
UCRL 8423 

UNIVERSITY OF MAsrER 

CALIFORNIA 

NUCLEAR DECAY STUDIES 
OF PROTACTINIUM ISOTOPES 

BERKELEY, C A L I F O R N I A  



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



UNIVERSITY 0%' CALIFORNIA 

Radiat ion Laboratory 
Berkeley, Ca l i fo rn ia  

Contract NO. 11-7405 -eng-48 

NUCIEAR DECAY STUDIES OF PROTACTINIUM ISOTOPES 

Max W. H i l l  

Pr in ted  f o r  the  U. S.  Atomic Energy Commission 



T h i s  r e p o r t  was p r e p a r e d  a s  a n  a c c o u n t  o f  Government  
s p o n s o r e d  work .  N e i . t h e r  t h e  Uni  t .ed , ,S  t a c e s ,  n o r  t h e  Com- 
m i s s i o n ,  n o r  a n y  p e r s o n  a c t i n g  on b e h a l  f  o f  t h e  C o m m i s s i o n :  ' 

. .  . . , . .. 

A. Makes a n y  C a r r a n t y  o r  r e p r e s e n t a t i o n ,  e x p r e s s  
o r  i m p l i e d ,  w i t h  r e s p e c t  t o  t h e  a c c u r a c y ,  com- 
p l e t e n e s s ,  o r  u s e f u ' l n e s s  o f  th'e i n f o r m a t i o n  
c o n t a i n e d  i n  t h i s  r e p o r t ,  o r  t h a t  t h e  u s e  o f  
a n y  i n f o r m a t i o n ,  a p p a r a t u s ,  m e t h o d ,  o r  p r o c e s s  
d i s c l o s e d  i n  t h i s  r e p o r t  may n o t  i n f r i n g e  p r i -  
v a ~ e l y  uwllecl ~ i ~ l ~ ~ s ,  UL 

B. Assumes a n y  l i a b i l i t i e s  w i t h  r e s p e c t  t o . t h e  u s e  
o f ,  o r  f o r  damages  r e s u l  t i n g  f rom t h e  ' u s e  o f  any  
i n f o r m a t . i o n ,  a p p a r a t u s ,  me thod  ,, o r  p r o c e s s  d i s -  
c l o s e d  i n  t . h ? s  r p p n r t . .  

As u s e d  i n  t h e  a b o v e ,  " p e r s o n  a c t i n g  o n  b e h a l f  o f  t h e  
Commiss ion"  inc.1 u d e s  a n y  e m p l o y e e  o r  c o n t r a c t o r  o f  ' t h e  
Commiss ion  t o  t h e  e x c e n c  c h a c  s u c h  e m p l o y e e  or. C ~ I I L L ~ C L O ~  

p c e p a r e s ,  h a n d l e s  o r  d i s t r i b u t e s ,  o r  p r o v i d e s  a c c e s s  t o ,  a n y  
i n f o r m a t i o n  p u r s u a n t  t o  h i s  e m p l o y m e n t  o r  c o n t r a c t  w i t h  t h e  
C o m m i s s i o n .  



NUCLEAR DECAY STUDIES OI? PROTACTINIUM ISOTOPES 

Contents .. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Abstract 4 

. . . . . . . . . . . . . . . . . . . . . . . . . .  I . Introduction 5 
. . . . . . . . . . . . . . . . . . . . . . .  I1 . Experimental Methods 7 

. . . . . . . . . . . . . . . . . . . . . . . . .  . A Alpha Spectroscopy 7 
. . . . . . . .  . 1 Unifo~m-Field Alpha-Particle Spectrograph 7. 

2 . Double-Focusing ~ l p h a - p a r t i c l e  Spectrograph . . . . . .  11 
B . Electron Spectroscopy . . . . . . . . . . . . . . . . . . . . . .  18 

C . .Gamm a.Ray Spectroscopy . . . . . . . . . . . . . . . . . . . . .  20 

. . . . .  D . Preparation and Pur i f i ca t ion  of Active Materials  21 

. . . . . . . . . . . . . . . . . . . . . .  1. Bombardment Procedures 21 

2 . Chemical Separations . . . . . . . . . . . . . . . . . .  21 

. . . . . . . . . . . . . . . . . . . . . . . .  . .I11 ExperimentalResults  
229 

27 
A . Alpha Decay of Pa . . . . . . . . . . . . . . . . . . . . . .  .27 

1 . AlphaEpectrum . . . . . . . . . . . . . . . . . . . .  27 

. . . . . . . . . . .  . 2 Algha-Gamma Coincidence Spectrum 34 
. 3 . Decayscheme . . . . . . . . . . . . . . . . . . . . . . . .  37 
. 4 . In te rpre ta t ion  of Levels . . .  . . . . . . . . . . . . . .  39 

229 B . Electron-Capture Decay of Pa . . . . . . . . . . . . . .  48 

1 . Electron Spectrum . . . . . . . . . . . . . . . . . . . . .  . . 48 

. . . . . . . . .  2 . Decay Scheme and In te rpre ta t ion  of Levels 49 
228 

C . Alpha :Decay of Pa . . . . . . . . . . . . . . . . . . . . . .  51 

1 . Alpha Spectrum . . . . . . . . . . . . . . . . . . . . .  51 
2 . Alpha-Gamma Coincidence Spectrum . . . . . . . . . . . .  52 

. . . . . . . .  3 . Decay Scheme and In te rpre ta t ion  of Levels 52 
228 . . 

D . EJectron-Capture Decay of Pa . . . . . . . . . . . . . . . . .  60 

. . . . . . . . . . . . . . . . . . . . . .  2 Gamma Spectrum 63 
3 . Decay Scheme and In te rpre ta t ion  of Levels . . . . . . .  69 

227 E .. Alpha Decay of Pa . . . . . . . . . . . . . . . . . . .  72 

1 . Alpha Spectrum . . . . . . . . . . . . . . . . . . . . .  72 

. . . . . . .  . . 2 Decay Scheme and In te rpre ta t ion  of Levels 74 



? . ' . . .  . . . .  . . . 230 . . . .  . . . . . . . . . . . . . .  . . .  F ~ l e c t r o r i -  Capture ~ e c a i  of Pa 76 
. . . . . . . . . . . . . . . . . . . . .  1 Electronspectrum 76' 

2 . G m a  Spectrum . . . . . . . . . . . . . . . . . . . .  78 
. .  . . . .  3; Decay'Scheme and In te rpre ta t ion  of Levels ; 81 

230 G; Beta Decay of Pa . . . . . . . . . . . . . . . . . . .  ; . . .  81 *' 
1 . Electron .Spectrum . . . . . . . . . . . . . . . . . . . .  81 

2 Decay Scheme and Inte:?pretation of Levels 83 . . . . . . . . . .  
232 

H . Beta Decay of Pa . . . . . . . . . . . . . . . . . . . .  83 

.. 2 Gamma Spectrum . . . . . . . . .  ; . . . . . . . . . . . .  85 

3 . Decay Scheme and 1nterpre.La'tiori.of Levels . . . . . . .  88 
233 ' I  . . .Be ta  Decay of Pa . . . . . . . . . . . . . . . . . . . . . .  8€! 

. 1 Flectrnn spectrum . . . . . . . . . . . . . . . . . . . .  88 

. . . . . . . . . . . . . . . . . . . . . . . .  2 Gamma Spectrum 92 
3 . Decay Scheme arid Inl;erprctation of . Levels . . . . . . .  

224 
92 

. . J . Electron-Capture Decay of Ac . . . . . . . . . . . . . . .  . 92 

. . . . . . .  . 2 Decay Scheme and In t e rp re t a t i on ' o f  Levels 98 
223 . K. Alpha Decay of Ac . . . . . . . . . . . . . . . . . . .  100 

1 . Alphaspectrum . . . . . . . . . . . . . . . . . . . .  100 

2 . Decay Scheme and ~ n t e r ~ r e t a t i o n  of Levels . . . . . . .  100 

1 V  . C ' O P ~ C ~ U S I U ~ ~  . . . . . . . . . . . . . . . . . . . . . . . . . .  103 

Acknowledgment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  104 

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  105 



NUCUAR DECAY STUDIES OF PROTACTINIUM ISOTOPES 
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ABSTRACT 

A study was made of the rad ia t ions  of the  protactinium isotopes 

Pa!28, and as  we l l  a s  Ac 224 223 and Ac , 
with primary emphasis placed on the invest igat ion of t he  alpha-decay 

spec t ra  with high-resolution a lpha-par t ic le  spectrographs. Decay schemes 

a re  presented i n  each case,  and a re  in te rpre ted  wherever possible i n  

terms of current  theore.tica.1 nuclear models. The co l l e c t i ve  model of 

Bohr and Mottelson f inds  wide appl ica t ion i n  most cases,  although the  

complexity of the  decay schemes leaves ce r t a i n  fea tu res  unexplained. 



N U C ~ A R  DECAY STUDTES OF PROTACTINIUM ISOTOPES 
: 

I. INTRODUCTION 

Our knowledge and understanding of nuclear decay processes and 

nuclear s t ruc ture  have been g rea t l y  enhanced during the  past  few years  

by improved experimental techniques. Especia l ly  important has been the  

development and perfect ion of high-resolution nuclear' spectroscopy, whic::.~ 

.has revealed a vas t  amount of information concerning nuclear s t a t e s  and 

t h e i r  various p roper t i es ,  such a s  spin,  pa r i t y ,  energy, e t c .  I n  an at-  

tempt t o  consolidate the  fundmental  concepts tnvolved and successful ly  

account f o r  these nuclear p roper t i es ,  severa l  nuclear models have been 

proposed, some. of which have achieved remarkable success. The. two models 

current ly  holding grea tes t  promise a re  the  s ingle  -par t i c le  s h e l l  model 

o r i g ina l l y  proposed by ~ a ~ e r l  and  ense en, and the  "strong-coupling" 

co l lec t ive  model' of Bohr and Mottelson.' However, it has become i n -  

creasingly apparent t h a t  there a re  spec ia l  domains o r  regions throughout 

the periodic system where each of these models enjoys i t s  g r ea t e s t  suc- 

cess ,  and others  where ne i ther  may be applied s a t i s f a c t o r i l y .  It i s  $n 

these l a t t e r  regions where the need f o r  de t a i l ed  knowledge of nuclear 

s t a t e s  i s  i n  g r ea t e s t  demand i n  order t h a t  t heo re t i c a l  contributions may 

be successful ly  advanced. The present study i s  di rected toward' the a'& 

cumulation of new information and a b e t t e r  understanding of nuclides i n  

such a region. 

It now appears t h a t  there  a re  a t  l e a s t  three  d i s t i n c t  regions i n  

the domain of the heavy elemen~l;~ (beyond lead  i n  the  periodic t a b l e ) ,  each 

characterized by a d i f f e r en t  pa t te rn  of exc i ted  s t a t e s  and f o r  which d i f -  

f e r en t  rluclear models a re  appropriate.  Near the  doubly closed s h e l l  of 

Pb208 and extending only a few nucleons away, the  spherical-well  s h e l l  
4 model has been successfully applied by Pryce and True. For the  heavi- 

e s t  elements, with N > 138, a s t ab i l i z ed  spheroidal  deformation has set 

i n ,  and the  Bohr-Mottelson co l lec t ive  model has found grea t  success. I n  

the  region ly ing  beyond these two, much l e s s  is.known, although models 
6 have been advanced by Goldhaber and Weneser and Wilets and ~ e a n ~  f o r  



even-even nucle i  with atomic number 3etween about 86 and 88. The g rea t  

c m p l e x i t y  of l eve l s  i n  the odd-mass nuclides of t h i s  region has a l s o  
8 

been noted. 

Since the  isotopes of prot$c.tinium l i e  on the very f r inge of the 

, 
.. collective-model region and seem t o  exh ib i t  a g rea t  degree of complexfty 

2 

. .  . i n  t h e i r  'decay schemes, t h i s  study w s s  undertaken t o  help  fu r t he r  our 

understanding of t h i s  region. Primary emphasis was placed on the app l i -  

ca t ion  of high-resolution alpha spectroscopy t o  study the alpha groups 

of PaZZ7, and paZZg, the  f i ne  s t r uc tu r e  of which had never been 

observed. I n  the  course of the  study the  electron-capture and be t a  

. .  . 
decays of these sind other  isotopes of prota.ctini,um'were a l so  examined, 

m d  the  r e s u l t s  a r e  included. I n t e r e s t  i n  the  decay of protactinium 

Isulupes i s  a l so  prompted by thc  f a c t  t h a t  they a r e  a l l  of the  odd-even 

o r  odd-odd type,  of which much l e s s  i s  .known than of even-even nucl ides ,  

and because be t a  and gapma v ib r a t i ona l  s t a t e s  have appeared .in t h i s  

. region,  as wel l  as very low-lying 1- s t a t e s .  



11. EXPERIM;WTAL METHODS:. 

' -. 
I n  a nuclear 'decay study of :,?rotactinium isotopes,  a l l  the  more 

. . .  
common' modes o f .  decay a re  represented, ' including alpha-part idle emission, 

-. . 

elect ron capture, be t a  emission, and posi t ron emission, each followed by 
. 

n 
t i n t e rna l  traksi t ions  i n k l v i n g  gamma rays  and internal-convkrs ion e lect rons  . 

. .  . 

In  order t o  . e f f ec t i ve ly  study these .-tadiations , ' e s s e n t i a l l y  a l l  types of 

s p e c t r o s c o p i c ' t e c h n i ~ e s  and equipment could be used t o  adkntage .  I n  t h i s  

study, recourse has  been' made t o  the  three  general  types of 'nuclear spec- 

troscopy - alpha, e lect ron,  and gamma. The aipha spec t ra  were s tudied with ' 

high-resolution electromagnetic alpha-Part icle.  spectidgraphs. . The elect ron 
. . 

studikg were l imi ted t o  conversion e ledtrons  from i n t e r n a l  t r ans i t i ons  and 

' were made by 'employing photographic -?e cording perm'anerit +nagnet spectrographs . 
The gamma-ray s tudies  were ca r r ied '  out  ' with the  a i d  of s c ink i l l a t i on  spec - 
trometers , some of which weie equipped for  coincidence measurements. De - 

. . . .  . 

t a i l s  of each of these  instruments a re '  given i n  the  following sect ion,  
' 

along with the  methods' of preparing and pur i fying the ac t ive  mater ia ls  

' use-d i n  t h i s  study. 

A .  ' Alpha ~ ~ e c t r b s c o ~ ~  

1. Uniform-Field Alpha-Particle Spectrograph; . 

The . f i r s t  a lpha-par t ic le  spectrograph used i n  t h i s  study was the  

uniform-field. or  so-called "low geometry" spectrograph. It has been de- 

scr ibed i n  d e t a i l  i n  the  l i t e r a t u r e  ,' but the  most important fea tu res  a re  

reviewed, here .. . It i s  a c o n ~ e r t e d  Nier-type .mass spectrograph employing.a 

uniform-f i e l d  60'-sector electromagnet Gith. a l - inch gap between the  poibe 

pieces,. The rad ius .  of curvature of t he  normal t r a j e c t o r y  3s 7'5 cm. 

The magnet power supply on . the  spectrograph i s  capable of maintain- 

. - in& the current  constant  t o  one p a r t  i n  10,000 over a 24-hour period. The 

.. current  i s  moni toredconstant ly  with .a r eco rde r . t o  de tec t  .current  f l uc tu -  

.. ations., The magnetic f i e l d  is  measured by a..proton fluxmeter,.  and i s  
t. 

.usual ly  ,maintained in, the  &-.to-5 -kilogauss region. The e n t i r e  spectrograph 

:.is maintained at  an operating vacuum of about lom5 mm of mercury. 
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Figure 1' i s  a schematic. drawing .of the  spectrograph, showing the 

r e l a t i v e  posi t ions  of the  source, ba:if l e s  , magnet , and .detector. The 
. . . . 

alpha-emitting source i s  placed behind a system of v e r t i c a l  defining s l i t s  - 
some 50 inches from the  magnet. Varlous combinations of defining s l i t s ,  

1 inch i n  length  and 0.001 t o  0.125 :inch i n  width., are  used, depending. ? 

upon the nature of the  experiment. !me beam i s  fu r the r  defined by a pa i r  

of adjus table  ba f f l e s  jus t  before thc  magnet, The d i f f e r en t  s l i t  arrange- 

ments, together with the  adjustable  ba f f l e  system, allow a var ia t ion  i n  

transmission of from t o  o f  431. 

After passing through the  ,magnetic :f ield,  the  f0cuse.d beam of 

alpha p ,ar t ic les  impinges, .on a photographic p la te  placed at  an. angle of 
0 30 t n  th .e  path o f  th .e  beam. TYle phoZ;ogr~.phlc p1.xL;es xre  9-by-2-i.nch 

Eastman MTA plates, with emulsions 25 microns thick. With the p l a t e  set 
a t  an angle of 30°, the  alpha p a r t i c l e s  en te r  the  emulsion a t  a 30' angle 

r a the r  than perpendicular t o  it, leaving a t rack  approximately 20 micmns 

i n  length.  Owing t o  the  small angle of acceptahce i n  the  v e r t i c a l  d i rect ion 

~ e r m i t t e d  by the  pole - t i p  gap, t he  alpha t racks  on the  p l a t e  should be very 

near ly  p a r a l l e l .  

The developed emulsions a re  examined under a ,450-power microscope 

with b r igh t - f i e ld  i l lumination.  The alpha t racks  a re  counted individual ly ,  

and only those t racks  which a re  p a r a l l e l  and'of the  r i g h t  length a re  re- 

rn?-il+a Th j.a elI..crws - a pa.r t ia l  ., discrimination against background tracks, 

.many of which or ig ina te  from the ins ide  surfaces of the  main vacuum tank 

of the  spectI'o@aph (due t o  radioact ive  r e c o i l  nucle i  emitted from the 

source) and i n  general  s t r i k e  t he  p l a t e  randomly. 

The p l a t e  i s  ~ i a c e d  hor izon ta l ly  on the microscope s tage and the  

t racks  a r e  t o t a l ed  f o r  a v e r t i c a l  scan across the. shor t  dimension of the 

: $$late .  Since t h e  microscope f i e l d  of view i s  1 /4  by 1/4 mrn, a complete 

counting of the  p l a t e  cons i s t s  of making these scans every 1/4 mm across 

the  length of the  p l a t e .  The number of t racks  observed i n  each v e r t i c a l  

scan across t he  p la te .  i s  then p lo t t ed  aga in s t  the  pos i t ion  of the..scarr- i n  
3 

t he ,  hor izontal  d i rec t ion  t o  give the a lpha-par t ic le  spectrum . The posi t ion 

i n  .the hor izontal  d i rec t ion  i s  converted t o  an energy ~ ; c a l e  by ca l ib ra t ing  -.. . 
against  known standards.  I n  t h i s  work the  standards most commonl~ used 

were u 230 = 5.884 Mev and ~a 224 
a. 

= 5.681 Mev. 
a. 
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Flg. 1. Shhernatic diagram of uniform-f i e l d  alpha-p&-ticle spectragraph. 



The reso lu t ion  of the  spectrograph depends very strongly upon t h e  

thickness of the sample and upon the  s l i t  and ba f f l e  conditions employed. 

Under ordinary operating conditions, with an 0.018-inch defining s l i t  

and 3-inch ba f f l e  opening, a t h i n  s ~ m p l e  produces peaks with widths a t  

hal f  maximum of approximately 6 kev i n  6 Mev of a lpha-par t ic le  energy, 

o r  a resolut ion of 0.1%. By use of more s t r ingen t  conditions peak widths 

of 1 .4  kev have recen t ly  been obta i red , lo corresponding t o  a r e  sdlut ion 

I n  order t o  f i nd  the  separation between peaks, the  posit ions mrc 

taken as  the  midpoints of the  peaks a t  half-maximum in t ens i t y .  This has 

been shown t o  be more accurate and r e l i a b l e  than taking the  high-energy 

edges a s  the  peak posi t ions .  The distance between peaks i s  then mul t i -  

plied by the diopercion i n  kev/mm t o  give the  energy s e p ~ . r ~ . t , l . n n .  The 

dispersion has been shown t o  be constant within 1%. over the  e n t i r e  length 

of the  p l a t e ,  q d  i s  known roughly a s  a function of f i e l d  s t rength.  How.- 

ever., whenever possible the  dispersion is  determined experimentally b y  

measuring the  separation between alpha groups .of known energy.. For f i e l d .  

s trengths.  required t o  focus alpha p a r t i c l e s  .of from 5 t o  6.5 Mev, the  

dispersion i s  of the  order of 3 .2  t o  4.2 kevlmrn. This allows alpha grou,ps 

d i f f e r i n g  i n  energy by 700 t o  900 kev t o  be focused simultaneously at  t h e  

extreme ends of one p l a t e .  

Extreme care must be talteii in the preparation UP the suwce  fur. 

high-resolution alpha spectroscopy. Even the  amalle s t  amounts .of mate r ia l  

r e s u l t  i n  broadening of the peakc and i n  pronounced low-energy t a i l i n , g  di,ie 

t o  energy degradation of tlie beam. Sources prepared by . simple evapo3a-:. .. 

t i o n  of a so lu t ion  of the ac t ive  mate r ia l  are  espec ia l ly  unsuitable.  A 

b e t t e r  method cons i s t s  of electrodepos~%'fon:.:.of the  act ive  mate r ia l  onto 

the  source holder.  However, even with improved electr.odeposition tech- 

niques, t h i s  method has f a i l e d  t o  meet the  standards required f o r  a good 

source. The most general ly  acceptable method employed i n  t h i s  laboratory 

i s  vacuum sublimation, I n  t h i s  method, the  mate r ia l  t o  be invest igated 

. i s  f i r s t  pu r i f i ed  from o ther  a c t i v i t i e s  by some procedure which ,introduces 

as l i t t l e  as poss ible  extraneous mass. When the  a c t i v i t y  i s  radiochemi- 

c a l l y  pure and. as f r e e  from s t r a y  mass as  poss ible ,  it is .evaporated from 



a .hydrochloric o r  n i t r i c  a c id  soluti.on onto a %rough.-shaped tungsten 

filament. The filament i s  shaped i L t o  a .trough approximately 112 inch 

long and 0.04 inch deep by heating it i n  a spec ia l ly  prepared d ie .  The 

system (enclosed by a b e l l  j a r )  i s  evacuated t o  a pressure of l e s s  than 

a micron of mercury and the  filament i s  preflashed at a dull-red heat  t o  

remove any v o l a t i l e  impuri t ies .  A p l a t e ,  generally of 0.002-inch platinum, 

aluminum, o r  n icke l ,  i s  then placed a shor t  distance above the  f i lament,  

and a f t e r  re-evacuation, the  a c t i v i t y  i s  sublimed at  white heat  from the  

filament onto the cool p l a t e .  The sample thus obtained i s  generally qu i te  

t h in  and uniform, and may be r e s t r i c t e d  t o  a very small area .  Further 

pur i f i ca t ion  both from radioactive.- impurit ies and from extraneous mass- i s  

made possible by subliming only over a narrow range of temperature. I n  

t h i s  study,  the  range of temperature over which protactinium sublimes was 

determined beforehand, and ca r e fu l l y  control led during subsequent sub l i -  

mations. It was found t h a t  . subiimed at  a r e l a t i v e l y  low 

temperature and could be separated -from l e s s  v o l a t i l e  a c t i v i t i e s  such .as 

zircontm, which i s  one. of i t s  more troublesome contaminants, by keepiilg 

the temperature r e l a t i v e l y  .low. 

2. Double-Focusing Alpha-Particle Spectrograph 

Most of the  a lpha-par t ic le  spec t ra  obtained during the  course of 

t h i s  study were taken with t he  newer double-focusing a lpha-par t ic le  spec- 

trograph. The p r inc ipa l  advantage of t h i s  instrument i s  i t s  much higher 

transmission - a f ac to r  about 10 higher than t h a t  of the  uniform-field- 

spectrograph - w i t h  l i t t l e ,  i f  any, decrease i n  resolut ion.  The magnet 

covers 180' with a maximum radius  of 50 cm, and a normal radius  of 35 em. 

The f i e l d  i s  nonuniform, being chosen with a r a d i a l  dependence which 

produces focusing i n  both v e r t i c a l  and hor izon ta l  d i rec t ions .  Fie lds  of 

8 t o  14  kilogauss a t  t he  normal radius  a re  employed. 

Figure 2 i s  a schematic drawing of the  spectrograph showing the  

r e l a t i v e  posi t ions  of the  source, def ining s l i t s ,  ba f f l e s ,  magnet, and 

coincidence detector .  For taking s t r a i g h t  a lpha-par t ic le  spectra ,  the  

zinc su l f i de  screen assembly i s  replaced by a photographic p l a t e  holder 

s imi la r  t o  t h a t  used i n  the  uniform-field spectrograph, and t he  spec t ra  
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Fig. 2. Schematic diagram of double-focusing alpha-particle spectrograph 
arranged for alpha-gamma coincidence studies. 



recorded i n  much the  same way. The p l a t e s  fo r  t h i s  holder measure 

1-15/64 by 9 inches. 

The magnet-current supply and vacuum systems have been..designed 

t o  give the  same performance as ' those  of the older  instrument. The f i ~ l d  

i s  measured i n  terms of the  frequency of the  nuclear magnetic resonance 
7 of Li . 

Because of t h e  var ia t ion  i n  f i e l d ,  the  dispersion var ies  markedly 

over the  length of the  p l a t & ,  and i s  thus a funct ion.of  pos i t ion  as wel l  

a s  f i e l d  s t rength .  I n  order t o  determine the  energy separations of alplla 

groups, c a l i b r a t i on  curves have been obtatned with standard alpha emittlzrs, 

and the  following equation developed: 

Here X i s  the  posi t ion of the  peak on the  photographic p l a t e  (.in 

mm from the  high-energy end of the  p l a t e )  ; H i s  the  e f f ec t i ve  magnetic 

f i e l d  ( i n  megacycles), and Y i s  a .correction te& d e ~ e n d i n g ' u ~ o n  the  
X 

posi t ion of the  peak on the  photographic p l a t e .  ( ~ i g .  '3);. .The e f f ec t i ve '  

magnetic f i e l d  i s  bes t  determined by the pbs i t ion  of a standard peak, 

although curves f o r  r e l a t i n g  the  observed magnetic f i e l d  as determined 
7 by the  L i  resonance frequency t o  the  e f f ec t i ve  magnetic f i e l d  have a l so  

8 
been developed. Use of t h i s  equation enables energy 'separations A d  

absolute energies t b  be calcula ted with a knowledge of H and X .  
, 

The va r i a t i on  i n  f i e l d  a l so  markedly.affects the  qua l i t y  of the  

peaks; those toward. e i t h e r  end of the  p l a t e  a r e  broadened and d i s to r t ed  

Figure 4 shows t h e  spectrum obtained by focusing t h e  alpha groups of 

~f~~~ and ~f~~~ a t  f i ve  d i f f e r en t  posi t ions  on t he  same photographic 

p l a t e .  The d i s t o r t i on  i s  espec ia l ly  pronounced at both ends of the  p l a ~ e .  

This spectrum was obtained by using a 0.020-inch defining s l i t  and 3.0-(:m 

ba f f l e  openings. A t  l a rge r  ba f f l e  openings the  d i s t o r t i on  i s  even more 

pronounced, while a t  smaller b a f f l e  openings the  qua l i t y  of the  peaks i s  

somewhat improved. Invest igat ions  a re  cur ren t ly  being ca r r i ed  out  t o  

ascer ta in  the  e f f e c t s  of b a f f l e  opening, s l i t  width, and posi t ion upon 

t he  shapes of standard peaks! 
10 
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Fig. 3. Calibration curve for double -focusing alpha-particle spectrograpn. 
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Fig. 4. Alpha groups of ~f~~~ and Cf252, showing variation of p e a  
shape with posit ion on plate- double-focusing spectro@aph. 



Previous invest igat ions  had indicated t h a t  the  r e l a t i v e  t r ans -  

mission of t he  spectrograph was a function of the posi t ion of a peak on . ;: ... 
8 

the  photographic p l a t e  and tended t o  f a l l  off  s l i g h t l y  a t  lower posi t ions .  

I n  order t o  check t h i s ,  the  alpha p a r t i c l e s  from ~f~~~ and ~f~~~ were al-  

lowed t o  s t r i k e  a photographic p l a t e  f o r  a given period of time at  d i f -  

f e r e n t  f i e l d  s e t t i ngs  ( ~ i g .  4 ) .  If the  transmission were the  same for. 

a l l  pos i t ions ,  the  number of t racks  recorded should be the  same f o r  em11 

f i e l d  s e t t i n g ,  regardless  of the  posi t ions  of the' peaks. Table I l is ts  

t he  numbers of t racks  recorded Yor xllree different i'leld seLlLlga for 

four  d i f f e r en t  experiments. The numbers i n  parenthesis  a r e  the  same f i g - .  

u res  normalized so t h a t  the  number qf t racks  in the  center  port ion of' the  

p l a t e  i s  the  same f o r  each experiment. It can be seen from the  t ab l e  t h a t  

the re  I s  no ~Lrend L u w a i d  lower transmission at any pooit ion on the  p l a t e .  

The standard deviation of 1.6% i s  c e r t a in ly  no l a g e r  than the  combined 

s t a t i s t i c a l  (1.% f o r  10,000 t r acks )  and t rack  counting e r ro r s .  Similar  

resu l t ;  a r e  obtained by:  inl;egrating t he  four  cfi5'  peaks shown i n  t he  
0 

spectrum '.of.Fig. 4. The numbers of t racks  under the  peaks a t  61, 112, 

151, and 192 mm a re  8241, 8421, 8350, and 8503 respect ively .  The average 

wi th .  i t s .  standard deviation i s  8379 + '36. Again, the  deviation i s  e a s i l y  

accounted f o r  by s t a t i s t i c a l  and counting e r ro r s .  

Table I. Rcla%Pve trmomiooi on of double -focusin& 
alpha-par t ic le  spe c.trugrttpll 

(normalized  value^ i n  parenthesis)  

Number o f  alpha t racks  

Experiment . - Region of p l a t e  
number Lower Center Upper - 

Average: 10076 + 160 
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Since the alpha p a r t i c l e s  are focused b o t h v e r t i c a l l y  and hoai- 

zon ta l ly  by the  magnetic f i e l d , ,  the  elpha . t racks  recorded on the photo- 

graphic p l a t e  give a v i r t u a l  image of the  alpha-emitting source. ~f t h e  

s.o.urce is not placed i n  a p rec i se ly  v e r t i c a l  posi t ion,  the  alpha t racks  

w i l l  not  f a l l  along a v e r t i c a l  l i n e .  I n  t h i s  case the  scan across theL 

platk' must be made a;t a s l i g h t  angle t o  the' v e r t i c a l  f o r  maximum resolu-  

t ion .  This k g l e  i s  determined experimentally by drawing a t h i n  ,hori-- 

zonta l  l i n e  along the  length of the  p l a t e  and separate ly ' recording the. 

numbers of t racks  on the  upper and lower port ions f o r  a given angle. I f  

the proper angle i s  chosen, the  number of t racks  i n  each port ion w i l l  

reach a maximum a t  the  s&e posi t ion.  I f  the  angle i s  improperly chosen, 

the  maximum f o r  one port ion w i l l  be reached a t  a s l i g h t l y  d i f f e r en t  post-: 

t i o n  frm the maximum f o r  t he  other  port ion.  I n  t h i s  work the  proper apgle ::' :. 

f o r  each d i f f e r en t  source was determined by counting over one peak i n  t h i s  

manner before proceeding t o  the  e n t i r e  spectrum.. 

The high transmission of t h i s  instrument permits alpha-part icle-  

gamm6-ray coincidence s tud ies  t o  be made where coincidences -with .a p m t i -  

cu la r  alpha group gre desired.  The photographic p l a t e  i s  replaced with a 

zinc su l f ide  screen masked except f o r  a narrow v e r t i c a l  s l i t  and coupled 

through a , l i g h t  type t o  a photomultiplier tube. The magnetic f i e l d  i s  

adjusted t o  focus a pa r t i cu l a r  alpha group on the  s l i t  and the  s c i n t i l l a -  

t ions  caused by the  alpha p a r t i c l e s  s t r i k i n g  the ZnS screen are  counted 

and fed i n t o  a coincidence c i r c u i t  t o  serve a s  gate pulses.  The source 

holder has been constructed with a beryllium window t o  permit low-energy 

gamma rays emitted by the  source t o  be detected by an ex te rna l  sodium 

iodide s c i n t i l l a t i o n  spectrometer (see  Fig. 3 ) .  Coincidences can then be 

run between gamma rays and a lpha.  p a r t i c l e s  of a given energy. . The spectrum 

i s  displayed on a ,100-channel pulse-height analyzer.  This method was at-  

tempted i n  the  alpha decay of but  yielded l i t t l e  infbrmation because 

of the &all r a t i o  of alpha t o  beta-gamma a c t i v i t y  of the  sample, coupled 

with instrument d i f f i c u l t i e s .  

Additional information,may be obtained by varying the  posi t ion of 

t h e  g m a  detector  and thus obtaining the  angular d i s t r i bu t i on  of gamma 

rays  with respect  t o  the given alpha group. This type of experiment was 

not undertaken i n  t h i s  study. 



-1.8- 

. B e  Electron Spectroscopy 

The conversion-electron spectra  were recorded with the  a i d  of 

photographic -recording uniform-field. permanent -magnet spectrographs (see  

Fig. 5); The source cons i s t s  of a platinum wire of 0.010-inch diameter 

on which t he  ac t ive  mate r la l . . i s  electrodeposited.  The design i s  such 

t h a t  the  wire i s  located i n  a r e a d i l y  reproducible posi t ion i n  the  spec- 

trograph. The e lec t rons  are collimated by a permanently f ixed  defining 

s l i t ,  and a f t e r  being bent and focused by the  magnetic f i e l d  a r e  allowed 

, 
t o  s t r i k e  a 25 micron th ick  no-screen X-ray emulsion p l a t e ,  producing 

v i s i b l e  l i n e s .  Both source and detector  are  located ins ide  the  magnetic 

f i e l d .  

From i t s  pos i t ion  on the  p l a t e ,  the ellergy of an e lect ron.  l i n e  

i s  calculated .by use of c a l i b r a t i on  curves developed by W.  G. W i t h  and 

J. M. Hollander f o r  each pa r t i cu l a r  instrument .ll I n  t h i s  study, c a l i -  

b ra ted  instruments with f i e l d  s t rengths  of 53, 99, 215, and 350 gausc 

were used. I n  addi t ion,  noncalibrated instruments with f i e l d  s t rengths  

of approximately 150 and 350 gauss were used. The energies of l i n e s  

recorded with thece instruments were determined by applying an equation 

of t he  ty-pe 

( H P ) ~  = a2 + bx + c, (2 )  

where x i s  the  pos i t ion  of the  l i n e  on the  p l a t e ,  and a ,  b, and c a re  

c'onstaits which are' evaluated from t.he po'sitiona of l i nks  whose Hp values 

had been determined with the calibraked i n s t r ~ m e n t s  . 
Because of t he  large  number o f '  protactinium isotopes present i n  

each sample, severa l  exposures were made i n  order t o  follow the  decay of 

the  e lec t ron  l i ne s .  I n  t h i s  manner it was possible t o  dis t inguish between 
- 

l i n e s  due t o  27. &-day 17-day 1.5 -day pazz9, and 22-hour 

PaZZ8. Although the  ha l f  l i v e s  of t he  l a t t e r  two isotopes a re  s imi la r ,  

it wna possible t o  without Paza8, thus simplifying the  

assignments. The l i n e s  due t o  1.3-day could not be dist inguished 

from those of by following t h e i r  decay, but  since decays t o  - . 

u r a n i u m  and paaZg t o  thorium, t he  'd i f ferences  i n  thorium and uranium 

binding energies may be u t i l i z e d  i n  making the  assignments, 
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Fig. 5. ,Schematic diagram o f  permanent -magnet electron spectrograph . 



Because of the  extensive and uncertain ca l ib ra t ion  procedures r e  - 
quired fo r  obtaining r e l a t i v e  i n t e n s i t i e s  of l i n e s ,  only rough est imates 

were recorded i n  most cases.  Densitometer t rac ings  were made on only a 

very few p l a t e s .  

C.  Gamma-Ray SpectroscoPJ 

During the  course of t h i s  study various gamma-ray spectrometers 

were employed, the  choice depending upuu L11e typc of information dasi.red, 

the  a v a i l a b i l i t y  of the  equipment, and t he  nature of the  sample. By 

employing coincidence techniques it was possible t o  obtain spectra  of 

. g-a rays i n  coinritlence with photons of any given energy, with all alpha 

p a r t i c l e s ,  o r  with alpha panl;icles of a given energy, i n  addi t ion t o  

s t r a i g h t  gapma-ray spec t ra .  A fast-coincidence c i r c u i t  which permitted 

delayed coincidences t o  be run was used t o  look f o r  metas.lable s t a t ca  i n  
229 the  alpha decay of Pa . 

Crysta ls  of thall ium-activated sodium iodide were used as detectors  

f o r  gamma rays .  I n  most cases crysta ls .measur ing 1-112 by 1 inch were 

employed, although 3-by-3-inch c r y s t a l s  were used i n  some instances.  The 

' l i g h t  output from the  c r y s t a l  was converted i n to  e lec t ron ic  pulses by a 

photurnultiplier tube. For s t r a i g h t  gamma spectra ,  these pulses were then 

amplified m d  fed i n t o  FI. rn~~ltickr&$mel pulse-height tu l~ lyze+~,  wllerc tho 

energy spectrum of the  gamma rays  w a s  recorded. I n  the  e a r l y  s tages  .of 

t h i s  work 50 -channel pulse -heighl; analyzer3 were employed, wh.tle l a t e r ,  a 

100 -channel PENCO pulse -height analyzer,  permit t ing use of much more a c t i  ue 

samples, was used. A l l  gamma-ray i n t e n s i t i e s  have been corrected f o r  

escape-peak losses  by using Axel's curves,12 and f o r  counting e f f ic iency  

by employing the  curves of Kalkstein and Hollander. 13 

For gamma-gamma coincidence s t ud i e s ,  sodium iodide c r y s t a l s  were 

used t o  de tec t  t he  gate and s igna l  pulses .  For alpha-gamma coincidence 

s tud ies ,  a zinc su l f i de  screen sprayed d i r e c t l y  onto a photomultiplier  

tube served as t h e  gate detector .  

Since the  type of c i r c u i t  employed var ied f r &  one experiment t o  

another,  depending upon the  nature of the  e x p e r b e n t ,  no c i r c u i t  diagram 



i s  out l ined here ... ,' : : Detailed ilescriptions of the  apparatus used i n  

t h i s  type of study have been given by Frank S. Stephens, Jr .I4 and 
15 .Donald Strominger . 

D. Preparation and Pur i f i ca t ion  of Active Materials 

1. Bombardment Procedures 

The isotopes of protactinium t h a t  were. s t ud i ed  i n  ' t h i s  work were 

a l l  prepared by cyclotron bombardments. The cyclotrons used were the  

Crocker Laboratory 60-inch cyclotron,  which accelera ted deuterons t o  24 

Mev, protons t o  12 Mev, and helium ions t o  48 Mev; and the  184-inch 

synchrocyclotron, which accelera tes  deuterons t o  370 Mev, protons t o  740,  

Mev, and helium ions t o  885 Mev. ' I n  order t o  take advantage of t he  high 

beam i n t e n s i t y  and energy s e l e c t i v i t y  provided by the  60-inch cyclotron,  

t a rge t s  of enriched Th230 (87% Th230 and 13% Th 232) were bombarded with 

deuterons from t h i s  machine whenever poss ible .  This enabled isotopes of 

protactinium of mass number 228 and heavier t o  be produced by the  (d,xn) 

react ions .  I n  order t o  produce it was necessary t o  employ the  

higher-energy p ro j ec t i l e s  of the 184-inch.cyclotron.  

For bombardments on the  60 -inch cyclotron approximately . I 5  m i l l i  - 
grams of the  t a r g e t  mate r ia l  i n  the  form.of f i n e l y  powdered .thorium 

chloride was placed i n  a gold boat ,  covered with a 0.001-inch platinum 

f o i l ,  and bombarded . f o r  8 t o  10 hours with deuterons with a beam i n t e n s i t y  

of approximately 15 microamperes. Maximum-energy deuterons were used when 
228- 

- 

Pa was desired,  and 17-Mev deuterons when it w a s  not .  This l a t t e r  

energy was chosen a s  ' the  r e s u l t  of ca lcu la t ions  showing the  threshold fo r  
228 

the  ~ h ~ ~ O ( d , k n ) ~ a  reac t ion  t o  be 17.5 Mev. No rad ia t ions  cha rac t e r i s t i c  

of Pa228 - conversion e lec t rons ,  alpha p a r t i c l e s ,  o r  gamma rays - were 

observed following bombardments at  1'7 Mev. 

, For ,producing thorium metal  ( ~ h  232) was bombarded on edge 

with protons a t  the  minimum acces'kible radius  (45 inches) '  of the  184-inch 

cyclotron. This gave approximately 0.5 microampere of 280-~ev  protons. 

2. Chemical. Separations 

The problems involved i n  separat ing protactinium from o ther  a c t i v i t i e s  
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produced i n  the  bombardments outlinecl above are  by 'no mehs  t r i v i a l .  

Although a va s t  amount of new inform~ttion has accumulated 'during the  

~ ' a s t  few years ,I6 the  chemistry of protactinium i s  s t i l l  not completely 

understood. Its tendency t o  undergo hydrolytic polymerization react ions  

of .' unknown, nature .  s t i l l  r e s u l t s  i n  nonreproducibil i ty of chemical be - 
havior ,  i n  addi t ion t o  l o s s  of activ:ity due t o  adsorpt ion on the  walls  

. . 

, .. .. of containers.  ,The, l a rge  amount of i?issiun-product a c t i v i t i e s  ppoduced . . . .  . 

, . , . r equ i res  t h a t  t r a c e r  amounts .of protactinium be i so l a t ed .  from near ly  a l l  
.. . 

other elements , . in the  periodic t ab l e  A d  from la rge  amounts of t k g e t  
. . 

.. mater ia l .  ,The s t r l c t  requirement of obtaining a mass-free sample fu r the r  

complicates the  problem. . . . . .  * .  

. .  . 
. ) _  ' . '  

, , .To meet, the r e~u i r emen t s  of obtaining.  a mass -free sample, radio- 

. .  . . '  . chemically f r ee  from a l l  contaminants, and taking account of the f a c t  
. . 

. .  . , , tha t  . .  a l l  chemical p r ~ c e d u r e s  must be ca r r ied  out Ins ide .  a glove box OP 

. ... . ;,iunior cave wlthin a reasonable length of time, it was decided t o  avoid . .  . 

: the  commonly used methods of copreeipi ta t ion and concentrate on ion ex- . . 
c:hange and solvent ex t rac t ion .  . ' . .  

In  previous s t ud i e s , o f  t h i s  type, 17'18 the  elements which tended 

. to  -fo.llow protactinium through the  chemical procedures used t o  pur i fy  
. . 

it .were z i r q n i g n  and niobium. Repeti t ion of individual  s teps  i n  the  

. . 
puri f icat ion.procedures  f a i l e d  t o  completely remove these  ' a c t i v i t i e s .  . . 

. . I n  view . :  of . t h i s , .  . it . . w a s  . f e l t  necessary t o  devise means of e f f ec t i ng  the  
separation of .p ro tac t in i~ .m from zirconium and niobium by using ion-exchange 

methods, i f  possible . 
. . 

3 . 1  , . ,. . The . method f i n a l l y  selected,  exp lo i t s  the  di f ferences  i n  behavior 

when t r a c e r  amounts of the  three  elements a re  equ i l ib ra ted .  with Dowex -1 

' mion-exchange r e s i n  from solut ions  of hydrochloric acid19 and from 

solut ions  of HC1:containing s m a l l  mounts  of HF'.. 
20 

Figure 6 shows the  e lu t i on  curve fo r  a mixture of T ~ ( I v ) ,  z ~ ( I v ) ,  

. . . .hb(v) ,  and P ~ ( v )  under d i f f e ~ e n t . e l u t i n g  condit ions.  The column used was 
. . 

. . 3,mm i n  diameter +nd was f i l l e d  t o  a height of 55 mrn with Dowex-1 aaion- 

exchange r e s in .  The column volume, defined a s  the  number of drops r e -  

quired f o r  a band t o  t raverse  the  length  of t h e . r e s i n  column, was 5 t o  6 

drops. I n  strong H C 1  solut ions ,  P ~ ( v )  s t i c k s  t o  the  r e s i n  along with 



Fig. 6. Separation of Th, Z r ,  Pa, and Nb on D~wex-1 anion-exchange. 
column. 



Z ~ ( I V )  and N ~ ( v ) ,  while ' ~ ( I v )  passes r ight  through .along with the other 

alpha emitters i n  the periodic table below protactinium. With 6 M HC1  - 
as the elut ing agent, Z ~ ( I V )  i s . r a p i d l y  stripped off i n  a few column 

columes with no loss  of P ~ ( v )  or N ~ ( - v ) .  The protactinium is then eluted 

i n  9.0 - M He1 - 0.1  M - HP, completely separating It fr"m ID(V) . The l a L  Ler  

may then be eluted i n  1 t o  4 M HC1. The acid concentrations used here - 
were selected as those giving the best  separations i n  experiiiients using 

95 t r ace r  2rg5,, and Nb . 
A glance a t  curves showing the adsorption of the elements from 

hydrochloric acid onto Doxex-1 anion-exchange resin1' indicates tha t  the 

above procedure shoilld separate protactinium from essent ia l ly  a l l  the 

other elements. However, t o  be on the safe side it was f e l t  advisable 

t o  perform a solvent-extraction cycle i n  addition. The solvent selected 

was diisopropyl ketone (DIPK), and the procedure followed was tha t  oat- 

l ined  by Golden and ~ a d d o c k ~ l  with some modifications. The 9.0 M HC1 - - 
0 . 1  M - HF solution containing the protactinium from the anion-exchange 

column was contacted with an equal volume or  DIPK. Under these conditions 

such species as ~e(111)  and FO(IV) extract  quant i ta t ively in to  the DIPK, 

along with appreciable amounts of s ~ ( I v ) ,  N ~ ( v ) ,  and others.  P~(v) ex- 

t r a c t s  t o  the extent of l e s s  than 0.4%. The solvent phase was then d is -  

carded and borax (ma B 0 - 1 0 ~ ~ 0 )  or  anhydrous A l C l  was added t o  the 
2 4 7  3 

aqueous phase. Of these two complexing agents f o r  fluoride ion, it was 

f e l t  that  borax was more sui table .  Although A l C l  seemed t o  have s l ight -  
3 

l y  be t t e r  complexing c h a r a c t e ~ j s t f c s ,  it appeared t o  be appreciably 

soluble i n  BIPK, and excess quant i t ies  i n  solution gave voluminous preci- 

p i t a t e s .  The aqueous phase was then contacted with an equal volume of 

f resh DIPK. Under these cqnditions, P ~ ( v )  extracts  quant i ta t ively in to  

the solvent phase, removing it from T ~ ( I v ) ,  T ~ ( I v ) ,  V(V) , Zr(IV) , u ( V I ) ,  

and other species. The protactinium was then re-extracted from the solvent 

phase into an equal volume of 2.0 M HC1. - 
To remove all extraneous mass and reduce the volume t o  a very few 

drops, the solution containing the grotactinium was then made approximately 

10 M - i n  HC1 and passed through a small anion r e s in  column ( 3  mm In  diam- 

e t e r ,  1 2  rn i n  he i&t) .  After being washed with 10 M 1x1, the protactinimt - 



was then e lu ted  with 2.7 - M HC1. The t h i r d  through,s ixth  drops, containing 

more than 90% of the  protactinium ac t iv i ty , .  were then. col lected on a 

platinum d isc  and used f o r  sample preparation.  

For recording the  ,alpha-part icle spec t ra  of isotopes of p ro tac t in -  

i u m ,  such extensive pur i f i ca t ion  procedures were not required.  I n  such 

cases it was necessary only t o  remove the  t a rge t  mate r ia l  and other  alpha 

emi t te r s .  This was do;e by passing the  mixture of a c t i v i t i e s  i n  approxi-  

mately 10 - M . H C 1  through a small'Dowex-1 anion-exchange column (3  by 12 mi) .  

T ~ ( I V )  and a l l  alpha emit ters  below protactinium pass through the  column 

without adsorbing. After  t he  column had been washed with 10 M - H C 1  t o  

remove a l l  t r ace s  of .these other  alpha emi t te r s ,  protactinklug was e lu ted  

i n  four drops of 2.7 M - HC1, as  out l ined above. 

Dissolution of t a r g e t  mater ia ls  a l so  presented s~me.problems..~ The 

t a r g e t s  were e i t h e r  thorium.meta1 o r  ThC14 powder, some of which was con- 

ver ted t o  ThoZ during the  bombardments. Although d i sso lu t ion  of both 

thorium metal  and Tho has received spec ia l  mention i n  the  l i t e r a t u r e ,  2 2 
2 

techniques e spec i a l l y  su i ted  t o  the  chemical procedure out l ined above were 

developed i n  t h i s  study. The reagent be s t  su i t ed  f o r  d i s so lu t ion  of both 

the metal  and the  oxide of thorium w a s  found t o  be concentrated HC1  con- 

t a in ing  HF as a ca t a ly s t .  The &mount 'of HF added depended upon the  amount 

of t a r g e t  mate r ia l  t o  be dissolved and the  f i n a l  volume of solut ion des:-. 

t f ed .  By slow addit ion of a d i l u t e  RF solut ion t o . a  known amount of T ~ ( I V )  

and vice  versa ,  it was found t h a t  ThF prec ip i t a t e s  when the  mole rat i 'o of 4 
f luor ide  t o  thorium i s  g rea te r  than 2: l .  It was a l so  found t h a t  the  r a t e  

of d i s so lu t ion  of thorium metal  i s  a d i r e c t  function of HF concentration. 

Hence, it was desi red t o  keep t he  HF concentration high enough t o  permit 

r ap id  diasolut lon,  but  low enough t o  prevent p r ec ip i t a t i on  of ThF4, which 

might a l s o  ca r ry  down the  protactinium a c t i v i t y .  , Concentrated H C 1  - 0.01 

M - HF w a s  used f o r  dissolving the  r e l a t i v e l y  s m a l l  amounts of powder used i n  

the  60-inch cyclotron bombardments, while the  thorium metal bo'mbarded a t  

the  '184-inch cyclotron was dissolved. i n  concentrated H C 1  - 0.2 M - HF. The 

volumes were kept as s m a l l  a s  possible while the  hydrogen ion concentrat ion,  

which w a s  depleted by the  d i sso lu t ion  process, was'kept high enough t o  

permit protactinium t o  adsorb onto the  r e s i n .  The f luor ide  ion was com- 

plexed by the  addi t ion of borax o r  A l C l  before the  so lu t ion  was passed 
3 

through the  column. 



Samples f o r  the  a lpha-par t ic le  spectrographs were prepared by 

evaporating the  few drops of solut ion from the last anion-exchange column 

onto the tungsten fi lament,  and proceeding a s  out l ined e a r l i e r  ( sec t ion  

11-~.1). The f i r s t  few sources were prepared by evaporating the ac t ive  

so lu t ion  t o  dryness on the  platinum disc and then Lrarlsferri~ig the  activ- 

i t y  t o  the filament by taking it up i n  concentrated HC1. However, t h i s  

resu l ted  i n  considerable broadenlng'of t he  peaks, presuuably due t o  small 

amounts of platinum which were scraped from the  d i sc  and sublimed with 

the  protactinium. 

Samples f o r  t he  permanent-magnet spectrographs were prepared by 

evaporating the few drops of solut ion containing the a c t i v i t y  t o  dryness 

on the  platinum d i s c ,  and then taking the  a c t i v i t y  up i n  the  pl-a,Llug 

solut ion and t rans fe r r ing  it t o  the  e l e c t r o l y s i s  c e l l .  

Two d i f f e r en t  e l ec t ro ly t e s  were used as p l a t i ng  solutions:  0.81 M - 
NH4F adjusted t o  a pH of 6.0, and 0.32 M - ( N H ~ ) ~  C204 adjusted t o  a pH of 

7. Neither of these solut ions  gave y ie lds  of protactinium exceeding 50%, 

although both were superior t o  other  e l ec t ro ly t e s  t r i e d .  

Samples f o r  the  gamma-ray spectrometers were prepared by simply 

evaporating the  a c t i v i t y  onto aluminum, n icke l ,  o r  platfnum d iscs .  
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111. EXPERIMENTAL RESULTS 

A. Alpha Decay of Pa 229 

Pazig wae f i r s t  produced by Hyde and Studier,  who reported tha t  

it decays with a 1.5-day half l i f e  and emits alpha par t ic les  with an 

energy of 5.66 ~ e v .  23 This half l i f e  was confirmed by Meinke , e t  al., ::who 

determined the alpha branching t o  be roughly 1% and the energy of t h e '  

. alpha par t ic les  t o  be 5.69 M ~ v . ~ ~  Later unpublished data of S la te r  and 

Seaborg indicate  tha t  paaz9 decays 99.75% by electron 'capture and 0.25% 

by alpha-particle emission. 25 No previous high-resolution spectroscopic 

measurements of the alpha-part.icle energies have been reported. 

1. Alpha Spectrum 

Several alpha spectra of paz2' were obtained i n  the ear ly  phases 

of t h i s  work with the uniform-field' spectrograph. However,. because of 

the small alpha branching of t h i s  nuclide and the low transmission of the 

~ p e c t ~ o g ~ a p h ,  only a few hundred alpha tracks were recorded i n  .exposures 

of approximately 3 days' d q a t i o n .  The resolution obtained was quite . , 

poor owing t o  the fau l ty  sample-preparation technique mentioned kn 

Section 11-D. 

The spectra obtained by using the double -focusing magnet were much 

be t t e r .  Figure 7 shows a spectrum obtained a t '  high resolution and Fig., 8 ' 

shows a spectrum obtained at only moderate resolution while looking fo r  

low-intensity alpha groups. 

It should be pointed out t h a t  the spectrum shown i n  Fig. 8 con- 
228 

t a ins  no contribution frbm Pa and i t s  decay products, whereas the 

spectrum shown i n  Fig. 7 does. The alpha group designated ..with a qukstion 

mark was shown not t o  be RaZz4  by both energy and in tens i ty  arguments. It 
Qo i s  probably not a paz2' alpha group fo r  reasons explained i n  Section 111- 

A.2, although it cannot be assi'gned t o  any other alpha emitter thought t o  

be' present. The group designated as  a and a appears t o  be composed 
252 264 

of two peaks, especial ly  when background i s  subtracted out, although t h i s  

i s  not beyond question. The existence of a group designated a i s  very 
. . 

356 
dbkb t fu l ,  although the hump may be r ea l .  
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Fig. 8. Alpha-particle spectrum of search for low-intensity 
groups with double -focusing spectrograph. 
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The absolute energies and energy separations of the  alpha groups 

were obtained by using Ep. (l), with both RaZZ4 and IJZ3O employed a s  
a. a 

standards.  The di f ferences  i n  r e c o i l  energy associa te8 with the  alpha 

groups were added t o  the  p a r t i c l e  energy-separations to give the  exci ted-  

s ta te-energies .  Table I1 summarizes the energy da t a  from a rlumber of 

experiments. The adopted values a re  the  average values f o r  a l l  the  ex- 

periments, and the l i m i t s  of e r r o r  morn m e  the standard devlaLlur1s. 

Although ce r t a in  experiments were f e l t  t o  be more r e l i a b l e  than others ,  

no subs t an t i a l  difference:  w a s  ob.Lttl11ed by weighting the experimcnta. 

The standard deviations decreased by no more than 0 .1  kev and t he  average 

values changed by no more than 0.2  kev. 

Table I11 summarizes the  abundances of t he  alpha groups observed 

i n  a number of experiments. The adopted values a re  weighted averages and 

the l jmf t s  of e r r o r  represent  the  standard deviations.  I n  those cases 

where only a few observations were made, the  sukpected limits of e r r o r  

a r e  l i s t e d .  

The energies and abundances of thc  alpha groups of paZZ9 a re  

summarized i n  Table I V ,  along with the  hindrance f ac to r s  and exci ted-s ta te  

energies.  The hindrance f ac to r  of an alpha group 1s the  f ac to r  by which 

the  observed alpha ha l f  l i f e  d i f f e r s  from t h a t  ca lcula ted by simple 

ba r r i e r  penetra t ion theory. The hindrance f ac to r s  were calcula ted by 

employing the constants of P e r h a n  and Rasmussen. 26 



Table 11. Excited-state energies i n  paZBg alpha decay 
. . 

. - 
' Excited-state energy ' (kev) . . 

Alpha Exposure Number Adopted 
Group 524a g67a 150-1 . 150-2 162 173-1 173-2 164 ' . Values 

.:a 
Exposures made on uniform-field spectrograph. 

b~ssumed value - energies r e l a t i v e  t o  lJZ3O = 5.884 Mev and ~ a g ~  = 5.681 
Mev. 

% 



Table 111. ~ b i n d ~ n c e s  of alpha groups. 

Ab~mdances (%) 

Alpha Expos.ure Number Adopted 
..@?oup 150-1 150-2 162 .173-1 .173-2 164 Values 

. . 

Upper f igures  i n  each group a r e  in tegrated . i n t ens i t i e s .  
Lower f igures  a re  based on peak heights.  



Table IV. Alpha groups of Pa 2 29 

Alpha-particle Exci ted-s ta te  Abundance Hindrance 
energy energy (4) f ac to r  

( ~ e v )  (kev) 



2. Alpha - Gamma Coincidence Spectrum 

. . Because . ' o f  ,. the  . small alpha branching of paa2', . .. . .coincidence 

techniques musk .-be applied i n  order to '  observe the  .de -exci.tation of 

' l eve l s  populated i n  i t s  alpha decay. . I n  t h i s  study, the  gamma rays 
, . .  

i n  coincidence with t o t a l  a l p h a " ~ a r t i c l e s  were examined with c c i n t i l -  
I .  

l 'a t ion spectrometers. Since no energy discrimination was made on the  

alpha p a r t i c l e s  giving r i s e  to t he  gete pulses, it .was e s s e n t i a l  t h a t  

P~~~~ be t he  only alpha a c t i v i t y  present.  This was assured by bombard- 
228 

ingcbe lowt f iem230(d ,4~ i )~a  t l u - e a h a l d o n d t d ~ i n g t h e  spert.r~~rn fm- 

mediately a f t e r  the  chemical separation.  This reduced the .con t r ibu t ion  

f r o m  the  u~~~ decay s e r i e s ,  which grows i n  qu i te  rap id ly  from the  be ta  
230 decay of Pa . 

. . 

Figure 9 shows a t yp i ca l  alpha-gamma coincidence spectrum. 

'Several of these spec t ra  were obtained by using samples from d i f f e r en t  

bombardmen3s. I n  a l l  cases the spec t ra  were i den t i ca l .  The abundances 

of the  gamma rays a re  summarized i n  Table V, 
. . 

Table V. Abundances of gamma rays i n  alph& decay 

E .  . 
Abundance (photons per alpha par t i c le . )  

r Exp. 'la Exp. 2 
b 

' Exp. 3" ~ d o ~ t e d  

~ -- - 

a 
Spectrum recorded on 100-channel PENCO pulse-height analyzer 
using slow-coincidence apparatus. 

b~pectrum recorded on 50-channel pulse-hkight analyzer using 
fast-coincidence apparatus. Since number of gates  could not 
be recorded, i n t e n s i t i e s  were normalized t o  40-kev g a m a , r a y  
of e x p e r b e n t  No. 3. 

C Spectrum recorded on 50-channel pulse-height analyzer using 
slow coincidence apparatus. 
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229 F i g .  9. Alpha particle- gamma ray coincidence spectrum of Pa . 



Although the  comparatively weak gamma rays of 69, 81, 107, and 

120 kev appear i n  each spectrum, there  is  some question a s  t o  whether 

o r  not  they ac tua l l y  belong i n  t he  alpha decay of pa2". The higher-energy 

gamma .rays appear only a s  a high-energy shoulder on the  very prominelit 

92-kev peak. This shoulder becomes more pronounced with time as  the  11?- 
226 kev gamma ray  of Th grows in .  Tile 69-kev gamma ray  appears a t  the  ssme 

pos i t ion  a s  p l a t f n m  K x-rays and, although @luminum backing p la tec  were 

used. the a c t i v i t y  was t rans fe r red  from platinum discs .  The 81-kev gamma 

ray  appewe as  a luw-tiieargy sl~auldcr on thc 32,-lcav peak., and it-s i n t ens i t y  
. i .  

i s  .very sens i t ive  t o  t he  reso lu t ion  of t he  l a rge  peak. 

Since actinium and thorium K x-r'ays would appear at 90 t o  93 kev, 

higher-energy gamma rays  were looked f o r  t o  see i f  i n t e r n a i  conversion of . . 

higher-energy gamma rays  were contr ibut ing t o  the  peak a t  92 kev. None 

was observed i n  s u f f i c i e n t  i n t e n s i t y  t o  contr ibute  s i gn i f i c an t l y  t o  the 

92 -kev peak. . , 

From the  abundances of t he  gamma rays and populations t o  t he  
- - 

v.arious l eve l s  i n  ~c~~~ it i s  e a s i l y  shown t h a t  both the  40-kev and.  92-kev 

t r ans i t i ons  a re  E l  i n  nature.  Since no more than 81% of the  alpha decay 

may proceed'through the  l e v e l  a t  4.0 kev, t he  t o t a l  conversion coef f ic ien t  

of t he  40-kev t ransi ' t ion must be l e s s  than 7.1. ,The t heo re t i c a l  t o t a l  

c o n v e r s i ~ n  coe f f i c i en t s  f o r  40-kev E l ,  MI, and EZ transitions are I,&, 91, 

and 1030 respect ively ,27 which r u l e s  out  aZ1 but  the  E l  asslg1me1it. 

Since no more than .53$ of the  'alpha. d.ecay may proceed through th.e 

l e v e l  a t  92 kev, the  t o t a l  conversion coef f ic ien t  of the  92-kev t r a n s i t i o n  

must be l e s s  than 2.3. The t heo re t i c a l  t o t a l  conversion coe f f i c i en t s  f o r  

92-kev El ,  M 1 ,  and E2 t r ans i t i ons  &e 0.16, 9, and 15 respectively,  again 

making the  E l  choice unique. 

Similar  arguments may be advanced t o  show t h a t  t he  69-, 81-, and 

107-kev t r a n s i t i o n s  must a l so  be E l  i n  nature i f  t h e i r  abundances a re  

those shown i n  Table V. 

Attempts t o  obtain the  spectrum of gamma rays i n  coincidence with 

alpha p a r t i c l e s  of a given energy f a i l e d  t o  give gobd r e s u l t s ,  although 

they did provide some usefu l  information. By gat ing on the  most intense 

alpha group, designated ag2, it was found t h a t  the  coincidence r a t e  was 



0.25 t o  0.4 photon per alpha pa r t i c l e .  .The photons a l l  appeared t o  be 

i n  the  92-kev energy region. The same photon energy and .same coincidence 

r a t e  were obtained by gat ing on the  alpha group designated a 
137 ' 

These 

r e s u l t s  .were based on only a comparatively few events (10 t o  200 coinci-  

dences) and cannot be considered conclusive nor unambiguous. 

Because of the  presence of these E l  t r ans i t i ons  i n  the  alpha 

decay of a n d  the  existence of severa l  E l  t r ans i t i ons  with measure- 

able l i f e t imes  i n  t h i s  region ( fo r  example, t he  27-kev t r ans i t i on  i n  the  

alpha decay of it seemed advisable t o  look f o r  metastable s t a t e s .  

A f a s t  coincidence c i r c u i t  permitting delayed coincidences t o  be run wcts 

used t o  measure the  ha l f  l i v e s  of the  s t a t e s  de-excited by the  E l  t r a n s i -  

t ions  fol loying paZBg alpha decay. The t r ans i t i ons  were a l l  found t o  be 

prompt, andl'the following upper l i m i t s  were s e t  f o r  the  half  l i v e s  of the  

s t a t e s  de-excited by the  40-, 69-, and 92'-kev t fans i t ions  respectively:  

1 .5  x lo-' sec ,  2.0 x sec,  A d  2.7 x sec : It seems reasonable 

t o  assume t h a t  the  prompt 40-kev E l  t r a n s i t i o n  i s  the  same as Stephens 

observed i n  ~c~~~ following ~a~~~ be t a  decay.28 Be s e t  a l i m i t  of 2 x 

sec fo r  i t s  hal f  l i f e  and determined i t s  t o t a l  conversion coef f ic ien t  t o  be 
1 4  approximately 1.1. 

Since he saw only the  40-kev gamma say  and jus t  enough L x-rays t o  

account f o r  i t s  i n t e r n a l  conversfon, and f a i l e d  . to  observe any rad ia t ions  

at a l l  in coincidence with the  40-kev photons, it i s  s a f e  t o  assume t h a t  

the  t r a n s i t i o n  i s  t o  'the ground s t a t e  of ~ c ~ ~ ~ .  It i s  f o r  t h i s  reason t h a t  

the  unassigned alpha group shown i n  Fig. 8 i s  not  assigned t o  I f  

t h i s  group did  belong t o  t he  ground s t a t e  would be ,25.9 k e i  lower 

i n  energy. and a l e v e l  . 40 kev above t h i s  would be populated i n  R a  225 

be t a  decay. Of course, t h i s  i s  s t i l l  possible i f  the  40-kev E l  t r a n s i t i o n  

observed i n  t h i s  study i s  not  the  same a s  t h a t  observed by, Stephens. For 

the  present ,  it i s  assumed t h a t  they a re  t he  same. 

3. Decay Scheme 

The alpha decay scheme of i s  shown i n  Fig. 10. Only those 

t r ans i t i ons  which a re  f e l t  t o  be ce r t a in  a re  shown, although o thers ,  such 

a s  those included i n  Table V:, may have been observed, and s t i l l  o thers  may 

be in fe r red  from in t ens i t y  considerations.  
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229 F i g .  10.. Alpha decay scheme of Pa . . 



I f  the  t heo re t i c a l  t o t a l  conversion coef f i c ien t  of 1 .4  i s  assumed 

. f o r  the 40-kev .El  t r a n s i t i o n ,  t h i s  requires  t h a t  24% of the  decay proceed 

v i a  t h i s  t r a n s i t i o n .  S.ince . the,  alpha population t o  the  l e v e l  i s  .only 
. . 

.9. %, t h i s  r equ i res  t h a t  an .addi t ional  14% of the  alpha decay cascade . .... :: .. 

through .the l e v e l  at  40 kev. The -population t o  the  next higher l e v e l  

could' e a s i l y  account f o r  ' t h i s ,  although a l t e rn$ t ive  cascades could a i so  

be proposed. 

As w a s  pointed out  i n  Section 111-A.2, the  coincidence spectrum 

displayed by gat ing on both a and a showed only 92-kev photons i n  an 
92 137 

abundance of 0.25 t o  0 .4  photon per alpha p a r t i c l e .  This ind ica tes  t h a t  

the t o t a l  conversion coe f f i c i en t  of the  t r a n s i t i o n  i s  1 .5  t o  .3.0 ( ~ l  with 

perhaps a .very small  admixture .bf ~ 2 ) .  Since the  abundwce of the  photons 

i s  16%, t h i s  would account f o r  40 t o  64% of the  t o t a l  alpha.decay. A s  t h e  

population t o  the  l e v e l  i s  36:%, and the  t o t a l  population t o  'it and a l l  

higher , l eve l s  i s  5.3%, these  wide l i m i t s  allow no conclusions t o  be made 

concerning poss ible  cascades. 

11. In tcrpre ta t ior l  .of f eve l s  ' 

s i n c e  the re  i s  r ea son  t o  bel ieve  t h a t  ~c~~~ might , s t i l l  exh ib i t  a 

,more o r  . l e s s  s t ab l e  spheroidal  deformation, it might a l so  be .expected . to  

exh ib i t  some of the  chkac t e r i s t . i c . s  predic ted by.,the Bohr-Mottelson co l -  

l e c t i v e  model f o r  nuc le i  i n  t h i s  region,. The most s t r t k i n g  .feature pre - 
die ted  by t h i s  model i s  the  occurrence of r o t a t i o n a l  baids .  The .energy- 

l e v e l  .spacings of skch a r b t a t i o n a l  band a r e  given by 
. . B2 

E = -  
. .  . I a  

[ I ( I , +  1) --Io Oo + 1) I , 

where E i s  the  energy of the  l e v e l  with sp in  I above . the base member of 
I 

' the  band, ' 3 i s  ' the  ' moment of i n e r t i a ,  and I. i s  the  spin  o f ,  
Y 

tlie base .member. For odd-mass ' nucl ides ,  allowable spins  a r e  

I,;, I. + 1, Id + 2 ,  e t c .  A character is t ic  of men;hers of 

a r o t a t i o n a l  band i s  the  f a c t  t h a t  the  component of t o t a l  

Y fi2  or .the case of I = 112, an add i t i ona l  term E. = - a ( - )I+'/' 
O I a. 

(I  + ,112) must be added t o  E q  ' (3) ,  where a ,  the  decoupling p a r m e t e r ,  

i s  a constant  f o r  each band. 



. .  . 
angular momentum along the  nuclear symmetry ax i s  (K-quantum number) i s  the  

same f o r  each.member and t s  equal t o  thc  spin of the  lowest member, . 
I0  

It hqs become increas ingly  evident during the  past  few years t h a t  

almost every odd-mass alpha emit ter  in the  Bob-Mottelson region exh ib i t s  

e s s e n t i a l l y  unhindered alpha decay t o  a ,rotat iona,l  band of i t s  daughter 

nucleus. It i s  supposed t h a t  such a t r a n s i t i o n  leaves the i n t r i n s i c  wave, . 

f m c t i o n  of the  odd nucleon unchanged and i s  t4vs exact ly  analogous t o  the  

alpha t r ans i t i ons  t o  the  ground-state rotat.ioiia.1 band i n  even-even nucle i .  

n ie  term "favored>lpha decay i s  usual ly  applied t o  these t r ans i t i ons .  

B o b ,  Froman, and ~ o t t e l s o n ~ ~  have recen t ly  developed a re la t ionsh ip  between 

the  population of alpha groups t o  members of a favored" ro t a t i ona l  band 

arid t o  tile gruuld=sta te  r o t a t i o n a l  bmh i n  cvpn.-ovin nucle i .  Very good 

agreement . i s  shown be tweerl these calcula ted . i n t ens i t i e s  and t,h.oae found 

experimentally f o r  a number of odd-mass alpha emit ters .  26,29 
- 

One of Lhe more pro*incnt fea tu res  of alpha decay i s  the  

r e l a t i v e l y  l a rge  population t o  the  l e v e l  at 92 kev. I f  "favored" alpha 

decay i s  exhibi ted,  it i s  t o  t h i s  s t a t e .  Inspection .of the  decay scheme 

ttl.sc:~ reveals  thc  presence of another ste. te% jus t  44.8 kev higher i n  energy 

with a r e l a t i v e l y  low hindrance fac tor .  These two fea tures  alone suggest 

a c lose  s imi l a r i t y  t o  severa l  other cases of ' favored" a1ph.a. decay found 

ia $:.his reginn with s imi la r  energy-level spacings aid relaLi~\rt hil~drancc 

f ac to r s .  , Five such cases l.1a.w been ,noted, a l l  with ener iy  s e p ~ r a t - i o n s  of 

43 t o  46 kev and K = 512 .  26 

with the  assumption K = I = 512 f o r  the  l e v e l  at 93 kev and, I = 712 
2 f o r  the  l e v e l  a t  ,137 kev, the  ro t a t i ona l  constant Ti 123 i s  found t o  be 6.40 

kev f o r  the  ro t a t i ona lband .  Use of t h i s  value i n  Eq. (3) enables the  

energies  of the  next higher members t o  b,e calculated.  Table V I  .compares 

the  calcula ted energies with those found experimentally. The agreement i s  

even b e t t e r  than .might be exljected, and implies t h a t  there  a r e  no rlem--lyj.ng - 

sta.l;es of tlie same p a r i t y  with K = 512 f 1. 

Although the  hindrance f ac to r  f o r  the  alpha group populating the  

l e v e l  a t  92 kev i s  not uni ty ,  as  i.t should be f o r  'favored: alpha .decay, 

t h i s  does not  r u l e  out such a pos s ib i l i t y .  The hindrance f ac to r s  were calcu- 

l a t e d  by using 0.25% as th.e alpha branching o f  paZZ9, If th,e value of 



225 
Table V I .  Energies, of Ac K = 512 r o t a t i o n a l  band, . , . 

Spin .of Exci ted-s ta te  energy (kev) 
s t a t e  Theoret ica l  Experimental 

2 
%xp6rimental values used t o  evaluate i o t a t i a n a l  constant  fi /a = 6.40 
kev . 

. . 

Table V I I .  Favored alpha i n t e n s i t i e s  t o  ~c~~~ K = 512 band 

Exci ted-s ta te  Spin of Kelat ive i n t e n s i t i e s  

energy (kev) s t a t e  Theoret ica l  Experimental 



approximately . . 1% reported by Meinke2" . . were used, , the  hindrance f ac to r s  

would a l l  be decreased b y ' a  f a c to r  of 4 I n  view of the  uncer ta inty  of - 
t h i s  alpha branching r a t i o ,  it is.. no;; unr.easonable t o  assume t h a t  the 

alpha decay t o  the l e v e l  at 92 kev i n  ~c~~~ i s  of the favored type.  

Making t h i s  assumption, one.aay then proceed. to  ca lcu la te  the  

r e l a t i v e  alpha populations t o  the mem.bers of the  r o t a t i o n a l  band. The 

r e l a t i v e  t r a n s i t i o n  p r o b a b i l i t i e s  according t o  Bohr, Froman, and ~ o ~ t e l s o n ~ ~  
. '. . . . 

are given by 

wl~crc C i c  t he  reciproce.1 nT 'tihe hindrance f ac to r  f o r  'the alpho, group L 
of a n g u l q  momentum L i n  neighboring evell-even nuc lc i ,  and the  squar~cl. . , 

term i s  the Clebsch-Gordan coe f f i c i en t  descr ib ing the  d i s t r i b u t i o n  of 

the  various alpha waves among the members o f  the  r o t a t i o n a l  band. P ~ ( z , E )  

i s  a ba r r i e r -pene t ra t ion  f a c t o r  contair l i~ig . the energy and atomic-number 

dependence f o r  each l e v e l  and i s  evaluated. from the one-body theory .of 
.. . 
alpha decay by u s ing . t he  same constants employed i n  hindrance-fac.l;uli 

26 
ca lcu la t ions .  . . . , . . 

Table V I I  compares the  calcula ted and experimental r e l a t i v e  alpha 

populations Lo members of the  K = 5/2 rotations l-~~+nd. The .C ' E  were 
'$28 -230 evaluated from the  neighboring .even-even nuclides U and .'llh . 'The 

agreement i s  again qu i te  s a t i s f ac to ry ,  and equal ly  as  .gaud as  t h a t  found 
26 - f o r  the  u,Lher. cases analyzed t o  date .  

Inspection of the' decay scheme reveals  another s e t  of l eve l s  with. 

energy spacings. s imi la r  t o ,  although somewhat . larger  than,  those of the  

r o t a t i o n a l b a n d  j u s t  discussed. The hindrance f ac to r s  of t h i s  second s e t  

of l e v e l s  a l s o  increase i n  about .the same proportion as those of the  f i r s t  

band, although they a re  a l l  consis ten . t ly 'h igher .  With t h e  assumption 

I = 5/2 f o r  the  lowest member of the  band and use of t he  energy.separat ion 
0 

of the  f i r s t  two members t o  evaluate the r o t a t i o n a l  constant ,  the  energies 

of the  next higher members a r e  ca lcu la ted  by using Zq. (3):. Table V I I I  

compares the  cal.culated energies with ,those found experimentally. Again 

t he  agreement i s  good, a l though. the  exis tence  of a l e v e l  a t  252 kev i s  , .  

sub jec t  t o  question,  a s  was indicated i n  Section 1 1 1 - A . 1 .  



Table V I I I .  Energies of second K = 512 ro t a t i ona l  band i n  Ac 225 

Spin of Excited-state energy (kev) 
s t a t e  Theoreticr$l Experwental  

: 512 (56.3)'" 56 3 

2 
?Experimental values used ..to :evaluate rotati 'onal constant 'K 123 ,= 7.29 
kev . 

. . . . 

Although . t h i s  i s  not a..case .of favore'd'. alpha decay, the  Bohr- 

Froman-Mottelson treatment .may. be appJied t o  ca lcu la te  the  r e l a t i v e  alpha 

populations t o  members of t h i s  band. I n  t h i s  case L = 1 and L = 3 alpha 

.waves a re  employed,. and the C ' s  w e  evaluated from - the  hindrance fac tors  
L 

of the  L = 1  and L = 3 waves , i n  IJz3O and ThZz8 alpha decay. The r e s u l t s  

of t h i s  calcula t ion a re  shown i n  .Table I X .  Although t h e  agreement i s  

. not pc r f ec t ,  it i s  surpr i s ing ly  good. ' 

Table I X  

Alpha i n t e n s i t i e s  t o  second K = 512 band i n  AcZi5 ( ~ f a v o r e d )  

Exci ted-s ta te  Spin of . . Relative i n t e n s i t i e s  
energy (kev) s t a t e  . Theoretical  Experimental 

. . 
The r e s u i t s  of ,the ca lcu la t ions  shown above ind ica te  the  presence 

. . * :  

of two K = 512 r o t a t i o n a l  bands of opposite pa r i t y ,  s ince  one i s  populated 
I , .  : 

by alpha waves of even angular momentum, the  other  by alpha.waves of odd 

kgu1&.r momentum. The assumption of favored. .a lpha decay requires  t h a t  

t he  i n t r i n s i c  wave function of the  s t a t e  a t  92 kev be exac t ly  the  same a s  



the  ground s t a t e  of I n  order t o  i den t i fy  the  i n t r i n s i c  s t a t e s  i n -  

volved, the  Nilsson diagram f o r  protons, shown i n  Fig. 11, i s  employed. 

This diagfam shows the  r e s u l t s  of Ni lsson 's   calculation^^^ considering 

the  e f f e c t  .of a pro la te  spheroidal  deformation of the  nucleus on the  

shellrmodel energy l eve l s .  The energy of the l eve l s  i s  p lo t ted  against  

the  amount of spheroidal  c l . e f f r m a . t i  given i n  terms of a.parameter 6 ,  

which i s  defined a s  (R major - R  minor)/^ average. For. the  case o f .  no 

deformation, 6 = 0, and the  usual  shell-model l eve l s  qre observed. As 

6 increases ,  however, these shell-model l eve l s  s p l i t  i n t o  a number of 

components, each .of which may accomodate.. two nucleons. 'I'hese components 

arc dec imated  by the  quant~un n~unbcrs 0, l;he synunetry-axis component of 

t o t a i  nuclear angular momentum; fi, the  pa r i t y ;  N ,  the  p r loc ipa l  irsci l-  

. . l a t o r  quantum numb.er; n the  symmetry-axis o s c i l l a t o r  quantum number; .z ' 
and A,  the  symmetry-axis component of o r b i t a l  angular.momentum. 

The small arrow i n  the  diagrain of Fig.  11' indicates  the  pos i t ion  

of the  l e v e l  believed t o r e p r e s e n t  the  ground s t a t e  of ~p~~~ (93 protons).  

Since protactinium has two fewer protons, t he  ground s t a t e s  of i t s  i so -  

t o p e ~  ~ h o u l d  correspond t o  the  next lower . level ,  des igna ted , l /2 -  (530). 

It i s  p r e sen t l y  believed t h a t  the  ground s t a t e s  of  both pgZ3' and Pe 233 

a re  Lhe 3/2 r o t a t i o n a l  band members of t h i s  (530) i n t ~ i n s i c  s t a l e .  31 A t  
229 smallcr deformation, which would be expected f o r  Pa , t.h? s l e v e l  crosses 

t h e ,  5/2- (523) l e v e l ,  which would .correspond n i c e l y  t o  *the ground s t a t e  

of piZ". The next lower s t a t e ,  which would be expected t o  be t h r  growld. 

s t a t e  of the  nucl ide 'wi th  two fewer protons, i s  designated 3 /2+  (651), 

and i s  thought t o  be t he  ground s t a t e  of A C " ~ .  31 The same assignment 

f o r  the  ground s t a t e  of ~c~~~ would f i t  i n  n ice ly  with the  decay scheme 

s lz6k i n  Fig .  11, since there  i s  an .El t r a n s i t i o n  from the  92-kev l e v e l  

t o  ground. 

The l e v e l  a t  40 kev might e a s i l y  be a . ro ta t iona l  band member of the 

1/2- (530) s t a t e  which l i e s  jus t  above the  3/2+ (651) s t a t e  ~ d . . w o u l d  a l so  

de -exci te  by means of an .El t r ans i t i on .  

Th.e only 5/2+ i n t r i n s i c  s t a t e  i n  t h i s  v i c i n i t y  i s  the  5/2+ (642) 

s t a t e . .  which l i e s  considerably above the  5/2- (523) s t a t e  f o r  t h i s  amount 

of d i s t o r t i on .  An a l t e rna t i ve  explanation f o r  t h i s  5/2+ band is  t o  



Fig. 11. Nilsson diagram f o r  82 t o  126 nucleons. 



e.ssociate it with t he  512- band and assume t h a t  both represent  the  same 

i n t r i n s i c  s t a t e .  I n  o ther  words, the  5/2+ band i s  analogous . t o  .the odd- 

p a r i t y  s t a t e s  i n  even-even alpha decay. ~ r o ~ & i n ~ ~  has indicated t h a t  

favored alpha groups of odd p a r i t y  seould be expected i n  odd-mass nucle i  

i n  t h i s  region, although none has been found. He fu r t he r  ind ica tes  1;haL 

the  two' bands populated by the  alpha groups of even and odd par'ity should 

have opposite p a r i t y  and similar energy-level spacings, and be dj-splaced 

wi th  respect  t o  each ,other by roughly the  sage qno~int as the  even and .odd 

p a r i t y  hands d.n neighboring even-even nucle i .  A l l  these  cha r ac t e r i s t i c s  
229 

a re  found i n  %he alpha decay of Fa , except the  energy displacement of' 

t h e  two bands. However, s ince .no s a t i s f a c t o r y  explanation has been of - 
fc red  f o r  the  rel.a.t.ive disglacements of the  two bands i n  even-even nuc le l ,  

it might be possib.le f o r  the  band populated by the  .odd alpha waves t o  l i e  

lower i n  energy. This .might poss ibly  r e c u l t  from a s ta 'b i l ized asymmetry . ... :... 

i n  the  shape of the  n u c 1 . e ~  surface of the  p e w -  o r  egg-shaped va r i e t y  

mentioned by Bohr e t  a l .  2 9 -- 
The f a c t  t h a t  t he  hindrance f ac to r s  f o r  these  alpha groups of odd 

p a r i t y  are  so  small  i s  fu r t he r  evidence . tha t  .the decay , i s  . taking place 

between the  s ame ' i n t r i n s i c  s t a t e  i n  parent  and daughter. In the  alpha 

decay of Am241, unfavored decay from the  512- (523) s t a t e  t o  t h e  5/2+ (642) 

s t a t e  i n  N~~~~ I s  hl1der.t-d by a f a c t o r  of about 7nn. Tn  the  odd- 

p a r l t y  alpha. groups a r e  .hindered. .t,o a . l e s s e r  extent  .than .in the neighboring 
228 

even-cvcn nuc l e i  u~~~ and Th . By making use o f  the  Bohr-Froman-Mottelson 

Eq.  ( 4 ) ,  and using the  hindrance f ac to r s  f o r  both evcn- and odd-L alpha 
228 waves from u~~~ and Th , one can ca lcu la te  the  r e l a t i v e  algha populations 

t o  a l l  e i gh t  l eve l s  and compare them with .the experimental walues. The r e -  

sults are  sh.own i n  Table X. It i s  seen . t ha t  the  experimental values a r e  

higher by a . f a c t o r  of about f i v e  than those predic ted f o r  the  5/2+ band. 

I f  hindrance f a c t o r s  of 2 .0  and 0.0 f o r  t he  L = 1 m d  L = 3 waves are 

used,  the agreement i s  much b e t t e r   a able x ) .  J u s t i f i c a t i o n  f o r  the  use 
224, %226 of lower hindrance f ac to r s  i s  found i n  the  alpha decay of-Ra 9 

and ~ a ~ ~ ~ ,  which have L = 1 hindrance f a c t o r s  of 2.3, 2.4, and 0.97, r e  - 
26 spect ively .  It i s  obvious t h a t  adjustment of the  C L ' s  and use o r  C 

5 
would give even 'be t ter  agreemen.t. 



Table X .  .. Favored alpha i n t e n s i t i e s  . t o  K = 512 ,bands i n  Ac 225 

Spin and p a r i t y  Rela t ive  i n t e n s i t i e s  .: 
of s t a t e  

. *Experimental . ' Theoreticala 
b 

, m e i r e t i c a l  

.5 1.2 - 100 . . 100 100 



I f  t he  above . in te rpre ta t ion  were va l id ,  severa l  E l  t r ans i t i ons  

' between s t a t e s  of d i f f e r en t  p a r i t y  blight. be'expected. However, ,most of 
. , .  . .  . . . . . . . .  . . . . . . . . . . . 
.. . , . them' could' not' be observed .because of ' t h e i r  weak i n t e n s i t i e s  ' and the  

. . presende bf the '  .very prominent 40- . ~ n d  .92-kev. E l  t r a k i ' t i o n s  . The weak 
. . 

81-kev E l  gamma r ay  .shown i n  Fig ... 9 might correspond . t o  ,the . t r ans i t ion  

between the  7/2- and 5/2+ s t a t e s  .at '  136.7 and 56.3 kev. Making use of 

se lec t ion  r u l e s  f o r  i n t e r n a l  t rws i tLons  i n  the  Nilsson model, one might 

expect t h e  E l  t r a n s i t i o n  between the 5/2- (523) l e v e l  a t  92 kev and the 

3//2..r (651) ground st,a,t.p: .too be g rea t l y  retarded,  s ince  An . = 3. Strominger 
n 

'and Rasmussen have used Nilsson8's wave functrions t o  . ca lcu la te  the  l i fe t imes  

of t he  possible E l  t r ans i t i ons  between d i f f e r en t  . i n t r i n s i c  nuclear s t a t e s  

lu this region,33 and ind ica te  thilt t ,h. is  pa r t i cu l a r  t r a n s i t i o n  i s  hindered 
4 .  by a . fac to r  of 6 x 10 over the s ing le -par t i c le  est imate of Moszkowski. 

-9 . . 
.This .corresponds " t o  a p&r t ia l  'photon .half : l i f e  of .9.5 x . lo '  ~ e c  . Assuming 

- 9. U t o t a i  = 2.0, t h i s  gives 3.2 x 10 see  as the  half  l i f e  of the s t a t e .  How- 

ever ,  t h e i r  t r a n s i t i o n  p robab i l i t i e s  a re  very sens i t ive  t o  s m a l l  d e t a i l s  of 

t he  .wave funct ions ,  q d  any shortcomings .of t he  .model w i l l  be. s t rongly r e -  

- . - .  . Flected .in t h e i r  r e s u l t s .  Since t h e i r  ca lcu la t ions  .for the160-kev t r a n s i -  

t i o n  i n  N I ) ' ~ ~  w a s  off  by a f a c t o r  of 25, the  above ca lcu la t ion  could e a s i l y  

be off 1:1y a f ac to r  of 2 ,  giving agreement with .the experimental hal f  l i f e  

of < - 1 . 5  x lum9 sec.  It i s  e n t i r e l y  pussible t h a b  ~ t h l o  t r a n c i t i a n  c ~ ~ ~ l i i  

compete favorably with .the a l t e rna t i ve  35.6-kev E l  t r qns i t i on  t o  the  s t a t e  

a.L 56.3 .kev, which would have t he  .s.ame indjvi  i l a i . a , l  p a r t i c l e  .configuration. 

No sa t i s f ac to ry  i n t e rp re t a t i on  can be. .oSf'ered 31 yet .corlcer~iing 

,%he i d e n t i t y  of the  remaining l eve l s  populated i n  alpha decay. 

B. Electron-Capture Decay of Pa 229 

The only previously reported study of the  electron-capture decay 

of pa2?' was by Ong Ping . H o ~ , ~ ~  who reported two conversion l i n e s  o f  a 

41.7-kev t r a n s i t i o n .  

1. Electron Spectrum 

The conversion  electron^ accompanying , the electron-capture decay 
of paaZ9 were s tudied with permanent -magnet spectrographs, and .the ' 

/ 



assignments were made by methods out l ined i n  Section 11-B. me' r e s u l t s  

of these s tudies  are shown in  Table : X I .  

229 Table X I .  conversion . l i ne s  of Pa .j 

Electron Relative 
a Transit ion 

energy intensity.  She 11 energy 
(kev) (kev) 

- -- 

Adopted value- - - - - . - ' -42.37 

a m = moderate, s = strong,  w = wealr, ms = ~liirilerate t o  strong,  wm = weak 

t o  moderate.. . . 
Figures represent r e l a t i v e  i n t e n s i t i e s  obtained from densitomer t rac ings .  

P 

The r e l a t i v e  subshel l  r a t i o s  indicate  t h a t  the  t r a n s i t i o n  i s  95% 

.E2 - 5% M1. No other  t r ans i t i ons  were observed t h a t  could-be ascribed 

t o  the  electron-capture decay of The same i s  t r u e  of t h e  gamma- 

r ay  spec t ra  , t h a t  were taken. No gqma rays were dbserved . tha t  could.be 
229 ascribed t o  the  electron-capture decay of Pa . 

2.' Decay Scheme and In te rpre ta t ion  of Levels 

T h e  electron-capture decay scheme of pa2'' i s  shown i n  b ig .  12. 

No est imate can be made of the  branching r a t i q  t o  the  .two s t a t e s  t h a t  are  

populated i n  the  .decay. 

The leve l s  i n  Thz2' have previously been i d e n t i f i e d  as members of 
233 34 a K = 512 ro t a t i ona l  band populated by favored alpha decay from U . 

,Newton has assi'gned the '  Nilsson . level .5/2+ (633) t o  the  ground s t a t e s  of 
229 35 both u~~~ and Th 
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, Fig.,lZ.-. Electron-eapture decay scheme of Pa . 



The f a c t  t h a t  the  electron-capture decay of populates the  

I = 712 member of the  r o t a t i o n a l  band i s  fu r ther  evidence t h a t  th,e spin  

o f  P & ~ ~ ~  i s  512, qnd not 312 a s  it i s  i n  Pa231 and I f  t h i s  l e v e l  

receives from 0.4% t o  40% of the  electron-capture decay (which i t  

probably does),  the  log ( f t . )  f o r  the  t r ans i t i on  would . l i e  i n  . the  .range 

6 t o  8. This corresponds t o  a . f i rs i ; - forbidden,  unhindered. t ransi t ion 

with nI = .O o r  1 and a .change i n  par i ty .  The ~ i l s s o n  : l eve l  assignment 

of 512- (523) f o r  the  ground s t a t e  of is thus cor is is tent  with t h e  

' . decayscheme. 
. . f t  should be' s$ressed . t h a t  other l eve l s  .could be weakly populated 

i n  . th is  decay and .escape detect ion.  No . l im i t s  were s e t  f o r ' t h e  popula- 

Lion of the ot'her s t a t e s  , although none 'was observed. 

,228 
C . Alpha )Decay of Pa 

The only previous study of the  alpha, decay of PaZz8 was made by 

Meiilke, who reported t h a t  it decays 9@ by e lec t ron  .capture and 2% by 

~ , . ~ - ~ h a - ~ a r t i o l e  emission, with a :l;otal hal f  l i r e  of 22 hours. 
2 4 He r e -  

ported ion-chamber measurements of two alpha &,rdups of 6.09 Mek (75%) and 

I 

1. Alpha Spectrum 

 he. alpha-par t ic le  spectrum of was recorded wi th  . the a id  o f  

the.  double-focusing spectrog&qh. In  view of the  g rea t  complexity of the- 

spectrum and comparat,ively . ;large . energy region which .it encompassed. it 

.was necessary t o  make severa l  exposures i n  order t o  determine the  optimw 

f i e l d  s e t t i n g s ,  s l i t  widths, b a f f l e  openings;etc. For be s t  r e s u l t s ,  . 

0.010-inch ,defining s l i t s  were used with :baffle .openings .of :l. 5 cm. As 

a . r e su l t  of focusing , the peaks away from the ends of the  p l a t e ,  the. d i s -  

t o r t i o n  . in  peak shape was r e l a t i v e l y  small,  although .peaks at  .e i ther  end 
6 were s l i g h t l y  broadened. Samples with approximately 3 t o  4 . x . 1 0  t o t a l  

alpha d i s in tegra t ions  per minute .were used. Since . there were other  alpha 

groups i n  t h i s  region, . i t . w a s  a l so  necessary t o  follow the  decay.of the  

peaks very. ,closely i n  order t o  make .the cor rec t  assignments. A , typ ica l  



spectrum i s  shown i n  Fig. 13. Figure 1 4  i s  a spectrum recorded .over the  

same energy region a f t e r  the had decayed out .  . . 
228  and 

As might be expected i n  view of the  odd-odd nature 'of Pa 

. i t s  posi t ion i n  .the period;ic t ab l e ,  the  spectrum i s  very complex. Twenty- 

th ree  alpha . . groups,are  observed, . .some . of.which are  s t i l l  complex. Reso- 

l u t i o n  of these  peaks gives a . t o t a 1  of 27 alpha groups. which i s  the  

largest rnnnber recorded f o r  my nuclide t o  d,a.te., Th2" following with:: 15. 
8 

Table X I 1  summarizes t he  energy data  .for a .number of exposures and 

Table X I 1 1  l i s t s  the  r e l a t i v e  abundqnces of t he  alpha groups., A s  :can .be 

seen.from t h e . s t a n d w d  deviations,  the  exci ted-s ta te  energies w e  good t o  

+ 0.5 kev. ,The abundances are  good t o  about ,576 -- s l i g h t l y  betlier f o r  the 

more abundant groups and worse f o r  low-intensity .groups. Table X I V  sum- 
nn0 . 

marize s  the  paLLu alpha-decay data.  

The a lpha-par t ic le  energies were a l l  determined , r e l a t i ve  t o  

IJz3O = 5,. 884 Mev. with t h i s  standard it waS found t h g t  the  t h r e e  Ac 225 
a0 

alpha groups were cons i s ten t ly  5 kev higher i n  energy than reported by . 

Hymmkl r c l a t i v e  t b  Po218. 36 Thiswas a l so  t r u e  of the  ~r~~~ alpha 

groups ; The energies of the  alpha groups of 13i212 and  RE^^^^ agreed with 
26 .the present ly  accepted values. 

2. Alpha-Gma .Coincidence SpecLrunl 

'l'he s p e c t r w  of  gwmia ,rays i n  ooincidence wi.th . t o t a l  alpha .pa r t i -  

c l e s  from a so~. i rce  containing ,Pa228 and pizz9 i s  shown i n  F1g. 15. As 

would be expected; the  spectr& i s  very complex. The .curve has been ref-. : i 

s o l v e d . i n t o ~ s e v e r a l  components, b u t ' t h e  resolut ion i s  highly uncertain 

and .both the  energies and i n t e n s i t i e s  w e  subject  . to  question.  Table XV 

l i s t s  the energies and r e l a t i v e  i n t e n s i t i e s  of thesc g m a  rays .  Ab- 

so lu te  i n t e n s i t i e s  a re  not given, since the  r e l a t i v e  amounts of Pa 228 

and pazz9 were not determined. 

3. Decay Scheme'and In te rpre ta t ion  of Levels 

The alpha decay scheme of i s  shown i n  Fig. 16. No i n t e r n a l  

t rans i t io i l s  are  included because ,of lqck of suf fucient  informa.tion t o  

' pla..ce them. I n  drder t o  determine how the le,vels - ake de -excite& .it will. 
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228 
Fig. 'lk. Alpha-particle spectrum recorded after decay of Pa - . 

double -f ocusiig spectrograph. 



Table . X I I .  'Excited-sta t e  energies  i n  Ac. 
224 

Exci ted-s ta te  .energies (kev) 

Alpha 
group 

a2 4 

"13 8 
.a 52 
.a66 
a 

77 
a! 

103 
6 

4 3  4 
C"1 li-6 

.%56 

5 6 3 ,  
,Y70 
a - 

199 
."205 
'"224 ' " 

2 40 
.a2 72 

.a2g0 

"304 
a 

3 43 
-"3 49 
.a 

3 70 
"384 

'a3 88 
, 5 9 4  
a ,440 

Exposure number Average 
1 48 149 160 1 61 ( ~ d o ~ t e d )  

24.3 23.8 23.8 24.0 24.oko. 2 



. . 
. . . . 

228 
' Table ' X P I I .  Abundance.:;. of Pa ; . .alpha groups 

. . .  
. .. - . .  

- Abundances (%)-. : 

Alpha . . Expos..~i:e : number . . .  . 

group- . . .. . 148 . . 1 49 160 1 61 Adopted 

a 
24 

9. 1 9.5 ,101 7 io. g 10.5 

a '  
3CI 12.5 '.. 12.8 11.9 11.6 12..0 



Table XIV. Alphb groups of Pa 228 

Alpha-part icle  Exc i t ed - s t a t e  Abundance Hindrance 
energy ( ~ e v )  energy (kev) ( $ 1  ' f a c t o r  



CHANNEL NUMBER 

228 
Fig. 15. . Alpha' p a r t i c l e  - gamma ray coincidence spectrum o f  Pa . 



27 groups 
. '  7 

kev 

228 Fig.  16. Alpha decay scheme of Pa . 



be necessary t o  look f o r  t r an s i t i ons  i n  coincidence with spec i f i c  alpha 

groups. 

. . No. i n t e rp r e t a t i on  .can .be offered a t  present  concerning the  nature 
' 224 

and i d e n t i t y  of the  energy l e v e l s  i n  Ac . 

Table XV. Gamma rays  i n  PaZz8 alpha decay 

5- Rcla,%ivc % Ro la t  ive  
( kev i n t e n s i t y  ( kev ) i n t e n s i t y  

95 2 40 220 10  

228 D., Electron-Capture Decay of Pa . 

228 
The' electron-capture decay of Pa has ,been s tudied by Pas se l l ,  37 

who s a w  t r a n s i t i o n s  of 57.8 and 1 3 0  kev, and by Ong .Ping H o ~ , ~ ~  who r e -  

ported seeing 45 conversion l i n e s  and g gaplma , rays  corresponding t o  a 
2 2.8 

, t o t a l  of 18 g m a  t r a n s i t i o n s  i n  Th . He proposed a decay scheme which 

incorporated a l l  bu t  two of these  t r a n s i t i o n s .  . 

1. Electron Spectrum 

The r e s u l t s  of the  convercion-electron s tud ies  made with . the  

permanent-magnet spectrographs a r e  shown i n  .Table XVI. A l l  these  t r q s i -  
. .- 

t i o n s  were observed by Ong Ping Hok, w i th . t he  excegt ion.of  the  138-kev 

t r a n s i t i o n  and the  Auger t r an s i t i ons .  Because of the  low transmission o l  

t he  spectrographs, the  weaker l i n e s  observed by him were not  seen i n  t h i s  

study . 
The Auger l i n e s  served a.s an exce l len t  energy ca l i b r a t i on  f o r  the 

region 65 . t o  90 kev, and v e r i f i e d  the  pre$ious ca l i b r a t i on  of the  i n s t r u -  

ments. The . t r an s i t i on  energy i n  the  Auger t r a n s i t i o n s  was ca lcu la ted  with 

t h e  constants of Bergstram and ~i11.~' For t r a n s i t i o n s  of the  type 

K +LxMy, the  My binding energies  of protactinium were used. 



Table .:XVI. Conversion . l i n e s  of Pa 228 

. . 
Elect ron energy Rela t ive  T r a n s i t  i'on 

(kev) i n t e n s i t y  ' . S h e l l  . ,  . . .energy (kev) . 

Adopted, value 

Adopted value 184.5. 

VW MI 138.07 

~ d o ~ t ' e d  value 138. 0 



. .  . Table XVI. Conversion l i n e s  of pazz8 (cont  Q . )  

. .  . . . 
. :  . 

. ,E lec t ron . . energy . Rela t ive  . . .  

. .;. . . (kev) . . i n t e n s i t y .  . Shell - . 

Trans i t ion  
energy (kev) 

. . 
,203.44 vw L~ 

.223.8g 
. . 

Adopted val,i.ie 223.  8 

73.30 rn K+ L.. J-~III .. 73 33 



The r e l a t i v e  subshell  r a t i o s  c l ea r ly  indicate  t h a t  the  57'.7- and 

129,l-kev t r ans i t i ons  are  E2 i n  nature,  while the  184.5-, ,138.0- and 

223.8-kev t r ans i t i ons  cijuld'oe e i t h e r  Pi1 or  E l .  

2. Gamma Spectrum 
228 

Since' it . i s  not .possible . t o  prepare Pa i n  cyclotron bombwq- 

ments without a l so  producing heavier is.otopes, it i s  necessary t o  sub- 

t r a c t  out  the  contribution from these other  isotopes i n  order t o  obta in  

the  gamma spectrum of Pa228. This was accomplished i n  the  following 

manner. The gross g m a  spectrum was obtained following a bombardment 
228 

i n  which Pa was produced. The spectrum was observed each day., u n t i l  

a l l  the  shor ter- l ived a c t i v i t i e s  (pa228, paZ3') had decaykd out ,  

leaving only the  spectrum due t o  and The l a t t e r  spectrum - - 

was corrected f o r  the  decay of paa3' and back t o  t h e  time when the  

f i r s t  spectrum was recorded. Then a .bombardment was ,made i n  which no 
228 

Pa was produced and the '  spectrum again .obtained. The decay was again 
.230 and Pa 

followed. and the  contribution from Pa 233 was obtained.  By 
3 

normalizing the  two spectra  t o  the  same ~ a ~ ~ ~ , ~ a ~ ~ ~  bg,ckground,:it was 

then possib,le t o  obta in  the  contr ibut ion o f  paZZ9, paz3', paZ3', &d 

t o  the  gross gamma spectrum. The di f ference then gives the  spectrum 
,228 

of Pa . . 

Figures 17 through 21 show the  s p e c t r a .  obtained i n  t h i s  .manner ::' :: 

f o r  three  d i f f e r en t  energy regions.  The energies and . r e l a t l ve  i n t e n s i t i e s  

of the  gamma rays a re  l i s t e d  i n  Table X V I I .  Lead absorber w a s  used i n  

each case t o  reduce the  i n t e n s i t y  of thorium K x-rays. The x-ray peak 

observed i n  each spectrum i s  thus almost exclusively  due t o  l ead  K x-rays 

which.were induced by  t h i s  absorption. The i n t e n s i t i e s  of the  thorium K 

x-rays were calcula ted .from spec t ra  .obtained .with no absorber. Although 

the higher-energy gagna,rays (>.1 ~ e v )  were seen i n  qu i te  low in t ens i t y ,  

they a r e  d e f i n i t e l y  r e a l  andbelong t o  Their decay was followed 

f o r  about four ha l f  l i v e s ,  and s ince  .the other  isotopes .of protactinium 

have no gamma rays i n  t h i s  energy region,  the  assignment i s  unambiguous. . 

Of course, the  reso lu t ion  of the  curves i s  s u b j e c t . t o  ;the usual  e r r o r s  

inherent  i n  such a method. 



Fig.  17. Gamma-ray spec t ra  of  protactinium i s o t o p t s ,  0 t o  1300 kev- 
. . 522 mg/cm2 Pb absorber. 



CHANNEL NUMBER 
MU-15915 

Fig. 16. Gamma-ray spectrum of Pa228, 0 to 1300 kev- 
522 mg/cm2 Pb absorber. 



Fig. 19. Gamma-ray spect ra  of protactinium isotopes,  0 t o  503 kev- 
522 mg/cme Pb absorber. 



228 .Fig. 20. G m a - r a y  spectrum..of Pa , 0 t o  600 kev- 
522 mg/cm2 Pb absorber. 



Net spectrum 

1190 1380 1550 1750 

20 'I0 6 0 8 0 
CI-IANNEL NUMBER MU-15918 

Fig. 21 : High-energy gamma-ray spectrum of Pa228-1471 mg/cm 2 
,Pb absorber. 



The i n t e n s i t i e s  of the gamma. rays agree reasonably w e l l  .with ,those 
#. . 

found by Ong,Ping Hok, although .there w e  some discrepancies.  It i s  of ' 

i n t e r e s t  t o  note . t h a t  many of the  sage . t r ans i t i ons  were 0 b s e r v e d . b ~  Box 
228 

and Klaiber i n  t h e i r  s c i n t i l l a t i o n  s tudies  of the  be ta  decay of Ac , 
although the  in tens i t5es  a re  considerably d i f f e r en t  i n  many cases. 

40 
The 

t r ans i t i ons  of -450 kev are  much weaker i n  AcZz8 decay, while the 225- 

and 340-kev t r ans i t i ons  are  much :stronger. 

Table X V I I .  Gamma rays of Pa 
228 

Relative 
in . tensi ty  

Re l a t h e  
i n t ens i t y  

965 1000 thorium K x-rays 6000 

Gamma-ggnma coincidence . s tud ies  were a lso .  made, although , the  . r e  -. 

s u l t s  .were r a the r  inconclusive .. They did  ind ica te  t ha t '  . the ,465 -kev , 

photons were .in coincidence with .both . the :910- and ,965-kev t r ans i t i ons ,  

s l i g h t l y  favoring , the former. The 410-kev photons', on .the' other hand, 

favored.  the higher-energy 965 -kev t r ans i t i on .  The 780-kev gamma .ray 

appeared t o  be i n  coincidence with 340-kev photons. 

3. Decay Scheme 

The electron-capture decay scheme of Pazz8 i s  shown i n  Fig. 22. 

' A l l  the t r ans i t i ons  l i s t e d  i h  Tables X V I  and XVII  @re placed w i th , t he  

exception of the weak 1750-kev gamma ray.  The ,dotted :97-kev t r a n s i t i o n  

was not observed .in t h i s  study, but  was seen by Ong Ping Hok. The 



I U , K  kev 

228 Fig. 22,. Electron-capture decay scheme of Pa . 



energies and assignments of the lower l eve l s  a re  f a i r l y  ce r ta in ,  while 

those at higher energies (above 1100 kev) are  very t en t a t i ve .&d  un- 

ce r ta in .  

This decay scheme d i f f e r s  considerably from t h a t  of Ong Ping 

Hok,18 but  i s  s imilar  i n  mahy respects  t o  t h a t  of B jornholm e t  a l .  
41 

The major di f ferences  occur i n  the l eve l s  above 1100 kev. 

I n  addi t ion t o  the  ground-state r o t a t i o n a l  band with i t s  even 

and odd p a r i t y  members, there  i s  a gamma ,vibrat ional  band at about 1 

Mev.' The 2+, 3+, and possibly 2 -  members of t h i s  band a re  observed, 

although the  assignment of the l a s t  . i s  subject  t o  question. The assign- 

ment was kased on the  energy di f ference between .the 282.0,- .and 22.3.8-kev 

t r ans i t i ons  observed with .the permanent-magnet spectrographs. This 

energy difference of 58.2 kev i s  not the '  s w e  as the energy separation 
. . 

between the  ground and f i r s t  exci ted s t a t e s ,  although i t  d i f fe r s .  by ,  only 

0 .5  kev. Since t h e  energy separation of the  f i r s t  two members of the  

gamma v ibra t iona l  band i s  expected t o  be of s imi la r  magnitude, the  

t r ans i t i ons  a re  assumed t o  populate these l eve l s .  Although the mul t i -  

. po l a r i t i e s  6f these  t r ans i t i ons  a re  not  known, they a re  assumed . to  be 

- E l ,  i n  analogy with t h e  E l  t r ans i t i ons  from the  1- s t a t e  of the  ground- 

s t a t e  r o t a t i o n a l  band. L i t t l e  can be s a i d  of the  spins and .of 

the  higher exci ted s t a t e s .  

The s i m i l a r i t y  of t h i s  decay t o  t h a t  of Ac228 suggests t h a t  the  

spin  of Pa228 i s  w i th in  k 1 of t h a t  o f  Acaa8., which i s  thought t o  be 2 

o r  3 .  Since it appears that' t he  3- s t a t e  a t  396 kev i s  populated t o  a 

much grea te r  extent  i n  ~c~~~ decay, assignments of I .= 2 f o r  Pa228 and 

I = 3 fo r  would not be unreasonable. According t o  Moszkowski 42 

the  spin and p a r i t y  of an .odd-odd nucld.de may be predicted from a knowl- 

edge of the  i n t r i n s i c  s t a t e s  of the  odd proton and neutron whichcouple 

together t o  give the  r e su l t an t  spin  and .par i ty  of the nuclide i n  question.  
228 

I n  Pa , the  i n t r i n s i c  s t a t e s  of the  g l s t  .proton and 137th neutron a re  

needed. The proton i n  has already been assigned 512- ( 5 2 3 ) ~  

( sec t ion  III-A.&), the  arrow point ing down indicat ing $hat ,the i n t r i n s i c  

spin  of the  odd nucleon ( S  = 1/2) must be subtracted from A ( =  3) t o  

give I = 5/2. The most l i k e l y  assignment f o r  %he .137th neutron on .the 
. . 



Nilsson diagram would be 3/2+ (631) r . Moszkowski' s rule pred ic t s  very 

simply t h a t  if the arroxs both point  i n  .the s e e  d i r ec t i on ,  the r e su l t an t  

spin  i s  given by I I p  + I n  1 ; i f  i n  opposite d i rec t ions ,  by I I p  - In  1 . This 
228 would pred ic t  a spin  of 1- f o r  Pa .. 

. . 
227 . Alpha .Decay of Pa. 

w a s  shown by Meinke t o  decay 85% by a lpha-par t ic le  emission 
e.nd 15$ by e lec t ron  capture ,  w i t h  a t o t a l  half l i f e  of 38.3 min. l7 me 

energy of t he  a lpha .pa r t i c l e s  w a s  determined as 6.46 Mev. 

1. Alpha Spectrum 
pa"7 w a s  prepared by bombarding t h o r i m  metal with ~lnhlurwr-energy 

( 2 8 0 - ~ e v )  protons a t  the  184-inch cyclotron. I t s  alpha spectrum w a s ,  ob- 

t a ined  w i t h  the double-focusing spectrograph using a sample'containing 
. . . . 6 1 . 4  x . 10 . alpha d i s in tegra t ions  per minute, w i t h  a def ining , s l i t  of 0.0.10 

Lnch .and ba f f l e  openings of 3.0 cm. The alpha spectrum i s  shown i n  Fig. 

23, and the data are  summarized . in  Table XVIII. These data  were based on 

two spec t ra  which werd obtained while fo l l&ing  the il.~tc'.~.y of  the  peaks. 

The exci ted s t a t e  energies should be good . t o  f 0.5 kev, and the  abundances 

t o  ab,oul 5%. 
33 

Table X V I I I .  pabb7 Alpha Groups 

Alpha-part icle Excited.-sta.t,e Abundance Hindrance 
energy energy (%> f ac to r  

( ~ e v ) ~  ( kev ) 

6.526 o 2.3 130 
6.. 515 10.7 0.3. 900 

. 6.460 67 3 49.5 3 .1  
6.418 ,109.7 11.5 .8.8 

'6.410 117.8 14.8 6.3 
6.396 132.0 . 9.3 . . 8.8 
6.371 157.9 2 .  6 24 
6.351 177.6 7 .8  6 .'6' 

.6.331- 198.6 0.7 60 
6.321 208.6 0 .4  95 
6.294 . . 235.6 0.8 36 

a Relat ive  t o  B i  211 = 6.273 ~ e v .  
a3 54 



POSITION ON PLATE (mm) MUB-2.12 

F&. 23. ' Alpha-particle spectrum of pa'" ' -double-focusing spectrograph. 



2. Decay Scheme :and In te rpre ta t ion  o f ' l e v e l s .  

The alpha decay scheme of pazz7 i s  shown i n  . . Fig. 24. Although 

alpha-gamme coincidences were looked f o r ,  the  r e s u l t s  were very.incon- 

c lus ive .  A 67-kev t r a n s i t i o n  was s een . i n  an i n t ens i t y  which would 

indicate  t h a t  it was .probably not e n t i r e l y  due t o  platinum K x-rays. 

However, the  decay scheme was constructed by using only the alpha- 

p a r t i c l e  energies and abundances . 
Certain fea tures  of the  decf~y scheme a re  s imilar  t o  those of 

paZz9, while others  a r e  not .  The alpha group leading t o  the  ground 

s t a t e  i s  hindered t o  a much grea te r  extent  i n  while the  hinc 

drance f ac to r s  t o  higher s t a t e s  are  much smaller. I n  each case, a low 

hindrance f ac to r  ind ica t ing  "favored" alpha decay t o  one level .  i s  .ob- 

served. 

The l eve l s  at  67.3, 109.7, 157.9, and 208.6 kev a re  in te rpre ted  

a s  being members of' a K = 512 1.otationa1 band with the  Nilsson assign- 

merit 512- (523).  In  t h i s .  case, however, the  energies o f  the  l e v e l s  

devia te  somewhat from the  simple I (1+1) dependence, and an add i t iona l  
2 term of the  form B I  (1+1)' must be added. Yaale XIX ouuryarsa hhc 

experimental energies and i n t e n s i t i e s  with those calcula ted using: 
. . 

Eqs. ( 3 )  and ( 4 ) .  The agreement i s  qu i te  sa t i s fac tory .  . . '  

Table X I X .  Favorcd alpha decay t,o K = 512 band i n  Ac 223 

Spin of Excited S t a t e  Erle~~gy (kcv) Fe l .  I n t .  
s t a t e  

Exp. T h e o r . ( ~ i m ~ l e ) ~  Theo r . (~ '~e rm)  b c 
- Exp . Theor. 

a f i 2 / a  = 6.06 kev 

fi2/a = 7.18 kev, B = -0.045 kev 

c c = 1.00, C2 = 0.77, C4 = 0 .19  ( F  rom .Th226 hindrance f a c t o r s )  
0 



111, K kev O/O ' 

235,6 0.8 

227 Fig. 24. Alpha decay'scheme of Pa . 



225 A search f o r  a second K = 512 band analogous t o  t h a t  i n  Ac 
< 

reveals  t h a t  the l eve l s  a t  132.0, 177.6, and 235.6 kev give good agree- 

ment with the  expected energy-level spacings. However, the  i n t e n s i t i e s  

give very poor agreement with theory, the  upper l e v e l  receiving f a r  too 

much population mil. the  second l e v e l  f a r  too l i t t l e .  

A t  the  deformation expected f o r  ~ c ~ ~ ~ ,  the  112- (530) s t a t e  i s  

found. a t  s l i g h t l y  higher exc i t a t i o r  than thc  512- (523) s t a t e ,  which i s  

assigned t o  the  r o t a t i o n a l  band based on the  l e v e l  a t  67.3 kev. I n  

view of the  f a c t  t h a t  the  asymptotic quantum numbers of these two s t a t e s  

a re  s imi l a r ,  the  hindrance fac tors  might be expected t o  be of the  same 

order of magnitude. This would explain the  r e l a t i v e l y  low hindrance 

f ac to r s  of some of the  higher exci ted s t a t e s .  However, even though the 

energy-level  spacings of severa l  of these l eve l s  can be matched reason- 

ably  wel l  by adjustment of the parameters i n  Eq. ( 3 )  f o r  a K = 112 band, 

the  r e l a t i v e  populations cannot be made t o  give s a t i s f ac to ry  agreement. 

Use of odd-L alpha waves likewise f a i l s  t o  give agreement. 

bccauoo of the lack of furt.h.pr infnrm~t,inn cnncerning the i n -  

t e r n a l  t r a n s i t i o n s  i n  and t he  f a i l u r e  of theory t o  match the  ex- 

perimental alpha-decay pa t t e rn ,  the i d e n t i t y  of the  remaining l eve l s  

remains unsettled. 

F. ~ l e c t r o n - c a p t u r e  Decay of Pa 2 30 

230 
. . : a decays 92% 1j.y elec~troii  capture and 871 by b e t a  

emission , '  with a total half  l i f e  of 1 7  days. 44 ~ k l n k e  a l s o  repor t s  ' 
, 

a weak alpha branching of 0.003%. l7 ' The rad ia t ions  have been s tudied I 

by P a s ~ e l l ' ~  and by :Ong Ping H o ~ , ~ ~  who bbserved t h e  e lec t ron  l i n e s  

and gamma rays of 11 t r ans i t i ons .  He proposed two possible -decay 

schemes . 

1. Electron Spec,truni 

The r e s u l t s  of the  conversion-electron s tud ies  made with t h e  

permanent-magnet spectrographs a re  shown i n  Table XX. Only the  t r a n s i -  

t i ons  of 52.2, 120.8, 228.0, and 443.6 kev may be assigned with ,confi- 
C) -I 

dence to'  the  electron-capture decay of pa*". Some of the other l i n e s  



I .  

Table XX. Conver~.ion . l i n e s  of Pa 230. 

.ELzctron .Relat ive Sub - , Trans i t ion  : 

energy (kev) i n t e n s i t y  s h e l l  . . , , .energy .(kev) ' 

'Adopted 'vaiue . '  - 53.15." . . 

L , ~  . . 

' 

. 227. ..86.. ' , , 

.. . . . , 

Adopted value ' ' 22.8.0 



- ... 
may be due.. t o  t r ans i t i ons  i n  uZ3O following b e t a  decay, although t h e  

, . ,  

. . . . . . .  . d i s i n t e p a t i d ~ e . n & r p y  . ............ i s  o n l y k i 6  . . ...  ire^.^^ . . . . . . . . . . . .  They a r e - s h o h  i n  Table XX 

only.  because the E..c.. /B- r a t i o  is,. SO . large.  The e lec t ron  1ine.s l i s t e d ,  
. . . . .  

' even 'thbugh some ark 'weak, have coc.sistently appeare'd .on sever&!. p l a t e s  
. . . . .  . . .  . . . . . . . . .  

following dit't'erent b.6mbardments. .. :. 

The 53.2- and ,.l20 -8-kev t r z a s i t i o n s  a re  both .E2, while the 

m d t i p o l a x i t i e s  .or  *:he otner transil.l;f 011s ark ulasslgr~ed.  . 
. . .  

. . 

2. .Gamma Spectrum . 

. . . .  Figure 25 shows the  gamma spectrum of paa3' and both o f  

which were formed i n  the  bombardments. The spectrum due t o  was . . . . .  

obtained by, u s ing , i so top i cq l l y  pure produced by neutron i r r a d i -  

a t i on  of thorium metal. The di f ference between the  curves, representing 

the. contr ibut ion,  i s  shown i n  Fig. 26. The energies and r e l a t i v e  

abundances of the  gamma rays a re  summarized i n  Table XXI: It i s  assumed 
. . . .  . . 

:that t h e  gamma rays follow the electron-capture decay of @l>hough 

t h i s  may not be j u s t l f i ed .  
.... 

. . . . . . .  
230 Table XXI . Gamma rays .of P j  . . .  .- 

Relative ' 

:i r~~l-,er~sity . ,  

Relative 
.. Antensity 

.. 5 l O  ,220 K x-rays . 2300 . . . .  

Alpha-gaqma .coincidence s tudies  revealed t h a t  .the 400 t o  510 .kev 

gamma rays  a re  not  i n  coincidence with .the 940-kev photons, . i n  ,contrast  
228 . . t o  .the .decay of Pa Since the  :E . C . dis iq tegra t ion  energy , i s  .expected 

4 i  t o  ,be only 1240 kev, t h i s  i s  .not surpr is ing.  Coincidence techniques 

f a i l e d  t o  resolve  the  .complex group around 450 kev. 



CHANNEL NUMBER 
MU-15921 

230 Pig. 25. Gamma-ray spec t ra  of Pa and -'i'28 'rng/crn2 Pb absorber. 

. . 



CHANNEL NUMBER 
MU- 15922 

Fig. 26. G-a-ray spectrum of - i28  mg/cm2 Pb absorber. 



3. Decay Scheme and In te rpre ta t ion  of Levels 

A decay scheme which incorporates some, but  not a l l ,  of the  

t r ans i t i ons  i s  shown i n  Fig.  27. As the  mu l t i po l a r i t i e s  of most of the 

t r ans i t i ons  are  unknown, only the  spins and p a r i t i e s  of the  f i r s t  three  

members of the ground-state ro t a t i ons1  band are  assigned with .certainty.  

The 1- s t a t e  a t  505 kev i s  bssed on gamma rays of 510.and.450 ke-J. 
234 4-7 

These gamma rays were a l so  observed following the  alpha decay of U . 
The l e v e l  at  950 kev i s  assigned a s  the  2+ member of the  gamma 

v ibra t iona l  band i n  analogy t o  the  966-kev l e v e l  i n  Th288 ( ~ i g .  22).  Ao~r- 

ever .  the  complex peak a t  940 kev i n  the  gagma spectrum is  muchnarrower ::.:.. 
%ha the  complex peak observed i n  Pa,228 decay, and the  b e s t  r e so lu t i on  

gives gamma rays of 905 and 945 kev. 

The decay scheme i s  undoubtedly much more complex than t h a t  show11 

i n  Fig.  29, since there  a r e  so many t r ans i t i ons  t h a t  have not been .placed. 

.IIowever, a . sa t i s fac tory  decay scheme cannot be proposed'.without add i t iona l  

information. 

G.  Beta Dccay of Fa 230 

Pr io r  t o  t h i s  study, nothing was known about the  exc i ted  s t a t e s  of 
LJZ3O. 46 Ong Ping Hok and Pas se l l  both f a i l e d  t o  observe any t r ans i t i ons  

230 t h a t  might be ascribed t o  the b e t a  decay of Pa . 

1. Electron Spectrum 

Table XXII summarizes . the da ta  .obtained with the  permanent -magne t 
230 spectrographs. The conversion l i n e s  of only one t r a n s i t i o n  i n  U. were 

observed. This E2 t r a n s i t i o n  undoubtedly proceeds from the  f i r s t  exci ted 

s t a t e  t o  ground. 



kev 

- 950 

230 Fig. 27. Electron-capture decay scheme of pa . . 



Table X X I I .  Conversion l i n e s  i n  be t a  decay 

Electron Relative Sub - ~ r a n a i t i o n  
energy i n t ens i t y  she 11 energy, 

( kev (kev) ' 

30.72 ms 4 ' L ~ ~  51.66 

34.52 ms 5 L~~~ 51.68 
46.49 m %I s . 6 7  

2. Decay Scheme and In te rpre ta t ion  of Levels , 

Figure 28 shows the  be ta  decay scheme of paZg0. Since the  branch- 

ing , r a t i o  t o  the two l eve l s  i s  unknown, only t h e  . . t r & s i t i o n . t &  t h e  upier 

s t a t e  i s  shown. These two l eve l s  are  assumed t o  b e . t h e  O+.aj~d 2+ members 

of the  ground-state r o t a t i o n a l  band, by analogy with .the ' m a n y  o thers  .ob- 

served i n  t h i s ' r e g i o n .  The 2+ l e v e l  at  51.7.kev i s  assumed So b e . d i r e c t l y  

populated by be ta  decay, since no o the r  i n t e r n a l  t r a n s i t i o n s  were. observed 

and .the only other  l eve l s  expected below 410 kev 'would be . the '  4'+ and 6+ 

members of the  ground-state r o t a t i o n a l  band. 

The 91st  proton i n  i s  given the  Nilsson assignment 112- (530) t , 
and i n  512- ( 5 2 3 ) ~ .  The 139th neutron i n  ThaZ9 i s  assigned 5/2+ ( 6 3 3 ) ~  . . .  

Ey Moszkovski's r u l e s  the  spin  and p a r i t y  of should then be e i t h e r  2- 

o r  5-. The f a c t  t h a t  be t a  decay takes p lace  t o  the  2+ l e v e l  i n  lJZ3O .would 

favor the  choice of 2 - , espec i a l l y .  s ince no population . t o  the  .4+ o r  higher 

l eve l s  i s  .observed. 

H. Beta .Decay of Pa 232 

paZ3' decays by be t a  emission with a half  l i f e  o f  1.3 days. 46 m e  

b e t a  and g m a  spec t ra  have been 's tudied qui te  extensively  by Ong Ping 

Hok 18,48 and by Browne ee  a1. 49 The la t ter  group found t h r e e  b e t a  &om- 

ponents and 15 gapma.rays (energies and i n t e n s i t i e s  .not published), while. 



kev : I ll 

. . : ,230 . , ~ i g .  28.' Betadecay scheme of.pa 



Ong . P i n g ' ~ o k  . . found four beta.components and 16 t r ans i t i ons .  . .. He 
. .  . . .. 

a i so  proposed a decay scheme. 

Since was ' produced only as  a by-product i n ,  these  bombard- 

ments, no extensive s tudies  were mad.e of i t s  rad ia t ions .  The following 

r e s u l t s  .were obtained during ,studiee 'concentrated on the  l ighte ' r  isotopes 

of protactinium. 

1. Electron Spectrum 

Table . X X I I I  summarizes the  e lec t ron  data  .obtained with .the per-  
mmen.t iii. . - agnet .spectrographs. Only. the  very, in tense  . l ines .  observed .'b.y 

Ong Ping Hok were seen. It appears t h a t  the  mul t ipo la r i ty ,o f  ea.ch .of 

these  t r ans i t i ons  i s  E2. 

2. Gamma spectrum . 

The spec t ra  of  a sample containing pa232, pa230, and ,pa 233 

a re  shown i n  Figs.  17 and 19. The spec t ra  .due t o  . the ' l a t t e r  two isotopes 

alone a re  a l so  shown. The difference,  representing the  gamma spectrum of 
379 

Pa 229 and PauJu,  i s  shown i n  Fig. 29. I n  addi t ion t o  the  gamma rays r e -  

solved from t h i s  spectrum, one of 1150 kev appeqred i n  the  higher-energy 

region. The energies and r e l a t i v e  abundances of the  gamma rays are  shown 

i n  Table XXIV. Most of the  x-rays a re  due t o  ,the electron-capture decay 

of paZZ9, while a l l  of the  gamma rays are  assigned t o  decay. 

Table XXIV. Gamma :rays of paL3& 

E Relat,ive E Relative 
Y .  abundance Y abundance 

( kev 3 (kev) 

575 .. .. . .1@ K x-rays ,5300 



Table XXIII. .Conversion l i n e s  of Pa 232 . 

Flectron Relative Sub - Transit ion 
energy (kev) i n t ens i t y  s h e l l  energy (kev) 

Adopted value 47.48 

Adopted value 108.9 

Adopted value 387.7 



CHANNEL NUMBER 

big. 29.  ~ & a  ray  spectrum o f  'mg/cm2 Pb absorber. 



3. Decav Scheme aad In t e rme ta t i on  of Levels 

A decay scheme which u t i l i z e s  near ly  a l l  the  observed t r ans i t i ons  

. i s  shpwn i n  Fig. 30. . Transit ion energies shown i n  Table 'XXIII were used 

where appl icable ,  and those obtained by Ong Ping Hok were used elsewhere. 

This decay scheme diYi'ers from h i s  i n  .only one respect  -- the  order of 

the  517-455 cascade i s  reversed,  since the  l a t t e r  i s  more in tense .  

The spins and p a r i t i e s  of the  ground-state rotat iona.1 band $re .the 

only ones t h a t  may be assigned with ,confidence. The l eve l s  a t  388 and 455 
kev were 'based on the  close agreement between the sums of the  gamma,-ray 

p a i r s  and the  cross-over t r ans i t i on  of 972 kev. The5r l.d.ent.ity i s  ~mkno~m. 

The . l eve l  a t  868 kev may be the  2+ base member 0.f a gapma .vibra- 

t i o n a l  band, although t h i s  i s  not c e r t a in .  

Ong Ping Hok assumes a spin and p a r i t y  of 2- f o r  i n  order t o  

fit h i s  log ( ft,) va.1iles. This would be i n  per fec t  agreement with the  pre - 
d ic t i on  based on Moszkowski's r u l e s ,  using :1/2- (530)r f o r  the g l s t  proton 

i n  both and and 5/2+ (633)r f o r  the  141st  neutron i n  both 
233 ~ l l ~ ~ ~ a ~ d ~  . 

is a 27Idoy be t a  ~ m i t t e r  whose radia t ions  have been ex- 
46 tencively  invect igated.  It i o  copccia l ly  notcd f o r  thc vcry l a rgc  

number of conversion e lect rons  emitted i n  i t s  decay. 
339 

I n  bombsrdments of ~ h ~ ~ ~ ,  232 with deuterons or  of ThuJu with 
233 protons,  one would not expect t o  make appreciable quan t i t i es  of Pa . 

However, i n  each type of bombsrdment, large  amounts of were formed, 

presumably by the Th232(n, y ) ~ h ~ ~ ~  react ion,  followed by the  23 -min be t a  

decay of ~h~~~ t o  The following r e s u l t s  were a l so  obtained during 

experiments concentrated on the  l i g h t e r  isotopes of protactinium. 

1. Electron Spectrum 

The ' conversion l i n e s  of obtain@d with t h e  permanent -magnet 

spectrographs a re  shown i n  Table XXV. Although l i t t l e  c u l  be s a id  about 

the  mu l t i po l a r i t i e s  of many ,of the  t r a n s i t i o n s ,  assignments .of E2-M1 would 

not be inconsis tent  w i th , t he  observed pa t te rns .  



kev I U , K  

"232 

MU- 15926 

232 Fig. 30. Decay scheme of Pa . 



Table .KXV. Conversion l i n e s  of Pa 233 

Elec t ron Re la t ive  Sub - .T rans i t ion  
energy (kev) i n t e n s i t y  s h e l l  .energy (kev) 

. . 

Adopted ,value . 40.27 

69.64 m P % 75 0 19 

73 0 7s WHI N~ 75 0 1 4  

74.71 VW 0 75.0 

Adopted value 75-15 

IN1 

Adopted value 

Adopted value 



. . .  , .. 
,Table XXV. , Conversion . . . l i ne s  of '  Pa 233 . (cont . . ) . .  ., . , 

Electron Relative ' . Sub - * Transit ion 
energy (kev) i n t ens i t y  s h e l l  energy (kev) 

Adopted value , .. 3.00; 0. . 

.. . . 

w s  10  ' ' K , ' ,311. 67 

. . 

- I Adopted value 311.6 

. . 
Adopted. value 340'.,3 '. 

. . 



2. Gagma Spectrum 

The gamma:.spect;um o l  i s  shoi ihi r f  Fig. 31: Nb attempt has 

.been made t o  resolve . t he  peaks, s ince ,  they are  known t o  'be% composed .of 

'. seve'rai components .of ..approximately..the.:sape. energy. .:. . . . .  .:. . .  

. :. > 

3:. Decay Scheme and In te rpre ta t ion  of Levels . , . . .  
The dccay ochoma of i s  s h o ~ m . , i n  Fi.g. 32. 1 t j . s  i den t i ca l  

18 t 6  t h a t  proposed by Ong .Ping Hok and esrli 'er by ~ r o d i e , ~ '  with t h e  ex- 

ception of the energie.s,, which were taken from t h i s .  work. The t r ans i t i ons  

t h a t  were .observed by Ong ,Ping Hok but  were .too weak t o  be seen . in  t h i s  

study are  shown by dot ted l i n e s ,  with t h e  energ,ies' obtained by di f ference.  

The abundancco of t he  'beta components were a1 so I;~.keri from Ong Ping Hok. 
.: i ;  , 

The NiEsson assignments were proposed by ~ e w t o n , ~ ~  &Ci w e  uurr- 

s i s t e n t  with the  de.cay. 'scheme shown. . . 

J. Electron-Capture -Decay of Ac 224 
. . . . . . . . , . 

Ac224 decays 90% by e lec t ron  capture  and 10% by a lpha-par t ic le  
1" . , 

emission, with a , t o t a l  hal f  . l i f e  bf 2.9 hours .lf Since it .may be e a s i l y  
228 obtained by a ,milking .experiment from Pa . , it was f e l t  advisable t o  

. . . . . . . .  
C) C) 
6 6.4 inves t iga te  i t . s  electron-capture decay t o  Ra' . The low-lying .le.vels 

. . 22.4, ..!. . . . " . . . . . .  
i n  R a  had been pretrlously studied b y  S ~ r ~ l & l s ~ ~  Pullowing thc alpha 

228 2 2.8 
decay of 'Ill . Figure 3.3 shows the  decay scheme of Th . 

. . :, 

..i. . ' . G m a  Spectrum 

The s ing les  gagga spectrum of a s  w e l l  a s  the  K x-ray-g-a 

coincidence spectrum showed .only K x-rays. and gqma .rays of 133. and 217 
. . . .  . . . . . .  . . . .  . . .  . -  . , 

kev. A.typica1 gayma-ray spectrum i s  shown i n  Fig. 34. A search .for 

higher -energy gagma, rays revealed none, although the  . t o t a l  &is integrat ion 
46 

. energy i s .  estimated t o  be ,1370 kev. An .upper l i m i t  .of 2% was s e t  .for 

the  . in tens i ty  of any gamma r ay  ah.ove 220 .kev. Figure .35 shows the  high- 

energy gamma .spectrum. 

Since .only K x-rays and gamma rays of 133 and 2.17 kev appeared, 
. . 

it i s  obvious t h a t  decay i s  t ak ing  place  t o  the  1- l e v e l  i n  The 



. CHANNEL NUMBER 
MU-15927 

233 Fig. 31. Gamma-ray spectrum o f  Pa . 



233 Fig. 32.  Decay scheme of Pa . 



DECAY SCHEME OF Th 228 

Kev 

289 

253 

217 

228 
Fig. 33. Decay scheme of Th . 



A C ~ ? ~  Gamma-ray Spectrum 1 

CHANNEL. NUMBER 
MU-14468 

Fig. 34. Gamma-ray spectrum of AcZz4, 0 t o  300 Bev. 



( 2 0 0 -  1300 Kev 

Upper limit set for intensity of 

higher-energy gamma ray.s 
2 3% intensity of 217 Kev 7. 

.. CHANNEL NUMBER 
MU-14469 

224 Fig.  35. ~ igh-energy  gamma-ray spectrum of Ac . 



radium K x-rays a re  due mainly t o  K-electron capture,  with a s l i g h t  con t r i -  

but ion from the K-conversion of the  gamma rays .  By. in tegra t ing  the  three  

peaks and ,making the  necessary correct ions  f o r  counting e f f ic iency ,  escape - 
peak l o s s ,  and background rad ia t ions ,  one may compare t h e i r  i n t e n s i t i e s  

and calcu.la%e the  f r ac t i on  of events populating the  1- s t a t e .  Making the  

assumption t h a t  the  ~ / ~ - c a ~ t u r e  r a t i o  i s  4, one obtains a ,lower . l i m i t  of 

80% f o r  the  population t o  .the 1- stafte . 

2. Decay Scheme and In te rpre ta t ion  .of Levels . 
224 

The electron-capture decay scheme.of Ac i s  shown .in Fig. 36. 

It i s  .seen . to  be very s imi la r  t o  . the elec.l;ron-capture and b e t a  .decay r .:.... . . 

226 46 
schemes ,of Ac , with ,the 1- s t a t e  being populated .in each .case. 

,224 
The leve l s  of RR h m e  heen in te rpre ted  by step hen^,^^ who mad? 

t he  1- assignment on the  ba s i s  of conversion-coefficient data ,  as  wel l  

a s  unambiguous alpha-gamma angular-correlat ion data .  However,  hi^ reduced 

t rans i t ion-probabi l i ty  r a t i o  obtained by removing the  third-power energy 

dependence of the  two E l  t r ans i t i ons  had r a the r  large  l i m i t s  of e r ro r ,  

being 0.36 ? 0.1~ .52 Theoretically,  t h i s  r a t i o  i s  given by 

B - . 1 ( l l ~ ~  - K ~  1 1100) 2.00 f o r  ' K ~  = 1 
1 4 0  

B1 + 2  ( l l K i  -Ki[l i20)Z 0.50 f o r  Ki = 0 

The value obtained from t h i s  work i s  2 .24 (13.33/2.17)' = 0.51 k 0.05. 

This c l ea r ly . i nd i ca t e s  K = 0 f o r  t h i s  s t a t e ,  a s  .well  a s  f o r  the  even- 

p a r i t y  ,memb.ers of the  ground-state r o t a t i o n a l  'band. 

The log  ( f t )  value f o r  t h i s  t r a n s i t i o n  i s  calcula ted t o  be 5.9, 
which :.could be allowed or:. f i rs t - forbidden,  permitt ing a .spin .change .of 

0 o r  1, with ,or  without a.change of pa r i t y .  Since the  decay i s  predomi- 

nant ly  t o  the  1- s t a t e  with l e s s  than 20% t o  .the .0+ and ( o r )  2+ . . s ta tes ,  

a ..choice o f  odd p a r i t y  would be favored f o r  AcZz4. The spin  should be 

l e s s  than 2, since the  3- and bt s t a t e s  a re  not populated. The bes t  
226 53 .choice would be O- o r  1-. Stephens favors 0- f o r  Ac . 

Using ;the Nilsson assignments f o r  t he  proton and neutron s t a t e s  

ava i lab le ,  the  Moszkowski treatment . f a i l s '  t o  pred i c t  e i t h e r  of these 
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Irig. 36. Electron-capture decay scheme of Ac . 



K. Alpha Decay of Ac 223 

~c~~~ was found by Meinke t o  decay 9% by alpha-par t ic le  emission 

and 1% by e lec t ron  capture. Its half  l i f e  was found t o  be 2.2 min, and 

i t s  a lpha-par t ic le  energy was measured a s  6.64 ~ e v . ~ ~  Since i t s  alpha. 

f i n e  s h u c t u r e  had never been examined it was f e . l t  advisable t o  i nves t i -  

gate it, e spec i a l l y  s ince  it i s  i n  equilibrium with and i t s  alpha 

energy i s  o$ly s i i g h t l y  l a rger .  

1. Alpha Spectrum 

The alpha spectrum of ~c~~~ was obtained on the  s a l e  p l a t e s  as  
- - - 

t h a t  of However, s ince the  P & ~ ~ ~  alpha groups were focussed i n  

t h e  center of the  p l a t e ,  those of ~ 1 - ~ ~ ~  f e l l  tanward the end of the  p la te  

and were 'somewhat d i s to r ted .  The spectrum 0btaine.d i s  shown i n  Fig. 37, 
and the  r e s u l t s  obtained from two such spec t ra  me s u ~ ~ i z e d  i n  Tab,le 

XXVI. The ,exci ted-s ta te  energies should be good. . t o  * 0.7 kev and t he  

abundances t o  5%. 

Table XXVI. Alpha groups of Ac 223 

Alpha-part i c l e  . ~ x c i t e d - s t a t e  b w d k c e '  Hinckance 
energy .energy (% 1 f ac to r  
( ~ e v ) "  (kev) 

G 657 0 40.0 $1.3 

6 .64.3 i 4 .7  . . '  , 46.0 l . 0  

a 
Re la t ive  t o  Eii211 = 6.620 Mev. 

OIn 

2. Decay Scheme 

The alpha-decay scheme of ~c~~~ i~ . shown i n  Fig. 38. Since no 

s tud ies  were made of t he  i n t e r n a l  t r a n s i t i o n s ,  on ly . t he  energies and 

populations of the  l eve l s  a re  shown. Nothing can be s a id  about .the 

spins and p a r i t i e s  of the  s t a t e s  at  present.  

4 .  



Yig. 37. ~lpha-Particle , spectrum of ~c~~~-double-focusing spectrograph. , 
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223 F ig .  38. ~ l ~ h a  decay scheme of Ac . 



IV. - COPlCLUSION 

..The ' fundaplental. purpose of t h i s  .study was 'to .provide new in for  - 
mation and a . be t t e r  .understanding ,of nuclides ly ing ,on .the f r inge of the  

.collective -model .regioi?, with .primary emphasis .placed .on the  application 

.of high-resolut.ion alpha spectroscopy t o  obtain these  goals.  The . re-  

s u l t s  .c lear ly  indicate  . t ha t  although ,the spec t ra  .are :complex and ..not 

f u l l y  imderstood, the  .col lect ive  model . s t i l l  f inds  useful  appl icat ion - 
. in  .most cases. This model i s  espec ia l ly  us'eful . i n  .explaining . the  , l eve l  

s t ruc ture .  of even-even nuc l ides ,  and i s  f inding y ider  and.  wider appl i -  

ca t ion t o  ' the  spec t ra .  of odd-mass nucl ides ,  as  ' evidenced by i t s  appl i -  

c a b i l i t y  t o  t h e  l eve l s  populated i n  Pa227 and paz2' alpha decay. I t s  

usefulness i n  in te rpre t ing  the  l eve l s  of odd-odd nuclides remains t o  be 

t e s t ed  as  more experimental da ta  accumulate. The alpha decay of Pa 228 

with i t s  exkremely complex spectrum s t r e s se s  the  need f o r  even higher 

resolut ion and grea te r  s e n s i t i v i t y  than i s  provided by present spectro- 

scopic techniques. Many questions remain unanswered i n  t h i s  region, and 

it i s  hoped t h a t  improved methods w i l l  help t o  explain these mysteries. 
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