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ALPHA DECAY STUDIES IN THE HEAVY ELEMENT REGION
John Phi Up Hurnmtl

Radiation Laboratory *nd Depar tment  of Chem is t ry  
Umverett )  of California. Berkeley,  California

July I, IH »

ABSTRACT

Using p r im a r i ly  * H  em radtu* of « u r v » l | r t  f»0° sym m etr ica l  
electromagnetic ana ly se r ,  * study of the complexity of the following 
•lph« . |w<tr*  * « •  m * d .  t l n , CCM*. C m ZM * m !° ,  Vv" **• i 4 i .

n 1" * *  a«“ \  a,* «  Po“ ‘ An investigation of the
gamma ray* a s so r t  ated with the following isotopes « i «  a lso  made
Cr*46. AmM\  P„JM\  .n d P .n ‘ .

Decay scheme* have been sugges ted for moet of the i to t  ope* 
Included in thi# study Those for the even .even  isotopes were  found 
to conform well with the previously exist ing systematic* for that group 
of nuclides.  Many of the decay fea tu res  of the odd-mass  iso topes  seemed 
to conform well with present ly expanding theories.

i



4 .
I INTRODUCTION

In the p a s t  few y e a r s  th e re  has  been  much M p r n m r n U l  and 

theore t ica l  i n t e r e s t  in the p r o p e r t i e s  of nuc lear  energy  leve l* ,  The hope 

I* (hat a c o m p U t*  unders tanding of n u c l e a r  ene rgy  U v e U  will  cu lminate 

in an u nde ra tand ing  of the nucleus i t s e l f  Although ad v a n c e s  towards  

unders tanding  of the var ious  n u c lea r  a t a tee  have been  m a d e ,  one cannot  

say  that any th ing n e a r  comple te  und e r s tan d in g  has  been  ach ieved .

One of the moat  fruitful r eg ions  of s tudy is the heavy  .e l e m e n t  

region ( e l e m e n t s  beyond lead in the pe r iod ic  table). A d e c a y  proper ty  

a lm o i t  rk ' lv ie tve  to thie region la that  of a lpha-par t i c le  e m i s s i o n ,  and 

much  of the atudy  of the ene,rgy le ve ls  in this  region has  been  through 

ana lys i s  of a lpha  .decay  scheme*.  R egu la r i t i e s  in the low -lying energy  

levels  obse rved  in the alpha decay  of even  .even i so topes  have been well 

e s tab l i shed .  * * ' O d d .m a s s  i s o to p e s ,  how ever ,  have not shown the same 

deg ree  of r e g u l a r i t y ,  although s o m e  f e a t u r e s  aeem to be com m o n  to them. 

Also,  r e g u la r i t i e s  in the breakdown of s im ple  a l p h a .d e c a y  theory  applied 

to ce r ta in  t r a n s i t i o n s  m the e v e n -e v e n  nuclei  have been  established.** 

Again, the o d d - m a * a  isotopes  have not  shown such r e g u la r  deviat ion*

This  r e s e a r c h  has  been conducted  to extand the o b s e r v a t i o n s  noted 

above for  the e v en -e v en  isotopes and  to  obtain addit ional  da ta  for the odd.  

m a t e  nucle i  in the hope that m o r e  r e g u la r i t i e s  will b e c o m e  appa re n t  for 

that claaa of nuc l ides .
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11 EXPERIM ENT A l 1 » < HMQUCS

The Kudy of n a r l * i r  d e i t y  ha t  b r m  nur t e a r  i fMulroitaf»y

because  of the Aomewhit Analogous approach to the atomic  s y s t e m s  On 

th» b a s t s  of the various  s p e c t r a  o bse rved  c n n r iu s io n s  a re  drawn r e g a r d 

ing the n a t u r e  of the va r io u s  le ve ls  involved.  The  s p e c t r a  r e f e r r e d  to 

a r e  those  of the c h a r a c t e r i s t i c  n u c l e a r  radiation* . beta and gam ma ray* ,  

and a lpha  pa r t i c le s .  The m a j o r i t y  of the work don# in (hi# pa r t i cu la r  

inve s t iga t ion  was conce rned  with alpha par t i c le  and g a m m a - r a y  s pec i roa *  

copy .

A. Alpha Pa r t i c le  Sptctrog raphs

T w o a lp h a -p a r t i c l e  s p e c t r o g r a p h s  were uaed in thia study The 

m a jo r i t y  o! the alpha s p e c t r o s c o p y  was p e r f o r m e d  on the so-ca l l ed  

"low g e o m e t r y "  s p e c t ro g ra p h  In recent  months,  c e r t a i n  a lp h a .g a m m a  

co inc idence  studies w ere  m a de  with the aid of a new"*double - focusing 

s p e c t ro g ra p h .  The two i n s t r u m e n t s  a r e  d i s c u s s e d  s e p a ra t e ly .

The low geom etry  a l p h a - p a r t  t r ie  s p e c t r o g r a p h  has been d e t e r  

in the l i t e r a t u r e . 7 but the m oa t  impor tan t  f e a t u r e s  a r e  p resen ted  her# .

It ia a c o n v e r t e d  Nier  type s p e c t r o g r a p h  employing a 60°  sec to r  magnet .  

The r a d iu s  of cu rva ture  of the n o rm a l  t r a j e c t o r y  i s  7S 'cm. The m agne t ic  

field o v e r  the l*tnch gap be tween  the pole p ieces  is  p roduced  by sn 

e l e c t r o m a g n e t  capable of bending  a 14-Mev a lpha  p a r t i c l e  at m ax im um  

field in ten s i ty .  Figure 1 la a s chem at ic  drawing of the sp ec t ro g ra p h  

showing the relat ive pos i t ions  of the source ,  m agne t ,  and r e c e iv e r  units.  

The e n t i r e  unit it evacuated  to an operat ing  vacuum  of about 10’^ mm of 

m e r c u r y  p r i o r  to opera t ion .

One of the moat im p o r ta n t  c o ns ide ra t ions  of an e l ec t ro m ag n e t  

s p e c t r o g r a p h  is the s tabil i ty  of the magnet  c u r r e n t  supply .  The magnet  

power  supply  on this s p e c t r o g r a p h  i s  capabh of m a in ta in ing  the c u r r e n t  

cons tan t  to  one pa r t  in 10,000 o v e r  at le as t  s 2 4 - h r  pe r iod .  The c u r r e n t  

is m o n i to r e d  constan t ly  with a Speedomax r e c o r d e r  to faci l i tate  the o b 

s e r v a t i o n  of c u r r e n t  f luc tua t ions  The magnetic f ield la m e a s u r e d  by a 

V a n a n  A ss o c i a te s  proton fTuxmetc r .  Model F6.
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Fig.  1. Schemat i c  d i a g r a m  ot l o w - g e o m e t r y  a p cc t r og r ap h .
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The vacuum in the spec t rog ra ph  i t  m a in ta in ed  by two 260- l i t *  r f sec 

oil diffusion pump* e a c h  backed by Duo Seal  mechanica l  pump*. The  

s o u r c e  and r e c e iv e r  unit* of the s p e c t ro g ra p h  a r e  housed in s e p a r a t e  

c h am b er*  which can  be  se a le d  off f rom the m a in  vacuum tank T h ese  

two c h a m b e rs  have t h e i r  own mechan ical  roughing pumps.

The r e c e iv e r  c h a m b e r  houses a photographic  plate holder  which 

c a r r i e s  the p la tes  u s e d  f o r  detection of the a lpha  par t icle*  The p h o t o 

g ra p h ic  plates a r e  9 - b y -2 -inch Eas tman  NT A p la tes  with e m u ls io n s  

2$ o r  30 m ic rons  thick.  The plate h o lde r  is se t  at  an angle of 30° to the 

pa th s  of the alph* p a r t i c l e s  ra the r  than n o r m a l  to them. The p la te  ho lder  

o r  r e c e iv e r  has a l ighttight c a m e r a  door  which  can  be operated  f r o m  

ou ts ide  the s p e c t r o g r a p h .  The door  m a k e s  it p a s s ib le  to expose the 

photographic  pla te to the beam  of alpha p a r t i c l e s  but yet keep  the plate 

in the d a rk  while t r a n s p o r t i n g  it to the d a r k r o o m .

The source  h o lde r  contains a probe on which the rad ioac tive  

s a m p l e s  i r e  mounted fo r  exposure  in the s p e c t ro g ra p h  V ar ious  c o m  

b ina tions  of defining s l i t s ,  vary ing in width f r o m  1/H inch to *» m i l s ,  a r e  

p laced  in front of the s a m p l e ,  depending upon the nature  of the e xpe ri 

m e n t .  F o r  e x p e r i m e n t s  requir ing  the m a x i m u m  geom etry ,  l / 8 - i n c h -  

wide s l i t s  a re  placed 1/8  and 5 /8  inch f r o m  sou rce  F o r  e x p e n -  

m e n t s  requi ring bet te  r  reso lu t ion ,  a 1 ' 1 6 - i n c h  o r  18-mi l-wide s l i t  is 

p laced  3/8 inch sway.  Since the reso lu t ion  of the *pe« trograph t* v e ry  

g r e a t l y  dependent  on the width of the m a s k i n g  s l i t ,  a de sc r ip t ion  ot thr 

s l i t  s y s t e m s  em ployed  is  given for each  e x p e r i m e n t  as it is disc uased  

l a t e r  The di fferent  s l i t  a r r a n g e m e n t s ,  to g e th e r  with the bat t le  * y a t rm  

lo c a ted  close to the magne t  gap, allow a v a r i a t i o n  in the so l id  afttgl'e 

f rom 10‘ 4 to I Q '7 of 4w

During an expe r i  m e n ta l  run with the a lpha  -part i  < le a p e . t r ag  rap', 

a photographic plate it exposed  to the b e a m  ot alphft p a r t i c l e s .  S i r u r  the 

pla te  ho lder  !.? at a 30° angle to the b eam ,  the alphA pa r t i c le s  e n t e r  the 

e m u ls io n  at a 30° angle r a t h e r  than p e r p e n d i c u l a r  to it Owing **<> thr  

• m a l l  angle of a c c e p ta n c e  in the ve r t i ca l  d i r e c t i o n  permi t t ed  by the pole- 

t ip gap ,  the alpha t r a c k s  on the plate should  be vr ry nearly p a r a l l e l  

The  developed e m u ls io n s  a r e  examined  u n d e r  a 4S0-power  micro»< opr
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w i t h  b r i g h t - f i e l d  i l l u m i n a t i o n .  The a lpha t r a c k *  a re  counted  i n d iv id u a l l y ,  

and  o n ly  thoae t r a c k *  w h ic h  a re  p a r a l le l  a re  c o u n te d .  T h u  a l lo w *  a 

p a r t i a l  d i s c r im in a t io n  a g a in s t  backg roun d  t r a c k s ,  o f w h ich  m any  o r ig in a t e  

f r o m  the in s id e  s u r fa c e s  of the m a in  v a c u u m  ta n k  (due to  r a d io a c t iv e  

r e c o i l  n u c le i  e m i t te d  f r o m  the sam ple  ) and in  g e n e ra l  w ou ld  no t s t r i k e  

the  p h o to g ra p h ic  p la te  in  a h o r iz o n ta l  d i r e c t i o n .  T h e  t ra c k  le n g th  f o r  a 

6 - M e v  a lpha p a r t i c le  is  abou t 2S m ic r o n s .

In  the p la te  - sc a n n ing  p ro c e s s ,  Hie t r a c k s  a r e  to ta led  f o r  a v e r t i c a l  

s c a n  a c r o s s  the p la te  1 h r  m ic ro s c o p e  f ie ld  sca n s  a l / 4 - m m - w i d e  s t r i p .

A c o m p le te  c o u n t in g  w o u ld  c o n s is t  o f m a k in g  s c a n s  e v e r y  l ; 4 m m  a c r o s s  

the  le n g th  of the p la te .  The  sc an coun ts  a re  p lo t te d  aga ins t the p o s i t io n  

o f  the scan  in  the h o r i z o n t a l  d i r e c t io n  (w h ic h  can be c a l ib ra te d  in  t e r m *  

o f  e n e r g y )  to  g ive  the o b s e rv e d  s p e c t ru m .  O n ly  in  a few cases  is  a 

c o m p le te  scann ing  jo b  d o n e .  V e r y  o ften  a 1 /  4 - m m  - w ide  scan is  ta k e n  

o n ly  a t each m i l l i m e t e r  p o s i t io n  on the p la te  W hen the r e s o lu t io n  o f the 

a lp h a  g ro u p s  is  v e r y  g ood , coun ts  a re  m ade  a t  e v e r y  1 / 4 - m m  p o s i t io n  

o v e r  the  peaks. F o r  s t r o n g  l in e s  w here  re a d in g  a co m p le te  v e r t i c a l  

s c a n  w o u ld  be an e x t r e m e l y  te d io u s  jo b ,  o n ly  one f ie ld  of v ie w  o r  

f r a c t i o n  o f a f ie ld  is  c o u n te d  f o r  each p o s i t io n  (or e f ie ld  o f v ie w  is  about 

l  f  14S o f  a c o m p le te  scan)

One o( the m os t im p o r t a n t  c o n s id e r a t io n s  in  the use of 'he  a lp h a ,  

p a r t i c l e  s p e c t ro g ra p h  aa a p r e c is io n  in s t r u m e n t  i s  the p r e p a r a t io n  o f  the  

s o u r c e .  P o o r  s a m p le s  can cause  a lo t  o f e n e r g y  d e g ra d a t io n  and r e s u l t  

in  a p r o m in e n t  l o w - e n e r g y  t a i l  and a p o o r  peak  h a l f  w id th .  T o  take  

a d va n ta g e  of the in h e r e n t l y  good re s o lu t io n  o f  the s p e c t ro g ra p h ,  the  

e f f e c t s  due to  p o o r  s a m p le s  m u s t  be he ld  to  a m in im u m .  The id e a l  

s a m p le  w ou ld  be a u n i f o r m l y  th in  d e p o s i t  of the r a d io a c t iv e  s u b s ta tu e .

In g e n e r a l ,  sam p les  m a d e  b y  e v a p o ra t in g  a s o lu t io n  of the m a te r ia l  to  

d r y n e s s  do  not m eet the above  r e q u i r e m e n ts .  T w o  te ch n iq u e *  have  been 

d e v e lo p e d ,  h o wev e r .  w h ic h  c o n s is te n t ly  g iv e  u n i f o r m l y  th m  d e p o s i ts  

T h e s e  a re  vacuum  s u b l im a t io n  and e le c t r o d e p o s i t io n .

T h e  techn ique  used  m o s t  o ften  f o r  the p r e p a r a t io n  of s a m p le s  in  

th is  w o r k  was vacuum  s u b l im a t io n .  I t  a m o u n ts  to  e v a p o ra t in g  a s o lu t io n  

<»i the m a te r ia l  (u s u a l ly  a c h lo r id e  o r  n i t r a t e  o f  the ra d io a c t iv e  s p e c ie s )  *



on a tungs ten  f i l a m e n t .  A pint* ( g e n e r a l l y  £*mi)  p la t inum  o r  a lum inum }  

ta he ld  a s h o r t  d i s t a n c e  above the f i l a m e n t  ( g e n e r a l l y  about <h

away} T h i s  a r r a n g e m e n t  is e v a l u a t e d  to  a  p r e s s u r e  ot lea* than  a

of m e r c u r y ,  then  the f i l ament  ta  f l a s h e d  to white h e a t  by  p a s s i n g  

c u r r e n t  th rough it to  v a p o r i z e  the m a t e r i a l  on to  the collecting p l a t e  

P r o p e r  f o rm a t i o n  of the  fit men! in to  a "U shape  (by he a t in g  i t  m  a 

• p e n a l l y  p r e p a r e d  d ie)  p e r m i t#  the m a t e r i a l  to be well d e f i n e d  on the 

co l l e c t i n g  p la te  wi thou t  u i e  of a m a s k i n g  *l i t  be tw een  u and the  f i l a m e n t  

TM* e l im in a te *  the p r o b l e m  of l ining up the a h t  and f i l a m e n t  Depending  

on how far  away the  c o l l e c t i n g  plate  is  f r o m  the f i l a m e n t ,  the s a m p l e s  

m a d e  in t h i i  m a n n e r  g e n e r a l l y  r o v e r  a  r e c t a n g l e  .. 1 about  l 8 by 1 inch 

V a r i a t i o n !  in the v a p o r i z e r  geom« t i  y a r e  m a d e  at * o r d m g  to the a m o u n t  

of m a t e  r ia l  a v a i l a b l e  and the n a tu re  o! the e x p e r i m e n t .  When the  feist  

p o s s ib l e  r e s o l u t i o n  i s  d e s i r e d ,  a l o w e r  y ield  is  a i t e p t r d  in o r d e r  to get 

a m o re  u n i f o r m l y  th in  s a m p le .  V a p o r i s e r  yields  u sua l ly  v a r y  f r o m  50% 

to  95%, depend ing  on the cond i t ions u s e d .  G e n e r a l l y ,  s a m p l e s  m a d e  with 

th is  techn ique  give s a t i s f a c t o r y  s p e c t r a  w h e n  e xposed  in the ape* t rogr. --  

F o r  e x t r e m e l y  good  r e s o l u t i o n  (peak h a l f  w id ths  of about  7 o r  rt k ev ) ,  

s a m p l e s  of l e s s  t h a n  5 m i c r o g r a m s  of m a t e r i a l  a r e  needed  U n d e r  no 

cond i t ions  has  a s a m p l e  of ove r  lOOpg b e e n  u s e d .

The e l e c t r o d e p o s i t i o n  techn ique  m e n t i o n e d  be fore  h a t  not  in g e n e r a l  

r e s u l t e d  in s a m p l e s  a s  good a s  th o se  o b t a i n e d  by vacuum  s u b l i m a t i o n .  

U s u a l ly  o t h e r  m a t e r i a l  b e s id e s  the m e t a l  o r  hydrox id e  ot the r a d i o a i h v e  

s p e c i e s  p la te s  o u t ,  c a u s i n g  s a m p le  t h n  k n e a s .  How ever ,  i m p r o v e d  

techn iques  fo r  p l a t i n g  the ac t in ides ,  w h ich  have  e l i m i n a t e d  the  i n e r i
g

depos i t s ,  have  b e e n  d e v e lo p e d  by H a r v e y .  , If the e l e c t r o l y s i s  c e l l  is 

p r o p e r l y  s h a p e d ,  a w e l l - d e f in e d  s a m p l e  a lo n g  ft n a r row  l ine  * an  be 

d e p o s i t e d

The  i m p o r t a n t  c o n s i d e r a t i o n s  in d e t e r m i n i n g  how l a r g e  a  s a m p l e  

one s h r  Id use  a r e  the  speci f ic  a c t i v i t y  of  the  s p e c i e s ,  the a p e c t r o g r a p h  

g e o m e t r y ,  and the  n a t u r e  of the e x p e r i m e n t .  Com bin ing  the s p e c t r o g r a p h  

g e o m e t r y  of 0 .004% wi th  the lOOpg s a m p l e  l im i t  m a k e s  a s tu d y  of  a 

r a d io a c t iv e  s p e c i e s  of  half  life l o n g e r  than  10 y e a r s  u n f e a s i b l e  Very  

few s tud ie s  w e r e  m a d e  of i so to p e s  hav in g  h a l f - l i v e s  l o n g e r  th a n  10* y e a n
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c The resolution of the spec t rograph  is inherently good. To a ftret 
Approximation, the width of the image  on the photographic plate ie tw ic e  
the defining sl i t  width at the source .  F o r  very  emai l  al i t  width*, how. 
ever ,  sample  effect* make it e x t re m e ly  difficult to achieve thie con- 
dition

In exper iment*  dealing with weak source* or  source*  of mater ia l* 
of low specific activ it ie s,  the machine background becom es  important.
In the cou rse  of the alpha .em iss ion  p ro cess ,  the daughte r  nuclei recoil 
with about 100 kev energy. If they recoi l  away from the aample into the 
spectrograph, they eventually build up a coating on the walle of the 
spectrograph,  leading to a general  alpha contamination of the inside. 
Although many of the alpha pa r t i c le s  emitted by these recoil  nuclei do 
not reach the photographic plate,  and of those that do many en te r  at 
angles away from the horiaontal ,  an appreciable number of background 
tracks are  counted in the scanning p ro c e ss .  The peak . to  -background 
ratio a s su m es  a la rge  importance in low-intensity groups.  F o r  this 
reason, the spec t rograph  ins ides  have been shielded with aluminum 
sheeting,  which collects the recoi ls .  Periodica lly  the spec t rograph  is 
d isassembled  and new sheeting ins ta lled  to reduce the machine back- 
g round.

The e n e rg y  dispersion at the r ece iv e r  is given by

dispersion

«

where rQ ie the radius of the norm al  t ra jec to ry  and E q is  the energy 
of the normal  part ic le .  The magnet ic  field B (in gauss) is rela ted to 
r Q (in cen t im ete rs )  and Eq (in e lec t ron  volts) by

Since r Q has  not been de termined  exactly  (It is about 75 cm),  the follow, 
ing equation obtained from the two above is  best  used for the dispersion:

d ispers ion

t 41,472



»u»
Thu*. &f the dispersion is m easu red  for a given field strength,  sn
effective Tq can be calculated.  This could be used  to calcu.ate the
d ispe r s ion  for other field s t reng ths .  In p rac t ice ,  the dispersion is
calculated for an r^ of 75 cm. and this multiplied by a correct ion
factor (determined exper imentally) to yield the c o r r e c t  dispersion.
The co r rec t io n  factor is obtained by running sam ples  containing more
than one well-known alpha group to determine the d ispers ion  for a
p a r t i c u la r  field strength.  Th is  is then compared  with the calculated
d ispers ion .  Many de termina t ions  of this nature have been made, indicate
ing that  the actual d ispers ion  is  la rger  than the calcula ted  d ispers ion  by
a fa i r ly  constant percentage.  The difference va r ie s  with the alignment
of the in s t rument ,  and the spec t rograph  must be recal ibra ted  after
every  disassemblage .  C or rec t io n  factors from 4.6 to 5.7% were ob-

9
tained fo r  the various s tages  of the current work. Asaro  has previously 
shown the constancy of the d ispers ion  over the 9 -inch horieontal  d i rec tion 
of the photographic plate.

After an exposure has been counted and plotted,  the positions of 
the middles  of the peaks at half  maximum intensity  a r e  determined in 
o r d e r  to find the separa tion between peaks. This was shown to be le s s  
sensit ive  to the location of the peaks on the plate than use of the high- 
energy  edges of the peaks to m easure  separa tions .  A fa ir  degree of 
h igh-energy  tailing is evident for all peaks near  the low-energy edge 
of the pla te ,  so, if possible ,  the groups of in te re s t  were  generally 
placed n e a r  the middle or  on the high-energy half.

The newer h igh-geometry  a lpha-par tic le  spectrograph* is som e
what m ore  versati le than the lower-geometry  spec t rograph  just d i s 
cussed.  The use of a 180° double-focusing magnet allows geometr ies 
of up to 0.1%,depending upon the angle of acceptance of the beam. The 
pole t ips have been carefu l ly  designed to p e rm i t  a resolution comparable  
with that  of the low-geometry  spec trograph.

Most of the operating fea tures  of the double-focusing a lpha- 
pa r t ic le  spectrograph (Fig. 2) are  the same as those of the low. 
g eom et ry  unit. The magnet c u r r e n t  supply and vacuum systems have 
been designed to give the sam e performance as those of the older unit. 
There  a r e  some additional i e a tu res ,  however,  that  should be mentioned.
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Because of i t s  fa i r ly  high geometry  and good resolution this 
spec trograph has  been designed specif ica lly  to aid in studies of alpha 
p a r t i c l e -g a m m a  ray  coincidences (where coincidences with a pa r t icu la r  
alpha group a re  des i red ) .  For this pu rpose ,  a special r e c e iv e r  unit 
consis t ing of a holder for a photomultiplier  tube with a lucite window 
coated with Z nS has  been installed. An adjustable slit is p laced in front 
of the ZnS screen .  The magnetic field is  varied  to focus a p a r t i c u la r  
alpha group on the s l i t ,  and the scinti l lat ions caused by these alphas 
can be counted and fed into a coincidence unit to serve  as gate pulses .
The source holder has been constructed with a beryll ium window to 

. pe rm i t  the gamma rays from the sample to s tr ike  a gamma sc in t i l la to r  . 
outside the sp ec t rog raph .  Coincidences can then be run between the 
pa r t i cu la r  alpha group gates  and the gam m a spectrum. Thia  setup 
should be a g rea t  aid in the study of decay schemes  of alpha e m i t t e r s  
having a large num ber  of alpha t rans i t ions .  Additional information o b 
tainable with this aetup is the angular c o r re la t ion  between specific 
alpha groups and specific  gamma rays,  as  the gamma .counting device 
can be set  at any d e s i r e d  angle with re spec t  to the source.

The special coincidence receiver  unit can be replaced by a pho to
graphic plate ho lder  and the spec trograph opera ted  like the o lder  lnstru* 
ment. The plates fo r  this holder m easu re  1 by 9 inches. So fa r ,  the 
genera l  use of the new spectrograph has been  re s t r ic ted  to alpha p a r t i c l e -  
gamma ray coincidence studies.
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B. G am m a-Ray  and Coincidence Equipment

The equipment used (or the study of gam m a-ray  spec t ra  and for 
coincidence m easu rem en ts  ha t  been recen t ly  described comple te ly  by 
F .S .  S tephens '^  in conjunction with his scinti l lat ion spec troscopy  studies.  
Only a general  d i scuss ion  of the main fea tu re s  is given he re .  The 
m easurements  c a r r i e d  out along this line in the course of this work were 
l imited to raw ga m m a -sp e c t ru m  de te rm ina t ions ,  gamma r a y -g a m m a  
ray coincidence s tudies ,  alpha p a r t i c l e - g a m m a  ray coincidence studies,  
and specific alpha, g ro u p -g am m a  ray coincidence studies.

The raw g a m m a - r a y  spectra  were  observed with a thal l ium-act ivated 

sodium iodide c r y s ta l  s i  a gamma-ray detec tor.  The fluorescence  out
put from the c rya ta l  was converted into an electronic  pulse in a photo
multiplier  tube. This  pulse was amplified and fed into a 50-channel 
pulse-height a n a ly se r ,  where the energy  spec trum of the g am m a  rays 
was recorded.

Various c o r rec t ions  must be applied to the data taken in this way. 
The main c o r r e c t io n s  are  those for the escape  peak and fo r  counting 
efficiency. Axel*'  has  made calculations  of the magnitude of the escape-  
peak effect as a function of geometry.  These  seem to be in good a g r e e 
ment with exper im en ta l ly  observed values ,  and they have been used in 
making the n e c e s s a r y  correct ions  to the work described here in .  The 
counting efficiency correc t ions  that have been made a re  those suggested 
by Kalkstein and H o l lan d e r '^  in a review of the subject.

The c ircuit  used for the various  coincidence studies has a resolving 
t ime of about H x 10’ ^ second. The gate pulses a re  passed  through a 
single-channel an a ly ze r  in which a d isc r im ina t ing  c ircuit  a l lows the 

selection of pulses  of any pa r t icu la r  height.  This allows a c e r ta in  
amount of energy  selection on the gate side. The signals in coincidence 
with the gate pu lses  a r e  recorded by the 50-channel analyzer.

For gamma r a y -g a m m a  ray coincidence studies,  Nal c ry s ta l s  
were used to de tec t  both the gate and s ignal  gamma rays.  F o r  c o 
incidences involving the entire a lpha-par t ic le  spectrum, a ZnS screen  
coated on an RCA 5819 photomultiplier  tube served as the gate alpha 
detector.  The setup used for the specific alpha g ro u p -g am m a  ray 
coincidence ex p e r im en t s  has already been described.
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111. EXPERIMENTAL RESULTS

A. Alpha Decay of A m er ic ium -243

The in t e r e s t  in this p a r t i c u la r  nuclide sterna f rom  seve ra l  points:
(a) the e a r ly  w o r k '*  on the decay schem e  of showed it to be quite
s im i la r  to that  of Am**',  (b) it provides  an opportunity to compare the 
alpha-decay pa t te rns  of two o d d -m a ss  nuclides of the s am e  element,  and 
(c) it is of in te re s t  to ga ther accu ra te  data on a lpha-par t ic le  energies 
and abundances in nuclides suspected of showing rotational band patterns,  
in o rder  to te s t  quantitatively the Bohr-Mottelson theory.

The e a r l i e r  work re fe r red  to above was that of A s a r o  and Per lm an!  '
in th is  l ab o ra to ry ,  who invest igated the alpha and gam m a spec t ra  of
amer ic ium sam p les  enriched in In their  a lpha-par t ic le  studies,
only 2% of the alpha activity in th e i r  am er ic ium  was due to A m ^ l  They
were able to a ss ign  to A m ^ ^  th ree  alpha groups having the following
energies (in Mev) and abundances: 5.267 (84%), 5.225 ( 13%), and
5.171 (approximate ly  3%). A fu r th e r  enriched sample having twice as
much Am*** act iv ity  as Am**' was used for the g a m m a - ra y  analysts.
This showed a ve ry  prominent 75-kev gamma ray in coincidence with
80% of the to ta l  Am ** '  alpha p a r t i c le s .  This 75-kev gam m a ray is most
cer ta inly  an El trans it ion  (from convers ion  coefficient). This information
led them to p ropose  a decay scheme fo r  Am*** in which the main alpha

239group populates a level 75 kev above the ground state  of Np This is 
very s im i l a r  to the Am**' decay, in which the main alpha group populates 
a level, 60 kev above the ground s ta te ,  which de-exci tes  by a very 
prominent 60-kev  El transition. ' *

A fu r th e r  s imi la r i ty  was noted between the two decay  patte rns  in 
the energy separa t ions  and abundances of the main alpha groups.  Am**' 
was repor ted  then to have five a lpha groups of energies  and abundances 
»• fo llow,:13 5.535 (0.3%). 5.503 (0.2%). 5.476 (84%), 5.433 (1 3.6%), »nd
5.379 (1.4%). The three lo w est-energy  groups are  s e p a ra te d  by almost

S'
the same e n e r g ie s  and have near ly  the same abundances as  the three groups 
reported for Am In both car.'ts these three groups  were  inte rpre ted as 
populating a Bohr-Motte lson rotat ional  band whose levels  follow an 1(1 + 1)
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pattern  en srg y w ise . .  Knowing the en e rg y  separation* of th ree  of the 
levels belonging to the rotational band, one can calculate  the apin of the 
lowest level (1Q). In both casco this was 5 /2 . In Am*** a  5 /2  spin 
assignment fo r  the 60 -kev level is consis ten t with the decay  by an E l 
transition  to the ground state of Np**7 , which has a m easu red  spin of 
5 /2 .**  However, fo r  the Am***, there  ia an inconsistency, since the 
ground state of N p * ^  has been de term ined  to be 1/2.*^ B ecause  the spin 
calculations for the ?5-kev level a re  v e ry  sensitive to sm all energy  
changes, it was deem ed of value to d e te rm in e  as accura te ly  as  possible 
the energy sepa ra tions  of the alpha g roups  believed to be populating a 
rotational band.

Further , one notes that the g round-s ta te  alpha trans it ion  in 
decay waa not o bse rved  by Asaro and P e r lm an .  T heir l im it  of detection 
was 2%, and one might expect the t ra n s i t io n  to be p resen t in much lower 
abundance than th is ,  judging from its  abundance in Am*** decay .

Two d iffe ren t sam ples of am er ic iu m  isotopes were availab le  for
the studies here  rep o rted .  They w ere  both produced by in tensive  neutron 

2 39irrad ia tion  of P u  in the MTR re a c to r .  The reactions producing the 
am eric ium  iso topes  a re  as follows:

„  239. . D 240. . D 241. . D 242. . D 243Pu (nfy) Pu (n,y) Pu (n, y) Pu (n, y) P»

Am***(n,y) Am***(n,y) /?m***

The f i r s t  sam ple  used in this study had an activity ra t io ,  Am***
to Am***, of about 1 to 4. The ac tiv ity  ra t io  of the second sam ple was
about 6 to 1 (Am*** to Am***). The a m er ic iu m  was chem ica lly  separated
from  the fission p roducts  and o ther ac tin ides  in both cases . In the second

238sam ple , there  was som e Pu ccntam ination  (having an a lp h a-p ar t ic le
energy  very c lose  to that of Am***); it was p resen t in the sam e  o rd e r  of
magnitude as the Am*** (activitywise).

The sam ples  used  for exposure  in the a lpha-partic le  spec trograph
w ere  p repared  by vacuum sublimation in a m anner a lready  desc ribed .
The total alpha ac t iv i t ie s  of the two am er ic iu m  samples were 4.6 x 107

24 3 7d /m  for the sam ple  of low Am content and 1.8 x 10 d /m  fo r  the sample d
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high Ait/ * *  content.  The spec trograph  exposure t im es  in this ser iea  of 

exper iments  varied from 15 hours  to 5 days.

I. A lphs -P a r t ic le  Energy of A mcrlc ium-24  3

Before the fine s truc tu re  of this alphs decay is considered,  the 
energy de termina tion  of the main  group is d iscussed .  The f i r s t  sample 

available for this ser iea  of exper im en ts  contained fa i r ly  comparable 
amounts of A m ^ '  and Air /** with no p/*** impurity.  Because the 
a lpha .pa r t i c le  spec trum of Air /**  has  been carefu l ly  studied by A l i r o ' ,  
the main alpha group of A n /* *  can be used as a re liable  s tandard for the 
de te rmina tion  of the energy of the main group of Am*"**. Asaro and 
Perlman* * have reported 5.267 Mcv as the energy of the main alpha group 
of A n / * * .  This  value is  based on a single determination.  Since this 
run was m ade,  the spectrograph d ispers ion  has been reca l ib ra ted ,  and it 
appears that  the i r  value should be 5.268 Mcv. We have continued this 
de termination,  using the sam e alpha-par ticle spec t rograph .  The results  
a re  su m m a r iz ed  in Table 1. Expe r im en t  272 Vs that previoualy reported 
by A sa ro  and Pe r lm an  and changed to conform to the newer  calibration 
values.  Exper im en ts  300 and 302 w ere  performed with the sample that 
contained about 20% A n /* *  (activitywiae). All three of these d e t e r 
minations w ere  made with 5.476 Mev aa the energy of the An/**

13 16standard.  The average value of 5.266 Mcv is probably  good to 5
kev, cons ider ing  the uncer ta in t ies  in the A n /**  e n e r g y  [ ±  2 kev), the 
location of the peaks on the photographic plate (* 1 kev),  and the d ispersion 
calibra t ion of the apectrograph f* 1%). The energ ies  of other Am*"** 
alpha g roups  will be dete rmined re la tive  to the main 5 .266-Mev group.
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m akes  it necessary  to opera te  the spec trograph at maximum t ran sm iss io n  
This  l imit for Am*** is such that the spec t rograph  exposures had to be 
made  with only the 1 / 8 -inch .wide slit s y s tem  masking the sample  in o rd e r  
to see the low . in tensity  groups with reasonable  exposure times.

Table 11 l u m m a r u e s  the data concerning the two low .intensi ty groups.  
Experiment 309 is the run made with the f i r s t  sample.  Exper im ents  127 and 
M l  were  run with the second sample.

Table II

- 2 2 -

Low-in tensity  high-energy alpha groups of

Expe nm ent  
No.

Energy  separations Abundance ratios

a 0 ‘ °74
(kev)

tt31 * °74 
(kev)

a 0 ^  
( x 10:

j a 31/ o 74 
(x 10 3)

309 73.3 40.2 ... ...
327 73.8 44.1 1.90 1.83
331 72 0 41.9 2.06 1.85

Bes t  values 73.0 42.4 1.98 1.84

When correc t ions  a r e  made for the recoil  energy, the d e ca y .e n e rg y  
separa t ions  from become 74.2 kev for Qq and 43.1 kev for o j j . On 
the b a s i s  of the data of A sa ro  and Pe r lm an ,  where  a 75-kev gamma ray  
follows most of the alpha emiss ion ,  the alpha group 73 kev h igher  in 
en e rg y  than the main group is taken as the ground-s ta te  transi t ion.  Thus 
the main  group has been designated as as it is  separated  f rom the
group assumed t i  Qq by 74 ke*' decay energy .  The energies of Oq and

a . ,  a r e  5.339 Kiev and 5.308 Mev, respect ively.
M 241Because of the tail ing contribution of the Am in this region, no

effor t  was made to in teg ra te  the peaks observed  in Experiment 209. How
e v e r ,  one can a r r ive  at a good est imate  for the abundances of the low-



intensi ty g r o u p * * by cons ider ing  the peak heights .  Th is  method  indicate* 

an abundance r e l a t i v e  to of 2 I k 10 ’ (o r  both l w - t l t t M l i t y  groups,  

in good a g r e e m e n t  with the abundances  re la t ive  to k ^ .  ob ta ined  ( rom 

Runs 327 and ) H  by integrat ing the peaks  The a s s ignm e n t  of these 

two groups to A m " ^ '  it based on th e i r  cons tan t  abundant r ,  re la t ive  to 

o ^  of Am" , o v e r  a la rge change in the isotopic (WlUblHMl <>? the 

a m e r ic iu m  aa rnp lea  studied.

I, Main Alpha G ro u p s  of A m e r ic iu m  -24 I

The r e m a i n d e r  of the alpha s p e c t r u m  of is e s s e n t i a l l y  the

•  »me as that r e p o r t e d  by A s a ro  and P e r l m a n .  A n u m b e r  of s h o r t e r  

runs ,  each on the o r d e r  of a day in length ,  were made to d e i r r r m n r  the 

ene rgy  s e p a r a t i o n  and abundance ra t io  of the two moat abundant  groups 

All eight  of th e a r  runs  were made with an 18 -mil drf in ing sl i t  in f r* 

of the sam ple ,  ao  tha t  the half widths of the peaks were g e n e r a l l y  ihSttt 

8 or 10 kev.  A typ ica l  sp ec t ru m  run at high resolut ion la shown in Fig 

5. A s u m m a r y  of the data  f rom th e se  e igh t  exposures  is g iven  in. Table 

III, where the e x p o s u r e  num ber ,  e n e r g y  separa t ion  of the two main  alpha 

g roups ,  and abundance  ra t io  a r e  given.  Exposures  V04 and 107 wen- 

made with the 20% Am sam ple ,  and the o the r  e x p o s u r e s  w e r e  made with 

the l a r g e r - p e r c e n t a g e  Am s a m p le .  Ir. all c a s e s  the p e a k s  were 

in tegrated to d e t e r m i n e  the abundance r a t i o  After  0 7 kev is  added to 

c o r r e c t  fo r  the re c o i l  energy ,  the d e c a y - e n e r g y  d i f ference  be tween  thr 

l eve ls  popula ted by the two mos t  abundant  groups is 4 1.2 kev Since thr 

m os t  abundant g ro u p  at  5.266 Mcv h a s  b e e n  denoted as o - ^ .  the lower-  

energy  group 42.5 kev away will be c a l l e d  o ^ .  as it po p u la te s  a level 

117 kev above the g round s t a t e . The e n e r g y  of a  j ^  then b e c o m e s  5.221 

Mev.
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T a b l e  III

M a in  a lp h a  g roups  of Am

E x p o s u r e  n u m b e r ° l l 7 * a 74 * n e r *Y 
s e p a r a t i o n  

(kev)

O j j j / a 74 a bundance  r a t i o

104 42 .6 0.1 10

307 42 .3 0 .137

361 42 .2 0 127

364 42 .4 0.1 18

367 42 .6 0 .1 2 8

368 42 7 0.1 12

369 42 .5 0.1 11

370 42 .6 0.1 14

B e s t  v a l u e s 42 .5 0.1 12

A few w o r d s  about  the l i m i t s  of e r r o r  invo lved  h e r e  a r e  in o r d e r  

The  a v e r a g e  devia t ion on the e n e r g y  s e p a r a t i o n  is  abou t  0 ..’. k e \ , which 

m a y  be t a k e n  as  the u n c e r t a i n t y  III lo c a tin g  the p e a k s  on the photographic  

p l a t e .  T o  th is  m us t  be a d d e d  the u n c e r t a i n l y  in the  d i s p e r s i o n  c a l i b r a t i o n ,  

which  i s  at  m os t  1% o r  0 .4  k e v .  The e n e r g y  s e p a r a t i o n  be tw een  th e s e  t\*.«» 

g r o u p s  would then be 42 S * 0 6 kev.  C o n c e r n in g  the u n c e r t a i n t y  in the 

a b u n d a n c e  r a t io ,  the e f f e c t s  to  be c o n s i d e r e d  a r e  not  a s  c l e a r  as  for  the 

e n e r g y - s e p a r a t i o n  d e t e r m i n a t i o n .  The a v e r a g e  d e v i a t i o n  in th is  c a s e  is  

0 .001 .  The  s t a n d a r d  s t a t i s t i c a l  d e v ia t io n  fo r  e a ch  r u n ,  d e t e r m i n e d  I r o m  

the n u m b e r  of t r a c k s  r e c o r d e d  and f ro m  a 1% c o u n t i n g  e r r o r .  is 

abou t  5 5%. F o r  the eigh t  ru n s  taken  t o g e t h e r ,  t h i s  b e c o m e s  about  1% 

T h e r e f o r e ,  the a v e r a g e  d e v i a t i o n  of 0 001 s e e m s  to  be a f a i r  l imit  ot 

e r r o r  The abundance  r a t i o  is thus  taken t u b e  0 .112  * 0.001.

T h e  s a m e  s a m p l e s  w e r e  s u b je c t e d  to l o n g e r  e x p o s u r e s  on the a l p h a - 

p a r t i c l e  s p e c t r o g r a p h  to get  a s t a t i s t i c a l l y  s i g n i f i c a n t  n u m b e r  ot t r a c k s  

in  the p r e v i o u s l y  r e p o r t e d  a p p r o x i m a t e l y  3% g r o u p  T h e s e  e x p o s u r e s

i
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w ere  g e n e ra l ly  about 5 day* in length.  (The r e s u l t s  f r o m  these runs  a r e  

given in Table* IV and V.)

The ene rgy  sep a ra t io n *  of th is  lact group  f r o m  the main group* 

a r e  g iven in Table IV. Where  the sepa ra t ion  f r o m  the main group ( a ^ )  
was  m e a s u r e d ,  the locat ion of was  d e t e r m in e d  by taking only a 

p a r t i a l  scanning  in tha t  r eg ion  of the photographic p la te .  A full f ie ld  of 

view o r  a  f rac t ion  the reo f  was  counted at th ree  d i f f e r e n t  ve r t i ca l  poa i t ions  
on the pla te and totaled to give a count for  that  p a r t i c u l a r  horizonta l  

pos i t ion .  The three  v e r t i c a l  pos i t ions  were  at the c e n t e r  and the 

m idd les  of the top and bo t tom  ha lves .  These p a r t i a l - s c a n  counts w ere  

then p lo t ted  against  the h o r i z o n ta l  posit ion on the p la te  in the usual  

m a n n e r ,  Th is  p rocedu re  was  used  because the l i n e s  on the pla tes were  

o b s e rv e d  to be somewhat  c u r v e d  and not exac t ly  v e r t i c a l ly  s t ra igh t  l ines .

It is felt  that counting in the th r e e  posi t ions and adding up the r e s u l t s  

gives a fa i r ly  good a v e ra g e  peak  posit ion with a m in im u m  of counting 

e f for t .  Where  the s e p a ra t io n  f r o m  « , | |  was m e a s u r e d ,  both peaks 

w ere  scanned  comple te ly  in the  counting p r o c e s s .  The  numbers  in the 

a 173’° l l 7  co*umn ,n p a r e n t h e s e s  a r e  the s e p a r a t i o n s  between the '/‘3% 
group  and which we re ca lcu la ted  f rom the m e a s u r e d  O p j - Q ^

s e p a r a t i o n s  and the 42 .5 -kev  sepa ra t ion  of and *

A few m ore  c o m m e n ts  on Tab le IV a r e  in o r d e r .  Note that two 

of the f ive e x p e r im en t s  l i s t ed  w e r e  run at high reso lu t ion  with an 18- 

m i l  defining slit m front of the sam ple  (see Fig.  6), and that the o the r  

th r e e  w e r e  run at a h ig h e r  g n i m r i r v  a r r a n g e m e n t  ( lower  resolut ion) of 

a  l / 8 - i n r h  slit sys tem  (F ig s .  I and 4). The e x p o s u r e s  taken at high 
r e s o lu t io n  would be expec ted  to give the bes t  e n e r g y  m e a s u r e m e n t s  

b e c a u s e  of the s m a l l e r  peak  ha l f  widths and accompanying  s m a l l e r  
u n c e r t a in ty  in peak pos i t ions .  Because  the s p e c t r o g r a p h  was d i s 

a s s e m b l e d  for  decontamination  and moving be tween  the t im es  that 

E x p e r i m e n t s  171 and 414 w e r e  run. a >ew d i s p e r s i o n  ca l ib ra t ion  was 

needed fo r  Run 434. This  was  gotten by using the 0 117 74 sepa ra t ion
to define the d i spe rs ion  was  counted only p a r t i a l l y ) .  These  c o n s i d e r 

at ions lead  one to conclude that Run 171 r e p r e s e n t s  the bes t  individual 

e x p e r i m e n t  on the ^ j 7 ^ j  17 ■«p*rst ion.  The p la te  f r o m  Exper im en t  309
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was scanned only at e v e r y  m i l l im e t e r  ( r a th e r  than e v e ry  1/4 m m );  thus ,  

one w ou ld  not weigh i t  a t  h e a v i ly  as the o th e r  ru n s ,  where a l l  the scanning 

was done e v e ry  1/4 m m . The average d e v ia t io n  (±0.4  kev) is  taken as 

the u n c e r ta in ty  in  the lo c a t io n s  of the peaks.

Table  IV

E n e rg y  d e te rm in a t io n  of the th i r d  m ost abundant alpha group of

Expe r im en t S l i t  w id th a 17 3 '°7 4  BePa ra t lo n  
(kev)

a 173‘ °117  sePa ra t lo n  
(kev)

309 1 /8  inch 97.7 ($1 4 )
327 1 /8  in ch 97.2 (54.7)

331 1 / t  in ch 98.1 (55.6)

371 18 m i l — 54.4

4 34 18 m i l — 54.6

Best va lue 54.8

A-gain a 1% d is p e rs io n  c a l ib ra t io n  u n c e r ta in ty  is  inc luded , g iv in g  a value 

o f 54.8 ± 0.9 kev f o r  the se pa ra t io n  of the lo w -e n e rg y  group f r o m  O j ^ .

C o rre c te d  f o r  the re c o i l  energy, the d e c a y -e n e rg y  s e pa ra t io n  of 

the lo w -e n e rg y  g roup  f r o m  is M . t  kev . The decay -ene rgy  s e p a r a 

t ion  f ro m  Oq is  17 3 kev , thus the group is  c a l le d  With 5.266

M ev  as the energy  of o . ^ ,  the p a r t ic le  e n e rg y  of | | | |  is 5.169 M ev.

The exposures l i s te d  in Table IV  a lso  g ive  data on the abundance 

o f which was p r e v io u s ly  reported  as a p p ro x im a te ly  3^. T ab le  V

s u m m a r ir .e s  the a va i lab le  data reg a rd in g  the abundance o f o ^ y  Because 

expo su re  309 was scanned only e ve ry  m i l l im e t e r ,  the peak in te g ra t io n  

was not c a r r ie d  out to  d e te rm in e  the re la t iv e  abundances. H o w e v e r ,  a 

rough com par ison , u s ing  peak he igh ts , g ive s  an t / * y 4  *bundance
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ra t io  of 1.3 x 1 0 ' ^ ,  in good a g r e e m e n t  with the m o re  a c c u r a t e  data in 

Table V. W here  the a 1 7 3 / 0 \ \ y  r a t l °  wa> de te rm ine d  (Runa 371 and 
4 34), both peaka  w e r e  counted com ple te ly .

Tab le  V

Intensi ty of

Exper iment Abundance Ratios
No.

“ H J / o U 7  ° | 7 3 / o 74 | x l ° Zl

..........  1.59

.........  1.49
0.104 (1.37)

0.131 (1.73)

Beat  value 1.54

The r a t io  was then ca lcu la ted  by use of the value of 0.132

for  the r a t io  (Table 111). In the o th e r  two c a s e s , the
peak was counted  com ple te ly  and the peak total was  c a l c u la te d  f rom 

the total t r a c k s  reco rded  on a s h o r t e r  exposure The uncer ta in ty
in the abundance rat io is taken  a s  the ave rage  of the runs

l i s ted  in Tab le  V (± 0.14).

T a b le  VI

Complex alpha deca y  of

327 

331 
371 

4 34

Group P a r t i c l e  ene rg y  Abundance re la t ive  Abundance 
(Mev) to a 74 (**)

° 0  

°31 
°74 
a 117 

°173

5.339 
5.30B 

5 266 

5.224 

5 169

1 98 x 10"3 

1.84 x 10 '^  

1

0.132
1 54 x 1 0 ' 2

0.17 

0 16

86.9 ± 0.4 

11 .5 ± 0 .3 
1 .3 ± 0.2
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Tabic VII
—

Com plex  a lpha  decay  of A m ^ * ( A s a ro  and P e r lm a n )

Group P a r t i c l e  Ene rgy Abundance
(Mev) t * i

“ 0 5.5)5 0 . )

0 3J 5.50) 0.2

q 60 5 476

a 10) 5.433 1 3.6

a 159 5.379 1 4

The e n e rg i e s  and abundances  of the five alpha groups  o b s e r v e d  in 

A m decay a r e  s u m m a r i s e d  in Table  VI. The alpha s p e c t r u m  of 

A n t  is given in T a b le  VII for c o m p a r i s o n  ^

4  Half Life of Ame n c i u m -243

The f i r s t  s a m p l e  of am er ic ium  ava i lab le  fo r  this study conta ined  

l a r g e  am ounts  of both and with no in te r fc r ing  P u 4*

contamination.  If one knows the m a s s  and ac t iv i ty  rat ios  of Ain  and 

A m in the s a m p l e ,  the following r e l a t i o n s h ip  can be used to c k l c u l l t l  

the half life of A m ^  *

T l / 2  (24M = T l / 2  <Z4I)
(N24 3) (A 241) 

^ 241 )  (A 24 3)

1 O

w here  (241) is  461 ) vo.«rs, ^ 2 4 3 ^ 2 4 1 ^  ls rnllSB r a , l °* arw*
^ 2 4 1 - 1 4 1 ^  Activi ty rat io.  Th is  re l a t io n s h ip  is readily  d e r i v e d  

f ro m  the s imple  rad ioa c t ive  decay  law. S ince  the m a s s  r a t io  is r ead i ly  

m e a s u r e d  with a m a s s  s p ec t ro g ra p h ,  the half- l ife d e te rm in a t io n  becom es  

a m a t t e r  of d e t e rm in in g  the act ivity rat io .  Th is  can be done with the 

a id  of the alpha -pa r t i c l e  spec t rog raph .

t

IM
HM

M
GM
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The  s a m p l e  r e f e r r e d  to  ab o v e  w a s  m a t s  •a n a ly s e d  bv F rede  n e k  

L .  R e y n o ld s ,  a n d  a m a n  r a t i o  ( 2 4 3 / 2 4  ) of 4.27 a 0 .06  w a s  r e p o r t e d .  

E a r l i e r  d a t a  t a k e n  by F r a n k  A a a r o ,  u s in g  the s a m e  s p e c t r o g r a p h  as  

used  in th i s  s e r i e s  of e x p e r i m e n t s ,  a r e  a l s o  c o n s i d e r e d  and  d i s c u s s e d  

in the l ight of  t h e  new r e s u l t s  on the c o m p l e x  a lpha  s p e c t r u m  of 

r e p o r t e d  h e r e i n .  The  s a m p le  of a m e r i c i u m  m A s a r o ' s  -work had a m a s s  

r a t i o  (24 3 /2 4 1 )  of  0.340.

The  a c t i v i t y  r a t i o  can  be d e t e r m i n e d  two d i f f e r e n t  w a y s  with the 

s p e c t r o g r a p h  One  way would be to  put both se t s  of p e a k s  ( A m ^ '  and 

A m ^ ^ )  on the s a m e  pho tog raph ic  p l a t e  by p r o p e r  a d j u s t m e n t  of the 

f ie ld  ( they  w ou ld  be s e p a r a t e d  by a b o u t  60 m m ) .  A s e c o n d  a p p r o a c h  

would be to  u s e  two e x p o s u r e s .  In the f i r s t  e x p o s u r e  the A«* * peaks

can be p l a c e d  a t  a de f in i te  p o s i t i o n  on the p la te  ( p r e f e r a b l y  n e a r  the  

m id d le) .  F o r  the s eco n d  e x p o s u r e  the  field would be a d j u s t e d  to  pul  the 

p e a k s  in tha t  s a m e  po s i t io n  T h e  two runs would  h a v e  to  he 

n o r m a l i z e d  to  the  s a m e  length of e x p o s u r e .  The second  m e t h o d  a s s u r e s  

the s a m e  g e o m e t r y  fo r  both the and  g r o u p s  s in c e  they

a p p e a r  at  the t a m e  pos i t ion  on the r e c e i v i n g  p la te  and t h u s  h a v e  the 

s a m e  pa th  l e n g t h s  f ro m  the s o u r c e  to  the p la te .  As the p h o to g ra p h ic  

p la te  is  p l a c e d  a t  a  30° angle to  the  p r i n c i p a l  b e a m ,  a g e o m e t r y  

c o r r e c t i o n  h a s  to  be  app l ied f o r  the  f i r s t  c a s e .  The  h i g h e r - e n e r g y  alpha 

p a r t i c l e s  ( those  of A m ^ S  t r a v e l  a  l o n g e r  path than the l o w e r - e n e r g y  

onea (Am ). T he  lo n g e r  pa th  m e a n s  m o r e  beam d i v e r g e n c e  Thia  

m e a n s  that  the pho tog raph ic  p l a t e  s u b t e n d s  a s m a l l e r  v e r t i c a l  ang le  of 

the be a m  of an  a lp h a  g roup  on the h i g h - e n e r g y  aide of the p la te  than 

on the l o w - e n e r g y  a ide .  S p e c i f i c a l l y ,  th is  m ea n s  a l o w e r  g e o m e t r y  (or  

the Am g r o u p s  than fo r  the Am ^ g roups  This  g e o m e t r y  d i f f e r e n c e  

c a n  be c o r r e c t e d  f o r  by c a lc u la t in g  the  pa th  leng ths  f o r  t h e  v a r i o u s  g roups  

of p a r t i c l e s .  T h e  n o r m a l  b e a m  t r a v e l s  3 3S c m  f rom  the  s o u r c e  to the 

plate  A p a r t i c l e  s t r i k in g  the p l a t e  60 m m  to the h i g h e r - e n e r g y  side 

would have a p a th  length  of 340 c m .  T h i s  m e a n s  a 1 . 5*4 g e o m e t r y  

c o r r e c t i o n .  F o r  f i n e - s t r u c t u r e  d e t e  r m i n a t i o n a ,  th ia  c o r r c r  t ion fac to r  

i s  g e n e r a l l y  m u c h  s m a l l e r  ( the p e a k s  a r e  c l o s e r  toge the  r) and  is  not 

u s e d ,  s in ce  i t  i s  p r a c t i c a l l y  i n s i g n i f i c a n t  c o m p a r e d  with the e r r o r s  in 
t r a c k  coun t ing .
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The e x p e r i m e n t a l  data  a r e  r e c o r d e d  in Table  VIII. (Exper im en t  

217-218 ia the  one r e f e r r e d  to p r e v io u s l y  a i  having been  pe r fo rm e d  by 

Frank Aaaro) ;  the rea t  a r e  rune  m ade  in the atudy h e r e  p reaen ted .  In 
moat  c a a e a  onlv the main  alpha g roup  in each  ae t  of p e a k s  was counted.  

Thua,  the total  alpha t racks  for eac h  nuclide were c a l c u la te d  f rom a 

knowledge of the fine e t ru c tu r e  Of the five d e t e r m in a t io n a  repor ted ,  
only one (301-304)  waa done with the second method ou tl ined  above, 

where both the A m ^ *  and a lpha  p a r t ic lea  have the sam e  geometry .

The o th e r  two e xpe r im en t s  l i s t in g  two exposures  (217-218  and 307 -308) 

were not run  in this  way. The  m a g n e t i c  field waa not changed between 

e x posu re s  The  second pla te m eac h  case  waa ex p o s e d  f o r  a much 

s h o r t e r  t im e ,  so  that the in tense  Am peak could be counted on a 

s h o r t e r  e x p o s u r e  and n o rm a l ize d  to the longer  e x p o s u r e ,  thus saving 

t ime in count ing  the t racks .  The  bea t  value of 7600 y e a r s  is Rotten by 

weighting the var ious  e x p e r i m e n t s ,  f i r s t  accord ing  to  t h e i r  average 
s t a t i s t i c a l  dev ia t ions  (baaed on the n u m b e r  of t r a c k s  counted) ,  and then 

weight ng 303-304 doublv. s ince  no geom e t ry  c o r r e c t i o n s  w ere  requ ired  

for that e x p e r i m e n t .
The u n c e r t a in t i e s  involved in th is  d e te rm in a t io n  ind ica te  l imit s  of 

A 370 y e a r s  fo r  the half li fe.  The  a v e ra g e  deviat ion in Tab le VIII, ISO 

y ea rs  (2.0%), is  taken as  the u n c e r t a in ty  in the a l p h a - t r a c k  counting.

The u n c e r t a in t y  in the m a s s - r a t i o  m e a s u r e m e n t s  is  1 4% (110 years) .
The  half l i fe  of is good to within 0.4% (30 y e a r s ) .  To  this

must  be added  l 0%(80 years ) ,  which is f rom the u n c e r t a in t y  in the 
abundances  of the main alpha g r o u p s  of A m ^ '  and A m ^ ^  (since only 
the main g ro u p s  w ere  counted in m o s t  ca se s ) .  Th is  g iv e s  a total u n 

c e r t a in ty  of 4.8% (370 years) .

Th is  ha l f  life for Ait/ * '  of 7600 ± 370 years  is  to be com pared  with
4 1Qthe l i t e r a t u r e  values of ^ 10 y e a r s  (S tree t .  G h io rso ,  a n d S e a b o rg ) ,

7.6 x 10 y e a r s  (A sa ro  and P e r l m a n ) ,  8800 ±  600 y e a r s  (Diamond
et  a l . ), and  7930 years  ( Wall m a n  et  a l ) T h e  10* y e a r s  value is

only a p p ro x im a te  and r e p r e s e n t s  the f i r s t  e s t im a te  of th is  half life It

was ob ta ined  f r o m  a m a s s  a n a ly s i s  of Am 3 and the chem ica l  yield of 
239mi lked  Np . The value r e p o r te d  by A sa ro  and P e r l m a n  re p re s e n t s  »he
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e a r l y  r e s u l t  f ro m  E x p e r i m e n t  217-218  in T a b l e  VIE and  has  now b e e n  

r e - e v a l u a t e d  m  the l ight  of the new a bunda nce  d a t a .  The value of

T a b le  VID

H a l f  life of A m Z4i

E x p e r i m e n t  
n u m b e  r

M a s s  r a t i o  
1243/241)

Act iv i ty  r a t i o  
(241/24 3)

A t $ L
( y e a r s )

R e m a r k s

2 1 7 - 2 1 8 0 340 50.0 7840 C o r  rec t ed  
t o r  d i f f e r e n t  
g r o m e t  ry

300 4 27 3 82 7S30 C o r r e c t e d  
f o r  d i f f e r e n t  
g e o m e t r y

302 4.27 3.97 782.0 C o r  r e e l e d  
f o r  dit It rout  
g e o m e t  ry

3 03 -304 4 27 3.84 7S70 P e a k s  in 
s a m e  p o s i t i o n

3 0 7 .3 0 8 4.27 3.72 7 330 C o r r e c t e d  
lo r  dit ti 
gr om e  t r y

B e s t  value 7600 y e a r s

8800 * 600 y e a r s  r e p o r t e d  by the Argonnc N a t io n a l  L a b o r a t o r y  g r o u p  

( D i a m o n d  et  al ) was  o b t a i n e d  in much  the s a m e  m a n n e r  as  the value 

p r e s e n t e d  h e r e i n  A m i x e d  s a m p l e  w a s  m a s t - a n a l y s e d  and

the A m ^  /  A m ^  * ac t!  vi ty  ra  t io  d r t c  r rm ned  by a lpha  pu l se  a n a l y s i s  

T h e i r  va lue  for  the A m ^ ^  h a l l  life was  c a l c u l a t e d  us ing  470 years*  ̂ a s  

the h a l f  l ife of Am The  n e w e r  value of 461 3 y e a r s  u sed  h e r e  is

c o n s i d e r e d  to be m o r e  a c c u r a t e .  Using the l o w e r  v a lue  for  the half  lit*- 

of A m ^ *  g ives  a half  l i fe  of 8640 y e a r s  fo r  A m ^ ' .  As the Uftt e r t a m t s  

in the new A m ^ *  h a l f  l i fe  is c o n s i d e r a b l y  l e s s  than thsl  in
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the o ld e r  value used  by Diamond et  al . . the uncer tain ty

in t h e i r  ha l f  life for  c a n  be reduced to 440 y e a r s .  Thus ,  t h e i r

va lue of 8640 ± 440 y e a r s  s e e m s  to be in d i s a g r e e m e n t  with the va lue  of

7600 ± 370 years  r e p o r t e d  h e r e .  The m a s s  r a t io  in the sample  used by

the Argonne  group was  0 .335 (243/241),  and is  s i m i l a r  to that in the

s a m p le  used  for  E x p e r im e n t  217-218 in Tab le VIII. This  m a ss  r a t i o
24 3 241r e p r e s e n t s  a very s m a l l  a c t iv i t y  rat io  of Am to Am (about 0.02),  

which m ay  be inhe ren t ly  d i f f icu l t  to m e a s u re  a c c u r a t e l y  when tai ling 

f r o m  the A m ^ *  peaks  m a y  in t e r f e r e  with the peaks  in a pulse

a n a l y s i s .  The use of a h ig h - r e s o lu t io n  l o w - d i s p e r s i o n  a lp h a -p a r t i c l e  

s p e c t r o g r a p h  (as in this s tudy) e s s en t i a l ly  e l i m i n a t e s  the tailing p ro b le m .  

The va lue  of 7930 y ea rs  r e p o r t e d  by Wallman e t  aL was  obtained by 

m e a s u r i n g  the specific  a c t iv i t y  of a m e r ic iu m  m e ta l .  This  value is  in good 

a g r e e m e n t  with the value r e p o r t e d  he re  (7600 a J70 years) ,  and is p robab ly  

su b je c t  to l e s s  uncer ta in ty .  Or. the bas is  of the ha l f  life of 79 30 y e a r s  

ju s t  mentioned  and the ab undance  data in Tab le VI. pa r t in l  half l ives for  

e a c h  a lpha  group in A m ^ ^  d e c a y  have been c a l c u la te d .  These  a r e  

s u m m a r i z e d  in Table IX.

Table IX

P a r t i a l  ha l f  l ives of A m ^ ^ alpha  transi t ion*

G ro u p Abundance P a r t i a l  half  l ife
(*) (years)

f t 0
0 17 4 7 x 10fc

“ 51 0.16 5.0 * I06

“ 74 8b 9 9 13 x 10

“ 117 11 5 6.90 x 10

“ 175 I 1 6 1 x 10
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5. 7 5 -kev G a m m a  R a y - L  X-Ray Coinc idence  Study

The only p r e v io u s  study on indica ted  the p r e s e n c e  of a

v e r y  prominen t  7 5 -k ev  g a m n s  ray.  It was  shown that the 75 -kev  

g a m m a  ray was in co inc idence  with 80% of the alpha p a r t i c l e s ,  which 

p la c e s  it as d e - e x c i t i n g  the level populated by the 86.9% a. ,^ g roup  

(5.266 Mev), and m a k e s  it an El  t r a n s i t io n .  This  is ve ry  s i m i l a r  to 

the situat ion in Am decay ,  in which a 60 -kev  El gamma ray  fol lows 

the main  alpha g roup .  It is of in t e re s t  to e x a m in e  the mode of d r .  

exci ta t ion  of the l e v e l s  populated by the l o w e r - e n e r g y  alpha t r a n s i t i o n s .

T o  do this,  c o in c id e n c e s  were run between the protn inent  75-kev  gam m a 

r a y  and the r e s t  of the gam m a s p ec t ru m .  The coincidence c i r c u i t  used 

in this  exper im en t  h a s  recently  been d e s c  r ib e d  elaewhc r e ^  and is  not 

d i s c u s s e d  h e re  excep t  to note that the s p e c t r u m  in coint idem c with the 

75-kev  gates was  r e c o r d e d  on a 50-channel  pu lae-he igh t  a n a l y x e r  A 

t i n e  sulfide s c r e e n  w as  uaed  as an a l p h a - p a r t i c l e  de tec to r .  and a sodium 

iodide c rys ta l  for the g a m m a  de tec to r .

The a m e r i c i u m  s a m p le  that had a 6 - t o - l  act iv i ty  ra t io  (£4 I 2411
239w as  used for this s tudy .  Since the Np d au g h te r  haa g a m m a  rad ia t ion  

in the 75-kev reg ion ,  it  was  n e c e s s a ry  to r e m o v e  the Np f r o m  the 

s am p le  before doing the coincidence e x p e r i m e n t .  This  was acc o m p l i sh e d  

by running the a m e r i c i u m  that contained nep tun ium  through a Dowex-Al 

anion-exchange co lum n in 10 N HCl con ta in ing 0.1 N HN0« (to k e e p  

nep tunium in the p e n ta -p o s i t iv e  valence s ta te ) .  The a m e n t  i u m  was  not 

he ld  up by the co lumn and cam e through in the f i r s t  column vo lume of 

w ash .  The neptunium w as  mom enta r i ly  held up on the column The 

a m e r i c i u m  f rac t ion w as  evapora ted  to d r y n e s s  and then t r a n s f e r r e d  to 

an aluminum counting pla te for the co inc idence  study. Two d i f fe r**!  

a m e r i c i u m  sam ples  w e re  purif ied and then uaed  in these s tud ie s .

The geometry  waa de te rm ined  by runn ing a sample  of Am of 

known alpha counting  r a t e .  The total g a m m a  sp ec t ru m  up to 100 kev 

wall recorded  on ‘he 50 -channe l  ana lyxer .  Using the value of 0.40 

kev  gam ma rays  p e r  a lpha  part ic le and one L x ray  fur  each  60 -kev 

g a m m a  ray ,**  one c a l c u la te s  a geom etry  f a c t o r  of 41% and an



Attenuation factor  for the l  x - r a y s  ol I 4. .  This  mean* tha t  the total 

t  x - r a y a  r e c o rd e d  per  T$-kev g a m m a  ray  in the co inc idence  run# an 

Am*** had  to he mul t ip l ied b> a  fac tor  of 1 .1 /1 ,11  * 1.9 to get the 
actual  n u m b e r  of L x - r a y  co inc idence#  per 7S -kev g a m m a  *ay

B e f o r e  going to the r e s u l t  a el the ?6-kev  g a m m a  ray  *L **ray  
co inc idence  a on Am*-**, it m igh t  he a  good idea to eee  what co incidence 

ta tene i ty  might  be expected.  Bel  mg.  a ,  and Rose  have done the
analogous e x p e r im e n t  with A m 4-** and have r e p o r te d  6% L i  r a y i  in 

co inc idence  with the 6 0 -kev g a m m a  ray.  ** If we a c c e p te d  the proposed  
i n t e r p r e t a t i o n  of the top th ree  level* in Np“ * ae belonging to a Bohr 

Mattel ion  ro ta t ional  band. • we would expect  gam m a trane i t lone  f ro m  
the 101- to the 60-kev atate ,  f r o m  the 150- to the 1 0 * .kev atate .  and 

a s m a l l  amount of c r o s s o v e r  f r o m  the | § f *  to the 6 0 -k ev  level  life 

would not expec t  to a t e  any d e c a y  t r am  the 10 )» and 1 6 9 .kev atate# 
to l eve ls  lo w e r  than the 60 kev *ta te .  The expec ted  tr ana it ion#  would 

he Mt-K2 m i x tu r e s  (except f o r  the £2  t roueave r  t r an s i t io n )  and would 

be e a a e n t i a l ly  com ple te ly  c o n v e r t e d  in the L and 14 ahet la  Decay f ro m  
the 10 3-kev atate should give I 1.6 tranait ion# to the 60 -kev level p e r  
100 total  a lpha  t r an s i t io n s ,  owing to the d i r e c t  a lpha  populat ion to that 
level .  The  alpha decay to the  159-kev level would con t r ibu te  two 
cascade  t r a n s i t i o n s  to the 6 0 -kev  atate p e r  alpha populat ing It .or  2.8 

t r a n s i t i o n s  p e r  100 Am*** a l p h a s  (neglecting the e x p e c te d  sm al l  amount 
of c r o s s o v e r  t r ans i t ions  d i r e c t  to the  60-kev  a ta te ) .  T h i s  gives « total 

of 16.4 t r a n s i t i o n s  to the 60 -kev leve l  p e r  100 a lpha  t rans i t ion#-  To 
e s t i m a t e  the num ber  of L x - r a y - 6 0 - k e v  gam m a ray  co inc idences  we 

would expec t  to ge t .  the above n u m b e r  would have to be c o r r e c t e d  fo r  

the c o n v e r s io n  in the lower  s h e l l s  (M. N , e t c . )  and for  the Auger effect  
F o r  Ml o r  E2 t rans i t ions  we expec t  an L/M  rat io of about  1. ** o r  

75% of the  in t e rn a l  co n v e r s io n  taking p lace  in the L. s h e l l .  Th is  reduce s  
the co inc idence  intensi ty  to 11. 1%. Smith #nd Hollander*** repor t  an 

r **‘°  °* t / i / t  fo r  the  45.4 -kev t r a n s i t io n  in Am*** decay 
and an Mi J M n / ^ i i i  ratio of l / l / l  for  the *5.4-kev t r ans i t ion -  (The 
L line# of the 55.4-kev t r a n s i t i o n  w e r e  covered by o th e r  l ines) .  Sir,* r 

the L - s u b s h e l l  ratio# and the M -sub#he l l  r a t ios  a s  a g e n e ra l  rule a r e
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the sam e . ** the ra tio  fo r  each transition  i t  l / I / l .  If
ont u t« • th it  ra tio  and Kinsey's ftuoreaceace  yield inform ation , ** an 
expected fluorescence  yield for L K * rty i  of 4t% is  ca lcu la ted . This 
cult the expected  L x - ray -6 0 -k ev  coincidence intensity to 5.7% This 
valet i t  in excellen t agreem ent with the observed in tensity  of fcV 
m talioaed  previously.

To check  the coincidence equipment, wt Have re ru n  the Ami<l 
l  1 - r t y - W ‘k tv  gamma ray coincidence i s p e n m t n t  in connection with 
tht Am"** experim en t.  O ur re su l t  of S . l l  coincidence intensity for 
Am y ia in good agreem ent with the English work We would conclude 
from thin that the two h igher level# (the 10)- and 157-h#v etatea) do 
caacade to  the  bO-fctv level in a m anner  consistent with a Bohr- 
Motteleon rotational band in te rp re ta tio n  for theee level#.

ta  Am*** decay, the alpha population# to the two highest level# 
t l l 7  and l 7 1 k w ) a re  1 U H  and 1.5% respectively Thua one would r a 
p e d  14.1 to ta l transition  coincidence# with the ?*> h tv  gemm# ray per 
100 alpha tran s i t io n s  if a rotation#! band pattern  w ere  being followed 
here . ; If the L /M  ra tio  and f luorescence  yield is the i s m s  a# tor Am‘ . 
the expected L x -ray~ 75 .kev  gam m a ray coincidence in tensity  would be 
5 .1V  Table X sum m arise#  the coincidence data T hree  rune were 
made on 'each sam ple. The delay  between purlin  stion and the running 
of the rn ine tdences  va# considerab ly  longer with the fir* t sample. One
note# that the coincidence in ten s i t ie s  from  Sample l a re  10% to 15%

2 37higher F eas ib ly  the growth of the Np daughter was beginning to 
in te rfe re  with the experim ent The run# on Sample 4. where the delay 
period was much sh o r te r ,  a re  th e re fo re  considered m ore  accurate

The experim en ta l 4 2% intensity is somewhat low er than the ex* 
peeled In tens ity  (5.1%) just calcu la ted . Tht# can be in te rp re ted  as due 
to a lower 1. x - ray  fluore«ren*e yield than tht Am*** d#t# indicated It 
we assum e the sam e L/M ra tio  as  used previously fo r  the Am"** decay, 
the apparent fluorescence yield fo r  Am*** u  40%. T h is  decrease  could 
be a ttr ibu ted  to a la rg e r  percen tage  of conversion in the Lj shell, giving 
a l a rg e r  percentage of Ml c h a r a c te r  to the trans it ions  cascading to the 
74-kev s ta ts  in Am*** decay than for th# analogous trans it ions  in Am"** 

v. decay. Smith and Hollander have proposed an 85% Ml -15% E2 mixture



.11.
for  the 4 J . U *  U U i t t i o o  it Am‘<! decay to r i p U m  the o4««rv td  l  * 

•u b e h e lt r t l t t  Thi* m u h i r *  (or Am"4 '  * ouid then  have an f W «  

| r t « i t r p t r c t n U | «  of M l  c h a r a c t e r .
1  i n

B ecause  oi the p r o b le m  as soc ia ted  with the g rowth  ot the N p '  

d a u g h t e r ,  tt v t i  not c o n s id e r e d  feasible at th is  t im* to fu r the r  invest', 

gate the gam m a r a p t  accompanying  the A m "4 '  alpha decay

Table X

Am*4 * L « .  r a y - 7 S a k e v  gam ma ray  cosac idence  t iu d y

S am ple  T im e  a f te r  pur i f ica t ion  L s  r a y s  TV t*v  gam m * r a  y
(minute  a)

l U  0
210

1 *** f

ave rage

Beat  value • 4 i X  co inc idence  intensi ty

4. Decay Scheme of A m e r ic iu m -245
■£:, » 4 1

A decay  acheme (or  Am i t  shown tn F ig  ? It le e s s e n t i a l l y  

the n am e  a t  one that  a p p e a r e d  tn e a r l i e r  pub lica t ion*  l 0 ‘ ■■ f rom  th»« 

l a b o r a t o r y ,  except  (or  m i n o r  change* tn e n e r g i e s  and abundante*

The ip ina  o( 4 / J  f o r  A m *4 * and 1/2  for  a re  the r eau l ta  o(
• p e c t r o e c o p ic  m e t t u r e m e n t a .  4> ^  At m en t ioned  previous ly ,  an e a r l y

41

0 04b 

0 04* 

0.044

0 04b

0 01* 

0.042 

0 041

0 040
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U (* rp r tU l i« «  of Uw t h r e t  b igbeat tw a in  ta  ^  « u  (k il tfcoy * r r «  

ro o m W rt of •  Bofer M<MUl»w ro ta tio n a l ban d  T b it i a t t r f r H t U a a  

b » i t 4  on A» r » |a U r  t M r |y  bo tw ooa the tcv*!» and Uw te g u la r

4 tc  r«« i«  in a lpha p a r tu l o  abuodaiuo* na <m« goo t to  lb* h ig h e r  l# v » li 

TH* T4*hnv gam m a ra y  ~L « r * |  co)k i 4 i m «  m ta ia r a m ta t  *u.ar d la c o ta td  

thow od that th a t*  t a v t t i  d t  oaciw  in  a  m a a a a r  < « a it« u « i » u k  tbo 

ro ta tio n a l band  ia t«  rp  ro ta tion  Using tba  III* I) d ep en d * ac t t a r  e n t r y y . 

o a t  can  ca lcu la te  th e  sp in  mi the baa* m o m b t r of lb« baad {tbo 74 he* 

la  vat) Tbo aq u a tio n *  involved b a re  a r e

KI |T ’ *T4 * * « V «  %**> I  A *ty V 1**

i | i i  r  u 0 a i i  u 0 * n .  a U g t i i  «i0 . n .

which trade  to

Em  t in  , ‘o *1 
**t? * w  *# * 1

where 1Q i t  tb t  spin a t tbo baat level P rev to e* |y  no de te rm in ed  tbo 
decay energy sep a ra t io n s  to bo 4 U  boo f a r  C | ^  and W  ?  fcftv
far  • K . p  With t b t t a  values, la 1 4b, If oa t conaidera  tbt
uncertainty to to bo do* only to tbo uncerta in ty  in locating tb t  peafca 
oa th t photographic plat*. tb t value of bo«am t a l  4b a .10, c le a r ly  
indicating a 4 l  tp m  fa r  tbt 14 he* I tv a l i  TMa la a fa ir  trea tm en t of 
th t uncertainty b o ra ,  sine* tb t  ca lib ra tion  t r r o r  i» tb t eeme to r  alt 
r a n t  and la canceled  out in the equation above Thu*, ano a a a l d  Mb* 
to in te rp re t tb« 74*. Mf>» and iT |«kev  level*  a t  belonging to a 
rotational band with spina 4 /1 ,  7 /1 .  and 0 /1  K d i s to r t io n  a t tb t alpha 
decay population* to t b o t t  lovtla  ia re s e rv e d  for a l a t t r  ate lion

It moat b t w iH la M d, however. that i t  ia inconsistent with tbo 
previous lino of roa ton ing  (bat tbo 74-bev g im m i  tranaition  ia an I \ 
tranaltion and docaya from  tbo 74 k«v level to tb t ground state , whn h 
baa a m easured  apla of 1/1. F u r th e rm o re ,  tbt alpha-?% .kt> gamma 
ray  angular co rre la t io n  study tbowa an oniaotropy Wat fit by 
•  4/1 *• 4/1 *• 1/1 sequence and an f » t alpha tranaltion Tbt a
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t « i | |O l i  tha t th# r o t iU M i l  band a t c « l a t » n «  jv« t a t* 4  * r*  ««( v n h d  

H i n t w f ,  m i  ( u  m a in ta in  iK* r t i» t i« a U  Im 4  i i i t r ^ r t U U w  i l  ©»*
> M

Miami, tb# •pm  d e l* rm t nation of Our Hp g round a ta la  to b t  p ro n g .

T b i t  »• k t |M f  i p t u U n v i ,  l i » t* v t r ,  A n o th er p o a tib ih ty  Im » b*#n
X)i« | |« « ( « d  by H» |> ro f« » ii  (H it the 7 4 .k** | i m m i  ray

w »» not ta rm ia a i#  p i  ili* 1/2 ground *1*1* but «i m ^ l t r  U v t l  

{apt* 1 /1 , I ' l ,  « r  7 / 1 |, w hich i« no* #**n tn  th* atph* p a r t ic le  w o r t ,

A t y a t, i».#rt la a*  p r o d  a** *•>  o r  lb* t i l e r  (o n co m in g  lb* p r « » f « e t  

*1 p tb*r t t r t U  than  th o t#  ind icated  in t i t  atph*  p tH id *  epee t rum

Ki i t  *1 n t« r« M  i p  apt* t l* i  la  k m ^ t t p l t  decay , » l t r »  lb# t***t 

M f t r t n t t l  in d ica te  t  4 /1  ip m  fo r the hi * v  I rv tl  th* re I t  M  i t i  M M l . 

fancy  m  th e  4 /2  tp tn  f a r  that l tv « l  T l t n ,  l l«  g round  l U l r

of Hp - h ta  * n w t i o M  4 /1  tp in  e  l b *  Ml -k tv  HI i r i t i i t t t t  * tu l4  

tb*o b* •  V 2  * 4f t  i r tK i t l iM  Her* a U «  *« an g u la r r o r  ro ta tio n  b a t 

b#*« observ ed  ** l! Kaa been aho*n ib a t t b i t  c t r r t U t i t t  «• c o n a i t te o t  

with * 4/1 - 4 / 1  *• | / J  »*qu*nt* if on# u k e *  a ltb a r  t  p * i v r  a lp h a  •] 
m b a iiu w i o r  a  m ia tu ra  of *- and d* * t M  a lpha  tra n tlt io n #  ~ A 

a im ita r  m itto r*  m ig h t a l t a  ba em ploy*4 to  ex p la in  lb* a n g u la r  r o r r * - 

la t ia a  fa r  th* caa*  ta d  a l ia *  an* la  b««p tb t ro ta tio n a l band

in te rp re ta t io n  fo r  lb# to p  thr*#  l i v t l i

K tc tM  C oulom b c a t  na tion  oacp#r:m #ait by H eaton*1 in d ica te  

Ibo pr«*«n<* af a 4 /1 ,  f / l ,  f / |  r p u t io a a t  band ta  t f  w hich

th* 4 /1  lev e l i t  »b* g ro u n d  »tat« ,th#  1 /1  lev e l b  i t  I* hoe* and th*

f / 1  I# vat i t  t t  14 ho*. Tbf 1 /1  tovet a t 14 hev i t  undoobtedt) tb*
: 2 4 1  ' ’ i  #  .■ _

to v e t populated v a ry  w eakly by tb* Am" alpha decay Tb* 4 1 teo o l 

a t  ?4 bav i t  not a««a ia  tb# alpha decay  of A m ^ | -  By aaatogy* oao 

m ifh i c o n s i d e r  th# g round  and 41 -k#v le v e l*  i n  N p * P  t o  b* m # m b * rt 

o f a s im ila r  band . In bo th  aim M a t ,  tb t  a lp h a  population to  tb « a t  

•  l a i n  ta v a ry  •  m a lt.

Although on# r a n  apecu la i*  lr** ly  about th* tp in t  and p a r t t te *  

of th# i t t t e a  popu la ted  by A m '4 '  t l p h t  d e c a y , it i t  v a ry  d ifficu lt «o 

a ty  m uch with c e r ta in ty -  Thua,  no d e fin ite  a a t ig n m tn t t  bav# b*#n 

in d ica te d  in H g  ? ex ce p t th* m e a ta ra d  t p i n t  fo r th* lo o  g round  e U te t

»
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A ifcfc. T h w n p m  end h f r tm w i  thoroughly etwdted ttw

*tph* decay ftt t l » » ^  by m « tu ii| both l l ||« » p f tK ilfc f  end |* m m |  r * r  

m t A i u r t m t A t *  , M ultipole o r d e r  »A M |«m f»I»  h»v* b* m  to r  the

Ion (tnt r | t  |* m m *  r « n  on the beei a ei th e ir

been » « ^ » !* n lu i« 4  by the io « v t r u o n  »l#«lro®  etudy by S m ith  «»4

H ollander. 1* T k u » , tfe« dec*) A ih rm r « l b t c  « u < i tb  n  f a ir ly  * t l l
i Wfined i t  U r  aa  lb* to » .« A * r |y  •!»«♦♦ of l*u • «  r« k « trA « 4  U  «Hr 

c o u n t  ol »om » »t the e ape n  m an ta  m i C m  v̂ « m»4m« 1*4 id  t l t i i  r tH « r> ii  

(t#  be id  the  « t i i  M rttw i) , •  k tto « i* 4 |f  of the f e m m e  ray
|4 1

t n h M i t r t i  id  C m  wee needed th e re  ta te n n it ie a  w ere

m t U U «  t ra m  th e  tire*  w ort r i le d  Above, kt decided  the* •  check  mm 

lh«M  l e l t M l t i e i  « m N  be mode anyw oy.

The fe m m e  r e f t  «t im portant; e h e re  e re  the 44% I W * . ih 4  
le v  t r  a n e m o n e  T he i b u d i e c f i  g in e i  by A e*re e t el fo r (he** fem m e 

ray# er fe m m e  r*» ). b * Id '  (100~h*v fe m m e  r»y|*

end l.T  t  1 1 ^ ( 1 1 4 ■ h » irtfO d tH d f

In itit* « « riM | the te le  net tie*  of t l w t i  |« m m i r* y e# a*  e i tw re ie ly  

*lph4 counted «rf C V * '  woo need  The fem m e tpe« t ru m  fro m

tb i t  i«m fde  | r i f ,  4) » u  observ ed  w ith e Kef del#t i e r  u n n r .  led  to  e  bd 

channel pale#  h e ifb l  a n e ly te r  The vretow e peaha w ere  *«!** ra te d  end 

the n eceeee ry  c e r r e c t iM i  U r  e b e o rW r « minting e lite te rn  i m , end § 

ear ape peeh e ffec t*  w ere m ede in  the m an n er diei-ueaed in  the *e« lien 

tm e « p e n  m en ta l techn ique*

To d eterm ine the geom etry e l the •y ite m , id  e<< u e e te ty  etpho* 

counted cam ple of A m ffr  v m  p ieced  in the earn* petition  in Iron! of the 

counter. Cnre o n e  lehen te  me he eure the! the ere*  r o e * red by both j 

• «mpte« wee e e r y  nearly the *eme The o b iir v r d  number of 44 h#% 

photon* we* then uned to determ ine the geom etry factor lh » e  factor 

w** then u*ed lo « a ltu lp t*  the Cm‘ 4 ‘ abundance*.

The abundance*  of the th ree  g em m a ray* d e te rm in e d  in th*e way 

e re  •* follow* i  4 a 10 * (44 hev g*mn»« r*\  t * lo  '  (lOQ ke*

gem m e rey f, end I I  « I0 ’§  ( I S V h e v  g em m e ray) Then# abundant  r t  

a re  alt a m e tle r  than  thoee given by A aaro  One note* .h ow ever,tha t the
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r e la t iv e  abundances e t  the t h i t #  | i m m i  rays  a re  tbe i« m r  ift both 

eUferfie i
T h e s e  sm a l le r  in t e n s i t i e s  yield som ew hat l a r g e r  c o ^ t r ik W k  

c o e f f ic ie n ts  ( o r  the 44- and 100 -he* <*m m i ray s  then given by A sa ro  

el el H ow ever, (be p rev io u s  in te rp re ta t io n  of th e s e  < onxersion 

e ff ic ien ts  in  te rm s  ol! g e m m a - r e p  m u lt ip o la r i t ie s  ts  not a l te red  by (be 

new in te  e e l  t i e s .



mm
C ■ jjUpht D ecay of C urium  >444

A c a r e f u l  study o f  the a lp h a  d«cay of Cm*' ** p ro f itab le  to r  * 

n u m b e r  of rea so n s .  S in t*  C m ***  is  an n w i i ^ ,  ft i f  <»f

in t e r e s t  to  m m p i r r  it* d r  coy p r o p f r l u *  with those  of o th e r  heavy 

« v e n -« v rn  loot op** and note i t s  re la t io n sh ip  to  lb# c u r r e n t ly  tapatsdin* 

s y s te m a t ic *  fo r  these iso tope* . A l to ,  nine# very a c c u r a te  dot* a re  

4 v»Ut>l» on the alpha dec t v  of C m ’42 , it l» of in te r* * !  to  s e a rc h  for 

s tm i la rH ie *  and d ifference*  be tw een  two n e t?  by i s o to p e s  of the tom e 

atom ic m m tb t r  A nother point of lot* re  At He r # , w hich *• e labora ted  

on m the d is ru p t io n  t t c t l o n ,  i t  the u sefu lness  of good *ljiIm*lr#i»i»Uor‘ 

in tens ity  dot* in cheeking a  c e r t  t i n  c o ro l l a ry  of the B ohr Mottelaon 

co l lec t ive  model

j The f i r t t  t ludy of the d ec o y  • th e m e  of Ctn by A s t r o .
A

Thom pson* end P e r lm a n  in 1*5 h  They s tudied  th e  <. omple* *lp}<**

• p e r t r u m  in  the a lp h a .p a r t i c l e  s p ec tro g ra p h  tod  r e p o r te d  two alpha 

g roups  d if fe r in g  by 44 4 he*  fend in «n abundance r a t i o  g t  J to  t ,  the 

h ighes t e n e rg y  group being  m o s t  intense T h e t*  o b se rv a t io n s  w ere 

m ade on c u r iu m  sam ple*  con ta in ing  C m ? * * *« which the m om

portion  of the slph* ac tiv ity  wee due to Cm ■ , C o n a id e r tn g  the tow

level of the Cm*®? acU vily  in  th e i r  sam ple • .  it w ould  be eu lre m e ly  

d iff icu lt fo r  them  to  o b s e rv e  eny eacep t the m o l t  in ten se  C«*c *lph* 

t r o u p e  w ith  reasonab le  e e p o s u re  tim e* The rap id ly  developing 

s y s t e m a t ic a  of f v r n ^ t y n  i lp h >  em itter**  show m i n i  c**#* in the 

heavy e le m e n t  region w here  « g ro u p  o# low in te n s i ty ,  O i l  o r  l e i e ,  

a p p e a r*  In the elphe s p e c t ru m  about I AO kev to w er  m  energy  than the 

m a ia  g ro u n d  s tate  irsn aU in n  Thie is g en era lly  c o n s id e re d  the alpha 

tran*  it ion to  the 4* m e m b e r  of « Bohr M odel*o« ro ta t io n a l  band, 

although in  many c u m  th# ep in  end per ity  of the le v e l  populated in th is  

m a n n e r  b*v« not been d e te rm in e d  In Cro^®? alpha d eca y ,  the abundance 

of th is  a lp h s  group is 0.015% 1  l< such s group  e m s l s  in the decay of 

C m " 44 and if it* abundance is  co m p arab le  with what it is  u» C m v 

d eca y .  u  is  not at all i u r p r i e m g  that the p rev io u s  s tudy  did not show 

such  an  a lp h s  tra n s i t io n  With the advent of U rg e  am ount* of cu r iu m  

in  which the Cm*44 content w as high {50% o r  b e t te r ,  ac tiy ityw ise) »t



,4*

* » •  p o * * ib le  Co r t ia « « c U |» U  Um  deca f- k ( " lt t :n «  a! C »  w ith  I  m ust 

m u m  o f iR t t r f t r t n c *  f r o m  the ra d ia t io n *  o f o th e r  t ic n « m

Th» t i i f i u m  u m p i i l  u i» d  in  (K« i M v  re p o r te d  fe f f f  w  r r  ! « * d t  

b y  iR t r u e  M u ir o a  n r t d i k l t o n  of p lu to n m m  «  the U » l« r t« t«  T « » U d i ' 

R e a c to r  at A rc o *  Id a h o . T b r  re a c t io n *  le a d in g  ia  the c i f i u m  w *« tw p** 

*1 in te re s t  a re  » « f c m i \ r  n e u tro n  c a p tu re *  l o g i t *  the 

h e a v y  p lu to n iu m  is o to p e s  f l ku 4* *  and Pu* * ' )  th a t beta-dec ay to  A m * * *  

and Aro*“* V  T h ro ,  n e u tro n  c a p tu re  by theae  a m e r ic iu m  i*«U«vpr»

| i v r «  the b e t*  .e m it t in g  A m *  * «nd A m *  . K e u tro a  t a p tu f*  by th« 

r e s u lt in g  and C m * ^  y ie ld *  c u r iu m  ta w lo p e t f ro m  n y * « i £ A l

u p  to  l i b  Th« is o to p ic  c o m p o s it io n  of Ifcr * u n v m  if re c tu m  i *  

depen den t on the le n g th  o f  i r r a d ia t io n  in  th e  p i le  The s u r w w  used 

tn  th e  fo l lo w m i * tu d ie »  » t i  *u< h tha t e s s e n t ia l ly  *11 of the a lp h a  

a c t iv i t y  was due to  C m ^ '  and C m ^- , T h e  ta e n p lr  th a t « * •  u»-rd 

f o r  the  a lpha  p a r t ic le  a tu d ie *  and to m e ,g a m m a  ra y  w o rk  » fe | a b o u t

i f  I  C m *® * at the a ta r i  o f th is  w o rk ; U t r  r ,  a  a am p le  |b g r t* l*» * * f
H i

a b o u t 41% C m * * * «  u a e d  fo r  i w e  g a m m a  ra y  a tu d ie *  Be a id e #  

th e  re a c t io n *  c o n s id e re d  a b o ve , a d d it io n a l n *u t  iron » a p to fe  e v e n tu a lly  

le a d *  to  e le m e n t*  above c u r iu m .  A l* o .  f ia t u m  re a c t io n *  y ie ld  ta rg e  

a m o u n t!  of l ig h te r  e le m e n t*  T h u * , the c h e m ic a l s e p a ra tu m * w e re  , 

d e s ig n e d  to  » rp a r * te  a c u r iu m  f ra c t io n  in  a  m *» «  fre e  s la te  t ro*»> 

o th e r  a c t in id e *  and f i t l i M  p ro d u * t*

In  te n rc H m g  f o r  v e r y  low  . in te n s ity  a lp h a  g ro u p * ,  lo w e r  tn  

e n e rg y  than  v e ry  p ro m in e n t  * lp h *  t r a n a t t io n a ,  the  sou rce  p r e p a r a t io n  

i t  o f u tm o s t im p o r ta n c e  l,o w  .e n e rg y  ta i l in g  of the  p ro m in e n t g  rempo 

m a y  o b scu re  the lo w  in te n s ity  g ro u p s  O ne o f th e  d ia in  c a u s e *  of i h t i  

t a i l in g  e ffe c t t t  the d e g ra d a t io n  of the  e n e rg y  of the a lpha p a r t i*  le  by  

m u lt ip le  s c a tte r in g  in  th e  s o u rc e  T h is  e f fe c t  t  an be reduced  b y  « a re  

fu l p re p a ra t io n  of a u n i fo r m ly  th m  s o u rc e  In  the »e n e t  o f r » p n  

m e n t*  he re  d e s c r ib e d , s e v e ra l t o u r e r *  d  the  c u r iu m  s a m p le *  w r r r  

p re p a re d  by va cu u m  s u b lim a t io n  and capone d  in  the a lpha  p a rt,u  t r  

s p e c tro g ra p h  E ach s o u rc e  co n ta ine d  abou t Ip g  o f m a te r ia l 1 he 

re g io n  ju * f  lo w e r  in  e n e rg y  than the tw o  m a in  p e a k* of C m  W0M 

sca n n e d  in  the u a u a l m a n n e r  to  d e te rm in e  how bad the ta i l in g  e tfr«  t
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( w»« for each sample Three of these  sources  were then used for
fur ther study The total alpha.counting rates of the th ree  so u rces  wers 
6 6 x 108 (A). 4.5 x 108 (D), and 3.8 x 108 (C) alpha d is in tegra tions  per 
minute. Source (C) was the be*  source  as far as the tail ing problem 
was concerned These three sources  were then used for the s e r i e s  of 
exper iments  to be described next.

I Main Alpha Groups of C u r iu m -244
o

As mentioned previously.  A s a r o e t  al. have repor ted  two main 
alpha t rans it ions  fo» in an abundance ratio of three  to one. In
the course of the p resen t  study, a s e r i e s  of seven shor t  exposures  was 
made with the three  samples to accura te ly  measure  the energy  separation 
between the two groups,  and their  re la tive intensities No attempt  was 
made to de te rm in e  their  absolute energ ies ;  the energy of the main 
group is taken as 5 798 Mev . which was the value repor ted  by Asaro 
et al.  in 1953. All these exposures were  made with an 18.mil  defining 
si l t  over the sou rces  (high-resolution condition), so that the peak half 
widths were generally  7 or 8 kev A typical spectrum of the mam Cm*** 
alpha groupa is  shown in Fig. 9. The expoaure duration fo r  these  runs 
was generally about 10 min. giving about 5000 total alpha t rack s  in the 
two peaks. The resu l ts  from this s e r i e s  of exposures  a r e  summarised  
in Tables XI and Xll.

The data concerning the energy  aeparation between the two main 
groupa a ra  given in Table XT. There  the particle .energy separa tion and 
the d ecay .energy  separation (gam m a-ray  energy) between the two groupa 
are  given for each expoaure.  Exposure 343 was run with source  A; 
Exposures 347. 348. and 349 with source  B; and Exposure 352 with 
source C. Since the resolution with the 18.mil slit is m ore  than enough 
to separate  completely  these two groups ,  the tailing effect is  not an 
important cons idera tion here.  In 348 11 and 111 and 349 11 and 111. two 
exposures w ere  made on the same photographic plate. The magnetic 
field waa changed between runs by an amount sufficient to put esch 

exposure on s  different region of the pis te .  That the energy  separa tion 
did not change much with the posit ions  of the peaks on the plate Indicates 
a fairly constant d ispers ion over  the 9-inch plate. The decay .energy(
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( i  separa tion is  obtained from tha pa r t ic le  energy eepara t ion  by adding the
energy due to the recoil co r rec t ion  (0 7 kev) The l im i t  of e r r o r  on 
the energy  eepara tion of a 0 6 kev te a combination of two uncertainties.  
The uncer ta in ty  in locating the poattiona of the peaks on the photo
graphic pla te  is taken as the average  deviation of the valuee given in 
Table XI This amounts to 0.2 kev. An additional 0.4 kev (1%) is 
added to account for the spec t rograph  d ispers ion  ca librat ion  uncer tain ties 
This is c e r ta in ly  a conservat ive l imi t  of e r r o r .  With 6.79S Mev taken 
a t  the energy  of the main alpha group, the energy of the le s s  intense 
group is 4 746 Mev.

F r o m  considerations of cthe r  even-even alpha e m i t t e r s  in this 
region, the h i g h e s t  e n e r g y  group (in sll cases  a lso  the most abundant
group) le considered the alpha t rans i t ion  from ground s ta te  to ground

b £44state Since the energy of this group in Cm decay la 5.796 Mev,
the alpha-dr< ay energy for this nut lidc |g  4 894 Mev As the lower*
energy group populates a level A t  9 kev above the level  populated by
the m os t  intense transition, this second alpha group is  denoted as

The abundance data on the two main groups is  su m m ar ised  in 
Table XU. In all cases  the peaks  were  scanned comple te ly  (full scans 
taken et e v e ry  1/4 mm) and then integrated to d e te rm ine  their  in lensit i ta .  
The * 0.6% limit of a*-ror given in tha tebls is the average  deviation of 
the seven  expeiivnents.  This is  a somewhat l a r g e r  l im i t  than one gets 
by cons idsr tng  the standard s ta t i s t ica l  deviation for the seven runs in* 
eluding an es t imated  J% a lp h a . t r a c k  counting e r r o r  The abundances 

quoted in Table XU ere  contingent upon ths absence of o ther  fine- 
e t ru c tu re  components of intensi ty  of 0 1% or more intensity  Tha 
next section shows that this condition is satisfied.

This study of the main components o( tha C m 244 alpha apactrum 
has  been somewhat mors  in tensive than the e a r l i e r  study by A ta ro

9
et el , and has led to rev ised  in tensit ies  and a rev ised  energy 
separa tion of the mam groups.  It should be pointed out that the new 
more  exac t  values are  cer ta in ly  within the exper imenta l  uncertainties 

of the e a r l i e r  results .
(



Tabtt  XI

Etiargy separa t ion  o* the main alpha groupe

Expoaura  No. P a r t i c la  -energy 
aapara tion

(hav)

D e c a y  energy 
aaparation 

(hav)

MS 42 * 412

M7 41 ft 42 5
M i  ii 41.1 41 0

M $ 4 K 42.2 42 9

M M I 42.5 41,2

M I 4 Q 42.0 42 7

M i 42 0 42 7

Avrr-igr valua 42.2 a 0.6 k*v 42.9 a 0.6 fcav

Table XU

Intanaitlaa ol tha main alpha group* ol C m ‘ ^

Expoaura  No a abundance 
°  ( % )

a . a b u n d a n c emi
145 77.1 22.7
147 77.1 , 22.7
148.n 74.0 24.0

148-111 7b 4 212

149 -II 75.9 24 1

149.111 77.4 4
192 76.1 21.9

Average abundance* 76.7 6 0.6% 21 1 a 0.6%



l  N » »  Alpha Group  of C u r iu m  *144

A* mentioned p re v io u s ly ,  one of the a im* of ih# p re sen t  s tudy « M  to 
• • a r c h  for a low n i u n u t y ,  low *r -ene rgy  alpha t r ans i t ion  com m on I 

m any  ol the m n  » v in  a lpha  e m i t t e r s  i r  this  m | i M  Owing In Ihr Urn 

g e o m e t r y  of (he s p e c t ro g ra p h .  exposure#  ol #av#ra l  days in length 

would be n t c i i l i i y  to o b a o rv e  any lo w . in te n s i t y  group# All l i t re# 
t a u r c t i  were exposed  l o r  tong period# ol l im a  in the c o u r t*  of ihi*
• e a r t h  A# expet led ,  « g roup  of am#U abundance ««> found about 

100 kev lower in e n e r g y  than a ^ | .  F igure  10 tndtc ale# a s p e c t ru m  

obta ined  in (Hi# t e n e t  of run# #howtng the low -In tens i ty  group  The  
d a ta  regard ing  thi# t r a n s i t i o n  are  n w M l i r t M t l  Ilk T#ble Xlfi T h e r e ,  

f o r  e a c h  •  xpnsu r*. the *epa ra t ion  f r o m n ^ j  and the abundant r  
new group a re  given

Ike* ause of the very  e m a i l  intensi ty of thta new group,  the tai l ing 
e f fec t*  of the v a n o u a  a a m p t r #  a r e  l a t h e r  im p o r ta n t  Hunt 14 t i>«!

14b w are  made with S o u r c e #  A and II r e s p e c t iv e ly ,  and the rea l  of the 
e x p o s u re #  w err  m ade  with Source  C All the exposure*  were made with 
an i f« f» t l  dr fining s i l t  m ash ing  the #our*r (high • resolu t ion *. 

with the exception of run  $£},  for whit h a l / i . l rw-w ide  all! » y » l rm  wa* 

em p loyed .  The e x p o s u re  durat ion# va r ie d  f r o m  l  days  for th« h i g h e r  
g e o m e l r y  run ( I I I )  to 7 days  for  run 4HH It * ** rape* t* \ i m m  the 
p r e l i m i n a r y  e x p e r i m e n t s  on the tail ing effee ta that  thoar enpoaurog  
m a d e  with Source ( would give the best  peak  to*background r a t io  A# 

w.l l  )MN "me evident  l a t e r ,  th I a wa# #o
! \ecause  ol the t r e m e n d o u s ly  U r g e  n u m b e r  of alpha t rack# in th#

m a m  peak#,  they w e r e  not  scanned com ple te ly  m the ver t i ca l  d irec  tion

In s te a d ,  a  field of view o r  f rac t ion  of a f ield of view was counted in

t h r a a  d ifferent  ve r t i c a l  posit ion* for  each hor laon ta l  posi t ion on th*
p la te .  Th# th ree  count# w ere  totaled and plot ted for  each hor laon ta l
pos i t ion .  It was fel t tha t  tht* method of p a r t i a l  acanmng should g ive  a

p r e t t y  good d e t e r m i n a t i o n  of the peak pos i t ion  with a min im um of

counting effor t  H ow ever ,  judging f ro m  the d a ta  on the \% a lpha  g roup  
24 j

tn the  Am s p e c t r u m ,  th* tendency with th is  par t i a l- scann ing  technique 
ta to  give a peak pos i t ion  d isp laced  to  a som ew ha t  h igher  ene rgy  than the
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actual patk position. Thit would Ui<i to anargy reparation* aomawhat 
tartar than tKa actual separation* U r  Cm***. Tha lim ited data avatlabta 
on tht* offaet war* not dotm td aufftctanl to juaUfy making an adjutt* 
mant (a tha obto  rvad sap* ration*. Tha an* rgy uacarUUty la tharafora 
Inc reread torn# what,

Aflar c o r re c t io n  oI tha p*rt lcla  -anargy aaparatton givan in Tabla 
Xltt tor iHt recoil  ana rgy. tha d ecay .a n a rg y  reparat ion of tha now group 
from la ha*. Thu*, tha n r*  group populate* * tavat l U .* k a v
•hova tha ground * u t a  »nd wltl ba cal led 0 | . | ,  Tha ana rgy of thi* naw 
group It  4.441 Mav |

labia XIU

l .o w . la t a n t i ty  a l p h a  g r o u p  o f  C m * * *

E x p o s u r e  No. 3 * u > * * A  \  P * r l4 c l# a I 4 2  • 4mm4* r u *
aapa rat tan  

l h a v t
<%!

M S H . 1 1,1 ■ 1 0 ' *

144 4 4 0 1 . 0  *  1 0 ' *

I I I 14  4 I . S  .  1 0 ' *

I I I 1 7 , 4 1 1  « 1 0 ' *

4 1 1 1 4 7 . 1 t .O K 1 0 ' *

H ast  v a l u e * 4 7 . 7  a 1 . 4  k a v ( 1 , 7  * 0 . » ) « l 0 ' * %

Tha U r g a  numbar nf «Q and a^ j  track* aomawhat compile ste* 
tha abundant# data rmlnatton.  To da tarmtna  (ha numbar of a^  »nd 

track*, abor t  a nposu r ta  t*  10 min) w are  run at tha u m a  aourca 
•otup immadiata ty  bafora or aUar tha long axpoauraa Itotad In Tabla 
XIII. Tho numbar  of alpha tracks  in tha main group# on tha long t a -  
posura* war# than calculated from tha t racka  recorded tn tha short*r 

runt,  tn a rr iv ing  at tha boat vatu* fo r  tha abundanca of a ^ .



1 4 .
Experiment* 14) *nd 401 w#re weighted doubly This  wa* c«m*td#r*d 

justified from  on * n * ly m  of the ta iling  e f fe c t  Those two tap es* ra e  
had by far the m m t  favorable ra tio  at peak height to background I or
• nample, In E sposure  M l ,  * peak height of 40 track* *«» observed on 
top of * 140-track  background; but, in t: spoon re I I I  th is  ra tio  teas
10 lo ZOO, Th* background tn th a t*  case*  is ma#tly da* to tailing 
from th# h ig h e r  -energy group* oi U r  go abandon*# ra th e r  than to 
machine background, Tkt uncerta in ty  givon in Table Kill ia th* average i 
deviation from  th* beat value

Th# assignment of th it  new g roup  to C m .  decoy should be con*
• idered »om»whet In th* p rev ious study by A iero , a m ta lu r*  of 
C m '^ . C i t i ^ * *  and C m ‘ ^  w i t  run . and no alpha group *»« a ten
at 4 I I I  Mev (the energy of the n * e  group) In the** run*, the *

244and Cm activ ity  were ta ir ly  com parab le , Th# nbaance of the main 
Cm*** alpha group* from th# c u r ra n t  •pactrum  mean* that ih* a*W 
group at 1,411 Mev cannot b* due to Cm** ■ , ta a lao  eliminated
a t  a possib il ity .  f t t ie i  it* a<«i v u y ta much la a t  ia the to r r e n t  sample*
than in those used in the previous study, M**« analyst* of the curren t

bs
curium  aampie* showed th# p re aen ce  of ink*il am ounts of Cm f  and 
Oil- (of the o rd e r  of 1% to 1% of each), Owing to Ih* tong Halt live*
Ox4 th#a* iso topes  a* compared with the half life of C m fc**, the »n . 
l i K i t t l l l  of any alpha group* belonging to the heav ier cu rium  isotope* 
would indeed be low. (Cm*** hag * 1 4 .year half Ufp| C m  * ha* *
I . H  g 10* -year half l i f t .  «nd Cm*** has  a 4 0 * 10*•y e a r  half | i | « W# **) 
C m * * ' ha* a m ain  alpha group at 4 S4 Mev * C onsidering  the r e 
ported  Cm*** half life and alpha-decay ey»ttm*U<:*. ** on# would aspect 
the m*ln alpha group (g round-sta te  transition) l o b e  a t 4, IT M#*
This e lim ina te*  Cm*** *s a possib le  **at|nm#nt fo r  the  new group.
A sea rch  tn the region of these two energte* uetng the cu rgen t curium 
aampl* (Run 441} showed no alpha group* that could be a ttribu ted  t*> 
C m ** ' ord6§gS§* . Thu* th# poatkbilily  that th* n#w a lpha  group is a 
high energy  tranaltton belonging to C m ^  I* e lim inated  on the ba il*  
of th* absence  of it* main group T o  check the poseih tltty  that the 
new alpha group might belong to sh o r t- l iv ed  components in the sample 

or daugh ters  growing in. one of the exposures listed in fab le  Xltl

R



(Run 4 H )  wa* m*de ZO month* r ihr other* were mode On# note* 
that the in tens ity  of the new group relative to the main C m * ** alpha 
group* wo* constant over that p* n o d  These conoid#ration* make the 
ass ignment at th« new alpha g roup  at % Mev to Cm*** eeem teaaon 
able

The alpha •particle data for Cm*** are s u m m a r i s e d  in Table XIV, 
where the absolute energy, decay energy  to o^. abundance,  and partial  
alpha halt  Ule tor each group a r e  hated,  The part ia l  hall  hv«e are  b a ted  

on a value of Id year* f o r  the half  life* of Cm***, The significant* of 
H p a r t i a l  halt l ive,  with r e a p e d  to a)ph*«daray theory  I* i ontidered 
in a l a t e r  section

I  Table XIV

*i§»

Complea a lpha  epeetrum of Cm***

E n e r g y
(Mev>

D e c a y  e n e r g y  
t o  a 0

f k e v )

A b u n d a n c e
1%

P a r t i a l  a l p h a  h a l f  l i f t  
( y e a r # )

* T d l 0 n . r 4 4 . 1

* 7Sh 4Z,<I 4 1  $ •  l ft

S  f>%« 1 4 4 , 4 0 017 l 1 *  t o '

I G am m a Ray* in Decay of C u r i u m *144

A s tudy waa conducted of Ihr main feature* of the gamma ip*c trum  
assoc ia ted  with the alpha decay of Cm*"**, in the hope that information 
along thta tine woutd lead to the ass ignment of epme and pariliea to ffctf 
level* involved Since the only sample* of Cm*** available a l to  c o n 
tained «|*j»ret lahl# amount* of o the r  curium isotope*, it wee not 
possible to observe the Cm * gamma spectrum direc tly. The 
approach uaed in thi* study waa to d r t r rm m c  the sp e c t ru m  of the 
muted tao'.opea and then sub t rac t  out the contribution* from isotope* 
other than Cm*** Two sample* ol quit# different teotopuj > ontent

«



•M>.

4 4w e re  u s e d  One C m '  s am p le  was 4 port ion of on* at (hr spe»tr*>

g ra p h  t a u r t r *  used t o r  the  m e a s u r e m e n t s  jus t  <ti»< u n n l  t'hr o ther
- ^  ^

i * m p l r  contained # mu* h l a r g e r  percen tage  at C m

The  sp e c t ru m  ob ta in ed  an the 11 rot s a m p le  at m u n i  cu r ium

Is o to p es  with 4 Not dele* tor  * ouplfd to the SO i h s n n r l  anal yse r t |

i h o t n  in frig 11 This s a m p l e  *** shown to <«mtatn 7 4% Cm and

11% C n » ^ ^  a* t . u tv w i s e  by a  p d M  n n g h t  f t o t i f l i l  OtlUg *n ion

f h u m l w r  Coos ids ring the method at p r e p a ra t io n  at thr  sample ,  it *«»
.'4 le x p ec ted  that smal t  a m o u n ts  ol Cn>‘ w<uuld tv p»* o m  and that the
24 4g a m m a  ray* f rom  the d e c a y  of C m ’ would Ik i ^ n  in thr s p a t t r u m ,  

t r i l t f i l j  thr  s i m i l a r i t y  in thr l l f b l  sp*■» m o  o l  < »*.'*’ * •  <1 t m ‘ ** 

one would aspec t  (hear  two isotope* to hav« v e r y  a t tm ia i  gam m a ■ 

r a d ia t io n * .  Consider ing  the data  d i t tos**  d pray louf t iy lor  C m ‘^ ,  

the and C m fĉ  I n  th ia sample  should c o n t r ib u te  to peak* at

^  44,  100. and 140 hev The known g a m m a  rifr ' l  »>l C m  '  would
Q

be a e a n  at 104. l i b . and 27§ kev Thu*,  thr 4 t kev radial

tn f i g  II  la probably  due to  and C m  All  t h t r r  i a t d a p l i

co n t r ib u te  to the I00*kev peak ,  and It will tie ev iden t  la te r  that this 

peak  la moatly  Cm*'* '  r a d ia t io n  The em ail  peak at * tSO kev t« a l s o  

rupee  ted to come f rom both ( m  o tut < m ’ ** The radiat ion a* t»S kev

la p ro b a b ly  due to p la t in u m  K a r r a y s  produi r d  by the f luorescence  e*  .

c i t a t i o n  of the plat inum back ing ,  fr’u r t h r r  cut tn thr apr* t n t m  and not 

•hown in Fig,  I I ,  a r e  the two C m ’ * '  gam m a r a y #  at HU and 27H k* v 

The C m * * '  con t r ibu t ion  to thia i  pee l  r u m  wae subtrac ted  out by 

runn ing a sample  of C m  and norm al is ing  the two high energy  

g a m m a  raya  between thr  two runa T h r  re su l t  of tfrila aubt t .*. 1 1 ,.. i« 

•hown in Fig,  12. (Note that  the b b .k rv  region has  bean a r b i t r a r i l y  

o m i t t e d  m thia • p e c t r u m  ) N ea t ,  the Cm * N M t f i b d i M  t “ t|U* »»••* 

• p a c t r u m  was d e t e rm in e d  An a i i u r a t e l y  alpha-c ount 

• a m p l e  was run at the earn# geom etry  as thr  mined  i u r i u m  sample  

A t  the exac t  alpha  •count ing ra te  of the sam ple  of m u r d  . . m u m  

la at opes  and the p e r c e n ta g e  (act ivitywiae) of Cm*** in  this sample  

were  known, the Cm*-** con t r ibu t ion  to fr*ig, 12 could be eas i ly dr 

t a r m l n e d .  Tha resul t  of thia subt ra< (ton i k w l t l  r e p re s e n t  thr ( m*
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4

gamtns s p e c t r u m  As no a c c u ra te  g e o m e t r y  de te rm ina t ion  wee made 

during the c o u r s e  of this e x p e r im e n t ,  the abundance* of the Clll 
garmna ray* w e re  f i r s t  m e a a u re d  w»th r espec t  to the abundance of the 

44-ksv g a m m a  r a y  in decay.  (The  n e c e a s a ry  c o r r e c t i o n s  to
the raw data w ere  made aa indica ted  in the sect ion on ex p e r im e n ta l  

techn iques . )  Using the new abundance data  (p re v io u s  sect ion),

the abundances  of the gam m a rays  in decay w e r e  then calcu la ted
and found to be 2 . 1 x 10“4 (45-kev  g a m m a  ray). 1.5 x 10‘ * .(100-kev 
gam m a ray),  and 1.5 x 10 * ^ ( l 5 0 - k e v  gam m a ray).  A s eco n d  d e t e r 

mination of the moat  prominen t  4 3 -k ev  gam m a ray  gave an abundance 

of 1,1 g p h o t o n s  p e r  alpha p a r t i c l e .

The  second sample  used  in th is  s tudy contained 98.2%
242and 1.8% C m "  (act ivi tywise by a l p h a - p a r t i c l e  pulse an a ly s i s ) .  The

content  in this sam ple  was  s m a l l e r  than in the p re v io u s  sample.
As this s a m p le  w ss  made by a longe r  neutron i r r a d i a t i o n  than the

prev ious  s a m p l e ,  and should be p r e s e n t  to apprec iab le
ex ten ts .  M as s  ana lys i s  of the c u r i u m  conf i rm ed  this ,  showing -4%

and *2% p r e s e n t  ( m a s s w i s e ) .  Since C m ^ b is  an even-

even isotope and has a much lo n g e r  hal f  life than C m " ^ ,  the C r r / ^
radia t ions  would not be expec ted  to con t r ibute  much to the g a m m a - r a y

s p e c t ru m .  On the o ther  hand, one migh t  expect  that  gamma
59rays would con t r ibu te  to a s m a l l  ex ten t  to the obse rved  s p e c t r u m  

F igu re  15 shows the gam m a s p e c t r u m  of this sample  taken in the same 

way as  in the p rev ious  ca se .  Again,  the 226- and 278-kev  g a m m a  rays  

of Cm J s r e  off sca le .
The C m  J and Cnri L con t r ibu t ions  were  d e t e r m in e d  and s u b 

tracted o u . in  the same way as  in the prev ious  ca se .  The  resu lt ing  

s p e c t ru m  is shown in Fig. 14. One s e e s  the expec ted 4 5 - .  100-, and 
150-kcv g a m m a  ray s  of C m ^ .  A lso  visible a re  h ig h - e n e r g y  tai ls  on 

the 100- and 150-kev peaks.  T h ese  a r e  in t e rp re te d  a s  being due to the 

in the sam p le .  Aaaro"^  has  exam ined  the g a m m a - r a y
s p e c t r u m ,  and he repor ts  K x - r a y s  and 130- and 172-kev  gam m a rays  

as the p ro m in e n t  fe a tu re s .  In the de te rm ina t ion  of ;he abundances  of 
the g a m m a  r a y s ,  the peaks  w e re  in teg ra ted  with the high-

ene rgy  t a i l s  exc luded .  Also,  the K x - r a y  con t r ibu t ion  to the

•  59 -
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.62.
100-kcv peak was  e s t i m a t e d  from thr ava i lab le  decay data  and t u b .
t r a d e d  f ro m  the 100-kev peak.  T h u  e s t i m a t i o n  was made by r e s o lv in g

out a 172-kev g a m m a  r a y  and integrat ing i t s  total (ounts .  Th is  n u m b e r
)•

w h s  mul tip l ied  by s ix  to get the number  of K a . r a y s .  (Aaaru  r e p o r ta  
14% 172-kev rad ia t ion  and 68% to 93% K x - r a y s  in Cm*' decay),

The absolute g e o m e t r y  of the counting a r r a n g e m e n t  was d e t e r 

mined  by running an a c c u r a t e l y  counted A m ^ ‘ sample  The known 
abundance of the p ro m in e n t  60 kev gamma r a y  ( 0.4 gam ma r a y s  p e r  

alpha  par t ic le )  wan u sed  he re  a t  thr s t a n d a r d .  Thus ,  abac  ute 

in t en s l t l e a  of the Cm*’^  gam m a rays  w e r r  d e t e r m in e d  direc t ly .  They 
a r e  2.0 x 1 0 *  (4 1 kt . g a m m e r  i l x  . 0 ' ** (! 0 0 -kr v g a m m a  r a y ) . 

and  1.4 x 10.* ( 1 6 0 -kev g a m m a  r a y .  The a g r rc n v rn t  between thru ,

v a lues  and thr  ones  c b t a .n e d  with the f i r s t  s am p le  is  good. ;t t h o u  1 

be pointed out that the in tens i ty  of the 100-kev g a m m a  ray is p robab ly  
the  p o o re s t  of the t h r e e ,  cons ide r  ng the l a r g e  c o r r e c t i o n s  made \ i \  

th is  region due to the and C n ^ ' 1 in the s am p les .

4. Decay Scheme of C u r iu m -2 4 4

The decay s c h e m e  sugges ted  by t h r s e d a t a  la given in F ig .  IS
The  f i r s t  two exc i ted  s t a t e s  a re  quite well def ined by the a lp h a - sp e c t ru m
work.  The 43-kev g a m m a  ray  moat ce r t&mly de -exc i tes  thr  f i r s t  e x  -
c i t e d  s ta te  The 100-kev gam m a fits well as  the t rans i t ion  b r t w r m

the f i r s t  and second exc i ted  s ta tes .  (The p la cem e n t  of the 150-kev
g a m m a  ray is  d i s c u s s e d  p re s e n t ly . )

Using the a l p h a - p a r t i c l e  abundance to the f i r s t  exc ited s t a t e

(23.3%) and the i n t e n s i ty  of the 43-kev  g a m m a  ray  t2.0 x 10 %). one
c a l c u l a t e s  a c o n v e r s io n  coefficient  of 1160 fo r  the 4 3-krv gnimna ray

T h i s  r e p re s e n t s  the total  L .  M, N, e t c .  conve rs ion .  Smith and
H ol lander  have o b s e r v e d  convers ion  l ine*  of a 42 .88-kev g a m m a  ray

in Cm decay,  and r e p o r t  an L i M / N  ra t io  of 2 .5 /  1.0/ 0 1 Using
thiB ra t io ,  the L - c o n v e r s i o n  coefficient  is  760. Th i s  value is in the

expec ted  range of a n  E2 t r ans i t ion  on the b a s i s  of ex t ra po la t ions  f rom
*0the da ta  of Gellman .  G r i f f i th ,  and Stanley Also ,  Smith and H ollander  

have  made an E2 a s s ig n m e n t  for this g a m m a  ray on the bas is  of the



-6 5-

- 0 .0 0 4 %  

-0.017%  5.658 Mev 

■23.3% 5.756 M«v 

76 .7%  5.798 M«v

42.88

244Fig . 15. Decay ic h e m e  of Cm
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obse rved  rela t ive L -e u b s h e l l  ratio* S ince  the ground s ta t e  of the 
240• ‘•en-even Pu la undoubtedly 0*. the f i r e t  exci ted s ta te  le l  ♦

The 100-kev photon de .excit ing the level  populated by »•

in 1.4 x 10**% abundance .  Since the a lpha  population to that level  m 

1.7 x 10**% the co n v e re to n  roelfiC tent f o r  the 100-kev g a m m a  ray  ta l l 

On thie baaia alone,  vt I t  r a the r  difficult t«> i h o m e  between an M l o r  

£2 aea ignment us ing  the p red ic ted  L-aubaheM convera ion  coef f ic ien ts  

f rom Gellman  et  al  However,  the t a m e  gam m a ray hae been  o b 

s e rv e d  in the atudy of the convera ion  e l e c t r o n s  f rom  A m ^ ^ ,  in which 

c m  the re la t ive  I. subshell  rat io c l e a r l y  indicate*  an E2 a a e ig n in rn t  ** 

The ene rgy  of thia t r a n s i t io n ,  f rom the e l e c t ro n  *tudy, is  9H 90 W\

The e n e rg i e s  f r o m  the co nvers ion -e lec t ron  s tud ies  ci ted h e r e  a r e  c o n 

s id e r e d  m ore  a c c u r a t e  than e i th e r  the a lpha  .p a r t i c le  o r  g a m m a ,  ray 

data; the re fo re  they  have been used  in Fig 15 A 4♦ aae ig n m e n t  for 

the second exc i ted  a t a te  n  p r e f e r r e d ,  a l though  one cannot  ru le  out 

o th e r  a s s ig n m e n ts .

The a s s ig n m e n t  of the 150-kev g a m m a  ray  is  made so le ly  on the 

b a s i s  of the co l lec t ive  model  It p laces  the next level at about the right 

energy,  as expec ted  fo r  the b* slate in w el l -deve loped  ro ta t ional  band."*4* 

Th i s  a s s ignm e n t  would make the 150-kev g a m m a  ray an E2.  and the 

expec ted  c o n v e r s io n  coeff ic ient  would be about 2, F rom  the in tens i ty  

of this  gam m a ray  (1.4 x 10* ), the d i r e c t  alpha populat ion to the 6 ♦ 

level  would be *  4 x 10 (about 1/4  the abundance of Qj ^ )  T h i s  

in tens i ty  would be jua t  on the verge  of de tec t ion  in the e x p e r i m e n t s  just  

desc r ibed

A w e l l -deve loped  rotat ional  band ia a p p a re n t  in the d e c a y  of Cm 

Some of the f e a t u r e s  of this band, e s p e c i a l l y  the degree  of alpha  p o p u 

la t ion  to the v a r io u s  m e m b e r s ,  a re  d i s c u s s e d  in a l a t e r  sec t ion .

.6 4 .

t



D A lpha l > t * y  o(  P r o U d in m m  n l

One of the n a tu ra l  alpha e m i t te r s  tha t haa been the su b le t  t of a 

cons ide rab le  am oun t of study ta the lo n g - l iv e d  P a * * *  |bl... h a t  a

ha l l  l i fe  of  3.4 1 x 10 years , and decays in to  the p re d o m in a n c y  

be ta -decay ing  l l - y e a r  A c * *^ .  Thua, one can work  w ith  the Pa ' 

l o r  f a i r l y  long p e r io d s  of t im e  w ith l i t t l e  t ro ub le  f ro m  the d a u g h te r  

a c t iv i t ie s .

The on ly  p re v io u s  alpha p a r t ic le  w o rk  on this nuc l ide  was done

by the F rench  g ro u p  (Rosenb lum ), * *  w h ich  showed s ix  a lpha  groups

a tt r ibu tab le  to -; , A group of R uss ian  w orke  rs c a r r y in g  out

alpha p a r t i c le  sp ec tro sco py  on Ps at the same t im e  aa thta w o rk

have publish**:! some p r e l im in a r y  re s u l ts ,  which show tha t the a lpha

sp ec tru m  ia c o n s id e ra b ly  m ore  c o m p le x  than at f i r s t  thought * *

T here  has been a cons ide rab le  am oun t of w o rk  done on the gamma

rad ia t ions  and the conve rs ion  e le c t ro n s  accom panying th is  decay

S c h a r f f -G o ld h a b e r  and M acK eow n*^  s tud ied  the lo w -e n e rg y  gam m a

rays by the use o f  p ro p o r t io n a l  c o u n te rs .  R iou* 7 used a b s o rp t io n

techniques w i th  p ro p o r t io n a l  and G e ig e r  coun te rs  to  s tudy the gamma
48sp ec tru m  up to  300 kev. M e itn e r  d id  the f i r a t  c o n v e rs io n -e le c t ro n

40
• tudy  in 1928. T e i l la c  used a c loud  c h a m b e r to study the p rom inen t 

conve rs ion  e le c t ro n s .  The m ost re ce n t  and com ple te  s tudy  o f the c o n 

v e rs io n - e le c t ro n  s p e c t ru m  was done by F a lk -V a i ra n t  *** And, a 

thorough g a m m a . r a y  study in c lud ing  m any  co inc idence e x p e r im e n ts  

was concluded by M o o re * *  in 1953. As these s tud ies p ro g re s s e d ,  the 

e x trem e  c o m p le x i ty  o f th is  decay becam e m ore  and m o re  ev iden t.

Many of the above -m en tioned  in v e s t ig a to r s  suggested decay  schem es 

fo r  P a * * * .  A s  becom es m ore  ev iden t in  the next few pages, the ab 

sence of e x t r e m e ly  g o o d -re so lu t io n  a lp h a -p a r t ic le  s p e c tro sco p y  made 

the in te rp re ta t io n  of the data som ew hat d i f f i c u l t  and v e n tu re so m e , 10 

that the suggested decay schemes have not held up.

The Pa 1 used in  th is  s tudy was made by a long n e u t ro n  i r r a d ia t io n  

of T h**® . T h is  p roduces  p re d o m in a n t ly  the 25-hour b e ta -e m i t t in g  T h * * * ,  

which decays to  g ive P a * * * .  Ow ing to  the long h a lf  l i fe  o f P a * * * ,  an 

e x t r e m e ly  long i r r a d ia t io n  is  n e c e s s a ry  to build  up m uch P a^  ** a c t iv i ty .
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F r o m  c o n s id e ra t io n  of the half  l iv e s  of the o ther  p r o t a c t i n i u m  isotopes  

p roduced  im th is  type ,)f b o m b a rd m e n t ,  |Nl* is e a s i l y  gotten  in a 

•  ta la  of high rad ioac tive  pu r i ty  by allowing the protac t tn ium  to «tand 

fo r  a e v e r a l  months  When th is  s tudy  began,  thr Pa*“ '* had stood shout 

two yea ra  s ince  purif icat ion,  ao that the re  wat  a c o n s id e r a b le  amount 

of alpha ac t iv i t y  due to the a lp h a -e m i t t i n g  daughter*  of 1’«‘ "  t hi 

s am p le  w as  used  s» such fo r  a c o n s id e ra b le  amount of the alpha* 

pa r t i c l e  u p e c t r o s r o p y  L a te r ,  f o r  g a m m a . r a y  s tu d ie s  and ( O f t f i m M a r f  

a l p h a - p a r t i c l e  s tud ie s ,  a s a m p le  of the old p ro ta c t in iu m  was repur if ied,  

removing  the daugh te r  ac t ivi ty ,

T h r  c h e m i s t r y  used in thr  p ro tac t in ium  p u r i f i ca t io n  u m m l c ' l  «»t 

running the  m ix tu r e  through a co lumn containing l>owex A*! anion - 

exchange r e a m  in an H M MCI so lu t ion  and washing f o r  s e v e ra l  column 

vo lum es .  The  p ro tac t in ium  w as  then eluted off with >.6 M MCI. This 

p ro c e d u re  was  var ied  l a t e r  by elu t ing the p ro tac t in ium  with 0,1 M Hi 

in 7 M H C l .  Thi* p rocedure  gave  p ro tac t in ium  f r a c t i o n s  of 99 ♦% 

pur i ty

1 • Alpha S p e c t ru m  of P r o t a c t i n i u m  Z \ \
\

T h r e e  sp ec t ro g ra p h  a a m p le a  were  made by v a c u u m  sublimat ion 

of the p ro t a c t i n i u m ,  which con ta ined  about of e a c h  daughter .  One 

sam ple  con ta in ing  4 x 10^ alpha d i s in teg ra t ions  p e r  minute  (4 m ic ro -  

g r a m a  of P a ^ * )  was e x t r e m e ly  thin.  The o ther  two contained  l a r g e r  

am ounts  of ac t iv i ty  and m a s t ,  having count ra t e s  of 1.8 x 10 and 

3 5 x 10b a lp h a  d i s in teg ra t ions  p e r  minute .  L a t e r ,  a n o th e r  vapor ised  

sam ple  of 8 x 10 alpha d i s in t e g ra t i o n s  p e r  minute w a s  p r e p a r r d  f rom 

the pu r i f ied  Pa  The m a jo r i t y  of the e x p e r im e n t s  on this iaotope

were done with the f i r s t  th ree  s a m p l e s ,  the fourth be ing  used p r i m a r i l y  

for  c o n f i r m a t o r y  pu rposes  S e v e ra l  dif ferent  g e o m e t r y  a r r a n g e m e n t s  

were used  in the cou rse  of the m a n y  runs,  and these  a r e  d iscussed  

for  each  ex p e r im e n t .

The  f i r s t  two e x posu re s  w ere  made with the 4-ng  sam p le ,  and 

were m a d e  m o s t l y  as  e x p l o ra to r y  runs .  They showed the main fea tu res  

of the s p e c t r u m  repor ted  by Rosenblum (all g roups  in 10% abundance 

o r l a r g e r  appear ing) .  . R o s e n b iu m 's  s p e c t ru m  is  s u m m a r i s e d  in

%
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Table XV. and it i* used aa an o r i e n t a t i o n  guide in d iacuaa tng  (he new 

e x p e r i m e n t !  Although the r e s o lu t io n  on the f i r s t  runa  w i i  poor ( m a x i 

m u m - g e o m e t r y  al it  a r rangem en t)*  t h e r e  woo dta t inct  ev idence  that the 

group r e p o r t e d  by Roaenblum at  5 002 Mev (47%) w a i  c o m p le x  and 

probably  c o m p o s e d  of two g ro u p s  about  18 kev a p a r t  ( a r e  F ig  lb).

The h igher  . e n e r g y  component of th i s  doublet  a p p e a re d  to be presen t  

in a al ightly s m a l l e r  abundance than  the l o w e r -e n e rg y  group.  ‘Ihe 

poaaibi l i ty that  som e  low - in tens i ty  g roups  al so  ex is t  in th is  region is 

no vet ruled  out.

T a b le  XV

Z 3 1P a  complex  a lpha  s p e c t ru m  (Roaenblum)

E n e rg y  
(Mr v)

Abundance
( % )

5.042 l l

5.002 47

4.938 25
4.838 3

4 720 1 1

4.660 1-3

T h i s  aa m e  sample  was e x p o s e d  at high reso lu t ion  (18-mi l  d e 

fining sl i t )  f o r  4 days  to f u r th e r  exam ine  the com plex  peak .  It would 

be expec ted  tha t  only the m os t  p r o m i n e n t  fea tu res  of the s p e c t ru m  would 

appea r  on th is  run, owing to the e m a i l  amount of a c t iv i t y  on the plate; 

this was  the c a s e ,  as  only the g ro u p s  m 20% or l a r g e r  abundance had 

peak he igh ts  l a r g e r  than the m a c h in e  background.  The  peak  at 5.002 

Mev,  s u s p e c te d  of being com plex ,  was  resolved  co m p le te ly  on this run 

into two a lpha  groups  s e p a r a t e d  by 15.8 kev and in roughly  equal 

abundances  ( see  Fig. 16). The p r e v io u s ly  repor ted  25% group  at 4-938 

Mev a l so  a p p e a re d  in abundance co m p a ra b le  to each  component  of
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the double group.  In the Absence of an ene rg y  s t a n d a r d  on these  runs,  

the g roup  at  4.938 Mev (R osrnb lum )  wss  used as  g s t a n d a rd  for  sn earl s  

pub l ica t ion  of this work As i s  shown l a t e r ,  th is  e n e r g y  has been 

co n f i rm e d  F r o m  this high - reso lu t ion  run, the m e m b e r s  of the doublet  

would be at  5.018 And 5.001 Mev.  The h ighe s t -ene  rgy group in the Pft ' 

s p e c t r u m  i s  at 5.042 Mev ( Rosenblurn) This  g roup a l s o  appeared on 

this  run ,  b i t  owing to its low peak  height  with r e s p e c t  to  background,  

the p o s s ib i l i ty  that this g roup  is  complex  could not be e l im in a te d . Th is  

m a t t e r  i s  d i s c u s s e d  m o re  fu l ly  m connection with l a t e r  exper im en ts .

T h i s  sam e  sample  was  run with a Ra"4* s a m p l e  at maximum 
#g e o m e t ry  to check the e n e r g y  de te rm ina t ion  R i t g r o i p  I t  4,777 Mev 

and the Po*” ^  group at 5.299 Mev we re used as ene rgy standn rda. ^

Since the two samples  were of widely diffc rent  m a s s e s ,  there was a l a rg e  

d i f f e r e n c e  in the half widths of the peaks involved h e r e  (a lm os t  10 kev).  

A f te r  c o r r e c t i o n  for this d i f f e r e n c e ,  the ene rgy  of the group p rev ious ly  

used  a s  an energy  s tandard  waa 4.939 Mev, in e x c e l l e n t  ag reem en t  with 

R o s e n b lu m 's  value of 4.938 Mev.  The value of 4.9 38 Mev is used h e r e ,  

a s  was done in the e x p e r i m e n t s  a l ready  d i s cu s s ed .

T o  examine  the lo w e r - in t e n s i t v  components  of the Pa  s p e c t r u m ,  

the l a r g e s t  sam ple  was e m p loyed .  This  sou rce  (3.5 x 10^ alpha d i s 

in t e g ra t i o n s  per  minute)  w as  run for  9 days at the maxi mum-geo inet  rv 

slit a r r a n g e m e n t  (see Fig.  16). The groups  p r e v io u s ly  repor ted  as 

being in 3% (4.8 38 Mev) and in 1% to 3% (4.660 Mev) abundances were 

c o n f i r m e d ,  but the ir  in t e n s i t i e s  were def ini tely l e s s  than 3%. Also, 

the p o s s ib i l i ty  of a new group's exist ing  at 4.627 Mev in about 0.3% 

abundance  appeared  on the long exposure .  S ince  the peak height of th is  

g roup w as  sm a l l  c o m p a re d  with the background in this region (35 t r a c k s  

v e r s u s  125 t r ac k s  background) ,  the p r e s e n c e  of th i s  group is only 

te n ta t ive .  A l imit  of 0.3% can  be se t  on the abundance  of o th e r  groups  

down to 4.41 Mev.

A 12-day re run  of the m o s t  intense s am p le  at  maximum g e o m e t ry  
»

was u nder ta ken  to check  the ten ta t ive lo w - in t e n s i ty  group.  The peak 

a p p e a r e d  in the sam e  in ten s i ty  again,  but again background co n s id e ra t io n s  

m ake  it  diff icult  to conc lude  that  it is  an actual  a lpha  group.  The

<
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p o s s i b i l i t y  e x i s t s  tha t  t h i s  peak  can be due  t o  s o m e  kind of s a m p l e  a f f e c t  

Unt i l  P a  s a m p l e s  a r e  run in the double  . f o c u s i n g  a l p h a - p a r t u  le  

s p e c t r o g r a p h ,  the a s s i g n m e n t  of th is  g r o u p  wil l  have to he c o n s i d e r e d  

t e n t a t i v e

Up to th is  p o in t ,  the a lpha  p a r t i c l e  s t u d i e s  p r e s e n t e d  h e r e  have  

e s s e n t i a l l y  c o n f i r m e d  the s p e c t r u m  r e p o r t e d  bv Rosenblurn.  wi th  t h r e e  

e x c ep t io n s :  (a) the g r o u p  r e p o r t e d  by Rosenblurn  i s  a c t u a l l y  two 

g r o u p s ,  (b) the l o w - i n t e n s i t y  g ro u p s  r e p o r t e d  by Rosenblurn a r e  in l o w e r  

a bunda nce  than p r e v i o u s l y  thought,  and (c) t h e r e  is a p o s s ib i l i t y  ot a 

ne w  l o w - in t e n s i ty  l o w - e n e r g y  g roup  b e long ing  to the s p e c t r u m

Next ,  a  5 - d a v  e x p o s u r e  at m a x i m u m  g e o m e t r y  with the I S - p g  

s a m p l e  showed a d d i t i o n a l  c om p lex i ty  to the s p e c t r u m .  I n d i c a t i o n s  of 

t h r e e  new g r o u p s  w e r e  p r e s e n t .  T h e s e  g r o u p s  a r e  e i t h e r  b e tw e e n  f a i r ly  

i n t e n s e  g r o u p s  o r  in  t h e  l o w - e n e r g y  ta i l  of an  in te n s e  g roup ,  s o  that  

t h e y  would not have  b e e n  o b s e rv e d  in the p r e v i o u s  runs  The  r u n s  with 

the s m a l l  s a m p l e  w ou ld  not have shown t h e m  b e c a u s e  of i n s u f f i c i e n t  

a c t iv i ty .  The t a i l ing  in  the l a r g e  s a m p l e  o b s c u r e d  th em  on the r u n s  with 

t h a t  so u rc e .  T o  c h e c k  the p r e s e n c e  of t h e s e  new g roup* ,  thi* s a m e  

s a m p l e  was r e r u n  wi th  the s a m e  s l i t  a r r a n g e m e n t ,  p rod u c in g  the  s a m e  

s p e c t r u m . t t g u r e  17 s h o w s  this  s p e c t r u m ,  wi th  a r r o w s  ind ica t ing  the 

l o c a t io n s  of the new g r o u p s .

The  s a m e  s a m p l e  was then e x p o s e d  w i th  the 18-mil  d e f in ing  s l i t  

f o r  6 days  in the h o p e  tha t  this  would a l l ow  the  r e so lu t ion  of the m o s t  

i n t e n s e  of these  new g r o u p s .  Th is  c o m p l e t e l y  r e s o lv e d  a g r o u p  o! 1% 

a bunda nce  be tw een  the l o w - e n e r g y  g r o u p  of the doublet  and the g r o u p  at 

4 .9 38  Mev (F ig .  18). T h i s  g roup  would be  a bou t  75 kev  l o w e r  in  e n e r g y  

than  the h i g h e s t - e n e r g y  g roup  ( p r e s u m a b l y  the g r o u n d - s t a t e  t r a n s i t i o n )  

A l s o ,  a g roup  of a b o u t  3% abundance w a s  p a r t i a l l y  r e s o lv e d  f r o m  the 

l o w - e n e r g y  tail  of the 4.938-Mev group .  T h e  o th e r  new g r o u p  w a s  of too 

s m a l l  in tens i ty  to  be s e e n  on this  run .  One  a l s o  notes  in F ig .  18 that  

the  doublet  is  a l m o s t  c o m p l e t e l y  r e s o l v e d .  F u r t h e r m o r e ,  the h i g h e s t  

e n e r g y  g roup  in the  s p e c t r u m  is  c o m p l e t e l y  r e s o l v e d  and a p p e a r s  to  he 

a  s ing le  group.
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4938 Mev COMPLEX
GROUP

4722 Mev

£  800

4666 Mev

ENERGY

Fig. 17. A lp h a -p a r t ic le  s p e c t ru m  of P a ^ *  at lo w - r e s o lu t io n  cond it ions.



A
L

*»
*A

 
T

R
A

C
K

S
 

*»
E«

 
tk

 
m

m
 

SC
A

N

. 72 -

Pof*‘ AI P m A SPICTRUM

5 0»7 M»«5 OOi Me»

4.938 M«»

5 0 4 6  M|«
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F i g .  IH. 211Pa r t i a l  p a alpha particle apetrlrum at high resolution.
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This  s a m e  sam ple  was then exposed  for  5 d ays  with a  1 / 16-inch 

slit a r r a n g e m e n t .  It was hoped that  this  would al low b e t t e r  reso lu t ion  

with only a s m a l l  lo ss  in peak height  com pared  with the m a x im u m ,  

g e o m e t ry  run d i scu ssed  p rev io u s ly .  Th is  was n e c e s s a r y  in o r d e r  to 

conf i rm  the th ird low - in tens i ty  g ro u p  indicated in F ig .  17. The  d e s i r e d  

effec ts  were  obtained,  and e x c e l l e n t  conf irmation  of the new groups re-  

sui ted (F ig .  19) The a r r o w s  in Fig .  19 indicate the loca t ions  of the 

new g roups .

C o n s id e ra t io n  of the a c t iv i t i e s  p resen t  in the s a m p le  leads one to 

bel ieve that  these new groups  def in i te ly  belong to Pa^** .  This  is sa^as 

nortS of the d au g h te r  alpha e m i t t e r s  have known alpha groups  in the 

energy  reg io n s  of the new g roups  To conf irm the a s s ig n m e n t  of these  
alpha g ro u p s  to Pa*' , the s o u r c e  of the purif ied p ro tac t in iu m  was e x 

posed in the spec t rog raph .  Two e x p o s u r e s  w e re  m a d e ,  one with the 

18-mil  s l i t  and the o ther  with the 1 / 1 6 -Inch Blit. The  new groups 

suspec ted  of belonging to P a^  * w e re  all p r e s e n t  in the expected  

in t en s i t i e s .  Thus ,  the a s s ig n m e n t  of the three  new alpha groups  to 
Pa s e e m s  quite cer ta in .

T he  da ta  f rom these  s p e c t r o g r a p h  runs a r c  s u m m a r i s e d  in 

Tables  XVI through XVIII. Tab le  XVI gives the e n e r g y  sepa ra t ions  o b 
s e rv ed  be tween  var ious  alpha g roups  Whenever poss ib l* .  the s e p a ra t io n  

f rom  the  4 .9 3 8 -Mev group was  m e a s u r e d .  In some of the exp o s u re s ,  the 

h ig h - e n e r g y  por t ion  of the s p e c t r u m  was not o b s e rv e d ,  and the s e p a ra t io n s  
f rom  the m os t  abundant  of the l o w -e n e rg y  groups w ere  de te rm ine d  The 
bes t  va lues  l i s ted  in Table XVI w ere  a r r iv e d  at th rough cons ide ra t ion  of 

the cond i t ions  under  which e a c h  e xposu re  was made ,  i e .  , sample  si*e,  

d u ra t io n  of exposu re ,  and the reso lu t ion  obtained.  The  0.3% group is 

not l i s t e d  in the table,  b eca use  of i t s  highly tentat ive n a tu re .  Also, 

th e re  a r e  l i s t e d  seve ra l  m i s c e l l a n e o u s  s e p a ra t io n s  that  a re  of use l a t e r  

when the decay  scheme is d i s c u s s e d .

The  abundance data a r e  g iven in Table XVII. In format ion  is l i s t ed  
only f o r  those c a s e s  in which g roups  were  c l e a r ly  d i s c e rn ib le  and 

suf f ic ien t ly  reso lved .  The abundances  arc  l i s ted  r e l a t iv e  to the o ^ q 

plus Oj ,7 abundance,  s ince in m o s t  c a s e s  those two groups  were not
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re s o lv e d .  In lome c a r e s ,  w here  n e a r -b y  g roups  could not be com ple te ly  

r e s o lv e d ,  they were i n t e g ra te d  together ,  and the abundance c o m p a re d  to 

Q110 P*u9 a lZ7* Although data taken in this  way a r e  not included in 
T ab le  XVII, they were  c o n s id e r e d  in a r r iv in g  at  the bes t  values.  Since 

there  a r e  r a t h e r  l a rg e  v a r i a t i o n s  noted in som e  of the in tens i ty  r a t i o s ,  

it i s  fe l t  that abundances  having m o re  than two s ign i f ican t  f igures  have 

no m ean ing .

T a b le  XVIII s u m m a r i z e s  the complex a lpha  s p e c t r u m  of P a"  * . 

T h e r e  the absolute en e rg y ,  d e c a y -e n e rg y  s e p a r a t i o n  f r o m  the h ig h e s t -  

e n e rg y  group  (the a s sum ed  q^),  percentage  abundance ,  and par t i a l  

alpha hal f  life a rc  given fo r  e a c h  t rans i t ion .  T h e s e  da ta  a r e  eas i ly  

c o m p a r e d  with those f rom  Rosenblum (Table XV). As mentioned 

p r e v io u s l y ,  Russ ian  w o r k e r s ^  have studied the com plex  alpha s p e c t r u m  

of P a 1" They repor t  eight  alpha groups and in d i ca te  a tentat ive 

a s s i g n m e n t  of a ninth. The ninth group  c o r r e s p o n d s  t o a ^ ^ ,  which 

has  been  comple te ly  r e so lved  in this study. The  R uss ian  workers  

have not  r e p o r te d  a group c o r r e s p o n d in g  to Th i s  would have

been o b s c u re d  in the ir  work b eca u se  of tai l ing f r o m  the a j jq peak.

Also ,  they have not been able  to comple te ly  r e s o lv e  the double peak at 

about 5.01 Mev as yet.

Z .  G a m m a - R a y  Studies on P r o t a c t i n i u m -231

A s tudy of the pr inc ipa l  g a m m a  rays  accom pany ing  the decay 

of P a “ was  a l so  under taken .  As mentioned e a r l i e r ,  there has been 

a c o n s id e r a b l e  amount of r e s e a r c h  along this line in the pas t .  As the 

v a r io u s  e x p e r im e n t s  a r e  d i s c u s s e d ,  a co m p ar i s o n  with the exist ing 

data is given.

F o r  the g a m m a - r a y  s tud ies  that follow, the s tock  p ro tac t in ium  

conta in ing P i  and a c o n s id e ra b le  amount of d a u g h t e r  ac t ivi ty was 

pu r i f ied  by the p ro ced u re  a l r e a d y  d i scussed .  The s a m p le s  p r e p a re d  

in th is  way w ere  examined  im m e d ia te ly  for g a m m a  rad ia t ion ,  so that 

l i t t le  chance  for  in t e r f e r e n c e  f r o m  the daughter  r a d ia t io n s  exists

f ) ;



(

T a b le  XVI

E ne rgy  se pa ra t io ns  o f f M r -  alpha g roups

Separa tions  f ro m  the 4 .9 3 8 -M e v  group ( a n o H in  kcv) M isce l lan e ou s  sepa ra t ions

E xposu re
Q0  a 29 a 46 a 7 6  “ 1 2 7 ° 2 1 1 °  3 2 9 a 3 5 6 a 387 a3 5 6 " °  3 29 a3 8 7 ‘ ° 3 2 9 *21 V ° 2 9

n \ 1 0 9 . 1  8 1 . 0 6 3 . 5 2 1 4 . 1 2 8  0

32 4 9 8  2 2 1 5 . 9 2 7 3 . 1 57  2 1 1 7 . 7

3 25 7 9 . 8 6 4 . 0

392 5 6 . 2 1 1 8 . 2

4 0 6 1 0 9 . 4 3 2 . 2 9 9  5 2 1 6 . 8 2 4 4 . 2 2 7 4  3 2 7 . 4 5 7 . 5 1 1 7 . 3

4 3 5 1 0 7  4  7 8 . 5 6 2 . 2 3 4 . 2  1 6 . 2 2 8 . 9

4 3 6 1 0 7  8 32  5 9 9 . 2 2 1 4  0 2 4 0 . 6 2 6 9  1 2 6 . 5 5 5 .1 1 1 4 . 8

441 1 0 8 . 3 3 2 . 3  1 8 .1 9 8 . 0 2 1 5 . 0 2 3 9  2 2 6 9 . 6 2 4  2 5 4 . 6 1 1 7 . 0

4 9 0 1 0 8 . 2  7 9 . 1 6 2  2 3 3 . 7  1 7 . 9 1 0 0 . 6 2 1 6 . 3 2 4 2 . 1 2 7 3 . 9 2 5  8 5 7 . 6 1 1 5 . 8 29 .1

Best 1 0 8  2  79  1 6 2  9 3 3  2 1 6 . 9 9 8 . 9 2 1 5 . 4 2 4 1 . 4 2 7 1 . 8 2 6 . 0 5 6  4 116  5 2 8 . 9
values

(kev)

1

%
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T a b ic  X V II

P a ^ *  a lpha g ro u p  abundance data

Abundance re la t iv e  to a 110 ♦ “ 127

Exposure*
“ 0 Q29 a 4b a 7b °1 1 0 °127 “ 211 °329 °  35b 0 387

324 0.055

40b 0.052 w

435 0 .43  0.90 0.96 0.89 0.11

4 3b 0.052

441 0.40 0.091 0.052 0.42 0.055 0.0B3

490 0.44 0 092 0.063 0.44

Best
values

0 .42  0.90 0.96 0.091 0.89 0.11 0.055 0.43 0.055 0.083

T a b le X V I I I

Complex a lpha  s p e c tru m  of P i  v

Ene rgy 
(Mcv)

D ccay  energy  to a n 
(kev)

Abundance
(%)

P a r t ia l  a lpha h a lf  l i fe  
(ye a rs )

5.046 0 10 3.4 x 105

5.017 29.4 23 1.5 x 105

5.001 46.1 24 1.4 x 105

4.971 76.3 2.3 1.5 x 106

4.938 110.1 22 1.6 x 105

4.921 U 7 2.8 1.2 x 106

4.839 211 1.4 2.5 x  106

4 722 329 11 3.1 x 105

4.696 356 1.4 2.5 x 106

4.666 387 2.1 1.6 x 106

<
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The lo w -e n e rg y  p o r t io n  of the g a m m a - ra y  a pe c tru m  waa exam ined  

w ith  a p ro p o r t io n a l  c o u n te r .  A lpha p a r t i c le - g a m m a  ray co in c ide n ce*  

w e re  run  w ith  a £nS s c re e n  ae rv ing  as the a lpha d e te c to r .  The a p e c t ru m  

up to 40 kev was obse rve d , showing the va r io u s  L x - r a y  peaks and a 

v e r y  p ro m in e n t  27 .5 -kev  gam m a ray . As a v e r y  c a re fu l  c a l ib ra t io n  of 

the e n e rg y  scale was m ade, w ith  an A m ^ ^  s o u rc e ,  the energy u n 

c e r t a in t y  in th is  m e a s u re m e n t  ia ± 0.5 kev at the w o rs t .  Th is  ene rg y  

m e a s u re m e n t  is in  good a g re e m e n t  w ith those by S cha rf f-C o idhabe  r ,

R iou , ^  and M oore . ^  A l l  these have re p o r te d  a p ro m in e n t  27 -kev 

gam m a ray . Riou has re p o r te d  the abundance of the 2 7 -kev gam ma ray  

as 9%.

N e x t ,  the g a m m a - ra y  sp e c tru m  up to 400 kev was s tud ied w ith  o

Nal d e te c to r .  The g a m m a - r a y  spec trum  in  co in c ide n ce  w ith  the alpha

p a r t i c le s  of Pa4- is  shown in  F ig .  20. P re s e n t  in  the spec trum  are

ra d ia t io n s  of 300, 145, 95, and 65 kev. The 6 5 -ke v  ra d ia t io n  is p ro b a b ly

m o s t ly  due to p la t inum  K  x - r a y s ,  as th is  sam p le  was mounted on

p la t in u m .  The 9 5 -kev  ra d ia t io n  is  p robab ly  a c t in iu m  K x - ra y s .  How
I \

e v e r ,  the presence of g a m m a  rays in these re g io n s  due to P i  decay 

cannot be e l im ina ted , The 145-kev peak is  in te rp re te d  as due to 

C om pton  s c a tte r  of the 3 00 -ke v  gamma ray. W ith  Hg as a s tan d a rd ,  

(2 7 9 -k e v  gamma ray),  i t  was shown that the e n e rg y  of the p ro m in e n t  

gam m a ra y  was 300 kev, and not 280 kev as re p o r te d  by M oore .

R iou  has a lso  repor ted  a 3 00 -kev  gam ma ray. A ls o ,  on the bas is  of the 

H g  g a m m a - ra y  h a l f  w id th ,  the 300-kev peak is  d e f in i te ly  com p lex .  

T h re e  gam m a rays have been reso lved  out of the 300-kcv  peak, w h ich  

have e n e rg ie s  of ^  265, 300, and ** 330 kev. The re s o lu t io n  of the 

gam m a rays is shown in  F ig .  20. The abundance of the 300-kev 

gam m a ra y  was 0.05 pe r a lpha p a r t ic le ,  and the abundances of the 

-  265 - and -  330-kev g am m a  rays were about 1% f o r  each. Riou re p o r ts  

a 4% abundance fo r  the 3 0 0 -k e v  gamma ray.

Co inc idences w ere  run  between the 2 7 -kev gam m a ray and the 

re s t  of the gamma s p e c t ru m ,  w ith  p a r t i c u la r  e m p h a s is  placed on the 

3 0 0 -k e v  reg ion . The c o in c id e n ce  spec trum  is  show n in  F ig . 21. Peaks 

w e re  observed  at 65, 145, and 300 kev. The 6 5 -k e v  ra d ia t io n  is  again
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<

300 kev.

65 kev

95 kev

330 kev
265 kev.

CHANNE L NUMBER
I

Fi g .  20. P* alpha p a r t i c l e -gamma ray coincidence s p e c t r u m .

(
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3 0 0  kev.

65 kev.

CHANNEL NUMBER

F ig .  £) .  P a 4" ^  g a m m a - r a y  i p e c t r u m  in co inc idence  wi th the 17--k* 
ray.

J
50

,«nvn»



- a i l

probab ly  due to plat inum K a - r a y a .  and the 14*. he* peek  t* probable 

due to Compton t c a t t e r  oC the W0 4tt» p m i n t  r*v One nolee that the 

A c t i n i u m  K x - r a y s  ore no! n e a r l y  a t  abundant a» in the * -y  coincidence 
• p e c t ru m  in F ig  .*0 Alto ,  the h igh -ene rgy  p o r t ion  of the 400 kev 
peak { 1 4 0  kev gam ma r a y |  doe*  not a p p e l J  to b# in c o in c id e n t *  with 
(he J7 kev  gam m a ray.

Co»m td e m e a  o r  re a l s o  run between the 400. kev peak and the 

g a m m a  s p e c t r u m  up to I 10 kev (F ig  22) h i  exp ec ted ,  the 2?»fcev 
g a m m a  ray  appeared  in co inc idence  (The t ,  x - r a y a  were  absorbed  

out with a luminum and did not r e g i s t e r )  Atao,  the K a rays  were  
not o b a e r v r d ,  and a l im i t  of b a 10 K x - ray#  p e r  400 kev gam m a ray 

wa* se t  on the ir  m ax im um  co inc idence  mtenaity ,  T h i s  »• m dire* t 
oppos it ion  to  Moore a r r m l t i . ^  which ahowrd a K a - f a y - 2S0-kev 

g a m m a  ra> coincidence in tenaity  o f H  S » 10'
M oore  h a t  done a m o r e  com ple te  co inc idence  atudy ol the | « m m »  

raya  in th ia decay ,  including de layed  -coincidence  e x p e r im e n t s ^  The 
r eau l ta  ot Hi* atudy a r e  con t i d e  red  in more  de ta i l ,  in connection with 

the d ia cu aa io n  of the decay  a r h e m e , in the next s e c t i o n

A nother  type ot co inc idence  atudy made in the c o u r t #  ot thie work 
was  done with the aid ot  the new double - locus  mg alpha p a r t u l r  *s**i tr®. 

g raph  The apec t rog raph  t o u r e r  giving 1 I » 10^ a lpha  d la in t rg ra t io n e  
p e r  minu te  and containing Pa*'** and I to daugh te rs  {vapor ised  onto 

a lum inum )  was uaed aa a  s o u rc e  in thia c a t e  P r i o r  to the co incidence 
a tud iea .  the alpha a p e c t ru m  f r o m  t h u  aource w i t  obta ined  by vary ing 

the m agne t ic  field and making  counta o! the alpha p a r t i c l e #  l i n k i n g  the 
ZnS d e t e c t o r  aa a function of the field s t reng th  The *pe< I rum obtained 
in thia way had a reso lu t ion  co m p a ra b le  to the high ge o m e t ry  runa with 
th i t  t a m p l e  on the l o w . g e o m e t r y  s p e c t ro g ra p h  The expe r im en ta l  se tup  

f o r  us ing  the apec t rog raph  in co incidence s tudie s  ha* a l ready  bern  d i t  
c u s s e d  in an e a r l i e r  sect ion.  One p rocedura l  d iff iculty  waa en« ou f t t th td  
in thia e x p e r im e n t  that m a k e s  the resu l t s  somew hat  h a rd  to in te rp re t  

This  d iff icul ty  waa a d e p r e s s i o n  of the ene rgy  s c a l e  on the SO <hannel 

a n a l y z e r ,  p re s u m ab ly  c a u s e d  by the e x t r e m e l y  in tense  gam m a *adiatiow 
• t r i k in g  the Nal c ry s ta l  B e c a u s e  of this d e p r e s s io n ,  a good c a h b r a t  

of the e n e r g y  sca le  could not be obtained
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27 kev

CHANNEL NUMBER

I t # .  H .  P /  g a rn tn i m y  tp e c tru m  in  coin*  *d « n t«  w ith  the *00 
ra d ia t io n .

/
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C oincidence*  w ere  f i r s t  run  between, the compie*. peak of * ^  

and and the ( t m m i - r a y  s p e c t ru m  This  show ed l»aUi%  i w r j y  

p eak s ,  p re su m sb ly  L i . t f t y *  and the i t  k tv  g a m m a  ray  ( F - f  i $ l  Kext 

the g a m m a  ray* in c o in c id en c e  « t ih  « i isj **»♦ re c o rd e d ,  again showing 

L x * ra y a  and * £?-ke* g a m m a  ra y  The L x - r a y  peak appeared  m » « f  

i f t l t m t  in th is  run th in  m  tlw p rev ious  run (see Fag % 1)

F ig u re  i 4  il iow i the r e s u l t  oi the t t n l  n p r u m r n t .  The magnetic 

f ie ld  w as  ee l s o  that a *»»  the gate alpha $ roup In coincidence 

A ppeared  K x - r a y s ,  the 14h k e \  Compton p c ik ,  and the M$4-kev peak 

The $00 k e \  peak a p p e a re d  c o m p lr* .  and could t»e m o l v w l  into the 

l a m e  th r e e  com ponents  «■ be to re  Upon gating  a i t h  (F ig . Z$F» <mr

o b s e rv e d  K x - ra y s  and a  high en e rg y  peak The h igh  e n e rg y  peak *o*»ld 

b* r e s o lv e d  intoWbO, $00-. a n d ^ lh O  kev com ponent*-  The amount id 

$00 - krv rad ia tion , c o m p a re d  with the n u m b e r  of g a m m a  raya jus t  h ig h e r  

and l o * e r  in en e rg y ,  « m  m uch  le s s  than in the p rev io u s  - g a m m a -

ray  e x p e r im e n t .  The s ig n if ican ce  of these  ra p e r*  m e a ts  is d is c u s s e d  

f u r th e r  in the next sec tion

9 D ecay  Schem e of P ro ta c  t m i u m - i l l

The bas ic  ske le to n  f o r  a decay schem e fo r  th is  isotope >• th t  se t  

ol e n e r g y  leve ls  populated  by the alpha g roups  s e e n  in the alpha p a r t i c le  

s tu d ie s .  The e n e rg ie s  of the le v e ls  in the decay  s ch em e  in Fig *?b a r e  

those d e r iv e d  f ro m  the a lp h a  p a n i c le  s tud ies  fT a b le  XVU1$ The t r a n s i t io n s  

show n th e re  a r e  from  the d a ta  gf the co n v e rs io n  - el# cl roe study of f o l k  

V a t r a n t  and the n u m e ro u s  g a m m A -rs y  s tu d ie s .

T ab le  XIX gives a s u m m a r y  of the c o n v e r s io n  line data by Fatk  

V a i r a n t .  T h ere  the g a m m a - r a y  e n e rg ie s ,  c o n v e rs io n  lines o b s e rv e d  

fo r  e a c h  gam m a ray. and the a ss ig n ed  m u l t ip o la r i t ie s  a re  l is ted  The 

a s s ig n m e n ts  of the m u l t ip o la r i t ie s  of the v a r io u s  g am m a rays w e re  b a s e d  

on r e la t iv e  l . -subsH elt r a t i o s ,  where av a i lab le ,  and K/l* «onvers ion  r a t io s  

T he  M i  and Ml a s s ig n m e n ts  lo r  the )$ |*  and $01 kev gam m a ray* w ere
■s

c o n f i rm e d  by the gam m a ra y  s tu d ie s  rep o r te d  h e r e

The 27,0.k#v gam m a ra y  has been a s s ig n e d  an E l des ignation  on 

the b as is  of i ts  co n v e rs io n  coeffic ien t .  ^ In the d e lay ed -* o m c id em  «*
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•todte* by M oor* .  -  coincidence* involving the 27-lurv |» m m *  ray 

i l « r y »  A ppeared  de layed  with but » few exception* H o w ev er ,  the 

prom pt coinc idence*  involving the 27 kev | i m m «  ray  con  he explained 

by a* tu rn ing  tha t the 27-kev rad ia t io n  being detected  i* the iodine K x - r a y  

a sso c ia ted  with the escape-peak  phenom enon  Thu*, the 2 ? .k « v  gam m a 

ray  to  d e lay ed ,  and Moore hae m o a t o  red  it* hoi! life  ao l.T  x 10* aec.

t a b l e  XIX

» « i
Result# of c o n v e r* io n -e le c t ro n  s tudy  o! f a lk - V a i r a n t  on P * “

G a m m a  Ray 
Ikevl

O b s e r v e d  l ine* M u l t ip o la r i ty

M l K E l  o r  M2

w K . U Ml

I I I  1 K . L . M Mi

m K L . M Ml

I f f K . L Ml

198 K. L E i

102
4 r L n i , M

E i

1 1 4 L r M .N M l  o r  Mi

; ki.% L i r L n i * li • E i  :

L i r  l ' i u  w tl
18.0 h h n M E l
11.6 L j . M ' 0 * »

l

(
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In (h« placement  of U t r iv  into Ui« level  at heme ((«•« ribctl

by the  alpha  -part icle s tu d ie s .  a f t *  I touM f  spo ts  a r t  found F i r s t ,
♦

front the a p t n i t c  alpha p* r t i c l e  - gam ma ray  r a p e r t m e n t s . the 27 kev 
g a m m a  r a y  must  fol io* a lpha  decay  lo th t  ' 9 4 .  o r  4b .l lev  i U t » ,  The  

far!  that  the 100 kev g a m m a  ray  is in co inc idence  w.th the 11 .kev 
g a m m a  ray  place* the 2 7 . he* g a m m a  ray aa  da ta* i t iag the f t r a l  n t  »tr4 

*U te  However ,  tht ' /dwergy dUac repancy be tween  the 21 Vkev g a m m a  
r a y  and  the 2*1 4 kev level  s e p a r a t i o n  f rom  the a lpha^par t ic le  s tudie s  is  
so m e w h a t  I rouble t o m e , f t  n e t  both these e n e r g i e s  w e re  obtained with 

v a ry  high p rec i s ion  T h ia  dtffe r e a c t  might b r  c o n s i d e r e d  aa evidence  

fo r  pos tu la t ing  a i . k r v  t r a n s i t i o n ,  e i t h e r  p reced ing  o r  ioUe»<i>$ the 

2.7 F k # v  tr ans i t ion .  T h e r e  la  no o ther  ev id en t*  fo r  such a I r s M i l t a n ,  
as the um e r ta tnl tea in the e l e c t r o n  en e rg ie s  a r t  about 2 V  and nothing 

S igni f icant  can be concluded  f r o m  them Unti l  m a r t  p r e c i s e  r i t e  I ron  
s p e c t r a  a r e  d e te rm ine d ,  it  wi l l  be a s s u m e d  that  the  27 -hev gam m a ray  
doe* r e p r e s e n t  the t r a n s i t i o n  f rom the f i r s t  e a r  t i ed  s la t e  to  ground A ‘l  

the t r ans i t ion*  placed in the le ve l  scheme a g r e e  in ene rgy  (within the 
e x p e r i m e n t a l  unce r ta in t ie s  \ with the s e p a r a t i o n s  obta ined  f rom the 

a l p h a - p a r t i c l e  s p e c t ro g ra p h  s tud ie s  All the g a m m a  rays  repor ted  by 

the e l e c t r o n  study of F s l k .  Vot rant  ( t a b l e  XIX1 have been as s igned  e s t e p t  
the 157, H2 1-,  and Ift.O-kev t r an s i t io n s .  t h e  I*k7 «hev tr ans i t ion  could  

be p la c e d  as  e i the r  depopula t ing  the 9M>-hev leve l  to  the ground s ta l e  

o r  depopula t ing  the 1(97 kev leve l  to the f i r s t  e m o te d  s ta t e  T'»e <©• 

in c id en ce  m e a s u re m e n t  of the gamma rays  in c o in c id e n c e  with the Z7 * 
hev g a m m a  ray  does  not ru le  out »he poss ib i l i ty  that  a sm al l  amount «>l 

rad ia t ion  above KM) kev i s  in c o w e  id* n e t .  T h u s ,  it is r a th e r  diff icult  
to p l a c e  the JS7 .kev t r a n s i t i o n  in the decay s c h e m e  The H,* l k e v  

t r a n s i t i o n  could s l so  be p la c e d  in two different  pos i t ions ,  one f rom  the 
I2T kev s ta te  to the 46 h r  v s la t e ,  and one f r o m  the 110 to thr  ,'U krv 

leve l  In e i the r  CSSt, the a g re e m e n t  e n e rg y w is e  between the gam m « 

rav  and the a lp h a -p a r t i c l e  s e p a ra t io n s  is not s i s c l  T he re fo re ,  the 
82,T~k#v tr ans i t ion  has not  been  a s s igned  The  9d 0 kev t r ans i t ion  doe* 

not fit anywhere tn the leve l  a r h e m e  A ttempts  to  reas s ign  i t s  e1e« I ron  

l in e s  to o ther  t r a n s i t io n s  Have not met with s u c c e s s ,  e i t h e r  It should



be po in ted  out that tile a s s ig n m e n t#  of the v a r io u s  t r a n s i t io n s  i» the 

le ve l  sc heme ore  c o n s i s t e n t  w*th the Coinc idea te  d « U  d i t c u i i e d  

p r e v io u s l y .

The  pa r t ia l  decoy s c h e m e  leave* * iot to be d e s i r e d  in m any  r e 

s p e c t s  Several  level* {namely  the l*b~, t £7* ,  7 b .  and 4fe I k»v

s t a t e s )  hove no mode* of 4* e*.  nat ion shown. The  J H -  and UT „kev 

leve l*  m a y  possib ly  involve two of the unx s t ig n e d  g a m m a  ray a jus! d ia  - 

Classed Also,  it  i s  net p o s s ib le  to ass ign s p in s  to  the many leve l*  with 

any High d e g re e  of c e r t a i n t y  One can a s s ign  s o m e  re la t ive  p a n t i e s ,  

and th i s  has been done an F ig  £b for those s t a t e s  in v h u  n it is p o ss ib le  

The  p redom inance  of one type ol pari ty is p r e t t y  evident .

One feature of the d e c a y  s chem e  b e a r s  mention ing ,  and that  la the 

a b s e n c e  of any c l s s r t y  def ined rotat ional  s t r u c t u r e .  Although s e v e r a l  

g ro u p s  of leve ts  a p p e a r  with  spacing* s im i l a r  to those  seen  in ro ta t iona l  

p a t t e r n s ,  the g s m m a - t r a n s i t i o n  pa t te rn s  do not  c o n f i rm  that they a r e  

indeed rotat ional  b a n d s . A lso ,  the regu la r  d e c r e a s e  in alpha popula t ion 

as one goes to h igher  m e m b e r s  of a  ro tat ional  band,  a* seen in the4
h e a v i e r  region,  i s  not ev iden t  for any poss ib le  rota t ional  banda h e r e .

The l a rg e  degree of co m p le x i ty  of this decay  a c h e m e  makes  it look 

s i m i l a r  to that of T h 4'* (d i scussed  in a l a t e r  s ec t ion ! ,  which a l s o  fa i l s  

to show prominen t  ro ta t iona l  fea tu res

The course  of fu tu re  work on th is  isotope should probably inc lude 

an ex ten s io n  at the ex i s t ing  e lec t ron  data.  C e r t a i n l y  more  p r e c i s e  

m e a s u r e m e n t s  along th is  l ine would aid i m m e a s u r a b l y  in placing 

t r a n s i t io n *  m*o the d e c a y  schem e .  Also,  in t e n s i ty  data  for the low - 

e n e r g y  e lec t rons  (below 100 kev) a re  nonexisten t  at p r e s e n t ,  and work 

a long  this line would be usefu l  P robably  the next moat  fruitful a p p ro a c h  

wil l  be through e x t r e m e l y  ex tens ive  specif ic  alph* par  t i d e - g a m m a  ray  

c o in c id e n c e  e x p e r im e n t s  u t i l i s ing  a high g e o m e t r y  alpha pa r t icle  

s p e c t r o g r a p h  The work of thi s  type d i s c u s s e d  in this p re sen ta t io n  was  

m e a n t  to be prel  imina  ry in na tu re ,  and bv n& m e  .ns could be ca l led  an 

e x t e n s i v e  study



E A ip fca D e ta y  of C a l i f o r n t u t n  £4t

»4h
Ct  t*  an r v t n  « v t n  alpha e m i t t e r  T h e  in lf  r r» l  in the a lp h a  

d e c a y  o; this  n u c h d e  i t  (0 extend the d e v e lo p i n g  s y s t e m a t i c *  ul (K« 

he a v y  f v r n j ^ , .  l l p l i t  e m i t t e r *  In p a r t i c u l a r .  the e n e rg y  « |  the ! t r i l  

• K i l t e d  s ta te  end the a lp h a  p e r t i r l e  i l t u i M l t m e i  to th i s  t t a l e  a r e  o! 

i n t e r e s t .  Also ,  i n f o r m a t i o n  <:once rning the d e c a y  to h igher  l e v e l t  * an 

be a4 va lue A s tu d y  of  th is  nuc l ide  in  the a l p h a - p a r t i c l e  • pe* t rug  rap t  

s h o u ld  e a s i l y  give i n f o r m a t i o n  on the d e c a y  to  the f i r s t  e x c i t e d  l eve l ,  

bu t  it  i s  not e x p e c t e d  t h a t  decay  t o  h i g h e r  l e v e l s  *.an hr o b s e r v e d  | «  the  

s p e c t r o g r a p h  with the a m o u n t s  of a c t i v i t y  p r e s e n t ! *  a v a i l a b l e

The p r e p a r a t i o n  of Cf“ in a  s t a t e  ol  high rad ioac t ive  p u r i t y  • ar» 

be  e f fec ted  hy i r r a d i a t i n g  a m ix t u r e  of c u r i u m  isotope a ( f m ‘ I

with alpha p a r t i c l e s  of about  40 Mev e n e r g y  (The m ix t u r e  of  « u r - u m
> i q

i s o t o p e s  is  o b t a in e d  by p ro lo nged  n e u t r o n  i r r a d i a t i o n  of Hu | Of 

t h e  c a l i f o r n i u m  i s o t o p e s  p roduced .  Cf* h a s  a  half  life of H  T h r . * ’ ' 

w h i le  C» . C l 1 4 4 , and  p r e s u m a b l y  C f ^ 44  h a v e  half  l ives  S u f f i c ien t ly  

s h o r t * ' ' ’ * '.o a l lo w  t h e i r  comp r t r  dec a y  d s h l | |  a p e r io d  In w h i c h  the 

Cf  is  not  g r e a t l y  r e d u c e d  No a p p r e c i a b l e  con t r ibu t ion  to  the r ad io  

a c t i v i t y  c o m e s  f r o m  C f 4'**  b e c a u s e  of i ta  r e l a t i v e l y  long half  l ife 

(2 SO d) and low y i e l d ,  s inc e  t h e r e  a c r e  on ly  sm a l t  s m o u n l i  of ( n 

and  C m  *** in the b o m b a r d e d  c u r i u m .  C m '  * ’ would be p f s t t A t  •• the 

d a u g h t e r  p ro d u c t  of C f ^ 4** de c ay

The s a m p l e  of C l '  made  a v a i l a b l e  f o r  this s tudy  c o n t a i n e d  

in i t i a l ly  l  9 x 10 a lp h a  d i s in t e g r a t i o n *  p e r  minu te  Since the t r a m  

m i s s i o n  of the a l p h a - p a r t i c l e  s p e c t r o g r a p h  i s  about  4 x 10 . »• was

net  e s  «a r v to m a k e  a  • long an e x p o s u r e  OS p o s s i b l e  in o r d e r  t o  ob ta in  

a  r e s s o n a b le  n u m b e r  of a lpha  t r a c k *  T h e  r a t i o  of peak he igh t  to  

backg round  w a s  abou t  SO for  the m a m  g r o u p ,  which m ake*  t i m p o s s i b l e  

to  m e a s u r e  s l p h a  g r o u p s  of abundant  e l o w e r  than s e v e r a l  p e r * r i . t  f r o m  

o t h e r  s p e c t r a  of e v e n - e v e n  ilpha e m i t t e r *  in the reg ion ,  it  a  a* obv ious  

that  the t r a n s i t i o n  to  the  ground ataTe to*)  and  f i r s t  4 xc i(*4 ($*j

shou ld  be J f i s r e r n i b l e , but  no othe rs  . T h e  s e n s i t iv i ty  of g a m m a  rav  

d e t e c t i o n ,  h o w e v e r ,  i s  imi h that  s o m e  na t ion  could r e  a s  on a  I

be  e x p e c t e d  f r o m  th i s  s o u r c e  on the e x p e c t e d  t r a n s i t i o n  to  the Se« ond
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excited I M H  (t*). At the t ime of the f i r s t  measurement*  the 
activity was smal l  re la tive  to the Cf*4*V T he re  was some Cf**° and 
Cfi52  in the sample  owing to the i r  incomplete removal from the ta rge t  
cur ium before bombardment.  The 61* -  and Cf^** contribute spontaneous 
f i se ton-gam m a ray coincidences.  With the detection system used ,  the 

intensity of these  c oincidences is near ly constant over the energy  range 
under  consideration.

I . Alpha Spectrum of Californium-24b

The C f * ^  sou rce  was p repared  by vacuum sublimation and e x 
posed in the a lpha .pa r t i c le  spectrograph. Two exposures (22.6 h r  and 
) )  hr ,  respectively) were made before the sample  became too weak 
The spectrum (Fig.  27) so obtained showed, as expected,  only two 
alpha groups c h a r a c te r i s t i c  of transit ions  to the ground s ta te  and f ir s t  
excited state of an even-even alpha e m i t te r .  One notes r a th e r  poor  
resolution on this run.  with peak half widths on the o rder  of 20 kev. 
Because of the r a th e r  smal l  amount of activity available (in t e r m a  of 
the  apectrograph geometry) and the 35 7 -hr half life the exposure  had 
to be made with the highest  apectrograph geom etry  ( l /8 -  inch elit 
eyatem),  which glvea a corresponding poor  resolution. A fu r th e r  in- 

c r e a s e  in peak half width was a lso due to sample  thickness.  The 
p r im a ry  concern in the vaporisation p ro c e ss  was a good yield (because 
of the small  amount of activity available) ra the r  than a urtformly thin 
•  ample

In the f ir s t  exposure ,  a total of 5.1)7 alpha tracks  was reg is te red ,  
78% in the main group and 22% in the group leading to the f i r s t  excited
• ta le .

The energy  d if ference  between the two groups was found to be 
42.0 kev. This energy  difference is probably  good to about 0.5 kev.
When the correc t ion  ie made for the recoil  energy, the decay -energy  
separa tion (g a m m a -ra y  energy) is  42.7 kev. The appearance of the 
f i r s t  excited state of is also prominent in the 0 decay of

This t rans i t ion  energy has bean m easured  as 42. ) 8 .2 kev 
with s b en t -c rys ta l  photon sp ec t ro m e te r  ( J a f f e ) ,^  and f rom  the

(
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conversion . e l ec t ro n  spectrum the values 42.2 i  .1 kev (Church)**7snd 
42.12 ft .06 kev (Hollander e t  »1. )** were  obtained The value obtained 
from the alpha - part icle spec t rum is in good agreement with these 
energies .  This  photon is a lso  seen in the a lpha .gam m a coincidence 
spectrum of Cf*“**, but the energy  determination is not as accurate  *• 
the three va lues  cited here.

In the second alpha spec t rum  taken, the photographic plate was 
also exposed to a source containing the U**^ ser ies .  The line
at 7 127 Mev was taken as  the en e rg y  standard,  and f ro m  this the 
main group of Cf^*** was found to be 6.761 Mev, When the recoil -tne rgy 
correc t ion  te made,  the decay en e rg y  for Cf**** become# 6.1164 Mev.
The energy uncer ta in ty  here  is r a th e r  large (ft 10 kev) considering the 
uncertainty  In the energy of the E m ^ R standard,

2, Alpha P a r t i c l e - G a m m a  Ray Coincidence Spectrum

The g a m m a - r a y  spec t rum  in coincidence with the C l” * alpha 
par t ic les  wae m easured  with a scinti l la t ion sp ec t ro m e te r .  Besides 
L x - rays ,  peaks  at ""100 kev, ^60 kev, andv44 kev showed up The 
100-kev photon te in te rpre ted  as the gamma ray leading from the 
•p a r s e ly  populated second excited state to the fi rs t  exci ted  state.  The 
4 4 -kev photon is the gamma ray from ths fi rs t  excited state to ground 

The 40-kev radia tion is probably due to Am*** im pur i ty  Because of 
the high in tens ity  of the Am*** 6 0 -kev gamma ray and the  low intensit ies 
of the Cf*** photons,  an ex t rem e ly  emai l  amount of Am*** (SO d is in 
tegra tions  p e r  minute) would give the observed intensi ty  Ths L x-reye 
observed or ig inate  mostly  f rom the L-ehell  conversion of the 4 4 -kev 
transit ion.

The L x - r ay  abundance noted in the coincidence s tudies  can be 
ut jd  as an Indirec t  determination of the alpha abundance te  the fi rs t  
excited s ta te .  This comes about f roM the fact th* the f ir s t  excited 
•ta ts  d rops  to the ground state by an E2 transit ion,  which !• highly co n 
verted In the L shell The method of making the coincidence m e a s u r e 
ment and c o r rec t io n s  neceeaary  to t r a n s fe r  these da ta  Into the degree of 
population to the f i r s t  excited s ta te  a re  d iscussed  e lsew here  T I hI alpha

C



population calculated in this manner  wee found .0  be 22%, in good 
ag reem en t  with the result  obtained d irec tly  with the alpha .parti< lr 
epec t rograph  (22%)

A lew words a re  in o r d e r  concerning the 44« and 100.kev gamma 
t rene iUone .  The conversion coefficient lor the 44 kev gamma ray was 
de te rm in ed  from the ra tio  ol the g a m m a . ray  abundance and the previous ly  
d i s cu s sed  population to the 42~k#v state (22%) Two detr  rmtnatlona 
gave the l« -shell conversion coefficient ss H00 and 1200. These values 
a re  in the  expected range for an E2 transit ion on the b a s i s  of e x t r a 
polations f rom  the data of C e l tm an ,  Griffith, and Stanley.  ^

F our determinations  gave an average in tensity  of 14  * 10’’* 
photon p e r  alpha dis in tegra tion for the 100.kev t rans i t ion  Since the 
energy  of th is  photon co r re sp o n d s  well with the expected trans it ion 
from the 44 state  to the 2« s ta t e ,  we can assume that  it te an E2 
t rans it ion .  Then if one e s t im ate*  conversion coefficient f r o m  others  
in thta region, Indicating a tolal conversion coefficient of about Id tor 

this energy ,  the intensity of alpha population lo the 4 f  elate becomes 
0 16%, as indicated in Fig. 24. Because of the approximations  used 
in making this es timat ion,  this probably  rep resen ts  s minimum alpha 
population to this l e v e l

A sa ro  and Stephans** have  re-examined  the gam m a ray spec t rum  

of Cf*U  s ines  the above work was published In addit ion to 44- and 
94-ksv photons, s new gamma ray of lSI kev was observed Since this 
energy is va ry  close to that expected for the t rans i t ion  connecting the 
second and third excited s ta tes  of an even-even nucleus  in this region, 
this new gamma ray has been ass igned  that position in the decay schema. 
F rom  the abundance of the 1M kev gamma ray. the alpha population 
to Ih* b t  Uv«l t i  l . t  ■ I 0 ' 2« .

The a lpha .par t i c le  end g em m a  - ray data just d iscussed  are 
s u m m a r i s e d  in Fig 2d, which shows the decay schem s  of Cf^** The 
s im i la r i ty  to other even .even  nuclei  in thta region te readily seen.
A d iscuss ion  of these result s  as they rela te to the p ro p e r t i e s  of the 
o ther even-even alpha e m i t t e r s  in this region is r e s e r v e d  for a la te r  
•action
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F . Alpha P* t « y of Einste in ium .111

is * b e t* . s t ab le  alpha e m i t t e r  having a measured half  l i l t
of 10 and 19 J * 0 J d a y a .^ * ’ * '  Various ten -cham ber  meaaure roenta
of the alpha p a rce l#  energy  of the mam group have resulted m ene rg ie s
of h t»l a 0 02 May*** and 6 hi a 0 01 Me* In addition to the main
group, Ghtorao at al Hava a l to  found an alpha group at h 2*> M n
having an abundant* of about 0 1%, The*# ton chamber m easurem ent*

represen t  Iha eaten! of the decay • s th a m e  studies  on this isotope before
10t h n  work was begun. Stephana ha# repo r ted  lam a  p re l im ina ry  etp«rl> 

manta from the c u r r a n t  work giving reaulta from gamma ray and alpha 
par tic le  atudlaa and suggesting a decay achem# Since then, the measure* 
menta on the alpha par t ic le  aper t rum have been continued, and indicate 
that a somewhat rev taed  decay acheme la nereaaary .

Thia isotope ia beat prepared by pile irradiat ion of l o n e r  element*,  
ult imately uranium. All the aamplea uaed In the course  of tht* work 
were  prepared  in thia manner .  The cali forn ium iaotopea reault lng from 
bet* decay of the low er  element* capture  neutrons auc ceaatvely  until 
the 20-day fl‘ e m i t t e r ,  Cf** ' ,  Is reached Thia laotope b e to .d e i a y s  
to E *** (20-day alpha emit te r  of i n l t r e a t  here)  The K**'  unde rgoea a 
neutron ip lurs  react ion to give E * '* ,  a lb-hour negatron e n t i t l e r .  
which d e n y *  to Fm **V  Thua, upon purif ication,  the rin«t»in ium 
fraction contain* predominantly  two I a o t o p e a ,  E*" '  and E* ♦ K * '
haa two taom era ,  the *h.hour bota e m i t t e r  and a one»year  a lpha r  miitr  r 
In an Ir radiation ol the sor t  Jv • dear ri b e d .  tho'E*** alpha act iv ity  is 
generally leaa by about a factor of 10* than jjjjF*'. alpha act iv ity  Thie 
ratio,  of c o u n t ,  dec reaae i  aa the R*** decay* Thus. on# can  os sen t ; 
al ly obaerve the E**^ alpha, ap ed  rum in the total einsteinium i ra .U on  
with very Itttle in te r fe rence  from other tsotopeo, If a pure aample of 
E * i t  desi red  ( fo r  gamma analyst*,  for instance),  it can he obtained 
by milking it f ro m  the purtftad ca l i fo rn ium  fraction.

Thia aer ie*  of ' apa r tm en t*  waa per fo rm ed  with three  different 
E ** aamplea.  They differed in the amount of activity owing to three  
factor*,  (a) the amount  of atart ing m a te r i a l  used in the r e a c to r  build'  
up,  (b) the dura tion of neutron I r rad ia t ion .  and (t) the method of
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sample p r « | » f « l i M  lo r  (ho spec trograph.  The fi rct  i t m p t i  that «« i
u i v l  was * vapor ised  sample (on platinum) containing 50.000 alpha
dla  Intogration* po r  minute A second vaporised u m p !«  on platinum,
of 09,000 alpha d is in tegra tions  p e r  minute ,  « « i  alao uaad. The third
# li.’ple contain* * 10* alpha d is in tegra t ions  per minute and was preparedi iv
by elect rot yet* onto * gold foil Owing to the *m*U amount* of t 
activity available for the prepara t ion of the vaportoed s am p les ,  attempt* 
ware m« de to obtain ill* highest possible yietd Iti tho vaporisat ion 
procoa t  T h u  resulted  in thr s am p le* 1 botng *omewh*t unevenly di* 
t t l b u M  over the platinum pt i tag ,  which gavt regions of fa i r ly  Urg# 
thlchaata* t h r  e lec troplated  tempi* aeomed to bo of a much mor* 
uniform na ture .  and waa eaceptiona' iy thin Thaaa aamplea war# all 
etpoaed la  th« a lpha•pgf t tc le  spec t rograph ,  the part icula r*  of thr 
eapoaurea war* aa follow*

I. Alpha Spa d r u m  of Einsteinium »Z$I

P r e l im in a ry  m easurements  to o b a o r t e  fma s t ruc tu re  in tha alpha 
d a i sy  of I ‘ using thr 50.000 dia ia tagrat ion* per minute sample ,  
warn unmtiafai to ry  Thr main source  of difficulty V U  aampla  thu K 
naaa.  which caused  a larga amount of low -ana rgy tailing on tha peak*
Tho tailing m a d t  the observation of group* lower In on# rgy and into natty 
than tha main g roup ra thar  dtf fuult  t lewover ,  tentative aaalgnmanto 
of group* populating level* 41 k#v and <90 kev above tho level populated 
by tha main g roup wore made The two tow •intensity group* or count# 1 
lor about 9% and 4% reapactivety of tha decay. AUo. thr energy  of tho 
mam tranatt ion wao determined to bo 4.64Z Met using tho Dm 1 and 
P o m  alpha group* at  4 ZSZ and 4 774 Mev1’ a* standard#. Thia  energy 
la aomewhat h ighe r  than the ion .chom ber  maaauroment quoted previously

The data f ro m  these m easu re m e n ts  wore aummarl«#d by 
10Stephana* and uand along wtih hia g a m m a  *ray data to sugges t  a decay 

a< ha mo for 1  Tho main alpha g roup  was considered to bo tho

ground-#!*!# t rans i t ion  U q). and tha two o ther  groups were populating 
level * at 41 and 91 b v  above tho giound state

(
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The exposure# mad# wilh the 90,000-d ie in te | r a t io n * ,p e r  minute 
sample 1 I1 0  suffered tom* from the effects of sample  th ickness .  t h e  
existence of two group* wi* c le a r ly  indue  ted, but the th i rd  group did 
not appear  A limit of Z %  sot on Ita abandonee,  muvh lea* th*n 
the f i r s t  exper im en ts  indicated

The th i rd  sample wot uaod fo r  o aorle* of exper iment*  originally ' 
designed to check the existence of * third slph* group of Owing
to two foe to re ,  this sample ho* given the beet data to date on the i;* ' 
alpha fine * t ruc ture .  The fact that the i ounting rate « a *  a factor of 
10 higher than any of the previous  aamplea coupled with the fact that 
an eat rem ely  good e lectrodepos tt lon Job yielded a uniformly  thin deposit 
covering a  sm al l  a rea  (about U t  « 1 / Ik Inches) made this sample 
ideal fo r  cooa id t  rable study Cloven expos urea  were  mad* with tht* 
•ample.  Some were designed to careful ly  study the m oa t  intense groups 
while Others « * , «  designed to look for weak component* of the spectrum 

These two group# of m easu rem en ts  a re  d iscussed  sepa ra te ly .
r i v a l  of all a rede terminat lon  of the absolute energy  of the main 

alpha group waa made Again, the |  ^  sample was espoaed with a 
Th*** sam ple  of comparable activi ty  for I day, The and
groups were  used  as standards ,  f ielding 6.M l  Mev as the energy of 
thr Og This m easurem ent  la much bat ter than the previous r e 
sult of b M  l  Mev because of much s m a l l e r  half width# and a t o r  respond 
tng s m a l l e r  uncer tainly In the peak position* The uncer ta in ty  |n this 
energy la about S  hev, from conoid* rations of the u m e r t a l n t . r .  |g the 

peak locat ions  and energies d the s tandard  groups.
The two main alpha groups ,  previously  denoted ee a Q and ( 

were etudiod in a aerie* of runs su m m a r is ed  in Tables  XX and XXI 
Tht energy aepara tiona  are  given in Table XX, where  the exposure 
number,  p a r t i c le  energy d i f fe rences ,  and d e c a y e n e r g y  separat ions 
are  t i t led ,  The exposures  l i s ted  the re  were made under  widely 
varying conditions The elit s y s t e m s  used with each exposure  are 
a lso  l is ted in Tahl* XX It would be expected that the exposure  made 
with the 11-mil  defining alit would be th* moi l  reliable energywise ,  
and this has  been considered in a r r iv in g  el the beet va lues  in Table XX
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Table XX

i l lEnergy • •p a ra t io n  ol £ ' main a lpha  groupa

Eapoaur*
N o

Slit width P i r i t l r  e n e r g y  
• e p a t a t i o n  

(kevl

Decay .ene rgy 
•eparation 

(kev)

470 l / l i a  k 4 1 44.0
47i 1/ lb inc h 41.4 41 1
47 4 11 m i l 40 4 41 t

474, 1 h (m  h 41.1 42 I
47 i  ; 1/4 inch 4 1 4 42 0
440 1/1* UKk 41.1 42.0
441 1/16 inch 41 4 41 i

Be *t value! 4 l i  a 0 b kev 41 4 •  0 t  kev

The peak hall  uidth ©n E ip o au re  471 7 kev. The r«r rgy uncertainty

Uated in Table XX casa tdera  both thr u m e r ta m ty  in leca tiag the peak* 
on the photographic plat* and a 1% calibration uncer ta in ty  Aa the beat 
value ( o r  Ui* d*cay.energy re p a ra t io n  between th e ta  two group! la 
41 f  hav.  the a r .  or. t alpha g roup i t  called a ^  F igu re  24 ahowa the 
spec t rum  obtained In one ol theae runt (E ipoaare  471).

The abundance data (row theae run* are e u m m a r is ed  in Tah»a XX!
In a r r iv in g  at the beat value of 0 014, the runa on which the largest  
number ol track* wert  r e g i s t e r e d  w#»r weighted moat  heavily, The 
uncer ta in ty  llatod in Table XX! I* juat the average  deviation of thr va lues  
in Table XXI. li no other alpha group* entated l a  tfci fc. * epectrum . 
the abundance* ol u0 and a^  , would be 42.2% and 7.4% respectively 
The neat  few paragrapha ahow that other alpha group* do ea t f t  in tht* 
• p a d r u m  # however
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* * *F ig .  29, M a in  g r o u p *  of K » t  h ig h  r e v o lu t i o n ,
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Tabla XX!

Abundance ra tio  of the main C * alpha groups

Exposure
No

• 4Z/ a 0 abundance ratio

470 0.0*b
472 0.071
47 % 0.069
474 0 044
471 0.041
4*0 0.0*2
4*1 0.017

Bes t  value 0 04* * 007

Severa l  othsr f»|>o«utp« were made with th is  sample.  to * udy 
any lo w . intensity component# of the E*** sp ec t ru m .  Thr (1 r•  t ol th«*»r 
Is shown In f i g .  10. Thar* two other group* of low intensity are  «r»n,
Til* d a ta  collected from theae  runt regarding the two low-abundance 
peaks  a r e  glvan in Tablaa XXI! and XXIII,

TabU  XXI! gives the data  on the energ ies  of the two group* All 
the exposures  listed the re  war* rur under h igh-geometry  condition*
Star*  the** groups a r e  In low intensity, it would be exported that p rec iaa  
m eaaurem enta  of the i r  e n e r g ie s  would be e x t r e m e ly  difficult, A look 
at Table  XXII ehow* that the re  ta a rather wide range in energlea for 
each  alpha group, which is borne out by the somewhat targe uncer ta in t ies  

a ttached to these m e a s u re m e n t s .  Because Exposures  474 and 474 were 
s h o r t e r  than the o thers ,  the fourth alpha group was just barely detectable  
in those two runs, In s t r i v in g  at the best value for the energy eepara tion 
of the alpha group c loses t  to a ^ ,  the various rune were weighted 
accord ing  to the peak height of the new group. After the recoil c o r r e c t ;cm 
U  made  , the corresponding  decay energy  s epa ra t ions  a re  4 * . I kev
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Table  XXII

Low-in tensity  alpha groups of E**3 energy data

Exposure
No

ft42 ‘tt90 BePai,fttion ° 4 2 “*142 i e Plr<llion
(kev) (kev)

471 47.3 99.7
474 45.5 —

477 48.6 97.5
470 46.4 —

Best values 47.3 * 1.5 kev 98.6 k  2.0 kev

and 100.2 kev. As these are  the decay-energy  separa tions  from o ^ ,  
the new alpha groups populate levels  a t  90.0 and 142.1 kev and a r e  called

°90 ,nd a \ 4 l -
The abundance data from the s am e  exposures  a re  su m m a r i s ed  tn 

Table X X in . Again,  for arr iv ing at the best  values, the runs  were  
weighted according to the number of t r a c k s  recorded.

The re su l t s  f rom Tables XX to XX111 are  su m m a r is ed  in Table XXIV. 
There ,  the absolute energy,  decay en e rg y  to o ft, percentage  abundance, 
and partial  alpha half  life (based on 19.3 days for the E half life) are  
given for each alpha group. Also included in this table is the low-intensity 
group reported  by Ghiorso.  Its d ecay -energy  separa tion f rom the ground 
state has been fixed by Stephens' g a m m a - r a y  work as 393 kev. The 
l imit of detection in the work repor ted  h e re in  was such that a group of 
as low an in tensity  as (0.05% to 0.1%) would not have been detected

2. Decay Scheme of Einsteinium-253

Before the decay scheme is d iscussed ,  the result s  of som e ganima- 
ray studies  of E a re  given. Stephens found L x - r a y s  and gamma rays 
of 43, 56, 112; and 393 kev. The 112-kev radiation is probably  berkelium 
K x-rays .  The in tens it ies  of the observed  radiations were 5.3% (L K-rays),



________________Tab le  XXI11_______________________

Low .in te n s ity  alpha groups of E ^ *  abundance data

- 10$.

Exposure aqo /°42  Abundance ra tio t t u / * 4 2  Abundance ra tio

471 0.231 0.047

474 0.216 . —

477 0.25$ 0.0 39

479 0.2 22 —

Best values 0.23$ a .014 0.043

Tab le  XXIV

alpha fine  s truc tu re

Energy
(Mev)

Decay energy

Tk.°v?
Abundance

(*>
P a rtia l a lpha ha lf life  

(days)

6.633 0 90.2 21.4

6 592 41.9 7.7 250

6.54$ 90.0 1.8 1100

6.493 142.1 0.3 6000

6.246 393 0.05 - 0.1 ^*3 x 104
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0.09% (4 3 -k e v  gam m a ra y ), 0.02%  (5 6 -k e v  gamma ra y ) ,  0.05%

(K x - r a y s ) ,  and 0 04% (393 -kev  gam m a ra y ).

A s a r o ^ h a a  stud ied the lo w .e n e rg y  gam m a ra d ia t io n *  of E * ^ '  

w ith  a p ro p o r t io n a l co u n te r by o b s e rv in g  the escape peaks o f the gam m a 

rays . He re p o r ts  a gam m a ra y  of 41.7 a 0 .5  kev.

A d e ca y  achem e fo r  E * * *  la  g ive n  in  F ig . 51. I t  i *  seen tha t the 

gam m a ra y  re p o rte d  by A a a ro  f a l l *  re a d ily  in to  p la ce . The 4 5>kev 

gam m a ra y  re p o rte d  by S tephens la  p ro b a b ly  the t r a n s it io n  depopu la ting  

the f i r s t  e x c ite d  s ta te , i . e .  , the sam e gam m a as the 4 1 .7 -k e v  gam m a 

ra y  re p o rte d  by A s a ro . The 5 6 -k e v  gam m a ra y  re p o r te d  by Stephens 

m ay be the t ra n s it io n  between the th ir d  and second e x c ite d  s ta tes .

U s in g  the abundance o f the 4 3 -kev  gam m a ra y  (0.09% ) and c o n s id e r, 

ing  tha t a l l  o f the alpha p o p u la tio n  to  the 9 0 . and 142-k e v  le v e ls  ia  de - 

e xc lte d  th rough  the 42*kev le v e l,  one c a lc u la te *  a c o n v e rs io n  c o e ff ic ie n t 

o f 110 fo r  the  4 5 -kev  gam m a ra y . T h is  seem s to in d ic a te  p re d o m in a n tly  

M l o r  E2 c h a ra c te r  fo r  th is  t ra n s it io n .  Stephens has conc luded  tha t the 

393-kev t ra n s it io n  is  M l o r  M 2 .

S ince the a n a lys is  o f the g a m m a -ra y  data haa g iv e n  l i t t le  s a t is 

fa c tio n  as to  co nc lus io n s  on the m u lt ip o la r i ty  of the t ra n s it io n s ,  one is  

som ew hat fre e  to specula te  about the  na tu re  o f the le v e ls  aeen in  th is  

decay. T he  g ro u p in g  of c lo s e - ly in g  le ve ls  having  re g u la r  spacings b e 

tween them  and re g u la r  a lp h a -p a r t ic le  in te n s ity  p a tte rn s  has been c o n 

s id e re d  to  be c h a ra c te r is t ic  o f ro ta t io n a l bands in  th is  re g io n .^  I f  the 
249lo w e s t le v e ls  in  B k do be long to a ro ta tio n a l band, they  m ay be e x 

pected to  fo l lo w  the I  ( H I )  e n e rg y  ru le ,  w here  I  is  I q (s p in  o f the base 

le v e l o f the band), Iq ♦ 1, I q 4 2, e tc . T a k in g  the f i r s t  tw o  energy 

spac ings , one can ca lcu la te  I q . In  th is  case, the equ a tion s  to  c o n s id e r 

a re

C

C

w h ich  reduce  to

l

J l0 M ) < I 0 + 2) - u 0) o 0 + n ]  -  E U ( j , 

+ 2) <l0 + 3) -  ( IQ + 1) (I0 ♦

E2 ■ 1 Up ♦ Z>

E l - 0  '  V »
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6.246 Mev 

- 0  3% 6 493 Mev 

•1 8 %  6.545 M«v

90.2% 6 633 Mev

t M » J

Fig .  31. D e c a y  u c h c m e  o( E ^ * .
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tf we take the energy eepara tion* of 41.9 and 48.1 Wev from the a lpha .
p a r t i c le  data.  ln ta 5.8. indicating an '.1/2 spin  for the ground state  of 

249 wBk Using this a • a bas is ,  one expacta the spacing between th*
second and third excited s ta t e s  to be 54.f kev, .which is in fa ir  a g r e e 
ment with the separa tion observed in the alpha .par t ic le  study. If one 
c o n s id e r s  the energy u n c e r t a i n l u • o n  these  sepa ra t ions ,  the calcula tion
above yields an lfl varying f rom 9/2  to 15/2. Th is ,  st any ra te ,  in-

U 249d ic a t e i  a ra ther  high spin  for the ground s ta te  of Bk . Some of the
a s p e c t s  of this proposed rotational bund a re  diai  ussed in a tats  r
sec t ion .
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C . Alpha Decay of P lu to n iu m  Mb
a.jUL. fjf,

The isotope P u  i t  ft 2 ,7 -y e a r  a lpha  e m i t t e r  who#© alpha .p a r t i c l e  

e n e r g y  h a t  been m e a s u r e d  a t  V79 Mrv by  an t o n -c h a m b e r  techn ique .

T h i s  ene rg y  i t  the e n e r g y  of the m a m  alpha  g roup  in thia d eca y ,  d i s to r t ed  

to t o m e  extent b e c a u s e  of unreso lved  fine s t r u c t u r e .  The only s tudy  of 

the decay  s chem e  of thie isotope was that by Dunlavey and S e a b o r g , ^  

who o bse rved  alpha . p a r t i c l e  and c o n v e r s i o n - e l e c t r o n  t r a c k s  in em u ls ions  

s a t u r a t e d  with Pu* They  repor ted  t h t t  20% of the alpha d e c a y s  

popula ted a level  about  49 kev above the g ro u n d  s la te  of U“ ' fc

A sample  of Pa**** f o r  this  d e c a y . s c h e m a  study was  made by milk ing  

it f rom  The Np^*^  was made by b o m b a rd in g  ^  with d e u t r r o n s

in the C ro c k e r  L a b o r a t o r y  60- inch eyelet  ron.  The  N p * ^  d e c a y s  with s 

2 2 -hour half life (15% neg s t ro n  branch ing)  to give P u ^ *  and U4**^. Th«* 

plutonium made In th i s  way is  com posed  a l m o s t  exc lus ive ly  of P u w 

s ince  Np*"^ is the only negat ron  e m i t t e r  that  is  produced in the b o m 

b a rd m e n t .  The p lu ton ium was pur i f ied ,  and an e l e c t ro p la ted  s o u r c e  

p r e p a r e d  which was su i tab le  for e x p o s u re  in the alpha-pa r t t c l e  s p e c t r o 

graph.  The sam ple  was  somewhat  thick,  cau s in g  a ce r t a in  am oun t  of 

low -en e rg y  tai l ing .  T h e r e  were about 2 x 10^ alpha d i s in t e g ra t i o n s  

p e r  minute in the s a m p l e ,  so that high - r e so lu t io n  studies on the main 

f ine - s t ruc tu re  co m p o n en ts  were poss ib le .  Any low . in tens i ty  com ponen ts  

would be d i s c e rn ib le  only with low r e s o l u t i o n - h i g h  geom e t ry  e x p e r i m e n t s .

1. M ain Alpha G ro u p s  of P lu tor . ium-236

F ro m  the work by Dunlavey and S eab o rg ,  one would expec t  to ob se rv e  

two intense g roups  in the Pft .. : a lpha s p e c t r u m .  A s e r i e s  of e x p o s u r e s  

waa made to exam ine  th e s e  two groups .  The  resu l t s  f rom thia a e r i e a  

a r e  given in Tables  XXV and XXVI. All the exposu res  l i s ted  t h e r e  were 

m ade  with the 18 -m i l  defining s l i t  a r r a n g e m e n t  (high - reso lu t ion  condition), 

and w ere  run fo r  about  the same length of t im e  (9 hours) .  A ty p ica l  

s p e c t r u m  is shown in F ig .  52, in which two p rom inen t  g roups  a r e  apparen t .  

T a b le  XXV l i s t s  the e n e r g y  s e p a ra t io n s  ob ta ined  with these  e x p o s u r e s , ,  

and Tab le XXVI s u m m a r i z e s  the abundance  da ta .  The en e rg y  u n c e r t a in ty  

in Table  XXV in c ludes  a 1% uncer ta in ty  in the sp ec t ro g ra p h  c a l i b r a t i o n
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Fig . 32. M a in  com ponen t!  o f "  a lo h a -p a r t ic le  !p e c t r u m .

C



An e x p o s u r e  des igned  to  d e t e r m i n e  the absolute m i  r i t e s  of the 

pig/-. alpha  g ro u p s  wai  made using s  T h 224 sample  along  with the 

P u n b  »»m pU  Th* R»m  |Vfc»l M»v) »nd E m “ °  (k I t l  »lph«

groups were  u sed  as s t a n d a r d , g i v i n g  b , ^ b ^  Mev as the e n e r g y  ot the 

main P m1 * g r o u p  This  la • l igh t ly  h ighe r  than the S 7^ Mev value 

obtained with a n  ion c h a m b e r  One would expec t  the i o n - c h a m b e r  

value to be t o w e r  because  it would be influenced by ihe un reso lved  

fine s t r u c t u r e .

F r o m  the sy s tem a t ica  oi e v a n - r v e n  emit ters ,** one would expect 

that the h ighes t  en e rg y  alpha t r a n s i t i o n  populates the g round  s t s ie  gl 

Ihe U252 nuc leus .  Thus ,  the h ig h e s t  -ene rgy group is r a i l e d  a^ .  Aa 

the l o w e r - e n e r g y  alpha group popu la te s  a  level 47 .S kev above the 

It round s t a t e ,  it fa cal led  * .

If no o t h e r  alpha groups ex i s t  m this  decay,  the abundance ra t io  

in Table XXVI shows in tens i t ies  of 69 .0  a 0.5*^ and 11,0 a 0 (or  the 

two alpha g r o u p s ,  Oq being the moot prominent .  T h c s a  abundance 

data show a l a r g e r  population to the f i r s t  excited s ta t e  than  was  indicated 

by the e a r l i e r ,  l e s s  sens i t ive  e m u l s io n  study.  The abundanc es  jus t  

mentioned a r e  r ev ised  somewhat  a f t e r  the l o w ' in t e n s i t y  a lpha  group 

is dis t  l i s t ed  in the next section.

1. L o w -In ten s i t y  Alpha Group of P lu t o n i u m -216

On c o n s id e r i n g  the complex  a l p h a -p a r t i c l e  s p e c t r u m  of the other  

even-even  p lu ton ium iso topes ,  one s e c s  that the re  is  a good r h e m e  

that JHt would have another a lpha  group  in abundance of about 0.1% 

Both P u240 and P u 2 *** a re  known to have a third alpha g r o u p  of this 

intensity.** and in both ca s ea  it po p u la te s  a level at about ISO kev. If 

such a g roup  e x i s t s  in Pg;. . d e c a y ,  and if i ts in tens i ty  i * * 0 . l% .  it 

should be d i s c e r n i b l e  in h i g h - g e o m e t r y  runs with the s o u r c e  used for 

the e x p e r i m e n t s  ju s t  desc r ibed  T h e r e f o r e ,  two e x p o s u r e s  w ere  made 

in a s e a r c h  fo r  a th ird component  of th is  spec t rum .



T a b U  XXV

•  112-

Main alpha g roups  of P u £ ^ - energy da ta

Exposure
No.

Pa  r h c l t  -energy sepa ra t ion  
(kev)

Decay energy  separation 
(k*v)

44 7 46 4 47.2
451 46.1 47,6
452 46 9 47 7

Beat values 46 7 a 0 6 kev 47.5 kev

/  m

Table XXVI

Main alpha groups of . abundance da ta

Exposure
No. a 47/°0

abundance ra t io

447 0 415
451 0 454
4 52 0 460

Best value 0 450 ± 010

I e
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B ecause  of the s i«e  of the sample  ava i lab le  and the expected  low 
in t e n s i ty  of a th ird g roup ,  the  e x posu re s  w e re  5 and 6 days  in length ,  

and a l / 16 • Inch def in ing al i t  w i s  used As e x p e c te d ,  a third g roup 
did a p p e a r  at the expec ted  e n e rg y .  The data f r o m  the two e x p o s u r e s  in 

th is  s e r i e s  a r e  given in T a b le  XXVII. F igu re  13 i s  one of the s p e c t r a  
ob ta ined  in this s ea rch .

The two e x posu re s  h a t e d  in Table XXVII w e re  run 75 days ap a r t

u n d e r  identica l  condi t ions .  Since there  was a v e r y  l a rg e  number  of
a lpha  t r a c k s  in and a ^ .  they  were not s c a n n e d  com ple te ly  on the

long ru n s .  To  de te rm in e  the pos i t ions  of these  p e a k s  on the photo .
g r a p h ic  p la te ,  one field of v iew  was counted fo r  e v e r y  m i l l i m e t e r  in
the h o n t o n t a l  d i rec t ion  To de te rm ine  the abundance  of the new group ,

the n u m b e r  of t r acks  m Oq and was d e t e r m i n e d  by running a much

s h o r t e r  exposure  under  an iden tica l  source  se tup  and then ca lcu la t ing

the n u m b e r  of t r acks  on the long run f rom those  r eco rd ed  in the s h o r t e r
one .

A f te r  co r r e c t io n  f o r  the recoil  e n e rg y ,  the d e c a y . e n e r g y  s e p a r a t i o n
b e tw e e n  the new group and a n is 155 9 kev; th us  the  new low - in tens i ty  

2 i6  ”a lpha  g roup  in Pu d e c a y  ia denoted as a   ̂^

T ab le  XXVUXsummarixes  the p r e s e n t  da ta  on the a lp h a -p a r t i c l e  
s p e c t r u m  of P u ^ ^ .  T h e r e ,  the absolute e n e r g y ,  the decay ene rgy  to 

a n , the abundance,  and the p a r t i a l  half life a r e  g iven  fo r  each g roup 
The p a r t i a l  half  live* a r e  b a s e d  on a 2.7 . y e a r  ha l f  l ife for  P u 4" A 

l i m i t  of 0.07% has been s e t  on the ex is tence  of o t h e r  alpha groups  
down to 300 kev below the e n e r g y  of Oq (E x p o s u re  450).

3. G a m m a  Rays of P l u t o n i u m - 2 3b

A sam ple  of 10^ alpha  d i s in t e g ra t i o n s  p e r  m in u te  was  chosen  fo r
2 3ba s tudy  of the gam m a r a d ia t io n  in the decay  of P u  An alpha pulse-

he ight  an a ly s i s  showed th is  s am p le  to be 97.5% P u ^ ^  with P u ^ R
238accoun t ing  for the r e s t  of the act ivi ty.  The  Pu p re s u m a b ly  cam e  

238f r o m  U p resen t  in the u r a n iu m  that was o r ig in a l ly  bombarded .  The  

d a u g h t e r  ac t ivi t ies  in th is  s a m p le  at the t ime  of th s^exper im en t  were  

p r e s e n t  in about 0.1% abundance  for  each m e m b e r  of the chain
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Fig .  3 3. a lpha  spec t rum  showing the low-intensi ty g roup .
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Table XXVU

L o *  -intensi ty g roup  of Pu.: -

Exposure ° i 5 6 - ° o e n *r *v a j ^  abundance
INO. lepa ration 

(kev)
<%)

4 50 m .i 0 20

484 15) 0 0 lb

Best  values  15) .)  kev 0 18%

Table XXVIII

A lpha-pa r t ic l e  « p e c t r u m  of Pu* ^

Alpha
g roup

Absolute e n e r g y  
(Mev)

Decay e n e r g y

Ve°v>

Abundance
(*>

P a r t i a l  alpha 
hal t  l ife 

( y e a r s )

Q0 5.763 0 68.9 3 9

a 47 5.716 47.5 )0.9 H 7

“ life 5.610 155 9 0.18 1500



The gamma s p e c t ru m  obtained by ru n n in g  alpha p a r t i c le - g a m m a  

ray  co in c ide n ce*  w ith  th is  sample is  shown in  F ig . 34. The lo w -e n e rg y  

peak ia p ro b a b ly  due to L  x - ra y a ,  and the peak a t *65  kev ia undoub ted ly  

due to p la t inu m  K x - r a y a .  T h is  sam p le  was mounted on l - m i l  p la t in u m , 

and the gam m a raya  w e re  detected th rough  the p la tinum . T hus , the L 

x ra y  peak has been attenuated a g rea t dea l. The gam m a raya  o f 47,

I 10, and 165 kev  have been aaaigned to P u ^ * \  The in te n s i t ie s  of theae 

gam m a rays a re  3.1 x 10 "* ,  1.2 x 10‘ * .  and 6.6 x 10’ ** pho ton* p e r  

alpha p a r t ic le  re s p e c t iv e ly .

A search  was made fo r  h ig h e r -e n e rg y  gamma rays in  th is  sample 

by running a lpha p a r t i c le - g a m m a  ra y  co inc idence  s. A f te r  s u b t ra c t io n  

out of the chance co inc idence  c o n t r ib u t io n ,  se ve ra l v e ry  lo w - in te n s i ty  

peaks rem ained in  the ene rgy  range of 200 to 900 kev. Because of the 

v e ry  poor s ta t is t ic s  on th is  run, i t  is  r a th e r  d i f f i c u l t  to d e te rm in e  i f  any 

of these peaks a re  due to re a l gam ma ra y s .  A t  the in te n s i t ie s  be ing 

dea lt w ith  h e re ,  g am m a  raya f ro m  the dau g h te r  a c t iv i t ie s  in the sample 

m igh t in te r fe re  to a la rg e  extent.

4 Decay Scheme of P lu to n iu m -236

A decay schem e fo r  a lpha decay  ia  shown in  F ig .  35. The

47-kev  gam ma ra y  undoubted ly  depopu la te *  the f i r s t  exc ited  s ta te . The 

I 10-kev gam ma ra y  f i l s  v e ry  n ice ly  as the t ra n s i t io n  f ro m  the second 

exc ited  state to the f i r a t .  By analogy w ith  o the r even-even n u c le i  in 

thia region,** the 165-kev gam ma ray  has been placed as decay ing  f ro m  

a leve l not seen in  the a lp h a -p a r t ic le  w o rk  to the aecond e xc ited  state.

Using the a lpha popu la tion  to the f i r s t  exc ited  state (30.9%) and the 

in te n s i ty  of the 4 7 -k e v  gam ma ray  (3.1 x 1 0 "* ) ,  one c a lcu la te s  a c o n 

v e rs io n  c o e f f ic ie n t  o f 1000 fo r  Ihia gam m a ra y .  T h is  ia about what one 

would expect f o r  an E2 t ra n s i t io n  of th is  ene rg y  on the bas ia  of e x t r a ,  

pn la t ions  f r o m  the data of G e l lm a n , G r i f f i t h ,  and Stanley. *** Aa the 

ground gate o f ia  preaum ed to be 04, the f i r a t  exc ited  state is  thus

24.

F ro m  the a lpha popula tion to the aecond exc ited  state (0.18%) and 

the in ten s ity  of the 110-kev gam ma ra y  (1 .2  x 10’ * ) ,  a c o n v e rs io n  c o 

e f f ic ie n t  of 14 ia  c a lc u la te d  f o r  the 110-k e v  gam m a ray . T h is  wou ld  be
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c o n s i s t e n t  with an E2 d es igna t ion .  Thus ,  the f i r s t  two exci ted  s ta t e s  

s e e m  to c o n fo rm  to the p a t t e r n  p red ic ted  by the c o l lec t iv e  model .  If 

we a c c e p t  this p r e m i s e  and a s s u m e  that the 165-kev gam m a ray  is the 

t r a n s i t i o n  between the 6* and 4 + m e m b e r s  of a ro ta t iona l  band, this 

t r a n s i t i o n  should be E2 in  n a t u re  and have a co n v e ra io n  coefficient  of 

about 2 This  would r e q u i r e  an alpha populat ion to the 6+ level  of 

2 x 10* # which is well below the sens i t ivi ty  of th e s e  m e a s u r e m e n t s .

Ong Ping  Hok**® h a s  s tud ied  the beta  deca y  of P a ^ * - and f inds 

that l e v e la  at 47.2 a nd  1 56. 5 kev  a re  populated in tf . These ene rg ie s  

a r e  in v e r y  good a g r e e m e n t  with those f rom the a lp h a -p a r t i c l e  work for 

the e n e r g i e s  of the f i r s t  two exc ited  s ta tes .  On the b as i s  of re la t ive  

L - s h e l l  co n v e r s io n  co e f f i c ien t s ,  he has a s s igned  E 2  des ignat ions  to 

the g a m m a  rays  de -exc i t ing  these  levels .  Th is  is  c o ns i s te n t  with the 

c o n v e r s io n  coefficien ts  jus t  d i s c u s s e d .  He has  a l s o  r ep o r te d  a 

175.3-kev gam ma ray,  which i s  not itl good a g r e e m e n t  with the 165-kcv 

e n e r g y  m e a s u r e d  in the g a m m a  sp e c t ru m  in F ig .  34. appea rs

to popula te  s e v e ra l  o the r  l e v e l s  at h ighe r  ene rgy .  T h e r e  is  no ev idence  

as  yet for  population of th e s e  leve ls  in the alpha d e c a y  of »

A well -developed  ro ta t iona l  band p a t te rn  i s  quite evident in the 

d e c a y  of P u ^ ^ .  Some of the a spec t s  of this p a t t e r n ,  e spec ia l ly  the 

alpha  popula t ions to the v a r io u s  leve ls ,  a r e  d i s c u s s e d  la te r .
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H. Alpha Decay of Actinium-225

Ac ^ is * be ta -s tab le  alpha em itte r  with a half life of 10.0 d a y s .* 3 
229It ia a m e m b e r  of the Th decay family, and th is  relationship was 

exploited as  a source of the Ac22^ activity. P rev io u s  studies on the 
decay p rope r t ie s  of this iso tope a re  l imited to an ion-chamber  m e a s u r e ,  
ment of i t s  alpha .par t ic le  energy ,  ^  a study of the alpha-par ticle  and 
g a m m a - r a y  spectra  repor ted  in 1955 by S tep h en s '^  of this labora tory ,  
and a recen t  convers ion-e lec t ron  study by Stephens and Asaro.  ^
Although Stephens observed four alpha groups in the fine s truc tu re  of this 
decay,  the resolution of th©ae components was such  as  to meri t  a r e 
invest igation of the alpha spec t rum .

The source of the A c 22** used in the study desc r ibed  here  was a
7 229 22®sample  of 10 alpha dis in tegra t ions  per minute of Th This Th

was orig inal ly  p repared  by milking it from its U233 parent.  The U233 
was p re p a red  by neutron i r r ad ia t ion  of Th232 to give Th233, which 
yields U233 after two success ive  beta decays.  The T h 22<̂  milked from 
this  U233 contained appreciable  quantit ies of T h 232 and T h 22**, p re sum ab ly  
from an incomplete initial separa tion  of uranium from thorium. The 
Ac22  ̂ result s  from the beta decay of Ra4"2**, which is  the alpha daughter 
of T h 22<*. The Ac22^ was separa ted  from the equil ib rium mixture by 
an ex t rac t ion  procedure  d e sc r ib e d  by Stephens in the e a r l i e r  work.
A sm al l  percentage of the radium car r ied  over into the actinium 
frac tion.  This would p re sen t  no problem at all for the a lpha-par ticle 
sp ec t ru m  study if the rad ium were  alt b e ta .em i t t ing  Ra22** formed 

from the Th decay. The Th present  in the thor ium sample has 
Ra22* in equil ibrium with it.  Ra22  ̂ is an alpha e m i t t e r  having an 
alpha g roup near  the Ac22^ groups,  which would complicate the ob 
se rved  spec trum.  However,  by observing the ra te  of decay of any 
alpha groups found in the s p e c t ru m ,  one can eas i ly  make a definite 
a ss ignm ent  to Ac22* or R a 22*. This sample a l so  contains the daughters  

of A c22*3, but these should not in te rfere  in the a lpha .pa r t i c le  m e a s u r e 
m en ts ,  s ince  their  alpha -pa r t ic le  energies  a re  all  well above that for
*  225  43Ac
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A sample  contain ing  *-10  ̂ alpha d i s in t e g r a t i o n s  p e r  m inu te  of 

A c 22* was  p r e p a r e d  fo r  spec t rog ra ph  u s e  by vacuum sub l im a t ion  onto 

a 2 -m i l  pla t inum p la te .  This  sample  w as  then used  for  four  e x p o s u r e s  

on the a lp h a -p a r t i c l e  s p ec t ro g ra p h ,  which i s  d iscussed  next.

1 Alpha S p ec t ru m  of A c t in iu m -225

The four a lpha  groups  repo r ted  by S t e p h e n s ' 0 in the d e c i y  of 

A c 225 were at  5.81 5 Mev (54%), 5.779 Mev (29%), 5.717 Mev (1 5.5%). 

and  5.628 Mev (i .5%).  The  two most  in t e n s e  groups  a r e  s e p a r a t e d  by 

only 36 kev,  and they  w e r e  not well r e so lv ed .

The f i r s t  of the  four  runs made in th is  s tudy was made fo r  2 days  

with a 1 /8 - inch -w ide  s l i t  s y s tem  m ask ing  the sample  ( m a x i m u m -g e o m e t ry  
condition). As e x p e c t e d ,  the sp ec t ru m  shown in Fig .  56 is  v e r y  s i m i l a r  

to that obtained by S tep h e n s ,  with two excep t ions .  The f i r s t  i s  the i m 
proved  resolut ion of the main g roups ,  and the second is the p r e s e n c e  of 

a fifth alpha group b e tw ee n  the two l o w e s t - e n e r g y  groups p r e v io u s l y  

r e p o r t e d  for  Ac This  is in the a p p ro x im a te  posit ion e x p ec ted  for

a g roup of Ra22^ known to be p r e s e n t  in the sam ple  (5.681 Mev).  and a 

ten ta t ive a s s ig n m e n t  to R a 22* was made for the fifth alpha g roup .  The 

da ta  regard ing  the e n e r g y  s e p a ra t io n s  and abundances  of the Ac alpha 
groups  f rom  this and succeeding runs  a r e  s u m m a r i s e d  in T a b le s  XXIX 

and XXX

In an a t tem p t  to obtain the best  r e s o lu t io n  possib le with th is  sam ple ,  
a 5 -day exposure  w as  m a de  with an 18-mil  defining sl i t .  The s p e c t r u m  

o bse rved  in this run  is  shown in Fig.  37. One notes a lm os t  c o m p le te  

reso lu t ion  of the two m o s t  intense g roups .  A lso ,  the g roup ten ta t ive ly  

a s s igned  to Ra ** h a s  decayed re la t ive  to the Ac 44 groups .  The  amount 

of decay  is  c o n s i s t e n t  with the known hal f  l i v e s  of the two i so to p e s  (Ac 44 , 

10 days ;  Ra22 , 3.6 days) .  ** Also,  a p e a k  of sm a l l  abundance  ( indicated 

by the a r ro w  in F ig .  37) has Appeared.  T h i s  group would not h a v e  been 

d i s c e rn ib le  on the p r e v io u s  1 ow -reso lu t ion  run.  This  new g roup  is 

ten ta t ively  ass igned  to Ac decay.

A th ird e x p o s u r e  under  the s a m e  condi t ions  as the f i r s t  ( 1 / 8 -inch 

sl i t )  was made fo r  4 d a y s  to conf irm the a s s ig n m e n t  of the one g roup  to 

Ra4* This  s p e c t r u m  was  essentially the s a m e  as  Fig. 36 e x ce p t  that
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C

the g ro up  a ss ig ne d  to R a * * *  has decayed  re la tiv e  to  the A c * * *  by an 

am ount e xpe c ted  fro m  the h a lf l iv e a  invo lved .

The fo u r th  exposure  in  th is  s e r ie s  was made w ith  a 1 /1 6 -in c h  - 

w ide s l i t .  B e s id e s  the A c * * * ,  a sa m p le  con ta in ing  the R a * * ^  fa m ily  

was a lso  m oun ted  in  the source  h o ld e r .  The R a **^  d a u g h te r alpha groups 

at 5.486 M ev ( E m ^ 2) and 5.998 M e v  (P o **® )* w ere  used  as ene rgy  

s tandards . T he  ene rgy  of the h ig h e s t-e n e rg y  (m os t abundant) A c * * *  

g roup  was 5.818 M ev fro m  th is  m e a su re m e n t. The p re v io u s  m e a s u re 

m ents of 5 .80  M ev ^ and 5.815 M e v ^  are  in  good a g re e m e n t w ith  th is  

value. The u n c e r ta in ty  in  both s p e c tro g ra p h  m e a su re m e n ts  is  fa i r ly  

la rg e  (8 to  10 k e v ), c o n s id e rin g  the  c o rre c t io n s  tha t had to  be made to 

account fo r  the d if fe re n t h a lf w id th s  (due to d if fe re n t sa m p le  th icknesses) 

o f the s ta n d a rd  and A c * * *  g ro up s .

I t  shou ld  be pointed out th a t S tephens in h is  e a r l ie r  w o rk  was not 

tro u b le d  by R a * *^  in  h is  A c * * *  s a m p le . In h is  s tu d ie s , the ra d ium  

fra c t io n  w as se pa ra ted  and a llo w e d  to  decay fo r  a m on th  b e fo re  the 

m e a su re m e n ts  w ere  made. T h is  le n g th  o f tim e w ou ld  be s u ff ic ie n t 

f o r  the Ra to  decay a lm o s t c o m p le te ly .

The d a ta  fro m  th is  s e r ie s  o f exposu res  are  s u m m a ris e d  in 

T ab les  X X IX  and X X X . The e n e rg y  se pa ra tio ns  fro m  the h ig h e s t-e n e rg y  

g roup  a re  g iv e n  in  Table  X X IX . I t  w ou ld  be expected  th a t the h ig h - 

re s o lu tio n  ru n  (446) would y ie ld  the b e s t se p a ra tio n s , and th is  has been 

co ns ide re d  in  d e te rm in in g  the b e s t va lu es . As is  e v id e n t fro m  Stephens' 

g a m m a -ra y  d a ta , the h ig h e s t-e n e rg y  a lpha tra n s it io n  is  co n s id e re d  the 

g ro u n d -s ta te  t ra n s it io n .  A f te r  c o r re c t io n  fo r  the re c o i l  e n e rg y , the 

o the r a lpha g ro u p s  a re  found to p o p u la te  le ve ls  37.2, 7 2 , 101, and 194 

kev above the g ro un d  s ta te , and a re  c a lle d  a ^ ,  q 10 j , a n d a j ^ .

The abundance data a re  s u m m a ris e d  in  Table  X XX . A g a in  the h ighest - 

re s o lu tio n  run  is  expected to  g iv e  the best data , and th is  has been c o n 

s ide red  in  a r r iv in g  a t the best va lu e s .

T a b le  X X X I su m m a rise s  the co m p le x  alpha s p e c tru m  o f A c ^ * * .

The abso lu te  e n e rg y , d e c a y -e n e rg y  se pa ra tio n  f ro m  a ^ , abundance, 

and p a r t ia l a lp ha  h a lf  l i fe  a re  g iv e n  fo r  each group . T he  p a r t ia l ha lf

liv e s  a re  based  on the h a lf l i f e  o f  10.0 d a y s **  fo r  A c * * * .  I t  shou ld  be 
re e m p ha s ise d  tha t the ass ig nm e n t o f the lo w - in te n s ity  g ro u p  at 5.747 

M ev to  A c * * *  is  s t i l l  ten ta tive .
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Table XXIX

\ Energy s e p a r a t i o n s  of alpha  g roups

E x p o s u r e  P a r t i c l e  ene rgy  s e p a r a t i o n  f rom oQ (kev)
No.

“ }7 °72 ° I0 1 a 194

445 36.0 » . 99 189
446 ’ 36.6 71 100 191
448 35.9 - - 99 190

449 37.2 - - 97 192

B e s t  va lues  (kev) 36.5 71 99 191

D e c a y - e n e r g y  separa t ion  
f rom  Oq

37.2 72 101 194

Table  XXX

Abundances  of A c ^ ' ^  alpha g ro u p s

E x p o s u re
No.

Abundance [ % )

°0 ° J 7 “ 7Z °701 a 194

445 57.2 28.1 - 10.7 4.0
446 54 8 27.5 0.8 12.2 4.7
448 54.8 29.9 11.9 3.4

449 54.6 26.8 14.7 3.9

B es t  v a lu es 55.1 27.9 0.8 12.1 4 1



I

Table XXXI

Complex alpha spectrum of jjU)- ; .

Energy Decay en e rg y  Abundance P a r t i a l  alpha half life
(Mev) t o o 0 (%) (day*)

(kev)
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5.818 0 55.1 18.1
5.781 37.2 27.9 35.8
5 747 72 0.8 1300
5.719 101 12.1 82.6
5.627 194 4.1 2 50

2. Decay Scheme of Actin ium-225

A suggested decay aci .eme for h t  is given xn Fig. 38. It ia 
e ssen t ia l ly  the same as the one proposed by Stephens except for 
some m inor  modifications coming from the improved alpha-par ticle  
sp e c t ru m  data and the recen t  convers ion-e lec t ron  data.  S tep h en s^  
repor ted  gamma rays of 1B7 kev (0.5%) and 150 kev (0.8%). He also 
observed  K x - r ay s ,  p re sum ab ly  due to the covers ion  of the two gamma 
rays ,  in such an abundance that at least  one and probably  both of the 
gamma rays are magnetic in nature .  The recen t  convers ion-elec tron  
study by Stephens and A sa ro  showed the p re sen ce  of gamma radia tions  
of 36.60 , 38.53, 62.97, and 99.53 kev. The gamma raya fall well into 
place in the level scheme d esc r ib ed  by the a lpha-par t ic le  work, with but 
one exception. The exis tence  of two low-energy t rans i t ions  indicated 
by the convera ion-e lec tron  work is somewhat troublesome.  Possibly  
this indica tes  that there a re  two close-lying levels at about 37 kev. As 
these levels  would be very  c lose  together, the a lpha-spec trum m e as u re  - 
ments  would not have given any indication of their  exis tence.  As there  
is  no o th e r  evidence for two c lose  -lying levels,  only the 36.60-kev 
t r an s i t io n  is placed in the decay  scheme. The tentative level indicatedc
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12.17. 5.719 Mev 

0.87. 5.747 Mev

27.97. 5 701 Mev 

55.1 7. 5 018 Mev

F ig . 38. Decay «ch«me of

A
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in the new alpha pa r t i c l e  s tud ie s  i t  noted In F ig .  38. There  ie no 
e v id en ce  fo r  any mode of deexc i ta t ton  ot thin e l a t e  However,  b eca use  

of the em ail  alpha popula t ion to that e ta te .  it  would be diff icult  to o b 
oe rvt any of the poaa ib le  t r ane i t ione .

The convers ion-e lect rof> data allow one to  m a ke  mul t ipole o r d e r  
aen ig n m en ta  fo r  som e  of the g a m m a  t r ane i t ione  The h.tO* and 
)8 .S3-k«v  tr ane it ione  a p p e a r  to be E2 in na tu re  The 62 97 lev  

t r a n s i t i o n  ie p robably  M l .  Thus ,  the p re d o m in a n c e  of one type of 
p a r i t y  ie c l e a r ly  ind ica te d ,  ft is not poaaible to  m a ke  spin a ae tgnm e n te  
fo r  any of the levela  in F r " "  1 at  this  t ime.  !

I. Alpha Decay of T h o r i u m - 2 2 7

The study of the alpha  pa r t i c l e  fine s t r u c t u r e  a s s o c ia ted  with 
the d e c a y  of T h ^  ' ie s t i l l  in p r o g r e s s  H o w ever ,  the p r e l im in a ry  
da ta  f rom  thia study a r e  p r e s e n te d  mainly  to show dev ia t ions  f ro m  

p r e v io u s  w ork  on this  iso tope  and a r e  l a t e r  to be d lacuaaed  in r e f e r e n c e  

to a lpha  decay  theory.

Rosenblum and a s s o c i a t e s ^ *  have m ade  a s tudy  of the alpha*
227p a r t i c l e  s p e c t ru m  of Th * . resu l t ing  tn the a s s ig n m e n t  of el even  

a lp h a  g roups  to this  d e c a y  p r o c e s s .  This  r e p r e s e n t s  one of the m o s t  
c o m p le x  alpha s p e c t r a  known. These e leven  a lpha  groups  a re  d i s 

t r i b u te d  over  an e n e r g y  range  of 380 kev.  T h e i r  in tens i t i e s  range 

f r o m  21% to *1V Tab le XXXII s u m m a r i s e s  th e se  da ta ,  showing the 
abso lu te  ene rgy ,  the decay  e n e r g y  to the h i g h e s t - e n e r g y  tr ans i t ion  

( the a s s u m e d  o^),  and the abundance of each  group.
The Th‘  u sed  in th i s  s tudy was m i lk ed  f r o m  i ts  2 2 - yea r  

p a r e n t  Ac**7 and subsequen t ly  purif ied f r o m  i t s  d au g h te r  ac t iv i t ie s .

Th i s  pur i f ica t ion  was done by using a combination  ca t ion  column and 

s o lv e n t - e x t r a c t i o n  technique .  Af te r  s e p a ra t io n ,  the Th**7 was 

v a p o r i s e d  in the usual  m a n n e r ,  with spec ia l  c a r e  taken to get as  thin 

a s a m p l e  as possib le (low v a p o r i s e r  geom etry ) .  T o d s t e .  th ree  s a m p l e s  
have  been p r e p a re d  thia way.

(
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Table XXXII

Alpha s p e c t r u m  of Th**'  ( R o s e a b lu m  et  *4

E n e  r g y
(K iev )

D e c a y  e n e r g y

*0
(k ev )

A b u n d a n ce
1*1

6 . 0 1 0 0 19

6 .0 0 1 J O §
§ . § 7 2 | § 9  jj 21

m i 79 13

S . H 2  I U O " 7

M M 173 4

§  7 9 6 2 38 2

§ .7 4 9 2§6 17

§ 7 2 8 307 4

§ 7 0 4 332 16

» . l | ) 386 ~2

The main  p rob lem  h e r e  i s  to view the T h* fĉ  sp ec t ru m  with as

l i t t l e  in t e r f e re n c e  a* p o s s ib le  f ro m  R a ^ \  which h a s  alpha groups
111over lapp ing  the l o w e r - e n e r g y  groups  of the Th Thus in each  c a s e ,

a s h o r t  exposure of l - h o u r  du ra t ion  was m a de  as  soon as poss ib le  

(about 3 hours)  a f te r  the c h e m i s t r y  to view the s p e c t r u m  es s e n t i a l ly  

f ree  of R a ^ ^ .  L a t e r  e x p o s u r e s  were made to o b s e rv e  the growth  of 

the d a u g h t e r  alpha g ro u p s .  To date,  only th ree  e x p o s u r e s  have been  

eva lua ted .

Tw o of the three  runs  tha t  have been scanned  wore made with 

the s a m e  sample  (5 x 10*d/m )  . A h ig h - r e s o lu t io n  f . r r a n g em en t  was  

u s e d ,  giving peak half  widths  of 7 o r  8 kev ( I S .m i l  W in ing  s l i t ) .  The 

f i r s t  e x p o s u re  was a l - h o u r  run made ) hours  a f t e r  the separa t ion ,  

and the second exposure  was  a 10-hour run s t a r t e d  5 hours  a f t e r  the 

c o m p le t io n  of the s e p a ra t io n .  The s p e c t r a  f r o m  both of these e x p o s u r e s
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e r e  shown to F i t  >‘i  The  d as h ed  Ur* outl ine* the spec I rum o b U m t d  

with the 10-hour run,  and the solid line shows  the s p e c t r u m  t r o m  the 

l - h o u r . l o n g  e xposu re  T h es e  spec t re ,  with * low exceptions ,  i n  v e r i 

s i m i l a r  to R o s tn b lu m ' s  T h e  l \%  group r e p o r t e d  by Rosenblum *t 

S 9S2 Mev is p re sen t  (g roup  N umber  4|« but it ie  in s much tow er  

in t e n s i ty  then 11% The g roup  repor ted  to be st  h . l i *  Mev laeM% 

abundance Appeared in the ( ire!  run,  but out* in 0.1% intens i ty | | *  '
72

i s  known to have s  V %  g r o u p  in th is  region (VTD Mev) In the f i r s t  

run  the Rk ^  should be grown to to sn extent  of about  1% <d the t | 4^ 4 

Activity.  The en t i re  g r o u p  s t   ̂ 7^8 Mev could  hs Attr ibuted to Ra** \  

end th is  is  the in t e r p r e t a t i o n  thst hss been m a d e .  The ( s i t  ths t  the 

in t e n s i ty  of this g roup  i t  l o w e r  than R o s e n b U m 's  es t im ate  by s  f a c t o r  

of 10 pu ts  sdded fai th in th is  in t e rp re ta t ion .  Also ,  on the s h o r t  run,  

the peek  at  *4.76$ Mev shows defini te ind ica t ions  of being com plex  

R a 4'*’* h s s  an s lphs  g ro u p  in thi s  region ( $ 7 6 4  Mev,  $S%1, but i«* e x 

p e c t e d  in tens i ty  would be too  low by a f a c t o r  of l  o r  b  to  expla in  the 

com plex i ty  of this peak .  Fro** Ussse da ta  th is  pesk is c o n s id e r e d  

to be two T h ’' 4' ’ alpha g ro u p s  (Croups  10 and l l ) ,  m e re  is no rea l  

ev idence ,  however ,  tha t  only two groups e x i s t  in this region.  The longer  

e x p o s u r e  showed the g r o u p  at  $ 7 9 6  Mev to be  com plex  al so  (Groups 

7 and  8). Since R a ' 4** is  not known to have an a lpha  group in this  

reg ion ,  the new group  h a t  been  ass igned  to T h w^  Also,  in the tong 

e x p o s u r e ,  a r a th e r  b ro a d  peak is seen at the low ene rgy  edge of the 

s p e c t r u m .  Jfcg is known to  have a £4% g r o u p  in this region 

($ .$96 Mev) The Ra'  c '  con t r ibu t ion  d u r in g  this  exposure would have 

b e e n  about $.$%. suf f ic ien t  to account for  moat  if not al l  of that  peak 

H ow ever ,  the d is t inc t  b ro a d n e s s  of the peak  l e a d s  ons to suspec t  thst  

a  low . in tens i ty  Th*^ ' component  may a l s o  be th e re .

The th i rd  e x p o s u re  was made with a s a m p l e  having 7 x 10 

d i s in t e g ra t i o n s  p e r  m inu te  In o r d e r  to im p ro v e  ths resolu t ion on this 

r u n .  a  $-mi l  defining s l i t  was  used ,  and the baffle  opening (ase  F ig .  I) 

waa d e c re a s e d  f rom  Z ,%  inches  to O i  inch.  Thia d e c r e a s e d  the e f fec t ive  

t r a n s m i s s i o n  of the s p e c t r o g r a p h  by a f a c t o r  of 10, so  a m o re  a c t i v e  

s a m p l e  was  needed The exposure  wae l h r  in dura t ion  and was run
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Fig .  *9. T h* a l p h * - p » r t u U  i p r t  t r* at high re «oluUon.
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•bout J h r  l i t e r  :ho cK«mi<»l f u n l u i h o n  The i p t d M m  ohl«ui»4 u
this ceve M « 4  v t r y  i t n u t i r  to th* i p t c t m m  gotten from  the I .h r  t»>

|  pM ur* abottti t«i F ig . ) l 4 with two excep tions. F ir s t .  the peak hot! If
width* were fo r  su p e r io r  {1.  \  he* v* reua ?k#v) Secondly, the commie*
group l a b e l e d  10 end I t  t i  Fig. M * « •  r*i»lv»4 into four component*
m a te  i d  of t-~o. A d o l t  com p* n e o n  b e tw e en  thi* peek m  th e  l - h r n -

poser* in Fig 19 end in the h ig h e r . resolution run te shewn in Fig 40
i t i

Agein. the Re contribution to th is  region i* em ett comp* rod with the 
in tensities  of the (our group#

Tltte p re l im in a ry  work he* led to tom e revision* in the romple* 
elphe sp ec tru m  ol T h T ^ ,  Tebte XXXltl eurom ertsea the d e te  from  the** 
three rune, T h e re ,  the sbeolute e n erg y , the decey-energy  separation 
from the eeeum ed u ,  end the abundance e re  given (or each ot the fourteen 
elphe groups. (TU l table < an he readiW  compered with Tebte XXX!! 
which *howe Roaenblum's r e s u l t s ) . K h no attempt he* been made te I 
thi* study to de term ine  the absolute energ ies  ol the TI* alpha group*, 
the h ig h e s t .en e rg y  elphe group re p o r ted  by Rotenblum (4 .0 )9  Mtv) ** •  | 
used e* an en erg y  standard in making up Table XXXIll

As mentioned e a r l ie r ,  the e x t re m e  complexity ol this decsy 
p ro cess  m akes  it difficult to p re sen t  e d*C*y scheme et th* p reeee t Hi 
One thing ev ident *1 reedy Irom the conversion  .e lec tron  study by Filger** 
U  thst m ore  levels  then seen in the  elphe partic le  sp ec tru m  work may 
need to be pos tu ls ted  to account lo r  the observed trans it ions .
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I A lp b * p g « » r  PM aaiuwi «*0b

P o * “  has a 4 -day ha lf  l i f e 7* and decoys p re d o m in a n c y  by 
10be l e c t r o n  cap tu re  to lit A rough d e te rm tn t t io n  of the alpha b ranch ing

ro tto  | t v «  about 101 of tbe b i t i y i ^  | o t » |  by t l p h t  ( i m i i . u  to Pb*®*. 

R o » e n b lu m ^  studied lb# a lpha  decay  of Po*“®* « U h  Hi* alpha p a r t ic le  

s p e c t ro g ra p h  and r e p o r t#4 to o  «lpk« g roups ,  l , l l t  Mev (4b%) and 

4 044 Mev <4%| T h is  waul4 put the f i r s t  e x c i ted  s to le  ot 144 kev in
2 0 2  5:the P b  nucleus,

A p lo t of tbe e n e rg ie s  of the ft rot elicited o to te s  of even-even

nu t 'te i  »s given in  F ig , 41. TKio plot is one p r e p a r e d  by F. A sa ro  in

1441, on4 con ta ins  tbe d s to  up to  that tim e One n o te s  tbe very  ropid

fo i l -o ff  In tbe e n e rg ie s  of tbe f i r s t  n e t t e d  s to le s  of tbe ev en .ev en  leo4

iso tope  s with dec r e s t in g  n e u t ro n  num ber below 124 neu trons  A re -

exom m atusn  of tbo Pb*®®m  decoy  schem e h to  sinc e showed thot tbe

f i r s t  e m o te d  s ts te  in th is  n u c le u s  is ot 940 kev o t h e r  then the p re v io u s ly

re p o r te d  174 b«v. This, of c o u r t s ,  coot som e doubt on the rep o r ted

l H  b * v  f i r s t  exc ited  s u t e  in  P b  • , It wos th e re fo r e  deem ed n e c e s s a r y

to  r e m v e s t ig s te  the a lp h a - p a r t i c l e  sp e c tru m  of Po* 
v £0bTbe Po for th is  s e r i e s  of e x p e r im e n ts  woo obtsined by m ilking 
210 210it f r o m  Urn The Cm *»»* mode by the opo lln tlon  of tho r ium

m e u t  by H O.M ev p ro tons  m  the B erke ley  194-inch cyc lo tron . Tbe

r m a r u t io n  f rsc tion  woo is o la te d  by f r e t  sing it out in o vocuum line

The e  m o notion co l lec ted  in th is  way woo p re d o m in a n t ly  wOw# ^

and E m ^ 1' T b r  ® h a s  « 2 7 -hour half life ond d e to y s  p red o m in an tly
20bby otpho em is s io n  to Po  The o ther  em ana tion  iso to p e s  have holf

l iv e s  of about one-half  hour 4 ' Thus, il the e m o n s t io n  is  Allowed to  

decoy  fo r  1 or 4 h o u rs ,  it  to e s s e n t ia l ly  oil Em**®, After otlowonce 

(o r  the decoy , the em an a t io n  i s  purified  ond the Po**®* Allowed to  g ro w  

m . The Po* mode in  th is  woy con be gotten eo o en t to l ly  free of o th e r  

po lon ium  loo topes . The po lon ium  woo thon t r e a te d  in two d iffe ren t 

ways to  p i e p s r e  so u rc e s  fo r  the a lp h a -p o r t tc le  s p e c tro g ra p h  Two 

s o u r c e s  w ere  mode by pla ting the Po*®4* onto a  10 .m il  s i lv e r  w ire  by

i
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Fig .  41. E nerg ies  of f i r s t  excited s ta te s  in even-even  nuclei (Asaro,  
1953).
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soaking the wire in a slightly acidic solution of the polonium. Two 
other sou rces  were prepared  by the vacuum-subl imation technique.

The f i r s t  sample was on a s i lv e r  w4re and contained 7.5 * 10* 
alpha dis in tegra tions  per minute.  The sample was exposed for 2 days 
in the a lpha-par tic le  spectrograph.  Although there  was a large amount 
of low-energy tailing due to sample  thickness,  there  was no evidence 
for the previously reported fine s t ruc ture .  Only one alpha group was 
esen.  < o r  responding to the 5.218~Mev ground-sta te  transit ion  seen by 
Rosenblum. Owing to the tai ling, s l imit of on the presence  of other 
groups in the region of in te re s t  (100 to 200 ke v lower in energy thsn 
<&q) was set .

The second wire s tm p le  gave no information,  because it con
tained only a small  amount of activity.

The f i r s t  vaporlasd sample  contained sbout 10* alpha dis in tegra tions  
per minute.  As the emanation was not allowed to decay v e r ,  long b t f o r t
purification,  It was suspected that some Po^°* would a l so  be present

208 77in the sample.  Po  has an t ' p h a  group at 5.108 M«v, which, if
present  to a large extant com pared  with the Po40*, m»ght interfere In
1 he sea rch  lor the previously reported 5.064-Mev group of Po4°*. The
fi rs t  exposure  of this sample  for 2 days did show the main Po40* peak
and a group suspected of being P o 40*. Even though the P o 4°* was
p re sen t ,  no alpha group was seen  at 5.064 Mev in abundance g rea te r
than 1%. A second 9*day exposure  with this sample  confi rmed the

ass ignment  of the second group to P o ^ * ,  and fu r the r  allowed a l imit
of 0.5% to be set on a second P o 40* group at 5.064 Mtv,

The second volati l ised sample  contained 5 x 10* alpha dis integrations
p e r  minute and contained no appreciable  amount of P o 40*. A 10-day run
With tins sample  set s l imit of 1% on the presence  of a second alpha
group for P o 206 (Fig, 42). This l imit holds to an energy  480 kcv lower
than the main  P # ^  group (5.218 Mev).

Stephens,  7H doing alpha p a r t i c l e -g am m a  ray  coincidences on
P o 40*, se ts  a l imit  of 1.7 a 10 '^photons per alpha p a r t i c l s  for the
p r s s e n c t  of gamma radiation in the 100. to )00-kev range.  Thus,
it seema pre tty  cer ta in  from the alpha data and coincidence data just



i 
un

i

•III

i

iN H f

Fig. 42. P©*°fe • lph*-p*r t tcU  •p#c trum,



- m -

presen ted  that the previously r t p o r t e d  4% group in Po^°® alpha decay
does not ex is t ,  and that thr f i r s t  excited state in is not at 14b

79kev as previous ly  thought. Rosenblum has stated in a  la te r  publication 
that he has  not bean able to conf i rm  the presence  of the second alpha 
group However,  he has not s e t  a l imit on its inteneity

The sample  containing both Pa***® and ; allowed a convenient
check of the absolute energy of the main Po***^ group With the $ 1 0 8 .  
Mev Po*08 group as a s tandard ,  the two runs ^ave 5.216 and 5 219 
Mev for the Po***^ energy, in good agreement with Rosenblutn's  value.

2. Alpha decay of A s ta t in e .209 
209At is a predominantly  elec tron .capture nuclide with a half 

80life of 5.5 hours .  Barton et al est imated the a lpha branching ratio
81to be about 0.0$. A convers ion-e lec t ron  study by Mihelich et al.

209yielded seve ra l  gamma t rans i t ions ,  which were ass igned  to At on
the bas is  of their  $ $-hour half life. A study of the alpha .decay fine
s t ru c tu re  of thie isotope is of in te res t  in o rd e r  to de termine  whether
or not all the reported gamma rays  should he ass igned  to the e lec t ron .
capture  branch of the decay.

209Samples  of At were made by bombarding bismuth metal
with he l ium inns in the C r o c k e r  Labora tory  60 . inch cyclotron.  The
f ir s t  sam ple  was mads by a bombardment with 38-Mev helium ions,
snd the sscond by 46-Mev helium ions. In the f i r s t  c a se ,  the astatine
frac tion was vacuum-sublimed onto s platinum p la te  in the usual
mannsr .  The second eample  was prepared  by soaking s 10.mil s i lver
wire in a  alightly acidic solution of the aetatine. Both sources  were
cxpoeed in the a lpha-par t ic le  spectrograph.

The f i r s t  sample was exposed for about IS hou rs  and then again
for 22 hou rs  a day la te r .  The f i r s t  exposure showed two peaks, one
at 5.86 Mev (500 t racks  high) tr.d one at about $.64 Mev ($0 t racks  high).
The peak at $.86 Mev was p resum ably  due to At***. which was expectsd
to be in the sample; this peak was then used as sn energy  standard
(5.862 Mev)®*, The other group was assigned to At***^ because of its

209n e a r n e s s  to the io n -c h a m b er -m e asu re d  energy for At of 5.65 Mev
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(Barton,  Ghioreo,  and Per lm an)  With the At group a t  an energy
209• tandard ,  the energy of the At group w a i  5 M2 Mev. There w i t

209no evidence of any fine s t ruc tu re  in the At alpha decay, but owing
209to the email amount of At activity an abundance l imit  of only 20%

or )0% of the main g roup could be te l ,  down to 5.25 Mev. Because of
209the rapid decay of the At , the aecond exposure  did not ahow any 

alpha group at 5.64 Mev.
209The second source  contained about 100 t im e t  te  much At

ae the fi rs t  source,  eo that a peak height of 5600 tracks was observed
with an 8-hour exposure .  The sample w i t  than exposed for 14 hours

209right af te r  the f i r s t  exposure  ended. The At peak waa 2000 t r a c k s
high on the aecond e xposu re ,  consis tent with the known half life for
th is  nuclide. Since At**® waa also produced in this bombardment.
the three  At**® groupa at 5.519, 5.457, and 5.155 Mev** (each peak
about one.tenth of the At*®** peak in height) and the Po**® group at
5.299 Mev®* (comparable  to the At*®** peak in height) were alao
presen t .  These groups  were  used as in te rna l energy s tandards .

209giving the At group an energy of 5.642 Mev on each exposure .  This
e n e rg y  determination should be good to about 5 kev# allowing for the
uncer ta in t ies  in the e n e r g ie s  of the s tandards  and uncer ta inties  in
locstlng ths peaks on the photographic pla te .  The spectrum observed
on the second exposure  with this sample la shown in Fig 4).

The p resence  of the At**® and Po**° groupa  somewhat o b scu res
209tl* search  for alpha fine s truc tu re  in the At decay However,  •

l i m i t  of 2.5% abundance can  be set,  down to sn energy 660 kev below
the main At group. This l imit  is not valid in the immediate
vicin it ies  of the At**® and Po**® groups,  i. e. , 5.51 to 5.50, 5.45 to
5.42, and 5.17 to 5.26 Mev. It does seem highly probable,  however,

209thet no low .lying fine s t ruc tu re  in U rg e  abundance exists in the At 
a lpha decay, and that the observed gamma raya probably all belong 

to ths s l s c t r o n .c a p tu re  branch.
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S- Alpha Decay of Thonum »iiO

Ionium has been the subject ol a < oneide rable amount ol «• m|>o rt - 
m*m«t in te re s t  (or torn* t ime now Using one of the na tura l  radio 
active sp ec t ra .  u  is readily avai lable  in large amounts.  and thia m«> 
have had m m *  boa ring on the in te re s l  shown m «t Rosenbtum et at

) toin France  have studied the alpha spec t rum  of Th and report  eight 
alpha t rans i t ions  populating levels up to 4i% l e v  above the Ha' *1' ground 
• late Recently  Stephens*** ha# undertaken a thorough study of Hie 
gamma radia t ions  accompanying this dev ay, and repor ta  aome difficulty 
in Interpret ing h u  data in t e rm s  of the alpha s p ec t ru m  repor ted  by 
Roeenbtum's group Since large amount! of this nuclide w ere  available,  j 
it  wai decided to attempt a remveat igat ion of the complex alpha spectrum 
of ionium

One of the mair difficult ies with ionium la Its long half life 
f10,000 y e a r ^ *  and corresponding low specifu  activity (4 % a 10* 
alpha d is in tegra t ions  per  minute p e r  mic rogram),  Any alpha t omponenla 
of severa l  p e rcen t  abundance could be fairly eas i ly  observed  with eamplea 
of 10 pg of m a te r ia l  o r  lea* in the alpha-par ticle  spec t rograph  Hut 

for reasonable  exposure  t ime#, weak components p re sen t  to the eaten! of 
a few tenths of a  percent  would b« observed only with very  Urge  amounts 
of m ate r ia l  (about 100 pg). S eve ra l  #amplee of le t#  than 10 pg e#» h 
were vapor ised ,  to be used m a s tudy of the mam group# Severa l  other 
U rge  eamplea  containing SO to 100 pg of ionium were vaporised,  l o b e  
used to study weak member#  of t ic  alpha fine s t ru c tu re  The large 
sam ples  were  each exposed for 1 o r  Z days in the alpha •particle  spectro* 
graph and the pUtee scanned to com pare  the low .energy  tailing effr* fa 
for each sam ple .  The tailing e ffec t  was an impor tant considera tion in 
choosing a aamote  to be used for a tong exposure ,  s ince  the low .intsnaiiy 
groups In quest ion  a re  alt in an abundance of 0.1% or  t e a s  and are alt 
lower In energy  than the two Intense groups, The t e m p l e  with the least  

amount of tail ing was chosen fo r  aome longer rune, tl was expected 
that alpha groups of 0.1% abundance would be just observab le  with this 
•ample.
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The data taken from the a m a i t e r  aamplee daatgm*d to thaw the 
main f o m p w e n i*  of the apt d r u m  a r e  given in Table XXXtV (a te  Fig, 44) 
ll I t  *ern that 1 - w  «t j>h» group# in approximate  abundance ra tio  of )

In I Account f o r  tho main part  of ih# • p e d u m  fat  #*pe< led from 
HoaenbUnVa work) AM#r one c o r r e c t #  the energy aepa re i ion  given 
in Table XXXIV fo r  the recoil energy ,  a decay.#*# rgy #«p* ration of 
bT.I key i t  obtained Thit  k» in good agreement with the French  
elect  r o n a t u d y  value of hf .74 kev - for the gamma t rans i t ion  from ih# 
f i r t l  excited i U U  to ground F ro m  the intensity ra tio  given in 
Tobl# XXXIV the h ighe t t -energy  group account* for H I  of the decay, 
and the group IT kev away, 24%, Hoaenblum report# 7b , % %  and 1M % , 
•l ightty dif ferent f rom thete  value#, but in good agreem ent  with them

The aample  eapoted in the longer  ru m  to t e a r c h  fo r  lew - latent!  ty 
A

group* contained I  a iO alpha dieinteg ration* per minute Two • * .  
po turea ,  of 11 and 12 day#, were  made,  Ho alpha group# o ther  than 
the main group# )u*t diatueaed were  eean  over  the aame energy  range 
in which Hoaenbtum report# t i t  low ' in tens i ty  group#, However,  in 
both ( ! • • « ,  a  l im i t  of 0 2% on the maxim um  abundance of group# in 
thit  range la  the beat that could be eat  All the tow . in tens i ty  group* 
reported by Koaenblum are e i the r  0 2% o r  lower in abundance,  ao that 
iht* work doe* not contradict  that by the French group. Thr inability 
to *et a  low er  l imit on the abundance* in thin region i« due to var ia tion,  
in the background,  which ware l a r g e r  than anticipated. The background 
in thl* c a te  we# due about equally t o t a l l i n g  effect* and to machine 
background.

F o r  a  decay  ache me of Th1**0 the reader  la re fe r red  to a recent
gfo

article b y g t e p h e n t ,  Aeero.  and P e r lm a n

• . w -
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T*bU XXXIV

Mill) alpha |  roup# ol

C v po iu rs
No.

P s r t i c l e  -energy 
separa tion  

(hev)
V s i

abundance ratio

m ♦7.1 4 1 1
40) ♦ 4 , 1 1 l . t t
404 ♦♦.* i n

Best values ♦♦.♦ kev 1 § *

4. Alpha Decay of Plutonium* 44£

P u “ * i t  a long-lived plutonium isotope which d t c i y i  by alpha*
par t ic le  em iM um  A wide rang# of half-life values have been reported
(or thia i so tope . ranging from I 7) a 10* year#** to  4 m 10* year*.

f  a go
The ( t r e t  ee ttmate  o( thta halt  U(e wee S « 10 y ee ra ,  which wag 
de te rm in ed  (rom the yield of Pu* * milked f rom Am , Another 
value of I.7S a 10* years**0 haa  a lso  been repor ted  A s t r o ' s  work** 
conata ted  ol determining the activity ratloe ol the va r ious  plutonium 
iso tope• In a m a te  .analysed lam p le .  Thta was dona with the aid ol 
the a l p h a - p e r m i t  spec t rograph.  Thus, he a lso  obtained information 
on tha alpha decay fine a t ru c lu re  of P u * ^ .  report ing two alpha groups 
at 4 894  Mev ( 10%) and 4 . 4*4  Mav (£0%). Since plutonium aamplea 
containing much la rger  amounts  of Pu**fc than uaad In the e a r l i e r  
etudy we re readily available ,  a reinveattgatioa of thie iaotope waa 
undertakon.

The P u 2“  waa made by intenatve neutron i r r ad ia t io n  ol f h j r ^  (ft 
the M a te r i a l s  Testing Reac tor  at Arco, Idaho. Th ta  result s  In a 
m ix tu re  ol plutonium laotopea whoee isotopic coneitution depends on 
the length of irradiation.  Tha separa ted  plutonium frac tion waa maaa * 
analysed*** and shown to be m os t ly  Pu*** (maaawiee).  The reeulte



of the m aa i  analyst* i r t  given in Tablt  XXXV, Two volatilised 
s o u rc e s  h of about 10 pg of material)  we re p repared  (or 
e sp o au re  In the alpha .p* r i u  le s p e c t ro g r a p h ,

Noth sources  war# e*po#*d i t  th* alpha parhrt iTapect rograph 
with the maximum - ivo rm  try  «U| a rrangement .  1 hr ft rot temple  » n  
evpoaed (or I  day#, and the resulting s p ec t ru m  la ah own in Tig. 4 1
A t  a spat lad from th* m a a i  analyaia and relative Half l ives,  both l*u‘ 4"

240 'iand P m showed up in comparable  In tens it ie s .  Too alpha groups 
app ra  rad for eat h nuclide • | | g g  (hr m a n  analyaia data, the relai  
ac tiv it ie s  de termined ( row  th# alpha -part ic le  spectrograph run. and 
th* known half Ufa for P m'*40 (6 Sn » 101 year#).44 on# can cafeufat# a  
baU Ilf# (or Pu444 by

T 1  (242) « r i  (240) * j ! £ i  !—  f 
1 K : ■ 1 440 s l A l

•H e r*  go *• •waat ratio of th# two taotope# and A ^ ^ / A
la thvir  activity ratio.  In thia way, a halt li(# of 1.4 a 10* yr .*«• » aa  
ca lcu la ted  for P u 444 F r o m  * I-day run on th* second source,  a value 
of I 4 a 10* yaara waa obta in#*, Th# ftrat value ta probably b*#i, 
»«>naid*ring that about t a n #  aa many alpha track a w«r# ret ord«d in 
that run a» in th* second, It ihould b* mention#* that c a r ro t t io n a  
w*r« mad# in the## calculation# (or th# d i f fe ren t#  In spec trograph 
geom et ry  with poaition on th# photographic plat# ( • • •  th* d u u a a io n  
of th* Am44* HaW-llfe data mil  nation) Alio ,  fo r r* i i i .m »  w e r e  mad#

f o r  lha amall contribution# of P u 444 to th# P u 44® paaka and P u 4 4 * to 
tha P u 44* peak#, The## w#r« trad# by ualng th* mass-analysis  data  

and tha known half llvaa for th* isotopes. Tha ro r r#ct tona  (or both 
* * * »  and P u 441 w# r* about 1% of th# P u 44^ pook. THaaa hal( livoa 
juat  determined are  in good agr#am*nl with th# lower value# of tha 
previous  measurement#  mentioned r# rile r. That th# pravtoua ap*Ctro- 
g raph  datarmlnatton ta in poor agr«am#nt with thaa# valuea may b#
Uid  to th# unfavorabla ra t io  ot (hit- ' lo th# o ther  plutonium isotope# 
(acttvttywlea) In that aampla .

Tha apactrum shown In Tig, 44 showed tha better resolution of 
th# P u 444 f ine -s t ruc tu re  components In th is  run th# two alpha groups
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were s e p a r a t e d  by 44 k#v, in good « t | h  A a e r o ' e  H f t f l t i O i

The »bundii i :»»  of the two group* w e r e  74% for the h ighe s t - ene rgy  

group and 26% f o r  the other  g roup  A s a r o  had p r e v io u s ly  repor ted  

90% and 20% abundant**  The new value* a re  p robab ly  b e t t e r  than

in theae run* The ass ignm en t  of the alpha group at 4 I M  Mrv to

a s s ignm e n t  ia now conf irmed The higher»energy  g ro u p  i* probably 

the ground s t a t e  t rana tt ion  and the o th e r  group  p robab ly  popula te*  the 

&i  level  of the  g round rotat ional  band.  It should be po in ted  out that 

one would not expec t  to observe  a lp h a  iranait ion* to h i g h e r  i t f l C I  With 

tha p reae n t  s a m p l e * .  ain te  au th  t rana t t ion*  would be e x p e c t e d  to be 

tn vary  low in tens i ty

Table  XXXV

M*aa ana ly s i s  of plutonium sat.

laolop* Abundant e
(%)

214
219
240

241

242 

244

0 2M

0 12b

U l
1 9b

94 44

0 0212
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IV. DISCUSSION OF RESULTS

There  have been a number  of regulari t ies  apparen t in the decay 
p rope r t ie s  of the heavy even-even alpha em i t te r s .  The regulari t ies  
concern not only the nature  of the energy levels populated,  but also the 
a lpha- t ransi t ion  intensit ies  to the various levels.  The odd-mass  nuclei 

in this region have not shown regu la r  behavior as a genera l  rule,  although 
some fea tures  of their  decay p ro p e r t i e s  are  s im i la r .  The two c las ses  of 
iaotopes a r e  discussed separa te ly .

A. Even .Even  Nuclei

One of the striking fea tures  in the region f rom emanation to the 
higher e lem ents  is the occu r rence  of a level s t ruc tu re  bes t  explained in 
te rm s  of the collective model of the nucleus.  ^  The ve ry  low energies  
of the f i r s t  excited states in this region have been cons idered  as evidence 
for collective phenomena. Beyond this, the p roper t ie s  of other low-lying 
excited levels  also fit in well with this pic ture.  F r o m  the collective 
approach, groups of levels belonging to a rotational band and having an 

1(1 4 1) energy  dependence are  expected in this region. F o r  the ground- 
state band, the expected levels would be 04, 24, 44, etc.  These levels 
would be expected to de-excite  by E? cascades.  The even-even iaotopes 
studied m this resea rch  are  considered  in the light of the collective 
approach.

Consider ing the 1(1 41) energy  dependence for a moment,  one would 
expect the ra t io  of the energy of the 44 state to that of the 2 4 state to be 
1.33. P e r lm an  and Asaro^ have plotted this ratio as a function of neutron 
number,  and the 3.33 value s e e m s  to be obeyed in nuclei  above radium.

The data  taken for 0 ^  ^ (from Ptt  ' ■ : : ̂ alpha decay), Psi^V (from 
alpha decay),  and C m ^ ^  ( f ro m  Cf^*^ alpha decay) in this study also 

show the 3.33 ratio for the ene rg ie s  of the f ir s t  two excited s ta tes .  One 
also notes that the gamma t rans i t ions  from these levels  a r e  consis tent 
with the expected behavior for m em bers  of rotational bands. In two cases ,  
tentative ass ignments  of a third  excited m em ber  of a rotational band have 
been made on the basis of observed  gamma rays.  If these  are  the 64 

m e m b e rs ,  the ratio of their  e n e rg ie s  and the 24 s ta te  energ ies  should be 7.



The observed  ratio* a r e  seen  to be very c lose  to 7. In most c a se s  i n 
volving rotational bands in the heavy .element  region, no rigorous e x p e r i 
menta l  proof that the spins a r e  indeed 0 ,2 ,4 ,  e tc .  has been obtained, and 
the ass ignment of the spins to these levels has been based mostly on the i r  
observed  energy ratios and g a m m a . ra y  de-excita tion patterns.

Another interest ing point in connection with the even.even alpha
e m i t t e r s  is the status of a lpha-decay thoory.  The one-body model for

93 94alpha decay proposed by Gainov and by Condon and Gurney cons iders  
alpha decay as a b a r r i e r -p e n e t r a t io n  problem. This  trea tment in troducea 
a penetra tion te rm ,  aa the most important fac to r ,  that is dependent on 
the energy  of the alpha p a r t i c le ,  the nuclear  radius ,  and the nuclear 
charge.  The equations result ing  from this approach  have been put 
into s ev e ra l  different fo rm s ,  and they a re  not d iscussed  here  in any d e 
tail.  However,  they make it possible to predic t  the half life that an 
alpha trans it ion  of a given energy  should have if the radius of the p a r t i c -  
u l a r  nucleus is known. Since nuc lear radii  a r e  not known in general  in 
the heavy-element region, the observed a lpha-decay  half lives and 
energ ies  have been used to calculate the nuc lear  radii .  Generally the 
ground s t a t e - to -g ro u n d  s ta te  transit ion is  used m these calculations.
If one u ses  the nuclear rad ius  calculated in this m anner  and calcula tes  
expected half lives fo r  o the r  transit ions observed in the same decay, 
sys tem at ic  deviations from the experimenta lly  observed  half l ives  are  
noted. The deviations a r e  generally  expressed  in t e r m s  of hindrance o r  
d ep a r tu re  factors ,  which a r e  the ratios  of the observed  and calculated 
part ia l  alpha half l ives.

A plot of these h indrance  factors  is given in Fig.  46, wherein 
separa te  l ines are drawn for the transit ions to the 2+ levels and to the 
4-f leve l s .  The plot in Fig.  46 is made against  m a s s  number,  ra th e r  
than proton number o r  neutron number as p rev ious ly  done. * A 

fa i r ly  smooth trend for in c rease  in the h indrance  fac to rs  with increas ing  
A is noted in both case s .  One quickly notes that the maximum in the 
44- curve  is  reached for decay (this re s ea rc h ) .  As yet, no m a x i 
mum has been reached in the 24 hindrance fac to rs .  The significance 
of such curves  has not as yet become evident.  Rasmussen*^ has had a
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Fig .  46.  Hindrance  f a c t o r s  fo r  alpha t r a n s i t i o n !  to the 2+ and 4+ leve l*  

in even-even  nuclei .



c e r t a in  amount of qua l i ta t ive  s u c c e s s  in co n s id e r in g  the in t e r a c t io n  

be tween  the outgoing a lp h a -p a r t i c l e  wave and the in t r in s ic  n u c l e a r  q u a d r u p l e  

m om en t .  He f inds that  the alpha popula t ion  to  the 4* s ta t e  shou ld  be d e 

p r e s s e d ,  depending upon the amount of quadrupole  d i s to r t ion .  Such coupling 

should cause the a l p h a - p a r t i c l e  waves of va r ious  angu la r  m o m e n ta  to go 

through nodes,  which m ay  explain the m a x im u m  seen in the 4 * c u rv e  of 

h ind rance  f ac to rs .

The da ta  ob ta ined  in this  study fo r  the heavy even-even  a lpha  •  • 

m i l t e r s  s e e m s  to be v e r y  cons is te n t  with the w e l l -e s t ab l i sh e d  r e g u la r i t i e s  

c h a r a c t e r i s t i c  of the group.  The va l id i ty  of the co l lect ive m o d e l  f o r  this  

c l a s s  of nuclei h a s  a l s o  been rea f f i rm ed .

B. O d d -M a s s  Nuclei

As a g en e ra l  ru le ,  o d d -m a s s  nucle i  a r e  not yet as  well s y s t e m a t i s e d

as  the e v e n -e v e n  nuc le i  The co l lec t ive  model  a l so  p red ic t s  ro ta t iona l

bands fo r  o d d -m a a a  nuclei ,  in which c a s e  the ene rg y  spac ing  ia again

1(1 + 1). In the o d d - m a s s  case  the a l lowed  spin values  a r e  1^, I()*l,

I0 +2, e tc .  (all of the s a m e  par i ty) ,  w h e re  lQ ia the in t r in s ic  sp in  of the

base  level  of the band .  A well - c h a r a d e r i a e d  c a s e  showing ro ta t iona l

s t r u c t u r e  in th is  r eg ion  is that of Np (a lpha  daughter  of A m “ ). The
2J7 259s im i la r i ty  be tween Np levels  and th o s e  in  Np has  a l r e a d y  been.

2 39 229  ”pointed out. Rota t iona l  s t r u c tu re  is  a l s o  ev iden t  in Pu , Th  
249and Bk One no te s  a wide d i f fe rence  in the pa t te rn s  of the alpha decay

to these  nucl ides.  In N p ^ ^  and 3Nfp. # the alpha dec-ty popu la tes  most

prominen t ly  a ro ta t iona l  band that is  not the g round -s ta te  band On the 

o ther  hand,  U*" and E decay  s eem  to  populate g ro u n d - s ta t e  ro tat ional  

bands .

Also of i n t e r e s t  fo r  o d d -m a s s  nuclei  is  the sta tus of a lp h a -d e c a y  

theory .  In m o s t  c a s e s ,  it is found that the g round -s ta te  alpha tr ans i t ions  

a r e  h inde red.  P e r l m a n  and A sa ro^  have a s s e m b le d  the h in d ra n c e  fac to rs  

for  these g r o u n d - s t a t e  t r an s i t io n s ,  and they  vary  g rea t ly  in m agn i tude  

T h e re  s e e m s  to be no sy s t e m a t i c  way in which they vary  f rom  one nuclide 

to ano ther .  In m o s t  c a s e s  an unhindered alpha tr ans i t ion  is  s e e n  to at 

l e a s t  one exci ted  s t a t e  In the decay of the unh inde red  decay
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populates the 74-kev level (the g round-s ta te  transit ion i t  h indered  by a

factor  of 1600). In Am2** decay the unhindered alpha t rans i t ion  populates
the 60-k»v level of Np2 *^. In P a 2 ** decay  unhindered decay io observed
to the 329-kev s ta te  of Ac22^. E 2 ** * decay is  quite d if feren t in that the

249
unhindered alpha decay populates the ground etate of Bk Another
quite different si tuation is observed in the T h 227 alpha decay,  w he re - -
in spite of all the levels  apparently avai lab le  for alpha population - -no
unhindered t rans i t ion  has  as yet been observed. Bohr, F r o m s n ,  and 

9BMr'telson have considered the unhindered alpha t rans i t ions  in odd-
m ass  nuclei to be Al * 0 transi t ions involving the same n u c lea r  states
in the parent and daughter  nuclei.

Where the favored alpha t rans i t ion  is  decaying f rom a pa ren t  in
98state lj, K. to a daughter state 1̂ , * K., Bohr et at. give the

following re la t ionsh ip  for the t rans i t ion  probability-

P -  P Q (E| E c ( < l i fK i0 / l iI I fKf> i

The quantity P q(E) »■ an ene rgy -dependence factor (from s im ple  a lpha- 
decay theory). The c f ' s  a re  constants  that determine the total reduced 
transit ion probabil i ty  fot a given f . They can be de termined  from the 
observed t r ans i t ion  probabili t ies in n e a r - b y  even-even nuclei .  The 
value of c Q is taken as unity by the definit ion of P q (I =0 a lpha-par t ic le  
transi t ions are  assum ed  to be unhindered in even-even nuclei) Bohr 
et al .  have made calculations of the expected intensit ies to m em bers  
of the same rotational band, using the above relationship,  and they 
report  sa t i s fac to ry  agreement with the observed in tensit ies  for several  
cases .  In doing these  calculations, they have assumed a value of 0.7 

for c^ This co r re sponds  to a h indrance  factor of 1.4 for the 1 = 2  
transit ions ,  which correspond to the t rans i t ions  to the 24 leve l s  mentioned 
in the even-even nuclei d iscussion The hindrance fac tors  fo r  the 
f « l  t rans it ions  were seen to be appreciably  la rge r  than th is  for the 

higher e lements
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T h e r e  e r e  two c a s e s  w here  e x t r e m e l y  good da ta  a r e  available on

the fine s t r u c t u r e  of alpha d e c a y  to rota t ional  bands in odd • m a s s  nuclei .

These a r e  the deca ys  of Am*'** and  A m 1'**. Also ,  v e ry  good data  a r e

avai lab le  on the  n e a r - b y  e v e n -e v e n  iso topes.  F o r  th e se  two c a s e s ,  All

c a lcu la t io n s  w e re  redone To d e t e r m i n e  the va lues  of the C j ’s to use

in each  c a s e ,  an average  of the o b s e rv e d  1 * 2  and I •  4 h indrance

fac to r s  fo r  the neighboring e v e n - e v e n  nuclei was taken  Th i s  gave

c . | s  of 0 .5b  and 0.59,  and c ' •  of 0.002 and 0.005,  for  Am*** and
*  241 *Am , r e s p e c t iv e ly .  With t h e s e  c ons tan t s ,  the e x p e c te d  intensi ty

ra t io  f o r  a lpha  decay to the 5 /2 ,  7 /2 ,  9 /2  m e m b e r s  of the main

rota t ional  band  in Am*** decay  i s  100/12 0/1 .9  The  o b s e rv e d  ra t io  is

100/1 3 2 / 1 . 5 .  Th is  ag re e m e n t  is  within the e x p e r im e n ta l  e r r o r s  involved

in d e t e r m in i n g  the c # 's  and in d e t e r m in i n g  the Am*** abundance!  F o r  
241 *Am , one c a l cu la te s  an in t e n s i ty  r a t io  of 100 /1 3 /2 .2 ,  in which case

the o b a e rv e d  ra t io  ia 100 /16 /1 .7 .  The  ag reement he  re  is  not so  good

aa fo r  Am***,  but  ia p robab ly  within the e x p e r i m e n t a l  e r r o r s  involved.

If one c o n s i d e r s  U*** decay ,  ^ which populates a 5 /2 ,  7 /2 .  9 /2  rotat ional  
229band in T h  , us ing a of 0 .87  and a c^ of 0.067,  an in tens i ty  ra t io  of

100 /16 /2  9 ia obtained Thi* ia to be c om pared  to the expe r im en ta l l  >

obaerved  r a t i o  of 100/ 18/2 4, aga in  showing very  good a g re e m e n t .  Thia

type of a g r e e m e n t ,  using the ap p ro a c h  outlined by B o h r  et «1 , makes

one conclude  that  the unh indered  decays  observed  in the o d d - m a s s  nuclei

a re  indeed  &l = 0 t rans i t ions  T h u s ,  the rotat ional  bands  receiving the

m a jo r i t y  of the alpha popula t ion in the o d d -m ass  nucle i  seem  to r e p re s e n t

n u c lea r  s t a t e s  that a r e  quite s i m i l a r  to the ground s t a t e s  of the pa ren t s

It is  som ew ha t  in t e re s t in g  to specula te  about the o r ig in  of the

nuc lea r  M a te s  obaerved in these  deca y  studies F r o m  the s tr ik ing

ro ta t ional  f e a t u r e s  obaerved  in th i s  region,  it is quite  ev iden t  that we
99a r e  dea l ing  with deformed nuc le i  Motte lson and N i l s s o n  have c o n s id e re d  

the e f fec t s  of d is to r t ion  upon the o rd in a ry  shell  m ode l ,  and have shown 

that the s p h e r i c a l  she l l -m ode l  l e ve l s  spl i t  into s e v e r a l  components  in 

the d i s t o r t e d  nucleus  T h es e  co m p o n en ts  a r e  c l a s s i f i e d  accord ing  to 

A. which is  the component  of the nuc leon ' s  angular  m o m e n tu m  along the 

n u c lea r  s y m m e t r y  axis .  A plot of the e n e rg i e s  of the se  new s ta tes  as a
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function of p ro la te  deformation ahowa that the h igh - f t  component* from 
a given atate inc reaae  in energy with an increaae  in deformat ion ,  while 
the low-0 component! from the aame level d ecrease  in energy .  For  

la rge  deformation a, the V » 11/2 component of the h^ ^  ***** (below 
the 82 -nucleon cloaed ahell) overlap* in energy with level* ari s ing from 
• ing le -pa r t ic le  state* above the c lo se d  shell. In considering the possi- 
bility of an 11/2 spin for the Bk ground state indicated by the level 
spacing* observed  in the r ;  alpha decay, one haa to keep in mind 
the possible proton s ta tes  above 82 pro tons .  One could use  the ft * 11/2 
state a r is ing  f rom  the | | g * |  s ing le -pa r t i c le  state or the Q a 11/2 state 
from the h j j f ^  s tate (discussed above). Since high.ft components 
from the i j  rapidly with deformation,  they a re  out of
reach for 15 pro tons  beyond the c lo sed  shell of 82. On the o ther hand, 
with reasonable  d is to r t ions ,  the b j ^ ^  component could be available 
for filling at 97 pro tons .  Thus ,  the p resence  of a high spin  atate fairly 
close to the 8 2 -proton closed shell  is  eas i ly  explained in t e r m s  of the 
part ic le  s ta tes  available  in a deformed potential. It should be stated 
that others have had a reasonable  amount of success  in ass igning states

100observed in o th e r  nuclei in this region in te rms  of the Nilseon approach.
The two ex t rem ely  complex decay  schemes seen in th is  work,

T h ^ ^  and P a^  " ,  arc  ra ther in te res t ing  in that no p rom inen t  rotational 
fea tures  are  seen in their  spec t ra  Poss ib ly  in te ract ions  between states 
have d is to r ted  the rotational fea tures  (energy specinga and alpha-par tic le  
intensities) to the point where they a r e  no longer recognizable .

With the exception of the e x t r e m e ly  complicated c a s e s ,  many of 
the features  of the odd-m as t  a lpha-decay  schemes find the i r  explanations 
in the collect ive  model and assoc ia ted  theor ies .  It wilt be interest ing to 
see if fu r ther  ex tensions  of these  th eo r ie s  can explain the fea tures  of 
the more complicated cases.
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