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, ABSTRACT 

H5m and cd115 isomers produced i n  12- t o  340-Mev proton The Cd- 
- 

bombardments of u~~~ were i so l a t ed  by radiochemical methods. The cumu- 
' 1 1 5 m  

l a t i v e  y i e ld  r a t i o s  of cd115/cd were determined. I n  the  45-Mev 

helium-ion f i s s i o n  of uranium, an est imation of the  independent-yield 
I r a t i o  of h 148 (5.3-day) t o  (43-day) w a s  made. I n  the  deuteron 

f i s s i o n  of uranium at about 20' Mev, an est imate of the  independent-yield 

r a t i o  of t o  the  t o t a l  niobiumof mass 95 was made. A l i t e r a t u r e  
, , 

survey on experimental isomer ' r a t i o s  from f i s s i o n  was  m a d e .  
4 h  44 The y ie ld  r a t i o  of Sc /SC wasmeasured i n  S ~ ~ ~ ( a , a n ) s c  

44 

reac t ions  with helium ions of energies between 20 and 4.3 Mev and a t  320 
41 

Mev. The ~ c ~ ~ / ~ c ~ ~  r a t i o  w a s  msasured i n  K ( a , n ) ~ c ~ ~  react ions  a t  10 

. and 113 Mev. 
44m 44 

The compound-nucleus model w a s  used t o  ca lcu la te  t he  Sc /Sc 
r a t i o s  produced by the  react ions  K41(10-Mev a,n)ScU and ~c~~ ( a , m ) ~ c  44 

44 
and ~ c ~ ~ ( ~ , ~ n ) S c  a t  energies 0.4 Mev above threshold.  Agreement 

between t he  experimental and calcula ted Sc44m/Sc44 r a t i o  was obtained 
41 44 f o r  the  K ( 1 0 - ~ e v  a , n ) ~ c  react ion.  

A c l a s s i c a l  knock-on model was used t o  ca lcu la te  t he  Sc44m/Sc44 

r a t i o  from a S ~ ~ ~ ( a , a n ) S c ~ ~  o r  Sc45(p,pn)Sc44 reac t ion  i n  which the  charged 

p a r t i c l e  s t r i k e s  a neutron and both p a r t i c l e s  go out .  This .calculated 

.isomer r a t i o  agreed f a i r l y  wel l  with the  experimental isomer r a t i o  f o r  

320-Mev helium ions which a re  assumed . to  have such a small wave length  t h a t  

the  p r o j e c t i l e  i n t e r a c t s  c l a s s i c a l l y  with ,.only one nucleon. 
41 44 45 It i s  assumed t h a t  t he  K ( 4 3 - ~ e v  : a , n ) ~ c  . and t he  .Sc 

44 
Sc react ions  i n  the  20- t o  43-Mev energy range .occur by m e q s  of a a r e c t r  

i n t e r ac t i on  mechanism. 
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I, INTRODUCTION 

Nuclear isomers a re  d i f f e r en t  energy s t a t e s  of the  same i so-  - 
tope. The upper member of the  isomeric p a i r  d i f f&s  from an ordinary 

exci ted i t a t e .  only i n  t h a t  .it$ h,alf l i f e .  i s  measu?able. These isomeric 

p a i r  usual ly  owe . t h e i r  existence t o  the  lxrge di f ference i n  angular.  

momentum between the  .two s t a t e s , .  f o r  the isomeric t r ans i t i on  between 

them i s  g rea t l y  slowed down by the  large  angularhnomentum difference:. 

I n  t he  Mayer S h e l l  Model of the  nucleus, isomers occur near the  end of 

a nuclear s h e l l  where there  a re  s m a l l  energy di f ferences  and large  

angular-momentum dif ferences  between s t a t e s .  

Since isomers a re  d i f f e r en t  s t a t e s  of t he  same isotope, d i f -  

f e r en t  nuclear seactiorl arid f i s s i on  mechanisms might be expected t o  

give d i f f e r en t  y ie ld  r a t i o s  of the  isomeric s t a t e s .  Thus, the  study of 

var ia t ions  i n  isomer r a t i o s  with varying reac t ion  conditions m i g h t  give 

an indicat ion of the  react ion mechanisms. 

\ The study of isomer r a t i o s  i s  an i n t e r e s t i ng  problem i n  i t s  

own right, f o r  there  i s  no coherent p icutre  of the  mechanism of isomer 

formation. 

A. Isomer Ratios from Nuclear Reactibns 

Some of t h e  r e s u l t s  i n  t h e . l i t e r a t u r e  .on"isomer r a t i o s  from 

nuclear react ions  w i l l  be .reviewed. A l i t e r a t u r e  survey on isomer 

yie lds  from ieac t ions  with thermal neutrons i s  given by  airh hall,' and 

~ e ~ r 2 ~  tabulated da t a  o n  isomers from thermal-neutron react ions  fr& 

t h e  work of ~ e r e n .  - Since a thermal neutron has  l i t t l e  energy, the  

angular' momentum, a ,  of t he  neutron-target system i s  zero in'  thermal- 

neutron capture.  . A s  the  neutron .spin i s  112, t h e  compound nucleus has' 

a spin  d i f f e r i ng  from the  t a r g e t  nucleus by 112. m e  compound nucleus, 



which has the exci ta t ion energy of the neutron binding enerey, decays 

by gamma-ray emission'in many short  steps of R = 1 or  2 t o  the isomer 

products. Excited s t a t e s  i n  the compound nucleus are  expected t o  decay 

mainly t o  the isomer with the nearest spin; t ha t  i s ,  s t a t e s  of high 

~ ~ n g u l d r  momentum decay t o  s t a t e s  of high angular mopenturn and s t a t e s  of 

low angular momentum decay t o  s t a t e s  of low a n g u l p  momentum, Supportive 

evidence f o r  t h i s  method of gamma deday i n  the compound nucleus i s  found 

from the data  on isomer r a t ios  from thermal-neutron reactions. With few 

o~rsopt ions  , t h ~  ~ T ~ M P P  ~ ~ l . t , i  o is determined by the spins of the target  

and product nuclei, so tha t  high and low angular-momentyn s t a t e s  i n  the 

compound nucleus gma-cascade t o  isomers of high m d  low spins respec- 

t.l.vely. When the compound nucleus has a spin of 112 and goes t o  isomers 

of spPrl 112 o r  312 and of 6pin 312 or  1112, the Inw-spln isomer has rodh ly  

ten  times the cross section of the hlgh-spin isomer. 
4 Katz, Pease, and Moody measured the cross sections for  the 

80 ' production of Br  isomers by a (y,n) . reaction .in .the energy range .between 

11 and 25 Mev. Katz a l so  included a l i t e r a t u r e  survey on the production 
80 of B r  isomers by nuclear reactions with pro jec t i le  energies below 1 4  

Mev. Katz used a compound-nucleus model t o  calculate the fsomer r a t i o ,  

The spins of the excited compound nucleus are determined by the spfns of 

the interact ing p m t i c l e s  and the angular momenta R carried by the in-  

coming and outgoing par t ic les .  The value of ,!, f o r  neutrons as a function 

of energy i s  given by the following formula, which gives the cross section 

for  the formation of the compound nucleus: 

where A is  the de Broglie wave length of the incident neutron and T (E) R 
i s  the transmission coefficient of the nuclear surface for  the neutrons. 

4 Katz obtained the TR ( E )  values from the graphs of Frld,  Feshbach, 

Goldbcrger, Goldstein, and ~ e i s s k o ~ f .  Katz obtained the average R 

value for  the pro jec t i le  and added t h i s  average ,f? value vector ial ly  t o  

the spins of the ta rge t  and of the pro jec t i le  t o  give the spins of the 

compound nucleus. The spins of the . compo&d nucleus were formed, fn 



proportion t o  the i r  s t a t i s t i c a l  weight, 21 + 1. An estfnate  of the 

energy and l? value of the emitted par t ic le  was made i n  order t o  obtain 

the spins of the residual nuclei. The angular-momentum s t a t e s  of the 

residual  nucleus gamma-cascaded to the isomer products with spin values 

similar t o  the spin values of the residual  nucleus, Katz assumed tha t  

the photon reactions occurred by e l ec t r i c  dipole absorption. Katz ob- 

tained agreement between the calculated and experimentally measured 

.f somer r a t2  0s. 
697 Katz and co-workers a l so  reported two other studies on 

n 
isomer yields by (y ,n) reactions i n  a s i m i  l.ar energy ,range. sa,ganeU 

obtained a constant yield r a t i o  f o r  the isomers of Mogl produced by a 

( r ,n)  reaction over the energy range from 15 t o  67 . Mev, This constant 

ispmer r a t i o  was explained i n  t h e ,  following ,way.b Only those high-  

energy ( y,n) reactions which leave the residual  nucleus 'of ~ 0 ~ '  below 
. , 
< .. 

the threshold for  fur ther  pa r t i c l e  .emission contr ibute . to  the measured 
, .  ,. 

MO" isomers. Even fo r  high-energy photon i r radiat ion,  the isomer . 

production comes from photon cascading i n  a region not too fax above 
I threshold. 

1 Fai rha l l  gives some data  on isomer r a t i o s  fo r  nuclear re -  

a c t i  ons below 16 Mev. 

For the (p,n) reaction at 6.7 Mev, Boehm, Marmier, and 
9 Preiswerk measured the yield r a t i o  of the metastable s t a t e  t o  the 

ground s t a t e  fo r  about fourteen isomer pa i rs ,  
i 

A l l  the cases so f a r  discussed gave no clear-cut picture of 

what would happen i f  the energy were increased beyond the 5 t o  20-Mev 

range. A review of the suggestions by segra and ~elmholz' and Levy 10 

w i  bl now be made. 

In the i r  1949 .review a r t i c l e  on .nuclear isomerism, .E. segr& 
2 and A. C. Helmholz made a prediction about the .formation of isomers a t  . . 

high energies. In  discussing the d i f fe rent  yields of some isomers 

formed by the (n,y) reaction at d i f fe rent  .neutron energf es, they said, 

"If the energy of the neutrons captured i s  increased so t h a t  capture 

occurs over many levels  of all possible angular momenta, one .might 



expect tha t  the influence .of the l eye l  i n  lwhieh ,the cap-t;ure ,occurs w i l l  

be washed.out, :and .in :.the l imiting ease only t h e , s t a t i s t i c a l  weights 
, . 

(21 + 1 )  of the fsomeric s t a t e s  themselves should .determine the foma- 

t ion .c ross  section." I n  the cases discussed, the neutrorenergies  were 

too low t o  t e s t  t h e i r  idea. Their reasoning can be extended t o  other 

nuclear reactions,  The limiting r a t i o  f o r  the isomer formation would 

where om and Ii are the c r o s s  section and the spin fo r  the metastable 

s t a t e  and a ' and .I :are the eorrespo!ldfng terms for  the ground s t a t e ,  
g g 

I f  the r a t i o  a /a were plotted versus erlergy of .the reaction producing 
m e 

the isomers, the curve would approach (%'!Im + l)/(21 + 1) asymptotically. 
g. 

This Ihit could be approached from above or below but would never be 

crossed. 

~evy"  tes ted  t h i s  hypothesis by measuring the isomer r a t i o  

fo r  the reaction Mn55 (a,n) ~ 0 ~ ~ .  Hollander, Perlman, and Seaborg 11 

l i s t  the spin of ~o~~~ as 5 and the spin of C058 a s  2. Strominger, 

IIollander, and ~ e a b o r ~ l ~  l i s t  the sgin of ~o~~ as 2 and give no spin 

assignment fo r  C O ~ ~ .  I f  the spin of Co5(lm is 5 and the spin of Co 58 
i s  2, the r a t i o  (21, + 1)/(21 + 1 )  i s  2.2. The isomer r a t i o  did cross 

the limftfng v d u e  of p. 2 at about 26 Mev tiid rose rap5 dly thereaf ter .  
10 

k v g  explained t h i s  behavfox by breaking down the reaction ~ ( l a , b ) ~  

in to  three 'steps: 
* * 

1. Formation of the  compound nucleus, C : X + a + C . 
2. Break-up of the .compound .nucleus t o  :give the excited 

* * * 
residual  nuclcua, Y : C + b =+ Y 

3 .  De-excitation of thc excfted residual  nucleus by euccessive 

gamma-ray emission ending i n  e i the r  of the isomeric states:  * 
Y -tP + y , o r  



)C 

The cross section .for the formation.of the compound nucleus C i s  given 

.by 

where T (E)  includes both ..~oulo+. and centrifugal penetrabi l i ty  and a 
goes t o 1  as  .the.energy i s  increased. This favors the capture of pa r t i -  

. -a 
c les  with high o r b i t a l  angular momentum. Since-> = J +.I + Ia, the 

-+ . ,x  ' 
compound nucleus has a wide range of J values, with .high values preferred * 
by the s t a t i s t i c a l w e i g h t  (25 + 1) .  In  the decay. of,c ,_the spin of the .* 4 * 
residual  nucleus Y i s  determined by Iy+ = J l .  + J,+ % j  t,herefore, 

t h i s  gives a wide range of spin values, with high spins favored by the 

s t a t i s t i c a l  weight ( 2 5 x  + 1 ) .  Since i n  gamma-ray emission the multipole * 
orders may be expected .to be dipole or quadrupole, high-spin.states of Y 

)C 
should decay mainly t o  the high-spin isomer, and low-spin s t a t e s  of Y 

should decay mainly t o  the low-spin isomer. Since i n  each s tep  the for -  

mation of the high-spin isomer i s  favored, there would be no part icular  

l imit ing value tha t  the r a t i o  um/u would approach a t  high energies. 
Q 

Nuclear reactions a t  low energies, < - 30 blev, m e  uoually coil- 

sidered t o  proceed by the capture of the incident pa r t i c l e  t o  form a 

compound nucleus i n  an excited s t a t e  which then evaporates nucleons. 

With t h i s  compound-nucleus model, one would expect the cross section for  

a reaction involving a small n'mber of par t ic les  out t o  r i s e  rapidly 

from threshol,d but,  as  higher-order competing reactions become ,possible, 

t o  peak and then t o  f a l l  rapidly. When observed cross sections..do not 

f a l l  t o  near zero a t  energies above tha t  leading t o  a maximum, but drop 

t o  a nonnegligible value, a d i f fe rent  reaction mechanism must be postu- 

la ted  a t  these higher energies. In  1947, serber13 advanced qual i ta t ive 

suggestions t o  explain high-energy reactions. He assumed tha t  a t  low 

energies the Bohr compound-nucleus model holds but tha t ,  as the incident 

energy i n  increased, nuclear transparency becomes important. A s  the wave 

length of the incident proton becomes comparable t o  internucleon distances 

i n  the nucleus, the incident nucleon in terac ts  with an individual nucleon 

i n  the nucleus, and t h i s  interact ion is followed by a nucleon-cascade 

process with or without the emission of fur ther  fast par t ic les .  I f  



nuclear matter is  represented as a,degenerate ,Fermi gas, col l is ions 

having small momentum transfers  are  discouraged; because these col- 

l i s ions  tend t o  lead from an occupied s t a t e  t o  another already occupied 

s t a t e .  This effect  increases both the mean f ree  path of the high- 

energy p a r t i  e l e  (- 100 ~ e v )  and the mean kinet ic  energy t ransfer  per 

co l l i s ion  t o  the struck par t ic le  by a fac tor  of about 513. For a 100- 

Mev nucleon, the mean f r ee  path is  about 4 x 10-l3 cm, and the average 

k ine t ic  energy t ransfer  t o  the struck pa r t i c l e  i s  abdut 25 Mev. Sfnce 

the mcan fpoe path i s  comp~r~hl-e  t o  nuclear r a d i i ,  what happens w i l l  

depend on the par t icu lar  tradectory of the incident par t ic le .  If the 

i n c i  dent nucleon passes through the nucleus near the edge, it; ma.y make 

a sEng1.e rnl-l ision and emerge with the loss  of only about 25 Mev of 

i t s  enel"&?. Sfnce Lhe struclr pezrticles have much 1-nwer energy' and 

shorter  mean f ree  path then the incident one, they can escape from the 
\ 

nucleus without fur ther  col l is ions only i f  the co l l i s ion  occurs near 

the  edge of the nucleus, with the struck p w t i c l e  heading outwards and 

emerging with 15- or 20-Mev energy. Otherwise, the struck par t ic les  

w i l l  coll ide with other nuclear par t ic les ,  the energy w i l l  be d i s t r i -  

buted over the nucleus, and the subsequent events can be described i n  

terms of the usual evaporation model with the nuclear excitation energy 

dissipated by successive 'truiling off of par t ic les  of a few Melr each. 

Beoause of t h ~  w9de dis t r ibut ion  of exci ta t ion energies of the struck 

nucleus, there i s  a w i  de distrji'bution of residutll nuclei a f t c r  the 

evaporation processes a re  cc~!~plctc. Sinoe the mem flree path of the 

incident nucleon v a i e s  slowly with the energy of the incident par t ic le ,  

the excitation function a t  high energies would be expected also t o  vary 

qui te  slowly. 

Meadows, Diamond, and Sharp14 explalllell t h e i r  rcoultc from 
i 

high-energy reaction by means of a lulock-on mechanism, as serher13 sug- 

gested. They measured the excitation functions and the yield r a t i o s  fo r  

the isomeric pa i rs  B r  8098(3n c05895h, and sC 44944m formed i n  (p,pn) 

reactions. The spins o f . t h e  ta rge t  and product nuclei  are taken from 

~ t r o m i n ~ e r ,  Hollander, and ~ e a b o r ~ "  and are  l i s t e d  as follows: 



Br81 (spin 1/2) (p,pn) ~ r ~ ~ ' ~  (spins of 5 and 1); 

co59 (7/2) ( P , P ~ )  Cb 58m958 (spin of 2 fo r  ground s ta te ) ;  

s~~~ (7/2) ( P , P ~ )  SC 44m~44  (7 or 6 and 3 o r  2) .  
8 0  

The r a t i o  ($)/(ag) f o r  B r  r i s e s  from about 1.1 at 17 Mev t o  1.6 a t  

30 Mev,. drops t o  1.3 at 70 Mev, and changes slowly t o  1.25 at 100 Mev. 

The r a t i o  (om)/(" ) f o r  ~0~~ &ops suddenly just  above threshold from 
g 

about 4 t o  about 1.'j9 and remains constant a t  t h a t  value t o  100 Mev. 

The r a t i o  (um)/(ug) f o r  ~c~~ is about 0.52 a t  13 Mev, r i s e s  t o  about 

0.55 at 20 Mev, gradually drops t o  about 0.41 a t  60 Mev, and remains 

constant out t o  100 Mev. In no case does t h i s  r a t i o  (um)/(u ) approach 
g 

as a l i m i t  the r a t i o  of the s t a t i s t i c a l  weights. Neither do these 

r a t i o s  (um) / (u  ) approach values b e a t l y  favoring the high-spin s ta te .  
g 

Meadows, Diamond, and sharp1' made some simple calculations t o  obtain 

semi-qqmtitative values of the r a t i o  of isomer yields a t  11 and a t  20 

Mev. Table I shows t h e i r  calculation and experimental r e su l t s ,  

Table I 

R a t i o  of om/" 

The two d i f fe rent  values f o r  Sc44 m e  f o r  two d i f fe rent  bpin assignments 

Isomer pa i r  Calculated Observed 
11 Mev 20 Rev 11 Mev 20 Mev 

The threshold f o r  the reactions i s  at  about 11 Mev, and the la rges t  cross 

sections are  obtained a t  about 20 .Mev, which i s  assumed t o  be the peak 

of the compound -nucleus region. Meadows, Diamond, and ~ h a r ~ ~ ~  consider 

' - the absolute r a t i o s  of questionable value but indicative of the change 

i n  the r a t i o  with energy. The only protons which were considered t o  be 

captured t o  form a compound nucleus had an angular momentum equal t o  or 

l e s s  than K R (R i s  the nuclear radius, K i s  the wave number of the in-  

cident proton), The probabili ty of forming a compound nucleus with 
" 

def in i te  spin and pa r i ty  values from an i n i t i a l  nucleus with given spin 



I 

and par i ty  was then calculated from the number of ways the spin of the 

i n i t i a l  nucleus and the angular momentum of the proton could add vec- 

t o r i a l l y  t o  give t h a t  spin and pari ty ,and from i t s  s t a t i s t i c a l  weight, - 
( 2 5  + 1). A t  11 Mev it was assumed tha t  only an s-wave neutron and s- 

wave proton were emltted t o  form an excited. residual  nucleus which gamma o 

cascades t o  the isomer products nearest  In  spin t o  the residual  nucleus. 

The calculations a t  20 Mev were s imilar  except t h a t  it was  assumed t h a t  

f i r s t  a p-w~ve and then an s -wave nucleon were emitted. 

The calculations of Meadows, Diamond, and Shwp show a marked 

increase Tn the isomer r a t i o  wfth increasing p r u J e c t i 1 ~  cnorgy, Q j . n ~ . ~ f  

the  metastable s t a t e  has a larger  spin than the ground s t a t e ,  t h i s  

change i s  t o  be expecLeil btcauac a t  higher energies pro jec t i les  of high- 

er angularr momentum w i l l  be captured t o  Som compuurid i ~ u e l c i  of larger  

spin. Also, a t  higher energies, nucleons of higher angular momentum 

can be emitted t o  form residual nuclei  over a wider range of spin with 

higher spins favored by t h e i r  greater  s t a t i s t i c a l  weights. They explain 

the f a i l u r e  of the isomer r a t i o s  t o  increase and the constancy of the 

isomer r a t i o  a t  high energy by onset of a knock-on reaction mechanism, 

The contrfbutfon of the compound-nucleus mechanism should be grea tes t  

a t  the cross-section maximum, but a t  100 Mev the reaction should proceed 

e n t i r e l y  by a knock-on mechariism. They point out t h a t  "the knock-on 

mechanism can give a (p,pi) reaction i n  -t;he fol 1 nwing two ways:: (1) the 

incoming proton h i t s  a neutron and both go out; ( 2 )  the incoming proton 

h i t s  a nucleon and only one of the two escapes direct ly ,  the other being 

captured to,form an excited compound nucleus which then bo i l s  off  another 

nucleon t o  form the f i n a l  nucleus." I n  the first case the exci ta t ion 

energy of the residual  nucleus would be l e s s  than the binding energy of 

the  next nucleon. The maximum spin would then be the sum of" the two 

sfngle-particle spins. Since only a limited range of exci ta t ion energy - 
i s  permitted, the distrTbution Of spin would show l i t t l e  variation with 

bombarding energy. I n  the second case, when one nucleon i s  captursd and 
% 

the other escapes d i rec t ly ,  la rger  amounts of angular momentum,are trans- 

ferred, and the residual  nucleus has an exci ta t ion energy l e s s  than 20. 



Mev. "Mixtures of these two knock-on mechanisms, then, should give an 

---' 
Isomer r a t i o  intermediate between tha t  at threshold and tha t  a t  the 

. cross-section peak. Furthermore, when they become the predomfnant mode 

of isomer production a t  energfes well  above tha t  of the cross-section 

3 peak, the isomeric r a t i o  should become constant or  only a very slowly 

varying function of energy." 

Pappas and Sharp16 measbred the cd115 isamer-yield r a t i o s  from 
118 the sn118 ( d p p ) ,  Sn ( n g ) ,  =n1l5 (d,2p), 1nU5 (nPp),  and ~d 

l l 4  

(d,p) reactions. 

The r e ~ c ~ i o n  mechmicm w i t h  high-energy project1 l e s  can be 

divided in to  the following two parts: the i n i t i a l  cascade i n  which the 
I 

projectrile knocks out a few nucleons, and the evaporation according t o  

the compound-nucleus model. The i n i t i a l  cascade has been followed out 

by means of Monte Carlo calculations i n  which are  considered the suc- 
i 

cessive events i n  the motion of the incoming nucleon and a l l  i t s  col- 

l i s i o n  partners with the i r  co l l i s ions  i n  turn. The actual  s teps i n  the 

calculations a re  chosen randomly, ahd the process i s  a r b i t r a r i l y  cut off 

when a nucleon rcaches suur luw-eneygy l i m i t .  Morrison17 describes t h i s  

picture as applied t o  high-energy reactions. 
18 ~udstam measured the spkllation-cross , . -section r a t i o s  a /U 

m g 
fo r  Zn6' from bombardments of arsenic. The r a t i o  between the 

cross section of the high-spin .(9/2) isomeric s t a t e  and the low-spin 

(112)  ground s t a t e  i s  as follows: 

I rradiat ion energy (Mev): 49 103 

Using the' Serber model, .Rudstam assumed .that the evaporation process and 
' 

cascade are  unimportant i n  :changing the is.omer ra t ios .  He made 

Monte Carlo cascade calculations with 470 cascades f d r  170-Mev protons 
v 

and 100 cascades fo r  103-Mev protons. He shows a stepwise, p lo t  of cross 

section .versus angular-momentum dis t r ibut ion  of the.  residual  nuclides i n  



the  i r r ad i a t i on  of a r sen ic  with 170-Mev protons, This graph shows the  

average spin  i s  3.1. Therefore, both isomers might be formed i n  roughly 

the  same yie ld .  No explanation i s  given f o r  the  decrease i n  isomer 

r a t i o  from 1.3  a t  103 Mev t o  0.76 a t  170 Mev. He suggests t h a t  i n  the  

i r r a d i a t i o n  of arsenic  with k g - ~ e v  protons Zn6' probably i s  produced 

only by means of a compound nucleus. The calcula t ions  by Meadows, - 

Diamond, and sharp15 ind ica te  dhat t h i s  compound nucleus w i l l  have a 

high spin. 

B. Isomer Ratios from ' ~ f  ssfon 

Some ideas about the  f i s s i o n  process w i l l  be reviewed. Bromley 19 

presents the  viewpoint t h a t  neutron evaporation from the comgound nucleus 

precedes f i s s i on .  However, the  calcula t ions  by Vandenbusch, Tl~rsmas, 

Vandenbosch, Glass and .seaborg2' show t h a t  most of the  f i s s i on  precedes 

. . . . .  
235 neutron evaporation for .helium-ion-induced f i s s i o n  of y233 and U . 

-4 n 

~ r o m l e ~ l ~  points  out  t h a t  most authors who have studied f i s s i on  explain 

t h e i r  r e s u l t s  by means of var ian t s  of Serber ' s  qua l i t a t i ve  suggestions 

ddvanced i n  1947. 

Bromley describes the Russian invest igat ions  of Pissfon by  use 

of photographic p l a t e s ,  which record the  e n t i r e  f i s s i o n  process. For 

high-energy f i s s i on ,  the  fragments a re  n u t  emitted a t  180' but  include 

a smaller angle about the  d i rec t ion  of the  Incident proton, From the  

measurement of the  angle between the  fragments, t he  r e c o i l  ve loc i ty  i s  

computed. This gives the  r e c o i l  momentum from which the  . k ine t i c  energy 

ca r r i ed  o f f  by t he  cascade nucleons i s  ca lcula ted.  An assumption about 

t h e  number of nucleons emitted i n  the  cascade i s  used t o  obtain the  ex- 

c i t a t i o n  energy of the  nuclqus 'before t he  evapuralion stagc bcginc, 

Bromley shows a graph f o r  the  exc i ta t ion  energy of t he  nucleus p r io r  t o  
. 

t he  evaporation s tage f o r  various bombarding energies and d i f f e r en t  nuclei .  

This graph showed good agreement between the  Russian photoplate da t a  and 

t h e  Monte Carlo calcula t ions  of McManus. w 

Bromley repor t s  t h a t  shamovZ1 obtained a s t r a i g h t  - l ine  . re la t ion-  

sh ip  between the  i n i t i a l  exc i ta t ion  energy and t he  number of charged 



par t ic les  emitted per f iss ion.  For uranium, Shamov'ffids tha t  a compar- 

ison.between.the number of charged.particles evaporated at f i ss ion  and- 

the r e su l t s  of evaporation calculations such as  those' of LeCouteur gives 

the r e su l t  t ha t  the observed .emission .is just  what one would .expect i n  

each .case i f  a l l ' t h e  available excitation were t o  be used up i n  the 

evaporation processes, mese  r e su l t s  are strong evidence f o r  oceur- 

renee of the f i ss ion  process only a f t e r  the nucleus has l o s t  most of 

%ts excitation, Supportive evidence f o r  t h i s  picture is  the f ac t  t ha t  

the t o t a l  kinet ic  energy of the f i ss ion  fragments i s  about the same fo r  

thermal neutrons and for  high-energy protons. 

Bromley gives the following description of hi+-energy f i ss ion .  

The high-energy p q t i c l e s  in te rac t  with the ta rge t  nucleus, leaving ,it 

i n  a highly excited s t a t e  with high angular momentum. This excitation 

energy is taken off by multiple-particle emission u n t i l  the nucleus 

reaches a low excited s t a t e  a t  which past ic le  emission is  no longer - 

probable,. Theoretf c a l  calculatf  ons indicate tha t  the evapora3ed nwleo l~s  '-. 

can c m r y  away re l a t ive ly  large mounts of angulas momentum. After the 

evaporation process, i f  t h i ~  low excited ~Ltcte has low angular moment,s, 
1 

then there i s  a high probabili ty of gamma de-excitation t o  the ground 

s t a t e  and no f i ss ion ,  However, i f  this low excited s t a t e  has a high - 

spin, gamma de-excitation i s  r e l a t ive ly  improbable, and the nucleus - 

f iss ions.  Therefore, high-energy f i ss ion  would ac tua l ly ,be  a low-ex- 

c i t a t ion  phenomenon. 

I n  the work of Vandenbosch, Thomas, Vandenbosch, Glass, and 

seaborgf0 data  on crbss sections were used t o  calculate the .cross sec- 

t ions  fo r  the (a,n), (a j2n) ,  (a,gn), and (a,bn)~'reactions on IJZg3 and 

u~~~ ; The. model fo r  these calculattiona was the Jackson compound-nucleus 

model. Further calculation& showed tha t  most of the . f f s s ion  preceded 

neutron evaporation in the  helium-ion f i ss ion  of u~~~ and . u ~ ~ ~ ,  The 
2 assumption which i s  commonly made is tha t  the high f i s s ionab i l i t y ,  Z /A, 

of the heavy elements permits f i ss ion  t o  precede neutron evaporation 

but tha t  with l e s s  fissionable nuclei neutron evaporatfon occurs first 

i n  order t o  increase the f i s s ionab i l i t y  of the nucleus. 



The experimental data  .on isomer ~ a t i o s  .will  be rev i  ewed f o r -  

both thermal-neutron and high-energy f i ss ion .  . The emulat ive yields 

include .both yie1d:from beta-decay chains ad.-independent yield d i r ec t ly  

. . from f iss ion.  ~ l o m e k e ~ ~  l f s t s  the y ie ldsa long decay chains f o r  the 

products from the thermal-neutron f i ss ion  of u ~ ~ ~ .  No isomer r a t i o s  

could.be obtained'from shielded or  independently formed nuclide yields. 

Steinberg and  lende en in^^ l i s t  the cumulative-yield ra t ios ,  %/ag f o r  

edu5 i n  thermal-neutron f i ss ion  as follows: 

The r a t i o  of Cd 'Igu (spin l l / 2 )  t o  cd115 (spin 1 /21  from the aera bectiy 
24 of 2l-min A~~~~ i s  0.09, and Alexander, Schindewolf, and Coryell re -  

port  tha t  the 20-see Ag 115m decays i n  72% abundance, by isomeric t r a n s i - -  

t i o n  t o  A~~~~ and i n  2 9  abundance by beta  decay t o  the ground s t a t e  of 
115m 

cd115 This decay of Ag would give an isomer r a t i o  um/u of 0.07. 
g 

The only isomer r a t io ,  a /a , from thermal-neutron f i ss ion  which i s  
m g 

great ly  d i f fe rent  from these r a t i o s  from the decay of the pment i s  the 

5 x lom3 r a t i o  from the thermal-neutron f i s s ion  of u ~ ~ ~ .  This would 

indicate an indepcmd,~nt. yi.eld of the low-spin isomer i n  thermal-neutron 

f i ss ion .  However, the evidence fo r  independent isomer yields from 

thermal-neutron f i s s ion  i s  too meager t o  give an indication whether the 

high or the low spin i s  favored. 

The experimental data on isomer r a t i o s  from high-energy,fissfon 

w i l l  now be reviewed. This review includes the work of ~ i l l e r , ' ~  Hicks 
cG 16 and Gilbert, and Pappas and Sharp, and a l i t e r a t u r e  s e u c l ~  (shown in 

Table 111). 

~ i l l e r ~ ~  measured several isomer cross sections from 340-~ev 

proton f i s s ion  of bismuth. Table I1 shows the r e su l t s .  The Se8' yield, 

which is  from the beta-decay chain, from thermal-neutron f i ss ion  of 

u~~~ i s  included for  comparison. I n  a l l  cases i n  340-Mev proton f i s s ion  

of bismuth of spin 912, the high-spin isomer was formed i n  greater yield,  



Table II 
, 

Isomer yfelds 

Type Target Nuclide Spins Yields ( i b )  . RemaPks 

Isomer . Ground Isomer Ground . 

Spin of 
ta rge t  

Thermal. ,235 3e81 7/2 I/z 0.008 0.125 
neutrons 

7/2 

~ i ~ ~ 9  ~e 81 7/2 34O-~ev 
'protons 

1/2 

~i zn6' 9/2 1/2 

shielded . .. 
. . . _ _ _  _ .  . - - 

. . 

1.9 shielded . . 

! B i  Nbg5 1/2 9/2 0.22 9.9 Precursor 
has 65-day 
half l i f e  



-k8- 

<The dashes indicate tha t  no corresponding yield of the ground s t a t e  was 

detected. B i l l e r ' s  interpretat ion .is tha t  the .highly. excited s t a t e s  . .. 

formed immediately a f t e r  f i ss ion  are of high spin number, , , 

Hicks and GilbertZ6 measured the r a t i o  of the cross sections 

for the formation of the Cd (spin 142) and (spin 112) pair  T 

from the high-energy f i s s ion  of,up.nium. The cross section of Cd U5m 

w a s  f o r  the Independent yield fomed d i r ec t ly  from f iss ion.  Since 28$ 

of Ag 115m with half  l i f e  of 20 see decays in to  Cd1l? the cross section 

f o r  CdU5 was one of a long-lived end product of a be taderhy  chain. - 

The r a t i o  o cd115/u decreases from 15 fo r  50-Mev protons t o  1.7 
f o r  340-~ev protons. The increased formation .of Cd U5m a t  higher 

energies indicates increasing angular momentum of the f iss ioning nuclei ,  

Fappas md  Sharp16 measur~d the f!dL1' i s ~ m e r  r a t ios  Prom 10- 

Mev t o  25-Mev deuteron f i ss ion  oS u ~ ~ ~ .  A s  w l L l i  IIicks and Ci lbar tOs  

work,26 the independent yield of Cd and the cumulative yield of 

Cd115 were determined. When papias and Sharp" data  are compared with 

Hicks and Gilbert ' s  data fo r  the 50-Mev t o  190-Mev deuteron f i ss ion  of 

U2389 it is seen t h a t  a. sharp m i n i m u m  i n  the r a t i o  ~ d ~ ~ ~ ~ / ~ d ~ ~ ~  occurs 

i n  the 25-Mev t o  50-Mev region. 

The r e su l t s  of a l i t e r a t u r e  search on high-energy f i s s ion  are  

shown i n  Table 111, which shows the cumulative-yield rqt ios ,  Cd 115m/c$15 9 

from f i ss ion  under a var ie ty  of bombarding conditions. The ~ d ~ ~ ~ / ~ d ~ ~  
- 

r a t i o  from t h e  decay of the egfP5 parent is 0.09, A d  2€$ of the 2;-sec 

A~~~~~ decays in to  the Cd115 ground s t a t e .  For bimbading-particle . . - 

energies below 45:Mev, the cumulative-yield ~ d ~ ~ ~ / ~ d ~ ~  r a t i o  from 

f i s s ion  i s  f a i r l y  close t o  0.09, with the highest value fo r  um/u of 
g 

0.228. For bombarding-particle energies above 190 Mev, the cumulative- 

yield Cd "5m/~d115 r a t i o  is much &buve 0.09, with the lowest value f o r  

um/og of 0.34. The increased value of ~ d ~ ~ ~ ~ / ~ d ~ ~ ~  i n  highsnergy 
115m f i ss ion  must be caused by an increase i n  the independent yield of Cd 

(highz-spin isomer). This increased yield of Cd "5m i s  i n  agreement with 

the  description by ~ r o m l e ~ l ~  t h a t  highenergy f i s s ion  is  a ' low-excitat ion, s 

high-angulax-momentum phenomenon. The cumulative-yield Cd u5mIcdll5 
r a t i o  does not vary great ly  with pro jec t i le  energies in the 0 , 6 - ~ e v  t o  



Literature search on isomer r a t i o s  from fisaion 
Rojec -  Isomer 

Projec- t i l e  Target pair  Froduct apins 
a 'Jg 

rom 
~ u t h o r  Target t i l e  energy spin product Isomer Ground f i s s ion  m e  of y ie ld  

Goeckermam 
and ~ e r l m n ~ 7  Bi d 190 Mev 912 c$15 U / 2  112 -1 Cumulative 

0 '  Connor and 
Seaborga8 Natural U a 380 Mev 0 cdU5 

Folger, Stevenson, 
and Seaborg29 Natural U p 340 Mev 0 cdU5 

~ e w t o n ~ O  Th a 38 Mev , O  cdU5 

0.5 Cumulative 

0.36 cumulative 

0.083 Cumulative 

TR I' 3110 WPv 713 1 .  Cumulative 

Kruger and 
~ u ~ a r m a n 3 ~  Th P 450 Mev 0 

U 5  

Bi . . ;+5m 
Au 

rhenium 
Ta 

holmium 

0.52 cdU5 18 
1.6 cumulative 
2.6 CdU5m is 
: independent 

Vinogradov 
e t  a1.33 Natural U p 480 Mev 0 cdU5 1.1 Cumulative 

Wolfen& 
, e t  a1.3 Pb P 0.6Bev o,78$ cGzm U/'2 112 , i . 7  call5 i s  

1 .0Bev 1/2,22$ Cd cumulative 
1.6 Bev 2.1 CdU5m is 
2.2 Bev : ' independent 
3.0 Bev 

~ h u d d e ~ ~  Natural U p 5.7Bev 0 cay5 I l l 2  112 0.34 Cumulative 
2.2 Bev 0.45 Cumulative 
0.34 Bev , 0.35 Cumulative 

~ a n d e n b o a c h ~ ~  u~~~ 2 1 . 9 ~ e v  712 cdU5 1112 I1 2 0.091 Cumulative 
30.6 Mev 0.10 Cumulative 
42.8 Mev 0.095 Cumulative 
45.5 Mev u.178 Cumulative 

~ i b s o n ~ ~  ,239 d 12.3 ~ e v  112 
17.9 MeV 
23.4 Mev 

m.237 a 28.1Mev 512 

35.0 MeV 
45.7 Mev 

,233 d 12.1 ~ e v  512 

19.6 M ~ V  
23.4 Mev 

cdU5 0 . 1 7 ~  ~umulat ive 
0.224 Cumulative 
0.135 Cumulative 

UI 2 112 0.U0 Cumulative 
0.228 Cumulative 
0.17 Cumulative 

c$15 11/2 112 0.184 Cumulative 
0.127 Cumulative 
0.075 Cumulative 

Foremn3' Th232 a 27 Mev o cdU5 
36 Mev 
44 Mev 

Wahl and 
~ o n n e r j ~  L?35 n 1 4  Mev 712 cdU5 

\ 

0.066 Cumdative 
0.058. Cumulative 
0.14 Cumulative 

0.070 Cumulative 

Schmitt and 
~ u g a r m s n ~  natural  U photo- 16 Mev 0 cdU5 I l l 2  112 0.081 ' Cumulative 

f i s s ion  2 l  Mev 0.072 Cumulative 
48 Mev 

100 Mev 
300 MeV 

0 . d ~  Cumulative 
0.072 Cumulative 
0.17 Cumulative 

JodrA an 
Sugarmngl Bi P 75-450 Mev 912 Nbg5 112 91 2 1.5 . Independent 



~ o t o n  3.0-Bev proton . f iss ion.of  lead and .in .the 0.34-Bev t o  5,7-Bev p.. 

f i s s i o n  of na tura l  uranium. The work of ~ i n o g r a d 0 2 ~  and t h a t  of 

Kruger and ~ugar=man~~  show no .correlation between the spin of the 

t a rge t  nucleus and the ~ d ~ ~ ~ ~ l ~ d ~ ~ ~  ra t io .  

Table I11 shows thst the cumulative-yield ~ d ~ ~ ~ / ~ d ~ ~  r a t i o  

i n  the photogission of natural  uranium is close t o  0.09, the r a t i o  

from the parent A ~ ~ ' ~ ~  i n  the energy range 16 Mev t o  100 Mev, but 

%lug r i s e s  $0 0.17 at  300 Mev. ~ u g a r m a n ~  assumes that below 100 Mev 

tho faanern  ~ P P  Pnrmed f ' r ~ r m  llg115 and a t  300 Mev are  beginning t o  be 
I 

f omed d i r ec i ly  from f 1 ssion. 

m e r e  i s  a great difference between the -t;wo experimental 

P R + . ~ O S  f o r  IJb95m/Nb95 from bismuth f iss ion.  The ground s t a t e  of Nb 95 

has a hlgl~,, spin, and the upper s t a t p  has a. low spin. ~ i l l e r ~ ~  obtained 

an independent-yield r a t i o  of 0.022 .for Nb95m/Nb95, and Jodra and. 

~ u g a n o a n ~ ~  obtained an independent-yield r a t i o  of 1.5 f o r  N b  95m/m95 

B i l l e r s s  r e s u l t  agrees with the hypothesis that f i s s ion  i s  a hfgh- 

angular-momentum phenomenon, and Jodra and Sugarmanus r a t i o  does not 

agree with t h i s  hy-pothesis. 

I n  conclusion it may be sa id  that ,  since there i s  only one 

isomer rat1 o which may be independent i'rom thermal-rleutron f i ss ion ,  

these is  l i t t l e  evidence t o  support the idea tha t  thermal-neutron 

f j ss ion  i s  a low-angular-momentum phenomenon. In  low-energy f i s s ion  

below 45 Mev, a lack of independent isomer r a t ios  prevents the drawfng 

of conclusfons about the f i s s ion  process. In  high-energy f iss ion,  the 

work of and of Hicks and ~ i l b e r t , ' ~  and the r e su l t s  i n  ~ k b l e  

111 on the ~ d ~ ~ ~ / ~ d ~ ~ ~  r a t i o  support the suggestion t h a t  high-energy 

f i ss ion  i s  a high-angular-momentum phenomenon; however Jodra and 

S u g m a n u s  Nb 95m/~b95 r a t i o  dues no%' support t h i e  high-angn7n.r-momentum 

suggestion, 



Naturd. uranium f o i l  (about 1 m i l  and 2 m i l s  t u c k )  was used 

i n  bom'bllrrdments in the 184-inch synchrocyclotron in W 60-inch 

cyclotron, .1PSsbk,s, uhich .were  punc4ed .l inch in tU&i?mfiBtl" snd .cut i n  
MU, wert! aleopped in a copper clothespin-tgpe Mlderr mbarded 

with 50-Mev ~b-Mev wotonrr i n  the 18binch cplotroh. !his thin- 
t d l l r p t  arrmgeaent w a s  described by Nervik. 31 

I n  b o m b d e n t s  on'- Crocker Laboratory 60-inch cycbtran, 

the uranium f o i l  was  placed i n  a ncat*s-eye" micr&t+rget assembly l ike  
tket described by ~ i t s e m a ~ ~  except fhat an oval-~hahd instead of a 

rcluad target was used. Figure 1 shows the microtarget assembly. The 

target w a s  bcrmbgsded wlth deuterons and h e l i u m  i6ns. 

B. Chemictil Procedures 

Cadmim was removed fxcm targets bmharded a the 184~inch 

cyclotron with protons, and on the &-inch cyclotron with 12-Mev 

protons. Pramathitam was removed from targets 'bombarded with 45-Mev 

helium ions on the &-inch cyelotr&. Niobium was moved  from targets 

bombarded ~ t h  .deuterons on the 60-inch cyclotron. 

I 

Cadmium 

The uranium target fo l lwas  dissolved i n  concentrated n i t r i c  

acid containing cadmium carrier,  llhe solution w a s  made 4 M - i n  n i t r i c  

acid, and uranium was extracted with tributflphosphate, The aqueous 
layer was evaporated alm~st t o  dxyness, and the residue wag dissolved 

i n  water. Ferric, lanthanum, aad inaim carriers were added, the 
solution was made baslc with NH40H, and the hydroxides of iron, 

lanthanum, and indium were centrif'uged, Hydrogen sulf1dq:wa.s passed 
into the solution and the cadaaium sulfide precipitate was centrifuged 

and washed w i t h  dllute W40H. Cadmium sulfide w a s  dissolved i n  2 N - 
HCl,  palladim catr ier  was  added to the solution, HiJ was passed in, 



Fig. 1. Micro target assembly. A. Micr atarget slot, 
B. Microtarget, C. Degrading foil. 



and the palladium sulf ide precipi ta te  was centrifuged. Antimony caxrier 

was added, and an Sb S scavenge was made. m e  H ~ S  was boiled off .  
. 2 3  

Si lver  car r ie r  was added, and the s i lve r  chloride precipi ta te  was centr i -  

fuged. Zinc ca r r i e r  was added, the solution was passed through a 2 mm x 

5 cm Dowex A-2 anion-exchange column, and the res in  was washed with 0.1M - 
H C l .  Cadmium was eluted with 1.5 N H2S04. This column procedure was 

suggested by Walter ~ e r v i k . ~ ~  H2S was passed through the eluant; 

eadglium sulf ide was centrifuged, washed with water, ethyn alcohol, and 

acetone, and dried under a heat lamp. Cadmium sulf ide was 'mounted i n  an 

aluminum "hats' f o r  counting as described .by Nervik, After the .cadmium 

sulf ide was dried .in the  aluminum dish, which had a depression 1 cm2 i n  

azea, a drop of d i lu t e  clear  lacquer was'.placed .on the precipi ta te  and 

home thium 

The separation of the ra re  ear ths  from the other f i ss ion  .pro- 

ducts was obtained by a chemistry procedure of fluoride and hydroxide 

precfpftatinns m d  a Dowex,. A-2 reain-column step as described by 

Nethaway and Hicks.43 The bombarded uranium f o i l  was placed i n  a t e s t  

tube, which contained promethium tracer ,  yttrium carr ie r ,  strontium 

car r ie r ,  and. a few drops of hydrogen peroxiide. The uranium f o i l  was 

dissolved by eopping  concentrated HC1 on it, The solution was diluted 

t o  2 N - i n  hydrochloric acid and made 5 M - i n  hydrofluoric acid. The 

fluoride precipi ta te  was  centrifuged and washed twice with water. The 

precipi ta te  was dissolved i n  a mixture of 1 m l  of saturated H 30 arad 
3 3 

0.5 m l  concentrated n i t r i c  acid, The solution was diluted t o  10 m l ,  and 

one drop of barium holdback ca r r i e r  was added. The solution was made 

~ o n i a c a l w i t h  NII gas, The hydroxide precipi ta te  was centrifuged and 
3 

washed twice with d i lu te  NH40H. The precipi ta te  was dissolved i n  3 m l  

of concentrated HC1. The solution w a s  passed through a Dowex A-2 res in  

.column 5 mh x 10 cm, and the eluate.was collected i n  a Lusterofd tube, 

w e  .column was washed wfth .2 . t o  .3  m l  concentrated HC1, and this washing 

was combined with previous eluate.  , The .solutf on.-was diluted t o  2 . N o  - 
mg Z r A  and 0.5 m l  concentrated H PO were added. The prec ip i ta te  

3 4 



w a s  centrf fuged and .discarded. The solutton was digested i n  a hot water 

bath 2 t o  3 minutes Vith 2 , m 1  1 M - Na2Cr0,+, .About f i v e  drops of 27 N - 
HF was '  added, The fluoride precipi ta te  w a s  centrifuged and washed twice 

with water. The fluoride precipi ta te  .was dissolved . in  .l m l  saturated 

H BO 'and 0.5 m l  concentrated HC1. The solution was di luted t o  10 m l  
3 3 

and made ammoniacal with NH gas. The 'hydroxide preci'pitate was centrf - 
3 

'fuged and washed twice with water. The precipi ta te  was dissolved i n  3 
m l  concentrated HC1, and the solution was passed through a Dowex A-2 

r e s in  eolumn 5 MUI x 10 cm long and collected i n  a tube i n  which were 

a l so  collected the 2 t o  3 m l  concentrated HC1 used t o  wash the column. 

Then 6 M KOH was added t o  the eluate  u n t i l  the solutiun was basic. The - 
liydroxidc precipi ta te  was cpnt.ri fuged and washed twice w i  t h  water . The 

precipi ta te  was dissolved i n  a rnfnhm u r  concentrated HC1 (one or two 

drops), and. the solution was di luted t o  4 t o  5 m l  with water, A rew 
drops of neodymium ca r r i e r  was added t o  the solution, About 1 m l  Dowex- 

50 resfn was added t o  the solution, and the mixture was digested i n  a 

hot water bath fo r  10,min with occasional s t i r r ing .  The res in  was then 

transferred t o  the top of the r e s in  bed of a Dowex-50 res in  column very 

simiPar t o  tha t  described by Nervik, 44 

The Dowex-50 res in  column used t o  separate the raxe ear ths  

was s e t  up as follows. Dowex-50 cation-exchange res in  of "minus h00" 

ulesh sfzc wao grhded t o  obtain portion which se t t l ed  between 1.0 

eyld 1.5 cm/min i n  d i s t i l l e d  water. The res in  was washed with 6 M - 
ammonium thfocyanate u n t i l  the red f e r r i c  thiocymate color was no 

longer v is ib le ,  then washed i n  turn with d i s t i l l e d  water, 6 N hydro- 
4 

chloric acid, and d i s t i l l e d  water again. Finally, the r e s in  was eon- 

verted t o  the ammonium form with 1 M ammonium lac ta t e  and stored i n  - 
d i s t i l l e d  water u n t i l  loaded on the column, A 1 1  e lut ing so lu t io r ,~  were 

1 M - in t o t a l  l ac t a t e  concentration and about 0.01 M i n  phenol t o  pre;eit - 
deterioratfon or  the lac ta te .  The dimensions of the ion-exchange r e s in  

bed were 7 mm i .do x 60 cm. This column was surrounded by a water 

reservoir kept a t  a temperature of about 9 0 ' ~  by a heating tape, The 

eluting-agent reservoir system consisted of two 2,000-ml f lasks  arranged 

so tha t ,  by means of a stopcock control, the s o l ~ t i o f i  in tile upper f l a sk  



could .be .made t o  drop in to  the lower f lask  at the r a t e  . .. of one drop every 

8 . to  12 seconds. Both. .flasks. were connected . to  the laboratory air pres- 

sure system thr0ugh.a small a i r - f i l t e r i n g , u n i t .  Before a run, t he . r e s in  

bed was preconditioned by passing through about 100 m l  of the .e lu t ing  

agent t o  be used. The pH of t i e  1 M - l ac t a t e  e lut ing agents was  adgusted 

wfth .concentrated 8mmoni.m hydroxide and measured on a Beckman .Model G 

pH meter. The pH of the elut ing agent i n  the lower 2,000-ml f lask  was 

3.2, and tha t  in the upper f l a sk  was 7.0. Each f lask  contafned about 

300 m l  i n i t i a l l y ,  and the flow r a t e  between the f lasks was about one 

drop .every 8 t o  -12 sec t o  give a steadlily fncreasing..pH . in  the elut ing 

agent. Continuous mixing of the so lu t i  on i n  the  lower f lask  was assured 
I by a small magnetic s t i r r i n g  device. After a .run ,had begun, samples of 

the elqent were .collected . i n  the .collecting tubes over 3-mfn intervals  

by,means of an automatic sampling turntable,  The promethium ac t ivf ty  

came before..the neodymium car r ie r ,  which w a s  observed as neodymium ox- 

a l a t e  precipi ta te .  For , the a,ctfvity assay, a drop .of the eluent fro? 

a col lect ing tube was plaeed. on an aluminum plate  and evaporated t o  

dryness under a, heat l m p ,  &d the t ~ c  LPvlty w a s  counted i n  a Geiges- 

MuePles counter. A peak of promethium a c t i v i  t y  i n  the bollecting tubes 

.was cigaxly ident i f ied.  The solution i n  the  tubes of highest promethfum 

ac t iv i ty  was concentrated, i n  a platinum hat,  and evaporated t o  - 
dryness. The platinum hat  was mounted .for countfqg, 

M i  obi LIUI 

The niobium chemistry was obtained from Hicks .45 ' The uranium 

ta rge t  f o i  1 was  .dropped . into a 40-1111 cone contai ning. niobium c a r r i  e r  .and 

.3 drops of hydrogen peroxide, The uran%m metal was  dissolved by drop- 

ping concentrated hydrochloric actd on it and adding.HZOZO Two m i l l i -  

grags of zirconium ca r r i e r  was add&. Concentrated n i t r i c  acid was  , 

added, and HC1  was boiled .off. .The solution was  digested i n  a hot water 

bath. The niobium pentoxide precipi ta te  .was centrffuged and washed 

twfcewfthhotcon@entratedHNO TheNb 0 precipitate.was dissolved 
3" .2 5 

. in .HC1 by the .following procedure. Ten m i l l i l i t e r s  of concentrated 

H C l  was  addedto  the precipi ta te  while the Nb205 was  f reshly precipitated. 



. . 

The solutfon.was, cooled i n  an i ce  bath, saturated with HC1 gas, s t i r r ed ,  

and .dfgested . in  a hot water bath. The procedure was repeated .(usually 

twice was suf f ic ien t )  u n t i l  the en t i r e  pre,cipitate dissolved t o  give a 

-'.cPear, s l igh t ly  yellow solution, 

The niobium was extracted from 10 M HC1 into d i  1 sopropyl . . - 
ketone i n  a 125-1 Erlenmeyer f l a sk  with the use of a mechanical stir- 

re r .  E ~ u a l  volumes of acid and ketone were used. 

The niobium was back-extracted from the diisopropyl ketone 

in to  6 M - H C l  w%th the use of' a mechanical st irrer, ,  

Nb 0 was  precipitated wfth NH gas at a pH of 9 ,  m e  preci- 
2 5 3 

p i t a t e  w a s  centrffuged, and the solution w a s  discarded. The precipi ta te  

wmc e 1 m f e d  with 5 rnJ nf cnncentrated HNO The solution was di luted 
3 ' 

t o  20 m l ,  and the pH W a s  aCljusted tu  9 wit11 NI gao, The 8 0 ~ ~ t % 0 3 1  W a s  
3 

digested. The precipi ta te  was  centrifuged and washed twice w i t h  hot 

concentrated HNO The precipi ta te  was transfexyed t o  a small crucible, 
3" 

dried under a heat lamp, ignited, and transferred t o  an aluminum hat  fo r  

counting. 

C. Counting Instruments 

The cadmium ac t iv i ty  was counted i n  a Gefger-b/IueUer counter 

described by ~ e r v i l t . ~ ~  The counting uni t  i t s e l f  was an end-window, 

chlorine%rgon-filled Amperex type 100 C tube mounted so tha t  smples  

could be placed on any of f ive  shelves below the end of the tube, T h f ~  

whole assembly was housed inside a 2-inch-thick lead cas t le  t o  reduce 

background radiation, and the lead w a s  l ined with aluminum t o  minim'ikze 

sca t te r ing  of radiat ion from the inner w a l l s  of the cast le .  When used 

i n  conjunction with a acde-of-256 s c d i n g  uni t ,  t h i s  counter cofid 

handle a c t i v i t i e s  of 80,000 t o  100,000 counts per minute without d i f -  

f icul ty .  A t  these high counting sates ,  however, the time between entry 

of' successive beta  par t ic les  in to  the sensi t ive volume of the Geiger- 

Mueller tube becomes s m a l l  compared wfth the resolving time of the . 
counting c i r cu i t .  In order t o  get  the actual  number of partScLes entes- 

fng the comter ,  it 1s then necessary t o  correct the observed counting 



r a t e  for  these eoincfdence events. The ,coincidence .corrections fo r  the 

Gezger-Mueller counter ,had already been determined by 'workers a t  the 

laboratory. 

The, pGomethium ac t iv i ty  was counted on a Geiger-Weller counter 
. . 

m-d on a Nucleometer described by Ritsema. 42 w ~uc1eoriet;'e~ contains a 

methane-flow-type windowless proportional counter. The high efficiency of 

t h i s  counter made it part icular ly useful fo r  following the qecay of low- 

in tens i ty  beta-particle emitters. 

The niobium ac t iv i ty  was counted by following the decay of the 

230-kev and 750-kev gamma-ray peaks with a 10-channel gamma-ray pulse- 

height analyzer. The counting unit i n  t h i s  instrument was a ~ d ( ~ 1 - a c t f -  

sa ted)  scf n t i l l a t i o n  crystal ,  1 inch-thick and 1-l/2-inch i n  diameter, 

used i n  conjunction with an RCA 5819 photomultiplier tube, The gamma 

spectrum w a s  spread over f i f t y  channels which were counted by using the 

10-channel analyzer f o r  f ive  consecutive counting periods, Shielding and 

sample-positioning wrangementy fo r  t h i s  coimter were approximately the 

sane as fo r  the Geiger-Muelier cowtes.  .Decay of .&I fndividk@l gammaGay 

peak. could .be .followed .by counting the sample periddically, p lo t t ing  .the 

gamma spectra, integrating ,under the desired peak, and integrated 

@ounts ,as  a .function of time. The countcng efficiency vmies  with gamma- 

r a y  energy, 



. . . . 

111. TBEATMENT OF DATA 
. . 

For be.ta .,counting the  .d i  sfntegratf  on-rate r a t f  0s' of samples 

counted with the same geometry were calculatkd by dividing the observed 

counting r a t e  by the following factors: fa, correction f o r  abundance; 

feff9 correction f o r  counting efficiency; fbks9 baekscatterfrlg correction; 

fabs9 correction fo r  air and window absorption3 fSSA9 correction fo r  se l f -  

scat terfng and absorption i n  the sample. These corrections were described 
3 1 by Nervik. 

fa. Correction for Abundance: When a nuclide decays, the radia- 

t i on  tha t  it emits i s  usually a complex mixture. I ts  radfatfon may 

conoiatof two o r  more beta pnst.jcles n f  d i f fe rent  energies and several 

gamma rays. When a nuclide with a complfcated decay scheme fs countcd, 

the abundance of, each of the various components of the decay must be 

known so tha t  each mode of decay may be corrected separately f o r  each of 

the coprection factors .  The t o t a l  "counting efficfencyss o r  conversion 

fac tor  f o r  a glven nuclide may then be obtained by adding the.counting 

ef f ic ienc ies  of the various,components of the decay. 

'eff' Correction fo r  Counting Eff iciency: It was assumed tha t  

100% of the beta  par t ic les  entering the gensftive volume of the Geiger- 

~ u e l l e r  tube would he c n ~ m t ~ r l ~  Therefore, feff = 1.0 f o r  beta  par t ic les .  

The counting efficiency of gamma rays i n  the Geiger-Mueller tube was o'b- 

tained from the work of Studier and ~ a m e s , ~  and the counting efficiency 

ranged from 0 ~ 5 %  fo r  0.25-Mev gamma rays t o  1% for  1 , O  Mev. 

I bks Backscattering Correction Factor; If a wefghtless sample 

i s  placed on a mounting p la te  which has a m a c r o ~ & ~ i c  m a s s ,  the observed 

ac t iv i ty  i s  higher than if there were no mass ppesent. This increase 

i s  due t o  backscattering of beta  par t ic les  and i s  a function of the 

energy of the beta  pa r t i c l e  and of the thickness and atomic number of 

the backing material ,  47748 For a given maximum energy of beta  par t ic les  

and a glven backing material, fbks increases with increasing backing 



thickness u n t i l  a "saturation" thickness is  reached, a f t e r  which fbks 

remains constant. BOP a given beta-particle ene+gy and thick backing 

materials, the fbks increases with increasing Z of the baekscatterer. 

For a saturation thickness of a given Z and wfth varying beta-particle 

energies, fbks increases from 0 t o  600 kev and remains a~proximately 

constant fo r  all higher-energy beta  par t ic les .  In order t o  minimdze 

er rors  tha t  would be Introduced i f  backscattering corrections were un- 

cer tain,  the cadmium samples were mounted on a l ~ &  pla tes  thick 

enough t o  give saturation backscattering f o r  a l l  beta  paktic1es in-  

volved. ' The p~omethiuen samples were mounted on platinum thick .enough 

t o  give saturation .backscat$erf ng , The backscat ter i  ng cdrrections 
ha were taken .from the data  of B u t t , '  

m 
l abs Correction fo r  A i r  and WSndow Absorption: In the "Shelf 

PP' or "Shelf 2" geometry i n  which the samples were co&ted, radiat ion 

had .to pass .througEa air and mica before entering the sens%tive volume 

of the -G-M tube, This thickness of material  could eas i ly  absorb a; sfg- 

niffcant  f ract ion of beta  radfation, especially of low energy. FOP 

l i g h t  elements the absorption thickness i n  mg/cm2 i s  almost independent 

of the nature of the absorberj 49 therefore, the known ig/cm2 thidme'ss 

of mica and air i s  approximately equivalent t o  the same thickness of 

duminum. Therefore, the correction fac tor  was ,  calculated with the use 

: o f  the e r n e  of aluminum-absorption half  thickness versus beta-ray - 

max.%mum energy. . .. 

. .  . 

f~~~ correction f o r  ~ e l f ~ c a t t e r i n g  and Absorption in .the 

Samgle: When .my but, a ..wei ghtless '  sample i s counted, the  .be ta  radf a- 

t i o n  .emqtted may be scat tered or absorbed by the  mass of the .sample : 

i t s e l f .  The s i ze  of t h i s  e f f ec t  depends on-the energy of the beta  

radiat ion and on the t h f c h e s s  and atomic number of the sample, Nervfk- 

and ktev&i.son5' havemeasured f i n  sodium and lead salts. The se l f -  . . SSA . : 

sca t te r ing  f actor f o r  CdS , was .measured exper.ime.nkaP1y by .a .worker a t  . 

the labmi.tory. . . Sfnee the promethium samples were weightless, the s e U -  

scat ter ing factor  f o r  the promethim smples  was  1.00. 



The decay scheme for  the cadmium isomers of mass .115 (shown 

below) w a s  taken from Stromfnger, Bollander, and Seaborg. 
12 

. 8 The ,beta-particle energies wid .percent abundance for  the 

cadmium and .promethium isotopes are taken from ~trominges, Hollander, 

and seaborgLZ and are as follows: 

- -  - 

Isotope %/2 j3- energy ( ~ e v )  
Cill15m 

43 a 1.41 ( 9%) ;  0.7.  (2%) 
115 .(xi 53 hr .0..58 (42%); 1.1 (5%) 
148 

pm 5=.3 d 2.5 
148 

Pm 43 d 2.4 (weak); 0.6 
,149 54 hr 1,05 



148 
The a c t i v i t i e s  of 54-hour and 43-day Pm were re-  

solved from the gross G-M-counter decay curve. The 5.3-day Fh1148 was 

not present i n  suff ic ient  quantity t o  be resolved from the G-M-counter 

decay curve. By adding arb i t ra ry  amounts of 5.3-day ac t iv i ty  t o  

the decay c w e ,  one could see tha t  the cross section f o r  5.3-day 

Pa148 would have t o  be a t  l e a s t  twice as great as  tha t  fo r  43-day 

i n  order fo r  the 5.3-day h148 t o  be v is ib le  i n  the resolution 

of the decay curve, 

The a c t i v i t i e s  of 53;-hour c6115 and 43-day Cd 'Isrn were re-  
,-' 

solved from the g r o s ~  G-M-counter decay cwvc, Thc cadplium isomers 

were fur ther  ident i f ied by means of" gamma spectra and aluminum-absorp- 

t fon curves, The gamma spectra f o r  the cadmium isomers were obtained 

on a 50-channel gamma-ray pulse-height analyzer. The counting uni t  i n  

t h i s  f nstrument was a l - f  nch thick N a I  (~1-ac t iva ted  ) s c i n t i l l a t i  on 

c rys t a l  used i n  conjunction with an RCA 5819 photomuPtiplier tube and 

a ,SO-channel analyzer. 

The decay scherne.for the niobim isomers of.mass 95, taken 

froul StruLlger, Hullander, and. ~eaborg," is: 

The decays of the 230-kev gamma peak o f  ~b~~~ and the 750-kev gammapeak 

of Nbg5 were followed. The Compton scattering.,from the high-energy 

gammapeak contributed t o  the counts under the 230-key peak, After the 

230-kev ac t iv i ty  had decayed out, the height of the 750-kev peak was 

normalized t o  .the.height of the high-energy peak. in  the sample tha t  

contained the 230-kev peak, and the.Compton sca t te r ing  under the 230-kev 



peak was calculated. . In  . this  way the 230-kev peak was corrected fo r  

the '.~ompton sca t te r ing  ,from the high-energy peak. The ,750-kev gamma 

decayed .with a half  .li f e  of 35 days. 'The 230-kev gamma peak. 

decays with a half  . l i f e  of 7 6  hours, but t h i s  half l i f e  was .uncertain 

by 'as much as  15 hours. 

The counting ef f i c i  ency of .the sodi& iodide (thalilum- 

activated) c rys t a l  varies with .the energy of the gamma:. ray. The 

ratio of the efficiency of the two peaks was 'obtained from Kalkstein 

and Hollander. 51  

From the tables  of S l i v  and  and,^^ the internal-conversion 

coe f f i c i en t  i n  the K-shel l  for the 231-kev gamma ray, which i s  an ~ 4 .  

. t ransi t ion,  was. found by ~ inLerpul~Lios~ .tb be 2.60. ' T ~ L C  .internal-con- 

v ~ F s ~ Q ~  coefficients f o r  the .23i-kev gamma ray i,n the .L she l l s  were - 

also '  obtained from the tables  of ~ l i v . ~ ~  The internal-conversion 

coeff ic ients  are 0.352, 0.0580, and 0.106 fo r  the 4, 
and LIII 

she l l s  respectively. Tlam, the t o t a l  internal-conversion coefffcient 

f o r .  t he .  L s h e l l  i s  0.516. The t o t a l  internal-conversion coef f ic i6nt  

fo r  she l l s  outside  the'.^ s h e l l  i s  assumed t o  be k$ of the t o t a l  L- 

shell conversion coefficient.  Therefore, t he . . t o t a l  in te rna l  conver- 

sion coefficient fo r  the 231-key gamma ray is 3.32. 
\ 



I V .  .RESULTS ON ISQMERS FROM URAlSIIUM F$SSION 
. . 

A s  the isotope i s  shielded, an attempt yas made t o  

determine the independent-yield r a t i o  of 5.37day hl* do 43-day Fm 
148 

I 
i n  the 45-Mev helium-ion f i s s f  on of uranium. However, e presence 9" 
of a large amount of 54-hour would make it di f f ic l i l t  t o  see the 

I 

5.3-day Fm1480 I n  f a c t  the experbenta l ly  determined r a t i o  of the 

cumulative yield of hlL9 t o  the independent yei ld  of 43-day d48 is 
350 * 100. Although the 5 .?-day ,was not seen i n  the decay curves, 

It is possible t o  establ ish an upper L i m i t  fo r  the independent-yield 

r a t i o  of 5.3-day h148 t o  43-day Fm140, which i s  

In the deuteron f f  ssion of u ~ & i u m  at  19 t o  .23 Mev, the in- 

dependent-yield r a t i o  of t o  the t o t a l  niobium of mass 95 ranges 

from 70 t o  100'$, The accuracy of t h i s  r a t i o  depends on the accuracy 

of the efficiency correction f o r  gamma counting and the accuracy of 

the conversfon coeff ic ients  taken from the work of":'SJiv. Since the  

upper s t a t e ,  ~ b ~ ~ ~ ,  has a low spin and the grbund s t a t e  of Nbg5 has a 

.high.spin,  t h i s  r e su l t  is not i n  agreement wi th , the  suggestion tha t  

f i ss ion  i s  a high-angular-momeritum phenomenon. . 

The cross-section r a t i o s  ~ d ~ ' ~ / ~ d ~ ~ ~ ~  from the proton f i ss ion  

of natural  upanium m e  shown .in Table I V ,  These ' r a t i o s  w e  .for the 

cumulative yield. The r e su l t s  i n  t h i s  work are compared with the 

r e su l t s  of ' ~ i c k s ' ~  and ~ o l ~ e r "  f o r  the cumulative-yield r a t io .  



, . . .  . a . . 
Table I V  

- 

Ratios of cadmium-ll5 t o  cadmium-115m 

Proton energy (Mev) ' , 

350 250 150 90 50 12 

Baf  ley a 2.8 3.5 3 .8 7.8 18,5 > 31 

Hicks 

Folger 

% agreement 
of Bailey 
w i t h  Hicks . . 

%- Upper 15.mit.of . . ' 3.3 3 3  5.5 8.6 27 ' 

H i c k s  :s data - 
. ' ,  I . , =  

' & 

Lower l i m i t  of . 
Hicksts data 

' .$ spread :fn 
HfeksDs data. 



A. Target Fkocedwes 

Spect~oscopicaPly pure scandium oxide powder was  used as a 

ta rge t  f o r  alpha pakticles on the  60-inch cyclotron and the 184-inch 

synchpocyclotron. Reagent-grade potassium phosphate t r ibas i c  powder 

was  used as a ta rge t  f o r  alpha p w t i c l e s  i n  the 60-inch cyclotron, 

About 10 mg of a paste made by mfxfig Sc 0 powder and Duco' cement 
2 3 

was spread i n  a 10-mil platinum "hat." This platinum hat  was covered 

with a l - m i l  platinum cover f o i l  and mounted i n  a microtarget assembly 

described by R i t ~ e m a ~ ~  f o r  bombardment on the 60-inch cyclokron with 

helium ions. About 15 mg of potassium phosphate K PO powder w a s  
3 4 

s imilar ly mounted as a ta rge t  on the 60-inch cyclotron and bombarded 

wfth helium fons. The platinum cover f o i l  w a s  weighed i n  each bom- 

bardment. Weighed aluminum f o i l s  were used t o  d&gde the energy of 

the helium ions from the 60-inch cyclotron as described by Thomas. 54 

The energy of the helium fons w a s  obtained from the range-energy 

curves of &on, Hoffhan, and Wi11iams, 5 5 

FOP bmbardnents on the 184-inch synchocycBotron with 320- 

Mev helium fons, a paste of scandium oxide powder and Duco cement was 

wrapped in aluminum f o i l  about 2 m i l s  thick and cl*emped i n  ;.copper 

ta rge t  holder. 

Chemical Procedures 

Scandium was removed from a l l  the targets ,  

Se 0 Targets from 60+nch Cyclotron 
2 3 ., 

The platinum hat containing the scandium oxide was dropped 

in to  a centrifuge cone containing about 20 m l  of 3 N - HC1, About 10 

mg of scandium car r ie r  w a s  usually present i n  the 3 N - HC1 solution, 

The solution was heated with occasional s t i r r i n g  fo r  about 1/2 how 

i n  a hot water bath t o  dissolve the scandium target .  The solution was 

made basic wfth NHkOH, and scandium hydroxide was centrifuged and 



washed twice with d i lu t e  NH40H. The scahdium hydroxide was dissolved 

i n  ~ G c e n t r a t e d  HC1, the solution was di luted t o  4 N HC1, and 27' M - HF 

was added. M t e r  digestion i n  a hot bath f o r  1 minute, scandium 

f luoride was  centrifuged and washed twice with water. Scandium fluo- 

rfde w a s  dissolved i n  a mixture of 1 m l  saturated H BO md 0-5 m l  
3 3 

concentrated HMO and the solution was di luted t o  10 m l ,  About 0.5 
3 

mg calcium holdback c a ~ r i d r  w a s  added, the solution was made basic 

with MH40H, and the scandi~rm hydroxide was centrifuged and washed 

twice with d i lu t e  M140H. A s  described above, another ~candium fluo- 

r ide  precipi ta t ion and another scandium hydroxide precipi ta t ion with- 

out adding calcium holdback ~ w r i e r  were made, The scandium hydroxide 

precipitate was dissolved i n  conccntkatcd HC1, The solution was: 

diluted t o  3 N - H C l  and passed through a 2 m x 5 em Dowex A-2 anlon- 

exchange column. Scandium hydroxide was &afn precipitated fPom the 

solution with m40H and washed with d i lu t e  NH OH and acetone. For ? 
a l l  bombardments below 35 Mev i n  energy, the scandium hydroxide was 

mounted 9n aluminum hats  as  described i n  Experimental Procedures fo r  

Isomers *om Uranium Fission, Scandium hydnooxfde was mounted i n  a 

1132-Inch lead "hat" with a depression 0,7 an i n  diameter and about 

0.1 cm deep f o r  all Sc 0 bombardments above 35 Mev i n  energy, !k%s 
2 3  

lead hat  w a s  covered with a 1132-inch lead cover f o i l  and mounted i n  

5 / 1 ~ ~ ~ n c h f f i d i m e  ter hole i n a 1/~-by-l / l6  -inch sta911less s t e e l  strPp 

and held i n  place by bent flanges, This s t e e l  s t r i p  w a s  mounted i n  

a def in i te  and fixed posit ion i n  a Lucite hoj-der fo r  counting, 

Sc 0 Targets from 184-~neh Syncbocyclotron 
2 3 

~ \ l  lmj-n\m %of] cont.n.j.n.j ng t.he srtn.nd.9 nrn nx9.d.e WF~., d.rnpped. 

i n to  a centrifuge cone. The alumhum f o i l  was dfssolved by dropping 

concentrated H C 1  on the f o i l ,  about,15 mE of 3 N - HC1 was added, a d  

the soiution w a s  heated with occasional s t i r r i n g  for about 112 hour i n  

a hot water bath t o  dissolve the scandium target .  A scandium hydroxide 

and a scandium fluoride precfpftation were made as described above. En 

.the. next sca+dium hydr,oxide. precipf ta t ion,  'about ,0.5 mg of magnesi um 



holdback. car r ie r ,  as well  -as c d e f  um holdback cwrier. ,  was added. The 

remainder of the chemical procedure was the same as tha t  *described fo r  

the Sc 0 targets  from the 60-inch cyclotron except t h a t  the s tep of 
2 3 

passing the 3 N - HC1 solution through the 2-mm-by-5-cm Dowex A-2 anfon- 
I 

exchange column was omitted. I 

K PO Targets from 60~1nch Cyclotron 3 4 '  
The platbum ' hat  contalnfng the .  potassf um phosphate was drop- 

ped in to  a centrifuge cone which contained about 20 mg of scandium 

ca r r i e r .  The K PO targe t  w a s  dissolved wfth occasional s t i r r i n g  i n  
3 4 

about. 15 m l  of water. . .The remainder of the chemical procedure .was the 

. s h e  as tha t  for  Sc .0 ' t a rge t s .  from the' 60-inch cyclotron except tha t  
2 3 

the fluorine precfpitatfons were omftt.ed. 
. . 

C. Counting Ppocedures 
, . 

The scandium ac t iv i ty  w a s  counted on a Penco Model PA-3.fn 

.which t h e  detect ing uni t  w a s  a s o d i d  lodld? (thallium-activated) 
44 

, s c in t i l l a t ion  crystal .  ,The .l,l6-Mev g 5 a  ray of 3.9-how Sc and 
.. , 4 h  

the 2"/-Mev'gammarayof.,5g-houapSc were.seen, 
' 44.m 

. .. The decay schemes. o? Sc and ~e~~~ Prom Stromlnger, Bol- . 

lander, and Seaborg, 
1 2  are: 

The independent-yield r a t i o  of ,Scb to Sca wab got by following the 

decay of the 1.16-Mev gamma Pay of 3.9-hour ~c~~~ During the first 



day a f t e r  bombardment, frequent measurements were made of the l,l6-Mev 

gamma peak, which consisted of the decay of the 3.9-hour scWI formed 

2 
44 

by the (a,cm) reaction and of the growth of the 3, -hour Se- formed 

by the isomeric t rans i t ion  of 59-hour sch t o  ec For several days 
44m 44 

the decay of the 59-hour Sc by isomeric t rans i t ion  t o  Sc was 

followed by counting the l . l 6 - ~ e v  gamma peak of 3.9-hour S C ~  i n  
i - 

t ransient  equilibrium wfth i t s  parent. From the 59-how decay curve:, 

the growth curve fo r  the 3.9-how Sc& by iscsneric t rans i t ion  w a s  
44 constructed. This Sc growth e w e  was subtracted from the experi- 

mental decay @ m e  i n  order t o  obtain the 3,g-hour deqay curve of 
44 

Sc formed fim the nuclem reaction. From the 3.9-how decay curve 
44 44m UP 9 u  wid the 59-l~olu. decay curve. of 8cWI i n  equilibrium with ilc , 

the independent-yield r a t i o  S c & / ~ c ~ ~  w a s  obtained. 

The decay of ~c~~ i s  en t i r e ly  by isomeric t ransi t ion,  with 

e / l  = 0.14. The decay of ~c~~ goes 7% by electron capture and 9396 by 

1.47-Mev positron. In  some bombardments Sc43 i s  formed. The mount 

of Sc43 present is  important because 3.9-hour ~c~~ has a 1.05-Mev 

gamma ray  in 10$ abundance. This 1.05-Mev gamma ray wf l l  be counted 

i n  the 1.16-Mev gamma peak of 3.9-hour ScWI as the half  l i ves  of Sc 43 
44 and Sc are  the same. The decay scheme of ~c~~~ which i s  from 

Strominger, Hollander, and seaborg,12 is  the following: 



The 3.92-how' ~c~~ decays 4% ..by 0.39-Mev p', 17% by 0 -82-~ev 

p') and 79% b y  2 0 1 ~ 6 ~  B-. ~ i n d ~ ~ i s t ~ ~ ,  lists.. the following gamma rays , 

43. of Sc 0 

. . . .. . , 

Energy RePat ive Measured i n  
(Mev > abundance 

0.25 f ' 0 ; 0 1  ' :0,5 . . . magno lens 

8 0.369 * 0 .005 magn, lens 

0 . 5 l ~  100 ., qqn, leris 

0.627 f 0,005 2 magn. lens 

0.84 -+ 0.02 .weak sc in t .  spectr.  

, I n  Nuclear Level schemesS7 the following decay scheme 

. \ I 

reported, in Nuclear, Level Schemes f o r  ~ 4 ~ ~ ,  Lieshout and 

H a y ~ a r d ~ ~  d i d  not  f ind  the 0. 6z7 ! and .? ;84-~ev gamma [rpys. of ~c~~ b u t  

did f ind a 1.05-Mev gamma ray, which was not fn,.coincidence with .the 

. O  .38-Mev p- md whf eh had the abundance of 10 g&ma rays per 100 f3' events. 

Therefore, Nuclear ~ e v e l  schemes l i s t s  . t i e  gamma r&$s o f  S C ! ~  a s  fol-  
lows: . - 



~ .. . . 

Energy ( ~ e v )  

44 
The threshold energies of the reactions ~c~~(ol,CXn)Sc 

44 41 sc45(a,a2n)~c43, ~ ~ ' ( a , n ) S c  , and K ( ~ x , P n ) S c ~ ~  ,were calculated as 

12,3, 22.8, 3.65, qnd 14,3 respectively. The masses f o r  the .calcu- 

la t ions  were taken from 'Wapstra. 59 

Below a helium-ion energy of 34 Mev the 0.369-&v gamma 

ray of ~c~~ WRS not. seen on the Penco Model PA-3. Below a helium- 

ion enetgjf a* 34 Mev l ; h r  Sc4h/5c44 raLh was measured by follorring ' 

the decay of the 1.16-~ev gamma-ray peak of Sc4' on the Penco Model 

PA-3 as the  59-hour Sch decayed in to  the 3.9-hour ~c~~ by isomeric 

t ransi t ion.  When scandium oxide was  bombarded with 43-Mev helium 

ions, the 370-kev gamma ray of 3.92-hour ~c~~ was seen on the Penco 

Model PA-3. Since the 3.92-hour Sc43 has the same half  l i f e  as 3.9- 

hour the 1.05-Mev gamma ray of ~c~~ cannot be resolved from 
I 44 

the decay of the 1.16-~ev gamma-ray peak of Sc . Since the 1.05- 

Mev gamma ray of Sc43 i s  not in coincidence with annihilation radia- 

ti on . . according t o  Nuclew Level Schemes, .the 1. 16-Mev gamma .ray of 

sc4", i n  coincidence with annihi la t ion radiat ion was measured by mews 
- 44 

of a coincfdence setup i n  order t o  measure the ac t iv i ty  of pure Sc 

The Penco Model PA-3 and a single-channel pulse-height 

analyzer were used . in the coincidence .setup. The sodium iodide (thali- 

lium-activated) c rys ta l s  were 1.5-inch i n  diameter and 1 inch i n  height. 

The crystal ,  photomultiplier tube, and preamplifier were placed i n  a 

s t e e l  cylinder, which was screwed in to  a Lucfte holder. The angle 

between these two s t e e l  cylinders was  90.degrees. The single-channel 
#' pulse-height analyzer was s e t  on the annihilation peak. The variable 

window width was  s e t  at a value that wopld include the  en t i re  annihi- 

lation-peak width. The gain position of the center of the annihilation 



peak w a s  checked .frequently t o  prevent loss  of.counts because of d r i f t  

of the peak position. .The :counts from the single-channel pulse-height 

analyzer were used .to t r igger  the ge,te on .the Penco. The gamma rays i n  

coincfdence with the annihilation re.diation were counted.on the Penco. 

The gate time was measured by counting two ~s~~~ standards, .: 

each .shielded .f"Pom, the ac t iv i  t y  of the other. The ac t iv i ty  r a t e  of, one - ' 

standard was  measured by counting on the Penco without coincidence. 

Then the ac t iv i ty  r a t e  of the same standard with the same geometry 

was measured on .the Penco with the colncidenee setup i n  .whfch .the gate 

was triggered by another stqtdard with a measured ,&i.&k rate. Frm 

t h i  s accidental singles. ra te ,  the gate time was calculated by the formula 

with C as Penco count r a t e  without coincidence, G, as gate ra te ,  z as 

gate time, and , Cchance as acci  dental  Penco 'count r a t e  with coincidence. 

The gate time was calculated t o  be 5.$l,microseconds. This gate time 

was used .to correct the .coincidence cbunting r a t e .  for  a 13% accidental  

s ingles  r a t e  on .the 320-Mev helium-ion bombardment of Sc 0 While,the 
2 3" 

4-how ac t iv i ty  from bombardments .was being counted, the. length .of the 

gate and the shapes of the s ignal  and gate pulses were monitored with 

an .oscill,oscope, 

I n  a Sc 0 ta rge t  bombarded with 320-Mev h e l i G  ions, the 1,16- 
2 3 

Mev peak of the 3.9-hour ~c~~ ac t iv i ty  was estimated t o  contain 3% of the 

1.09-Mev peak of 3 . 9 - h o ~  Sc43 by calculating f'rom the amount .of the 370- 

kev peak of 8 ~ ' ~ ~  The counting eff ic iencies '  for  the 0.370- and 1.05-Mev 

g-a rays were taken from ~ a l l i s t e i n . ' ~  The Sc44m/~c44 cross-section 

r a t i o  was 0.61 from counting without coincidence with 4% correction .for 

S C ' ~  and was 0.62 from coincidence counting on another bombedment. When 

coincidence counting was done on the 4-hour ac t iv i ty ,  the coincidence 

.,counting se tup  was also used f o r  the 59-hour Scb ac t iv i ty  i n  order t o  

avo1 d making counting cor rec t i  ons. 

In  the 43-~ev helium-ion bombardments on Sc 0 and on K PO 
2 3 3 49 

the ~ c ~ / ~ a ' ~ ~  cross-section r a t i o  vlis measured by following the 1.16- 
44 Mevlgamma-ray peak of Sc by means of the coincidence setup. 



44 .41 
I n  t h e  ~c~~ (33.7-hlev a , d ~ )  S c  ; and K (20.7-~ev a,n) Sc 

44 

reactions, the gamma rays were counted .with a sodium iodide (thallium- 
. . 

activated) c rys ta l .  '3  iriches 'in diameter by 3' inches hi&;.in a l l  other 

bombardments 1.5 -by-1-inch c rys t a l s  were .used; 
, . 



Kt. !I!RI?,AlhlENT OF DATA ON 8cU ISCMFRS 

The number of counts i n  the l,l6-Mev gamma-ray peak of Sc 
44 

was computed a f t e r  background and the Compton scat ter ing from the 1.67- 
Mev stack-up peak of 0.51- and 1.16-Mev gamma rays were subtracted out. 

Forty hours a f t e r  bombardment, the 1.16-~ev gamma peak of Sc 
44 

i n  t ransient  equilibrium with i t s  parent Sc& was decaying with the 
-44m 

59-hour half  l i f e  of Se- When the time required t o  take the count 

r a t e  varied from 5$ t o  one-third of the half  l i f e ,  the following formula 

was used t o  determine the time !? 'for which the measured count r a t e  i s  

the correct ra te:  

-with ,t as the .time when w e  counting began, ~ t '  as, the length of 
44m 

the.countingperiod,  a n d x  as h a t .  The decay constant h l f o r S @  w a s  
-1 -1 

taken as 0 .,0117 hour , and h fo r  as 0.178 hour-' or 0.00297 min 
.2. , 

The 59-hour a c t i v i t y  of 5b4' in t r ans l en t  equilibrium with . . 

scW" was e x t r a p ~ l a t e d b ~ c k  t o  . the t ime t o  of the middle of the bombard- 

ment. This gives the ac t iv i ty  A; of t h e  3.9-ho& s~~~ i n  t ransient  equi- 
44m 

librium with t h e  59-hour Sc parent a t  time to i f  there had been equi- 

librium a t  t ha t  time. . The ac t iv i ty  A; of 59-hour Sc44m at time t W ~ W :  
0 

found from 

= A; 
Al 

A; (1 - -) = 0.934 A; . 
A2 

The ac t iv i ty  A2 of the 3.9-hour ~c~~ which has grown i n  from the 59-hour 

S C ~ ~  parent Gas calculated from the formula 

This ac t iv i ty  r a t e  A '  was subtracted from the t o t a l  ac t iv i ty  r a t e  during 
2 :  . . w 

a .period o f '  several hours a f t e r  bombardment .to give .the ac t iv i ty  A of 
2 '  

3.9-hour scU which resulted d i r e c t l y  from . . the nuclear reaction and not 

from the decay of the parent, 59-hour sch. The r a t i o  

0 
equals the Sc 44m/~c44 cross-section r a t i o  with o ~ 2  as A'' ' at  to. 

2 



VII. RESULTS ON SC? ISOMWS 
. . .  

Table .V g ives  the Sc44m/Sc44 cross-s.ec&onrati? when Sc 45 

( sp ia  .7/2) was bombarded with helib ions at 20,b:to 320oMev ener&s. .The 

f i r s t c o l ~ .  of Table v g i v e s  the Sc44m/S~4' cross-section r a t i o .  The 

second..colurim gives the energy of the helium ions in.Mev. The . third 

column gives several conditions under which the 1,16-Mev gamma-ray peak 

was.measured. Since two d i f fe rent  Penco Model PA-3 machines weye used 

.for counting, the f i rs t  condition of measurement.1isted i n  the th i rd  

column fa  which of the two Pencos was used, -When the count r a t e  on the 

Penco was high, the percent of the time tha t  .l;lle Penco was not counting 

. , w a s  .read (as percent) on a dead-time.meter 011 .L4e Peiicu, ThPa dcad- 

time meter reading should not be t rusted t o  be t t e r  than/ give units.  The 

counting r a t e  was corrected fo r  dead .time. The .dead .time af fec ts  the 

isomer r a t i o  because the dead-time reading was close t o  zero duping the 

decay of the 59-hour Sc44m but was high during the decay of the 3.9-hour 

~c~~ formed i n  the nuclear reaction. The second condition of measure- 

ment l i s t ed ,  i n  the .  t h i rd  column is  the maximum dead-time reading re- 

corded .in :the, counting. Since t w o  sf zes of sodium iodide (thallium- 

activated) c rys ta l s  were used i n  coun$ing gamma rays, the th i rd  condition 

l i s t e d  i n  <he th i rd  column i s  the dimensions of the crystal .  In  a l l  

coinc idence counti ng, only 1.5 -inch-dime$er 'try l - l r r ~ l 1 - 1 ~ f  gll e r y a t d o  were 

used. The fourth condition l i s t e d  i n  the th i rd  column i s  the data  of the 

bombardment. When coincidence counting was used, t h i s  is  l i s t e d ,  When 

the Sc44m/~e44 cross-section r a t i o  was corrected f o r  4% Sc43 i n  the 4- 
hour ac t iv i ty  from the S ~ ~ ~ ( a , h Z n ) S c ~ ~  reaction, t h i s  is l i s t e d  in the 

t h i r d  colwnn. An additional par t  of Table V i s  the summarized l i s t i n g  
44m 44 of the average Sc /Sc ratio- versus the average h e l i  um-ion energy, 

44m 44 Table V I  gives the So. ,;/Sc cross -section rat io  when K~~ of spin 

312 was bombarded with helium ions at 10-Mev t o  43-Mev energies. The 

organization of material  i n  Table V I  i s  similar t o  tha t  In  Table V, The 
44m 44 sample which gave 0,5 for  Sc /SC a t  10 Mev i n  Table VI. was only one- 

tenth as strong as the sample which gave 0.24 for  Seh/scU a t  10 Mev; 



44 
~ c ~ ~ ~ / ~ c ~ ~  r a t i o s  f o r  ~ c ~ ~ ( a , a ~ ~ ) s c  r eac t ion  

Alpha energy sc 44mjsc 44 ( ~ e v )  Condition o f  measurement 

20.2 Penco No. 1, 2.5% dead .time 
1.5xl- in.  c rys ta l :  815157 

. . -. . . . 
1.6.. ' ' ' 20.7 ' " '  . Penco No; 2, 20% dead :time 

3x3-in. c r y s t a l .  9130157 

1 . 4  , 25.2 ~ e n c o  No. 1, 24% dead . t i h e  
1.5xl- in.  c r y s t a l .  9/3/57 

25 . 3 Penco No. 1 and No. 2 14% 
dead time 1 .5xl - in .  c rys ta l . .  
9/9/57 

Penco No. . 2 , .  27% dead time 
3x3-in. c r y s t a l .  10/14/57 

Penco No. .2, 11% dead.t ime 
3x3-in. c r y s t a l .  .10/21/57 

Penco No. 2 with coincidence 
counting. 11/22/57 

.Alaays used 1 .5x l - in .  c r y s t a l s  
with coincidence counting. 

Penco No.: .l, 0 dead .time 
. 1 . 5 d - f n .  cr-ys.bal. 2./20/ 50 
.Ratio co r rec ted  f o r  4% 3c43 
i n  , t h e  4-hour a c t i v i t y ,  

Penco No. 1 with coincidence 
.counting. 2/12/58 , 

0.71 3 20 Peqco No. 1 .- same .sample as 
above without coincidence 
.counting. 2/12/58 
.15$ dead ' t ime.  .Rat io  co r rec ted  
. fo r  4% Sc43 i n 4 - h o u r  a c t i v i t y .  

~ & ~ ~ ( a , c m ) S c ~ ~  r e s u l t s  s u m r i z e d  

Energy .26.:.4 25 ..2 33.7 43 3 20 



44m 44 
as. a. , resu l t ,  the  s t a t i s t i c s  tha t  gave 0 .,5 for ,  Sc - /SC were much .poorer 

44rh "44 -- than the statistics t h a t  gave .0,24 f o r  Sc /Sc Since the samples had 
" . 

.decayed thrdugh1-1/2 half  l i ves  befdre &he co&twas taken, the 

scdt te r  of the points on an activity-versus-time -plot  gave a larger  chance 

' f o r  error '  for  the .weaker sample, 

Table V I  

41 44 
. . ~ c ~ / ~ c ~ ~  ra t ius  fo r  K ( a , n ) ~ c  rear t ion 

44m 44 Alpha energy 
sc /SC Conditiu~ls of ueasurement 

Penco No, 1, 5% dead %ime. 
1.5 x 1-innh c ~ y s t , ~ . I ,  
1 1 /1.1/57 

Penco No. 1, 0 dead ~t3he. 
1.5 x .l-fnch crys ta l ,  
11/11/57' 

' 1 

.Pence No. 2.with coincfdence counting, 
12/17/57 

41 44 K ( a , n ) ~ c  r e s u l t s  summa~pized 

Energy 10 &3 



V I I I .  DISCUSSION 

. Thecompound-nucleus model i s  used f o r  calculating :the ~ c & / S c ~ ~  

isomer r a t i o  by t h e  following reactions: K~~ (10-M~V a,n)  Sc 
44 

and 8c45 (a,cXn) 9c44 ,d S&45 (p,pn) Sc44 at energies 0.4 Mev above 

. threshold. 

The following description is  a brief  summary o f ' t h e  compound- 

nucleus calculation. From the addftion of the spins of the ta rge t  nucleus 

and t h e  incoming par t ic le ,  the spin Sa of the entrance channel is  obtained. 

m e '  angulw momentum ' Ji o f  the incoming par i ic le  combines .with t h e  entrance- 

channel sp in  S t o  give t h e  spin Jc of the Cormpound nucleus. These s teps a 
are followed %hrough i n  order t o  obtain the percentages.of the d i f fe rent  

values of Jc . The compound nucleus emits a par t ic le  t o  give . . a.,residual 

nucleus. Addition of the spins of the residual  nucleus and of the out- 
. . 

going pa r t i c l e  give the spin .S ,.of the e x i t  chaniiel, The .moment- .' ' ".- 
B 

Jf of the outgoing par t ic le  combines .with the exit-channel spin SB t o  equal  

the spin of the compound nucleus, Jc. Thus, the exit-channel spin S is  
B 

calculated. From S the spin I2 .of the residual  nucleus i s  calculated, 
P 

These s teps are  followed.through in .order  t o  obtain .the percentages of the . , 
. <... 

different  values of 12. The residual  nucleus drops through a gamma-ray , " 

44 cascade t o  e i ther  of the f i n a l  products, S C ~ ~ ( I  = '7 or  6)  or  Sc (I = 3 . 
44 or 2 ) .  Thus, the yield r a t i o  of Sch t o  Sc i s  obtained. 

A. Compound-Nucleus Calculatf ans 

Blue and Bleuler6O gave t h e  following ,decay scheme . fo r  Sc 44m 

4b0 and Sc 



44 Frmi t h i s  decay sch&e, it i s  assumed t h a t  and Sc have even 
. , 

pa r i t y .  
. ! 

K~~ ( 1 0 - ~ &  apb. ~c~~ Calculation 
4 4  

The isomer r a t i 0 ' 6 c ~ ~ / ~ c ~ ~  from the  K4' (1p~er  a,n) :  Sc 

reaction was calcula ted iG the' following yay. The a lpha-par t ic le  energy 

of 10 Mev i n  the  laboratory system gives an exlrmce-channel energy E a 
of 9.1 Mev i n  t he  center-of -mass system. Since .the t a r g e t  nucleus K~~ 

has a spin  of 3/2+ and . the  alpha p a r t i c l e  has 0 spin, the  entrance- 

channel spin  Sa i s  3/2+. 1n the  entrance channel, the  cross  sect ion 

f o r  the  formation of the  compound nuc1eus:with a pa r t i cu l a r  qngfilar 

momentum Is given by the  formula 

2 
(a) = ( z e + 1 )  fi X T~ ( a ) ,  

C 
d 

with k as the  de Broglie wave length  divided by 2n, Ti (a )  a s  the  t r ans  - 
.mission coef f ic ien t  f o r  each a, and A as  the  quantum number f o r  the  

o r b i t a l  angular momentum according to 'which the  square of the  angular 
2 momentum equals l? (1 + 1) Ti . The v& number k = l / ) l r .  The t r ans -  



mission coeff icient  T a  (p) w a s  obtained *om Feshbach, Shapiro, and 
. . 

weisskopf The folloving copstants were :calculated for  use w i t h  the 

table: 
Nuclear radius R = 1.5 = 5.17, 

z z Coulomb barr ie r  B = 1.442 = 2x19 = 1 o e 6 . ~ e v ;  5017 
. .  . , . . . . . . . . 

ai -27j2 (1013jz , ' - - -  - 1.05~10 = 5.17 Mev - 
1x6 .65 x 10-~' x 1.60 x 104 

w i t h  K = 1013 c m ~ l ' a n d  t he  alpha-particle mass M = 6.65 x 1omZ4g and 1 Mev 
. . -6:-.": .. . .  . 

equals 1,60 x 10 prg; 

. V/B', '= 0.49; 
0. L. 

g2 = 0 . 0 6 ~ 4 . ~  z R M/M = 0.0694 x 2 x '19 x 5.17:i := 5 . 4 , . 4 . v l t h ~  as 
P - - n  . . P 

proton mass; 

g = 7.4; 
x 1 E ~ / B  = $ = . 0.86. . 

By using V;/B = 0.4, g = 7, and X = 0.9, one reads off the values of 4 / ~ ~  
from the tab,le. The values of T fo r  different  .a me: a 

2 0 ~ 3 9 4  * 
' I . .  ( 

3 .o. 250 
4 0,121 . , 

The results of calculating uc (a) by the formula 
a 

. (a) = ( 2 ~ +  1) n x 2  T~ (a) 
.c .4 

are shown in' .Table .VII. 





.Table. V I I I  shows .the . calculations o f  the percentage .of Jc f omed 

by alpha papticles .of various .8 values, . . 

Table V I I I  & ,. . , 

Percent of J formed by'%ect'da;l addition of Z:Qa.iues t o  
C 

the entrance-channel spin 
. , ; . ,  : . . .. . .. . , '  . . . . 

.2 ~ c + l  9 '  .8 . 7 6 5 4 3 . 2  1 
Jc 

0 

Table IX shows the percentage of J formed .by evbn i n  bthe 
C 

second column and t h e  percentage of Jc formed by odd 1 i n  the t h i r d  column. 

Table IX 

Percentage o f  Jc fonnedby even and odd 4 - K4' (10 Mev a,n) scWl 

% Jc from even 1 $I Jc from odd 1 Jc 4 



. . 62 
Cameron . .compared h i s  formula .for nuclear-level spacing with 

expe rhen ta l  observations up t o  about J = 9 and concluded that , to  a good 

approximation, the nuclear-level spacing was inversely proportion@ t o  

(2 J 4- 1 ) .  " - .  

Since the binding energy of an alpha pa r t i c l e  i n  the compound 

nucleus, ~c~~~ i s  8.0 Mev and Ea i s  9.1 Mev, the exci ta t ion energy of 

the compound nucleus f s 17.1 Mev, Sfnce the binding energy of" a neutron 

i n  the  conipound nucleus Sc45 i s  11.3 Mev, the maximum kine t ic  energy 

avdi.Lablc t o  the emitted ncutrn,n ? s 5 ;8 Mev. Sfnce the binding energy 
41 

of a neutron i n  scW) i s  9.7 Mev, the reaction K ( a , 2 n ) ~ c ~ ~  can not 

OCCUT. 

~onbvan, Harvey, a d  Wade63 bombarded ~i~~~ 'with 35-Mev helium 

ions over an energy rttllge of 7 or 8 Mev. ,mey uced a n u d e a r  t.emper~;t.ilre 

@ of 1.4 Mev. Their calculation agreed with the experimental yields when 

a .const,ant nudlear temperature over several neutron evaporations .was as- 

sumed i n  a simple evqora t ion  theory: -The reactions studied. were (a92n), 

(a,3n), and (a94n).  Recoil ranges were measured t o  check the compomd- 

nucleus model. M the [a,2n) ~ a c t f o n  the compound-nucleus model is agpli-  

cable, up t o .  7 ~ b v , ,  above -. threshold, f o r  the  (a, 3n) reaction t h e  compound- 

nucleus model holds at l e a s t  t o  18 Mev above threshold and perhaps a t  

higher energies, and for  the (a94n) reaction the compound-nucleus model 

was checked at. I nw energies. ChastelG4 obtained a nuclear Lemperature 

Q of l o o  Mev f o r  a 10-Mev exci tat ion energy of the residual  nucleus i n  
41 44 a ~ u ( y , p ) ~ i  reaction, I n  the calculations f o r  the K (a,n)sc reaction, 

the nuclear temperature 8 was assumed t o  be 1.4 Mevi The average energy 

of the emitted neutron i s  twice the nuclear tempef~ture o r  2.8 b v .  

Transmission coeff ic ients  T (a )  f o r  neut.rons are taken *om a 
Feld, keshbdch, Goldberger, Goldstein, and W e I ~ s l t o p i . ~ ~  The i o l lou l lg  

constants were calcwlated .for use with .the graphs f o r  .T : 
.4 

The values of Te fo r  d i f fe rent  4 fo r  2 .8-~ev neutrons are: 



3 
. .  . 

0,130 
' .. ..: . . ) . '  . 

The formula 

was used t o  calculate the .c ross  sec$ion .for emission of" neutrons nf rlif- 

ferent  a values. 
\ 

Table X gives the percentage of d i f fe rent  L.3 values of the emit- 

ted neutrons i n  the th i rd  column. The second ,column gives uc i n  uni ts  
a 

of ~t q2 i ; .  The law. of conservation of parity,  which operates: l i k e  the : " . 

Table X 

Percentage of a ;values of emitted neutrons 

a n % 1 $ J if a udd $ a i f  a even 
c 0 

3 0.910 15.0 .30.2 
. . . . .  

mult.iplication of posit ive and negative signs, i s  applied t o  the reaction 
41 44 41 

K ( a , n ) ~ c  The .parity of K (;..is even, and the . in t r ins ic  par f t ies  of 

I helium ions, neutrons, and protons axe even. Since the s h e l l  model of the 

1 nucleus shows tha t  s t a t e s  having between twenty and fo r ty  par t ic les  have 

odd .pa;rity, the assumption i s  made . that  for  several Mev above .the ground 
44 s t a t e  -the par i ty  of the odd-odd nucleus Sc 2s even? I n  .order t o  conserve 

I pari ty ,  the L.3 values of the neutron must be odd i f  the a value of the 
I 

i a 
helium ion .was odd, and the a value of the ne,utron .must be .even i f  the a 
value of the helium ion was even. Therefore, i n  combining the odd a 



values of the emitted neutron with Jc formed by an odd l! value of the 

helium ion, the percentages of different  J values of the neutron are 

taken from the fourth column of Table X,  Similarly the f i f t h  column 

of Table X gives the percentages of .4 fo r  neutrons when the helium ion 

had even va.lues of a. 
The spin s t a t e s  i n  a nuclear reaction, A ( ~ , c ) c ,  are  given as 

follows : 

> B -> ( C  + c )  ( A  + a )  - 
3-' a- -+ 4-  * -+a - 

( I l  + i l )  + ei = Jc = if + (I2 

A ri \. 4. 6 +" 
S c , , +  Ei = Jc = Bf + O  

B "  

Here B Is Lhe cmpouud nueleus, ,4 and B axe B values of a and c respec- 
i f 

t ive ly ,  I1 and I are spins of A and B respectively, i and i are  in t r in-  
2 1 2 

s i c  spins of a and c respectively, So: i s  entrance-channel spin, and 6 .  i s  
B 

exit-channel spin. Table X I  shows the combination of Jf ,  the .4 value of 

the emitted neutron, with Jc, the angular momentum of the compound nucleus, 

t o  give S the exit-channel spin. The f i r s t  column of Table X I  gives the 
B ' 

percent of J formed by a helium ion with an even l, value, the second 
C 

co~umn gives the percent of Jc formed by a helium ion with an odd .l value, 

the th i rd  column gives Jc, the four th  column gives Jf, t h e  f i f t h  col& 

gives t,he percent of J with t h i s  specif ic  combination of Ji and J f ,  the 
C 

s ix th  column gives the S values which r e su l t  from t h i s  combination of 
B 

Jf and Jc, the seventh column gives the percentages of S determined by 
B 

t h e i r  s t a t i s t i c a l  weights, 2 S + 1. 
B 

Table X I 1  gives the t o t a l  percentages of S as they were added 
B 

up from the preceding table.  The exit-channel spin S i s  a combinati0,n 
B 

of the in t r ins i c  neutron spin of 1/2 and the angulw momentum of .Lhe 

residual  nucleus 12. Tile third column gives I, from the formula, I = 
2 2 

SB f l / 2 .  The fourth column gives the percent of I determined by i t s  
2 

s t a t i s t i c a l  weight (2  I2 + 1 ) .  The f i f t h  and s ix th  columns sum up the 

r e su l t s  of these calculations t o  give the spins of the residual  nucleus 

at an excitation energy of 3.0 Mev. 



Table . X I  

Methods t h e  .calculat iori  

a 
.Jc 'f !ombination S B 

0.002 2112 . 1 .O .0014 23/2 0 . 0 0 0 5 ~  
2112 0.0005 
1912 0.0004 

, 3 .  0.0006 ' neg l ig ib le  

0.0005 
0.0005 
0.0004 
neg l ig ib le  
0.005 
0.004 
0.003 
0.003 
0.003 
0.002 



.Table .XI (cont'd. ) 

1.35 
1.06 
0.925 
0.793 
o 661 
0,527 
0,466 
0,400 
0,333 
0.111 
,o. oggo 
0.0866; 
0.0744 
0.0619 
0.0495 
0.0372 



Table .XI ( cont ' d. ) 

Jc if o J if Be.  even 5. 6dd 3 combination 8 
1 1 C 

% S8 

712 0,529 
. . 512 0.396 

1 6.85 1112 2-74 
912 2.28 
712 1,82 

3 2.96 1512 0.676 
1312 .Om593 
11-12 0.508 

912 0,424 
712 ' .00338 
512 0,254 



Table . X I  (contla d. ) - 

q6.J if p Jc i f  
C 

$I .4 
a.  even Ji odd Jc combinations S 
1 $ se 



Table XII 

Derivation of the  percent of I values 
41 44 2 

fo r  t he  K (10 -~ev  a , n ) ~ c  react ion 

S Z sg 
I 2  "? I 2  B ,I2 

2312 0 . 0 ~  12 0.006 12 .o. 006 



By means of" gamma cascades, the residual  nucleus goes t o  the 
44m 44 

f i n a l  products, Sc (I = 7 o r  6) and Sc , (I = 3 or 2) ,  It i s  assumed 

t h a t  all the I2 values grea'ter than 7 or  6 decay t o  7 or  6 and tha t  a l l  

I2 values l e s s  than 3 or 2 decay t o  3 or 2. I values within one uni t  
2 

of an isomer spin are  assumed t o  go t o  tha t  isomer. The spin s t a t e  mid- 

way between the two isomers i s  divided between the isomers on the basis 

of t h e i r  s t a t i s t i c a l  weights. 

With the assumption tha t  the spin of ScWW is 7 and the spin 

of ScU 1s 3, nne T l n d s  t ha t  the ratio of the cross section f u r  the 

metastable s ta te ,  om, t o  the cross section fo r  the ground s ta te ,  a , i s  - 0.32. With the assumption tha t  the spin u-f Sch i s  6 and tho 
om/a8 44 
spin of Sc i s  2, one finds tha t  the cross-section r a t i o  i s  - "./ag - 

41 
0.77. mass r a t io s  of 0 /u-, are:for the If (lO-&Iev aPn) 8c44 reaction, m 
Bnd The experluenL~l  y l a l l l  raLlu, for th i s  reacOlon i o  0.). 

sc45(a,rm)~c44 Cdculat ion 

In  a similar way a compound-nucleus model was used t o  calcu- 

l a t e  um/o fo r  the reaction ~ c ~ ~ ( a , a n ) S c ~ ~  a t  0.4 Mev above the thresh- 
g 44 old. The Q value f o r  the ~ c ~ ~ ( a , a n ) ~ c ~ ~  and the ~ c ~ ~ ( p , p n ) ~ c  reactions 

i s  11.3 Mev, which i s  the threshold i n  the center-ofkass  system. In  

order t o  make it probable t h a t  the two emitted par t ic les  w i l l  get  out of 

the nucleus, the entrance-channel energy Ea i s  taken t o  be 0.4 Mev abdve 

the Q value. Therefore, Ea i s  11.7 Mev i n  the calculations on both the 
45 44 44 reactions, Sc (a , m ) s c  and ~ c ~ ~ ( ~ , i n ) ~ c  

With the use of V ~ / B  = 0.5, g = 8, and X = 1.0, one finds the 

following transmission coefficients T for  helium ions from Feshbach, 
61 a 

Shapiro, and Weisskope 



Since t h e ,  spin of $c45 i s  712-, the . . entrance-channel spin S, 

is' 7/2-6' . . 

The .formula 

2 
e ( a )  = (za + 1 )  . n .T, (a) 

a 
was used ..to calculate the c ross  section f o r  compound-nucleus format ion 

.by alpha par t ic les  of various a values, and   able XI11 shows the r e su l t s  

of these calculations. The angular momentum of a .compound nucleus' i s  

Table,. XI11 
. . 44 Findings from mathematical calculations fo r  the S ~ ~ ~ ( a , a n ) S c  reaction 

Each S and 4 combination forms Jc values proportional t o  t h e i r  statisti- a 
c a l  weights, 2 Jc + 1. Table xIV shows the percentage Jc formed by alpha 

par t ic les  of both ,even and odd a values. 

. Compound nuclei formed just  above the,energet ic  threshold with 
. . 

odd par i ty  w i l l  be l e s s  l i k e l y  than those wi th  even par i ty  t o  f o m  (a ,m)  

and (p,pn) products f o r  the foxlowing .reasons: 
# 



Table X I V  

5 Percentage Jc formed by even and odd 1 values-sc4  ( a , m ) ~ c ~  

even & odd A 

( a )  Since . the s h e l l  model of the nucleus shows tha t  s t a t e s  hav- 

ing between 20 and 40 par t ic les  have odd parity,  the assumptfon i s  made 

t h a t  f o r  several Mev above thc ground ~ t s t e  the p a r i t y  of the odd-odd 
44 nucleus Sc i s  even. 

(b)  The assumption is  made tha t  the (a+) reaction i s  more 

l i k e l y  t o  occur when only s-wave par t ic les  are emitted from the compound 

nucleue. If these assumptions are  made, the pa r i t i e s  i n  the reaction 

are  shown as follows: 

sc45 + a - S ?  44 

odd odd . even 
+ '  

eve11 

. , 

.In .the calculations, it was assumed tha t  .the incoming helium. ions which 

.produced the  (a,an) react ion had odd parity.  



Jc equals thecombination of t h e  sum of the Jf values of the 

.emitted .par t ic les  and the .exit-channel spin S ' that '  is, ' 

0 0 0  

B' : 

ap + s 
B 0  : 

Since i s  zero, the angular momentum of the edmpound nucleus J equals 
f c 

the exit-channel spin S The exit-channel spin S i s  a combination of 
B e  B 

the spin of the residual  nucleus I2 and the i n t r i n s i c  spins of the emit- 

ted  psr t ic les;  t ha t  is, I2 = S f 112. Table XV shows the calculations 
B 

of the spins of the residual  nucleus 12. 
,44m 44 Wfth the assduption of I = '( f o r  Sc and I - 3 .for Sc , one 

f inds tha t  the cross-section r a t i o  \/a fo r  isomer formation i s  k / o  = 
4 b  44 g 

0.87. With the assumption of I = 6 f o r  Sc and I = 2 f o r  Se , one 

finds t h a t  um/u i s  2.0. 
g 

s c 45 ( p ,  pn)~c44  ~ a l c u l a t i o n  

In  a .similar way a compound-nucleus model was,used . to .calculate 

\/ag f o r  t h e  reaction a t  0.4 Mev above t h e  threshold. 

The .constants calculated f o r  use .with the tables  of Feshback, Shapiro, 

and ~ L i s s k u ~ P l  f o r  the transmission coeff ic ients  fo r  the incoming proton 

are :  V ~ / B  = 3.6, g:= 3, and X = 2.06: Since the tables  give .T1 f o r X  

values from 0.2 ,to 1.8, the transmission coeff ic ients  T for  X values'of a 
1.8 .were used as shown below: 



Table XTT 

Derivation of t h e  percent  of I, values f o r  
44 = t h e  S C ~ ~ ( C X , C ~ ) S C  reac t ion  

- 
73 .' 9b S~ 

, -... 4b I2 , 
Total  

B I2 = 2 4 



The formula . i 

Y, 

was  used t o  calculate .the cross section fo r  compokd-nucleus formation 

by protons .of vario.us 1 values, and Table :XVI shows .the r e su l t s  of these 

calculations. ' 

Table XVI: 

Per cent E values i n  the formation of the compound nucleus i n  

the ~c~~ (p ,pn)~c44 reaction 

'* I 
The entrance-channel spins a re  S = 7/2 f 112 = 4 or  3, which ?.; a! 

are present i n  proportion t o  t h e i r  s t a t i s t i c a l  weights, 2 Sa -t 1, there- 

fore the entrance-ch-el spins of 4 and 3 comprise 56.2% and 43.7% re-  

spectively of the entrance channel. 
45 44 A s  in the Sc ( a , m ) ~ c  reaction, the 1 .value of the incoming 

45 44 proton must be odd i n  the Sc (p,pn)sc reaction. Table XVII shows the 

percentages of Jc formed by the d i f fe rent  combinations of Sa and J. 

From .each combination of S and 1, the percentages.. o.f J are 
a! !LC 

proportional t o  t h e i r  s t a t i s t i c a l  weights, 2 Jc + 1. Since the.emitted 

I proton and neutron are s-wave,'the angula;r-momentum of the'.compound 

nucleus J equals the .exit-channel spin .S The spins of the emitted 
C P o  

proton and neutron.may add up t o  1 or  cancel t o  0. The calculations f o r  

the spin I2 of the res idual  nucleus are  shownin Table :XVIII. From each 
. ! 



Table X V I I  

Findings fro; mathematic'al calculations" f o r  the sck5 ( p9 pn)scQ reaction 

value of S the p&centages of' I We determined by .L;httfr s LttLLs Lieel 
8 2 

weights.2 I2 + 1. The t o t a l  percentages of the spin I2 of the residual  

nucleus. are  also given in  Table XVIII. 

The isomer r a t i o  um/u is  calculated as it was  fo r  the 
45 44 g44m 44 Sc ( a , r m ) ~ c  reaction. For Sc (I = 7) and Sc (I = 3),  $/ug 

44 
= 00739 and fo r  ~c~~ ( I  = 6 )  and Sc ( I  = 2) ,  i / u g  = 1 . 3 6 ~  

In  bombwdments of ~i~~~ with 35-Mev-h4liu. ions over en energy 

range of 7 or 8 Mev, Donovan, Harvey, and found by measuring 

r e c o i l  ranges and angular dfstrfbutfons tha t  the compound-nucleus model 

holds fo r  energfes up t o  7 Mev and 18 Mev above threshold for  the (a92n) 

and (a,3n) reaetfons respectively. The t%nd of these figures indicates 

t h a t  an (a+)  reaction would not go by a 'dompound-nucleus mechanism at 

energies of" more than a few Mev above threshold, Therefore, the K 41 
(10-~ev a9n)  ~c~~ reaction, which is  5.8 Mev above threshold, may not 

proeaed by a compound-nucleus mechanism. Consequently, the agreement 

between the experimental u /u  value of 0.3 and the calculated $/a of 
41 64 g O,3 f o r  the K (10-Mev a9n)sc  reaction may be accidental. S&nilarBy 

45 44 the Sc (20-~ev  a9n)sc  reaction, whi ch i s  8 Mev above threshold, may 

not pro'ceed by a compound nucleus me@han%~m, , 

Table X M  summarizes the r e su l t s  of the compound-nucleus calcu- 

l a t f  ons . 



. . ' Table' ;$XI11 

Derivation of the percent of I, values f,or 
9 L the Sc 45(p ,pn)sc react ion 



Table XM 

Results of compound-nucleus calculations , 
. ' ,Entrance- Isomer s .Calculated Experimental 

channei spf ns , 

Rea.ctfon , energy . . 

Table :XX summarizes the experimental data  on Che yield r t tL lu  
44m 44 

of Sc t o  Sc 0 

Table XX 

Yield r a t i o  Sc44m/Sc44 reported by various experimenters 

Pro jec t i le  Sc 4bkn ,Sc 44 
Author Reaction energy 

( ~ e v  1 

J, W. Meadows, Sc 45 ( P J P ~ ) S @  44 .I3 0.52 
R ,  61, ITfemnn . md 
R. A. gha;~p J9 20 .u.>j 

Thf s work 

Boehm 9 44 
Ca (p,n)sc 

44 
6 07 0 0 077 

66 
Vinogradov Proton "fission" 4.80 0 077 

of copper 



.44 
Since Tiu, the parent of Sc , has a half  l i f e  of 1000 years, 30 

the scandium fsomers of mass 44 m e  effect ively shielded; therefore, the 

measured yields of Sch and ScW *om fiss ion are  the independent yields, 

whlch are formed d i rec t ly  fpom f i s s ion  and not  fpom a beta-decay chain. 

In the experbenta l  procedures of Meadows, Diamond, and Sharp, 
14 

any $ 1 2 ~ ~ ~  which might have been present from an ~ c ~ ~ ( p , p 2 n ) ~ c ~ ~  reaction, 

w a s  counted as  sea. I f  an appreciable amount of ~c~~ 4 present, the 

measured ~ c ~ / S c ~  r a t i o  from the (p,pn) reaction would be smaller than 
45 it should be. The threshold f o r  the Sc ( ~ , p 2 n ) S c ~ ~  reaction i s  21.4 Mev. 

45 It i e  assumed t h a t  the Sc (a,cXn)scu reaction i n  the 20- t o  

43-Mev energy range does not go by the 'compound-nucleus mechanism f o r  the 

followjtng reasons. .The Coulomb b m P e r  f o r  the helium ion i s about 9 , l  

Mev, the binding energy of the neutron i n  Sc45 is 11.3 Mev. There- 

fore,  at a projectf le  energy of 20 Mev a helium ion and a neutron w i l l  

not be evaporated from a compound nucleus. Since the experfmental isomer 

r a t i o s  m e  1.7 at 20 Mev and l , 4  i n  the 25- t o  43-Mev energy range, these 

sfmilar r a t i o s  indicate t h a t  the mechanism at  43 Mev i s  the same as t h a t  

at  20 Mev. Therefore, these energctilc considerations indieate t h a t  tt 

compound-nucleus mechanism which evaporates a helium ion does not occm 
44 i n  the 20- t o  43-~ev energy range f o r  the ~ c ~ ~ ( a , c X n ) ~ c  reaction. Further 

44 reactions which could give the Se isomers me: 

.with thresholds of 43, 41, .38, 34, and 32 Mev respectively. The constancy 

of the experbenta l  isomer r a t i o  Sn the 25- t o  43 -~ev  energy ranges ex- 

cludes the contribution of these reactions above the%r thresholds. 

The large yield of the (a ,m)  reaction on ~ ' 3 ~  in the 25- t o  

45-~ev energy range was  a t t r ibuted  .to a knoEk~-on mechanism. and not t o  a 
, . 

cbmpound-nucleus mechanism by Vandenboseh, Thomas, Vandenbosch, G l a s s ,  
20 

and Seaborg. They used a compound-nucleus model t o  calculate  the cross 
- - 

sections fo r  the (a,n), (a92n), (a,3n), and (a,kn) reactions on u~~~ and 



u~~~~ and the experimental cross sections measured radiochemically fo r  

- the (a92n), (a,3n), and (a94n) reactions agreed with the i r  calculations,  
I 

However, the experimental cross sections fo r  the (a,n) reaction did not 

agree with t h e i r  calculations.  They assumed a direct-interaction mech- 

anism fo r  the (a+),  ( a  ,p) , and (a,t) reactions. However, with these 

fissionable nuclei, the reactions which involve compound-nucleus foma- 

t ion  m e  la rge ly  eliminated by f i s s ion  competition, In a nonfissionable 

nucleus l i k e  , 3 1 2 ~ ~ ~  the prominent compound-nucleus reactions usually mask 

out any s m a l l  amounts of direct-interaction reactions. 

In  bombardments of ~i~~~ with 35-Mev helium ions over an energy 

range of 7 or 0 Mev, -Donovan, Harvey, and found by measuring recoi l  

ranges and angular dbtxibutfans t h a t  the compound-nucleus model holds fo r  

cntrgfea up t o  7 Mev and 18 Wv a.bove t,hreshold f o r  the (a,2n) and (a23n) 

reactions respectively. The trend of .I;hese figures indicates tha t  a 

(a,n) reaction would not go by a compound-nucleus mechanism at energies ' 
41 of more than a few Mev above thkeshold, Therefore, the K (10-Mev a,n) ' 

44 
S,c reaction, which is 5,8 Mev above threshold, may prgcede by a knock- 

41 44 on mechanism. A t  a helium-ion energy of 43 Mev, the K (a,n)sc re -  

action cer tainly goes by a knock-on mechanism rather  than a compound- 
45 nucleus 'mechanism. Similarly, the Sc (20-Mev a , r m ) ~ c ~ ,  whidh is  8 Mev 

, above threshold, would not be expected t o  proceed by a compound-nucleus 

mechanism. The s imi lar i ty  of the isomer r a t ios  i n  the 20- t o  43-Mev 
45 energy range show tha t  the Sc ( a , a n ) ~ c ~ ~  reaction a t  pro jec t i le  energies 

of 20 Mev and above proceeds by a knock-on mechanism. 
i 

Meadows, Diamond, and atkributed. the cpnstancy of the 
44 i . 

Sc44m/~c44 r a t i o  f ? k m  the ~ c ~ ~ ( ~ , ~ n ) ~ c  reaction a t  higher ene rg ie s  t o  

the onset of a knock-on mechanism. ,They obtained a similar constancy i n  
80 the isomer r a t ios  of B r  and ~0~~ a t  higher energies, and alsd explained 

t h i s  constancy by the onset of a knock-on mechanism, Their calculations 

of the isomer r a t i o  by means of a compound-nucleus model gave rapidly 

increasing isomer r a t i o s  with increasing energy. The r e su l t s  of t h e i r  
44 calculations f o r  the ~ c ~ ~ ( p , p n ) S c  reaction are: 

Pro jec t i le  energy (Mev) ll 11 20 20 

Isomer spins' 793, 6 9 2  793 632 

Calculated um/u 
g 

0.8 1.7 1 0 2  2.6 



Since.the compound-nucleus calculation gives an isomer r a t i o  of 1.2 a t  

20 Mev, i n  disagreement with the experimental r a t i o  of 0.559 it is un- 

l i k e l y  t h a t  the reaction goes by a compound-nucleus mechanism. A knock- 

on mechanism i s  a lso  indicated by the trend of the r e su l t s  of Donovan, 

and -With the possible exception of a pro jec t i le  energy 
45 44 of just  above threshold, the Sc ( p , p n ) ~ c  react$ on goes by a knock-on 

mechanism. The s m a l l  difference i n  the ~ c ~ / ~ c ~ ~  r a t i o  between 13 Mev, 
45 which is  just  above threshold, and 20 Mev indicates tha t  the Sc (p,pn) 

~c~~ goes by a knock-on mechanism a t  all the energies a t  which the isomer 

r a t i o  was rne~,si,wetl. 
45 44 . The Sc (p,pn)~c44 and ~ c ~ ~ ( a , a n ) S c  reactions can proceed by 

e i the r  of the following two knock-on mechanisms: ( a )  the charged par t i -  

c le  .s t r ikes  a neutron m d  both par t ic les  go out; (b)  the charged pa r t i c l e  

h i t s  a .neutron. and only one of .the .two .par t ic les:  escapes directly;  the 

other pa r t i c l e  i s  captured t o  form a .compound nucleus which boi l s  off 

another par t ic le  t o  form the f i n a l  nucleus. Because of the Coulomb bar- 

, r i e r  for  the alpha p a r t i  c le ,  it is more- . l ikely i n  the l a t t e r  mechanism 

tha t  .the alpha pa r t i c l e  .i s .Ineltts.l;ica.lly scat tered and . the neutron i s  

boiled off from the compound nucleus. A knock-on calculation fo r  the 

former mechanism i s  done :below., 

C. Knock-on Calculation 

44 TMS calculation i s  for  a ~ c ~ ~ ( p , p n ) s c ~ ~  o r  ~ c ~ ( a , c m ) s c  re -  

action i n  which the charged pa r t i c l e  s t r ikes  a neutron and both pa r t i -  

c les  go out. This i s  a c l a s s i ca l  calculation. In  order f o r  the wave 

length of the pro jec t i le  t o  be small enough t o  enable the pro jec t i le  t o  

in t e rac t  c lass ica l ly  with only one nucleon, the energy of the pro jec t i le  

must be high. O ~ l d b e r g e r ~ ~  assumed tha t  the interact ion of 90-Mev neu- 

trons with the nucleus was c l a s s i ca l  i n  the sense tha t  the par t ic les  had 

a def in i te  t ra jectory,  because f o r  a 90-Mev neutron the wave length 

d i  vided by 2rr was only 1/18 the nuclear radius, 

The binding energy of the l e a s t  bound pa r t i c l e  i n  the nucleus 
44 of Sc is  the 6,87-~ev binding energy of a proton. The Coulomb b m i e r  



f o r  the proton i s  V' = 0.7 V = 0.7 x 5.60 = 3.92 ~ e v . ~ ~  The addition of 

the proton binding energy and the Coulomb bas r i  e r  gives a t o t a l  of 10 68- 
44 Mev exci tat ion neededto  e j e c t  a proton from the Sc nucleus, but the 

binding energy of a neutron i n  ~c~~ is only 9.86 Mev. Therefore, the 

energy l eve l  of a l l  neutrons knocked out of thk nucleus of ~c~~ i n  a 

knock-on reaction must be not lower than 9,86 Mev from .the top l eve l  i n  

Sc44 which has pa r t i c l e s  i n  it. The energy-level scheme i n  the potent ial  

well  of the nucleus w a s  taken from Ross, Mark, and L a ~ s o n . ~ ~  The neutrons 

hn the 1 f 7 / 2 j  ,,I "3 /2 i  2 s  1,evels  rec certainly available t o h e  
1/z 

knocked out. i n  a hock-on reaction, and the ava i lab i l i ty  of neutrons i n  

the 1 d  l e v e l i s  questionable. 
512 44 

A calculat$on fo r  a knock-on reaction, ~ d ' ( ~ , ~ n ) ~ c  o r  
45 44 SL' (C~,&I)SC , .is 11m ~ a d e .  w i t h  the assumption tha t  the neutrone i n  the 

1 .f 7/2' d3/z9 and 2 sl12 levels  have ..equal probabi i i t ies  o f  beingknocked 

out.'. The spin .of the knocked-out neutron adds vector ial ly  with the 712 

s p i n  of the Sc45 ta rge t  t o  give the spin I2 of the residual  nucleus, i h i ch  
44m is assumed t o  gamma-cascade t o  the isomer products of Sc (spin of 7 o r  

44 
6 )  and Sc (spin of 3 or: 2 ) .  Table XXI shows the combfnation of qeutron 

and ta rge t  spins t o  give, the. spin 12.0f the residual  nucleus.' 

Table XXI 

Vector addition of neutron and ta rge t  .spins 

t o  gfve spin I2 of residual  nucleus 

Number of Epin of 
neutrons . neutron 

I 
2 

Percentage of 
.this .combination 

8 .  

The I .spin values are formed i n  proportion t o  t h e i r  s t a t i s t i c a l  weights, 
2 

212 + 1. The perkentages;~of. 1L:are shown below': 
. . . . ' >  



These spin s t a t e s  gammab;cascade t o  the 5 somer nearer i n  spin, and the 

I2 spin midway between the isomer spins goeS t o  both isomers i n  pro- 
44iU portion t o  t h e i r  statidtic&. weights. If the sdins of Sc and Sc 44 

44 are  7 and 3 respectivdky, the cross-section r a t i o  of scWW t o  Sc i s  
44m 0.46, and, if the spins of Sc and ~c~~ aze 6 &d 2 res$ectively9 the 

r a t i o  of gc4h/~c44 is 1.4. 
A s f n i l a r  calcultxtion f o r  the same knock-on reaction is  made 

wfth the additional a~sumptfon t h a t  the six neutrons in the  1 d l eve l  
512 

are also equally available f o r  a knock-on reaction. Table X X I I  shows the 

combinatfon of' neutron . . and . target sp ins  t o  give the spin ' 1 .of the 
2 

r e  sidual. nucleus. 

Table XXII 
'. . ' spin I hom: neutron and t a r g e t  spin; 2 

- 

Number of Spin of Percent of 
neutrons neutron neutrons I 2  



The I spin values are  formed i n  proportion t o  t h e i r  s t a t i s t i c a l  weighte. 
2 

The percentages of I2 are: 

mese spin states gamma-cascade t o  the fsomer products as i n  the gsevious 

calculation. I*' the splns of m d  ~c~~ a re  7 u ~ d  3 raspecllvaly, 

the cross-section r a t i o  of ~c~~ t o  Sc44 i s  0.56, and, i f  the spins of 
44m 44 44m 44 

Sc and Sc are 6 and 2 respectively, the r a t i o  of Sc /Sc i s  1,5. 
The r e su l t s  of these two calculations fo r  the knock-on re-  

45 actions, Sc ( a , a n ) S ~ ~ ~  or  ~c~~ ( p , p ) ~ c ~ ~ ,  are summarized below: 

' Neutron Levels:. . 1 f 7 y 2 ,  '1, d3/2, 2:.sll2 

for  spins 7, 3 .O,, 46 
. . ,. 

.0.56 

f o r  spins 6, 2 1.4 1.5 

D. Comments on Knock-on Results --. 

Table XXIff shows both calculated and experimental isomer 

r a t i o s  of ~ c ~ ~ / ~ c ~ ~ ~  , 

It is observed ' that  the calculated f somer ra t io ,  0,46 OP 0.56, 
from the knock-on calculation agrees f a i r l y  well  with the experimental 

isomer r a t i o  0.62 .for 320-Mev helium ions The de Broglie wave lengths, 



. . Table XXIII . 

16omir r a t io s  Sch/scu . 

- 
Projec t i le  Isomer. %lug 

Reaction energy s p b s  calculated experimental 
(Mev) 

45 Se (p9pn)Sc 
44 12 7 9 3 0 073 0,52 

692 1.75 * 
20 793 1.2 0.55 * 

, . 692 2.6 
45 s c  ( a , a n ) ~ c  

44 20 1.7 

25-43 1,4 
320 0.62 

c l a s s i ca l  knock-on 
mechanfsm -En which 
both par t ic les  go out. 

15 . X 
These r a t i o s  were ' ca lcu la~ed  b y  Meadows, ~ i @ o n d ,  i d  Sharp. 

h = h/ ZW, f o r  various ,&xticles .'are: 

h . ( f e r m i s )  0.80 ' .  2.27 6.37 

P a t i  c l e  320-Mev a 40-~ev q 204Jev p 
- .  

Since the fie Braglie wave length fo r  320-Mev helium ions i s  0,80 x 10 -13 

cm or  0.80 ferns9 the 320-Mev helium ion is  assumed t o  be small e n o m  

f o r  the c l a s s i ca l  knock-on calculation t o  be valid.  However, since the 

de Broil1 e .wave. lengths f o r  40-Mev h e l l  um. ions &d 20-Mev protons axe 

2.2j Penti$ and6.37 fenni .rr5ipectively, these low-energy par t ic les  are  

t q o  large f o r  the cl&ksical knock-on calculation t o  be val id ,  t and . . a 
qvantum-mechanical calculation for  a .dl r e c t  interact ion s%aollld be made 

by t h e  method t h a t  S . T. ~ u t l e r ~ '  used. Such a quantum-mkchanical 

.c$.culation may give an isomer r k t i o  which i s  d i f  ferent':from the c l a s s i -  

c a l  kn6ck;on calculation. This d i rec t  interact ion takes place on the 

surface .of the nucleus. 



- . .  , ,, ' ~ u t l e r  points out:  such react ions  . a s  . ( n j p ) ,  . . (p;,pl ) , (a,a.' ) , 
. .. 

(ajp), e t c  . .have as  much ,chance of proceeding d i r e c t l y  as does the 

deuteron s t r ipp ing  or  pickup reaction.  I n  addition t o  quantum-mechanic~il 
I 

calcu'lations f o r  these d i r ec t  reactions,  Butler gives the following semi- 

c l a s s i c a l  pic ture  which shows the  qua l i ta t ive  features  of the angular 

d i s t r ibu t ions .  When the p ro j ec t i l e  has a "grazing col l is ion" i n  the  

surface s h e l l  of radius  r the o r b i t a l  angular momentum A L imparted 
0) 

t o  the i n i t i a l  nucleus through the surface co l l i s ion  i s  A L = i 5 ,  which + + 
equals A L = 1 p x r o ]  , with p as the  l i nea r  momentum l u p u L a d  Lo the 

n u c l e u ~ .  The 1 value adds vec to r i a l l y  with the spin of the nucleus and 

the  spins o f , t h e  incoming and outgoing pa r t i c l e s  t o  produce the spins of 

the res idua l  nucleus. 

mien both pa r t i c l e s  have the samp energy, the.helium ion has 

-f;wice as much angular momentum f o r  the same .Impact parameter as the 

proton. Therefore, the isomer r a t i o  from the (a,an) react ion would be 

expected t o  be higher than the isomer r a t i o  from the (p,pn) react ion.  

I n  the  20- t o  4 3 - ~ e v  energy range, it i s  observed t h a t  the .isomer r a t i o  

from the ( a 7 ~ . )  react ion i s  about three times t h e . r a t i o  from the (p,pn) 

react ion.  
44 It i s  'likely t h a t  the , S C ~ ~ ( ~ , ~ ~ ) S C  react ion ac tua l ly  i s  a 

45 44 Sc (p,d)Sc pickup reaction.  

E. Summary of Conclusfons 

From a l i t e r a t u r e  survey on the experimental isomer r a t i o s  

from f i ss ion ,  the  following conclusions a re  drawn. There i s  only one 

isomer r a t i o  which may be independent of thermal-neutron f i s s ion .  The 

other  isomer r a t i o s  from thermal-neutron f i s s ion  a re  yie lds  from beta- 

decay chains. I n  low-energy f i s s i o n  below 45 Mev, a lack of independent 

isomer r a t i o s  prevents drawing conclusions aboul; the f i s s i o n  process. 

I n  high-energy f i s s lon ,  the  work of ~ i l l e r ' ~  and of Hicks and Gilber t  
26 

and the r e s u l t s  i n  Table I11 on the ~ d ~ ~ ~ / ~ d ~ ~ ~  r a t i o  support the sug- 
"Y 

gestion t h a t  high-energy f i s s i o n  i s  a high-angular-momentum phenomenon; 

however, Jodra and Sugarman's 41 Nb95m/Nb95 r a t i o  does not support t h i s  

high-angular-momentum suggestion. 



-77 - 
.Table .'%Iv summarizes the r e su l t s  ' of the .compound-nucleus 

calculations. 

I .. .I. Table .XXIV 

a /a . 
Entrance -channel Isomer m 

Reaction energy spins Calculated . Experimental 

The agreement between the experimental am/a ,value of 0.3 and the calcu- 
41 lated %/a of 0.3 for  the K (10-Mev cr,n)SE44 reaction may be accidental 

g 
because the reaction mechanism may be a knock-on or direct-interaction 

mechanism instead of a compound-nucleus mechanism, It is assumed tha t  
41 the K (43-Mev a , n ) S ~ ~ ~  reaction procedes by a knock-on mechanism. 

It Is concluded tha t ,  with the possible exception of a pro- 
44 j ec t i l e  energy Just  above threshold, the ~ c ~ ~ ( p , p n ) S c  reaction goes by 

45 a knock-on mechanism. It i s ,  however, l fke ly  tha t  the SC (p,pn)Se 
44 

reaction goes by a knock-on mechanism at a l l  the energies a t  which ,the 
I 

isomer r a t i o  was measured. 
45 It is assumed tha t  the Sc ( a , m ~ ) s c ~ ~  reaction i n  the 20- t o  

43 -~ev  energy range goes by a direct-interaction mechanism rather  than 

a compound-nucleus mechanism. 

A c la s s i ca l  knock-on calculation wag made fo r  a ~ c ~ ~ ( p , p n ) ~ c  44 

or S C ~ ~ ( C X , C ~ ~ ) S C "  reaction i n  which the charged a r t i c l e  s t r ikes  a neutron P 
and both par t ic les  go out. In  t h i s  c l a s s i ca l  calculation, the energy of 

the prbject i le  must be high enough fo r  the wave length t o  be small enough 

t o  enable the pro jec t i le  t o  in te rac t  c lass ica l ly  with .only one nucleon, 

The r e i u l t s  of the c l a s s i ca l  knock-on calculations are  shown below: 



44m 44 S.c . /Sc f o r  spins 7 and 3 

~ c ~ / ~ c ~ ~  fo r  spins 6 and 2 1 . 4 ~  
" .  . . . . . 

Tpe ~ c ~ ~ / S c ~ ~ ~ r a t ~ o  fo r  7 and 3 spins agrees f a i r l y  well  with t h e  ex- 

perimental isomer r a t i o  0.62 fur 320-Mev helium ions, and the de Broglfe 

w v  length fo r  the 320-Mev helium ion i s  assumed t o  be small enough fo r  

the c l a s s i ca l  knobk-on calculation t o  be valid.  

Since the de Broglie wave  length^ for  kO-~ev helium ions and 

20-Mev protons are  too large f o r  the c l a s s i ca l  knock-on calculation t o  be 

val id ,  a quantum-mechanicd calculation fo r  a d i rec t  interactfon should 

be made by the method tha t  ~ u t l e r ~ '  used. Such a quantum-mechanical 

ealcula.l;iud may k1v-e ail isumer ra%fo which i o  d i f fe rent  from the class%- 

c a l  knock-on calculation. Butler points out tha t  such reactions as (n,p) , 
( p P P D ) ,  ( a 9 a D ) 9  (a,p), e t c ,  have as much chance of proceeding d i rec t ly  

a s  does the deuteron stripping or pickup reaction. 

When both par t ic les  have the same energy, the helium ion has 

twice as much angular momentum fo r  the same impact parameter as the pro- 

ton. Therefore, the isomer r a t i o  from the ( a 9 m )  reacl;ion would be ex- 

pected t o  be higher than the isomer P'atio from the ( ~ , p n )  reaction. I n  

the 20- t o  43 -~ev  energy range, it i s  observed tha t  the isomer r a t i o  l , 5  

from the ( a , m )  reaction i s  about three times the r a t i o  0.5 from the 

(p,pn) reaction. . 
45 It is  l i k e l y  tha t  the Sc (p ,pn )~c44  reaction a c t u a l l y i s  a 

45 44 Se ( p , d ) ~ c  pickup reaction. 

i 
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