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I .  INTRODUCTION

In t h i s  in v e s t ig a t io n  i s o t o p i c a l l y  en r ich ed  sam ples o f  Samarium 

and G adolinium  v e re  boabarded w ith  He^ n u c le i .  Bven v l t h  boabardlng  

e n e r g ie s  o f  a  few  NeV a t  l e a s t  s ix  r e a c t io n  ch a n n els  have a  p r o b a b il i ty  

o f  occu rren ce: (H e3 ,T ), (H e 3 ,d ) , (H e 3 ,p ) , (H e 3 ,n ) , (H e3 ,2 n ), and

(H e 3 ,3 n ). W hile t h i s  co m p lic a te s  th e  a n a ly s is  o f  th e  exp erim en ta l 

d a ta  i t  has two advantages over  p roton  boab ard aen t. F i r s t ,  I t  i s  

p o s s ib le  to  produce r a d io a c t iv e  n u c le i  v h lc h  cannot b e  produced by Low 

en ergy  proton  boabardaent and th e  r a d io a c t iv e  n u c le i  produced can be  

a ss ig n e d  a to a lc  nuaber and n e ss  number w ith  a h ig h e r  degree o f  

c e r ta in t y  than w ith  h igh  en ergy  p roton  boabardaent ( s p a l la t io n  r e a c t io n  

p r o d u c ts ) . S e c o n d ly , th e  r e l a t iv e  restc tlo n  c r o s s  s e c t io n s  fo r  th e  

r e a c t io n  ch an n els o ccu rr in g  ca n , in  p r in c ip l e ,  be e a s i l y  c a lc u la te d .

Thus th e  s p e c i f i c  purpose o f  t h i s  ex p er im en ta l I n v e s t ig a t io n  was to

147stu d y  th e  r a d io a c t iv i t y  produced in  th e  ra re  ea r th  is o to p e s  Sn 1 

and Gd^ 2  v l t h  th e s e  o b j e c t iv e s :

1 . To a t t e a p t  to  id e n t i f y  th e  r a d io a c t iv e  n u c le i  produced and 

th e  a s s o c ia te d  decay scheme o f  each n u c le u s .

2 .  To cooqpare th e  exp erim en ta l d a ta  and th e  c o n c lu s io n s  therefrom  

w ith  p r e v io u s ly  rep o rted  in v e s t ig a t io n s .

3 . To c a lc u la t e  th e  r e l a t iv e  c r o ss  s e c t io n s  fo r  th e  He3 induced  

r e a c t io n s  fo r  th o se  r a d io a c t iv e  n u c le i  whose decay schemes 

( l e v e l s  and I n t e n s i t i e s )  were known or  d e d u c lb le .
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2

The subseq uent s e c t io n s  in  t h is  paper c o n sid er  th e  ex p er im en ta l  

procedure and apparatus used  in  t h i s  I n v e s t ig a t io n ,  th e  ex p er im en ta l  

r e s u l t s  and th e  c o n c lu s io n s  drawn fo r  each bombarded n u c le i ,  and 

f i n a l l y  an e v a lu a t io n  o f  th e  I n v e s t ig a t io n .



I I .  BCPBRIMBHAL PROCEDURE

S ta b le  Iso to p es enriched  In Qd^52 and Sm^? were bombarded w ith

16 .5  MeV He  ̂ n u c le i In th e  Ohio S ta te  U n iv ersity  C yclotron. Energy, 

h a l f - l i v e s ,  and co in c id en ce  data were measured fo r  the r a d ia tio n s  

produced u sin g  s c i n t i l l a t i o n  counters and a s o l id  s ta te  charged 

p a r t ic le  d e te c to r  In con ju n ction  w ith m ulti-ch ann el p u lse  h e ig h t  

a n a ly zers . The d e ta i ls  o f  the ls o to p ic  com position , sample preparation  

and h an d lin g , and the experim en ta l apparatus are  d iscu ssed  In th e  

fo llo w in g  paragraphs.

1. ISOTOPIC COMPOSITION OF THE BOMBARDED SAMPLES

The iso to p e s  o f  Gd1 -*2  and Sm1^  were obtained  from the S ta b le  

Iso top es D iv is io n  o f  Oak Ridge N ation al Laboratory, Oak Ridge,

T ennessee. The com position  and im purity content o f  th ese  two iso to p e s  

are g iven  in  Table 1 .

2 . SAMPLE PREPARATION FOR BOMBARCMHiT

The samples were p laced  In aluminum holders (s e e  P la te  I ,  F igure l )  

which could  be a ttach ed  to  the ta r g e t assem bly o f th e  Ohio S ta te  

U n iv e r s ity  C yclotron . To prepare a sample for  bombardment approxim ately  

6 mg o f  compound was spread uniform ly over the bottom o f  the  

9 / l 6 " x l / l 6 l< s l i t  in  the h o ld er . Then a d ie  was in ser ted  in  the s l i t  

and the powder compressed w ith  a hydraulic p r e ss . A fter  com pression  

the compound covered the bottom o f  the s i l t  uniform ly and p resen ted  a 

smooth hard su r fa c e . The sample th ick n ess was o f  the order o f  lOmg/cm2 .

3
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TABLE 1

ISOTOPIC COMPOSITION OF Od1^2 AND Snl k 7 SAMPLES

5

Enriched Iso to p e Is o to p lc Composition Impurity Content
Iso top e Per Cent Element Per Cent

Gd-152 3 6 .2 Nd < 0 .2
Od-154 3-7 Pb,Zr,Pr 0 .1

Gd-152 Gd-155 1 6 .0 A l,C o,C r,C u,H o,M i,Si ,Sn 0 .05
(Qd2 0 3 ) Gd-156 1 5 .6 Lm,Ce 0 .0 4

Gd-157 9 .2 Ba,Ca,Fe,Mg,Mn,Ti,V 0 .0 2
Gd-158 11 .9 K,Ll,Ma 0 .0 1
ad -160 7 .4 T 0 .0 0 0

Sm-144 0 .0 0 Ca,Pb,Zr S 0 .1
Sm-147 9 7 .0 A l,C o,C r,M o,N i,S l,Sn 0 .0 5

Sm-lU7 Sn-148 0 .9 1 Ba, Cu, Fe ,Mg ,Mn, Na, T l , V 0 .0 2
(Sm2 0 3 ) Sm-149 0 .5 1 K,Li 0 .0 1

Sm-150 0 .1 7 Be 0 .0 0 1
Sm-152 0 .3 4
3m-154 0 .2 1

F in a lly  th e  e l l t  was covered v i th  0 .5  a l l  aluminum f o i l  vh lch  was held

In p la c e  m ech an ica lly . The samples were then taken to  the Ohio S ta te  

U n iv e r s ity  C yclotron vhere they were bombarded v l th  He  ̂ n u c le i o f

1 6 .5  MeV In cid en t energy. The beam was approxim ately 1 wm In diam eter  

a t  1 microampere, and a l l  bombardments had a duration  o f  60  m inutes.

3. SAMPLE PREPARATION FOR SPECTROSCOPY

A fter  bombardment the samples and holders were returned to  the  

Gaaaa Spectroscopy Lab and p o rtio n s o f the con ten ts remounted in  the  

aluminum sample hold ers shown In P la te  I ,  F igure 2 . (There was one 

ex cep tio n  to  t h is  mounting procedure. A p o rtio n  o f  the Sm^^ sample 

was p laced  in  a sm all g e la t in  ca p su le , which In turn was se a le d  in  a  

sm all g la s s  t e s t  tu b e, fo r  use w ith  a M al(Tl) w e ll  c r y s t a l . )  The
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aluminum holders vere designed to hold the radioactive Material In 
good geometry and, at the sane tine, the thin Mylar windows would permit 
the counting of alpha particles. Flakes of the Material selected from 
the regions of nost intense boabardaent vere carefully placed so that 
the surface upon vhich the He^ nuclei vere incident faced up. The 
sample holders vere thereafter handled carefully so that this geometry 
vas not disturbed. Table 2 lists the details of bombardment, the 
sample number assigned to each Isotope, and other pertinent details.

TABLE 2

A LIST OF SAMPLES PREARED, FROM TUB He^ 
BOMBARDED Gd1^  AMD Sm1* ' ISOTOPE

E nriched Sample M ounting Time a t  Etd o f D u ration  o f Sou rce o f
I s o to p e Humber S t y l e Bombardment Bombardment M a te r ia l

Gd-152 II 1027 A lpha 1432 25  May 62 60 m ln. Hev I s o to p e
Od-152 N 1040 A lpha 1035 10 Jun 62

--------------------------------- 1

6 0  m ln.

i—

R eclaim ed from  
Bombardment o f
25 May 62

Sm -l47 II 1041 A lpha 1145 10 Jun 62 6 0  m ln. Mev I s o to p e
Sm-147 ■ 1042 W ell 1145 10 Jun 62 60  m ln. l e v  I s o to p e

4 . BCPERJMBTCAL APPARATUS

In  t h i s  in v e s t ig a t io n  m u lt i-c h a n n e l a n a ly z e r s  v e r e  used  in  

c o n ju n c t io n  v l t h  s c i n t i l l a t i o n  d e te c to r s  and a s o l i d  s t a t e  a lp h a  

p a r t i c l e  d e t e c t o r  fo r  th e  s in g le s  s p e c tr a .  For th e  c o in c id e n c e  sp e c tr a  

a  t r a n s i s t o r i z e d  f a s t - s l o v  c i r c u i t  v a s  em ployed. The d e t a i l s  o f  th e s e  

p ie c e s  o f  ap p aratu s a r e  co v ered  In th e  fo l lo w in g  p aragrap h s.
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a .  M u lti-c h a n n e l A n a lysers

Two a u lt l - c h a n n e l  a n a ly z e r s  v e re  a v a i la b le  fo r  u s e . In g e n e r a l  

fo r  a p a r t ic u la r  s e r i e s  o f  r e la te d  d a ta  th e  sa a e  a n a ly z er  v a s  used  

th rou gh ou t. The a n a ly z e r s  v e re  a R1DL (R a d ia tio n  Instrum ent Development 

L ab oratory , I n c . ,  1*501 West Vorth Avenue, M elrose Park, I l l i n o i s )

Model 3**-12 hOO ch an n el t r a n s is t o r iz e d  m u lti-c h a n n e l a n a ly z er  and a  

RIDL Model 3^-12 200 ch an n el a n a ly z e r . Bach channel o f  th e  1*00 can  

s t o r e  99»999 c o u n ts , v h l l e  th e  200 channel s to r e s  10 tim es t h i s .  The 

Model 3U-12 can a n a ly z e  up to  10^ cou n ts per  m inute and w i l l  not 

d i s t o r t  sp e c tr a  I f  op erated  v l t h  l e s s  than 5x 10^ cou n ts per m inute.

The s to r e d  in fo rm a tio n  can be p resen ted  fo r  v i s u a l  d is p la y  o r  p r in te d  

o u t u s in g  an IBM e l e c t r i c  ty p e w r ite r .

The b a s ic  fu n c t io n  o f  th e se  a n a ly z er s  I s  t o  s o r t  th e  a m p lif ie d  

e l e c t r i c a l  p u ls e s  r e c e iv e d  from th e  v a r io u s  d e te c to r  u n it s  accord in g  

to  t h e ir  am plitude and s t o r e  them. Thus, one knovs both  th e  am plitude  

o f  th e  p u ls e s  to  an accu racy  determ ined by th e  channel v ld th  and th e  

number o f  p u ls e s  v l t h  t h i s  am p litu d e. S in c e  th e  d e te c to r s  as v e i l  a s  

th e  e le c t r o n ic  c ir c u i t r y  used to  a m p lify  th e  s c i n t i l l a t i o n  p u lse s  are  

l in e a r  v l t h  r e s p e c t  to  energy th e  channel number I s  l in e a r ly  p r o p o r tio n a l  

to  th e  energy o f  th e  p a r t i c l e  or  photon producing the p u lse  in  th e  

d e te c to r  u n i t .  A b lo c k  diagram  o f  a  t y p ic a l  d e te c to r -a n a ly z e r  Bet up 

i s  d e p ic te d  in  P la te  I I ,  F igu re 3 .

b . C o in c id en ce  C ir c u itr y

The c o in c id e n c e  measurements v ere  made w ith  a f a s t - s lo w  system .

A l l  th e  s lo v  c ir c u i t r y  vas t r a n s i s t o r iz e d .  The r e s o lv in g  tim e o f  th e  

c i r c u i t  vas o f  th e  order o f  20  nanoseconds. A b lo ck  diagram o f  th e
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s y s te a  I s  shown in  P la t s  I I ,  F igu re 4 . With t h i s  co in c id en ce  arran ge-  

nent and th e  400 channel a n a ly ser  i t  vas p o s s ib le  to  o b ta in  th e  

s in g le s  sp e c tr a  and c o in c id e n c e  sp e c tr a  fo r  four d i f f e r e n t  energy  

in te r v a ls  during one countin g  p e r io d . The d e te c to r s  and g eo a etry  are  

d iscu sse d  under d e te c to r s ,

c . D etec to rs

With th e  e x ce p tio n  o f  th e  s o l id  s t a t e  a lph a  d e te c to r , a l l  d e te c to r s  

c o n s is te d  o f  a  s c i n t i l l a t i o n  c r y s t a l ,  a p h o t o - a u lt lp l le r  tube w ith  i t s  

a ss o c ia te d  v o lta g e  d iv id e r  network and a t r a n s is to r is e d  p r e a a p l l f ie r .

The s p e c i f i c  d e t a i l s  o f  d e s ig n , g e o a e tr y , and a p p lic a t io n  are d isc u sse d  

in  th e  en su in g  paragraphs.

(1 )  Cave C r y sta l (D e tec to r  Mo. l ) . The d e te c to r  eaployed to  o b ta in  

decay and u n scra a b lin g  sp e c tr a  used a  3 "*3" c y l in d r ic a l  M al(T l) 

c r y s t a l .  The c r y s t a l  was in t e g r a l ly  nounted on a Dunont 6393 ph oto- 

a u l t l p l l e r  tube and eap loyed  a  standard RIDL s o l id  s t a t e  p r e a a p l l f ie r .

In order to  reduce background and s c a t t e r in g  t h i s  c r y s t a l  vas aounted  

in  a 40"x40"x37u lea d  ca v e . The cave was b u i l t  to  s p e c i f ic a t io n s  

g iv en  by R. L. Heath1 . The d e t a i l s  o f  th e  sa a p le  and d e te c to r  g eo a etry  

sure shown In P la te  I I I ,  F igure 5- The absorb ing a a t e r l a l ,  c o n s is t in g  

o f  a lu a ln u a , a lu a in u a  o x id e , and a y la r , between th e  r a d io a c tiv e  

sou rce and th e  c r y s t a l  was c a lc u la te d  to  be 0 .1 4  g a /ca ^ .

(2 )  W ell C r y sta l (D e tec to r  Mo. 2 ) . Suaalng sp ec tra  o f  th e  sa a p le s  

vas taken w ith  a 3"x3" c y l in d r ic a l  N a l(T l) w e l l  c r y s t a l .  The packaged 

(0 .032"  a lu a ln u a ) c r y s t a l  was ob ta in ed  fro a  th e  Harshav C heaical

^R.L. H eath, S c i n t i l l a t i o n  S p ec tro a e try  QaMa-Ray Spectrum  

C atalogue (T ID -4500, Ed 1 3 ) ,  p . 13-
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Coapany. The s p e c i f ic a t io n s  o f  t h i s  c r y s t a l  are  g iv e n  In  P la te  I I I ,  

F igu re  6 . The c r y s t a l  vas Mounted on an M I 6097B p h o t o - a u l t lp l le r  

tu b e . The p r e a a p l l f l e r  used I s  t r a n s is t o r iz e d  and v a s  e s p e c ia l ly  

d esig n ed  to  g iv e  h igh  g a in  v l t h  p r o v is io n  fo r  both  f a s t  and s lo v  s ig n a l  

o u tp u t. To o b ta in  h igh  g a in  th e  RIDL p r e a a p l l f l e r  vas M odified  by th e  

a d d it io n  o f  tv o  21338 t r a n s i s t o r s .  (S ee  P la te  IV , F igu re  9 )  The 

resp o n se  o f  th e  c i r c u i t  vas l in e a r  fr o a  5 keV to  100 keV and i t  

e x h ib ite d  e x c e l le n t  teu p era tu re  s t a b i l i t y .  The resp o n se  o f  t h i s  

d e te c to r  to  th e  Fe5® 5 .8 8  keV x ray i s  shovn In P la t e  I I I ,  F igu re  7*

The entire asseably vas enclosed in a 3" dlaaeter by 9 ” long 
alualnua tube and Mounted In a vertical position. The saaple holder 
and detector Mounting arrangeaent Made It possible to adjust the 
source to detector distance reproducibly. Mo shielding vas provided 
for this crystal.
( 4 )  C o in cid en ce  C r y s ta ls  (D e te c to r s  Mo. 7 and Mo. 8 ) . These d e t e c t o r s ,  

used  p r la a r l ly  fo r  c o in c id e n c e  d a ta , eap loyed  l£ " x l£ "  c y l in d r ic a l  

M al(T l) c r y s t a l s  In co n ju n ctio n  v l t h  M I 6097® p h o t o - a u l t lp l le r  tu b e s .  

The p r e a a p l l f l e r  c i r c u i t  vas th e  same a s th a t  d isp la y e d  In P la t e  IV, 

F igu re 6 ,  ex cep t fo r  M o d if ic a t io n s  in  th e  v a lu e s  o f  th e  r e s i s t o r s  

Rs* **2 * th e  dynode a t  vh ich  th e  s lo v  s ig n a l  vas taken  from

th e  p h o t o - a u l t lp l le r .  With th e se  changes th e  resp on se  o f  th e  d e te c to r  

v as l in e a r  up to  a p p r o x ia a te ly  2 .5  MeV. The h ou sin g  va s s l a l i a r  to  

th a t  o f  th e  x -r a y  c r y s t a l  e x ce p t fo r  th e  a d d it io n a l  le n g th  needed to  

a ccoood ate  th e  la r g e r  c r y s t a l .  The g e o a e tr y  used fo r  c o in c id e n c e  d ata  

I s  shovn In P la te  I I I ,  F igu re  8 .
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( 5 ) S o lid  S ta te  Alpha C onntT (D etecto r  Wo. 4 ) . A s i l i c o n  su rface  

b a r r ie r  d e te c to r  was used to  count alpha p a r t ic l e s .  The d e te c to r  and 

a c h a r g e -se n s it iv e  p r e a a p llf le r  com patible v l th  th e  RIDL n u lt l-c h a n n e l  

a n a ly sers vere  obtained  from Nr. Denes B. Hunkar, 5911* Cory Avenue, 

C in cin n ati 2 5 , Ohio. The s e n s i t iv e  area  o f  the 7 /8 “ diam eter d e tec to r  

vas 2 .2  cm2 . In the geoaetry  used fo r  counting the s o l id  an g le  sub­

tended by the s e n s i t iv e  area (v lth  a sa a p le  to  d e te c to r  d is ta n c e  o f  

.83 ca ) vas about O .^n . The d e te c to r  and saap le  v ere  en c lo sed  In an 

evacuated l ig h t - t ig h t  a lu a ln u a  chamber during cou n tin g . The saap le  

hold ers in terp osed  1 .7  a g /ca 2 o f  mylar ( 0 . 5  a l l  th ic k )  betveen  the  

r a d io a c tiv e  source and the s e n s i t iv e  area o f  the d e te c to r . Two types  

o f  chamber v ere  used: one v lth  a th in  window o f  0 .5  a l l  alum inlzed

a y la r  under the s a ^ i le  holder so  th a t x rays which vere  not a tten u ated  

s ig n i f ic a n t ly  could  be counted s im u ltan eou sly  w ith th e  x -ra y  c r y s ta l  

w ithout d istu rb in g  th e  geoaetry; and another v l th  a m agn etica lly  

operated 0 .3 2  a g /ca 2 aluminum f o i l  sh u tte r  which could be in terp osed  

b etveen  th e  d e te c to r  and r a d io a c tiv e  source i f  d e s ir e d .

The response o f  the d e tec to r  to  Po^lO alpha p a r t ic le s  Is  shovn 

In P la te  V, F igure 10. A lso Included on P la te  V sure curves which 

show the Po2 l<> alpha source w ith 0 .5  a l l  o f  a y la r  (F igure l l )  and

v lth  0 .5  a l l  o f  a lu a in lse d  a y la r  (F igu re 12) as ab sorb ers. To check

210the e f f e c t  o f the a lua lnu a  sh u tter  a Po source vas prepared in  

vh ich  a y la r  th ic k n esse s  o f  0 , 0 . 5 ,  1 . 0 ,  and 1 .5  a l l  blocked se c t io n s  

o f  th e  so u rce . The r e s u lt s  fo r  sh u tte r  open are shovn In F igure 13 

and fo r  sh u tte r  c lo sed  in  Figure 14.
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III. JBCPHUMHTCAL RESULTS

5 . omsRAL co m ib h s

The decay o f  the a c t i v i t i e s  a s so c ia te d  w ith g a aaa -rays , x ra y s , 

and alpha p a r t ic le s  were fo llow ed  for  a l l  G adolin lua and Saaarlua  

sa a p les  using the cave c r y s t a l ,  the x -ray  c r y s t a l ,  and th e  alpha  

d e te c to r . The energy range exaalned w ith photon d e te c to r s  was fro a  

about 20 keV to  2500 keV. A ll  sp ectra  taken were c a lib r a te d  fo r  energy  

w ith known stan d ard s, checked fo r  d r i f t  during the aeaauraaent, and 

checked fo r  long term ( i . e . ,  between sp e c tr a ) I n te n s ity  response

changes due to  equipment or geoaetry  change. The sources used fo r

energy c a lib r a t io n s  were Ba1^ ,  Cs^T^ Ce1^ ,  Co^°, the Gd1^  x ray 

(KoC^j o f  Eu1"* ,̂ 41 .53  keV ), and the Dy1 ^  x o f  Tb1^ ,

44.4-7 keV). The la t t e r  sources were prepared by proton boabardaent o f

£Su^ 3  iqa in  the s t a t e  U n iv ersity  C yclotron . D r if t  and

I n te n s ity  response o f  the apparatus were checked by measuring fo r  each  

sp ec tru a , as ap p rop ria te , th e  response to  the 622 keV C s^T gaaaa-ray , 

th e  1333 keV Co^° g w a - r t y  and the 30 .97  keV C e^ 3  x ray produced by 

the decay o f  Ba1^ ,  The energy range exaalned w ith  the alpha d e tec to r  

was from about 1 MeV to  6 MeV. The Po®^® source vas used fo r  energy  

c a lib r a t io n  and sta n d a rd iza tio n .

A ll  bonbarded sa a p les  showed strong a c t iv i t y .  The on ly  in te n se  

a c t iv i t y  observed not a sso c ia te d  w ith e ith e r  the Saaarlua or the  

G adolin lua Iso to p es vas a 511 keV gaaaa. During the sane period  the  

alpha d e tec to r  sp ec tra  showed In ten se  a c t i v i t y  fro a  about 1 MeV down

15
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which appeared to  be due to  b eta  p a r t ic le a  and/or con version  e le c tr o n s .  

The h a l f - l i f e  o f  approxim ately 2 hours a sso c ia te d  w ith  the 511 keV 

pawn was a ls o  a sso c ia te d  w ith  the high energy b eta  p a r t ic le  decay 

observed w ith  th e  alpha d e te c to r . This a c t iv i t y  was ass ign ed  to  

oxygen by the r ea c tio n : 01® (H e3,p) F1®, s in c e  F1̂  decays by p o s it io n

em ission  w ith a h a l f - l i f e  o f  I .8 7  hours.

In th e  fo llo w in g  paragraphs th e  experim ental data and the con­

c lu s io n s  drawn from th ese  data  are d isc u sse d . In order to  p reserve  

the I n te g r ity  o f  the experim ental d a ta , the experim ental r e s u lt s  are  

presen ted  f i r s t  and then the In ter p r e ta tio n s  and co n c lu sio n s are s ta te d .

6 . DATA Oil QADOLHIUM ACTIVITIES

The p r in c ip a l measurements made on Gadolinium sa a p le s , I I 827  and 

N1840, were aimed a t  Id e n tify in g  the h a l f - l iv e s  and the en e rg ies  o f  

the observed r a d ia t io n s . The cave c r y s t a l ,  co in cid en ce  c r y s t a l s ,  x -ray  

c r y s ta l  and the s o l id  s t a t e  alpha counter were used to  ob ta in  th is  d ata ,

a . Cave C rysta l

With th e  saap le  p laced  1 cm from th e  c r y s ta l  on the c r y s ta l  a x is  

the sp ec tra  o f  N1827 was fo llow ed  fo r  267 days. HlBUO, prepared from a 

second bombardment, was used to  v e r ify  and com plete the sp ec tra  fo r  the  

p eriod  fro a  1 to  kO days. The two samples e x h ib ited  c o a p le te  agreement 

on comparison sp ec tra  during th is  p er io d . P la te s  VI and VII show s ix  

s e t s  o f  sp ec tra  s e le c te d  from a t o t a l  o f  25 s e t s  as r e p r e se n ta tiv e  o f  

the decay. The energy range covered i s  from IfO to  2 500 keV. The decay 

h a l f - l iv e s  o f  th e  gamma rays observed were determ ined by grap h ica l 

methods. Table 3 l i s t s  in  order o f  decreasin g  h a l f - l i f e  (T */^) the
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energies of the associated game rajs. For purposes of reference each 
gama ray has also been assigned an Identifying nuaber, for exaaple 
08  Is 1270 keV with a 73 day half-life. The accuracy of the energy 
asslgnaents for 30 to 6 00 keV are vlthln ±  5 keV and for 600 keV to 
2000 keV vlthln ±  10 keV, while the half-lives are probably vlthln 
±  10* of the stated value.

TABLE 3

Gd + He^COd1 2̂ ENRICHED) GAMMA RAT JSERGIES 
AND ASSIGNED HALF-LIVE (T1/2 ) OF DECAY

Nuaber
Half-life 
(Days ± 1 0 * )

Energy
(keV)

Gama-Ray
Nuaber

Half-life 
(Days ± 1 0 * )

Energy
(keV)

G 1 270 1*5 G 17 5 760
2 225 101 < Id 760
3 68 295 18 5 i 960
* 60 48o* < Id I960
5 73 870 19 <3 2300
6 73 955 20 <3 2670
7 73 1170 21 2 .3 78
8 73 1270 5-6 78
9 6 .0 200 73 78

10 6 .0 530 22 2 .3 110
11 6 .9 35* 23 2 .3 215
12 5 .7 10* 2 * 2 .3 25*
13 5-6 262 25 2 .2 172
1* 5-6 172* 26 < Id 258
15 5 .3 1*20 27 < Id 33O*
16 5-1 1820 28  | < Id 1080

*ladleatea a aultlple peak
b. Coincidence Crystals

The only coincidence data obtained vas taken at 67  days after 
bomberdaent using N1S27. Table * shows the results of these measure­
ments . The energies Indicated are probably accurate to ±  10 keV.
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jLABLE A

LOW BIERQY COIBCIDfflCES D O d f  H«3(Od152 EMRICHH))
AT 67 DAYS

Energy Width 
o f  Oate 

(keV)

Energy o f  Oaaaa-Ray (±10 keV) In C oincidence  
w ith  Oate

20-53
62-7A
83-120
129-170

105
105
50(1),
50(2).
520(2 )

120(2), 215(3), 310(3), Al5(A), 530(A), 620(A) 
80(1), 135(1), 215(1), 300(1), 370(2), AA0(2), 
, 630(3), 730(3), 810(A), 870(A), 890(A)

( )  In d ic a te s  r e la t iv e  prominence 

c . X -ray D etec to r

The decay o f  th e  x ray vas fo llo w ed  c a r e fu l ly  on both  W1827 and 

Ifl&AO. For th e  decay o f  K1827, 30 sp e c tr a  were taken over a p er io d  o f  

268 d ays. IlBAO was observed u n t i l  I t  vas v e r i f i e d  th a t  th e  sa a p le s  

e x h ib ite d  no obvious d i s s i m i l a r i t i e s .  A t o t a l  o f  28 sp e c tr a  were 

o b ta in ed  over a p er io d  o f  AO d ays. In  P la te  V I I I , F igu res 21  thru  23 

show t y p ic a l  sp e c tr a  up to  36 days; w h ile  F igu re 26 shows th e  energy­

tim e dependence o f  th e  x ray . Other than th e  x ra y , th e  o n ly  I n te r e s t in g  

fe a tu r e  o f  th e  sp e c tr a  I s  th e  peak a t  3 1 .2  keV which was found to  decay  

w ith  h a l f - l i f e  o f  approxim ately  2 .3  d a y s. Both MI8 2 7  and ElBAO 

d isp la y ed  t h i s  peak . The decay o f  th e  x ray e x h ib ite d  h a l f - l i v e s  o f  

230d , 5 .3 d , 2 . Ad, 8 .5 h , and 2 .3 h  as l i s t e d  in  T able 3 . The x ray  

s ta r te d  w ith  th e  sane energy a s th e  Tb KoC  ̂ x ray g r a d u a lly  p a ss in g  

through th e  Od KoC  ̂ x -ra y  energy a t  about 3 days and a t  256  days vas  

n ea r ly  a t  th e  Eu E c t i  x_riiy  en ergy .
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S in c e  I t  va s u n d e s ir a b le  to  aove th e  sam ple du rin g  th e  e a r ly  

p e r io d  o f  d eca y , and h ig h e r  energy  s p e c tr a  v a s  need ed , a d d it io n a l  

sp e c tr a  up to  600 keV were taken  v l t h  th e  x -r a y  c r y s t a l  on H1827.

These lo v  energy  gaa*as v e r e  fo llo w e d  fo r  18 days and , u s in g  b a se  

l i n e s  In fe r r e d  fr o *  cave  c r y s t a l  d a ta , h a l f - l i v e s  v e re  a b le  to  be  

a s s o c ia t e d  v l t h  th e  prom inent p ea k s . These a r e  l i s t e d  in  T ab le 5» 

S in c e  th e s e  peaks v e r e  a l s o  ob served  v l t h  th e  cave  c r y s t a l  th e  x -r a y  

c r y s t a l  s p e c tr a  a r e  n o t p r e se n te d .

TABLE 5
Gd+He3(Qd152  ENRICHED) GAMtA-RAY BIEHGIES AND 
ASSOCIATED HALF-LIVES OF DECAY (X-RAY CRYSTAL)

Energy ( ± 5  keV) A sso c ia te d  H a l f - l i v e s  ( ± 1 0 £ )

3 1 .2 (0 2 9 ) 2 . 3d
x ray 2 . 5h , 8 . 5h , 2 .* d ,  5 .3 d , 2 3 0 d

102 ( 0 1 2 ) 2 . Oh, 8 h , 2 . 5d , 5 >6d , lo n g e r
172 (0 1 * ) 1 .9 h , 9 -3 b , 2 .5 d ,  5 -6d
2 1 6 (0 2 3 ) 1 .9 b , 9 -3 b , 2 .5 d ,  5 .6 d
336 (0 2 7 ) 1 . 9 b , 8 . 3b , 5 . 6d
511 1 .9 h , 5*5b , 2 .6 d ,  5 .5 d

d . A lp h a -p a r tIc le  D e te c to r

The e a r ly  s p e c tr a  taken  from  111827 d is p la y e d  a  s u b s t a n t ia l  count  

r a ta  up to  about 1 MeV. T h is v a s  a t t r ib u te d  a a ln ly  to  p ickup o f  p o s i ­

tro n  and c o n v e r s io n  e le c t r o n  Induced p u ls e s  s in c e  th e  h a l f - l i v e s  

deduced f r o *  th e  d a ta  v e r e  n o t s i g n i f i c a n t l y  d i f f e r e n t  fr o *  th o se  

l i s t e d  In T ab le  5* As a r e s u l t  no c o n c lu s io n s  v l t h  regard  to  a lp h a  

a c t i v i t y  co u ld  be dravn a lth o u g h  th e r e  appeared to  be a h ig h er  energy
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distribution of pulses above 2 MeV. Table 6 shorn a break down of the 
associated vlth a particular energy Interval.

TABLE 6
Gd + He3(Od152 BIRXCHED) ACTIVITIES OBSERVED 

WITH SOLID STATE ALPHA DETECTOR OB 11027

B&ergy Range (keV) Associated Half-lives (hours ±  200)

320-640 15, 2
640-960 20, 2
960-1200 20, 2
1200-2560 20, 2
2560-5120 Ho significant data

In order to enhance the alpha activity and to reduce the electron 
contribution the 11040 decay was followed using the aluulnuu shutter. 
The shutter was cycled open and closed at regular Intervals during a 
counting period and the difference of the two counting uodes taken. 
These spectra exhibited a sharp fall In count rate up to about 1600 
keV followed by an approximately level plateau up to 2000 keV. There­
after the subtracted spectra fluctuated statistically about sero 
counts. The decay of the Integral count under the plateau is presented 
in Table 7* Based on the data this activity has a half-life of the 
order of 5 hours. If account Is taken of the mylar window in the 
sa^le holder this could be associated with an alpha-partlcle of 
about 3*3 ±  *3 MeV.
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TABLE 7

Gd + He3(Gd152 miGEB)) DDTEMBICE COUITB OBSERVED 
WITl SOLID STATE ALPHA DKF1CT0R 01 IlBAO

Bonbardnent 
Off 

(Minutes)
Counting Interval 

(nlnutes) 
Clock Live

Shutter 
Cycle Tins 

(nin)
Shutter
Condition

Qross
Counts

let
Counts 
per Min

5k 166 100 10 open
closed

532
228 6 .l±0 .6

2k$ 127 100 10 open
closed

367
196 3.*±0 .5

596 256 2kO 1*0 open
closed

595
k$k 1.2±0.3

662 369 360 60 open
closed

9k&
895 0 .3 ± 0 .l

7. RADIOACTIVE ISOTOPES IDBTTiriZD II OADOLDIIIM SAMPLE

Due to the lev degree of enrichment of the Gadollnlun sanple a 
Large nuaber of radioactive Isotopes vere observed. In order to 
•lspllfj the cosparlson of this data vlth previously reported results 
Table 8 vas prepared. This table lists the isotopic content of the 
Oadollnlua sanple, the possible reaction products due to He3 boabard- 
nent and the producing reaction. Many of these Isotopes have been
Investigated by other reaction processes and the results are reported

2 - 2 5in the literature. J The half-lives and prominent nodes of decay 
(i.e., ganne-ray and particle energies and Intensities) for each 
Isotope vhich should have been observed in this Investigation are

2s.K. Bhattacherjee and S. Renan, Moclear Phys. 1, kQ6 (1956). 
fA. Blsi et el., lucleer Phys. 1, 593 (1936).
?B. Hamate et al., Phys. Rev. 12^, 1736 (l96l). 
hc.l. Toth et al., Phys. Rev. U£, 156 (1939)-
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listed. An abbreviated notation has bean used In order to reduce the 
detail. Thus under 0d^3 the notation 103(45) 02A aeant that the 103 
keV goat ray of relative Intensity (45) reported for 04*53 has been 
positively Identified. The letter A aeane positive Identification and 
the letter P Mans possible identification. These facts have been 
deduced froa the data presented In Tables 3 through 7 and Plates VI, 
VII, and VIII.

As Inspection of Table 8 will verify, the presence of Tb*53, 
Tb*55# Py*55, ^  Dy!57 is established. The coincidence

data supports electron capture of Od*53 and beta decay of Tb^*. Due 
to the strong coapetltlon of charged particles in the spectra taken
with the x-ray crystal and lack of cave crystal data for half-lives

♦  _ _  __________________________________________

^K.S. Toth et al., luclear Phys. 1£, 3&9 (i960).
7r .D. Mac far Lane, latural Alpha Radioactivity in Medii»— Heavy 

Klanents (thesis), May 28, 1959. daraegle Inst, of Tech., Pittsburg.
®K.S. Toth and J.O. Rasmussen, Phys. Rev. 109, 121 (1958).
9j.o. Basaussen et al., Phys. Rev. §£, 33 (1953)*
*°R.D. Macfarlane, J. Inorg. A Muclear Chea. 12., 9 (1961).
***.8. Toth and O.B. Mlelsen, luclear Phys. 22j 57 (l96l).
^A.A. Abdurasakov et al., Isvest. Akad. Mauk. UB8R, Ser. FIs. 24, 

1126 (I960).
*?M.M. Subda Rao, luclear Phys. 28, 503 (l96l).
**R.A. Isnaann et al., J. Inorg A Muclear Chea. 16, 163 (i960).
*5g. Biryukov et al., Isvest. Akad. Mauk. UBSR, Ser. Fis. 25,

109 (1961).
“ R.C. Qreenvood and E. Branaen, Phys. Rev. 120, 1411 (i960). 
IJr.D. Macfarlane and T.P. Kohaan, Phys. Rev. 121, 1758 (1961). 
 *R.E. Sund and M. L. Wledendeck, Research In the Field of Muclear

Spectroscopy (Sect. XI) (Michigan Unlv., Ann ArborJ7
*9p.0. Hansen et al., Muclear Phys. 12, 389 (1959).
20S . Ofer, Phys. Rev. U 5 , 412 (195977
f*R.E. Bell and M.H. Jorgensen, Muclear Phys. 12, 413 (1959)*
22v . Baasak et al., Muclear Phys. 6 , 451 (195817 
23y,D.S. Butseent and P. Olentvorth, J. Inorg. A Muclear Chea. 15, 

205 (I960).
2l*O.T. Bran et al., Muclear Phys. 610 (l96l).
25s. Ofer, Muclear Phys. £, 331 (1957).
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TABLE 6

Gd + He3(Od152 0RICHED) RADIOACTIVE ISOTOPS OF Dy, Tb, AID Od

Od152 (36,2*) Odl53 Od1*  (03.7*) Od155 (16*) Od1*  (15.6*)
lO1^
OC:
2.1V

225d 
B.C.

72(7)
98(51) 02,A 
103(*5) 02,A

Stable Stable 8table

Tb152 Tb1* Tb«5 Tb1*
l8.5b(*«)
OC
0 +
B.C.
*  :
1*0(3)
235(3)
3**(l0)027 ,P 
*15(2)

2 .6d
B.C.

52(10)
68(5)
88(l8 ) G21,A 
U0( 100)022, A
171(9) 025,A 
17*(6 ) 025,A 
195(5)
212(120)023,A 
250(6 ) 02V, A

21h(8h)
B.C.
T  :
88(1)
123(3)
180(5)
250(3) 
3*0(10)G27,P 
6*0( 15)

5.6d
0 *

31(T) 029, A
6o(*)
87(50)021,P 
105(35)012, A 
1*9(*)
163(12X11*, A 
182(11)01*, A

5.*d(5h)
B.C.
Tfi :

89(9 ) 021,P 
200(5) 0 9,A 
260(1) 013,A 
355(2) Oil,A 
535(8) 010,A 
10*5(l) 
11*0(2 ) 
1*00(2 ) 
1B15(.*)016,A

Dy1*2 I * 15* Dy1* D y ^ 1 ^ 5 6

2 .5h 
OC:

3.7
B.C.

5h
oC:

3.5
a *

13b
00
3.35
1&  

c(:
2 .85

lOh
B.C.

*65(33)
91(6) 021, A 

227(100)023,A
660(7)
880(3)

Stebl.
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TAB LB 8  (C o n td .)

Od1*? (9-2*) 
Stable

Od1^  ( 1 1 . 9* )

Stable

Od!59

l8h
0-*
950 (76 )
6 0 0 ( 1 6 )
8 9 0 ( 8 )

:
57(26)
364(9)

Odl6°  ( 7 . 4* )

Stable

Odl6l

3.6a
S '  : 
1600

y *
36

102

Tbl57 Tbl# * ,1 5 9 Tbl60 Tb^l
> 30jr > 3 7 Stable 73d 7d
B.C. B.C. S '

8 7 ( 6 6 )0 2 1 ,A
2 98 ( 2 8 )0  3 ,A 
8 7 1 ( 3 4 )0  5 ,A
964 (25 )0  6 , A 

H 7 5 (l6 5 o  7 ,A 
1272 (8 ) 0  8 ,A

6 ~
y 1:

2 6 (8 )
* 9 (8 )
57 ( 3 )
7 5 (1 )

1*157 B7I 58 1*159 D7I 60 D y l 6 l

8 . 2h
B.C.
&  :
6 1 ( 6 )
8 3 (2 4 ) 0 2 1 ,A 

1B2(9)
2 6 5 (4 ) 0 2 6 , P 
3 27 (9 9 0 )0 2 7 ,A

Stable l44d
B.C.
y*:

58(3 )

Stable Stable
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less 1 day no positive conclusions can bs drawn about tbs exact 
energies. The half-lives obtained with the x-ray data do sake highly 
probable the presence of Dŷ -52. The 511 annhllatlon radiation and the 
results from the alpha-particle detector Indicate the presence of Ey^53. 
In the case of Py1^  do conclusive statement can be aade. Quite 
possibly the 13 hour alpha decay reported by Toth® could have been 
aiased but the ebsence of gaana radiation with this half-life tends 
to support the 2x10^ year alpha decay reported by Mac far Inna10.

Several gain rays vere observed which are not accounted for In 
the literature. These are 01 (1^5 keV, 270 days), 017 (760 keV, Id and 
25d), 018 (I960 keV, Id, and 5d) and 019 (2300 keV, 3d). The short 
half-life rays 017, OlB, and 019 cannot be assigned on the basis
of this data. Nevertheless their presence Indicates that further 
detailed Investigation of the early decay of saaples with this enrich- 
nent of Od1-® can be of significant value. 01 cannot be associated 
with any isotope or lapurity on the basis of previously reported data. 
The complex results of the coincidence data cannot be explained by 
the presence of Gd1^  and Tb*®0 alone. The coincidence data shows a 
very cooplex structure associated with 01. In addition there appear 
to be peaks at v  230, 295 and ̂  350 decaying with the sane half-life 
(see Plate Til, 200d). This data Is Insufficient to sake it possible 
to draw definite conclusions, but if the isotopic abundances are 
considered and we note the quantity of Tb1®0 produced, it is highly 
reasonable to assune that an appreciable amount of Tb1-*® was also

®Toth, op. clt., p. 121.
^ M acfarlan e, op. c l t . , p. 9*
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produced. The predominant mode o f  b eta  decay fo r *.158 would explain

the low intensity of the x ray associated with this line In the coin­
cidence data. Tb^*7 is also a possibility that cannot be eliminated 
except that It has to decay by electron-capture and this is at vari­
ance with the coincidence results. These conclusions are not In 
agreement with those of Butement and Glentworth^ who Identified Tb1!*® 
from a spallation reaction as decaying by K capture with a half-life 
of >  3 years.

8 . LATA ON SAMARIUM ACTIVITIES

E s s e n t ia l ly  the same procedure In taking data was employed on the  

Samarium saap les as w ith  the Gadolinium sam ples. Energies o f  prominent 

gaama rays and h a l f - l iv e s  were fo llow ed  w ith th e  cave c r y s ta l .  The 

decay and energy o f  th e  x ray were observed w ith the x -ray  c r y s ta l .

In a d d it io n , s in c e  the sp ectra  was not as complex due to  th e  high  

enrichment o f  8m ^^ , w e ll  data and co in cid en ce  data were u s e fu l fo r  

Id en tify in g  Iso top es; w h ile  the unscrambling sp ec tra , used in  con­

ju n ction  w ith  Inform ation obtained from the l i t e r a t u r e ,  made i t  

p o s s ib le  to  determ ine the r e la t iv e  amounts o f  each r a d io a c tiv e  Iso top e  

produced In the bombardment. This data and the a n a ly s is  o f  the data  

are presen ted  in  the fo llo w in g  paragraphs,

a . Cave C rysta l

The sp ectra  from NlB^l was fo llow ed  from 1 day to  350 days on the  

3 “x3" H al(T l) c r y s ta l .  A t o t a l  o f  18 sp ec tra  fo r  each energy range

^^Butement and G lentw orth, op. c l t . , p . 205-
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(50 keV to  700 keV and 300 keV to  2250 keV) vara taken, fha  s a ^ l e  

geometry vaa aa shove in  P la ta  111, F igure 5* v l th  a source to  

c r y s ta l  d is ta n ce  o f  1 cm. The r e s u lt s  o f  th ese  measurements are shovn 

in  Table 9 . The methods used In ob ta in in g  en erg ies  and h a l f - l iv e s  

have been describ ed  p r e v io u s ly . The accuracy o f  the assignm ents i s  

the same as th a t g iven  fo r  th e  G adolln iisi sam ples. P la te s  IX and X 

show the sp ectra  a t  variou s period s o f  th e  decay. In order to  o b ta in  

a  b e tte r  estim a te  on the h a l f - l iv e s  o f  decay in  th e  high energy sp ec tra  

In teg r a l counts from 133 heV to  2k60  keV vere p lo tte d  versus time 

a f te r  bombardment. Two h a l f - l iv e s  predominated, 53*9 and 26 . k  days, 

v lth  the sh orter  h a l f - l iv e s  undetermined; v h l le  the longer h a l f - l iv e s  

d id  not co n tr ib u te  s ig n if ic a n t ly  to  the In te g r a l count In t h is  energy  

range.

b . W ell C rysta l

The sum sp ectra  vere  obtained  from HliB^2 a t  2 days and 163 days 

in  the decay o f  the Samarium sample. A summary o f  the r e s u lt s  i s  

l i s t e d  in  Table 10 , v h l le  P la te  XI shows the " ln -v s ll" , " o u t-v e ll" , 

and d if fe r e n c e  sp ec tra .



PLATE DC 31
SM+HE* (SM*41 ENRICHED) GAMMA RAY SPECTRA
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PLATE X 32
SM+HE* (SM*47 ENRICHED.) GAMMA RAY SPECTRA
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TAILS 9

s b  +  hb3(s b 1^T n rjticu D ) oaima- hat e s h q i e
AID ASSUMED HALF-LIVE (CAVI CBTSTAL)

Qaaaa-Rsy
luaber

H a lf - l i f e  
(day* ±  10$)

fiM rcr
(kaV)

Oaaa-1%7
Iimbar

H a lf -U fa  
(days :£ 10$ )

Snarer
(kaV)

S 1 103 58t 826 25 630
3 2 103 7 8 t 827 22 198
S 3 90 267* 828 22 123
8  % 70 328 329 10 150
8 5 70 3%2 831 8 3%2
S 6 60 2130 332 8 300
3 T 56 10%O* 833 < 2 1790
S 6 56 9% 5* 33% < 2 890
8 9 58 800 835 < 2 770
s i o 58 630 S36 < 2 630
311 58 %15 837 < 2 229
312 58 200 338 < 2 370
813 58 do 839 < 2 396
81% 56 665 S%0 < 2 560
815 55 2060 S%1 < 2 932
317 55 1600* 8%2 < 2 260
318 55 1510 S%3 < 2 1130
819 55 1185 3%% < 2 1330
320 55 1330 S%5 < 2 1590
321 55 553 s %6 < 2 1790
322 5% 712*? s%7 < 2 i 960
823 26 1060* 8k8 < 2 2180
82% 25 9%5* S%9 < 2 2260
325 25 800

*  A B u lt lp l#  paak 
f  U ncertain  peak



PIATB XI
SM+HE* (SM *7 ENRICHED) SUM SPECTRA
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TABLE 10

Sa + ]te3(Sax̂  0R1GHED) B1BI PEAK SEED U S  QB8SRTED
V m  WELL CHTSTAL

Days After 
Boabardaeat

Sub Peak Energies Observed (keV)

1.693 330, *50-*85, 530, 635, 675t, 765-825, 890-1000, 
llb5, 12307, 1370, 1*25?, 1580, 16307. 1785, 
1920, 2180, 2*307, 2550, 26207. (all ±  15 keV)

1.78b 76, 118, 150, 197, 226, 270-275, 330-352, 3787, 
*027, *327, 46*-*8*, 5127, 5*8-562, 6067, 638, 
6707. (all db 5 ke¥)

162.17 78, 1007, 122, 15*, 200, 252, 27*-282, 330, 370, 
*7*, 5307, 5607, 588, 620, 638, 668, 690.
(all ± 5 keV)

163.15 *07, 620, 690, 78*-825 , 990-1040, 1200, 1380, 
1*50, 1515, 1580-16*0 , 1750, 1800, 1890-19*0, 
2000, 2200, 23*0, 2*50, 25*0. (all ±  15 keV)

7 Uncertain

c. Coincidence Crystals
Coincidence data vas taken on Il8*l at lB days and 30 days. A 

highly complex structurs vas obtained at lB days ss can be seen from 
Table 11. In this table the energies of the gaaaa rays are listed as 
veil as the nuaber Inclosed in parenthesis vhich Indicates the relative 
prominence of the particular gaaaa ray. An estimate of the average 
spectral intensity is also Included for purposes of comparing the 
spectra qualitatively. The 30-day data concentrates principally on 
lov energy gaaaa rays and Is presented In Plate XII. These spectral



TAB LB 11

Sn +  RmHSml k 7  BIRICHBD) CO IBC im C I 8PBCTHA AT 19 DAIS

36

Count
Tlnn

Sptetral 
In ten s ity  
(ctc/aln)

C olnc.
Onto

(koV)

C o ln c ld n e t  Oi m m  A R n ln tiv c  Pronlnnncn

300 B l n  

n t

IB. 3d

0 .2 3

0 .2 3

1.00

0 .5 0

362-384

414-430

510-^62

600-634

x m y < 5 ) ,123 ( 2 ) , 150 ( 2 ) , 3 1 5 U ) ,4 1 5 ( 4 ) ,5 5 * ( l ) ,  
6 2 0 (4 ) .
x  m y ( 4 ) , 123 ( 3 ) , 150 ( 3 ) , 2 1 0 * (2 ) , 2 6 0 ( 3 ) ,  
3 0 0 ( 3 ) ,k 0 0 (4 ) , 5 5 0 (1 ) , 6 2 0 ( 3 ) .  
x r » ( 5 ) , 2 0 0 ( 2 ) ,2 4 5 ( 3 ) ,3 0 0 ( 4 ) ,4 1 5 * (2 ) ,  
550* (2 ) .6 2 0 ( l ) .
x  rmy( 7 ) , 8 5 (5  ) ,  125*( 3 ) ,210*( 3 ) ,24o( 4 )
4 1 5 ( 4 ) ,45 0 (6 ) ,  550 ( 1 ) , 6 2 0 ( 6  ) .

400 B ln  

n t

1 8 . 6d

0 .4 3

0 .3 3

0 .4 3

0 .5 5

222-256

270-292

332-366

380-420

x r n y ( 3 ) ,1 0 0 ( 4 ) ,1 2 3 ( 2 ) ,1 5 0 ( 2 ) ,2 0 4 ( 2 ) ,2 5 0 ( 3 ) ,  
3 1 5 ( 3 ) ,4 1 5 ( 3 ) ^ 3 0 ( 4 ) .4 8 0 ( 5 ) ,5 4 5 ( 1 ) ,6 2 0 ( 4 ) .  
x m y ( 4 ) , 8o ( 5 ) ,  1 2 3 ( 4 ) ,150( 2 ) ,2 0 0 ( 3 ) ,4 0 0 ( 4 ) ,  
4 1 5 ( 3 ) ,5 5 5 * (1 ) ,6 2 0 (4 ) .7 1 0 ( 6 ) .  
x  m y ( 7 ) , 1 0 0 ( 4 ) ,1 1 7 ( 7 ) ,1 5 6 ( 1 ) ,1 6 8 (3 ) ,
3 1 0 (6  ) ,3 4 0 (6  ) ,4 2 0 ( 4 )  ,4 4 6 ( 5 ) ,  5 5 5 (2  ) , 6 2 0 ( 4 ) ,  
x m y ( 5 ) ,  130( 3 ) , 2 0 6 ( 2 ) , 310 ( 3 ) ,3 4 0 ( 3 ) ,
4 0 0 (4 ) , 55 0 ( 1 ) , 6 2 0 ( 3 ) .

400 B l n  

n t

1 9 . Od

0 .0 3

0 .0 9

0 .1 5

O.3 2

70-94

112-132

142-158

184-210

x m y ( 6 ) , 9 0 ( 4 ) ,121 ( 1 ) ,1 5 8 ( 2 ) ,2 0 6 ( 2 ) ,2 4 0 ( 3 ) ,  
4 1 0 (4 ) ,5 5 0 ( 5 ) .
x mgr(4 ) ,  1 0 0 ( 4 ) ,1 3 4 ( l ) , 158 ( 2 ) ,2 0 6 ( 2 ) ,2 4 5 ( 3 ) ,  
3 5 0 ( 4 ) ,3 9 0 ( 5 ) ,4 3 0 ( 7 ) ,5 7 2 (5 ) ,6 5 4 ( 5 ) .  
x  m y ( 3 ) ,  100 ( 3 ) , 1 3 5 ( 2 ) , 1 5 0 ( 2 ) , 2 0 6 ( 2 ) , 2 3 2 ( 2 ) ,  
3 4 7 ( 1 ) ,4 2 6 ( 3 ) ,5 5 2 ( 3 ) ,6 3 2 (4 ) ,6 9 5 ( 5 ) .  
x  r B y ( l ) ,1 1 4 ( 1 ) ,1 5 0 ( 1 ) ,2 0 6 ( 1 ) ,3 0 8 ( 3 ) ,4 2 0 ( 3 ) ,  
5 5 2 (2 ) ,6 2 0 (4 ) .

550 B ln  

n t

1 9 .5d

0 .5 5

0 .0 5

0 .0 4

0 .0 3

535-680

790-910

1010-1190

1260-1430

200( 1 ) .4 1 0 (2 )  ,545 ( 1 ) , 6 2 0 ( 3 ) ,7 2 0 (4 )  ,900 ( 5 ) ,  
1 0 1 0 (6 ) , 1 1 7 0 (7 ) ,1 3 4 0 (7 ) ,  1 4 8 0 (9 ) , 1 6 5 0 (8 ) .  
200( 1 ) .4 1 0 (2  ) ,545 ( 1 ) ,6 2 0 (3  ) ,7 8 0 (4 )  ,9 0 0 ( 4 ) ,  
1 0 1 0 (5 ) , 1 9 7 0 (5 ) ,1 1 3 0 (6 ) ,1 2 4 0 (6 ) ,1 3 4 0 (6 ) ,  
1670 ( 6 ) .
4 1 0 ( 2 ) .5 4 5 ( 1 ) ,6 2 0 ( 2 ) .7 2 0 ( 3 ) ,9 0 0 ( 4 ) ,1 0 1 0 (5 ) ,  
1220 ( 6 ) , 1340( 7  ) ,  1480( 8  ) ,  1670 ( 8 ) .
2 0 0 ( 2 ) , 340 ( 3 ) , 5^5 ( l )  , 62 0 ( 2 ) , 780 ( 4 ) , 9 0 0 ( 4 ) ,  
1 0 7 0 (5 ) , 1 2 8 0 (5 ) .

*  M u lt ip le  peek
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distributions have the saae shape but are less complex than the acre 
complete data taken at 18 days.
d. X-Ray Crystal

A total of 20 spectra vere taken froa llBkl In follovlng the decay 
of the x ray for 350 days. Representative spectra and the energy-tine 
dependence of the x ray are shown in Plate XIII. The x ray started at 
the luropiua KoCj, x-ray energy and by 20 days vas at the Saaarlua Koti 
x-ray energy. It reaained there when the last data vas taken. The 
associated half-lives vere found to be /v*103, 5k, 2 5, 9 and 1 day.
e. Solid State Alpha Detector

Using the 0.5 all aluminum shutter the counts obtained froa KlBkl 
in the energy range of 1000-2200 keV for the period 6.95 to 13*95 
hours after boabardaent vas 102±56 counts (0 .k3 counts/alnute) and 
for the period 15k . 75 to 17k . 75 hours after boabardaent vas 15k± 66  

counts(0.26 counts/alnute). The spectra shoved a plateau like 
distribution terminating at 2000 keV. Thus these counts could result 
froa an alpha particle of approximately 3 MeV energy. If a single 
alpha vas involved in the decay the associated half-life lies in the 
neighborhood of 7 days.
f. Unscrambling 8pectra

Cave crystal spectra vas taken on IlSkl 8 days after boabardaent. 
The geometry has been described. In order to reduce the sum peak 
contributions, the source vas placed 5 cm from the crystal. At this 
distance the sum peak of C o ^  had approximately one-fiftieth of the 
nuaber of counts in the 1330 keV peak. Plate XIV shows the three sets
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of spectra which vara unscrambled. After the background had been 
subtracted froa each spectrum, the procedure used for unscrambling 
vas essentially as described by Heath^. The specific procedure 
employed is described below.

Starting with the highest energy peek In the high energy spectrum 
the energy of this peak vas determined. Then using a graph of the 
cave crystal resolution versus gamma-ray energy (prepared froa Co^°f 
Ba^33, f Mn^\ and Cr̂ J- spectra obtained at the same geometry) 
the 1/2 width of this peak vas found, last a aonoenergetlc gamma 
source of energy as near as possible to this gamma vas selected and a 
spectrum taken with the multi-channel analyser to obtain a peak vlth 
the proper l / 2  width. To this peak portion of the spectrum a Compton 
distribution taken on the multi-channel analyser was attached with the 
Compton edge and back scatter peak appropriate for the gamma-ray 
energy being synthesised. The energies of the Compton edge and back 
scatter peak vere obtained from page 63  of the I960 Muclear Data Tables, 
Part 3 , Muclear Reaction Graphs (UBAJBC). In order to obtain the proper 
ratio of peak counts to total comnts the Compton distributions had to 
be corrected for Intensity since the energy of the gamma ray used for 
synthesis vas not the same as the gamma ray being synthesised.
The relationship used for this purpose vas:

« -  H r  (p» ) ) «
Bp. < *  > U -* a  > C“

^Heath, op. clt., p. 17 .
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where l Cy = lubber o f  counts in  on* channel o f  the non-peak p ortion

o f  the sy n th e tic  spoetrun .

I f  I  , =  T o ta l number o f  counts In the n m - n j  paak on tha
FT

spactra  being sy n th e s ise d ,

I p ,  r  T ota l masher o f  counts In the gaaw -ray  peak used fo r  

sy n th e s is ,

Pfl,Pjt z  Ratio o f  the nuaber o f  counts in  the gaaaa-ray peak to  

the t o t a l  nuaber o f  counts In the aonoenergetlc  sp ectra  

fo r  the sy n th e s is in g  gaaaa and the sy n th esised  g « a  

r e sp e c t iv e ly .

and, Kca = Iunbar o f counts in  the corresponding channel x o f  the

non-peak p ortion  o f  the C o tto n  spectrun used for

sy n th e s is .

The peak to  t o t a l  r a t io s ,  Pg and P* , used In unscraabllng were 

determined fro a  a graph prepared fo r  the O.S.U. cave c r y s ta l  using  

aonoenergetlc gaas»-ray sp ec tra . F in a lly  t h is  sy n th e t ic , aonoenergetlc  

spectrum was subtracted  channel by channel froa  the spectrun being  

unscrambled, t h i s  e n t ir e  procedure was repeated u n t i l  a l l  sp ectra  had 

been unscrambled down to  the x ray w ith appropriate co rrectio n s on 

the Compton carry over for  the d if fe r e n t  t la e  In terv a ls  a t  which the  

sp ectra  were taken.

The ab so lu te  m aber o f counts due to  a p a r ticu la r  g a a a  ray 

(Kji ) o f  energy ( l )  was c a lc u la te d  froa:

*/>= V j l f * * ) - 1
using peak to  t o t a l  r a t io  (P ji ) cu rves, c r y s ta l  e f f ic ie n c y  ( €  t )
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curves, the nunber of counts found In a particular unscrambled gamaa- 
ray peak (*yp)> the corractlon for absorbers (A). Table 12 shows 
the rasults of unscrambling the thraa spectra.

9. RADIOACTIVE ISOTOFEB IDEMTIFIED JM SAMARIUM SAMPUB

Because of the high enrichment of Bn1-1*7 and the results observed 
with the Oadolinliai samples only reactions involving Bn11*7 were 
expected to be significant. A search of the literature2**"37 for 
inforaatlon on Gd1*7, Gd1*1®, Od1^9 , Eu1*7, Eu1^ ,  and Eu1*9 and com­
parison of the reported decay schemes with the data substantiated 
this assumption. Table 13 summarizes the ganma-ray energies and 
intensities reported. The notation which Indicates ga«a rays Identi­
fied In this Investigation is the same as that used in Table 8 for the 
Gadolinium samples. That Is, the energies and intensities of observed 
gamma rays are listed and If Identifiable from the cave crystal data 
marked with a gs— -ray number from Table 9. Of the gammas listed and 
not identified: S6 (2l8o), 315 (2060) and 819 (11&5) *re probably sun

26c.P. Schwerdtfager et al., Muclear Phys. £5, 166 (1962). 
£7B.S. Dshelepov et al., Muclear Phys. £0, 120 (1962).
"C.F. Schwerdtfager et al., Phys. Rev. 125» l6bl (1926).
*-5C. Suglyaaa, J* Phys. Soc. Japan 1£, 25* (1962).
3°B. Harmats et al., Phys. Rev. 123, 1758 U96l).
I^B.8 . Dshelepov et al., Muclear Phys. £0, 110 (1962).
” a. Sorokin and K. Mitrofanov, Isvest. Akad. lank. UB8R, Ser.

pi*. 2£, doe (1961).
33q. Groeffe and M. Murnla, Ann. Acad. 8ci. Femlcae Ser. A,

VI-77, 1 (1961).
|JjOJC. Marling, Phys. Rev. 12b, 1907 (1961).
3>V.S. Shirley et al., Muclear Phys. b, 395 (1957).
3°J.O. Rasmussen et al., Phys. Rev. 0£, 33 (1953)*
37g. j. Prmsk et al., Muclear Phys. £0, bbl (1962).



44

XABLK 12

S* + He3(Sml4T BTCICUD) GAM(A RAIS POUP BX 
IXBCBANBLDB CAYX CBXBTAL SPBCTRA AT 9 MXS

l o . X * * p X * ( x l0 - 4 ) Xo. X ■ y p I r f ( x l0 - 4 )
(keV) If (keV)

SPICTRIM DBCRIPTKM: Bl«h feergy  U ) ,  T = 490 m inutes, s ta r te d  a t
8 .0 L5 day* a f t e r  bombardment. G X uergles Accurate to  * 1 5  keY.
1 2260 710 7 .6 5  ± 7 .8* 16 1065 31761 16 8 . 9 ± 4 .7 *
2 2150 1530 15.49 6 .4 * 17 1010 29395 146.8 4 .4 *
3 2040 1435 13.90 7 .4 * 18 940 51404 2 4 1 .9 4 .6 *
4 1915 2406 22 .13 6 . 0* 19 900 10388 46 .7 8 .7 *
5 1800 2145 1 8 .6 0 6 .3 * 20 885 49663 220 .7 4 .0 *
6 1710 2457 20 .35 8 .2* 21 830 31893 132.3 4 .7 *
7 1650 3909 31 .17 6 .7 * 22 775 72754 28 3 .4 3-8*
8 1600 10875 8 4 .89 4 .4 * 23 735 43279 1 6 0 .2 6 . 2*
9 1525 6506 48 .48 5 .6 * 24 705 36168 135 .4 6 .8*

10 1445 5011 34 .91 6 .4 * 25 680 26308 9 0 .6 8 . 6*
11 1370 6044 40.13 6 .8* 26 650 73042 244 .6 4 .8 *
12 1310 14130 9 0 .1 2 4 .5 * 27 625 171645 545 .4 4 .0 *
13 1230 8321 50.58 6 .9 * 26 595 155061 468.2 3 .8 *
14 U 75 17117 100.3 5-1* 29 550 360387 1008 . 3 .5 *
15 1120 17759 9 6 .1 8 6 .9*

8 .542  d a y  a f t e r  bombardment. 0— a f c s n l w  A ccurate to  A 5 ksY

SB
29H
30
31
32
33
34

630
597

43136
54192 ill:!1: 5 .0 *

540 83570 229-5 5 .3*
518 24952 6 6 .0 1 6 . 1*
487 6995 1 7 .0 8 9-5*
455 2846 6 .5 7 15. *
412 18480 39 .24 8 .7 *
388 19869 40 .11 6 .3 *

35 340 19146
36 320 9831
37 293 30580
38 264 5673
39 230 34753
40 195 51428
41 148 75066

34 .6 5 *  6 . 6H 
16.13 11. * 
4 9 .53  4 .9 *  

8 .6 0  1 2 . *  
1 8 .8 1  5 . 2*  
6 5 .5 8  4 .3 *  
8 4 .5 1  4 .1 *

8P DXSCRIPTIQb: Lov Kn«rgy (L ) , T = 60  m inutes, s ta r te d  a t  
rdment. G en a

35L 344 10940 2 0 . 0 1 ^ 6 .9* 41 149 31311 3 6 .4 7 ± 4 .9 *
371 300 15284 2 5 .3 1  6 . 1* 42 121 24742 2 6 .1 9  5 .2 *
38l 278 4026 6 .3 1  13. * 43 ^ 8 0 1995 2 0 .3 6  42 . *
391* 230 17229 23 .93  5 .5* 44 x ray 293905 2 4 3 .9  3-2*
40L 197 22513 2 8 .8 4  5 .4*
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TABLE 13

Sa + H«3(3alU 7  HHUCHED) RADIOACTIVE ISOTOPES OP Od AID Eu

(97.8%)

€C: 2 .1 8  MaV
S ? 5 7

2Ad, B.C .
y :  7 6 ( 2 8 )

122(626  ) 327, A 
196(1090) 827, A 
600(398 K  - 
66o(562 H  2 6  ’  A  

600(2 9 0 ) 8 2 5 , A 
681(2 2 0 )
900( — )
957(352 ) 82A, P 

1079(3I»9) 3 2 8 , P

Sa1**8  (0.91%) 

8  tab la

Sa11*9  (0.51%) 

8  tab la

106d, B.C.
y :  2 2 . 5( 150 )

7 3 .0 (A) 32 j 
178(7)
206(  )
255(210) 
277(1190]
261  f
326( 1296) SA, A 
350(7*) 35 , P
506( 122)
529(98)
536( —  )
5 5 6 1 — )_________

* 1*8

58d ,
y.*

E.C.
AlA(AA)
5 5 l(l7 2 )
553(35)
631(163)
727(31.7)
8 7 0 ( 1 3 . 5 )
9 1 5 (l5 .3 ) 

lOeo(lA.A) 
1 3 3 5 (9 .A) 
1515(6.1) 
l600(lA .7)

8 1 1 , A
821 , A

3 1 0 , A
8 2 2 , P 
SlA , A 
3 6 , P
8 7 , P
8 2 0 , A
8 1 6 , A
817, A

,}s 3
>)J

Od1A7 Od1A8 1A9

35b, B.C.
y :  229(240) 837, A

26 l SA2 , A
370(A0 ) S3 8 , P
396( 100 ) 839, A
A85
5A9
560(23) SAO, A
617
625(50) 836, A
703
755
766(6 8 ) 335, A
778
787
660
896(9A) S3A, P
932 SAl, P
995

1130 SA3, P
1330 3AA, A

>35y
<X : 3.16 MeV

Od

9*5Aj
y * 150( 190 )

2 7 3 ( 1 8 )
299( 103 )
3A7 U 0 0 ) 
* > ! »

3 2 9 , A

3 2 9 , A 
3 2 9 , A

A97
517 
535 
6A6(9> 
660(5) 
750(A5) 
790(37)
870( 3 )
933(5) 
9Ao(15)

(22 )
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peaks cw ued  by th e  2 2 0 2 ,  2097  • nd 1UB2 keT l e r e l s  r e c e n tly  reported  

by Schwerdtfager^ 8  in  Eu1**8 . Sb5 (1590) and 8*6  (1790) are a ls o  

p o ss ib ly  sun peaks s s s o c ls t s d  v l t b  tb s  1556 sad 17*»2 bsV 1s t  s i s  r e ­

p o rts*  fo r  Gd1**?. However, th s  p rosin sn es o f  th s s s  p ssb s ( s s s  P la t s  

IX) and th s  e x is te n c e  o f  o th er  g U M  rays (Sh7 ( i 9 6 0 ) ,  8H6  ( 2 l8 o ) t 

and Sb9  ( 2 2 6 0 ) )  p o in ts  to  th s  p o s s ib i l i t y  o f  h igh er energy 1ste ls  

a sso c ia te d  w ith ad1**?. The data obtained  in  t h i s  InT SStlgatlon Is  

I n s u f f ic ie n t  to  draw any d e f in i t e  c o n c lu s io n s . The decay h a lf - l lT e s  

and energy s h i f t  to  the x ray obserred on the x -ra y  c r y s ta l  a ls o  gaTs 

erld en ce fo r  th e  presence I n i t i a l l y  o f  G adolin lua Iso to p es and f in a l ly  

Europium Isotop es decaying by e le c tr o n  capture. The r e s u lt s  from the  

s o l id  s t a t e  alpha d e tec to r  confirm  the e x is te n c e  o f  alpha p a r t ic le  

a c t lT ity  In the e a r ly  s ta g e s  o f  decay, w h ile  a comparison o f  the  

unscrambled photon sp e c tr a l I n te n s i t ie s  I s  in  good agreement fo r  a l l  

th e  major t r a n s it io n s .

A d d ition a l erld en ce  fo r  the presence o f  th e  Iso to p es Gd1**?, Od1**̂ , 

Eu1**?, Eu1**8 , and Eu1**̂  Is  prorlded by the w e l l  c r y s ta l  and the  

co in cid en ce d ata . Table IV compares, in  p a r t , the s ta s  and c o in ­

c id en ces expected  from the reported decay schemes w ith  the experim ental 

data obtained in  t h is  ln r e s t lg a t lo n  and presen ted  In Tables 10 and 11, 

and P la te  XI. Because o f  th e  com plexity o f  th e  sp ec tra  on ly  the more 

In ten se  tr a n s it io n s  hare been con sid ered . The g en era l agreement  w ith  

reported data I s  good. Howerer, th e  sum data taken a t  lh2  days has a  

low energy s tru c tu re  th a t I s  not e n t ir e ly  com patible w ith  the reported  

decay schemes fo r  Eu1**̂ . At t h is  tim e th e  predominant a c t l r l t l e s

28C.P. Schwerdtfager, op . c l t . f p . 164.
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TABLE 1*

A COMPARISON OP SUM AMD COINCIDENCE DATA WITH REPORTED SEEDY 
LEVEL DIAGRAMS OP Hu1*?, EulW , Eu149, Gd1* 7  AMD Gd1*9

D escr ip tion  o f  
Iso top e

P a r t i* !  L is t  o f  
,-Ray C oincidences 

Gana* C oincident Gaaaa 
Ray Rays

Od147, 35h , 229 3 2 i , 766, 896 , 1330 625 Yes
E.C. 261 766 Probable
Reported by: 370 396, 560, 625 930 Yes
See Ref 35, 396 229, 370, 932 995 Yes

36 560 2 1 0 , 766 1125 Yes
625 312, 932 1557- 1559 Probable

Gd1*9 , 9 -5 d , 150 3*7 *23 Probable
E.C. 299 3*7 *97 Probable
Reported by: 3*7 150, 299 6*6 . . .
See Ref 37
Eu1*7  2 3 . 6d 122 6 6 0 , 957 198 Yes
E.C. 198 600 676 Yes
Reported by: 800 Mon* 776, 800 Probable
See Ref 2 6 , 27 1079 Mone 9 0 0 , 957 Probable

P a r t ia l  L is t  o f  
Gaaaa-Rsy S u b  Peaks 

Expected Observed

Eu11*  58d,
E.C.
Reported by: 
See Ref 2 6 , 29

*1*
551
631

726

m >  & 1
S u ,  i335.

91 5 ,
1020 , 1515 , 1600
S I 7  870

967 Yes
10*5 Yes
1162 Yes
1357 Probable
1596 Yes
1651 Probable
1686 Yes
21*6 Yes
2231 Yes

251 Yes
2 7 8 , 261 Yes
328 Yes
529 Probable
558 Probable

106d ,
I.e.
Reported by:
See Ref 31 , 

32 , 3*

Mo c o n c lu siv e  r e s u lt s  as 
co in cid en ce  data was not 
taken s u f f ic i e n t ly  lone  
a f t e r  boafeardaent.
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should be m ainly Eu1^  end Bu1^  (w ith  i o m  E u 1 **7 ) .  In sp ection  o f  

P la te  X, F igure 31* b eers out t h i s  c o n c lu sio n . Hie sun peeks e t  78 

end 122 keV cannot be eccounted fo r  u sing  any o f  the reported  decay  

schemes fo r  Eu^1̂ .  The gaama S I 58 keV) l i s t e d  in  Table 9» *s y e t  

unaccounted f o r ,  any be involved  in  th e se  sue p eek s. I t  appears th a t  

th e  decay o f  Eu1^  m erits acre in v e s t ig a t io n .

In su saary , a s a  r e s u lt  o f  the He  ̂ boabardaent o f  th e  Samarium 

sample th e  iso to p e s  found to  be p resen t and v ith  decay schemes and 

in t e n s i t i e s  in  gen era l agreement v ith  p r e v io u sly  reported  data vere:  

GdlJ*7 (T ^ = 35h )35 EulV ? (T ^ = 2 6 .4 ± 2 .0 d )

Od1^  (t^ =  9 .5 1  0 . 3d )37 Eu1**® (T^= 5 5 -9 ± 2 . 0d)

Sa11*9  (T ^ = 1 0 6 ± 2 d )3**

10. RELATIVE AMOUHTB OF Od ARD Eu ISOTOPES 
PRODUCED IE SAMARIUM SAMPLE

S in ce  th e  guana-ray in t e n s i t i e s  fo r  th e  iso to p e s  o f  Od and Eu

have a l l  been reported  i t  i s  p o s s ib le  to  use the data obtained  from

th e  unscrambling sp ec tra  to  determ ine th e  proportions o f  each p resen t  

a t  the end o f  the bombardment. The procedure used to  determ ine the  

o r ig in a l  ls o to p lc  amounts was, f i r s t ,  to  d er ive  the r e la t io n sh ip  

between the number o f  atoms a t  bombardment o f f  and th e  number which 

decay during the tim e in te r v a l over which th e  sp ectra  was taken. 

Secondly , to  r e la te  the number o f  a toas decaying to  th e  number o f  

gaama rays counted in  a  p a r tic u la r  tr a n s it io n  during th is  period ; and

3 5 y .S . S h ir le y  e t  a l . ,  op. c l t . ,  p .  395-
Prask, op. c l t . , p .  UklT

3 O.K. E a r lin g , op. c i t . , p .  1907-
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f i n a l l y ,  • • lo o t in g  th e  most s u ita b le  g i m  rays from th e  unscram bling  

sp e c tr a , us« th e se  r e la t io n s h ip s  to  c a lc u la t e  th e  nuaber o f  atoms 

p r e sen t a t  th e  end o f  th e  boutoardeent. T his in fo r a a t lo n  can th en  he  

d ir e c t ly  r e la te d  to  th e  r e la t iv e  c r o s s - s e c t io n s  fo r  th e  r e a c tio n  

chann els occu rln g  in  th e  He^+Sn^*^ r e a c t io n .

a . Decay R e la tio n sh ip s  fo r  Gd1**7 , Gd1*9 , Eu1*7 , Eu11*6 , and Eu1*9 .

The decay s y s t e a a t lc s  fo r  th e  I so to p e s  o f  I n t e r e s t ,  where th e  

long h a l f - l i f e  Iso to p e s  can be n e g le c te d , are

0,*1,‘7 (0 )  1 5 5 --------- *  ‘t“ 1“7 (*c>2 3 . ^ i . o d  » s - llt7 (g )»

»»11,9(* h ) io 5 ± 2 5 -------► S .11« ( L ) ,

^ 7 (* )a 376 ± i '. o r » 8- l l t 7 ( > ) ’ i M ' l )

■»lW ( » > 58*33------- y  * * * * ( .« ) ,

u d  ------ ►8«1,‘9 (l ) .

The l e t t e r s  en c lo sed  In  b ra ck ets  id e n t i f y  a  p a r t ic u la r  is o to p e . Thus,

th e  l e t t e r s  C, H, A, 7, and K each r ep resen t th e  nuaber o f  a to a s  o f  an

iso to p e  p r e sen t a t  a t in e  t  ( a f t e r  boabardaent) due to  th o se  p r e sen t  

a t  t * 0  (end o f  bobbardaent); w h ile  th e  su b scr ip ted  l e t t e r s  Ae , and 

rep resen t th e  nuaber o f  a to a s  o f  an iso to p e  p r e sen t a t  t in e  t  formed 

by decay . Using eq u ation s ( 1 0 -1 ) ,  we can w r ite  th e  decay eq u ation s  

C* C0  exp ( -  ?»c t ) ,

H = Hq exp ( -  ^  h1 ) * (1 0 -2 )

A — Ao exp ( -  ^ at ) ,

7=F0 exp ( -  ^ f t ) ,  

and Ks Kq exp ( — ^ * t ) ,



fo r  the primary form ation o f  each iso to p e ;  and

A ^ C ^  X c / X a — Xc ) [  exp ( — X c t )  — exp ( — X ^ t ) ]  ( 10 - 3 )

Kh =Ho( V ^ k - ^ h ^  [ • * »  ( - X hO - « x p  ( — X kt ) ]

fo r  th e  form ation  o f  Iso to p e s  due to  decay . In th e  above eq u ation s a  

"o" su b sc r ip t  id e n t i f ie d  th e  ntsiber o f  atoms p resen t a t  t * 0 , and th e  

symbol X i s  th e  decay c o n sta n t.

In order to  determ ine th e  number o f  a to a s  decaying during a  p a r t i ­

c u la r  countin g  p e r io d , i f  X ( t8 ) i s  th e  number o f  atoms o f  Iso to p e  X 

p r e sen t a t  th e  s t a r t  o f  th e  p er iod  and X ( ta ) i s  th e  number p resen t a t  

th e  end o f  the p er iod  then the nuaber o f  atoms which decayed in  t h i s  

p er io d  i s

Nov, i f  we d e f in e

e ( x )  s  exp(— > xt t ) — exp(— X xt e ) 

and s u b s t itu t e  th e  app rop riate  eq u ation s ( 10- 2 ) and ( 10- 3 ) in to  

eq u ation s (1 0 - 4 )  v e  o b ta in :

AC = Cc  e ( C ) , 

e(H ) ,

AA *A o e(A)C0 ( X c / X a-  X c ) [ e ( c ) - e ( A ) ]  , ( 1 0 - 5 )

AP - F 0  e ( P ) ,  

and AK=Kq e(K) H0 ( > h/ X k - X h ) ( e ( H ) - e ( K ) ]  .

S o lv in g  then  fo r  th e  nuaber o f  a to a s  p r e sen t a t  t = 0  g iv e s

A X = X ( t B) - X ( t e ) . ( 1 0 -4 )

C0 = A c /e ( C )

Hq = AH/e(H)

Ao= A A / e ( A ) - ^ C ( X e / X ai- X e ) [ l / * ( A ) - l / e ( C ) ]

(10-6)
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ro = AF/e(F)

and K0 * A K / e ( K ) - A H ( ^ h/ ^ k-  \ )  £ l / e ( K ) - l / e ( H )  ]

r e sp e c t iv e ly , as the nueiber o f atoas o f  each Isotope presen t a t t  0 .

b . The R elationship  between Photon I n te n s i t ie s  and Decay Equations

To r e la te  equations (10*6) to  the experim ental data , the number 

o f  atoas decaying in  a counting period (A X )  has to  be r e la ted  to  the 

Absolute nuaber o f  gaaaa rays (P^*) counted In the saae p eriod .

Let A 0 ( l , n )  represent the nuaber o f  tr a n s it io n s  o f energy 

£ ^ - Sq, where E ^  i s  the I n i t ia l  energy le v e l  and I s  the term inal 

energy l e v e l ,  occurlng In the counting In terv a l ( t c -  t 8 ) .  S ince  

converted gaaaa rays are not d e tec ted , we suppose a converted fr a c tio n  

Q ( l ,n ) .  Row the Ral(Tl) c r y s ta l  d e tec ts  (w ith  correction s for  absorp­

t io n , s o l id  angle and e f f i c i e n c y ) ,  In th is  saae t in e  In te r v a l, a 

nuaber o f  gaaaa-ray tr a n s it io n s  R ^ ( l , n )  where

How, to  f ind  the t o t a l  nuaber o f  atoms decaying In the counting period  

(A X )  we must r e la te  i t  to  £ G ( l , n ) .  This can be done by re ferr in g  to  

the decay scheme o f  the p a r ticu la r  iso to p e  o f  I n te r e s t . Consider then 

the g en era lised  le v e l  scheae:

(10-7)

X

k >  1

0(1 , j) 0 ( l , n )

' r *n



We note th a t le v e l  * i  l e  fed  by d ir e c t  t r a n s it io n s , v ith  the p o te n t ia l  

nuaber o f  tr a n s it io n s  due to  th is  source being DjAX, and by other  

tr a n s it io n s  A o ( k , l )  r e su lt in g  in  p o te n t ia l  a d d itio n a l tr a n s it io n s  

equal to  £ k A G ( k , l ) .  A lso tr a n s it io n s  A G ( i , j )  d ep le te  the l e v e l

re la tio n sh ip  between the nuaber o f  a toas AX decaying In the period

A ll  q u an tltlen  in  th is  equation can be d etem in ed  using reported decay 

•y s te a a t lc s  and the unscrambling r e s u lt s  obtained from Table 12. Once 

the A X ' s  are known th ese  numbers are su b stitu ted  in to  equations 

( 10*6 ) and the o r ig in a l  amounts o f  each Isotope can, in  p r in c ip le ,  

be c a lc u la te d .

c .  C alcu la tion  o f  the Amounts o f  Gd and Eu Iso top es Produced.

E xtensive examination o f  the unscrambling r e s u lt s  and decay  

schemas shoved th a t the most su ita b le  procedure to  fo llo w  In separating  

the Iso top es was to  r emove them In th is  order:

1. Od11*  using th e  150 and 299 keV tr a n s it io n  data reported by

so ve have a p o te n t ia l  lo s s  o f  counts o f  2 i A G ( i , j ) .  Thus, the

t €*~ t a and the number o f  photons 

tr a n s it io n  0 ( l , n )  Is

counted fo r  a p a r ticu la r

(10-8 )

Prask e t  a l . 3^

2 . Gd1**7 using the 229 keV tr a n s it io n  data reported by 

S h ir le y  e t  a l .  35

3% h lr le y , op. c l t . , p .  3 9 5 *
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3 . lu li |8  using th s *13.7» 550.7-553*2, 6 3 0 .7  keV tr a n s it io n  data
26rsportsd  by Schverdtfeger a t a l .  

k .  S u ^ 7  using th s 121.8  and 198.1  keV tr a n s it io n  data rsportsd  

by Sehw srdtfsgsr s t  a l .^ *

5 . using th s  277 .2  and 327*7 keV tr a n s it io n  data rsp ortsd

by la r m tx  s t  a l.3®

Ths gaM S-ray counts n scsssary  to  asks th ese  su b traction s v ers  s e le c te d  

f r o s  the unscraabllng data and are l i s t e d  in  Table 15- Using th is  

data and tr a n s it io n  data obtained fr o s  th s  l i t e r a tu r e  in  conjunction  

v ith  equations ( 1 0 -6 ) and ( 1 0 -8 ) the nusber o f  atoas o f  each Isotope  

p resen t o f  the t la e  the boabardaent ceased vere  found to  be:

W 11* ; BqS ( 5 . 6 i l . 2 ) x l0®

Gd11* ; c 0 = ( 1 0 .9 ± 1 .6 )x10®

T = ( l 0 . 2 t 3 . 9 ) x l 0 ®O

ft.1*9 ; Ko = ( 2 2 ± l l ) x l O 0

jfgC.F. Schverdtfeger e t  a l ,  op. c l t . , p. 16k.  
C.F. Schvardtfager e t  a l ,  op. c l t . , p. 168 . 

Haraats e t  a l ,  op . c l t . , p . Tfg8 .
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TABLE 15

ISOTOPE SBPARATIOI DATA

l o ■(*•▼) (xlO*M Iso to p e  m in"l) and Energy (keV)

High B w rgy H): t B*  1.1541x10>* Min, t e r  1 . 2031x 10^ ml a .

27
2B

625
550

5A5 .A ±  4 .0 *  
1 0 0 0 .0  3.556

E u-l48( 8 .3 1 x lO -6 ± 1 . 9 * ) ;  6 3 0 .7  
■u-148; 550 .7 ,  553.2

ItodltK AMrgjr (N): t §= 1 . 2300x10^ min, t e  = 1.2420x10**

27N 630 137.8 * 7 . 9 0 Eu-140; 63 0 .7
20M 5V0 229 .5 5 .3* ■u-148; 550.7 , 553.2
33 412 39*24 8 .7 * ■u-148; 413 .7
36 320 16.13 1 1 . 0* lu -1 4 9 ; < * k  = 4.54x10'®  ± 1 . 9 * ) ; 327 .7
37 293 49 .53 4 .9 * Gd-149; U h  = 5 .0 7 x 1 0 - 5 * 3 . 2 * ) ; 299
38 264 8 .5 6 1 2 . 0* fia-149; 277 .2
39 230 48 .81 5 .2 * O d-l47; ( ?*kc — 3 .30x10-4  ± 3 . 0* ) ; 229
4o 195 65.58 V.3* Eu-147; U a = 2 . 0 4 x 1 0 - 5 * 4 . 4 * ) ; 198 .1
4 l 148 84 .51 4 .1 * O d-l49; 149

Low En#rgy (L):  t s = 1."340x10* ■ in , t , =  1 .3490  a ln .

37L 300 2 5 .3 1 * 6 . 1* Gd-149; 300
38L 278 6 .3 1  1 3 .0* Eu-149; 2 7 7 .2
39L 230 23 .93 5.5* Od-147; 229
40L 197 2 6 .84 5 .4 * ■*-147; 1 9 6 .1
4lL 149 35.57 *•9* Gd-149; 149
42 121 26 .19 5 .2 * ■ a-147; 1 2 1 .8



IT . OOMCLUBIOMB

1. GADOLHIUM 152

The lo v  enrichment o f  Qd1-^ r e su lte d  In th e  production  o f  a  

nuaber o f  u n related  Iso top es which com plicated the gamaa sp ec tra . 

O bviously , h igh er enrichm ents o f  th e  Iso top e  o f  I n te r e s t  are  d e s ir a b le  

fo r  bombardments w ith  He^. n e v e r th e le s s , t h is  In v e s t ig a t io n  has 

e s ta b lish e d  th e  background data a g a in s t  which s tu d ie s  o f  Dy1^  ^ 4  

Dyl53 can and should be made.

In comparison o f  t h is  data w ith  reported  data I t  was found th a t

th e  alpha a c t i v i t y  supported th e  long h a l f - l i f e  assignm ent by
15k

Mac fa r  lan e fo r  Dy . A l l  gamma a c t i v i t y  could be c o r r e la te d  except  

the 31*2 keV gamma ray which has th e  same energy as th a t reported In 

th e  decay o f  T b * ^ . However, the h a l f - l i f e  o f  2 .3  days fo r  the  

rad ion u clid e  which em its th e  gamsa ray and th e  magnitude o f  the  

in t e n s i ty  support th e  assignm ent to  Tb1^ .

The on ly  c o ^ l e t e l y  new inform ation i s  th e  reported 1*4-5 keV 

gaama ray. Ihe h a l f - l i f e  o f  the observed I n te n s ity  Is  about 270  days, 

■o d e f in i t e  assignm ent can be made a t  p resen t s in c e  longer term In fo r ­

mation Is  needed.

2 .  SAMARIUM 1*47

The high enrichment o f  Sm^7 aa4 a p o s s ib le  th e  q u a n tita t iv e  

a n a ly s is  o f  t h is  sn ap le  and a high degree o f  c o r r e la t io n  w ith  the  

l i t e r a t u r e .  I t  a ls o  appears th a t fu rth er  In v e s t ig a t io n  o f  th e  sh ort

55
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h a l f - l i f e  a c t i v i t i e s  produced by He  ̂ v i l l  y ie ld  s ig n i f ic a n t  in form ation  

on G d^^ gaaaa a c t i v i t i e s  and I n t e n s i t i e s .

In comparison o f  t h i s  data v i th  th a t  p u b lish ed , good agreeaen t was 

ob ta in ed . The h a l f - l i v e s  o f  Bu1^  ( 2 6 . 4d) and Bu1^  (55*9d) are  in  

good agreeaen t w ith  th o se  p r e v io u s ly  rep orted . The decay d ata  on

supports th e  106  day h a l f - l i f e  reported  by H arllng3^, but th ere  

a ls o  appears to  be low energy gaaaa s tr u c tu r e  a s s o c ia te d  v i t h  the  

decay o f  Bu1^  th a t has not been rep orted .

Using th e  p u b lish ed  decay sy stem a tica  and data  obtained  in  th is  

in v e s t ig a t io n  i t  was p o s s ib le  to  c a lc u la te  th e  c r o ss  s e c t io n  r a t io s  

fo r  f i v e  o f  th e  s i x  r e a c tio n s  l i s t e d  e a r l i e r .  I t  was found th a t  the  

Sm ^^+He^ r e a c tio n s

(He^,T),  (He3 , d ) ,  (He^,p) ,  (H e3 ,n ) ,  (He^,3n)  

vere  r e s p e c t iv e ly ,  In th e  r a t io s

( 1 2 ± 6 ) : ( 1 0 . 2 * 3 - 9 )  : ( 2 2 * 1 1 ) : ( 5 - 8 * 1 . 2 ) : ( 1 0 .9 * 1 . 6 ) .

The bombardment energy fo r  In c id en t p a r t ic le s  was 15 MeV. An e stim a te  

o f th e  cro ss  s e c t io n  fo r  the r e a c tio n  producing Bu1^  was made and 

found to  be o f  th e  order o f  5xlO"27 cm^.

H arlln g , op. c l t . , p .  1907 .
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