a 2.2=mln beta em1tter, ' ' ' 

which inay be prepared from the natural radioactive product Th 
229 

•. 

Due to the short half life of Tl209 it is not pr a.ctical to isolate this 

activity. Instead, a sample of Ac 225 was chemically separated from 

its Th229 parent and the Tl209 activity studied was in transient 

'l'b . . th th A 225 " Th h' 1 . d 11 equ1 1 r1um W1 e c parent, us t 1s samp e conta1ne a 
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the other activities that are in the Ac
225 

decay chain. However, 
209 

there are only three beta emitters in this chain. One, Pb , has a 

0. 64.,Mev beta group with no gamma transitions following the beta 

decay.· Bi
213 

has two beta groups, one with an end point at 1. 39 Mev 

and the other at 0. 959 Mev. There is also a 434-kev gamma ray 

present in the Bi
213 

decay scheme. Thus, only this 434=kev photon 

can interfere with the beta=gamma coincidence measurements made 

Tl
209 

on • 

Tl
209 

has a beta end-point energy of 1. 99 Mev, and its decay 

scheme has been studied {see Fig. 9}. 
18 

In this disintegration scheme 

there are three transitions, of energies 120, 450, and 1560 kev, in 

cascade. The 120-kev transition has been assigned as El on the basis 

f K d L . ff" . t 18, 35 o - an -convers1on coe 1c1en s. 

A lucite disc impregnated with terphenyl was used for the 

detection and analysis of beta particles. Scotch tape was placed over 

the side of the disc facing the Ac 225 sample so that alpha particles 

would not trigger the ngate. 11 .,A sodium iodide crystal was used for 

the detection and analysis of the coincident radiation. The single

channel pulse =height analyzer was set to count all beta particles 

above the photomultiplier noise level. 

Beta=gamma coincidences showed coincident gamma radia~ 

tion at 120, 450, and 1560 kev, and in addition a peak at 80 kev due to 

K x-rays. The peak at 450 kev is actually a composite of the 434-

kev gamma 

from Tl209 
ray from Bi

213 
beta decay and the 450-kev gamma ray 

. 18 35 . 213 
beta decay. ' The B1 434~kev gamma ray is 

approximately 20 times as intense as the 450=kev gamma ray of 

Tl
209 

in this sample. This results from the fact that Bi 
213 

decays 

primarily by beta emission and the level of the Tl209 activity is 

determined by the alpha branching ratio of Bi 213, which is of the 

order of 2 percent. 

Figure 10 shows the delay curves of the K x-rays and 120-kev 

gamma transitions. Careful analysis of the K x-ray delay curve 

. shows a prompt component and then a delayed component. The 120-

kev delay curve shows· only one delayed component. Figure ll 

shows the low=energy coincident electromagnetic radiation in both 
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prompt and delayed coincidence. In prompt coincidence the K x-ray 

peak is more intense than the 120-kev photopeak, but in delayed 

coincidence the 120-kev photopeak is more intense than the K x-ray 

peak. 

Let us consider two electromagnetic radiations gated by the 

same initial event with the half-lives of both transitions shdrLco.mpared 

tn th,e finite slope of the delay curve. Let us now consider the delay 

curves of the two radiations. As more and more delay is introduced on 

the gate pulses, the counting rates of the two photons decrease. 

However, the counting rate of the higher-energy radiation decreases 

with a smaller delay on the gate pulses than is necessary to decrease 

the counting rate of the lower -energy radiation by the same factor. The 

delay curves for Tl
209 

in Fig. 10 exhibit the opposite behavior and are 

evidence for a delayed transition. 

Other experiments were made to further verify the existence 

of a metastable state. As the 450= and 1560-kev transitions are in 

d d d th 12 0 k . . . 18 b h h . . casca e an succee e - ev trans1t1on, ot t es,e trans1tlons 

must also be delayed with respect to the initial beta particles. The 

beta-450-kev gamma delay curve showed a prompt component (t
1
;

2 
< 2 mf.Lsec) and then a delayed component. The prompt component 

was thought to be the 434 -kev gamma transition of Bi 
213

. To prove 

this the single-channel discriminator was set above the 0. 96-Mev end 

point of the beta group populating the 434-kev level in Po213 ·but below 

the 1. 99-Mev end point of the Tl209 beta spectrum. Under these con

ditions the beta--450-kev delay curve showed no prompt component but 

only a single clelayed 450-kev gamma transition. Figure 12 shows the 

two different delay curves normalized at their peak coincidence

counting rates. 

The counting efficiency of the 1560 ... kev photon is too low 
10 

to permit a direct beta--1560-kev delay curve to be run, but a delay 

curve integrating all gamma rays above 500 kev showed that esl!fentially 

everything higher than 500 kev was delayed. 

The half-life of this metastable state as determined from the 

average of several delay curves is 3.1 ± 1. 0 mf.Lsec. 



400 

LLI 
1-
:::> 
ZIOO 
:::!: 

......... 
~ 40 
z 
:::> 
0 
~ 
LL1 10 
1-
<t 
a: 

4 
(!) 

z 
j:: 
z 
:::> 
0 
u 

0.4 

-33-

~---=1--- .. --·--~--·-·--~ 
~~ .......... ~ 

·' ·~ ~ 
(J • GROSS BETA- 434 a 450 Kev y • 1._ 

• NORMALIZED HIGH ENERGY BETA \ l 
(E 8 > 1.0 Mev)-450 Kev y 't: 

\ 

+ OELA Y = DELAY ON BETAS ~ 

-20 0 20 40 60 
-+DELAY (IN MILLIMICROSECONDS) 

\ 
\ 

J, 

80 

Fig. I-12 Delay Curves of 434-kev and 450-kev 
Gamma Rays Following Beta Decay 
of Tl209 and Bi 213 

100 

MU-11069 



/ 

-34-

One gamma -gamma coincidence experiment was also per

formed. The single=channel analyzer was set on the 120=kev photon, 

and delay curves were run for the coincident 450- and 1560-kev gam.ma 

rays. The results of this experiment enable us to set an upper limit 

of l. 5 m~J.sec for the half-lives of both transitions. 

i. u 230 
family decay. Another group of El transitions 

studied were those emanating from the 1= states of even-even nuclei. 
18 

Low-lying 1- states have been well established in that part of the 

periodic table around 136 neutrons. The 1- states usually decay by El 

transitions to the 0+ ground state and the 2+ first excited state. The 

assignment of El mult:i.polarity to these transitions has been made 

chiefly on the basis of alpha-gamma angular correlation experiments. 

It is convenient to study these low-lying 1- states in the u230 
decay 

chain. The activities of main interest are alpha emitter u 230 
itself 

and 31-min alpha emitter Th
226

• the immediate daughter of u 230 

230 
A sample of U was made by bombarding thorium metal 

with hl~h -energy protons. The target was allowed to stand about a 

month to give the Pa
230 

formed time to decay into u230
. At the end of 

this period chemical separation of the uranium yielded essentially pure 

20. 8-day u~ 30 
9 into which its daughters soon grew. This sample was 

transferred to a thin aluminum plate. 

A stilbene crystal was used for the detection of alpha parti

cles and a sodium iodide crystal was employed for the detection and 

analysis of the coincident electromagnetic spectrum. The coincidence 

spectrum is complex. but previous wo rk
18 

had identified three El 

transitions which could be seen in the spectrum. There was a peak at 

about 240 kev which contained an El transition of energy 230 kev from 

u230 
decay and an El transition of energy 240 kev from Th

226 
decay. 

These two gamma rays could not be resolved from each other but the 

composite peak was somewhat wider than a photopeak due to a single 

photon should be. On this justification it was assumed that both 

transitions were present in the spectrum. The third El transition 

observed was the 160-kev photon emanating from the 1- level of Th
226 

230 
following alpha decay of U • 
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Figure 13 shows the delay curves of both the 160~kev and the 

combined 240~kev gamma rays. The results of these delay curves 

enable us to set an upper limit of 1. 2 mf.Lsec for the half life of the 

two photons in the 240 -kev peak. Likewise an upper limit of 1. 5 mf.Lsec 

may be set for the half life of the 160-kev transition. Thus we can set 

an upper limit of 1. 2 mflsec for the half lives of the 1-levels in both 

Th
226 

and Ra
222

. 

2. Magnetic Dipole Transitions 

The lifetimes of Ml transitions seem to vary erratically in 

somewhat the same manner as El transition probabilities. 
4 

However, 

in general, most Ml transitions proceed too rapidly to measure their 

transition probabilities easily by the method of delayed coincidences. 

Nevertheless, the, ~t udies described here were undertaken to determine 

if there were any delayed Ml transitions in the heavy region. 
243 243 239 . . 

a. Cm decay. Cm decays to Pu by alpha em1ss1on 

with a half life of about 35 years. 
31 

Np 239 beta-decays to the same 
37 

daughter nucleus. Graham and Bell reported the existence of a 1.1-

mf.Lsec in Pu239 following the beta decay of Np 239 • They observed that 

the beta coincidence counting rates of the 210-, 227-, and 276-kev 

transitions all followed the 1. 1-mf.Lsec half life. The multipolarity of 

these transitions has been established as principally Ml
38 

1on tp.e basis 

of relative K- and L-subshell and absolute K·-conversion coefficients. 

It was therefore decided to reinvestigate the delayed nature of these Ml 

transitions. 
· ·T· h1"s · 243 study was carried out from the Cm alpha decay because 

of the more convenient half life. A sample of Cm
243 

was chemically 

separated from a quantity of Pu239 which had undergone extensive 

neutron bombardment. By alpha activity this sample was approximately 

90 percent Cm 
242

, but this activity did not interfere with the me a sure

ments. 

A stilbene crystal was used for the detection of alpha particles 

and a sodium .i;qdide crystal was used for the detection and analysis of 

electromagnetic radiation. Figure 14 shows the delay curve of the 278-

kev photon. For comparison purposes we have dotted in a line 
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., obtained experimentally from a Cf delay curve described previously. 

This graph clearly shows that the 278~kev transition is delayed with 

respect to alpha=particle emission. 

An analysis of this delay curve similar to the analysis suggested 
15 

by Newton yielded a value of about L 2 m1-1sec for the half life of the 

level from which these Ml transitions emanate. 

b. Bi
213 

decay. It has already been noted under the decay of 

T1
209 

that a 434=kev transition following beta decay of Bi 
213 

was 
18 

"prompt 11 {t1; 2 < 2 mtJ.sec}. Stephens has assigned this transition as 

Ml. 

c. Re
183 

decay. Re
183 

decays by electron capture to w183
. 

Previous work39 has indicated that prolific radiations are associated 

withthis decay. The most intense radiations associated with the 

decay are three transitions of energy aboutl'nO kev~-two of which are 

assigned as Ml transitions=~and two transitions of energy around 100 

kev=~one of which is assigned as an Ml transition. All of these multi~ 

polarity assignments were made on the basis of relative K~and L

sub:Shell conversion coefficients. 
40 

. 183 
A sample of Re was chemically separated from a tantalum 

target that had been bombarded with 40~Mev alpha particles. The 

single-channel analyzer was set on the K x~ray photopeak. Delay 

curves were then run, and an upper limit of 4 mJ.Lsec could be set for 

the half lives of all the above transitions. 
231 231 . 

d. Pa decay. Following the alpha decay of Pa there is a 

300~kev transition assigned as Ml. 
41 

An upper limit of 1. 5 m1-1sec was .. 

set for the half life of this transition. 

3. Electric Quadrupole Transitions 

The study of E2 transition probabilities 1s of much interest, as 
6 the Bohr -Mottelson theory predicts that certain E2 transitions will 

proceed at a more rapid rate than would be expected for a single

particle transition. Accordingly several studies of E.Z transition life

times were undertaken. Some work on the disintegration scheme:.:.of 

R 
184 . a1 di d . th" t• e 1s so scus se 1n 1s sec 10n. 
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a. u 230 
family decay. Some aspects of the u 230 

family 

decay have already been discus sed in the section on El transitions. 

The experimental conditions de.scribed in that section are identical to 

those used for these studies. In the u 230 
family the following E2tran

sitions are present?
8 

a 70=kev transition following the alpha decay of 

u230
, 110= and 190=kev transitions following the alpha decay of 'irh22? 

222 
and a 330=kev transition following the alpha decay of Ra o The multi-

polarity assignments ·were made o:t1 the basis of conversion coefficients 

and alpha- gamma angular correlation experiments 0 

Figure 15 shows one of four delay curves obtained in this 

study. All of the transitions appeared 11 prompt, 11 with the following 

upper limits set from the delay curves: 330-kev transition, tl/Z ~- 0. 8 

mtJ.Sec; 70- and 190-kev transitions» tl/Z 1< 1. 5 mtJ.sec; llO=kev 

transition. tl/Z < 1. 4 mtJ.sec. . 
184 184 184 

b. Re .. decay. Re decays by electron capture to W 

with a 50 =dav half -life. ZZ, 42 Previous work 43 • 44 has shown that the 
\ ' 

first excited state has a spin of 2+ and that this state de=excites by an 

E2 transition of energy about 112 kev. Severa.l.dher transitions have 

l b d . 184 d. 42 A. l f . 184 a so een reporte accompanyrng Re ecay. sarnp e o Re 

was' chemically separated from a tantalum target that had been 

bombarded with 40-Mev alpha particles. A permanent-magnet ~lectron 
. 45 
spectrograph was used to accurately determine the energy of the 

first excited state as 111. 2 kev. Not enough activity was made to see any 

ctherelectron lines that couHl be attributed to Re
184 

decay. 

Gamma photopeaks at energies 78d and 890 kev were seen on 

a sodium iodide scintillation counter. The relative intensities of these 

two photons are as 67:100. The decay bf these two transitions was 

followed for three half-lives and showed no deviation fro:rn a simple 

exponential decay. The photons decayed with a half-life equal to 52± 

10 days. Unfortunately the rhenium sample prepared in the above 
, . . d 1 . . . f R' 18 3 . R 18 3 d . . manner contarne a a:tge proportion o e . e ecay rs 

accompanied by prolific low-energy radiation 
39 

which completely 
i84 

obscured the low-energy part of the Re gamma spectrum. 
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G . . d R 184 . amma -gamma co1nc1 ences were run on e 1n an 

attempt to clear up the decay scheme. K x-rays ('""120 percent) and 110-

kev photons ('""35 percent) were seen in coincidence with the 780-kev 

photon. K x-rays (-100 percent), 110-kev photons ('""3 percent}, and 

240-kev photons (-8 percent} were seen in coincidence with the 890-

kev photons. In addition, low-intensity coincidences. were seen be

tween 240-kev photons with both 540- and 630-kev gamma rays. To 

make sure that these two coincidences were not due to the higher

energy photons scattering off one sodium iodide crystal into the other, 

the two scintillation counters were set' up in such a manner that they 

could not 11 see" each other. This experiment gave positive results. 

However, the poor coincidence geometry coupled with the low intensity 

of the two photons res\llted in very poor statistics, and the existence 

of the 540- and 630-kev gamma rays is somewhat doubtful. The 

intensity of both the 540- and 630-kev gamma rays is estimated to be 

1 percent of the 890-kev photon intensity. 

In constructing a decay schemerwe first note that most of the 

890-kev photons are in coincidence with only K x-rays. Therefore it 

seems reasonable that there is a level, at 890 kev which depopulates at 

least in part by an 890-kev tr.ansition to the ground state. It is known 

that the first excited state has an energy Of 110 kev and that there are 

abundant 780--110-kev coincidences. Thus the 780-kev transition must 

also depopulate the 890-kev level. In even-even nuclei with a large 
. . 6 

prolate spheroidal deformation the Bohr.,:Mpttelson theory ·predicts 

the existence of a 4+ level at an eneiegy 3~ 33 times the energy of the 

2+ state. Therefore this theory predicts a level at about 365 kev. 

However, at mass number 184 nuclei are not as deformed as they are 
. 6 

at lower mass numbers, where the Bohr-Mottelson unified model 

holds more accurately. Therefore we would expect the 4+ level to be 

somewhat depressed in energy and it is reasonable to place the 240-

kev transition as a 4+ to 2+ transition. T.he three transitions seen in 

coincidence with the 240 -kev photon may then be placed directly 

populating the 4+ level. This proposed decay scheme for Re
184 

is 

shown in Fig. 16. 
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By gating on K x-rays we were able to set an upper limit for 

the half-life of the 890-kev level at 1.1 mtJ.sec. In another experiment 

a delay curve was run between 780- and 110-kev photons. This delay 

curve is compared with one taken of Bi
207 

in Fig. 17. For the 

purposes of this comparison the single-channel pulse-height analyzer 

in the Bi 207 run was set to accept the same energy range as for the 

Re
184 

run, and the same channels on the 50 -channel pulse -height 

analyzer were integrated in both cases. From this direct comparison 

we can see that the 110-kev level is a metastable state. The centroid= 

shift method suggested by Bay
14 

was used to obtain the half-life of the 
-10 

110-kev level. Thus, the half-life was found to be 9 :i: 3 x 10 sec. 

It is interesting to compare the results of the electron-
184 184 . 46 

capture decay of Re to W W1 th some data obtained from the beta 
184 

decay of Ta to the same nucleus. In the beta decay, photons were 

reported at energies of 110, 160, 210, 240, 300, 405, 780, 890 0 and 

1180 kev with relative intensities 3~ 1, 1, 6, 3. 5, 10, l. 7, 9, and 5. 
The increased intensity of the 890-kev photon relative to the 780-kev 

gamma ray indicates that the 1240 -kev level is more heavily populated 

in the beta decay. It is also interesting to note that when we correct 

the 110- and 240-kev transitions for internal conversion we obtain a 

rough intensity check of the various transitions. The total conversion 

coefficient of the 240 -kev transition is estimated at 0. 25 from Rose as 

tables, 
47 

while the total conversion coefficient of the 110-kev tran= 

. sition is taken to be 2. 0 from the above data on 780--110-kev 

coincielence s. 
184 

Figure 16 shows the rough intensity .check from Ta 

decay. 

The 160 -kev photon observed in Ta 
184 

decay is probably not 

real, but due to backscattered higher -energy gamma rays. ·Howeverp 

the other four photons are not seen in Re
184 

electron-capture decay 
184 ' 184 

and Ta must populate some levels not populated by Re decay. 
221 d Th 4 8 . 1 h . F 221 . c. Fr ecay. e . -m1n a p a em1tter r lS 

another activity present in the 
225 

Ac decay chain prev~ously discussed 
. h ., . Tl209 d. 1n t e section on ecay. Accompanying the alpha decay there is 

. 18 
a 220-kev transition, which has been assigned as E2. An upper 

limit of 1 mtJ.sec was set for the half -life of this transition. 
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d. Other results. Table I gives a list of nuclides that have been 

studied but were not discus sed in the previous sections. In all of 

these cases, no appreciable number of delayed coincidences were 

observed above the expected random rate. Specific limits were set 

only for those photons clearly in the gamma spectra. In all these 

cases the existence of long=lived isomers (half life> ltJ.s;ec) is 

possible. 



Table I 

Data for Various Transitions in Heavy Region 

Energy of Half-life 
Parent Daughter Gamma Multi polarity of Gamma 
Nuclide Half-life Nuclide {kev) of Gamma (mJ.lsec) 

Po206 9 d Bi206 1031 El <2 

806 E2 < 2 

':511 Ml <: 2 

522 Ml < 2 

586 Ml ~< 2 

Po207 5. 7 h Bi207 992 Ml + (E2) <4 

742 Ml + (E2) < 5 

405 Ml + (E2) < 5 

Po2Q~,9 100 y Bi 208, 9 900 Ml < 1 

2'. 9 y 600 < 1 

290 < 1 

At211 7. 5 h Po 
211 

680 < r. 5 

Gdl49 9 d Eul49 150 < 1. 8 

290 < l. 9 

760 < l. 8 

Ac225 10 d Fr221 100 < 3 

Bi205 15 d Pb205 - 703 E2 <5 



D. Discussion of Results 

l. Electric Dipole Transitions 

The results of El transition lifetime measurements for odd

mass nuclides in the region of spheroidal deformed nuclei are 
209 230 

discussed in Part H. Tl and U decay are discussed in this 

section. 

a. Tl 209 decay. The 120-kev El transition is 3. 6 x 10
4 

times 

slower than a simple single neutron (p
1
/

2 
EJ d

3
/

2
) transition should be 

{cL Eqns. VII-1 and VII-7 of Bohr and Mottelson
6 p. 

The delayed nature of this transition can be e::l{plaine d in terms· · 
48 

of parentage overlap. We can make a pla,usible set of spin assign= 

ments as shown in Fig. 9 from consideration of the shell model, from 

spins of neighboring nuclei~ and from the observed gamma radiations 

in the Tl 209 beta decay. The spins of Fig. 9 are slightly different 
49 49 from those of Harvey. The level a.t 750 kev was seen by Harvey 

in the {d, P» reaction on Pb208 ~ but this level is not populated in the 
209 ' 

beta decay of Tl . Note that ,the 1/2 level can be formed only by 

breaki~g the closed shell of 126 neutrons. This particular level~ 

however, is more than 2 Mev above the ground state; therefore it 

seems reasonable to make the assignment of principal neutron 

configuration as (g 9 /2 ~ 2 (p
1
/

2
}
1 

plus 124 filled orbitals. 

The 3/2+ level has as its principal configuration (p1/ 2 }
2 ~d3 ;2 > 1 

with a small admixture of (g
9

/
2

)
2 

(d
3

/ 2 )
1

. The schematic represen

tation of the nucleons involved in the El transition is given in Fig. 18. 

It seems reasonable that the transition proceeds only by virtue 

of the small admixture of the neutron configuration (g
9

/ 2 )
2 

{d3/ 2 )
1 

in 

the final state. The large hindrance indicates a very small configura

tion mixing. This type of reasoning is similar to that used by Sunyar 

et al. 50 in explaining some f~atures of the beta decay of Kr 
85 

to Rb 
85

. 

Iri.the la~guage of fractiona_l-parentage theory 
48 

we may say that the 

principal configurations of the 1/2- and the 3/2+ levels have no 

common parents. 

Another interesting feature is the 'log ft value of 5. 5 for the beta 

decay of Tl 209 , which we assume to have an s
1 12 proton hole in the 

. 203 205 1207 82-proton structure9 llke Tl » Tl 3 and Tl • With our spin 
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and parity assignments this beta decay would be first forbidden 

because of parity change (Fig. 9} •. Deo.Shalit and Goldhaber, 
51 

and 

also King and Peaslee, '52 have discus sed several similar cases' in. 

this region.· The log ft value of 5. 5 fits within King and Peasl~e 1 s 
62 

group of 11fav6red 11 first forbidden beta transitions { ~j = ~I= 0~ not 

0 - 0, with a parity change). With our proposed principal configura

tions the beta transition involves transformation of a p
1
/

2 
neutron to 

an _slf
2 

proton, entirely analogous to the beta decay of TI207 and 

HgcOS, both "favored11 first forbidden transitions with log ft values 
. 51 52 

of 5. 2 and 5. 5 respechvely. • 

For the decay scheme and level assignments of Fig. 9 ordinary 

beta selection rules would give an allowed transition (1/2+- 3/2+) to 

the 2.01 -Mev level. Experimentally we can say from comparison of 

intensities of 450-kev and 120 ... kev gamma radiation that a direct beta 

transition to the 3/2+ level must be less. than 10 percent as intense as 

the main beta group, hence its log ft > 6. 4. This slowness may be 

simply explained since the transition is £-forbidden {~£! = 2} and has 

unfavorable parentage overlap. 

l:L 1-states. The low-lying 1-::states found in even-even nuclei 

of the radium-thorium region are of considerable interest in that 

analogous levels do not seem to be found either above or below this 

region. 

The upper limit of l. 2 mJ.Lsec was set for the half lives of these 
. 222 226 . 2 3 

levels m Ra and Th . According to the We1sskopf formula ' 

the transition probability of El radiation varies as the third p<;>wer of 

the energy. After taking out this Weisskopf energy dependence we 

find that these trans~tions could be as hindered as the 59. 7-kev El 

transition following Am
241 

alpha decay. 
17 

However, they are not 

hindered to any greater extent. 

The existence of these 1.;. levels has not been adequately explain

ed theoretically. 

2. Magnetic Dipole Transitions 

The only magnetic dipole transitions found to be delayed were 

those following the alpha decay of Cm
243

. Hollander et a1.
38 

have 
• 
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worked out the level scheme shown in Fig. l!J, with the metastable 

state the 285. 6 ~kev level. The Ml transitions emanating from this 

level seem to be atlout 10
4 

times slower than the lifetimes predicted 

by the Weisskopf formula. 
2

' 
3 

The ordinary selection rules (:AI= 0, 1; no parity change) 

for Ml transitions are not violated. . 6 . Therefore, we turn to. the unified 

model of the nucleus for an explanation of this delay. This model 

describes the features of rotational states in strongly deformed nuclei 

and also implies definite rules governing the relative reduced 

transition probabilities {essentially transition probabilities with the 

energy dependence removed) of gamma transitions within a rotational 

band, or those from a given nuclear state, to the various members of 

a rotational band. These rules are presented by Alaga, Alder, Bohr, 

and Mottelson. 
53 

In addition to the usual total angular marne ntum U} 
and parity {n) quantum numbers, each state is characterized by the 

projection value of I on the axis of nuclear symmetry. This new 

quantum number is called K and is equal to or less than I since it is a 

projection. The extent to which K is a "good11 quantum number will 

depend, !:h each instance, upon the degree of validity of the approxima

tions made in the theoretical. deviation-- for example, the assumption 

that the rotational motion can .be treated independently of the intrinsic 

motion. These approximations are expected to be most nearly valid 

in this region of large nuclear deformation. A new selection rule 
> results for gamma radiation, namely L = .O.K. 

The intensity rules as given by Alaga et al. 53 for the re~,, 
duced transition probability {denoted by B} ratios for the emission of 

a given multi pole radiation from state i to different members, f and f 1
, 

of a rotational band are 

B(L.Ii - If) 

B(L,Ii- I/) 

<I.LK.(Kf-K.) I = 1 1 1 

<I.LK.(Kf~K.) I 
1 1 1 

(3} * 

where <I. LK. {Kf~K.) I I. LifKf> is the vector addition coefficient (or 
1 1 1 1 

Clebsch-Gordan coefficient; the notation used here is the same as that 

used by Condon and Shortley
54

) for the addition of the angular momenta 

Ii and L to form the resultant Ir The K selection rule noted above is 

*There are exceptions to this formula but for all cases we shall con

sider this equation is applicable. 
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a direct consequence of Eq. (3), as these Glebsch-Gordan coefficients 

vanish when ~K>L. These coefficients have been tabulated by Simon. 55 

The 285. 6-kev level has a K quantum number of 5/2, while the 

ground-state rotational band has K = 1/2. Therefore, the Ml transitions 

from this 285. 6-kev level to the ground-state rotational band involve a 

~K of 2; thus they vi.olate the K selection rule (L ~ ~K). If this K 

selection rule were completely rigorous only EZ radiation would be 
53 observed. But as Alaga et al. point out, small deviations from the 

rotational wave functions may serve to relax the K selection rule, which 

then acts to retard rather than completely eliminate the forbidden 

multipole radiation. 
38 

Hollander et al. have observed that the experimental relative 

reduced transition probabilities agree with those calculated from the 

above formula. provided one uses a Ki of 3/2. This indicates that the 

285. 6-kev level has a component with K = 3/2, and that the Ml 

transitions proceed only through the K impurity in the initial state. 

From the upper limit of EZ mixing set by Hollander et al. 
38 

in these Ml transitions and the half life of the 285. 6-kev level. it can 

be shown that the EZ gamma transitions from this level are slower by 

at least a factor of two than what the Weisskopf formula 
2

• 3 predicts. 

3. Electric Quadrupole Transitions 

The study of EZ transition probabilities in the region of the 

strongly deformed nuclei is of much interest. as the Bohr-Mottelson 

theory
6 

predicts that these transitions will be greatly enhanced. Most 

of the EZ transitions investigated in these regions have proved to have 

half lives much shorter than predicted by the Weisskopf formula. Z-
6 

EZ radioactive transitions between members of a rotational 

band are enhanced through the large electric quadrupole moment of the 

deformed nucleus. Within the framework of the unified model a 

measure of the nuclear deformation and of the electric quadrupole 

moment is provided by the EZ radioactive transition probabilities be

tween rotational states. 
6 

Let us first consider the lll. 2-kev EZ transition from the 2+ 
184 

level to tlie:; 0+ ground state of W • The half life of the 2+ level is 

9 x 10-lO sec. Thus this EZ transition is about 80 times as fast as 
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predicted by the Weisskopfformula. 
2

• 
3 

Therefore the mean life of 

the E2 gamma ray is 3. 9 mJJ.sec. The quadrupole moment of the 

nucleus is related to the mean life of the E2 transition.:by Eqns. VII.l 

and Vll.l7 of Bohr and Mottelson. 
6 

Thus the intrinsic elec.tric 

quadrupole moment of w184 
calculated from the rrie an lifetime of the 

2 + state is 7. 9 barns (10 - 24 em~ 2' ). This is to be compared with the 

spectroscopic value 
6 

of 8 barns obtained for the electric quadrupole 

moment of Re
185

, and with th~ value of 7 barns obta.ined from the 

coulomb excitation 
6 

of ,w184
. From the upper limit set for the half

life of the 72.l=kev E2lransition of Th
226 

we can calculate a lower 
\ 

limit of 4. 8 barns for the intrinsic electric quadrupole moment of 

Th
226

. Recent coulomb excitation work has shown that the electric 
, . -z1z 238 6 56 

quadrupole moments"of .Th and U are about 8 barns. 3 

· It is interesting to note the correlation of E2 transition 
5 

lifetimes in even=even nuclides with neutron number. Sunyar has 

shown that the gamma transition probabilities vary in a smooth fashion 

with neutron number in the region between the two closed shells of 82 

and 126 neutrons. The reduced transition probabilities reach their 

maximum value about neutron number 100 and decrease as we approath 

either closed shell. Near the closed shell of 126 neutrons the transi= 

tion probabilities decrease to the Weisskopf formula prediction
2

' 
3 

or 

even smaller values. All of this is consistent with the unified model? 

which predicts the enhanced E2 transitions in the region of prolate 

deformed nuclei. Sunyar 1 s c~rrelation5 very nicely defines the limits 

of this region. Beyond the closed shell of 126 neutrons there is another 

region of strongly deformed nuclei. but there are not enough data 

available on reduced E2 transition probabilities to define the region as 

has been done for the rare earth region. 

184 . 184 
4. Levels of W Populated by Decay of Re 

In the region where the unified model is applicable, ·low-lying 

levels are expected in even.,even nuclei with spins 0+, 2+, 4+ ••. TJl'ie~s:e 

levels lie at energies proportional to I{I+l}. 
6 

It has been ~oted in a 

previous section that the energy of the 4+ level in w184 
was some what 

lower than one calculates from the simple I{I+l) relationship. Sgnyar1 s 

plot 5 shows that at llO neutrons we are no longer in the region of 
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strongest deformation and the Bohr -Mottelson picture 
6 

should not be 

expected to hold too well. 

If the decay scheme proposed for Re
184 

in Fig. 16 is correct, 

the 890-kev level must have a spin of two and it must depopulate by 

quadrupole radiation (from consideration of gamma-radiation lifetimes 

and conservation of angular momentum) to the three members of the 

ground-state rotational band. Previous work 
40 

has shown the 

existence of a level of w182 
at 1222 kev which has I and K both equal 

to 2 with even parity. By analogy we might expect the 890-kev level of 
184 

W to have the same quantum numbers. 

As accheck on this hypothesis we have the intensity rule of 

Alaga et al. 
53 

previously discussed. Table H compares the 

theoretical reduced photon intensities from a (22+) level to the three 

members of a rotational band with the experimental values observed 
. R 184 d 1n e ecay. This agreement with th~ theoretical intensities is the 

main basis for the I, K, and 1r quantum numbers shown in Fig. 16. 

It is interesting t,o note that this {22+} level seems to be decreasing 

in energy with increasing mass number. In w182 
it is at 1222 kev, 

. 184 . 186 57 58 
1n W at 890 kev, and 1n Os at 764 kev. ' 
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Table II 

Experimental and theoretical relative reduced transition probabilities 
184 

from the 890~kev level of W 

Final State 

If 

2+ 
( 111. 2 kev) 

4+ 

(350 kev) 

B(890 -+ If) 
Experimental----

B(890- 0) 

Il:42 ± .14 

- .12 

Theoretical 

0. 071 
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II. APPLICATIONS OF NILSSON'S WAVE FUNCTIONS 

FOR DEFORMED NUCLEI 

A. Introduction 

The spherical nuclear shell mode159 has been highly successful 

in accounting for various regularities in nuclear properties. In this 

model the nucleons are considered as moving independently in an 

averaged potential. By choosing a potential containing strong spin

orbit coupling one obtains a progression of siggle -particle states that 

explains experimental observations associated with the so .. called magic 

numbers of closed shells. 

The potential employed for the shell model is usually assumed to 

be isotropic, However, it has been fot1nd experimentally that nuclei 

with proton and neutron numbers considerably different from the magic 

numbers have large deformations. The experimental evidence for this 

deformation consists of the large quadrupole moments exhibited by 
6 . 

many nuclei. This deformation of the nuclear field has an important 

effect on the motion of individual nucleons. 

The introduction of a nons pheriGal binding field implies that the 

nuclear shape and orientation must be considered dynamical variables. 

These variables are associated 'with collective types of nuclear motion 

which accompany variations in the binding field. The interplay between 

these collective and individual-particle modes of motion forms the basis 

of the unified nuclear model. 
6 

The nuclear properties resultingfrom this interplay are found to 

depend essentially on the magnitude of deformation. 
60 

In the region of 

closed shells the equilibrium shape of the nucleus is spherical and the 

spherical shell model is applicable to obtain the individual .. particle 

spectrum. The addition of a few more nucleons leads to a nuclear 

deformation. In this region a very complicated structure of nuclear 

states may arise owing to the coupling between collective and individual

particle modes of motion. 

If the addition of a few more nucleons increases the nuclear 

deformation to make the nuclei strongly deformed then the situation 

· 1· f. 6 ' 6 O I th. . . . bl t t . t 1 s1mp 1 1es. n 1s case 1t 1s poss1 e o sepa,ra e approx1ma e y 



between intrinsic nucleonic motion and the collective rotational and 

vibrational motions, which leave the intrinsic structure unaffected. 

The separation of the nuclear motion into collective and intrinsic modes 

corresponds to the assumption of a wave function of the product t:ype as 

h 1 . h 1 . 60 t e so utton to t e nuc ear wave equatton, 

Here x represents the intrinsic motion of the nucleons, which can be 

expressed in terms of the inlii'~pendent motion of the individual particles 

in the deformed field. The second factor, <1> 'b' describes the vibra-
Vl 

tions of the nucleus around its equilibrium shape, while D t represents 
ro 

the collective rotational motion of the system as a whole. 

Deformed nuclei are expected to prefer geometric configura

tions with cylindrical symmetry, hence only particle states in a 

sph~roidal-type deformation are considered. ][n this case of axial 

symmetry, the intrinsic motion is characterized by the quantum 

numbers n , the component of angular momentum of each nucleon 

along the n~clear axis. 
6 

The total n is then given by :Erlp. States are 

doubly degenerate (corresponding to ± ~p)s and the total X is therefore 

antisymme trized product of individual-particle wave functions Xn 
The rotational motion is characterized bythe quantum P 

numbers I, M, and K, i.e., the total angular momentum (spin), its 

projection on the space-fixed axis (z 11 } and its projection on the 

intrinsic nuclear axis (z 1 ; this axis will hereafter be called the nuclear 
\ ' 6 symmetry axisp, respectively. {See Fig.l} 

We shall always assume that we are in the vibrational ground 

state; therefore, we shall not be concerned with the vibrational 

quantum numbers. 

the 

Nilsson 
60 

has considered the problem of binding states of 

nucleons in a spheroidal deformed potentiaL For the sake of simplicity 

Nils son first chose a three -dimensional harmonic oscillator potential. 

The i:J.suaLspin-orbit term was also included. The final term in the 
-2 

Hamiltonian is a term in .£ which gives a correction to the oscillator 

potential to make it correspond more closely to !lquare -well potential. 

The relative contributions of the spin-orbit and £ terms are determin

ed in the spherical case by requiring that the Hamiltonian yield the 
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empirical knovvn sequence of single~particle levels considered in 

the spherical shell model. S9 

For the purposes of the calculations for spheroidal deformation 

Nilsson
60 

introduces two parameters of deformation~ 11 and Q'i{wh-rere. 

11 is a function of o ), to make the harmonic oscillator potential 

anisotropic. The parameter o is related to the quantity !3 used by Bohr 
6 

and Mottelson to first order as 
'-

6 = 0. 95 !3 • 

The basic vectors iN .£A~> are used to describe the states 

corresponding to a given n. Her,e N represents the total number of 

oscillator quanta 9 .£ is the total orbital angular momentum, andAand 

~ represent the projections of .£ and the intrinsic spin s on the 

symmetry axis. In this representation Q =A+ ~. This is a conven~ 

ient representation~ since these basic vectors are orthonormal. As 

. . . h 1 1 t' N'l bO . d d 1 an approx1mahon 1n t e ca cu a 1ons 1 sson cons1 ere on y 

nonvanishing matrix elements of the Hamiltonian between basic 

vectors having the same N and n. 
Nilsson 

60 
has tabulated the eigenfunctions of the states for 

various values of the deformation parameter 11 in terms of the above 

basic vectors. Nilsson has also tabulated the energy eigenvalues as 
\ 

functions of the deformation parameters. From these eigenvalues he 

has plotted an energy-level diagram of the various states as a function 

of deformation. This plot is convenient to use for correlating 

Nilsson1s states with actual nuclear states. 

It is the aim of this section to consider various applications 

of Nilsson1 s wave functions 
60 

to see how useful they are for explain

ing experimental data. 

As the spectrum of particle states- "'as well as the properties 

of a particular state --depends essentially on the deformation parameter 

we must have an estimate of this quantity before we can consider ; 

detailed properties of intrinsic structure. An independent estimate 

of the deformation parameter 6 can be obtained from the empirically 

determined quadrupole moment. Nilsson
60 

has given the following 

approximate relationship 



2 
Qo::::: 0. 8 Z R 6 {1 + 2/3 6 )9 

where Qo is the intrinsic quadrupole momeiit 9 Z is the atomic number 

of the nuclide. and R is the radius of charge of the nucleus {::::: l. 2 x 

10-l3 A 1/ 3 cmp. 

The region of strongly deformed nuclei in between the closed 

shells of 82 and 126 neutrons has been considered in detail by 

Mottelson and Nilsson. 
61 

In this region the largest deformation found 

corresponds to a deformation parameter 6 of about +0. 3. In the 

t . 'd · h f d , 1 d6, 56, 62(U238 ac 1n1 e ser1es t e ew qua r.:upo e moments measure 

and Th
232

) indicate that the deformation parameter 6 has a value of 

about +0. 21. However, there are not sufficient data available ~o know 

if this value will hold throughout the actinide region. 

For the purposes of these applications it will be assumed that 

the strongly deformed nuclei have a prolate spheroidal deformation. 
62 

Manning et al. have measured the quadrupole moments of 

Am
241 

and Am
243 

and ha:ve verified the prolate deformation of these 

two nuclei. 

Ffgure 2 is a reproduction of part of Nilsson1s energy~level 

diagram. 
60 

Only that region of the diagram which is of interest is 

shown. In addition, several other states whose energy eigenvalues 

were calculated but not plotted by Nils son are also shown. The 

energy eigenvalues of the various nucleon states emanating from the 

jlS/2 orbital have not been calculated, and their positions in Fig. 2 

are only estimated. 

B. Applications 

1. Decoupling Parameters 

We shall consider odd-mass nuclei that are well removed 

from closed shells. For these nuclei, one may separate with fair 

accuracy between collective rotational motion and the intrinsic motion 

of the nucleus. 
6 

With each i~trinsic state of the system there is 

associated a rotational band having members of spin I= I0 = K, K +1, 

K + 2.... These states have rotational energies
6 

proportional to 

[ I(Hl) - I (I +l~], provided I = Q = K > 1/2. 
0 0 . 0 
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Intrinsic states with K = 1/2 are especially interesting since, in 

this case, there may occur a partial decoupling of the intrinsic spin of 

the last odd nucleon from the rotational mot~on. 6 
This decoupling, 

which depends on the intrinsic structure, manifests itself in such 

properties as the rotational-energy spectrum and the rna gnetic moment. 

The decoupling parameter :::_appears in the following expression
60 

for 

the energy of the members of a rotational band with K l!': 1/2: 

Erot =A (I {I+l} + :::_ (=)l+l/
2

(1+1/2)] (4) 

where A has a constant value for a particular rotational band. It is 

interesting to correlate the experimental values of a with those calcu

lated from Nilsson's wave functions. 
60 

The approp~iate formula used 

in this calculation is Eq. (19} of Nilsson. 
60 

Mottelson and Nilsson
63 

169 have already considered the decoupling parameter of Tm and have 

shown that their calculated value gives excellent agreement with the 

experimentally observed quantity. 

Th d . 38-40 f h 1 . f p 239 d e recent stu 1es o t e nuc ear properties o u an 

w183 
by means of high-resolution electron and gamma spectroscopy 

have yielded a considerable amount of data on the rotational spectra of 

these two nuclides. The ground-state spin of both nuclei
64

• 65 has the 

value I = I/2. Thus, it is possible to obtain an accurate experimental 
0 

decoupling parameter in each case. 

We shall first discuss Pu239 . Hollander et al. 
38 

have obtained 

an experimental value of a ::1: -0. 58. The first test of Nilsson's wave 

functions 
60 

is whether th~-;e is available an orbit at N = 145 neutrons. 

For this purpose we shall assume a deformation parameter of o = 

+0. 2 (corresponding to TJ = +4). From an examination of Fig. 2 we 

see that there are two orbits which should be filled at about N = 145. 

In Nilsson 1 s notation
60 

these are states· A and B. 

The values of a calculated for states A and B as a function of 

deformation are shown in Fig. 3. Clearly, state A does not agree with 

the experimental value 9 while .state B does yield a decoupling parameter 

in rough agreement with the experimental data at a deformation para

meter of TJ x: +4. Hence Nilsson1s. crbit B
60 

will be designated as the 
239 

state corresponding to the ground level of Pu . As ~tate B has 

even parity, it is predicted that the ground state of Pu239 will also 



have even parity. 

It is interesting to note that the favored alpha decay of Pu
239 

populates 
66 

three excited levels of u 235 
with a relatively unhindered 

alpha population to the lowest of the three levelso If we assume that 
I 

these three states constitute the members of a rotational band with 

10 = l/2p then we can calculate the experimental decoupling parameter 

a ~ ~0. 25 from the data of Freedman et al. 
67 

It is reasonable to 

assume that the level which is populated by relatively unhindered alpha 

decay has the same intrinsic nucleonic wave function as the ground 

state of the parent nuclide. Hence Nilsson1 s orbit B
60 

is designated 

as the level corresponding to the excited levels of u 236 
Fig. 3 shows 

that the calculated value of I ::_I for orbit B decreases with a decrease 

of the deformation parameter. 
235 Thus, we would expect U to be somewhat less deformed than 

Pu 239 . Unfortunately, the quadrupole moments of the two nuclides 

have not been measured; therefore a comparison with experimental 

data is not possible at this time. 

Mottelson and Nilsson
61 

have designated Nilsson's State 71 as 

the orbit cor responding to the ground state of w183
. A deforrna tion 

f +4 · · d 61 th' 1 F' 4 h parameter o 11 = : 1s estlmate for 1s nuc eus. 1gure s ows 

the calculated value of the decoupling parameter as a function of 

deformation compared with the experimental value of a = +0. 19 
40 -

calculated from the data obtained by Murray et al. Thus, there is 

rough agreement between the calculated and experimental values at 

the expected deformation of the w183 
nucleus. 

2. Magnetic Moments 

The comparison of calculated and experimental magnetic 

moments gives us another critical test of Nilsson's wave functions 
60 

in the heavy region. Unfortunately there are not many accurate 

measurements of magnetic moments .:i.n this region available at present. 

As more magnetic .. moment data become available, more definite con

clusions can be reached. 

Nilsson1 s Formulae (24)-<.(26}
60 

are the appropriate equations 

used for the calculations of magnetic moments of deformed nuclei. 

We shall reproduce two of these formulae here. For the case 
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I z Q ::: K (f- 1/2), the magnetic moment is given by 

where g
8 

and g,e are the intrinsic and orbital g-factors, In nuclear 

un:i.ts their values are 

r s, s8s- . 
~I 

1_:3, 826_ 

g,e:;::rll, 
.··• 0 

where the upper values apply for a proton and the lower ones for a 

neutron. Here gR is the g~factor for the angular momentum carried by 

the surface, We shall assume 

17i 
' i 

where Z is the atomic number of the nuclide and.Ais its mass, The 

quantities a ,e,j\_= fJ±l/ 2 refer to the normalized coef~i~ients of the basic 

vectors employed to characterize Nilssonis states, 

For the case I ::;: Q .::1 K r::: J./2 and ~dd parity .. the magnetic marne nt 

~.s expressed by 

(8} 

Thus in this particular case there is a relationship between the de'" 

coupling parameter C:. and the magnetic moment 1-1 that is independent of 

the nucleonic wave functions, 
. 239 

The magnetJ.c moment of Pu has been experimentally 

measux·ed by Bleaney et aL 
68 

Their value of the magnetic moment is 

JtJ·I :s 0.4 ±,2 nuclear magnetons. Formula (25) of Nilsson
60 

was used 

for the calculat:!.on of the magnetic moment of o..r.~b"it :a. Figure 5 shows 

the calculated value of fL as a function of deformation compared with the 

experimental value. In this case the agreement is well within the ex

perimental error at a deformation of 11 ::;; ~-4. It should be noted that 

only the magnitude of the magnetic moment is known experimentally and 

that the calculated values predict that the magnetic moment of the 

d t t f P 239 . t" groun s a e o u 1s nega 1ve. 

The magnetic moment of w183 
has been accurately measured by 

So go and Jeffries 
69 

and has been found to have the value of +0. 115 

nuclear magnetons. Nilsson•s
60 

orbit .. 7l has odd parity, therefore we 
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may use Eq. (8) above for the calculation of the magnetic moment of 

the ground state of w183
. If we use the calculated values of a we find 

that the calculated magnetic moment ranges from +0. 75 to +0. 82 

nuclear magnetons for values of 11 varying from +2 to +6. Thus, in 

this case there is very poor agreement between the experimental and 

calculated values. Moreover, if one repeats this calculation using 

the experimental value of ~i one still obtains a value for the magnetic 

moment in complete disagreement with the experimental fl.· 
237 

The magnetic moment of the ground state qf Np has been 
. . . . 70 

measured and found to be 6 ± 2. 5 nuclear magnetons by Bleaney et al. 

The ground-state spin of Np
237 

has been measured as 5/2 by Tomkins~1 

An examination of Fig. 2 reveals that there are two orbitals with Q::: 

5/2 which should be filled at about Z :: 93. In Nilsson's notation
60 

these are states 44 and 55. These two levels differ in parity. which 

correlates well with the existence of a low-lying lewe1 in Np
237 

with 

parity opposite that of the ground state. We shall refer to this state 
237m 237m . 72 

as Np • Np has been ass1gned a spin value of 5/2 mainly 

on the basis of rotational structure. Alpha-gamma angular correlation 

work 
73 

from the decay of Am
241 

is also cohsistent with the spin of 

Np 237m.;' being 5/2. 
. 74 . 

, Krohn et al. · have measured a g~factor of +0. 8 ± 0. 2 for 
237m . 

Np by me asur1ng the attenuation of the alpha;..gamma angular 

anisotropy in an applied magnetic field. Therefore, assuming the 

spin value of Np 
237

m is 5/2~ we find that the experimental magnetic 

moment fl. is 2. 0 ± 0. 5 nuclear magnetons. Figure 6 shows the 

. t l 1 f f N 237 d N 237m exper1men a va ue s o fl. or p an p . 

Figure 6 shows the calculated magnetic moments of states 44 

and 55 as a function of deformation. Equation (5} above was used for 

this calculation. 

On the basis of these calculations it seems reasonable to 

assign Nilsson;s
60 ~rbitals 55 and 44 as the states corresponding to 

237 237m . 
the ground state of Np and Np resp echvely. Thus according 

to these designations the ground state of Np 237 has even parity and 

Np
237m 

has odd parity. 
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Some comments are in order on the discrepancy between the 
' 

experimental J.L of +6 nuclear magnetons and the calcula<ted value of 

b 3 1 f h d Of Np 2 3 7 A d . . a out + nuc ear magnetons or t e groun state ccor 1ng 

to Eq. (5) above, the maximum value of IJ. occurs when the sum of the 

normalized coefficients is equal to unity. Thus. the maximum value of 

J.L according to Eq.·· (51 is +3. 7 nuclear magnetops for a state with I= 

0 :; K = 5/2. The large limits of ·error placed on the experimental 

value just barely include this maximum value, Hence a more precise 

deter_mination of the magnetic moment is in order. 

The above cal<;:ulations assume states with a pure K quantum 

number. .Rasmussen 75 has considered the problem of small K ad

mixtures! and has shown that small impurities in the states can have 

some effect on the ma~netic moments. The effect does not seem large 

enough~ however, to bring the calculated magnetic moment up lto the 

experimental +6 nuclear rna: gnetons. 

Manning et al. 
62 

and Conway and McLaughlin 
76 

have measured 
. 241 243 

the magnehc moments of Am and Am Manning et al. obtained 

a value of J..L :~:: +1. 4 nuclear magnetons. and Conway and McLaughlin 

obtained a value of lA. = +1. 3 nuclea:t" magnetons for both nuclides. 

Both nuclei have a ground .. ·state spin of 5/2; 77• 78 therefore we should 

expect Nilsson's •orbit 44 or 55 to correspond to the ground states of 
241 243 60 . . . . 

Am and Am Th1s expenmental value of the rna gnetic 

moment is also shown in Fig, 6. Clearly the calculated value of 

o·rbital 44 agrees more closely with the experimental value.. Thus .. 

Nilsson1s
60 

orbit 44 is de$ignated as the level correspondi~g to the 

ground states of AmZ4l and Am 243 . 

There is available one more piece of data which illustrates the 

self -consistency of the above designations, In alpha decay it is 

exp~cted that unhindered alpha J?Opulation proceeds to that level having 

the same nucleonic wave functions as the init.ial state Thus we would 
. 241 237m· 

expect unhmdered alpha decay of Am · to Np . Experimentally; 

this is just what is observed. 79 
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3. Electric Dipole Transition Probabilities 

The application of Nilsson1 s orbitals 
60 

to the study of El 

transitions is of much interest" The mere existence of low~lying El 

transitions in the actinide region is one of the major shortcomings of 

the spherical nuclear shell modeL 599 72 
According to this shell 

model~ there is only one level with even parity available between 82 

and 126 nucleons. This is the il3/Z level. All the other states have 

odd parity and the h
9

/
2 

level hasthe highest j-value of these. El 

transitions require a parity change; therefore~ according to the shell 

model an El transition for an odd-Z nucleus in the actinide region 

must occur between the i 13 / 2 and one of the odd-parity orbitals. 

However, any of these transitions requires a -,~! . = ~j < 2. Thus, 
. rn1n = 

the selection rules for El transitions are violated, and the presence 

of low-energy El transitions in the actinide region is inconsistent with 

the spherical shell modeL 

In the region of strongly deformed nuclei the projection of -the total J on the nu::l ear symmetry axis is a 11 good 11 quantum number 
6 60 

and is denoted by !J. ' ~See Fig. L) .In an odd-A nucleus the ground~ 

state spin is equal to the value of Q for the orbit occupied by the last 

odd nucleon {with the possible exception when 0 = 1/2). Figure 2 .S.h<Dm.s 

Nilsson1 s energy=level diagram for the heavy region. 
60 

It should be 

noted that there are many deviations from the usual shell-model rules 

as to relation of spin and parity in a given shell. It should also be 

n.oted that low-lying El transitions no longer violate the ~I sehicti-.on 

rules since there are many close=lying orbitals which differ in parity 

and have .6.1 = ~!J = 0~ ± l. 

Many El transition probabilities in the actinide region have 

been experimentally determined. We restrict ourselves here to odd= 

Z nuclei because more data are available for them» and also because 
60 

Nils son1 s wave functions are not extensive enough to consider the 

odd~neutron cases. The available data for odd~Z nuclei are . . 

summarized in Table I. Figure 7 shows a plot of the El transition 

lifetimes as a function of Z. ·To remove the energy and mass depen~ 

dence {according to the Weisskopf formuJ.a 2• 3 the transition 

probabilities of electric transitions vary directly as EZL+land A ZL/3 )~ 
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the mean lifetimes are multiplied by the factor E
3 A.~/3 • Figure 7 

also shows the Weisskopf prediction
2

• 
3 

for these El transition 

lifetimes. 

It is evident that some of these El transitions are of the order 

~f 10 5 times slower than the value calculated from the Weisskopf 
2 3 

formula. ' Moreover, in the cases of the actinium and neptunium 

isotopes, there seems to be an..::exratic variation of the El transition 

probabilities. On the other hand, the El transition probabilities for 

the protactinium isotopes exhibit some striking similarities. The 85-

kev transition of Pa
231 

and the 87 -kev transition of Pa 
233 

not only are 

both delayed, but have just about the same reduced transition 

probability. The lower-energy El transitions of the two protactinium 

isotopes also show similar behavior. 

The notion of K-forbiddenness has suc·ceeded in explaining 

some other delayed transitions {i.e., see the discussion of Ml tran

sitions of Pu
239 

in Part I of this paper). However, there are at least 
. 182 237 

two nucl1des whose energy levels are well known (W and Np ) and 

for which definite K and !quantum numbers may be assigned to the 
53 80 

energy levels. ' In these two cases delayed El transitions have 

been observed, but the K quantum -number assignments do not indicate 

any K-forbiddenness involved. 

Thusl> detailed calculations of El transition probabilities were 

undertakenl> using Nilsson's wave functions, 
60 

to see if they could ex

plain the erratic behavior of El transition lifetimes in the actinide 

region. 

To calculate El transition probabilities for specific nuclei we 

must know the wave functions for the initial and final states; therefore, 

we must also know the Nilsson's orbits 
60 

corresponding to the nuclear 

states. In general we do not have this information. On the basis of 

magnetic -moment calculations described previously, Nilsson1 s 60 

orbital 55 was designated as the level corresponding to the ground 

state of Np
237

, while Nilsson's orbital 44 seems to have the same 

t . N 237m d A 241 Th h f proper 1es as p an m . us, we can use t e wave unc-

tions of these two states to calculate the El transition probability of the 

6 237m 
59. -kev gamma ray of Np We cannot make specific 
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Table I 

Data for El transition lifetimes for odd=Z nuclei in the actinide region 

Partial half -life 
Daughter Energy of gamma of photon 
Nucleus (Mev~:: (seconds) Reference 

148 
Am 

243 0 085 <5xl0-9 81, 82 
95 

146 Np239 . 075 ~2 X 10""9 24 - 26 
93 

144 Np237 0 0596 6 -7 17 1. X 10 
93 

144 Np237 0 0264 
. -6 

17 2. 2
5 

X 10 
93 

14~ 233 • 087 
-7 18, 19 Pa 1. 5 X 10 

9i 

142 233 • 0296 =7 18, 19 Pa 2o 2 X 10 
91 

140 231 0 085 
-7 

18 Pa 1. 4 X 10 
91 

140 Pa231 • 0258 
-7 18 1. 5 X 10 

91 

138 
Ac 

227 '027 3.6xl0-7 
20 

89 

136 225 . 040 -9 18 Ac <4. 2 X 10 
89 
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comparisons for the other El transitions in the actinide region; however, 

a number of El transition probabilities were calculated for various 

combinations of Nilsson's orbitals which probably correspond to the 

nucleonic states of actinium, protactinium, neptunium, and americium. 

The interest here was to see the general trend of the calculated values. 

The transition probability for a gamma transition of frequency 

w and multipolarity L is given by 

T ( L) = ' 8 rr ( L + 1) · (~) 2 L + 1 ( B( L)), 
L [ (2L + 1)! .! ] z n c 

(9) 

where (2L + 1)~! = (2L + 1)(2L - 1) ..... 3·1, and B(L) is the reduced 

transition probability. 

We shall consider two cases. First we shall assume that the 

radial wave function is constant within the nuclear volume and vanishes 

outside. Then, for a single proton transition with K + K' :::_ L, it can be 

shown that the reduced transition probability for an El transition is 

given by 

B(El, I -+I')= e
2

(1 ""Z/A)
2

( 
3
4 Ro)

2 
4

3
rr I<UK(K' - K)lll I' K'>l

2 
(10} 

[ 4 ~~: :: <£ 100 I £ l£'0> > . 61:·~ a 0 £!./\.. a£A<HA(K' -K) I£ 1£'1\'J 
'£ A'A j 

~· ~ 
where the following notation is used: 

e is the charge on the proton,. 

z is the atomic number of the nuclide, 

A is the mass of the nucleus, 
. 13· 1/3 R

0 
is the nuclear :radius ( = 1. 44 x 10- A em). 

<h j 2 m m I jl j 2 m > is the Clebsch•Gordan coefficient (in the 

notation of Condon and Shortley
54 ) for the addition of the angular momentum 

vectors -:+ and -:+ to form a resultant -:+ with component m, 
Jl J 2 . J . 

~ is the projection of the intrinsic spin on the nuclear symmetry 

(~ = ±_1/2). . l:; 0, if~· r-·~J 
o~ ~· is the Kronecker delta symboi .. . 

1 . . 1 , 1f I: = E- . 

axis 

a £.JL refers to the normalizep coefficients of the basic 

vectors employed to characterize Nils sohi-s 60 orbits. 
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The primed symbols refer to the final state and the unprimed 

s·ym.l::Dls refer to the initial state. 

Equation (10) was used for calculations at deformations of 

TJ = +2, +4, and +6. Figure 8 shows the results of these calculations 

for the case of deformations of TJ = +4 and +6. The data of Fig. 7 have 

also been reproduced on this graph for comparison purposes. The 

spread of the calculated values indicates how much the transition 

probability varies as the deformation parameter TJ changes from +4 

to +6. 

From this figure we observe that the calculated values indicate 

'that there is a general trend toWards slowing down El transitions. 

The center of gravity of the calculated values seems to be fairly close 

to the center of gravity of the experimental data. The specific 

1 1 . f h. El . . f N 2 3 7 1 t b . f . ca cu ahon or t e trans1tlon o p a so seems o e 1n a1r 

agreement with the experimental value. 

It is also possible to carry out these calculations without 

making the radial Wave function assumption used above. In this case 

the appropriate formulae are Eqs. (35), (41), and (42) o£ Nilsson's. 
60 

Figure 9 shows the results of these calculations for the same orbitals 

at the same deformations. It should be noted that in this case the E 1 

tran.sition probability vari~s as A l/3 . Hence the experimental mean 

lifetimes ate multiplied by the factor E 3 A1/ 3 to remove the energy and 

mass dependence of the transition probabilities. The general trend 

of Fig. 9 seems to be much the same as Fig.· 8. In specific cases, 

however, there seem to be considerable changes. For example, the 

calculated El transition probabilities between orbitals 55 and 44 no 

longer agree with the experimental value for the 59. 6-kev El tran-

"t" of N. 237m S 1 lOll p 

Chase and Wilets 
83 

have calculated El transition probabilities. 

using Nilsson's orbits
60 

corresponding to nuclear levels of Lu
175

• 

They have noted that the .calculated transition probabilities yield a 
4 ' '• 2 3 

value about 10 times smaller than the We is skopf formula ' would 

estimate. There is a delayed El transition 84 emanating, from one of 

the levels of Lu
177

. :Presumably; the same nucleonic levels are 

involved :in the El trarisition in the two nuclei. The experimental 
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. . b b·1· f h El . . . L 177 . b t 106 t· trans1hon pro a 1 1ty o t e trans1t1on 1n u 1s a ou 1mes 

sm~ller than the Weisskopf
2

' 3 formula p.rediction. Thus, in this 

case too, there is only qualitative agreement. 

C. Discussion of Results 

1. Ass1:ghment s of Ground-State Spins 

Mottelson and Nilsson 
61 

have. already discussed the classifica

tion of nucleonic states in the rare-earth region and have noted that 

there is general agreement between Nilsson's energy-level diagran?
0 

and the experimental' data. 

In the actinide region there is also some general agreement 

between Nilsson's energy-level diagram 
60 

and the experimentally 

observed ground-state spins. The one possible exception to this 

t · the d · f Np 23_ 9, tl d d agreemen 1s groun -state sp1n o recen y measure an 

found to have the value I= 1/2 by Conway and McLaughlin. BS 

Nilsson•s
60 

Orbit 63 has the spin value n = 1/2, but this orbit should 

be filled at Z = 97 instead of at Z ::::: 93. The correlation of experimen

tal nuclear level spins with possible Nilsson's orbits
60 

is summarized 

in Table II. The deformation parameter was assumed to be +0. 2 to 

+0. 3 for all cases considered. In those cases where one of the 

possible theoretical levels uniquely reproduces the observed proper:-~ 

ties of the nuclear ground state we list that particular orbit only . 

. 2. Decoupling Parameters and Magnetic Moments 

In general, the calculated decoupling parameters and magnetic 

moments seem to be in qualitative agreement with the experimental 

values. Thus, Nilsson's wave functions
60 

are useful for estimating 

these nuclear properties when one of Nilsson's orbits
60 

may be 

unambiguously assigned as corresponding to a nuclear level. 

In the speci fie qalculation for the magnetic moment of w183 
a 

serious discrepancy was noted. At ·this marne nt no simple explanation 
. ' ' 

is evident. There is the possibility that the lowest state in the level 

scheme proposed by Murray et al. 
40 

is not actually the ground state. 

A review of Nilsson's energy-level diagram
60 

(Fig. 2) does show the 

presence of another orbital (State 69) with a ,spin value of 1/2 which 

should be filled at about N = 109. However, the calculated rna gnetic 
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Table II 

Nuclear -level spins in the actinide region 

Nilsson's I, I, 
Nucleus Orbits Theoretical Experimental • 

148 A 243 44 5/2- 5/2 
95 m 

146 A 241 44 5/2= 5/2 
95 m 

146 N 239 
93 p 

55,44,52 5/2+, 5/2-, 3/2- 1/2 

o~Jt:; 144 N 237m 44 5/2- 5/2 
93 p 

144 N 237 
93 p 

55 5/2+ 5/2 

140 p 231 
91 a 

52,57 3/2-, 3/2+ 3/2 

138 z2;7 
89 Ac 

57,52,60 3/2+, 3/2-, 1/2+ 3/2 

147 p 241 many 1/2+, 1/2-, 5/2+ 5/2 
94 u 5/2-, 7/2-

6~~ N 145 Pu239 B 1/2+ 1/2 
94 

143 u235 several 1/2+, 7 /2+, 5/2+ 7/2 
92 

5/2-, 5/2-

141 u233 several 1/2+, 5/2+, 7/2+ 5/2 
92 

5/2=, 7/2- '• 

.. 
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moment (JJ. calc= =l. 2 nuclear magnetons) for this state at TJ = +4 is ·~ 

also in disagreement with the experimental value. 
43 . 7 

McClelland et al. and also Stelson and McGowan have 

studied the coulomb excitation of natural and separated isotopes of 

wolfram. Their results are consistent with the ideas but do not prove::, 

that the lowest state in the proposed level scheme is the ground state 

of wl83. 

Along these lines it would be interesting if an extensive 

coulomb excitation experiment were carried out on a sample of 

· · 11 t d w183 
A 1 h ld th b 1sotop1ca y separa e n e ectron spectrograp wou en e 

needed to accurately measure the energies of the resulting conversion 

electrons. This experiment could prove conclusively whether or not 

the lowest state in Murray 1s level scheme 
40 

is the ground state of 
wl83. 

3 .. Electric Dipole Transition Probabilities 

Figures 8 and 9 show that El transition lifetimes calculated from 

Nilsson1 s wave functions
60 

do give qualitative agreement with the 

experimental data. It is also noted that quantitative agreement cannot 

be claimed for specific nuclear transitions. 

These calculations indicate that the lifetimes depend rather 

sensitively on the near cancellation of large te.rms in the matrix 

element. Thus, the rather erratic fluctuations in El transition rates 

from isotope to isotope are qualitatively understandable. Figures 8 

and 9 illustrate this principal by showing how the calculated El transi= 

tion lifetimes are affected by the two different assumed radial wave 

functions. 

An interesting point to speculate on is the delayed nature of 

several of these transitions. Figure 7 shows that some of the El 

transitions are delayed by a factor of 10 5 
fro:i:n the simple Weisskopf 

estimate. 
2

' 
3 

It has already beenmentioned that in the limit of small 

spheriodal deformation (this case corresponds to the spherical shell 

model) El transitions are hindered owing to a .6.j forbiddenness. 
72 

It would be interesting to see if there are comparable selecti~n rules 

acting to hinder El transitions in the limit of large prolate spheroidal 

deformations. 
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Nilsson 
60 

has indicated that in the limit of very large prolate deforma

tion individual nucleonic states can be characterized by four quantum 

numbers. In Nilsson1 s notation these four quantum numbers are as 

follows: 

N is the principal quantum number of the oscillator, 

n is the quantum number of the oscillations along the nuclear z . 
symmetry axfs, 

-A is the projection of the particle orbital angular momentum 

nuclear symmetry axis, 

~ is the projection of the intrinsic spin along the nuclear 

symmetry axis. 

Note that the spin value of a particle state is given by 

(ll) 

Also the parity of the state is determined by whether N is odd 

or even. Hence 

11' = (-l)N$ (12) 

where 1T = -1 signifies an odd-parity state 

and 1T = +l signifies an even-parity state. 

N 'l . 6 0 h . h h d f b . . h f t . 1 sson as g1ven t e. met o or o ta1n1ng t ese our quan urn 

numbers for any particular state. 
86 

Alaga has considered the role of these neiW quantum numbers 

in beta decay. A summary of Alaga 1 s selection rules for allowed and 

first-forbidden beta transitions associated with these quantum numbers 

is given in Table III. 
86 

Alaga has used these selection rules to classify many beta 

transitions in the region 150~ <A < 190. The comparison .of experi

mental data with Alaga 1 s theoretical classifications indicates that 

these beta selection rules are very useful for explaining certain 

features of beta-decay transition rates in the regions of strongly 

deformed nuclei. 

Similarly, there are certain selection rules for El transitions. 

These selection rules are summarized in Table IV. K-selection rules 

have been discussed previously and are excluded from this discussion 

by the assumption that K :!i: Q for all cases considered. 

• 
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Table III 

Selection Rules for Allowed and First-Forbidden Beta 

Beta Transition 

Allowed 

First 
Forbidden 
(~I= 0, + 1) 

Transitions (K = Q) 

Selection Rules Parity Change 

~N = 0, ~n = 0, ~/1..= o. ~Q = 0, + 1 No z 

~N = + 1 
~n = + 1, ~A= 0, z 

~n = 0, ~A= + 1, z 

Table IV 

~!J = 0, +1 Yes 

Selection Rules for Electric Dipole Transitions (K = fJ) 

Selection Rules 

~n = + 1, ~A= ~Q = 0 z 

Parity Change 

~N = + 1 Yes 

~n = 0, ~ J\_ = ~Q ::: + 1 z 
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In Table V we list the asymptotic quantum numbers (N, n , 
. 60 z 

..1\.., n) for: some of Nilsson's orbitals. Table VI summarizes the 

asymptotic quantum-number changes between states possibly involved · 

in low-lying El transitions in the actinide region. 

Thus, these El transitions are forbidden in the a~ymptotic 

limit be·cause of the selection rules shown in T~ble IV. It can be shown 

that virtually all of the possible low-lying El transitions for odd.:z 

nuclei in the actinide regioz:t violate these selection rules. It has 

already been noted that, in the limit of small spheroidal deformation, 
' ' 

the El transitions are forbidden because they violate ~j selection 

rules. Thus, it is only for the case of intermediate nuclear deform

ations that El transitions can occur, because in this instance the 

various quantum numbers are not "good" and mixing may occur in 

the nuclear states. 

Figure 10 illustrates this situation pictorially. The ratio of 

the calculated. reduced transition probability to the Weisskopf
2

' 3 

single -particle estimate of the reduced transition probability is 

plotted on the ordinate axis and a function of the deformation parameter 

is plotted as the abscissa. At r) = 0, the ratio is zero because of the 

~j - forbiddenness, and at r) :oo, the ratio is again zero because of 

the asymptotic selection rules. At intermediate deformations the 

calculated reduced transitio~ probability ratio has the values shown 

in Fig. 10. 

Finally, it is interesting to note what states must be mixed 

to account for the existence of El transitions. Nilsson60 has shown 

that in the limit of very strong deformations the spin-orbit term couples 

states that have the same N and n but differ by one unit in..l\..and n • 
-2 z 

Likewise, the t term couples states that have the same N, n, and..A. 

but differ by two units in n . 
z 

Let us reconsider the El transition between states 55 and 44. 

Because of the spin-orbit term, Nilsson's state 36 may mix in with 

state 44. 
6° From Tables IV and V we note that an El transition 

between states 55 and 36 is allowed. Likewise the t-2 
term will 

permit state 72 to mix with state 55. The El transition between states 

72 and 44 is also an allowed transition by the asymptotic selection · 

rules. Thus, we see how the delayed El transitions may 
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Table V 

Asymptotic Quantum Numbers for Nilsson's Orbits 
.:· 

Nilsson's 
Orbits N n z J\- 0 . 

44 5 2 3 5/2 

46 5 3 2 3/2 

50 5 1 2 5/2 

52 5 .2 1 3/2 

55 6 4 2 5/2 

57 6 5 1 3/2 

60 6 6 0 1/2 

62 5 1 2 3/2 

69 6 5 1 1/2 

36 5 3 2 5/2 

72 6 2 2 5/2 

Table VI 

Asymptotic Quantum Number Changes for Electric Dipole Transitions 

Initial Final 
Orbit Orbit t::.N t::.n t::.A !::.0 

-z ·-
60 52 -1 -4 ~1 +1 

60 46 -1 -3 +2 +1 

57 50 -1 -4 +1 +1 

57 44 -1 -3 +2 +1 

69 62 -1 Q4 +1 +1 

55 50 -1 -3 0 0 

55 44 -1 -2 +1 0 

55 52 -1 -2 -1 -1 

55 46 -..,1 -1 0 -1 



-87-

proceed through impurities in the nuclear states. 

The amount of mixing in these states is expected to be very 

small, since s-~tates 44 and 36 and also ,states 55 and 72 ane separated 

by a very large energy difference. 
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