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PREFACE 

One aspect of nuclear f i s s ion  i n  par t icu la r  is ,  t rea ted  herein, 

namely the angular d i s t r ibu t ion  of the  two fragments r e l a t i ve  t o  a beam 

of f a s t  monoenergetic neutrons impinging upon a sui table  t h i n  t a rge t  of 

U-234 or  U-235. From t h i s  measured d is t r ibu t ion  it i s  possible t o  make 

reasonable estimates of the  channels contributing t o  f i s s ion ,  although 

f o r  neutron energies conside.rably i n  excess of the  threshold, only 

s t a t i s t i c a l  methods can apply since levels  become closely spaced, and 

the neutron beam has of necessity an appreciable energy spread. The way 

i n  which t h i s  aspect of f i s s ion  f i t s  i n t o  the overa l l  p ic ture  i s  dis-  

cussed i n  Chapter 11. 

The experimental work, taking as  it did some three years t o  com- 

plete ,  involved the cooperative e f f o r t s  of many people t o  whom the author 

i s  indebted. Members of the High Voltage Laboratory were amazingly t o l -  

erant with the author's pers i s ten t  requests f o r  more and more Van de 

Graaff accelerator  time! Their frequent help i n  "set t ing up" and " l ining 

up" the beam was much appreciated. To the machinists who were cal led up- 

on t o  make a l l  s o r t s  of odd things,  of ten on short  notice,  my thanks. 

I n  par t icu la r  i s  the author indebted t o  A. W. Lynch who spent many 

painstaking weeks making, among other things, the two collimators shown 

i n  the i l l u s t r a t i o n s  l a t e r  on. These served t o  co l l imate . f i s s ion  frag- 

ments emitted from f o i l s  containing t h i n  deposits of uranium, and so 

const i tute  the  very core of the experimental equipment. Members of the  

ORNL l i b r a ry  s t a f f  were often very he lpfu l  with the reference material .  

It i s  a pleasure t o  acknowledge with grati tude,  helpful  discussions of 



various theoretical topics with L. C. ~iedenharn, J. L. Fowler, F. K. 

McGowan, R. D. Present, P. H. Stelson, J. A. Wheeler, H. B. Willard, 

and in particular G. R. 'Satchler, whose unfailing patience with a rather 

untheoretical experimenter was greatly appreciated. Much of the data 

were taken by A. J. Wyrick, who frequently took over the operation of 

the accelerator and the experiment during the evenings. This contributed 

materially toward shortening the duration of the.experimenta1 work. 



ABSTRACT 

The fast neutron-induced fission cross section of U-234 has been 

measured from threshold to 4-Mev neutron energy. A maximum of 1.26 

barns was found at 850 kev followed by a minimum of 1.10 barns at 1050 

kev. The angular anisotropy of the fragment distribution was measured 

for neutron energies from 400 kev to 4 Mev. Extrema in the ratio 

CJ (oO)/u (90") were found at 500, 850, and 1050 kev; the distribution 
f f 

at 500 kev showing a maximum in the direction normal to the beam (side- 

wise peaking) while that at 850 kev showed a maximum along the beam 

direction. The distribution at 1050 kev showed forward peaking but to 

a lesser extent than for energies immediately higher or lower. 

The behavior has been analyzed according to the theories of Bohr 

and Wheeler. The dip in cross section between 850 and 1050 kev is 

consistent with the suggestion of Wheeler that neutron competition in 

the decay of the compound nucleus enters with increased strength in 

this area. Vibration-rotational levels in U-234 beginning at 790 kev 

are known to exist and inelastic neutron scattering to these levels 

serves to depress the fission cross section. 

The changes in fragment angular distribution are shown to be 

explainable in terms of the theory of Bohr which states that fission 
\ 

. occurs through distinct channels composed of a K-band structure analo- 

gous to that o'bserved at low excitations in heavy deformed nuclei. 

More detailed angular distribution measurements were carried out at 

850 and 1050 kev. The overall picture is consistent with a K-band 

structure in U-235* near the saddle point deformation of K equals 



1/2+ ,3/2-,  1/2- i n  t h a t  order, the  bands being separated from each 

o ther  by a few hundred kilovolts ' .  
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CHAPTER I 

HISTORY 

The mechanism of the f i ss ion  process was f i r s t  explained by N. Bohr 

and J. A. Wheeler ( ~ 0 3 9 )  i n  a c lass ic  paper wherein they based t h e i r  con- 

siderations on hydrodynamical concepts which they embodied i n  t h e i r  

I t  liquid-dropv model of heavy nuclei. This model was quite successful i n  

accounting-for the broader aspects of f iss ion,  and par t icu lar ly  valuable 

i n  directing ensuing experiments along profi table  l ines .  Although de- 

t a i l ed  agreement with experiment i s  lacking, many of the basic ideas are  

s t i l l  i n  use. An excellent review paper by Louis Turner ( ~ ~ 4 0 )  summarized 

much of the work published pr ior  t o  the voluntary censorship imposed as 

a r e su l t  of World War 11. 

An extensive anal.ysis of f i s s ion  was made by H i l l  and Wheeler 

11 ( ~ i 5 3 )  i n  1953 from the point of view of a col lect ive ~ o d e i ,  " which 

included,both individual pa r t i c l e  and liquid-drop aspects of nuclear 

behavior. This permitted a t  l e a s t  a qual i ta t ive understanding of a 'few 

phenomena which were a t  variance with a s t r i c t  l iquid drop picture.  

It lead, f o r  example, t o  a be t t e r  understanding of charge division, and 

also t o  angular anisotropy of fragment dis t r ibut ion f o r  which the 

liquid-drop model predicted only isotropy. 

A symposium was held a t  Chalk River i n  May of 1956,. the r e su l t s  

of which were summarized i n  an uppublished report  up as) which i s  well  

worth reading by those interested i n  a general survey. Pract ical ly  a l l  

aspects of the matter were covered, including some in teres t ing  observa- 



t i ons  on f i s s i o n  induced by high energy (over 50 ~ e v )  par t ic les .  These 

seem. t o  indicate  t h a t  high energy f i s s ion  does not d i f f e r  appreciably 

from low energy f i ss ion ,  the ex t ra  energy being largely dissipated p r io r  

t o  f i s s ion  by the  evaporation of single nucleons. More angular momentum 

i s  brought in ,  which has the  e f fec t  of rais ing the ba r r i e r  t o  neutron 

emission from the excited compound nucleus more than i t ,  does f o r  f i s s ion  

( ~ a 5 9 a ) ;  and a l so  a l t e r s  fragment angular dis t r ibut ions (~055, Whs). 

Much experimentally-determined. information w a s  presented on the f i n e r  

d e t a i l s  of mass-yield curves, and the way they a r e  affected by the species 

of t a rge t  nucleus and the  nature and energy of the exciting pro jec t i le .  

It i s  c lear  t h a t  a la rge  number of channels a re  open t o  f i s s ion  a t  high 

energy, so t h a t  comparisons between theory and experiment can only be 

made on a s t a t i s t i c a l  basis  (due t o  instrumental l imitat ions on resolu- 

t ions ,  e t c  . ) . 
An excellent review a r t i c l e  was published by Halpern i n  1959 

( ~ a 5 9 a ) .  It d e b s  with the current s ta tus  of f i s s ion  knowledge and 

theory 'and a i so  contains a very good bibliography of important - a r t i c l e s  

publishbd p r io r  t o  Jaxiuary, 1959. It i s  important t o  ndte tha t  there 

is in' existence even now no rea l ly  adequate theory f o r  f iss ion.  Useful - 

as the  liquid-drop model i s  i n  many ways, it does predict  symmetrical 

divis ion 88 t he  most probable mode, i n  contrast  t o  a roughly 3-2 r a t i o '  

observed experimentally f o r  heavy-light fragment masses. Howeve-r, i f  

calculations were t o  be carried 'out i n  suf f ic ien t  d e t a i l  it i s  just 

possible t h a t  t h i s  might. not be the case. A program of much more de- 

t a i l e d  calculations including deformation parameters t o  high order i s  



now being, carr ied out by Swiatecki ( s w ~ o ) ,  but  a s  of June, 1960, these  

ca l cu l a t i ons~  (incomplete a t  t h a t  time) did not .explain the  preference 

f o r  asymmetric division.  The co l lec t ive  model probably comes c loses t  t o  

accounting f o r  a l l  the  observed r e su l t s ,  yet  ne i ther  c a n . i t  predict  the  

proper shapes f o r  mass-yield curves, nor does it give deta i led agreement * 

with experiment i n  other . respects .  I f  angular momentum i s  brought . in  by 

the  incident pa r t i c l e s ,  the  theory of A. Bohr (Bo55) s t a t e s  t h a t  i n  general  

t he  fragments w i l l  exh ib i t  angular asymmetry with respect  t o  the  beam of 

incoming pa r t i c l e s  o r  photons. This theory ,accounts i n  a quant i t a t ive  

way f o r . t h i s  asymmetry without conf l ic t ing  with liquid-drop concepts. 

' ,  Angular asymmetry i n  the  emission of fragments from induced .(,.. c.! . 

f i s s i o n  was f i r s t  detected i n  t he  photofission of thorium ( ~ i 5 2 )  i n  

1952. The liquid-drop theory which. was i n  general  use a t  the  time 

predicted only isotropy, so the  asymmetry was qu i te  unexpected. How- 

ever, a d i s t r ibu t ion  of the  form, A + B s in2  8, was confirmed over an 

energy range from 8 t o  16.Mev with r a t i o s  of B/A of 1.2, 0.5, and 0.3 : !. 

a t  energies of 8, 12, and 16 Mev,respectively. This was followed by 

a more deta i led invest igat ion by one of the  authors and reported by ' 

him. i n  a. Ph. D. - t he s i s  i n  1953 ( ~ i 3 3  ) . He found a l so  t h a t  a s imi la r  

anisotropy existed f o r  U-238, and t h a t  U-235 showed no anisotropy. 

The, r a t i o ,  B/A, a measure of anisotropy, increased roughly l i n e a r l y  

with fragment mass r a t i o .  Angular a@sotropy was quickly t h e r e a f t e r .  

found fo,r f a s t  neutron induced f i s s ion  of ' i so topes  of uranium and f o r  

2 
neptunium t o  be of the form, 1 + A cos 8, but with no r e a l  evidence , 

f o r  dependence on fragment .mass r a t i o  ( ~ i 5 3 ,  ~ r3 l c ) .  Fission induced 
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by f a s t  charged pa r t i c l e s  was a l so  found t o  .be characterized by fragment 

2 angular anisdtropy, and t o  be of the  form, 1 + A cos 8,  where A increases 

f o r  greater  mass r a t i o s  of heavy t o  l i g h t  fragment ( ~ 0 % ) .  More recently 

experiments with nuclei  of U-233 and U-235 aligned a? low temperature and 

excited by thermal neutrons have been carried out at  Oak Ridge National 

Laboratory (~a60). The resu l t s  a re  at  variance with what.might be ex- 

pected from the  Bohr picture.  Work i s  continuing, and the  r e su l t s  should 

be mas: in te res t ing  from the point of'view of the col lect ive model of 

heavy nuclei generally, and f o r  f iss ioning nuclei i n  par t icular .  

Many other  experiments on angular dis t r ibut ions have been carried 

out i n  the pas t  e ight-years .  The next chapter summarizes the information 

obtained f r m  them. . 



CHAPTER I1 

ANGULAR COFWLATIONS 

Fission cha rac t e r i s t i c s  can . logical ly  be broken down i n t o  two 

major c l a s s i f i c a t i ons :  

1. Probabi l i ty  of f i s s i o n  taking place,  i.e., f i s s i o n  cross 

section,  a s  a function of a l l  poss ible  var iables .  

2. Relative widths of ava i lab le  e x i t  channe ls ' fo r  f i s s i o n  as  

functipns of a l l  poss ible  parameters. Under t h i s  c l a s s i f i c a t i o n  come . . I. 

t he  mass and charge d i s t r ibu t ions ,  k ine t i c  energy, exc i ta t ion ,  spin, 

and angular d i s t r i bu t i on  of the  fragments a s  functions of such 

parameters as  type of t a r g e t  nucleus and t he  nature and energy of the  

p ro j ec t i l e .  

Clear ly  t he  number of f i s s i o n  channels, i f  a channel be def ined .  

i n  the  usual  sens.e of complete ind iv idua l i ty  regarding ,a l l  aspects of 

the  reac l;ion produc Ls (fragments), i s  t r u l y  large even c lose  t o  

threshold.  ' Consequently it i s  ;;ecessary Lo define i n  the case of 

f i s s i o n  a t  l e a s t ,  what the  author means by channel. Fragment angular 

d i s t r i bu t i on  measurements contain information concerning t he  s t a t e  of 

the  compound nucleus near saddle point ,  t ha t  s t a t e  of deformation from 

which t h e  nucleus may equally wel l  f i s s i o n  a s  re tu rn  towards symmetry. 

The measurements do not o rd inar i ly  d i f f e r e n t i a t e  between d i f f e r en t  

s t a t e s  of the fragments. Consequently the  word f i s s i o n  channel a s  used 

herein  w i l l  r e f e r  t o  a s t a t e  of the  compound nucleus defined by ('IKs), 

where I i s  the  t o t a l  angular momentum, K i s  i t s  project ion along the  



major axis, z f , :of  symmetry of the deformed nucleus, and n i s  par i ty .  

The anisotropic nature of the fragment angular d is t r ibut ion  discovered 

by Winhold and others l ed  t o  Bohr's c lass ic  paper ( ~ 0 5 5 )  which of fers  

an explanation i n  terms of the probabi l i ty  d is t r ibut ion  of the 

parameters (KIM) where M i s  the projection of I on axis, the z axis, 

f ixed i n  space, ord inar i ly  taken along the direct ion of the pro jec t i le  

beam. 

I. B W ' S  THEORY AND THE COLLEETIVE MOUE3 

OF MOTION OF . HEAVY NUCLET 

The introduction from Bo55 outlines the fundamental concepts of 

. the theory: 

When a heavy nucleus captures a neutron o r  absorbs a high energy 
photon, a compound nucleus i s  formed i n  i~h ich  the exci ta t ion energy 
i s  dis t r ibuted among a large number of degrees of freedom of the 
nucleus. The complex s t a t e  of motion thereby in i t i a t ed  may be 
described i n  terms of col lect ive nuclear vibrations and rotations 
coupled t o  the motion of individual nucleons. 

The corrrpound nucleus l ives  f o r  a re la t ive ly  very long period, 
usually of the order of' a million times longer than the funda- 
mentar nuclear periods, a f t e r  which it decays by emission of radia- 
t i on  or  of neutrons, or  by f i ss ion .  The l a t t e r  process occurs i f  
a suf f ic ien t  amount of energy becomes concentrated on potent ial  
energy of deformation t o  enable the-nucleus t o  pass over the  saddle 
point shape, a t  which the repulsive Coulomb forces balance the  
cohesive nuclear interactions.  

For exci ta t ion energies not too f a r  above t h e  f i s s ion  threshold, 
the nucleus, i n  passing over the saddle point, i s  "cold," since the  
major p a r t  of i t s  energy content i s  bound i n  potent ia l  energy of 
deformation. The Quantum s t a t e s  available t o  the  nucleus a t  the 
saddle point a r e  then widely separated and represent re3.8tively 
simple types 'of motion of the nucleus. These s t a t e s  a re  expected 
t o  fonn a similar spectrum as the observed low-energy excitations 
of the  nuclear ground s tate .  

This ordered character of the motion of the nucleus a t  saddle 
point gives r i s e  t o  a number of regular i t ies  i n  the f i s s ion  proce.ss. 



Thus, the nuclear angular momentum may be concentrated, at least 
to a.major part, on a collective rotational motion of the nucleus 
with a resulting characteristic angular distribution of the fission 
fragments. Moreover, the wide spacing of the levels implies that 
the fission'threshold may depend significantly on the spin and 
parity of the compound nucleus, and thus gives rise to peculiar 
selection rules in the fission process. Experimental data on these 
aspects of the fission phenomenon may thus provide valuable informa- 
tion on the structure of the fissioning nuclei at a crucial stage 
of the process. 

The collective aspects of the unified model have been developed 

in considerable detail in the writings of A. Bohr and of Mottelson. 

An excellent review paper by Moszkowski (~057) appears in the acyclo- 

pedia of Physics, and another by Kerman (~e59) in a book edited by Ehdt 

and Demeur. The intrinsic (individual particle) states of heavy nuclei 

have Been considered by Mottekson and Nilsson (~059, ~i55) but as yet 

not enough is known about conditions at saddle point to make quantita- 

tive applications to fission channel analyses. From these works have 

been chosen for discussion here only those aspects of collective motion 

which have a direct bearing on fission fragment angular dis-tributions 
?. 

in the spirit of Bohr's theory. 

The fissionable nuclei have many nucleons outside the closed 

shells, the eccentricities of the orbits of these nucleons producing a 

shape distortion which leads to the large quadrupole moments character- 

istic of nuclei in this region of mass number. The ground state equi- 

librium shapes have been found to be axially symmetric, either prolate 

or oblate spheroids but most commonly prolate. Such nuclei possess 

rotational and vibrational degrees of freedom much like diatomic mole- 

cules. The rotational motion takes place about an axis normal to the 

major symmetry axis. The moment of inertia is largest about such an . 



axis ' and  hence 'the energy f o r  uni t  mgular  momentum i s  a minimum. -The 
. . . . . . 

ro ta t iona l  motion ' i s  wave-like f n character with associated, moment of 

i n e r t i a  intermediate beb~eeri the r igid bocly moment and the  'purely. 
. . . . . . 

i r r o t a t i o n a l  (surf ace wave) moment. The vibrations most of ten observed 

a r e  of three kinds. '  The beta vibration i s  a quadrupole symmetric motion 

p a r a l l e l  t o  the symmetry axis, an osc i l la t ion  about the equilibrium 

shape. It .carr ies  no angular momentum (K = 0 ) .  The octupole vibra- 

t i o n  i s  an asymmetric  e ear-shaped) osc i l l a t ion  otherwise s imilar  t o  

the  beta. The so-called gamma vibration i s  a shape vibrat ion involving 

osc i l l a t ions  along a l l  three pr incipal  axes (x y z ) of the spheroid 

and with time-space. phase such t h a t  two uni ts  of angular momenta a re  

produced along the symmetry axis ( z f ) ,  so K = 2. 

These vibrations a re  found t o  l i e  of the  order of an Mev above 

the  ground s t a t e ,  so a re  not of d i r ec t  concern t o  the - f i s s ion  process, 

s ince none of them a r e  believed t o  be excited near the saddle point. 

Therefore, discussion of the col lect ive motion w i l l  be limited t o  the 

ro ta t iona l  s t a t e s .  These are  separated by energies of the order of tens 

of ki lovol ts  from t h e  ground s t a t e  and from each other. A t  l e a s t  one 

and usually several  a re  expected t o  be excited at saddle point and, 

therefore,  t o  contribute t o  f i ss ion .  The angular dis t r ibut ions of the 

symmetry axes of the compound nuclei  i n  these 'states, a re  presumed t o  

lead t o  corresponding angular dis t r ibut ions f o r  the fragments. There-, 

fore,  i n  pr incipal  measurements of fragment dis t r ibut ions can lead t o  

energy l eve l  assignments a t  the saddle point. 
. . .  



Let x.' be " t he  i n t r i n s i c  wave function character iz ing the  p a r t i c l e  R 

sta.te, R being the cociponent of i n t r i n s i c  angular momentum along the  

s;mmetry axis ,  and. 7 representing a l l  other  quantum numbers necessary 

t o  define X. The p a r t i c l e  f e e l s  a deformed f i e l d  which i s  however 

syimetric along z1 and a s  a consequence R i s  a good quantum number. 

The co l lec t ive  ro ta t ion  i s  much l i k e  t h a t  of a r i g id  ro t a to r  f o r  which 

I 
the  wave function i s  simply D ( a p y ) ,  t he  p roper t i es  of which a r e  given MK 

i n  Appendix D.. Here I i s  the  t o t a l  angular monientum, M its z component, 

mri K i t s  z1 component. :Thus : 

+ * 3 
The t o t a l  angular momentum I consis ts  of the  i n t r i n s i c  p a r t  J 

-+ -3-4 
an2 the  ro t a t i ona l  p a r t  R = I-j. The nuclear Hamiltonian i s :  

"., V .  

wher,e 

d? = moment of i n e r t i a  about body oxis n. (Axes 1,2,3 corre-  n 

spond t o  x1 y1 z ' body-f ixed axes. ) 



To the extent t h a t  the coupling terni may be neglected the nor- 

malized eigenfunction of H-is: 

Axial symmetry demands invariance of @ with a rb i t r a ry  rotations of the 

body-fixed reference frame about z ! . Such ' a rotation, say through an 

I angle $?! transforms the  N e r  angles spy t o  a ,  B, y + 6, and Dm(a, ?, y+$) = 

- i~$  T 
eiK6&(apy). Alko x i .+  e X, , th; signs i n  the exponents being 

opposite because D i s  the.wave function of the body coordinates i n  the 

laboratory system while X i s  the  i n t r i n s i c  wave function i n  the body 

(xl yf  z1 ) system.. Invariance under t h i s  rotat ion requires therefore t h a t  

K = $2. 

I f  the nucleus i s  a. spheroid it i s  a lso  invariant f o r  a rotation: 

of n about any axis i n  the  xlyl  plane. Such a . ro ta t ion ,  c a l l  it R f ,  . 

transforms aBy t o  a f n, n-B, y l ,  where y1 depends on the choice of axis. 

I i n 1  i E D I  
Then Dm + e  e M, -K (apy). (1f R1 i s  about x l ,  y9=-y and 6=2nM o r  0 

depending on the direct ion of the first Elder rotation. . If R1 is  about 

y1 then y1 =. +n-7 and 6 =n (2M+K) o r  nK. The multiple. choices a r i s e  from - - 



the 4n periodici ty  of a and y when the quantum numbers a re  half  integer.  

7 
Note t h a t  they coalesce f o r  integer  numbers.) Writing XR = LC xTj and J V  
using the same argument as i n  the f i r s t  symmetry.relation and writing 

where c = probabili ty amplitude f o r  s t a t e  j. 
j 

J where the term (-1) must ac t  separately on each j component of X. 

Note tha t  f o r  K = 0, 7jl' vanishec unless I i s  even (ground s t a t e  rota- 

t iona l  spectra of even-even nuclei show t h i s  t o  be t rue) .  

The above argument i s  not d i rec t ly  applicable to f iss ioning 

nuclei a t  the saddle point because although the,nucleus i s  s t i l l  ax ia l ly  

I 
symmetric so tha t  K = Q, it i s  not symmetric on ref lect ion but i s  be- 

lieved t o  be more o r  l e s s  pear shaped from the f a c t  t ha t  the most 

probable mass ra t ios  f o r  fragments d i f f e r  ~ u b s t a n t i a l l y  from unity, 

par t icu lar ly  near the f i s s ion  threshold. The axia l ly  symmetric pear 

shape, l e t  p ( fo r  pear) be a shape-parameter characterizing th i s ,  can 

vibrate  along z1 in to  i t s  reflection (-p) and c lear ly  ~ ( p )  = H ( - ~ )  and 

such a shape inversion from p t o  -p w i l l  have the same ef fec t  on $ as  a 

rotat ion R1 of n about x . b r  a+y other axis i n  the xlyl  plane. The lack 

of ref lect ion symmetry relieves the pa r i ty  r e s t r i c t ion  on I f o r  even- 

even nuclei t o  the extent tha t  now f o r  any given K, I may have a l l  



values, K, K+1, K+2, etc., .but there w i l l  be an energy gap between the 

even se r i e s  and . the  odd se r i e s  of I values, the width of t h i s  gap being 

equal t o  the energy associated with the tunneling frequency of vibra- 

t i o n  between p and -p. 

Odd mass nuclei  a r e  discussed t o  some extent i n  Ke59. The se- 

quence of leve ls  f o r  a given K band i s  K, K+1, K+2, e tc .  with pa r i ty  

equal t o  tha t  of the pa r t i c l e  wave function. In  general the separation 

between the d i f f e ren t  Kn ro ta t ional  bands i s  large compared t o  t h a t  be- 

tween levels  within a band. The asymmetric rotat ional  spectra t h a t  one 

would expect a t  the saddle point a re  not ordinari ly  encountered, f o r  low 

excitations,  so have rec@ived only passing men1;ion i n  the l i t e ra tu re .  

However, the  wave functions should be of the form: 

where .e i s  the  o r b i t a l  component of j i n  the  expansion of X: i n to  i t s  

angular momentum e'igenstates. 

* 
The angular d is t r ibut ion  :of the z t  axis. may be found from JV MT 

where integration i s  over nuclear space, and using the orthogonality 

. . re la t ion ,  

* I 2  Then it follows t h a t  @ @a) IlMK I . For neutrons on even-even nuclei  t h i s  

I ' and from -symmetry one can visual ize t h a t  the fragment becomes I ~ ~ 2 , ~  

angular d is t r ibut ion  w i l l  be independent of the sign of M. 



13 

Neglecting the coupling term between the  i n t r i n s i c  s t a t e s  and 

col lect ive rotation, the energy levels  f o r  the rotat ional  band asso- 

ciated with a  given i n t r i n s i c  (Kn) s t a t e  a re  eas i ly  obtained. 

For the special  case of K = 1/2 however, the coupling of the 

i n t r i n s i c  motion with the col lect ive rotat ion i s  not the same f o r  a l l  

levels  within a  band as i s  the case t o  f i r s t  order f o r  K f 1/2. 

The coupling ar i ses  from the ax ia l  symmetry of thk nuclear potential ,  

t h i s  potent ia l  coupling t o  the pa r t i c l e  o r b i t a l  angular momentum a.  

For K = 1/2, J z ,  may be zero pa r t  of the time resul t ing i n  a  p a r t i a l  - . . ,  

decoupling. This i s  described i n  Ke59. The energy l eve l  spacings a re  

found t o  be : 

where the decoupling factor,  a i s :  

and ] ~ ~ ~ / ~ 1 ~  i s  the probabili ty of finding the in t r ins i c  wave function 

i n  s t a t e  j. 

For heavy nuclei with large deformations such as ex i s t  a t  the 

saddle point, - a should be e i ther  +1  o r  -1, but not enough has been 

learned about the nature of the pa r t i c l e  levels  a t  these great deforma- 

t ions t,o predict  which. Nuclei with asymmetries of the order of 

~ R / R ~  .3 w i l l  show very strong coupling between i n t r i n s i c  and 



col lec t ive  motions. The nuclear potential. w i l l  resemble t h a t  of an 

anisotropic ax ia l ly  symmetric harmonic osc i l l a to r  and wave functions 

calculated using t h i s  potent ia l  w i l l  reproduce energy s t a t e s  with good 

accuracy ( ~ 0 5 9 )  . 
.ri2 

The quantity 3 has been found t o  be about 7 kev near equilibrium 

deformation, but near saddle point i s  expected t o  be near 5 kev. Then 

f o r  the K = 3/2-band, levels  should run  ( to  f i r s t  order) taking the 

I = 3/2 1 e v e l . a ~  zero; 5 = 5 [ I ( I + ~ )  - (3' /2) (5/2)] = 0, 25, 60, 105 

kev. For the K = 112 band, 5 = 5 [1(1+1) - 3/4 + a(-1) 1+1/2 

and if a = +1 the band spectrum should 0, 30, 30, 100, 100 kev, and 

. . 
if -1 it, should. run 0, 0, 50," 30, 145 kev. I 

11, RELATION BETWEZN ANGULAR DISTRIBUTION AND 

OTHER ASPETS OF THE FISSION PROCESS 

Although t h i s  work. i s  concerned primarily with fragment angular 

dis t r ibut ions,  it should be borne i n  mind t h a t  correlations w i l l  

generally e x i s t  between these dis t r ibut ions and some of the  other 

aspects of f i ss ion .  For example, f iss ioning through two pure s t a t e s  
. . 

d i f f e r ing  only i n  p a r i t y  would be expected t o  give rise t o  in t e r -  

ference terns  i n  the s p a t i a l  dis, tr ibution of fragment intensity,  

leading t o  a los s  of symmetry about ninety degrees. That no such 

asymmetry has been observed can be ascribed t o  the f a c t  t h a t  measure- 

ments made only on the  number of fragments per  se i n  a given sol id  



angle necessar i ly  average. over,mzny.other aspects,  such.as mass number, 

spin, charge, k ine t ic ,  and exc i ta t ion  energy of the  fragments. 

The spin of t'ne compound nucleus i s  shared between fragment 

i n t r i n s i c  spin  and angular momentum, of trhich only t he  l a t t e r  appears 

i n  t he  angular d i s t r ibu t ion .  Fragment i n t r i n s i c  spins have not been 

measured d i r e c t l y  but  would be expected t o  be small f o r  exc i ta t ions  

not  f a r  from the  to;p_ of t he  bar r ie r ,  as  can be understood by v i sua l -  ---- -- 
i z i ng  t he  sequence of events leading up t o  passage over the  saddle 

point .  Ehergy brought i n  by t h e . p r o j e c t i l e  i s  shared among many modes, 

i n t r i n s i c  and col lect ive ,  of motion avai lable  t o  the  highly excited 

compound nucleus. Coupling e x i s t s  between these modes, the  constant ly  Q, 

changing shape o f -  the  nuclear surface a l t e r i n g  po ten t ia l s  within the  

boundaries, thereby s h i f t i n g  i n t r i n s i c  energy l eve l s  as  wel l  a s  the  

co l lec t ive  oncs. A s o r t  of churning motion continues, wherein the  

energy associated tr i th any given mode of motion va r i e s  w i t h '  time, 

. although the  t o t a l  exc i ta t ion  remains constant, u n t i l  passage over c .., 

the  b a r r i e r  takes place.  This w i l l  occur ?rhen s u f f i c i e n t  of the  energy 

concentrates i n  po t en t i a l  energy of deformation t o  allow the  nucleus 

t o  reach the  saddle point  configuration. I f  t h i s  requires a large  

f r ac t i on  of the  t o t a l  exci ta t ion,  then other  modes must be absorbing 

a minimum of energy a t  the  moment of passage over the  ba r r i e r .  Now 

there  i s  no angular momentum associated with t h i s  deformation, y e t ,  

spin  of the  compound nucleus must remain a constant at a l l  times. 

Therefore, the  most f a.vorable conditions f o r  f i s s i o n  w i l l  coincide 

with the  energy necessar i ly .associa ted with t h i s  spin  being a s  small 



a s  possible,  w h i c h . c l e a r l y ~ i n d i c a t e s  a c o l l e c t i v e . r o t a t i o n  ra ther  than . 

i n t r i n s i c ,  .since t he  moment of i n e r t i a  of such a mode i s  'much l a rge r  - 

than f o r  a s ing le  nucleon, even though the  motion may be pr imari ly  

i r r o t a t i o n a l  r e su l t i ng  i n  a  moment of  i n e r t i a  much l e s s  than t h a t  of 

r i g i d  body:motion. At ' the  moment of sc i s s ion  t hen , . t he  i n t r i n s i c  

sp ins  of the  prenascent.fragments a r e  expected t o  be small. Following 

s c i s s i o n  the. fragments w i l l  be highly exci ted,  but  t h e i r  spins a r e  

presumed t o  have a1ready:been determined. Hence, fragment spins a r e  

probably low f o r  exc i ta t ions  not  too f a r  above the  t op .o f  the  ba r r i e r ,  

but  experimenta1,confirmation would be valuable.  

The p o s s i b i l i t y -  of formation of' high-spin fragments a t  low 

exc i t a t i on  has been considered by S t ru t i n sk i  (St60b). If sc i s s ion  . . 

t akes  place . in .a s l i g h t l y  asymmetric manner r e l a t i v e  t o . t h e  major ax i s  

of symmetry, and i f  t he r e  i s  a  subs t an t i a l  amount of. mater ia l  in .  the  

neck, l e t  us say equal  t o  the  difference-between. the  most, probable. 

masses f o r  l i g h t  .and heavy fragments, then when sc i s s ion  takes' place 

t he r e  w i l l  be a  t ransverse  component of coulomb force  which w i l l  cause 

t h e  fragments t o  spin  i n  opposite. d i rec t ions .  It would a l s o  appear 

t h a t  if, instead of pos tu la t ing  asymmetry . r e l a t i ve  t o  t h e  major axis ;  

t h a t  a migration- of mass a long . the  neck p a r a l l e l  t o  the .major  ax i s  

were t o  take place  i n  t he  spinning.compound nucleus jus t  p r i o r  t o  and , 

r i gh t ,  up t o  the  moment- of sc i s s ion ,  t h i s  would a l s o  produce transverse 

fo rces  causing the  fragments t o  spin  i n  opposite d i rec t ions ,  an - e f f e c t  

which would be f u r t h e r  enhanced by the  r e su l t i ng  transverse component 

of coulomb force  between the  s tubs ,  or .bettreen,one s tub and the  o ther  



r'rafpent, depending upon jus t  r~here  sc i s s ion  occurred. 

A t  high bombarding energies where much angular momentum i s  

brought i n  as  f o r  part icle-induced f i s s i on ,  and there  i s  an.excess of 

energy avai lable  above t h a t  required t o  produce f i s s i on ,  it i s  qu i te  

l og i ca l  t o  expect more frequent formation of high-spin fragments, and 

indeed Cof:.E'in and Halpern (~058)  have found i nd i r ec t  evidence f o r  t h i s .  

They bombarded 'Ch-232 with 43-Mev alpha pa r t i c l e s ,  under brhich condi- 

t i o n  c, the average or .b i ta l  angular momentum brought i n  by the  pro- 

j e c t i l e ,  i s  14, but an analysis  of the  fragment angular d i s t r i bu t i on  

f a i l e d  t o  .show terms higher than P where P i s  the  Legendre polynomial. 6 ' 
They conclude, therefore,  t h a t  eleven un i t s  of angular momenta were '., 

dis t r ibu ted  be'mreen the  fragments, although a small amount may have ' . 

been car r ied  off  by neutrons evaporated p r i o r  t o  f i s s i on .  On the  o ther  

hand, the  Jragrnent spins w i l l  probably not be p a r a l l e l  t o  each otller., 

so t h e i r  individual  spins might be qu i te  high. S t ru t insk i  ( ~ t 6 0 b j  has 

pointed out t h a t  the  existence of fragment spins w i l l  show up i n  an 

angular cor re la t ion  between fragment d i rec t ion  and gamma quanta emitted 

during deexci ta t ion of the  fragments, and indicates  t h a t  there  i s  a 

l i t t l e  experimental evidence t o  support t h i s .  However, more work i s  

de f in i t e ly  needed t o  s e t t l e  t h i s  matter. The p ic tu re  of jus t  what 

happens between saddle point  and sc iss ion,  and whether any substantia ' l  

migration of mass along the  neck.can occur, a r e  matters t h a t  .are s t i l l  

f a r  from clear .  Undoubtedly s h e l l  e f f e c t s  p lay a r o l e ,  but  horpr i m -  

por tant  a one cannot now be judged. Fnergy l eve l s  a r e  g r ea t l y  a l t e r ed  

by the  extreme shape d i s to r t ions  prevai l ing i n  t h i s  region. However, 



as  enough becomes known t o  allow Nilsson-type energy l eve l  diagrams t o  

be extended in to  t h i s  region of. dis tor t ion,  be t t e r  estimates of the 

e f f e c t  of she l l s  on the f i s s ion  process w i l l  become possible. 

There may be a correlat ion between mass asymmetry and angular 

anisotropy. A t  l e a s t  experiments with gamma- and charged par t ic le - .  

induced f i s s ion  would seem t o  show a f a i r l y  l i nea r  increase i n  the 

degree of angular anisotropy with lncrease i n  the degree of.mass 

asymmetry, .i.e., t h e , r a t i o  of heavy t o  l i g h t  fragment mass, f o r  even- 

even ta rge t  nuclei. Odd-mass targets  exhibi t  m&ar isotropy (EIa39). 

Unfortunately, these experiments have been performed only a t  medium 

energies where , evaporation ; of .. one . o r  more neutrons can take. place -p r io r  

t o  f iss ion.  Halpern ( ~ a 3 g a )  has pointed out t h a t  f o r  t h i s  reason the 

correlat ion may be for tui tous.  Consider gamma-induced f iss ion.  The 

cross  section f o r  formation of a compound nucleus by e l ec t r i c  dipole 

.absorption sufficiently outweighs higher multipole cross sections tha t  

this.mode probably remains dominant a t  a l l  energies. Therefore, . the  

- average compound nuclear spin, - I, w i l l .  remain very nearly c o n s t d t  with 

energy, but more . i n t e rna l  . s t a t e s  of h ighe r . in t r ins i c  exci ta t ion from 

which f i s s ion  may occur w i l l  become available as photon energy i s  in-  

creased, resu l t ing  i n  a washing out of angular anisotropies. A t  the 

same time, f o r  reasons t h a t  have not been c lear ly  establishedj f i s s i o n  

from s t a t e s  of high exci tat ion favor a higher probabili ty-of mass-. 

symmetric division. Now, i f  neutrons a re  evaporated from the compound 

nucleus p r io r  t o  f iss ion,  the exci ta t ion energy w i l l  be reduced,. and 

both angular and mass .asymmetry from f i s s ion  of the resul t ing nuclear 



species w i l l  be enhanced. What i s  urgently needed here, then, i s  an 

experiment' carried out with a maximum incident photon energy of around 

ten Mev with an even-even target  such as U-238, and using a technique 

which w i l l  ident i fy fragment masses coming off  a t  d i f fe rent  angles. 

A method such as tha t  employed by Winhold ( ~ i 5 3 )  a t  higher energies 

would be suitable,  although the advent of the  new ba r r i e r  counters may 

o f fe r  a be t t e r  l i n e  of attack. 

Turning now t o  charged particle-induced f iss ion,  the observed 

correlation between angular and mass asymmetry may be explained i n  

pa r t  a t  l e a s t  by a s imilar  l i n e  of reasoning which, however, w i l l  ' 

d i f f e r  as  t o  de ta i l .  In  the f i r s t ' p l a c e ,  the coulomb ba r r i e r  rules out 

any poss ib i l i t y  of making observations near threshold. Secondly, 

compound nucleus formation increases with increasing angular momentum, 

of the incomiiig par t ic le  over qui te .  a range of L values, with the 

r e su l t  t ha t  f i s s ion  occurs from compound nuclei with rather  large - .,. 

average spin, the higher the incident energy the higher the average ' 

spin w i l l  be, and the evaporation of neutrons ahead of f i s s ion  w i l l  

change the spin very 1 i t t l e . a s  such neutrons carry away but l i t t l e  

angular momentum. ( ~ v e n  i n  the heavy nuclei the centrifugal ba r r i e r  

has a pronounced ef fec t  on evaporated neutrons, causing a strong 

preference f o r  s-wave emission.) However, evaporated neutrons do 

carry away energy, with the r e su l t  t ha t  subsequent f i s s ion  will 'proceed 

from compound nuclei with lower average excitations and therefore.with 

lower auerage K. S t a t i s t i c a l  analyses due t o  Strut inski  ( ~ t 5 7 b )  and . 

t o  Griffin ( ~ r 5 9 )  show tha t  the degree of forward peaking. depends 

on a f ac to r  the square of the r a t i o  of average compound nuclear 



sp in  t o  i t s  component along t h e  symmetry ax i s  a t  saddle point .  There- 

f o r e ,  it can be seen t h a t  neutron evaporation before f i s s i o n  favors 

both angular and mass asymmetry. 

The s i t u a t i o n  i n  regard t o  neutron-induced f i s s i o n  has not  a s  

ye t  been invest igated.  Similar  r e s u l t s  a r e  t o . b e  expected a t  medium 

energies  where one o r  more neutrons may be given off  without reducing 

compoung nuclear  exc i t a t i on  below t h e . f i s s i o n  threshold. It would be 

very worth while t o  inves t iga te  t h e  corre la t ion.  between mass and 

angular asymmetry with neutr0n.s of from two t o  f i v e  Mev from both even- 

even and even-odd t a r g e t s .  

For charged part icle-induced f i s s i o n  a . c o r r e l a t i o n  has been 

found f o r  f ixed  bombarding energy, between the  degree of angular 

2 
anisotropy and the  so-cal led f i s s i o n a b i l i t y  parameter, % /A, the  d i s -  

2 t r i b u t i o n  tending towards isot ropy as Z /A increases. An ~x-pln.n;it.i,nn 

f o r  t h i s  has been suggested by Halpern and S t ru t insk i  (11a58) i n  -terms 

2 2 of t he  increase  i n  rf/rn with Z /A. ~ ~ / i ; ~  , i s  l a rge r  f o r  h igh Z /A, 

causing a l a r g e r  f r a c t i o n  of f i s s i ons  t o  take place ahead of neutron 

emission 2nd hence from highly excited compound nucle i .  For t h i s  

reason z, w i l l  be large ,  and t he  g2rameter f2/? w i l l  be .smsl-1. I f  

t h e  f issionabi-Lity pa ra r~~e t e r  i s  s a a l l ,  conditions . + r i l l  be the  reverse.  

Several  neutroas~ w i l l  be evaporated ahead of f ission, . .  causing grea te r  

angular anisotropy. For charged part icle-induced f iss ion, .  the  nature 

of t h e  pa r t i c l e ,  t z r i l l . ,  i n f  h e n c e  the 6egz'ea of anisotropy ir, irays s.rhici3 

can be explained, qua l i t a t i ve ly  a t  l e c s t ,  by tzking i n t o  account the  : 

f a c t  t h a t  t he  average amount of angular ~nomenturn.contributed by the  



par t i c l e  a t  a given energy'increases with. the square root of i t s  mass. 

In  some cases the nature of the compound nucleus which i s  formed.wil1. 

make i t s e l f  f e l t .  This i s  t rue  i n  par t icu lar  f o r  .the l i g h t e r  l e s s  
, , 

fissionable nuclei where rapid changes i n  f i s s ionab i l i t y  may be found 

between nearby nuclear species. 

Very l i t t l e  w i l l  be said about f i s s ion  induced by high energy 

par t ic les ,  say over 50 o r  60 Mev i n  energy, because the  pi'cture becomes 

beclouded with other e f fec ts  which make it d i f f i c u l t  t o  draw any worth- 

while conclusions from the resul ts ,  a t  l e a s t  as  f a r  as f i s s ion  modes 

a re  concerned. However, a few general remarks a re  i n  order as they 

bear on angular dis t r ibut ions.  Up t o  50 Mev o r  so it seems safe t o  q -  . 

assume tha t  prac t ica l ly  a l l  the energy of the incoming pa r t i c l e  i s  .- 

absorbed i n  the compound nucleus . ( ~ e 5 8 ) .  A s  energy i s  increased, how- 

ever, the target-nucleus becomes increasingly transparent, with the 

r e su l t  t ha t  reactions between the p ro jec t i l e  and one o r  more s ingle  . 

nucleons take place, followed by the chance t h a t  the p ro jec t i l e  may 

then leave with a substant ial  par t  of i t s  or ig ina l  energy. Those 

struck nucleons which move i n  directions nearly normal t o  the.'beam ' w i l l  

have low energy and so w i l l  be more effect ive i n  producing f i ss ion .  

Halpern ( ~ a 5 9 b )  has suggested t h i s  as .an explanation f o r  the observed 

dependence of fragment angular anisotropy on proton energy. For 

uranium, forward peaking reaches a maximum.around 50 Mev and then 

decreases s teadi ly  with increasing energy, becoming isotropic  near 

150 Mev, and increasingly-peaked sidewise, normal t o  the beam, f o r  

higher energies. Lighter,. l e s s  f iss ionable nuclei, such'as bismuth . . . 



f o r  example, behave quant i ta t ively somewhat d i f fe rent ly  because of 

, t h e i r  lower f i ss ionabi l i ty .  

111. ANGULAR CORRJiUiTIONS FROM NEUTRON-INDUCED FISSION 

The neutron'' s lack of charge permits formation. of compound 

nuclei  with exci ta t ion energies down t o  the binding energy of the 

neutron -- o f . t h e  order of f ive  o r  s i x  Mev. Fission character is t ics  

f o r  eeen-even ta rge t  nuclei can be observed down to,  and below, the 

thresholds. However, t o  carry out observations on the odd-neutron, o r  

so-called "fissionable" nuclei, which. undergo f i s s ion  upon absorption 

of a thermal neutron,.. it - i s .  necessary t o  r e s o r t .  t o  :a. subterfuge. as  was 

done by Stokes, .Northrop, and Boyer ( ~ t 5 9 ) .  They. bombarded targets  of 

Pu-239,- U-233, U-235, and U-238 with deuterons.and recorded f i ss ton  

events which occurred coincidentally with .detection of f a s t  protons, 

which s ignif ied t h a t  a s t r ipping reaction had taken place wherein a 

neutron.was deposited i n  .a ta rge t  nucleus which.then underwent.fission.. 

This technique allowed exploration of .the so-called "negative energy 

region," t h a t  region below the binding energy of the neutron i n  the 

t a rge t  nucleus. Fission probabili ty as  a function of excitation 

energy was measured down to,  a n d  below, the thresholds f o r  these four 

nuclei. 

The authors pointed out t h a t  t h i s  method .could be extended. by. 

3 4 use of the ( d j t )  o r .  ( ~ e  ,He ) reaction t o  s tudy. f i ss ion  from nuclei 

not otherwise obtainable.; f o r  example, by bombarding U-233, f i s s ion  

from U-232 might be studied. Although the method has not been applied 



t o  invest igat ions  of f r a g e n t  angular d i s t r ibu t ions ,  .it does o f f e r  an 

excel lent  opportunity f o r  observing d i s t r i bu t i ons  from even-even.nuclei 

excited to.  energies c lose  t o  the  top of t he  f i s s i o n  ba r r i e r .  I t  would 

be ins t ruc t ive  t o  compare such d i s t r ibu t ions  with those obtained,from 

photon-induced f i s s i o n  of the  same even-even nuclei .  

Fragment angular d i s t r ibu t ions  from odd-A t a r g e t s  show fore -  

and-aft peaking t o  a mild degree which var ies  only slowly with neutron 

energy. 'I'here remains one anomaly ?rhich has not ye t  been s a t i s f a c -  

t o r i l y  .resolved.. Such nuclei  w T l l  have spins orientedrandomly F ~ i t h  

respect  t o  t he  neutron beam and so the l a rge r  the  spin  the  g rea te r  

would be the  expected tendency to7:~ards isotropy.  Therefore, U-233 s-: 

with a spin  of 5/2 should shoi~ l e s s  anisotropy a t  a given neutron 

bombarding energy than Pu-239, which has a spin  of only 1/2. However; 

measuren~ents (si60) show the  anisotropy, defined as t he  r a t i o  of f rag-  

ment i n t e n s i t y  a t  zero degrees t o  t h a t  a t  n inety  degrees, t o  average . . 

about two per  cent g r ea t e r - fo r  U-233 than f o r  Pu-239 i n  the  energy 

range below fou r  Mev. I n  addit ion,  U-235, i n . s p i t e  of i t s  sp in .o f  

7/2, i s  found t o  have a s t i l l  g rea te r  anisotropy by about two per  

cent than U-233 over t he  same range of energy. Comparisons with U-235 

a r e  complicated by t he  f a c t  t h a t  i t s  threshold l i e s  about 0.9 Mev 

above t h a t  of U-233 and Pu-239 which have near ly  i d e n t i c a l  thresholds.  

For l i k e  dens i t i es  of i n t r i n s i c  s t a t e s  t h i s  would cause K f o r  a given 

bombarding energy t o  be lower i n  U-235 than i n  e i t h e r  of the  o ther  

two, favoring fore-and-aft peaking. However, t h e  s i m i l a r i t y  of the  

differences i n  d i s t r ibu t ions  between U-235 versus,U-233 and U-233 



versus Pu-239 would sugges t . t ha t  t h i s  e f f e c t  i s  qu i te  small. ' . '  . ' '  

Another small  e f f e c t  tending t o  account f a r  p a r t  o f . t h e  d i s -  

crepancy between theory and experiment i s  connec'ted with the'dependence 

of I? /I? on t h e  sp tn  of t h e  compound nucleus ( ~ i 6 0 ) .  The energy 
f n 

necessa r i ly  associa ted with sp in  i s  inversely  proportioqal  t o  t he  

moment of i n e r t i a ,  and :so i s  l e s s  a t  saddle point  than f o r  any o ther  

configuration wi thin  t he  bar r ie r .  This means t h a t  l e s s  energy i s  : , 

subtracted- from t h a t . a v a i l a b l e  f o r  f i s s i o n  than from t h a t  avai lable  

f o r  neutron emission. Assuming the  angular momentum of t h e  incoming 

neutron t o  combine randomly with t h e  t a rge t  spin,  then t he r e  w i l l  be 

a s e r i e s  of' equal ly  populated s t a t e s ,  of which those with the  highest  

sp ins   ill have t he  g r ea t e s t  p robab i l i ty  of f issionine;  ins tead of 

emit t ing a neutron. If the  K d i s t r i bu t i on  i s  determined by exc i ta t ion  

energy alone, sub jec t  only t o  t he  condit ion t h a t  it not exceed I, then 

these  highest  spin  s t a t e s  w i l l  enhance t he  fore-and-aft peaking. This 

s e l ec t i ve  e f f e c t  w i l l  be g rea te r  t h e  l a r g e r  the  spin  of t he  t a r g e t  

nucleus. Although i n  t h e  cor rec t  d i rect ion,  the  magnitude of t h i s  

2 e f f e c t  a s  estimated by Halpern (Ha5ga) amounts t o  only about 1 -5  I kev 

f o r  t h e  change i n  r e l a t i v e  b a r r i e r  height f o r  neutrons versus f i s s i o n  

fragments. For d-wave neutrons t h i s  causes only about a 12-kev-dif-  

f e r e n t i a l  bet l~een t he  n-f b a r r i e r  s h i f t  i n  U-235 and t he  n-f b a r r i e r  

s h i f t  i n  Pu-239. Since these  'barriers a r e  not sharp;and. the  energy 

spread i n  t he  neutron beam can be expected t o  be s eve ra l .  times t h i s ,  

it i s  doubtful t h a t  t he r e  would be any observable e f f ec t s  on tlie 

angular d i s t r ibu t ions .  



Gr i f f i n  ( ~ r 5 g )  has pointed out  t h a t  on s t r i c t l y . g e o n e t r i c a 1  

grounds t he r e  i s  reason t o  expect an e l l i p s o i d a l  nucleus t o  present 

a g rea te r  capture cross sectioil t o  a beam of neutrons .i.rllen i t s  major, 

ax i s  l i e s  i n  a plane nomila1 t o  the  b e m  -than when parc?,llel t o  it. For 

a deforma.tion such t h a t  the  di f ference between major and minor axes i s  

equal t o  hal f  the  average radius, he est imates t h a t  t h i s  e f f e c t  can 

account f o r  about hal f  the  discrepancy between theory and experiment 

901- the  U-233 versus Pu-239 anisotropy, although more de ta i l ed  quantum 

mechanical ca lcula t ions  might a l t e r  t h i s  somewhat. The point  i s  t h a t  , 

compound nucle i  a r e  formed with a preference f o r  tile M '0 s t a t e ,  where 

M i s  the  component of compound nuclear spin, I, along t he  beam axis .  '.,. 

The maximum value of I may be considered t o  be proportional  t o  the  

maximum extension of t he  radius of the  t a r g e t  nucleus normal t o  the  

beam. Therefore, t h e  formation of compound nucle i  with l a r g e r  T' and 

small M w i l l  be favored, more p a r t i c u l a r l y  f o r  t he  higher spin  target. , 

nuclei ,  and these  w i l l  enhance t h e  anisotropy of t he  fragment d i s t r i - ' , ,  

bution. However, t h e  whole matter  deserves f u r t h e r  study. 

As pointed out  by A. Bohr ( ~ o 5 5 ) ,  anisotropy should be smaller  

f o r  odd-even t a rge t s  (odd proton, even neutron) than f o r  e i t h e r  even- 

odd o r  even-even, f o r  the  reason t h a t  ne i t he r  M nor K i s  r e s t r i c t e d  

t o  small values. Also, the  compound nucleus being odd-odd w i l l  have 

a grea te r  l e v e l  density than e-e, e-o, o r  o-e. M i s  r e s t r i c t e d  t o  

+ - 1/2 f o r  even-even t a rge t s .  Even-odd t a rge t s  w i l l  form even-even 

compound nuclei ,  which a r e  expected t o  have l a rge  spacings between 

i n t r i n s i c  l eve l s ,  tending t o  suppress l a rge  K values. Odd-odd t a r g e t s  

1 



are  of course not available,  but might be studied 5y the indi rec t  

method previously discussed. Anisotropies of the same order as f o r  

the odd-even would be expected. The fragment dis t r ibut ion of tJp-237 

(spin of 5 / 2 )  has Seen measured as  a function of e n e r a  and found t o  

be qui te  s imilar  t o  t h a t  from U-233 i n  reasonable accord with predic- 

t ions  ( ~ i 6 0 ,  ~059). The anisotropy did not seem t o  be smaller, how- 

ever, so it may be t h a t  the density 0-f i n t r i n s i c  levels  near saddle 

point  ..has an uneqectedly small e f f ec t  on the distribution. .The 

extreme d is tor t ion  of the compound nucleus i n  the neighborhood of 

saddle point mak6s any accurate description of l eve l  densi t ies  most 

d i f f i cu l t .  It seems reasonable t o  expect a substznt ial  increase i n  

l e v e l  spacing i n  even-even corn-~oul~d nuclei near seddle point, over the 

spacing exis ten t  i n  other nuclear species, par t icu lar ly  between the 

ground s t a t e  and f i r s t  i n t r i n s i c  s ta te .  Just  how substant ial  an 

increase i s  another matter. Further angular dis t r ibut ion measurements 

from odd-even ta rge ts  such as Pa-231 and  Am-241 would be valuable. 

It i s  ins t ruc t ive  t o  observe angular dis t r ibut ions obtained 

with somewhat higher neutron energies, say up t o  about ten  Mev. There 

i s  l i t t l e . . t o  be -gained by going beyond t h i s ,  as  the s i tua t ion  becomes 

increasingly.comp1icated without bringing i n  any novel features  worthy 

of study. ~ e t w e e n ' f i v e  and seven Mev the  -heavy nuclei, those with 

Z .z 90, reach a second threshold where the (n,nlf)  process becomes 

possible. A t  higher energies of course the poss ib i l i t y  of (n,xnlf)  

processes a r i se ,  where xmax '2 ~,/6 with E equal t o  the incident n 

neutron energy i n  Mev. When a neutron of s i x  o r  more Mev i s  captured 



by an even-even nucleus it may have roughly an even chance of emit t ing 

a neutron and then fissioning. In  t h i s  case the f iss ioning species 

w i l l  be even-even, res t r ic ted  t o  M = +_ 1/2, and f o r  En jus t  above the  
- 

n f f  threshold, w i l l  be expected t o  be small. I w i l l  be qui te  large, 

however, so theory predicts fragment dis t r ibut ions t o  become qui te  
' 

peaked p a r a l l e l  t o  the beam, and t h i s  i s  what actual ly  happens. Any 

detailed comparison between theory and experiment i s  d i f f i c u l t  because 

the  r a t i o  of f i r s t -  t o  second-chance f i ss ions  can only be estimated, 

and a lso  because not enough i s  known as yet about energy dis t r ibut ion . . 

within the compound nucleus t o  permit a proper calculation of z, 
especially f o r  the second-chance f iss ions.  Similar, but not as 

. . 

s t r ik ing  effects  have been found f o r  other species of ta rge t  nuclei ,, 

around the  n f f  thresholds. An excellent 'discussion of t h i s  subject i s ,  

t o  be found i n  Griffin ( ~ r 3 9 ) .  

Mention should be made of the resul ts ,  ra ther  preliminary as  

yet, from a very in te res t ing  but dj.fPj.cult l i n e  of experimentation,. ,- 

f i s s ion  from nuclei aligned a t  low temperature. This work was i n i t i a t e d  

several years ago a t  the Oak Ridge National Laboratory by Roberts, Dabbs, 

e t  a l . ,  from which a t  the present time resu l t s  a re  available from 

f i s s ion  of U-233 and U-235 induced by thermal neutrons (~a60). The 

s p a t i a l  dis t r ibut ion of the. alpha par t ic les  was a l so  measured using 

the same setup except f o r  the absence of the neutron beam. In addition, 

Hanauer ( ~ a 6 0 )  has reported on the angular d is t r ibut ion  measurements 

of alpha par t ic les  from Np-237 under the same conditions of low- 

temperature alignment; 



The co l l ec t i ve  model of H i l l  and Wheeler ( ~ i 5 3 )  pred ic t s  t h a t  

a lpha emission w i l l  be qu i te  s t rongly enhanced p a r a l l e l  t o  the  symmetry 

ax i s ,  f o r  t h e  reason t h a t  the  nuclear b a r r i e r  i s  weakest i n  t h i s  

d i rec t ion .  This i s  what has been observed; both alpha and f i s s i o n  

fragments p r e f e r r i ng  t o  come out  p a r a l l e l  t o  the  nuclear symmetry axis.  

The e f f e c t  i s  d t r e c t l y  measurable f o r  t he  alpha emission, d i r ec t i ona l  

co r r e l a t i on  increas ing l i n e a r l y  with the  reciprocal .  of t he  absolute , 

temperature. The f i s s i o n  mechanism i t s e l f  c l ea r ly  assures  t h i s  t o  be 

t h e  c a s e . f o r  f i s s i o n  fragments. Proceeding on t h i s  bas i s  then, and 

using the  concepts introduced by A. Bohr ( ~ 0 5 5 )  it i s  possible t o  

deduce from the measured dis t r ibut ion, ' some conclusions about t he  

channels (denoted here  by K, I, n, where II stands f o r  p a r i t y )  involved. 

Unfortunately, s ince  both U-233 and 1J-235 have high spins,  there  w i l l  

be many . p o s s i b i l i t i e s ;  - i n  addi t ion t o  t he  two I values there  w i l l  h~ 

seve ra l  p o s s i b i l i t i e s  f o r  K a lso ,  which makes it .impossible t o  draw 

d e f i n i t e  conclusions. The fragments from U-233 were found t o  be 

emitted i so t rop i ca l l y ,  t h a t  i s ,  without regard t o  the  d i rec t ion  of the  

symmetry ax i s  of t he  excited compound nucleus, a t  l e a s t  within e q e r i -  

mental accuracy. From t h i s ,  the  authors concluded t ha t  e i t h e r  t he  

c l lamel  (2,3, +) was responsible, o r  e l s e  a combination of more than 

one, and t h a t  i n  e i t h e r  case, channels with smallest  poss ible  K do 

not s t rong ly  predorninatc. 

A small anisotropy was found f o r  U-233, from which the  conclu- 

s ion  was drawn t h a t  101.1 K l eve l s  a r e  favored here, but t h a t  the  l e v e l  

with lowest K i s  not  the  only contr ibutor .  These f indings a re  i n  



qualitative agreement with theory, but it appears that a strong prefer- 

ence for the low K levels is lacking. Similar experiments with nuclei 

having spins of only 1/2, such as Pu-239, would be very worth~.rhile 

since only two channels could contribute to anisotropy, and these have 

strikingly different characteristic distributions. 

In addition to studies with aligned nuclei, much can be learned 

from'investigations of fission characteristics near.threshold, fission 

being induced by a beam of reasonably monoenergetic neutrons. Relative- 

ly few channels are open near threshold so that statistical analyses ' 

can be avoided in favor of individual channel analyses. If more intense 

beams of neutrons could be obtained in the 100 to 1000 kev decade, _. .:. 

energy and angle resolutions could be improved, which would facilitate . 

identificstion of individual channels. The new surface barrier particle 

detectors may turn out to offer the same possibility in n different 

manner. 

Because of the iPrell-kno~m difficulties encountered in this ener,T,. . . 

region, litt1,e work has been done on angular distributions near thresh- 

old, m d  only one individual chsrulel analysis is'knom to have been 

attempted. IIenkel and Brolley ( ~ e 5 6 )  measured the angular distribution 

of frapents from Th-232 and found very striking fluctuations near 

-Wlreshold, which seemed to correlate with wide fluctuztions in fission 

cross section. In particular, at 1.60 Mev a peak occurs in the cross. 

section and also a vcrj strong sidewise peaking of fragment distribu- 

tion, the intensity being roughly three times as great at ninety degrees 

as at zero degrees. Measurements were made at 0, 15, 30, 60, a ~ d  90 



degrees. A channel analysis .  was . ca r r ied  out  by Wilets and Chase ( ~ i 5 6 ) ,  

who found t h a t  a good f i t  could be had from a s e r i e s  of terms up t o  

I = 7/2 i n  t h e  K = 3/2- band. Their expression is :  

where t he  W(K, 1,n) a r e  derived from the  symmetric top wave functions,  

t h e  so-called D funct ions  denoted here by D(K,I,M), by taking i n t o  

account the  equal  p robab i l i ty  of occurrence of s t a t e s  with M = +1/2 

and M = -1/2, and opposite signs of KO Thus: 

s ince  from t h e  symmetry of the system it i s  c l ea r  t h a t  the  measured 

d i s t r i bu t i ons  must be independent of t he  signs of M and K. Normaliza- 

tion is s1.1ch . t.h~.t.: 

They conclude t h a t  t h e  l a rge  I = 7/2 term i s  probably due t o  f-wave 

neutrons r a the r  t h e  g, since kR the  product of neutron wave number 
0' 

and average radius of t h e  thorium nucleus, i s  about 2.4. Then t he  

I = 5/2 channel would be fed by f -wave neutrons, and the  I = 312 by 

p-wave. The s -  and d-wave neutrons would not contr ibute  t o  f i s s i o n  

through t h i s  p a r t i c u l a r  r o t a t i ona l  band because of pari.1;~. 

I f  da t a  could be obtained t o .h ighe r  accuracy it ~ ~ o u l d  be of 

i n t e r e s t  t o  compare t he  coef f ic ien t s  of the  Ws with calcula t ions  of 

pa r t i a l t r ave  cross  sect ions  f o r  compound nucleus formation using an 



opt ica l  model potent ial .  Such a potential: gives peaks a t  various ener- 

gies. f o r  the separate angular momenta, and might help t o  explain the 

large ~(3 /2 ,7 /2)  compared t o  the ~(3 /2 ,5 /2)  contribution, the s t a t i s  - 
t i c a l  fac tor  of 4/3 not being suf f ic ien t  t o  do s.0. The compilation of 

m e r i c h  (m58), which i s  based on a Saxon well, i s  appropriate and use- 

f u l  f o r  t h i s  purpose. 



CHAPTER I11 
. . . . 

MPrnIMENTAL EQUIPrnNT AND METHOB , 

I n  chapter I1 severa l  a reas  were pointed out where fu r the r  ex- 

perimentation might prove f r u i t f u l .  Of these  t h e  equipment avai lable  

a t  t he  Oak Ridge High Voltage Laboratory was bes t  su i ted  t o  pursue a 

s tudy of neutron-induced f i s s i o n  near threshold. This required a "non- 

f i s s i onab l e "  ( t o  thermal neutrons) t a rge t ,  t h a t  i s ,  one with an even 

number of neutrons. I f  individual  channels vere t o  be recognized, then 

a minimum number should be open t o  f i s s i o n  i n  the  region of exc i ta t ion  

energy under inves t iga t ion ,  3,rhich indicated t h a t  the  number of protons 

should be even a lso ,  hence an even-even t a rge t .  The number of poss ible  

channels i s  f u r t h e r . r e s t r i c t e d  i f  the angular momentum contributed by 

t h e  incident. neutrons i s  small. Thus the  f i e l d  narror~rs t o  an even-even 

nucleus with a 101.r threshold .Yor neutron-induced f i s s i on .  Since count- 

. i ng  r a t e s  w i l l  be low a t  bes t ,  .the cross  sect ion f o r  f i s s i o n  .should be 

a s  high as  poss ible .  

U-234 f u l f i l l s  t he  above conditions admirably. Furthermore, pre- 

vious measurements ( ~ a 5 5 )  had shown s t ruc tu r e  i n  the  t o t a l  f i s s i o n  cross 

sec t ion  at around an Mev neutron energy. Current concepts c a l l  f o r  a 

smoothly increas ing cross  section,  f o l l o ~ , ~ e d  by a slo-cr l eve l ing  of f ,  but  

not  a decrease. The s t ruc tu r e  had t o  'be explainable i n  terms of com- 

p e t i t i o n ,  presumably from neutron emission, i f  present theor ies   ere t o  

apply. This, then, seemed an appropriate region t o  invest igate ,  i n  vie1.r 

a l s o  of the for tunate  circumstance t h a t  su i tab le  f o i l s  of U-234 were on 



hand from the  above-mentioned work. 

This chapter w i l l  i nd ica te  the- measurements trhich were made and 

describe t h e  methods and equipment used, The de ta i l ed  r e s u l t s  b r i l l  be 

1 e f t . f o r  a l a t e r  chapter. Procedures used i n  modern f a s t  neutron exper- 

imentation have been wel l  described else1,rhere ( ~ a 6 0 ) ;  consequently, 

techniques. and apparatus >rhich a r e  standard f o r  the  t rade w i l l  only be 

mentioned by nanle. Additional remarks w i l l  be added vhen.a s i gn i f i c an t  

departure tras made. 

I. MEASURDiiENT OF TOTAL FISSION CROSS SETION 

The t o t a l  f i s s i o n  cross sect ion of U-234 was measured once again 

with improved resolut ion and higher s t a t i s t i c a l  accuracy than previous 

measurements (~a55) i n  order t o  discover any add i t iona l  s t ruc ture  which 

might be present,  a s  wel l  a s  t o  define more p rec i se ly  the  shape of t h e  

curve i n  the  region of 1-Mev neutron ener,gy. The same f o i l s ,  apparatus, 

and procedure were used, 'but i n  regions where the  cross  sec t ion  showed. 

strong var ia t ions  with energy, resolut ion was improved and more 'counts 

taken. Additional data  were a l s o  taken over the  i n i t i a l  r i s i n g  por t ion 

of the  curve, using so l i d  Z r T  and a l s o  Li t a rge t s  f o r  neutron produc- 

t i o n - i n  order t o  guard against  any chance of energy e r rors .  A gas 

t a r g e t  w i l l  produce a higher neutron f l u x  but energy e r ro r s  can creep 

i n  more readily,  usual ly  because of changes i n  pressure o r  composition 

of t he  gas i n  the  tritium c e l l .  The Li t a r g e t  permitted cross-section 

measurements t o  be ca r r ied  down t o  around 130 kev with t a r g e t s  of reason- 

able  thickness without r i s k  of e r ro r s  a r i s i n g  from the  .backwardly d i r e c t -  



ed ( i n  the center-of-mass coordinate system) neutrons. A t  energies be- 

low 120 kev such neutrons would impinge upon the f i ss ion  f o i l s  with 

energies of only a few kev. Since the U-234 f o i l  contained a fewsper 

cent of U-235 impurity, appreciable e r ror  could then a r i s e  f o r  which i n  

prac t ice  an accurate allowance would be extremely d i f f i cu l t .  Therefore, 

estimates of the cross section below about 150 kev are  very rough. A 

de f in i t e  e f f ec t  was observable, however, f o r  neutrons as low as the 

60-kev energy region. 

Additional s t ruc ture  was found a t  around 260 kev but the cross 

sect ion here i s  so low t h a t  angular dis t r ibut ion measurements would be 

impractical. Therefore, the or ig ina l  decision t o  confine the invest i -  

gation primarily t o  the energy region around 800.t0 1200 kev.was not 

a l te red .  

11. ANGULAR DTSTRIBI-PION MFASLJRmmS 

Measurements of. fragment angular. dis t r ibut ion were.made.in much 

the  same way as  those of t o t a l  f i s s ion  cross section; t h e  only d i f - .  

ference being the addition of a collimator over each f o i l ,  and improved 

angular resolution obtainedby greater  distance between counter and . 

neutron source. The U-23.5 f o i l  w a s  of course replaced by another of 

U-234, s.o tha t . .  the counter contained two nearly ident ica l  fo i l s , .  back- 

to-back, each covered with a collimator. Par t ic les  traversing a col- 

l imator were detected by an.ionization chamber of precisely the s q e  

..geometry as before. In  fac t ,  the same counter was used f o r  the angular 

d is t r ibut ion  measurements as f o r  the c,ross-section work, the,support 



posts  merely being lengthened t o  accommodate, t he  two coll imators.  

Figure 1 i s  a schematic drawing (not t o  s c a l e )  of the arrange- 

ment of counters r e l a t i v e  t o  the  neutron beam. This same arrangement 

was adhered t o  f o r  each separate  run, i r r e spec t i ve  of whether t he  3- . 

o r  the 5-14v Van de Graaff was being used. However, the  long counters 

d i f fe red  from run t o  run and t h e i r  s e n s i t i v i t i e s  were markedly d i f f e r en t .  

During any given run, however, the  long counter was not  changed, and 

furthermore i t s  gain \ras c lose ly  monitored by use of a standard Po-Be 

neutron source. The threshold counter was used t o  measure t a r g e t  

thickness and a l s o  t o  determine t he  energy l o s s  of the  protons i n  t he  

beam due t o  t r avers ing  the  n icke l  f o i l s  i n  t he  gas t a rge t .   h his tar- 

ge t  w i l l  be described i n  some d e t a i l  i n  a separate  paragraph.) The . 

threshold counter was placed c lose  t o  the  t r i t i um c e l l  of the gas tar- 

ge t  and on the  beam ax i s  ~ ihen  being used f o r  such measurements. The 

r e s t  of the  time it w a s  moved back as shown i n  t h e  f i gu re  so t h a t  i t s  

reading could serve as  a rough check on the  performance of the  long '. 

counter. 

Construction d e t a i l s  of long counters have been more o r  l e s s  

standardized and .a re  described i n  Ma60. Jkperience has shown them not  

t o  be a s  energy independent i n  response as .was  o r i g i n a l l y  thought. 

There i s  a l s o  a not iceable  response t o  room-scattered neutrons desp i te  ' 

t h e  shield '  which surrounds the  pa r a f f i n  moderating cyl inder  and counter. 

A s  employed i n  t h i s  work, however, these  two f ac to r s  did not  a f f e c t  t he  

accuracy of the  measurements. 

The f i s s i o n  de tec to r  containing the  ttro f o i l s ,  and with collima- 

t o r  holes i n  the  two coll imators or iented a t  90 degrees t o  each other,  
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was capable of providing the  r a t i o  of fragment dens i t i es  a t  any two 

angles d i f f e r i ng  by ninety  degrees merely by appropriate o r ien ta t ion  of 

t he  counter r e l a t i v e  t o  the  beam axis .  The r a t i o  of fragment emission 

p a r a l l e l  and perpendicular t o  the  beam was obtained f o r  many neutron 

energies between 400 and 3500 kev, and f o r  these  points  the  long counter 

r iading had no d i r e c t  bearing on the  r e su l t s .  However, it was noted a t  

occasional  i n t e rva l s  along with t h e  in tegrated beam current ,  a s  the  

r a t i o  of these two provided a convenient running check on the  quant i ty  

of tritium remaining i n  the  gas t a rge t .  

The premium on generator time led t o  periods of continuous opera- 

t i o n  f requent ly  i n  excess of 24 hours and i n  one case exceeding 80 hours 

by a s ing le  experimenter. Under such circumstances it i s  useful  f o r  t he  

individual  t o  be able  t o  absent himself from the  control  room from time 

t o  time. This proved possi'ble s ince  the  running time a t  a given counter 

and energy s e t t i n g  varied from one t o  severa l  hours. A microphone 

placed near the  magnetic counters and connected e i t h e r  t o  the  telephone 

system o r  the  building annunciator permitted t h i s  freedom, a s  it allow- 

ed the  experimenter t o  maintain a check on the  progress-of  the  work 

from any place within the  building. The r e l a t i v e  counting r a t e s  of t h e  

various counters served f o r  t h i s  purpose, and trere read i ly  ascertained 

siiicr nu t w o  magne.l;ic cow-1;ers so-ulded a l ike .  

More complete invest igat ions  were undertaken a t  th ree  neutron 

energies where the  fragment i n t ens i t y  r a t i o  (30/120) degrees, equiva- 

l e n t  t o  the  (30/60) degree r a t i o ,  was a l so  measured. In order t o  

normalize t h i s  r a t i o  t o  the  (0/90) r a t i o ,  the  long counter reading tras 



required. During such a run care was exercised t o  see t h a t  the scat-  

t e r ing  geometry i n  the ta rge t  area remained unchanged; tha t  is, no 

equipment w a s  moved which might a l t e r  the percentage of neutrons 'scat- 

te red  in to  the long counter. Under these conditions, and with frequent 

checks of r e l a t ive  counting efficiency, it was f e l t  t h a t  negligible 

e r r o r  was introduced by use of the long counter as  a monitoring device: 

10 
The threshold detector consisted of a short, thick B F counter 3 

tube sur r0unded.b~ paraf f in  moderator and a cadmium shield. I t s  small 

s i ze  made it convenient f o r  checking t a rge t  and f o i l  thicknesses, a t  

which times . i t  was placed i n  the posit ion shown f o r  the f i s s ion  counter. 

Figure 2 i s  a schematic diagram of the electronic equipment which 

w a s  kept as simple as  possible. Ident ical  channels served to,amplify,  

c l ip ,  discriminate, and record pulses from the,two ion chambers i n  the 

double f i s s ion  counter. The low count rates  led t o  some departures 

from standard.techniques i n  order t o  reduce background counts from 

noise, or loss  of data by electronic  fa i lures . .  To t h i s  end special  

preamplifiers were b u i l t  with high signal-to-noise level,  and with pos- 

i t i v e  output pulses so t h a t  a long cable could be driven without over- 

loading the l a s t  tube. , A rather  high amplification, of around 100, 

w a s  employed i n  order t o  reduce the chance of noise pickup i n  the cables 

between the preamplifiers and the amplifiers., as it was necessary f o r  . .  

these cables t o  be quite long. A clipping time of a'bout 0.38 micro- 

second was incorporated i n  each preamplifier. . . 

Power was supplied through a 2 kv-a . isolation transformer with 

a grounded e l ec t ros t a t i c  shield.  It was found by t r i a l  t h a t  the best  
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grounding arrangement resu l ted  from grounding the  spec i a l  preamplif iers 

d i r e c t l y  t o  t h e  metal f l o o r  of t h e  t a rge t  room, and t h a t  some f u r t h e r  

bene f i t  was derived from a l so  grounding t h e i r  e lec t ron ic  power supply. 

This i s  of i n t e r e s t  s ince  it i s  of ten  s t a t ed  t h a t  a s ing le  ground i s  

b e s t  f o r  freedom from noise.  Although a very good s t a r t i n g  assumption, 

t h i s  experience showed t h a t  sometimes small  add i t iona l  gains can be 

- real . ized by add i t i ona l  grounds, due no doubt t o  t he  complicated i n t e r -  

p lay  of 'the many widely dis t r i 'buted and unavoidable capaci t ive  and 

magnetic couplings t o  various ex te rna l  sources of noise. That t h i s  

method was indeed e f f ec t i ve  was sho~m by t h e  f a c t  t h a t  the  system could 

be l e f t -  f o r  severa l  days a t  a time without picking. up a s ing le  noise 

count i n  e i t h e r  f i s s i o n  channel. Alpha pulses came i n  only below 15 

v o l t s  on t he  discriminators,  whereas a l l  data  were taken a t  30. There- 

fo re ,  e r ro r s  from these  two sources were deemed negl igible .  Thorough 

background checks were, however, made a t  i n t e rva l s  not exceeding 8 hours 

apart,. ' 

. The r e s t  of t he  e lec t ron ic  c i r c u i t r y  was qu i te  standard. Most 

of i t  had been developed i n  t he  laboratory f o r  o ther  purposes at  various 

times. The current  i n t eg ra to r  w a s  designed by Floyd Glass of Oak Ridge 

~ a t i o n a 1 ' ~ a b o r a t o r ~  i n  1953 ( ~ ~ 5 3 ) ,  and deserves spec i a l  mention f o r  

i t s  outstanding precis ion,  dependability, and s t a b i l i t y .  

Data were taken i n  a s e r i e s  of 12 runs from one t o  two weeks 

duration.  These usual ly  a l t e rna ted  between t he  3- and 5-Mv generators, 

and were separated by periods of severa l  weelrs during which times the  

equipment w a s  thoroughly checked, and t he  f i s s i o n  counter, with i t s  



f o i l s .  and coll imators undisturbed, vas immersed i n  a . b a t h  of thermal.  

neutrons f o r  normalization. The small  percentage (5.82%) of U-235 i m -  

pu r i t y  present i n  the  U-234 foi ls .made t h i s  possible.  The same normal- 

i za t ion  f igure  vas a t t a ined  each time, t h a t  i s ,  the  r e l a t i v e  counting 

r a t e s  of the  two f o i l s  remained constant  from run t o  run. Dividing 

the  data  between runs afforded a p a r t i a l  check on possible systematic 

e r ro r .  To derive t h e  g rea tes t  advantage from t h i s ,  t he  t o t a l  data  on 

any s ing le  energy poiii-L was always divided among severa l  runs, t he  

r e su l t s  allrays being found consis tent  within s t a t i s t i c a l  l im i t s .  

The f i s s i o n  counter was mounted so  t h a t  it could be rota ted 

about a v e r t i c a l  ax i s  which passed through t he  center  of the  f o i l s  

along a diameter. It could a l so  be rota ted about i t s  own axis', which 

passed through the  centers of the  f o i l s  normal t o  t h e i r  surfaces.  By 

means of proper ro ta t ions  about these  t ~ r o  axes it was possible t o  

o r ien t  the  coll imator holes a t  any angle from 0 t o  360 degrees r e l a t i v e  - 

t o  the  neutron beam. Data f o r  each point  were fur ther  divided i n  

roughly equal  proportions about the 360 degrees. That i s ,  f o r  a point  

\There only the  (0/90) degree r a t i o  was desired,  the  f r o n t  coll imator 

assumed angles of 0, 90, 180, and 270, while t he  r ea r  one d i f fe red  .b'j 

90 degrees. For t he  th ree  points where data  were taken a t  0, 30, 60, 

and 90 degrees, the  same system was followed; t he  ac tua l  data  being 

taken a t  30 degree i n t e rva l s  around t he  e n t i r e  c i r c l e ,  with roughly 

equal s t a t i s t i c s  f o r  each posi t ion of the  counter. This technique 

proved t h a t  syrrmetry i n  the angular d i s t r ibu t i ' ba  exis ted about 90 de- 

grees, so  t h a t  f o r  analysis ,  a l 1 , d a t a  could be folded.back i n t o  the  



f i r s t  quadrant. It a l s o  showed the  absence of aberra t ions  from possible 

asymmetry i n  counter design o r  f o i l  mounting. A comparison of t h e  data 
I 

a t  any given energy a l s o  served t o  check the  accuracy of t he  normaliza- 

t i on ,  and shoved t h a t  t h e  thermal normalization was indeed cor rec t  f o r  

t h e  f a s t  f l u x  t o  wi thin  counting s t a t i s  t i c s .  Conversely, by appropriate 

averaging of t h e  da ta  it was poss ible  t o  el iminate t h e  need f o r  the  

normalization f i gu re  en t i r e ly .  

A f u r t h e r  check was ca r r ied  out from time t o  time against  the  

p o s s i b i l i t y  of systematic e lec t ron ic  e r ro r s .  On a given counter s e t -  

t i ngs ,  leads were interchanged at the  back of the  f i s s i o n  counter so 

t h a t  p a r t . o f  the  da t a  w a s  obtained with reversed channels.. These checks 

.al~,rays.gave t h e  same r e su l t s ,  showing freedom from e lec t ron ic  b ias .  

Occasional v i s u a l  checks of pulse shapes from the  l i n e a r  ampl i f ier  out-  

pu t s  were ca r r i ed  ou t  with f a s t  oscil loscopes.  These always showed the  

pulses  t o  be clean,,unadorned with n0is.e e f f ec t s ,  as  would be expected 

f rorn t he  f a c t  that- the  no ise  l e v e l  always remxined well  below 5 vol t s ,  

usua l ly  1 o r  2, whereas t he  f i s s i o n  pulses C~ere of the  order  of 80 

v o l t s .  Frequent checks were made of gain s t a b i l i t y  of t he  f i s s i o n  

channels. A d r i f t ' o f  one v o l t  d i f ference between the  two channels 

would cause an e r r o r  of 0.8% due t o  t he  slope of the  b ias  curves. How- 

ever, d r i f t s  r a r e l y  exceeded one-fourth of t h i s  amount, so  e r ro r s  from 

t h i s  source were a l s o  considered t o  be negl igible .  A b ias  curve i s  

shown i n  Fig. 3, taken f o r  f i s s i o n  fragments from the  thermal f i s s i o n  

of U-233, with col l imator  and counter conditions i d e n t i c a l  t o  those 

p reva i l ing  during the  f a s t  neutron measurements. 



UNCLIISSIFIED 
ORNL- LR - DWG 54284 

30 35 
DISCRIMINATOR BIAS (vo l t s )  

Fig. . 3 .  ~ o l l i t k t e d ,  Fiss ion D e t e ~ t 3 r  Bias Curve. . . .. . 



The foregoing considerations indicate t h a t  e r rors  from electronic 

sources, noise, and alpha par t ic les  a re  negligible, and tha t  no aberra- 

t i ons  were introduced by counter asymmetries. Thermal f lux  normaliza- 

t ions  were consistent,  and so many counts were taken tha t  s t a t i s t i c a l  

uncertainty w a s  only of the  order of 0.1% and so could be neglected. 

Where the  long counter w a s  used t o  normalize between angle r a t io s  the 

e r ro r s  were believed t o  be negligible, and s t a t i s t i c a l  accuracy de- 

pendent only on the fisskon~courlCs since the long counter count r a t e  

was extremely rapid, over 1000 times tha t  of the f i s s ion  counters. 

Other possible sources ,of e r ro r  as  well  as energy and angular 

resolution a re  discussed i n  the next two sections which deal more. . 

spec i f ica l ly  with the f i s s ion  counter and the gas target .  

The Collimated Fission Detector. Figure 4 shows the construe- - 
t i o n  of the f i s s ion  chamber with the  two collimators i n  place. The 

f o i l s  have been described i n  d e t a i l  i n  La55. Each contained 4.00 mg 

of uranium i n  t h e  f o h  of .the oxide, mostly U 0 la ted over the area 
3 8' I? 

of.  a one-inch diameter c i rc le 'on  one .side of a 0.002 inch thick nickel 

f o i l  2.13 inches i n  diameter. The isotopic composition was: 

U-234 = 96.162 + - .03$ , ' 
U-233 = 2.82% + - .03$ , 
U-238 = 1.02% + - .02$ . 

.These f o i l s  were placed back-to-back between the two collimators, with 

spacing of 0.015 inch between the plated surface and collimator surface. 

They were ident i f ied  by the numbers, 24KI.2, which faced towards the . . 

f ront  of the counter,' a id  24Kl1, which faced the r ea r  during a l l  the 
. . 
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measurements with f a s t  neutrons. Deposition densi t ies  could eas i ly  

have. varied by as much as. 20s from the airerage of 0.8 mg per cm2 over 

t h e  plated area, and t h i s  coupled with self-absorption ef fec ts  and 

collimator hole locations could. account f o r  the departure of 1274 from 
, 

uni ty  i n  the normalization factor .  

Normalization measurements were carried out as follows: Since 

absorption of thermal neutrons i n  the f o i l  bacKings w a s  not negligible, 

a measurement was f i rs t  made with f o i l  and collimator assembly i n  t h e i r  

reversed order, followed by a s imilar  measurement with them i n  t h e i r  

normal order ( tha t  order which prevailed during the runs with f a s t  

neutrons). collimators and f o i l s  were handled as a s ingle  un i t  when 

the  order was changed, so tha t  no re la t ive  motion took place between 

them. The r e su l t s  from.the f i r s t  normalization measurements were-as .  

follows :. . s  

Reversed, order:. (24Kl1, 24~12) :  F/R = 1.145 

Normal order (24~12; 24KI-1) : R/F = - 1.060 

Average = 1.102 

where F f r o n t  f o i l  count, R = rear  f o i l  count, and the quantit ies i n  

parentheses r e f e r  to. f o i l  posit ions i n  the sequence (F,R) . The average 

va lue  was considered correct f o r  i'ast neutrons since t h e i r  absorption 

i n  the f o i l s  was negligible.  Subsequent normalization checks consisted 

i n  merely remeasuring the R/F count r a t i o  with the normal order, avoid- 

ing the necessity of disturbing the arrangement. 

After some preliminary runs.with f a s t  neutrons the counter w a s  

disassembled, the uranium f o i l s  removed, axid clean aluminum f o i l s  



subst i tu ted.  The counter was then exposed t o  the  f a s t  neutron beam a t  

an energy of 3.7 Mev f o r  a half  hour a t  normal i n t ens i t y .  The r e su l t -  

ing  count of zero f o r  each channel Groved t h a t  the re  was no background, 

such a s  might have exis ted i f  any f i s s ionab le  mate r ia l  had become 

loosened from one of t h e  f o i l s  and lodged near t he  s ens i t i ve  areas  of 

t he  counter. 

Following t h i s  background check t he  f o i l s  of uranium were 

replaced and renormalized wi-th thermal neutrons, t h i s  time giving a .  

value of 1.12 f o r  the  r a t i o ,  (R/F), t o  be applied t o  r e s u l t s  obtained 

from subsequent data  with f a s t  neutrons.. The f o i l s  and coll imators 

were not  disturbed again and a l l  subsequent checks confirmed t h e  con-' 

s tancy of t h i s  f i gu re  throughout the  duration of t he  experiment. 

Ehch coll imator consisted of a f l a t  d i sc  of aluminum 0.060" 

thick,  with 0.020" (NO. 76 d r i l l )  diameter holes bored through it a t  

45 degrees t o  the  normal over t h e  a rea  of a 1.375 inch dianieter, cen- 

t r a l l y  located c i r c l e .  Holes were spaced 0.0396" apa r t  along rows, 

with rows spaced 0.028" apar t ,  r e su l t i ng  i n  1340 holes per  coll imator.  

The d r i l l i n g  of so many small holes a t  45 degrees t o  t he  normal required 

g r ea t  care  and s t i l l  g rea te r  patience.  One man worked severa l  months 

t o  complete t h e  two. Figure 5 shows one i n  t he  process of construction,  

and Fig, 6 shows t h e  completed a r t i c l e .  

A coll imator reduced the  f i s s i o n  counting r a t e  by a f a c t o r  of 

275 compared t o  the  r a t e  without it (2n geometry). Pa r t i c l e s  which 

succeeded i n  t ravers ing  t he  holes without co l l i d ing  with t h e  w a l l s  were 

0 
l imi ted t o  a maximum departure o f  13.2 from the  ax i s  of collimation, 
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0 and an average departure of 5.1 . Calculations t o  t h i s  e f fec t  a re  

contained i n  the Appendix. 

Of those pa r t i c l e s  which struck the walls by f a r  the maj.ority 
. . 

penetrated in to  the aluminum and'were los t .  However, a  very small 

percentage scat tered-  out in to  the ion chamber. Most of these retafned 

insufficient 'energ?r t o  be counted, but a few had suf f ic ien t  energy re- 
. . 

rnaining t o  'cause pulses i n  excess of the discriminator set t ing.  , The 

charac ter i s t ics  of coulomb scak1;eriilg a re  such tha t  t h e ~ e  pai'~"l;icles 

deviated only s l i g h t l y  from the direction of the collimator axis,  on . . . . 

the  average, and so did not impair the angular resolution. ,Arguments . . .  
. .. 

8 : 

i n  support of t h i s  conclusion may be found in. the Appendix,. 

Neutrons from the primary beam were scattered by the collimator 

and other  pa r t s  of the  counter, as  well as  from nearby objects outside 

the  counter. Below one Mev these col l is ions were nearly a l l  e l a s t i c ,  

and infrequent enough so tha t  only. s h a l e  scat ter ing ~leecled t o  be co11- 

sidered. There was present a t  the f o i l s  then, a  secondary f lux  very 

nearly random i n  direct ion and with energy only a few per  cent below 

t h a t  of the primary beam. This enhanced the observed isotropic  p a r t  

of the  fra&neit  angular d is t r ibut ion  suf f ic ien t ly  t o  warrant a  correc- 

t ion.  I t s  magnitude i s  energy dependent, and has been est,imated'in the 

Appendix f o r  the  three  energies a t  which the more com~le te ,angular .d is -  

t r ibu t ion  analyses were carried out, 
. . 

The two .ion chambers were ident ical ,  designed t o  take f d l '  

advantage of, t he  difference i n  the. specif ic  ionization versus range 

charac ter i s t ics  of alpha- par t ic les :  aid . f i ss ion  ff igpentgo The. counting 



gas was a mixture of 975 argon plus 3% C02 a t  one atmosphere absolute. 

The distance &tween the  plated surface and col lector  p l a t e  measured 

a1ong:the direction of collimation amounted t o  7.2 mm. The range of 

the.  4.78-Mev alpha pa r t i c l e  from U-234 was 33 mm, so only the  early 

portion of t h i s  range, where specif ic  ionization density i s  f a i r l y  low, 

lay  within the cointin(: volume, a f t e r  the par t ic les  buried them- 

selves i n  the collector.  Range of a medium heavy (60 Mev) f i s s ion  

fragment i s  20 mm. I t s  high i n i t i a l  charge, gradually l o s t  as  it pro- 

gresses along i t s  path, causes the ear ly p a r t  of the track t o  yield 

high ionization density, and much of t h i s  l ay  within the counting 

volume. The f o i l s  were f a i r l y  th in  compared t o  these ranges. A " 

par t i c l e  s t a r t ing  at the bottom of the deposit and t ravel ing i n  the '  

direction of collimation was obliged t o  t raverse on the average, 

1.13 mg/cm2 of uranium, equivalent t o  a range of 2.4 mm i n  the gas. 

Such a pa r t i c l e  would s t r i k e  the col lector  with a residual range of 

2 % .  Fission fragments, unlike alpha par t ic les ,  have a continuous d is -  

t r ibut ion  of energy, ,but very few have energies below 40 Mev and even 

these would produce a count i n  the chamber. However, a few do occur 

with lower energies, and Eome a re  added'by sca t te r ing  from the c o l l i -  

mator walls and serve t o  eccount f o r  the s l igh t  slope of the f i s s ion  . . 

bias  curve ( ~ i g .  3) .  

This chamber, designed as it was, t o  discriminate against  pulses 

from alpha pa r t i c l e  pile-up, w a s  used i n  the i n i t i a l  measurements of 

of(u-234), where t h i s  feature was required since the 2n counting 

geometry allowed many alpha pa r t i c l e s  t o  .be emitted within the resolving 



time of ch,mber and amplifier. The addition of collimation,made t h i s  

a matter of l e s s  importance due t o  the reduction of 275 i n  the count 

ra te .  The preamplifiers had a clipping time of 0.38 microsecond, and 

e l ec t ron~co l l ec t ion  time i n  the chamber was 0,08 microsecond, A col- 

l ec t ion  voltage of 300 vo l t s  (center p l a t e  negative) was furnished by 

a s m a l l  'hinimax" ba t te ry  which proved t o  be the idea l  .power supply. 

About 170 v o l t s  ( E / ~  = 0.65 volt/cm/mm ~ g )  was estimated t o  be adequate 

f o r  . sa tura t ion .  (~a60,  p. 471) ,. and once saturated the change i n  pulse 

s i ze  with col lect ion potent ia l  was very small, so tha t  ordinary changes 

i n  bat tery voltage were of no importance. 

Gas was continuously .supplied t o  the counter from a cylinder 

and reducer at a r a t e  of .about 0.1 .stan?ard cubic foot  per hour. :Be- 

tween runs the  counter was not connected t o  the tank and so quite soon 

became f i l l e d  with air. -I t  was found by several t r i a l s  t h a t  flushing 

with counter gas a t  a r a t e  of one cubic foot  per hour f o r  15 minutes 

alvrays served t o  res tore  pulses t o  t h e i r  f u l l  height. Pr ior  t o  s t a r t -  

ing a run the counter w a s  always flushed f o r  a t  l e a s t  30 minutes t o  

insure proper pulses. Back diffusion of a i r  i n to  the chamber was 

inhibi ted by connecting t o  the e x i t  port  a l i n e  of 1/8 inch copper 

tubing about 15 f e e t  i n  length which led back t o  a small flow meter 

mounted a t  the  supply tank. Materials within the counter were limited . 

t o  clean metal, teflon, and fluorothene ( fo r  mounting posts and insula- 

t o r s ) .  However, an ungreased rubber O-ring was used t o  s e a l  , the  cover 

ana w a s  found n o t . t o  be detrimental t o  .pulse size.  The gas flow could 



be stopped f o r  several hours before any noticeable diminution occurred 

i n  pulse s i ze  o r  count rate.  

The ~ritiuh Gas Target. Conventional tritium gas ta rge ts  employ - - 
a single th in  f o i l  f o r  admitting the proton beam t o  the gas ce l l .  They 

a re  limited t o  currents of the order of 2 microamperes (at 2-Mev proton 

energy) by excessive diffusion of tritium through the hot f o i l ,  o r  . 

actual  melting of the f o i l  by the beam. With such a l imitat ion t h i s  

experisrlent would have been impractical. A good ro ta t ing  lithium ta rge t  

can accommodate currents up t o  about 8 microamperes without excessive 

evaporation of the lithium deposit. Table I gives the re la t ive  neu-Lron 

yields st zero d.egrees f o r  t r i t im an6 lithium targe ts  a.t the same beam 

current and t a rge t  thickness. After the  resonance i n  the ~ i ( ~ , n )  

reaction has been passed, the r a t i o  rapidly and continuously improves 

i n  favor  of the tritium. 

TABLE I . .. 

RELATIVE NEUTRON YIELD OF TRITIUM AND LITHIUM TARGETS 3 a 

AT ZERO DJEREh3  FOR THE SAME BEAM CURREDIT AND TKE SAME 
TARGET TKICICNESS I N  KILOVOLTS 

Neutron Ehergy Ratio of Neutron Yield 
i n  Mev ~ r i  tium/~ithium 

400 2.8 

450 1.0 



The li thium target.was deemed unsuitable due:to i.ts ,low yield 

over the  energy .region of in t e res t ,  and a lso  because of the added - 

burden of corrections f o r  the e f fec ts  of the second group of neutrons 

which would have been present over t h i s  region. Consequently a new . 

tritium gas t a rge t  was b u i l t  which permitted much la rger  beam currents 

t o  be used. 

The tritium c e l l  was separated. from the  evacuated beam tube by 

a second narrow c e l l  through which helium was pumped a t  high veloci.l;y. 

This c e l l ,  7 , O  mm i n  length, was separated from the vacuum system by 

means of a 0.0001" thick nickel f o i l ,  and from the tritium c e l l  by a 

s imilar  f o i l .  These f o i l s  were unsupported over a 3/16" diameter c i r c l e  

through.which the proton beam passed, A pressure d i f f e ren t i a l  of one 

,atmosphere could be maintained with safety across each of the two fo i l s .  

The helium entered the c e l l  through two s l i t s ,  0.013" ,x 0,194", in-  

clined at a grazing angle of 20' t o  the f 6 i 1  suri'aces. The gas was 

circulated by means of a two-horsepower, hermetically-sealed, Copeland 

refr igerat ion.  compressor which had a f r e e  gas capacity of about 10 cubic 

f e e t  per  minute. The pressure a t  the i n l e t  of the compressor was some- 

what below atmospheric so tha t  only about 6 o r  7 cfm were actual ly  

' circulated.. (A word of warning: Helium .has a very low e l e c t r i c a l  

'oreakd~t.~l voltage. The wind ies  of a hermetically-sealed motor- 

cornpressor uni t  a re  imrnersed i n  the gas a.l; i n l e t  pressure. In some of 

the e a r l i e r  work a single-phase, 208-volt motor. with a capacitor i n  

se r i e s  w i t l  the seconcl, o r  split-phase was used but soon de- 

veloped trouble from e l e c t r i c a l  flashover as the capacitor winding 



operated a t  potentials i n  the neighborhood of 400 volts from ground. 

Its replacement by a three-phase, 208-volt motor, >we-connected, with 

the neutral grounded ended the trodole, since no potential exceeded 

120 volts  with respect t o  ground. ) Assuming: a pressure of one atmos- 

pliere absolute t o  exist 8.t the exits  of the s l i t s  i n  Llle helium cooling 

c e l l  and 6 cfm to be circuLated, the velocity would be 21~83 ft/sec, 

or 84$ of sonic. 

Figure 7 sllows the gas target  i n  place on the end of the proton 

bem tube, and the f ission counter s i t t i ng  out i n  front  of it. Figure 

8 i s  a block diagram of the gas-handling system, not to  scale. Figure 

9 shows the construction of the gas target and an expanded view of the 

helium cooling cel l ,  Considerable o i l  l e f t  the high-pressure outlet  of 

the compressor with the gas, and it was imperative tha t  th i s  be removed 

before the gas entered the cooling cel l ,  as otherwise it would have 

become carbonized by the beam and have formed a coating over the two 

thin nickel fo i ls .  This would have interfered with cooling and also 

increased the energy loss i n  the beam, and led to  f o i l  burnout. It was 

effectively removed by use of two conventional o i l  traps i n  series, 

followed by two f i l t e r s  with cotton f iber  elements, and f inal ly  a char- 

coal trap. The l i t t l e  safety valve was made vacuum t ight  and served t o  

bypass the gas from the high t o  the low side of the pumping unit when 

the pressure differential  exceeded a preset amount of about 50 pounds 

per square inch. This permitted the compressor t o  be started, and then 

the gas flow through the target t o  be increased slowly and carefully 

i n  order to  avoid undue s t ra in  on the foi ls .  



Fig. 7. Fission Counter and Gas Target Setup. 
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The en t i r e  system was made vacuum t i g h t  t o  helium leak detector 

standards. This was essent ia l  since with use the helium became highly 

contaminat.ecl with tritium. The permeability of a metal f o i l  t o  a gas 

i s  an exponential function of temperature. The nickel f o i l s  ordinari ly  

ran a t  a du l l  red heat, under trhich condition very l i t t l e ,  gas t ransfer  

took place between the tritium and helium ce l l s ,  but l oca l  hot spots, 

which might approach the melting point of the nickel, were prone to  

develop from time t o  time usually due t o  i n s t a b i l i t y  of the beam 

diameter. Under these conditions t ransfer  of helium and tritium would 

occur through the f o i l ,  Actual breakage took place quite frequently 

causing the loss  of the tritium in to  the helium circulat ing system. 

Since t h i s  had been anticipated i n  i t s  design, no harm was done other 

than the time l o s t  i n  replacing the f o i l  and recharging the tritium 

cel l .  

The f o i l  on the vacuum side of the helium c e l l  ruptured occasion- 

a l ly ,  permitting the contaminst'l;ed l~elium t o  escape in to  the beam tubc. 

A fast-operating magnetic vacuum valve was ins ta l led  i n  the tube about 

three f e e t  fmm the gas target ,  s e t  t o  slam shut i n  response t o  a 

signal 7 m m  a n  ion gauge which was located closer t o  the  ta rge t ,  This 

ion gauge was connected to  a meter and an electronic  uni t  i n  the  con- 

t r o l  room, Any sudden increase i n  pressure served t o  close the valve 

and a lso  to  remove the charging current  from the Van de Graaff be l t ,  

This system worked so rapidly and well  t ha t  a f o i l  f a i l u r e  woul? not 

dis turb the  vacuum i n  the accelerator tube, and the operator was not re- 

quired t o  take any action u n t i l  he was ready t o  replace the f o i l .  



, The two 1/8" diameter beam co1,limators ahead of the gas c e l l  

were e l e c t r i c a l l y  i so la ted  and connected through meters t o  ground. 

Current readings on these meters compared t o  tha t  from the  gas c e l l  

served as a f a i r l y  good check on alignment and also on the  sharpness 

of focus. The importance of the sharpness of focus of the  proton beam 

can be i l l u s t r a t e d  by the f a c t  t h a t  f o i l s  which vould operate perfect ly  

a t  22 microamperes with a properly diffuse beam would blow i n  a few 

seconds a t  3 microamperes with a sharply focussed beam. 

The currenl..handling a b i l i t y  ..of the '  t a rge t  depended on- the 

effectiveness with which the f o i l s  could be cooled and also on the ex- 

t e n t  t o  which the beam could'be made uniform i n  current density 0ve r . a  

c i r c l e  118'' 5n diameter. Both fac tors  could undoubtedly be great ly  i m -  

proved. The geometry of the cooling cel1'11as predicated largely on in-  

tu i t ion .  A more sopliisticated program of development, would almost 

cer ta in ly  yield subs tant ia l  improvement. No e f f o r t  whatev'er was made 

t o  improve bean] optics.  Strong-focus lenses of the ty-pe commnn1.y used 

nowadays on long beam tubes (one was used i n  t h i s  experiment) a re  

notorious f o r  the magnitudes of t h e i r  aberrations. Improvement i n  beam 

uniformity would seem t o  o f fe r  considerable potent ia l  f o r  improvement 

i n  current handling a b i l i t y  of the target .  Developments along these 

l i n e s  were not pursued, however, since there were indications t h a t  

fu ture  work- might weil  be res t r ic ted  t o  the  5-Mv generator which a t  the 

present time . i s  not capable of producing even 22 .microamperes with any 

sustained r e l i a b i l i t y .  It i s  a matter of record tha t  the target  once 

operated a t  33 microamperes f o r  ten minutes without f o i l  burnout. This 



was, of course, on t he  small generator where beam opt ics  a r e  known t o  

be superior. A 50 microampere t a r g e t  would seem t o  be a d i s t i n c t  

pos s ib i l i t y .  However, t o  u t i l i z e  t h i s  on t he  la rge  generator would re-  

quire  d r a s t i c  re-design of the  e n t i r e  op t i ca l  system, probably even in -  

cluding electrode shapes i n  the  upper half  of the accelerator  tube. 

Summary. The equipment and methods of experimentation were 

designed t o  minimize the  occurrence of systematic e r rors .  An analysis  

of a l l  known sources of such e r rors  has been presented, from which the  

conclusion i s  d r a ~ m  t h a t  all a re  negl igible  compared t o  s t a t i s t i c a l  

uncer ta int ies  with the  exception of a small i so t rop ic  contribution t o  

t h e  angular d i s t r ibu t ion  contributed by neutrons sca t te red  from corn- ,, 

pone~lt pa r t s  of the  counter, and t h e  magnitude of t h i s  e f f e c t  has been 

estimated i n  the  Appendix. 

There ex is t ,  of course, addi t ional  uncer ta in t ies  a r i s i n g  from 

the  f i n i t e  spread i n  energy of the  neutron beam and from the  lack of 

sharpness i n  t h e  angular d i s t r i bu t ion  measurements. This angular 

0 
spread amounted t o  a 5.2 average angular uncertainty from the  c o l l i -  

mator, 4.5' from the  neutron beam, and an estimated 2' i n  alignment of 

counter with t he  bem axis ,  a l l  of which compounds t o  a t o t a l  angular 

0 
uncertainty of 7.1 . 

A gas t a rge t  was constructed which i s  capable of handling ten 

times t he  current of a conventional s i ng l e - fo i l  t a rge t .  It can produce 

up t o  1.2 x 101° neutrons per  second a t  an average energy of 2.2 Mev 

and t o t a l  energy spread of 60 kev. 



. . 
CHAPTER IV 

EXPERIMENTAL RESULTS 

The o r ig ina l  data taken during t h e  course of these investiga- 

t i o n s  comprised some 250 pages of observations of f i s s i o n  fragment 

angular dis t r i 'but ions  from U-235 and U-234 a s  well  a s  t o t a l  Fission 

c ross  sect ion measurements on U-234. They have been combined and 

grouped i n  Tables I11 t o  I X .  

Table I1 l i s t s  absolute f i s s i o n  cross  sect ion measurements made 

on U-235 by B. C .  Diven ( ~ i 5 7 a )  i n  the  energy region between 400 and 

1600 kev. This 5ras a comparison experiment wherein t h e  f i s s ion  cross 

sec t ion  was compared t o  t h e  n-p sca t te r ing  cross sect ion by use of a 
. . 

double ionizat ion chamber. The presently accepted values f o r  U-233 

i n  t h e  Mev region a s  shown i n  Fig. 11 a r e  based on these values and 

on others  which have been normalized t o  them within t h i s  energy bracket. 

The r i s e  i n  t h e  cross  sect ion occurring a t  around 900 kev was inves t i -  

gated. fur ther  by Diven ( ~ i 5 7 b )  wi$h b e t t e r  neutron energy resolution, 

which showed t h a t  it i s  ac tua l ly  much more abrupt than. t he  srnoothed 

curve given i n  t h e  Brookhaven Compilation, SNL-325 ( ~ ~ 5 8 ) .  The r i s e  

must be in te rpre ted  a s  s ignifying the  onset of f i s s i o n  through one or 

more new channels ~rh ich  become avai lable  a t  t h i s  energy. According t o  

current theor ies  t h i s  should (except f o r  a r a r e  coincidence) lead t o  

a sr;all change i n  t h e  fragment angular d i s t r ibu t ion ,  and f o r  t h i s  

reason the  (0/90) degree r z t i o  of fragment i n t e n s i t i e s  was measured 

. over t he  energy range between 850 and 1050 kev with t he  best  resolut ion 



TAELE I1 

ABSOLUTE MEASUREMENTS OF of (u -235)  ( ~ i  5 7 a )  

E~ (kev ) o f ( b a r n s )  



obtainable from t h e  gas t a r g e t .  No de f in i t e  change w a s  d iscernible  

wi th in  t h e  l i m i t s  of accuracy imposed by energy spread and counting 

s t a t i s t i c s ,  but t h e  go in t s  d id  seem t o  exhibi t  somewhat more marked 

devia t ions  from t h e  norm than d id  those ly ing  outs ide  t h i s  region of 

e n e r a .  This rnay be ind ica t ive  of t h e  presence of s rmll  f luc tua t ions  

i n  angxlar d i s t r i bu t i on ,  c lose ly  spaced energywise, so  t h a t  t h e i r  

t r u e  shape was obscured by t h e  e n e r a  spread i n  t h e  neutron beam. 

This would be l og i ca l ,  s ince  t h e  anrplitudes of' t h e  f luc tua t ions  ought 

t o  be small because of t h e  presence of many other  channels already 

open t o  f i s s i on ,  and i f  t h e  r i s e  i n  cross  sec t ion  i s  abrupt t h e  f luc-  

t ua t i ons  should be c lose  together  i n  e n e r a .  However, t h e  data  a r e  not 

adequate t o  support any conclusions other than t o  s t a t e  t h a t  no l a rge  

f l uc tua t i ons  t ake  place.  

The t o t a l  f i s s i o n  cross  sec t ion  of U-234 was measured by com- 

par i son  with U-235 i n  a double f i s s i o n  chamber ( t h e  one shown i n  Fig. 

4 but without t h e  coll imators ) . Some of these  measurelaents 1av.e a l-  

ready been described ( ~ a 5 5 ) ,  but f o r  t h e  purpose of more p rec i se ly  

determining t h e  shape of t he  curve, many more measurements have been 

made, and Table V l i s t s  a l l  measurements. The curve i s  presented i n  

Fig. 12 with po in t s  omitted s ince  t h e i r  inclus ion would, by t h e i r  very 

number, obscure some of t h e  d e t a i l  i n  regions of i n t e r e s t .  

The angular d i s t r i bu t i on  measurements on U-235 as well  a s  those  

on U-234 required correct ions  f o r  a f l u x  of neutrons s ca t t e r ed  from 

components of t h e  f i s s i o n  detector .  This i s  discussed i n  t h e  Appendix, 

and following t h e  procedure ou t l ined  t he r e in  t h e  magnitude of t h e  



ef fec t ive  f l ux  a s  a percentage of t h e  primary f l u x  i s  p lo t t ed  a s  a 

function of energy , i n  Fig. 10. A s  recounted i n  t h e  Appendix t h e  d i f -  

ference between t h e  curve f o r  U-235 and t h a t  f o r  U-234 stems from 

t h e  f a c t  t h a t  some of t h e  s ca t t e r i ng  w a s  i ne l a s t i c ,  and so  degraded 

i n  energy below t h e  f i s s i o n  threshold f o r  U-234. The cross  sect ions  

f o r  computation of these  curves were taken from t h e  compilation of 

Howerton ( ~ 0 5 9 )  with some smoothing t o  allow f o r  t h e  neutron energy 

spread extant  i n  t h i s  work. This spread w a s  greater  f o r  t h e  primary . 

f l u x  in tegra ted  over s ca t t e r i ng  objects  than  f o r  t h e  same f l u x  incident  

on t h e  f i s s i o n  f o i l s  s ince  t he  s ca t t e r i ng  objects  subtended a grea te r  

range of beam angle than d id  t h e  f o i l s .  

Tables I11 and I V  l i s t  t h e  combined data on angular distri- 

butions from a l l  runs on U-235. The tabu la ted  counts have been nos- 

malized f o r  f o i l  i nequa l i t i e s  by dividing t h e  counts obtained from 

t h e  r ea r  (heavier)  f o i l  by t h e  normalizing f ac to r  of 1.093. Counting 

s t a t i s t i c s  were calcula ted a f t e r  normalization and so a r e  s l i g h t l y  

conservative. These and other uncer ta in t ies  a r e  expressed i n  per  

cent standard deviations.  A 20$ uncer ta inty  i s  assumed t o  e x i s t  i n  

t h e  s ca t t e r i ng  correct ion so t h a t  where t h i s  correct ion a l t e r s  t h e  

angular d i s t r i bu t i on  by l$ an add i t iona l  uncer ta inty  of 0.2:; i s  

presumed t o  be introduced i n t o  t h e  measurements by t h e  inadequate 

knowledge of t h e  nature of t h i s  sca t te red  f lux.  This stems la rge ly  

from lack of accurate knowledge of s ca t t e r i ng  cross  sect ions .  The 

source of e r ro r  i s  unimportant f o r  U-235 but f o r  U-234 at  843 kev 

it becomes subs tan t ia l .  
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Fig.  10. Neutron Flux Scattered by Counter Components, and Zffect ive  i n  
Causing F i ss ion  i n  the  Uranium Fo i l s .  Expressed as a Percentage of the  Primary 
Flux Incident  on the  Fo i l s .  



TABU I11 

MEASUREMENTS OF FRAGMENT ABJGULAR DISTRIBUTIONS FROM U-235 FISSION 

Fragment i n t ens i t y  r a t i o ,  .R 

' Corrected f o r  
Observed s ca t t e r i ng  Per centa 

En(kev) ( 0/90 > ( 30/60 j 7 0/90 > ( 30/60 )i uncer ta in t ies  

a In  these  measurements t h e  add i t iona l  uncer ta inty  introduced 
by t h e  s ca t t e r i ng  correct ion i s  negl igible  i n  comparison with t h e  
s t a t i s t i c a l  uncer ta inty  so t h a t  t h i s  represents  t h e  t o t a l i t y  of 
known sources of e r ro r .  It i s  expressed i n  per  cent standard de- 
viat5.ons. 
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Fig. 11. Total  Fiss icn Cross Section, and. Fragment Angular Dis t r ibut ion f o r  u~~~ Obtained 
from Neutron Induced Fission.  The Lower Curie Shows the  Ratio of Fragments Emitted a t  0" t o  
those Eni t ted  at  90" with t he  Neutror Beam. The 3 Points so Marked a re  t he  Ratios of Frag- 
ments ~ r n i t t e d  a t  30" t o  those a t  60'. 



TABLE IV 

NORMALIZED FOUR-POINT ANGULAR DISTRIBUTIONS FOR U-235, 
AT NEUTRON ENE8GIES OF 844, 1052, AND 3690 KEV 

Cor- 
rec ted  

Fiss ion Monitor Normal- f o r  $I u n c e r t a i n t i e s  
counts counts i zed s c a t  - Count- Scat-  

@ + 64 L 40360 r a t i o s  t e r i n g  i n g  t e r i n g  To ta l  

For 844 + 42 kev inc iden t  neutrons - 
o 125.5 4821 1. ioo 1.115 1.12 0.30 1.16 
3 0 57.5 ' 2228 1.091 1.105 1.65 0.28 1.67 
60 53.2 2228 1.047 1.09.1 1.68 0.14 1.69 
go 1i4.1 4821 .l.ooo 1.000 1.17 o 1.17 

For 1032 + 30 kev inc iden t  neutrons - 

For 3690 + 39 kev inc iden t  neutrons - 



The U-234 angular d i s t r i bu t i on  data  required an  add i t iona l  

cor rec t ion  f o r  t h e  small percentage of U-235 contaminant. This was 

always small and t h e  e r r o r  introduced thereby i s  negl igible  i n  com- 

par ison with counting s t a t i s t i c s .  The data  from a l l  runs have been 

co l l ec t ed  and tabu la ted  i n  Table V I  a f t e r  t h i s  simple correct ion w a s  

made. Tables V I I ,  V I I I ,  and I X  l i s t  i n  g rea te r  d e t a i l  t h e  r e s u l t s  
1 

f o r  t h e  t h r ee  energies a t  which more complete angular d i s t r i bu t i on  

measurements were made. Normalization against  t h e  long counter 

monitor permits i n t e n s i t i e s  a t  a l l  angles t o  be r e l a t e d  t o  t h a t  a t  

90 degrees which has been a r b i t r a r i l y  s e t  equal t o  uni ty .  The point  

at  843 kev w a s  f u r t he r  corrected f o r  t h e  e f f ec t  of' neutron energy 

spread i n  reducing t h e  observed value of t h e  peak i n  t h e  d i s t r i bu t i on  

belov i t s  t r u e  height.  Since t h e  ac tua l  shape of t h e  peak i s  not 

known, only an approximate correct ion can 'be made. A s ine  shape was 

assumed w i t h ' a  peak a t  843 kev and zero amplitude a t  643 arid 1043 kev 

f o r  t h e  p lo t  of 

then  

n A = A s i n  - (E - 643). o 400 

Averaging over a neutron energy spread of - + 39 kev about the .peak 

shows t h a t  t h e  measured A w a s  1% below t h e  t r u e  value, Ao. Although. 

t h e  ac tua l  shape of t h e  curve i s  probably not s inusoidal  it i s  f e l t  

t h a t  t h e  inc lus ion  of a cor rec t ion  of t h i s  form brings t h e  r e s u l t s  



. TABLE V 7 

MEASUTImImTS OF THE FISSION CROSS SETION OF U-234 TO 4054 KEV 

Per cent 
b ' 

o,(u-235)" of (u-231.1) 
of (u-234 ) - counting 

E; (liev ) a,7v-235J i n  barns i n  bzrns s t a t i s t i c s  

Run No.. 1. Neutrons from L i  (p, n )  rea.ction 

a These values a re  from the  second ed i t ion  (1958) of BNL-325 
( ~ ~ 5 8 )  and were up t o  date  a s  of January, 1961, 

blhese a re  believed t o  r e f l e c t ' t h e  accuracy t o  which t he  c m s s  
sect ion r a t i o s  were measured, o ther  knotm sources o f . e r r o r  being 
small by comparison ( ~ a 5 5 ) .  However, the  possibil i ' ty of systematic 
e r r o r  cannot be excluded, but would not be expected t o  exceed one , 

per  cen-L. The uncertainty i n  the  U-234 cross sect ion i s  therefore  
defined pr inc ipa l ly  by t h a t  of U-235, which i s  of the  order of f i v e  
per  cent. 

C 
This 'boint"  .was obtained by bombarding L i -7  with protons 

j u s t  enough above threshold ( lo& kev)  t o  give a maximurr! neutron 
energy' of 68 kev. Due t o  center-of-mass motion they a r e  not mono- 
energet ic  a t  t h i s  low energy, 



TABLE V (continued) 

of (u-234) Per cent of (u-234) . bf(u-235) counting 
~ ~ ( k e v  ' i n  barns i n  barns s t a t i s t i c s  

R u n  No. 2. Neutrons from ~ ( p , n )  reaction. Z r t  target .  

Run No. 3. Neutrons from ~ ( p , n )  reaction. Gas target .  



TABLE V (continued) 



TABLE V (continued) 

Per cent  
counting 

~ ~ ( k e v )  i n  barns i n  barns s t a t i s t i c s  



T A B U  V (continued) 

Per cent 
of (u-234 ) of ( u-235) "f( U-234 ) counting 

En(kev) a,(u-235) i n  barns i n  barns s t a t i s t i c s  

Run No. 4. Neutrons from ~ ( p , n )  react ion.  Gas t a r g e t .  
8 .  

13un No. 5 .  T,k~~trons  from ~ ( ~ , n )  react ion.  G a s  t a r g e t .  . . 
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MEASUmMEWIS  OF FRAGMENT A N G U M  DISTRIBUTIONS FROM U - 2 3 4  FISSION 

ZYagment i n t ens i t y  r a t i o ,  R 
a 

Corrected f o r  $ uncer ta in t ies  
Observed s ca t t e r i ng  Count - Scat-  

E (kev) ( o / ~ o )  (30/60) 10/90) (30/60) ing  t e r i n g  Total  
n  

a 
The s ca t t e r i ng  and t o t a l  uncer ta in t ies  f o r  t h e  (30/60) degree 

r a t i o s  a r e  l i s t e d  d i r e c t l y  below those  f o r  t h e  (0190) degree r a t i o s .  
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Fig. 12. Total Neutron-Induced Fission Cross Section, and Ratio of 
Fragments Emitted at O0 to those Emitted at 90' to Neutron Beam Axis. The 
Three Points so Marked are the Ratios of Fragments Emitted at 30" to those 
Emitted 'at 60'. 



' T A B U  V I I  

FOUR-POINT ANGULAR DISTRIBUTIOIt. FOR, U-234 AT 843 KEV 

Iiun S3 Run L> Total  
Fission Monitor Normal- Fiss ion Monitor Nomml- f i s s i o n  
 count^ counts '  i zed  counts counts i zed  counts . 

Q + 64 . + 40960 r a t i o s  + 64 + 40960 r a t i o s  + 64 . % +  . . 
I 

Net 1-101-- Corrected f o r  $ uncer ta in t ies  .... I 

malized Neu1;ron 
f i s s i o n  energy Scat-  Count- Energy Scat-  

63 r a t i o s  . U-235 spread t e r i n g ,  ing spread t e r i n g  Total  



TABLE V I I I  

F13UR-POINT ANGULZR D1STF:IEXJTION FOR U-234 AT ,1051 KEV 

Run S4 Yhn' Lkt Run L6 
Fiss ion Nor- Fiss ion Monitor. >lor-. Ff s s ion  Monitor Xor- 
counts malized counts caulrts m l i z e d  counts counts malized 

8 + 64 r a t i o s  + 64 + 4W63 r a t i o s  + 64 ? 40960 r a t i o s  

. . Net nor - 
mli zed Corrected f o r  
f i s s i o n  Scat  - 
r a t i o s  u-235 t e r i n g  

76 uncer ta in t i e s  
Count - Scat  - 
ing  t e r i n g  Tota l  



FOUR-POII\T A N G U M  DISTRIBUTION FOR U-234 AT 3735 EZV . 

Run L1 3un L3 Iiun L4 
Fission Monit 3r Ear- Fission Monitor Nor- . Fission bionitor Nor- 
counts counts r a l i z e d  counts counts malized counts counts nlalized 

8 + 64 + 4Q60 r a t i o s  - + 64 + 4 @ 6 0  r a t i o s -  $ 6 4  + 4W60 r a t i o s  

Net nor - 
Total  malized Correcked f o r  '$ uncer ta in t ies  
c ount s f i s s i o n  Scat - Count - Scat - 

8 + 64 r a t i o s  U-235 t e r i n g  ing t e r i n g  Total  



c lo se r  t o  r e a l i t y  and a l s o  serves t o  %ndicate the -order  6f magnitude. 

of erro; t o  be.expected from t h i s  source. A t r u e  evaluation would i n -  

volve runs with successiv.ely th inner  t a r g e t s  and an extrapolat ion of 

shape t o  zero energy spread, which i s  impractical  due t o  t h e  sniall- 

ness of t h e  e f f e c t  and t h e  low count r a t e  obtainable.. 

The poss i 'b i l i ty  of therr,mlized room-scattered neutrons a f f e c t  - 
, . 

i ng  t h e  angular d i s t r i bu t i on  measurements on U-235 was considered, and 

t o  check on t h i s  t h e  counter was surrounded v i t h  a 0.020 inch th ick  

s h i e l d  of cadmiuni. iqatios of 0 ~ ( 0 / 9 0 ) ~  were measuredat  energies of . . 
, . 

424, 506, 742, 845, 940, and 1020 kev and conipared t'o s imi la r  measure- 

ments without t h e  cadmium; Agreement w a s  within s t a t i s t i c s  and t h e  

averaged r a t i o s  with and without cadmium both aniounted t o  1.07. Con- 

sequently t h i s  e f f ec t ,  although c e r t a i n l y  present,  was t o o  small t o  

be detected.  It would l i e  i n  a d i r ec t i on  t o  make t h e  measured rat ' ios 
- 

c lo se r  t o  un i t y  than  they  should be. 

'l'hese r e s u l t s  a r e  subjected t o  f 'urther analyses i n .  the  nexf; 



COMPARISON OF RESULTS. WITH THEORY 

An e f f o r t  w i l l  be made i n  t h i s  chapter t o  determine t h e  channels 

contr ibut ing t o  t he  f i s s i o n  of U-234 near threshold and a l so  t o  ass ign 

very approximate r e l a t i v e  s t rengths  t o  them. This i s  .accomplished by 

combining theory and experiment i n  a manner trhich cor re la tes  ' the  ex- 

perimental r e s u l t s  as  c losely  with the  theory a s  poss ible  subject  t o  

the  requirement t h a t  t he  ' r e su l t s  make sense.  o or example a negative 
t: ' 

magnitude f o r  a channel s t rength  does not  make sense.) 

I n  addi t ion t o  t he  shape of t he  angular d i s t r i bu t i on  it i s  a l s o  

poss ible  t o  make quan t i t a t ive  est imates of the  maximum possible  con t r i -  

bution which can be made by a given channel. Such l imi t ing  values a r e  

found by calcula t ing a d i f f e r e n t i a l  cross section,  a ( Q ) ,  f o r  formation K 

of a compound nucleus with angular momentum cornj?onent K along t he  

symmetry ax i s  z l ,  which i s  oriented a t  an angle 8 & i t h  respect  t o  t he  
. . 

laboratory z axis ,  taken a s  the  d i rec t ion  of the  beam of neutrons 

incident  on the  U-234 t a rge t .  The method of accomplishlng t h i s  i s  on 

f a i r l y  so l i d  ground, the  major inaccuracy r e s t i ng  with t he  neutron 
+ 

transmission f ac to r s ,  ( ~ e 6 2 ) .  The d i f f e r e n t i a l  cross  sec t ion  obtained 

i n  t h i s  way may be in tegrated t o  f i n d  t h e  react ion cross section,  o r 

ar = of + annl + a  + a  e a f + a  
ce 7 n '  ' 

where : 

a = . t o t a l  f i s s i o n  cross section.  f 



a .  = cross section f o r  ine la s t i c  neutron scattering. nn' 

u = compound-elas t i c  cross section (neutron leaves the 
ce 

compound nucleus by i t s  entrance channel). 

u = absorption cross section. Negligible f o r  f a s t  neutrons 
Y 

i n  comparison with a o r  a . 
f n 

a f i s  avai lable  t o  good accuracy from experiment, so on can be found 

from t h i s  and the c a l c d a t e d  or. ace i s  not needed f o r  the channel 

analysis.  It can be obtained by a Hauser-Feshbach ( ~ a 5 2 )  analysis 

once u has been calculated. It w i l l  be of the order of a barn a t  one 
n 

Mev ..but w i l l  f a l l  rapidly .as t h e .  exci ta t ion energy increases since 

addi t ional  channels come i n  ever more rapidly. The r a t i o  af/on, tillich 

i s  usually referred t o  i n  t h e - l i t e r a t u r e  as ff/,:, i s  of d i rec t  i n t e r e s t  

t o  the channel analysis. It i s  t h i s  fac tor  and the calculated angular 

d is t r ibut ions  f o r  the various K balds -(;hat are combined with the experi- 

mental angular d is t r ibut ion  to  delineate the modes contributing t o  

f i ss ion .  Most unfortunately however the r f /m  calculated above i s  nn 

average over a l l  channels  hereas as what i s  desired i s  t h i s  r a t i o  f o r  each 

separate channel. This i s  not obtainable with any reasonable accuracy 
. . 

and herein l i e s  the point o f  greatest  w~cer~l;ain.l;y i n  the evaluation of 

f i s s i o n  l eve l  strengths. Only very crude estimates can be made of 

y r f /ln = / ( I >  + f' ) f o r  the individual channels a t  t h i s  stage of 
f t  f n 

our knowledge. This should be kept c lear ly  i n  mind i n  what i s  t o  follow 

a s  it i s  f o r  t h i s  reason tha t  the estimates of channel strengths must be 

regarded as indicat ive only of sensible, but not unique assignments. 



For a U-234 . t a rge t  no.attempt i s  made t o  recognize individual 

channels above a bombarding energy of 1 0 p  kev, and not at a l l  f o r  

U-233 since s t a t i s t i c a l  methods would need t o  be resorted to ,  and in  

order t o  obtain useful information from such methods it i s  necessary t o  

have a large amount of information on one o r  more nuclei. S t a t i s t i c a l  

methods d i f f e r  sharply from those found useful  f o r  s ing le  channel 

analyses so a r e  not discussed i n  t h i s  paper. Some excellent experi- 

mental work a t  higher neutron bombarding energies where such a method 

applies has been carr ied out by Simmons and Henkel ( ~ i 6 1 ) .  Analyses of 

t h i s  and other work have been made by various authors, notably i n  t he  . 

works of Griffin, Halpern, and S t ru t insk i  l i s t e d  i n  the  Bibliography. ,:.;!a: 

The non-local op t i ca l  po ten t ia l s  of Perey and Buck ( ~ e 6 2 )  have - 

+ 
been used t o  obtain transmission factors ,  Tk-, f o r  neutron energies of - 

500, 850, and 1050 kev. Through the courtesy of F. Perey machine . 

calculations were carr ied out yielded the  sca t te r ing  matrix S. 

where 

+ 
The'$ i s  a s t a t i s t i c a l  average of Td and TL- and can be compared 

d i r ec t ly  wi-th the  n~o'l'e usual Td fac tors  such as' those of Elmerich 

(h58). The more sophisticated TLI ( fo r  reactions where channel spin 



has only a single value, such as f o r  neutrons,on spin-zero targets  
+ 

where th i s . can  be wri t ten simply as  T$-) include the e f fec ts  o f . sp in -  

o r b i t  coupling and should therefore be somewhat more accurate,. par- 

t i c u l a r l y  f o r  d i f f e r e n t i a l  cross sections. Note t h a t  the cross section 

f o r  formation.of .a compound nucleus with spin I may be written: . 

The . . p a r t i a l  reaction, cross sections a (L) are shown on Fig. 13. 
C 

The strong p-wave . interac$im i s  character is t ic  of the fissionable 

nuclei  under neutron bombardment. 
. . 

I. DERIVATION OF K-BAND D1FFEREVTIA.L CROSS SECTIONS 

To derive the d i f f e ren t i a l  cross section consider now a' plane 

wave of spinless (spin ' w i l l  be introduced l a t e r  on) par t ic les  traveling 

i n  the z direction. Such a wave has the form eikz, which f o r  kr>>.e 

approaches .the asymptotic expression: 

The outgoing part ,  Ao, of t h i s  wave w i l l  be modified by col l i s ion  with 

the  ta rge t  nucleus so tha t  the r e su l t  w i l l  be: 

Along the z axis (Q=o), using the re la t ion  
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Fig. 13. P a r t i a l  Cross Section f o r  t he  Formation' of ~o&ound .Nucleus by Neutrons on u* '~ .  



t h i s  becomes : 

The compound nucleus formed by the absorption of a neutron w i l l  

i n  general be deformed. Consider axes t o  be fixed i n  t h i s  nucleus such 

t h a t  z t  i s  along the  .major 'symmetry axis, and take f3 t o  be the angle 

between the z and z 1  axes. Then the orientation of the body-fixed 

(primed) axes re la t ive  t o  the laboratory (unprimed) axes i s  defined by 

I the  D function, DMK(af3y) (see Appendix D),  so t h a t  

Let the incident f lux  be N = v = &/M% and the absorbed f lux  be Nr. 

Then or = N,~N and ( ~ l 5 2 ,  page 321) : 

The specif ic  nuclear factors a re  contained i n  the/? . B .  



= C I 4- IK(R)~~> cmoM 
I j m  

jL1 l 2  

The e f fec t  of the channel spin, j,.having z component m now 

appears f o r  the f i r s t  time, whereas i n  a rigorous development it would 

have been introduced a t  the very beginning, which would have immensely 

complicated the development without changing the resu l t .  The reason 

tha t  i t s  introduction can be postponed u n t i l  t h i s  point i s  t h a t  the 

cross section i s  an average over incoming spin s t a t e s  and such an 

average i s  independent of the choice of reference axes. This i s  dis-.- 

cussed i n  ~ $ 3 2  but can be easi ly  visualized without recourse t o  mathe- 

matics. It would of course not be t rue  f o r  cases where polarization 
- 

o r  alignment exis ts ,  thus rendering cer ta in  m values more probable than 

'others. Buck and Satchler ( ~ ~ 6 2 )  have derived the cross section f o r  

compound nucleus formation i n  terms of the transmission fac tors  by the 

more detailed method wherein channel spin i s  introduced a t  the' outset .  

In  addition the spin functions a re  orthogonal so that :  

where integration extends over the nuclear volume. 

In the general case it i s  however necessary a t  t h i s  point t o  

take account of possible interference ef fec ts  between d i f fe rent  o r b i t a l  



angular momenta,.a, as these befng pa r t  of the same wave are  coherent. 

But i n  the spedial  but very commonly occurring case where spin-half 

pa r t i c l e s  a r e  incident on spin-zero targets ,  such as i s  the s i tua t ion  

here, there w i l l  be no interference between values because pa r i ty  

e f f e c t s  insure t h a t  only a  s ingle  .k wave can contribute t o  a given 

compound s t a t e ,  (1n). Therefore, bearing i n  mind t h a t  the equation i s  

s p e c i f i c a l l y  f o r  even-even ta rge ts  one can write: 

P 2 121+1)(2l+l1 
o ( ~ )  = t Ijmt 2j+1  ti^ J ~ ~ ' ~ 1 ~  mom I D J ~  . 

42 X2 (21+1)(2l+l) TLI o(e)  = 8 : 
I C l /21~12 1 

~m L mom 

But ( ~ 0 5 7 ) :  

-K. 2 1/211 2 
o,(@) = ,w. J; (21+1) (2.4!+1)~ PI k1Ix -KKO P x (-l)m~llX -mmo )C mom I (*PC) 

XIB m 

From Appendix D: 

z ( l l i f  I, jx) 
c P P t 4 ( . u ' I I ; x j ) =  

1 /2 (x+~ ' -  L) 
000 

. . .- 

- . - ~ ( L I P I ,  jx) (20e 
(21+1) i-lm-2;) 



(-1) -~-1 /2  4 2 I I x  
o,(e) = 8 

L  XI^ (-1)X'2(21+1)Te1C - I M o ~ ( 1 ~ % ~ , 1 / 2 x ) ~  x 

where 

Clearly the W(U)  must be closely related t o  the square of the 

D functions and must involve a sum over possible m values (m = 2 1/2):,. 

and fur ther  it must depend only on f3 and hence on the small d function, 

&(B). The re la t ion  is:  

The mgle  (3 i s  the second N e r  angle i n  the rotat ion af3y and so cor-. 

responds t o  8 i n  the notation (6 0v) and since it i s  usual t o  express 

angular dis t r ibut ions i n  terms of 8, henceforth f3 w i l l  be replaced with 

8, recal l ing tha t  t h i s  angle refers  t o  the probabi l i ty  d is t r ibut ion  of 

the symmetry axis of the spheroidal compound nucleus, and thus t o  the 

direct ion of fragment emission. 

Interference ef fec ts  w i l l  not be observed among the.outgoing 

fragments because each e x i t  channel as  defined here by what a simple 

ion chamber measures contains many modes which are  summed over, thereby 

washing out the interference ef fec ts  from close-lying I n  levels,  and 



yielding the symmetry about 90' which i s  character is t ic  of f i s s ion  

fragment angular dis tr ibut ions.  Consequently only even powers of x 

appear i n  the  summation i n  terns of the Legendre polynomials, ~ ~ ( c o s ~ ) .  

+ 
Now replace TeI by Tk.- 5 TO, I= 1 + 1/2). Then the expressions pe r t i -  

n e n t ~ t o  channel analysis may be written i n  an eas i ly  remembered array 

which brings out the physical significance of the parameters with 

c l a r i t y .  The ~ ~ ( 8 )  are  the cross sections f o r  formation of a compound 

nucleus with a component, K of angular momentum along the major symmetry 

a i i s ,  and with t h a t  axis  oriented a t  an angle 8 with the neutron beam, 

i.e., a K-band d i f f e ren t i a l  cross section. The angular dependence fo r  

the  band as a whole does depend on par i ty  because the re la t ive  strengths 

of the levels  within a band depend on the transmission factors.  These 

fac tors  f o r  even .& values w i l l  be found only i n  the even par i ty  K bands 

and those with odd k i n  the odd pa r i ty  bands, 
n t-- 



TABLE X 

THE !{(XI) AS ~ C T I O N S  o? 8 

NOTE: W(KI) 2 Z ( ~ I  LI,~/~x)P~(cos 8). 
X 

+1 5 W(KI)~(COS Q) = 1. w($ 2) = 1/2 for ELI angles. .5.. 
-1 



The W(KI)  a r e  posi t ive de f in i t e  functions of Q symmetrical about 90°. 

They have been tabulated up t o  K = I = 7 /2  by Mrs. Nancy Dismuke of the 

ORNL Math. Group. Figure 14 shows a p lo t  of these functions, and 

numerical values a re  l i s t e d  i n  Table X. They may a lso  be expressed 

.simply i n  terms of the Legendre Polynomials, P (cos 8); the more common 
X 

ones a re  given i n  Table X I .  

TABLE XI 

THE W(KI) EXPRESSED I N  TEFNS OF THE LEGENDRE POLYNOIvlIALS. 

Coefficients of:  .-..- m.",.*-- 

The w(KI) as defined above are  automatically normalized.so that :  
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Fig. 14. Theoretical Fission Fragment Angular Distributions for Fission Through Pure 
Rotational States, W(K,I)  . ' 



Consequently the integrated cross section becomes: 

= n ; ~ ~  [sum of coefficients of the W ( K I 2  . (23) 
Kn 

a s reaction cross section = a 
1/2+ + 5 / 2 -  r 

where - 
. 

21+1 

A p a r t i a l  cross section, would yield a f i s s ion  fragment 

angular d is t r ibut ion  d i r ec t ly  only i n  the unlikely s i tua t ion  where all 

capture decayed by f i s s ion  through the (Kg) band. Then the coefficients 

of the W(U) would give the  r e l a t ive  probabi l i t ies  of f i s s ion  v i a  the 

various (KIn) leve ls  within t h a t  band. The same would s t i l l  be t rue  

i f  two bands d i f fe r ing  In par i ty  coexisted. If two bands of l i k e  

p a r i t y  coexisted then the coefficients of the W(KI)  of t h i s  common 

pa r i ty  would equal the sum of the f i ss ion  probabi l i t ies  through the two 

leve ls  of the same ( In) .  

Actually however, neutron emission always competes very strongly 

(c k>/ usually) with f i s s ion  and with unequal strengths f o r  d i f fe rent  

levels .  Accurate predictions of f i ss ion  fragment angular dis t r ibut ion 

could i n  theory be made providing the locations of the f i r s t  few K 

bands near saddle point were known along with the signs of the de- 

coupling constants i n  the case of K = 1/2 bands, and i f  a l l  levels  open 

t o  neutron decay i n  the ta rge t  nucleus were known as well  as the laws 



governing decay t o  such levels. Turning the thing about, experimental 

measurements of some of these things may yield information abo'ut others. 

For example, f i s s ion  measurements may provide information on ine la s t i c  

neutron scat ter ing processes as well as on the re la t ive  locations of 

(fi) bands i n  highly distorted nuclei. 

11. D E A Y  BY NEUTRON EMISSION 

Neutron emission, by proceeding more readily from some compound 

s t a t e s  than others causes the re la t ive  leve l  strengths f o r  f i s s ion  

through a given K b'and t o  d i f f e r  from the re la t ive  formation strengths. 

To make an estimate of t h i s  e f fec t  a modified HF analysis was carried 
'1" 

out t o  f ind the re la t ive  ease of neutron emission, P(IK), from each of 

the (1n) levels .  This was done f o r  incident neutron energies of 500, 

850, and 1050 kev. ~ ( 1 s )  = 2 T (E,') summed over a l l  possible decay 
it 

channels and, hopefully, t o  a l l  available levels,  i t ,  i n  U-234. Table 

X I 1  shows these levels.  Note tha t  three have been postulated on the 

basis of nuclear systematics. Decay t o  these three i s  comparatively 

l i g h t  due e i the r  t o  t h e i r  high spin o r  energy. Decay t o  the ground 

s t a t e  gives r i s e  t o  the so-called compound-elastic scattering. The 
I 

P(IX) include th i s ,  of course, but the re la t ive  probabi l i t ies  of decay 

. to the ground l eve l  were also separated out and used with other fac tors  

t o  compute uce, the compound-elastic scat ter ing cross section, a quan- 

t i t y  which cannot be d i rec t ly  measured. A s  a matter of general i n t e re s t  

the complete tabulation i s  given i n  Table X I I I ,  whereas the summations 

used i n  the f i ss ion  analysis a re  given i n  Table XIV.  The transmission 



fac tors  used i n  t h e i r  computation were those of h e r i c h  (&158) since 

the PB factors  are not ye t  available as functions of energy. For lack 

of b e t t e r  information, decay t o  the beta and octupole levels were 

t reated on the same basis as decays t o  the ground.state band. 

Table XV l i s t s  a few nuclear parameters determined from combina- 

t i o n  of theory and the experimentally evaluated f i ss ion  cross sections. 

The capture cross section i s  assumed t o  be negligible compared t o  

f i s s ion  and neutron emfssion. nle  to ta l ,  scattering, and reaction 

cross sections have been obtained from machine calculations using the 

PB potent ials  through the courtesy of Francis Perey. The cross section 

f o r  neutron emission, On, i s  taken as the difference between this 

reaction cross section, u ,  and the measured f i ss ion  cross section, Of' 

Then /h/G, a function pertinent t o  f i ss ion  fragment angular distribu- 

t ion  analysis, i s  simply un/uf. This i s  j of course, the average over 

a l l  channels. uce i s  obtained then from the AF analysis and on. 

One can see by inspection tha t  neutron emission should not 

appreciably af fec t  the re la t ive  in tens i t ies  of f i ss ion  from levels 

within any given K band except the two 1/2 bands. For these, the 

ground s t a t e  levels  would be expected t o  have higher pf/< than the 
- .  

average over all levels  within the  band. A t  ,500 kev since ($/<)wl 

the individual </< = $/( < + 7 ) may be taken as very nearly in  
n 

inverse proportion t o  the P(IYT). A t  the  higher energies a somewhat 

more accurate but s t i l l  quite approximate method i s  used. 

The major sources of e r ro r  are believed t o  l i e  with the assump- 

t ions.  For example, it has been assumed tha t  ine las t ic  neutron scattering 



TABLE XI1 

ENERGY LEVELS I N  U-234 (~a59, ~ 0 6 0 )  

~ ( k e v )  K - Ilr - Type of Level Comments 

Oc tupole 

Beta 

Octupole 

Beta 

Beta 

Oc tupole 

Gnd. s t a t e  rot.  band 

Ditto 

Ditto 

~ n d .  s t a t e  

Postulated 

Ditto 

Ditto 

Observed 

Ditto 

Ditto 

Observed 

Observed 

Ditto 

- - 



TABLE XI11 

DECAY O F  ~ - 2 3 ~ *  BY NEUTRON EMISSION a 



TABLE XI11 (continued) 



TABLE X I 1 1  (concluded) 

En1 Ti ' En" TLf 
Ill Eel Tdl - - i l n  j' e( --  - -  -- 

tkelative intenst t ies of neutron emission from the various (1n) 
s ta tes  of the compound nucleus U-235* formed by neutrons of energy 
En incident on U-234, i f  a l l  decay proceeded by neutron emission. 



TABLE X I V  

RELATIVE FORMATION AND NEUTRON DECAY FACTORS FOR COMPOUND STATE? 

Com-poxnd 
level  
I x 

",Summation of transmission factors f o r  neutron emission from 
levels  (In) . i n  compound nucleus U-235 t o  the levels  l i s t e d  i n  Table XI1 
f o r  incident neutron energies f Y O ,  850, and 1030 kev. 'lhe l a s t  9 three columns give u, (1n)2/n F 



TABLE XV 

%educed from calculations based on the non- 
local optical  model potential of Perey and Buck, the 
Hauser-Feshbach analysis, and measured fission cross 
sections for neutrons incident on 'u-234 with energies 
of 500, 850, and 1050 kev. (capture cross sections 
assumed negligible. ) 



probabi l i ty  i s  independent of whether the  daughter s t a t e  i s  a ground 

s t a t e  ro ta t iona l  l e v e l  o r  one b u i l t  on a beta  o r  octupole vibration.  

In tu i t i ve ly  one would not expect t h i s  t o  be so. 

111. DECAY BY FISSION 

Figure 12 shows extrema i n  of (Q) at  neutron energies of approx- 

imately 500, 850, and 10% kev. The counting r a t e s  a t  500 kev were 

extremely low so t h a t  measurements were l imited t o  a determination of 

the (0/90)O ra t io .  The sca t te r ing  matrices obtained from the non-local 

po ten t ia l s  of Perey and Buck yielded the  spin-dependent neutron t rans-  

mission fac tors  l i s t e d  i n  Table XVI. From these the  theoretical .Kx band 

angular d i s t r ibu t ions  a re  calculated and compared with r e su l t s  of 

measurements a t  the  above three energies. Crude estimates of the  

e f fec t s  of neutron competition based on the computations of the pre- 

ceding paragraph a re  made i n  each case i n  order t o  assist i n  a r r iv ing  

at  -approximate p a r t i a l  cross sections f o r  f i s s i o n  through the  con- 

t r ibu t ing  KIfi channels. 

Figures ,15 and 16 show the  angular d i s t r ibu t ions  at 850 and 

1050 kev and the  l e a s t  squares f i t s  t o  the  da ta  points.  These f i t s  a r e  

given on the  curves i n  terms of the  Legendre polynomials. 

Arlalysis - at  500 kev, - A t  t h i s  energy maximum sidewise peaking 

occurs with a fragrnent i n t ens i ty  ra t io ,  of (0/90)O = 0.50. The f i s s i o n  

cross section i s  0.5 barn, and the  c d c d a t e d  reaction cross sect ion i s  

4.27 barns. Plugging the transmission fac tors  obtained fmm the PB 

sca t te r ing  matrix i n t o  the equations f o r  uKn(8), h e  obtains: 



Fig. 15. Fiss ion Fragment Angular DistrLbution f o r  um4 Excited by 843 kev Neutrons. 
Curve Obtained by Least Squares F i t  t o  t h e  F ~ u r  Data Points.  
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Fig. 16. Fission Fragment Angular Dis t r ibut ion f o r  u~~~ Excited by .lo51 kev Neutrons. 
Curve Obtained by Least Squares F i t  t o  t he  Four Data Points. 
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TABLE XVI 

NaTTRON TRANSMISSION FACTORS FOR U-234 

The T from h58 are l i s t e d  f o r  comparison with the rQ from the PB P 
potent ial ,  - 



a(@)1/2- = .2lO [ .702~($ $)+1.620~($ :)+ . 0 y i ~ ( l  2 5)+ 2 .128W(: L C .  :)I ) 

The sidewise peakLng makes it c lea r  t h a t  a K = 3/12 band . i s  

dominant, bands with higher K having too small formation cross sections. 

"3/2+ 
= .48 barn and with ( rf/ ft) = . ~ 7  i s  c lear ly  ruled out. 

O3/2- 
= 2.38 barns so c lear ly  the  3/2- band i s  the major contributor. . 

Since there i s  some fragment in tens i ty  a t  zero degrees, e i the r  one must 

say tha t  the K axis i s  wobbling (K a poor quantum number) o r  a 1/2 band 

i s  also.  contributing. . . The trend away from sidewise peaking below 500 kev 

favors the l a t t e r  hypothesis, and one i s  obliged t o  se lec t  the  1/2+ band 

because i f  it were the 1/2- it would override the  3/2- and lead t o  

forward peaking, Therefore, f o r  U-235 near saddlepoint the lowest 

band i s  a 1/2+ and the next one i s  a 3/2- and the  spacing i s  probably 

of the order of a few hundred ki lovol ts ,  

Individual l eve l  weights within the  bands can be estimated only 

roughlyo Neglect the  two  higher members of the  3/2- band, and modify the  

1/2+ band by dividing each term by the  appropriate ~ ( 1 n )  and reduce t h e  

two upper terms a b i t  more by fac tors  of .93 and .82 respectively t o  take 

in to  account the los s  i n  available energy fo r  deformation due t o '  th'e 

2 higher rotat ion (assuming a decdupling constant of zero and li /A = 5 k w  



at saddlepoint), This last correction i s  very crude as  i n  r e a l i t y  the 

decoupli'ng constant would be expected t o  be e i ther  + 1 but there i s  no 

way t o  predict which, Then one can write: 

These four simultaneous equations yield : 

(31) 

For those individual levels  which f i ss ion  this gives y(1n) Z (ff/ft)(1n) 

of:  

7 (1/2+) = ,085 + ,361 = .24, 

( rf/ft) = .50 + 4.27 = ,12 f o r  all f i s s ion .  

These resul t s  look reasonable, bearing i n  mind t h a t  other compound 

levels  decay only by neutron emission, Alternatively one could neglect 



the  possible presence of the l a s t  two  leve ls  and make a two-parameter 

f i t  t o  the  data wholly from experiment, but t h i s  involves an assuinption 

at  greater  variance with theory than the one chosen i n  arr iving at 

equations (27) and (28). 

Analysis - at kev. From experiment the  actual  f i s s ion  fragment 

angular dis t r ibut ion nomalized t o  uf = 1.26 barns and corrected f o r  

f i n i t e  angular resolution ( ~ 0 5 3 )  and using the l e a s t  squares' f i t  (Fig. 

15) is :  

From force f i t  through a l l  four points: 

u f (63) = . 1 0 0 [ ~ ~ + . 4 2 6  P2 + .079 P4 - .018 p6] . 
The dras t ic  change t o  strong forward and backward peaking points unam- 

biguously t o  the appearance of a K = 1/2- band. Plugging transmission 

factors  obtained from the PB potent ial  i n to  equation (22) gives, f o r  the 

three bands contributing t o  f i ss ion  a t  t h i s  energy: 

Write : 

The bar r ie r  heights for  the 1/2+ and 3/2-  bands are  probably well 



under 850 kev, but the 1/2- band i s  estimated, t o  be only about 7016. open 

based on a very.rough comparison of data from the  HF analysis. and the 

curve of a versus E . f n 

For a f i r s t -o rde r  estimate of the leve l  strengths contributing t o  

f i s s ion ,  neglect the  e f fec ts  of neutron competition i n  obtaining the . . 

following equations (35) and (36) : . . 

From these re la t ions  and the four  obtainable from matching P coeff ic ients  

with the  measured angular dis t r ibut ion,  one finds: 

To account very approximately f o r  the effects  of neutron competi- 

t i o n  on the dis t r ibut ion,  define: 

oc(1n) z formation cross section f o r  compound s t a t e  (1n). 

y ( ~ n )  2 rf/rt. = / + ) f o r  s t a t e  ( ~ n )  , 

n(1n) P number of f i s s ion  channels open f o r  s t a t e  (III).  

~ ( K I I I )  s reduction f a c t o r  applied t o  terms i n  a given (KII) band due t o  



spin effects. '  Taken as uni ty fo r  ground s t a t e  l eve l  i n  each 
. 

band. 

s e t  rf (1 f i ) ' o~  I ' ( ~B)~~  . (40) 

Then , . 

1 (np) over a l l  s t a t e s  - 
rf d - = L ( n e )  , 

number of s t a t e s  

The quant i t ies  i n  the square brackets are  I n p  f o r  the 1/2+, 3/2+, 5/2+, 

1/2-, 3/2-, 3/2-, and 7/2- s ta tes ,  respectively. Now: . 

But 

The ref ore 



Using t h i s  r e l a i ion .  i n  place of equation (36)) .together with equation (35) 

(since neutmn emission proceeds with equal f a c i l i t y  from a l l  the K = 3/2- 

l e v e l s )  and the same four.equations from matching P coefficients,  one 

obtains f o r  the f i s s ion  fragment angular dis t r ibut ion i n  terms of leve l  

s t rengths:  

3 3 o f (0) = . lo [ .78~($ $)+ .? lw($ z)+ . I . ~ w ( ~  F)+ . 17~($ 'Z)+  

comparison of equations (43) and. (37) shows ./;hat a t  t h i s  energy 

neutron emission only small e f fec ts  on the re la t ive  l eve l  

strengths.  f o r  f i ss ion .  From equation (43) one finds the following 

values f o r  y(1it): 

y( l /2)  = .48 (average f o r  both pa r i t i e s ) ,  

~ ( 3 1 2 )  = .32 (average Tur buL11 par1 t ies  ), 

y(5/2) = .21 (average f o r  both pa r i t i e s ) ,  

A l l  of the above are  reasonable in 'view of a value of '.33 (from Table 5) 

f o r  7. 
Analysissat kev. The p a r t i a l  cross-section formulae obtained - - 

by use of transmission fac tors  derived from the PB potent ia l  . a r e :  



From experiment, the ac tua l  f i s s ion  fragment angular .dis t r ibut ion 

normalized t o  of = 1.10 barns and corrected f o r  f i n i t e  angular resolution 

( ~ 0 5 3 )  and using the l e a s t  squares f i t  ( ~ i g .  '16) is:  

From force f i t  through a l l  four points : 

The almost complete disappearance of the two higher harmonics indicates 

tha t  e i the r  very special  re lat ions ex i s t  between the w(KI) f o r  I > 3/2 ,  

o r  e l se  tha t  these levels  make negligible contributions t o  fission." 

An investigation of the special  re lat ions necessary f o r  the existence of 

s ignif icant  contributions t o  a from these.higher spin levels  shows t h a t  f 

the re la t ive  proportions required would be a t  complete variance with 

theory and would a lso  force constraints on the terms of lower spin as t o  

lead t o  most improbable assignments f o r  t h e i r  weights also. Consequently, 

it appears most l i k e l y  tha t  the higher terms rea l ly  a re  negligible aria 

t ha t  one can write with good accuracy: 

1 3  3 3 
o f (0) = .lo0 [.877P0+.073P,] = a ~ ( :  ,L C a ) + b ~ ( ~  C ,L :)+cw(: C. ,) L . 

Since there are  only two P coeff ic ients  t o  match, and three un- 

knowns, it i s  necessary t o  introduce an assumption based on theory t o  

supply the th i rd  equation. Now theory does not predict  the sharp break 

i n  the anisotropy between 850 and 1050 kev. The drop i n  f i s s ion  cross 

section between these two energies can be understood i n  the 1ight .of  data  

i n  Tables XI1 and X I V  which sho~r the hefty increase i n  competition from 



neutron emission t o  t he  .newly ava i lab le  v ib r a t i ona l  l eve l s  i n  U-234. 

Since t h e  extrema i n  t he  angular d i s t r i bu t i on  coincide exact ly  energy- 

wise tr i th those i n  t h e  cross sect ion,  one suspects t h a t  they a r i s e  from 

,tile same cause, namely, neutron emission t o  the  new leve l s .  A glance a t  

t h e  r e s u l t s  of t he  HF analysis  given i n  Table XIV,  however, would lead 

one t o  p r ed i c t  no d r e s t i c  change i n  the  angular d i s t r ibu t ion .  This i s  

indeed borne out .  Calculations s imi la r  t o  those i n  the  preceding sec t ion  

s t i l l  lead t o  s t rong f o ~ ~ t a r d  peaking although not qui te  so  strong a s  a t  

850 kev. ~ o n s e i ~ u e n t l ~ ,  it appears that .  e i t h e r  t h e  HF znalysis  does not  

proper ly  represent  t h e  nature of s ca t t e r i ng  t o  be t a  and octupole l eve l s ,  

o r  t h a t  she K quantum num'ber i n  t h i s  energy r eg ion . a t  l e a s t ,  has l o s t  

most of i t s  s t a b i l i t y .  

Since t h e  high-spin terms a r e  a t  g r ea t e s t  variance with theory, 

' it i s  perhaps s a f e s t  t o  introduce as  the  t h i r d  c r i t e r i b n  some function 

of' t h e  lotre'st sp in  term.. A t  lO'jO kev t h e  112- 'band should be completely 

open, s o  l e t :  

y ( l / 2 , 1 ~ 5 ~  kev) = (2/1.7)~(1/2,850 kev) = (2/1.7)(.48) = .57. (48) 

This leads t o :  

- 
and a value of 0.40 f o r  7 ( 3 / 2 ) .  From Table XV, y = .29 so these values 

of y(1/2) and y( .3 /2 )  a re  reasonable since the  o ther  l eve l s  decay almost 

e n t i r e l y  by neutron emission. 

Equation (49) accounts adequately f o r  t he  experimentally observed 
. . 

quant i t i es ,  bu t  the  disappearance of t he  higher spin  l eve l s  f rom, f i s s ion  ' 



i s  .not  a t  . a l l .  explained; The subs t an t i a l  increase  i n .  the. contr ibut ion 

from the  ~(.3/2,3/2) l e v e l  over t h a t  a t  8~ kev could -be  due i n  p a r t  t o  

the  appearance of a 3/2+ band, although from t h e  r e l a t i v e  formation 

cross sect ions  a much more modest increase would. be expected. 

IV. U-235 

Figure 11 shows the  experimentally determined f i s s i o n  fragment 

i n t ens i t y  a t  zero degrees divided by t h a t  a t  ninety  degrees based on t h e  

measured points shown with t h e i r  stahdard e r ro r s  on t he . f i gu re .  These.  

measurements were ca r r ied  out f o r  two reasons. The f i r s t  was t o  serve 

as  a correct ion t o  the  U-234 measurements due t o  t h e  U-235 contained dn 

the  f o i l s  as an impurity. Secondly, an attempt w a s  made t o  discover any 

sudden change i n  the  angular anisotropy around 900 kev neutron energy;. 

a t  which point  a sharp r i s e  of approximately seven percent was found t o  

occur i n  the  f i s s i o n  cross  sect ion ( ~ i 5 7 a , b ) .  I f  t he  angular d i s t r i bu t i on  

i s  af fected by the  advent of t he  new f i s s i o n  channel which presumably 

accounts f o r  t he  r i s e  i n  the  cross section,  the  e f f e c t  i s  below the  

l i m i t s  of accuracy of t he  measurements. 

The threshold f o r  U-235 f i s s i o n  l i e s  severa l  hundred.kev below 

zero bombarding energy. Fragment angular anisotropy f o r  unaligned 

p a r t i c l e s  requires t he  d i r ec t i ona l  e f f e c t s  brought i n  by o r b i t a l  angular 

momenta (1 > 0) ,  so t h a t  t he  d i s t r i bu t i on  i s  i so t rop i c  near zero bombard- 

ing energy. The p-wave in te rac t ion  soon makes i t s e l f  f e l t  (see Fig. 13) 

however, leading t o  'the observed anisotropy which a l s o  depends on t he  

p a r t i c u l a r  combination of channels contr ibut ing t o  f i s s i on .  Since t h e  



r e s u l t s  around 900 kev were negative no attempt was made t o  pursue the  

matter fur ther .  



CHAPTElR VI 

SUMMARY AND CONCLUSIONS 

The a n g d a r  dis t r ibut ion of f i s s ion  fragments from neutron-induced 
* 

f i s s ion  of U-234 near threshold suggests the presence i n  U-235 near the  

saddle point deformation of a iOr = 1/2+ band with a 3/2-'band lying a 

few hundred ki lovol ts  above it, and above t h a t  a 1/2- band separated 

again by a few hundred ki lovol ts  from the one beneath it. Above these 

three bands t h e  picture  becomes obscured by the  onset of neutron emission 

t o  vibrat ional  leve ls  i n  U-234; However, t he  way i n  which the  angular 

anisotropy changes with increasing energy of the incident neutron 

suggests t h a t  these bands - could be followed by another 3/2 o r  possibly 

a 5/2 K band and then &host cer tainly by one o r  more additional K = 1/2 

bands. In any event, above about 600 kev f i s s ion  occurs predominantly 

through K = 1/2 bands, as those with K > 1/2 all lead t o  sidewise peaking 

of the  fragment distribution. 

Rough estimates of the  various band strengths and s t i l l  more 

approximate estimates of the l eve l  strenghts within each band have been 

made. 

A t  500 kev : . 

from which one finds 62 percent of a l l  f i s s ion  proceeding v i a  the 

K = 3/2- band and 38 percent v i a  the K = 1/2+ band. 



At 850. kev : 

from which one finds 86 percent of all fission taking place via the 

K = 1/2+ plus the K = 1/2- bands and 14 percent via the K = 3/2- band. 

It is not possible to separate the contributions from the two K = 1/2 

bands but it .is safe to say that the 1/2-. will account for more than the 
. . 

1/2+ due to the strong p-wave interaction. 

. At 10%' kev: 

showing a contribution of 77 percent from the. 1/2 bands and 23 percent 

from. the 3/2 band or bands. 

At the. two lower energies the level strengths within the bands 

are in reasonable agreement with predicted values, but this is not true 

at 10% kev. This points up a lack of understanding of some of the finer 

details either of the mechanism of fission over the barrier or of in- 

elastic neutron scattering to vibrational levels. The calculated K-band 

cross sections predict substantial contributions from the 5/2 and the 

7/2 spin states, whereas in actuality these contributions are virtually 

nonexistent. The contribution from the K = 3/2 band is larger than 

would be expected on the basis of the results at 8~ kev, but this could 

arise from the incidence of an additional 3/12 band above 850 kev. The 
- 

contribution from such a band would also make the angular distribution 

more nearly isotropic thus making it appear in part as if the higher 



spin contributions were absent. However,.the observed effects.seem qui te  

too strong t o  be explained by t h i s  alone. . . 

. . . The extrema i n  the t o t a l  f i s s ion  cross section occur a t  850 and 

10% kev, coincident with those, i n  the p lo t  of angular anisotropy versus 

energy. The drop i n  the t o t a l  f i s s ion  cross section between these two 

energies i s  due t o  competition from neutron emission t o  the vibrat ional  

levels  i n  U-234 which becomes quite effect ive i n  t h i s  region of energy. 

Therefore it i s  logica l  t o  connect the change i n  the anisotropy with . 

t h i s  e f fec t  .also. Although the Hauser-Feshbach analysis does not predict  

such a change, . . it i s  quite possiblz tha t  decay pro'babilities t o  these 

levzls  a r e  not accurately accounted f o r  by the applicatioli of the same 

rules tha t  are  used to  'calculate decay probabi l i t ies  t o  levels  of the 

ground s t a t e  rotat ional  band. Possibly decay from the higher spin s t a t e s  
, . 

t o  these vibrat ional  s t a t e s  i s  favored. If K remains,a good quantum . 

number remote from the saddle point there i s  a lso the poss ib i l i t y  t h a t  a 

so r t  of K selection rule  ex is t s  which slows down t rans i t ions  f o r  which 

AK > 1/2. This might help t o  account f o r  the somewhat la rger  than ex- 

pected contribution from the K = 3/2- band without need f o r  introducing 

an additional 3/2 band. The smoothness of the  change i n  anisotropy 

suggests tha t  only a s ingle  process i s  a t  work here. A s  a consequence 

of these argments it i s  suggested tha t  neutron emission t o  the v i -  

brat ional  levels  accounts f o r  the change i n  angular dis t r ibut ion,  and 

tha t  laws governing the re la t ive  probabi l i t ies  of neutron emission t o  

col lect ive vibrat ional  levels  do not follow.the simple Hauser-Feshbach 

picture.  



An a l t e rna te  poss ib i l i t y  i s  t ha t  K loses s t a b i l i t y  over a narrow 

energy region, regaining some o r  a l l  of it a t  higher energies. A wobbl- 

ing  of the K axis would cer ta in ly  smear out 'the higher order harmonics 

much more d ras t i ca l ly  than the second order. Possibly the . top  of the . .  

b a r r i e r  f o r  th6 dominat  f iss ioning band i s  a region of K i n ~ t i b i 1 i . t ~ .  

Below w 0  kev the angular.anisotropy departs rapi,dly from sidewise 

peaking. It has.been assumed t h a t  t h i s  i s  due t o  a K = 1/2+ band, but' 

it could be due instead t o  a ' c e r t a i n  wobbiing of the K axis ; that  i s ,  t o  

K not being a very good quantum number. I f  the curve could be established 

to .  much lower energies t h i s  point might be c l a r i f i ed  since i f  the K = 1/2 

band does e x i s t  the d is t r ibut ion  should exhibi t  forward peaking a t  

su f f i c i en t ly  low energies t o  preclude any sizeable contribution from the 

3/2- band. In  this; regard it i s  in teres t ing  t o  compare. resu l t s  of 

measurements on other  even-even ta rge t  nuclei. 

, 
Th-232 shows a m-imum sidewise peaking a t  1.6 Mev (He%). A t  

higher 'energies the anisotropy ' sh i f t s  and remains forward peaked. Below 

1.6 Mev it trends rapidly towards isotropy but the measurements- were not 

carr ied f a r  enough i n  t h i s  direct ion t o  determine whether', o r  not it' ever 

becomes foiward peaked. Analyses by Wilets and Chase (wi56) G d ' b y  

H i t t m a i r  (Hi60) of the  angular d is t r ibut ion  a t  1.6 Mev indicate  tha t  

f i s s i o n  occurs here primarily v i a  the'  K = 3/2- band. . A similar analysis 

made by the author using transmission fac tors  from the PB potent ia l  (not 

included herein) confirms t h i s . '  

Th-230 has been investigated ( ~ i 6 0 ,  (3059) and i s  found t o  behave 

much l i k e  Th-232 but i n  t h i s  case the curve was established t o  lower 



energies ( ~ 0 5 9 )  and sure enough, the .anisotropy was found t o  s h i f t  t o  

forward peaking a t . t h e  lowestenergies.  .This i s  strong evidence f o r  the  

goodness of K near threshold and supports the l eve l  assignments made 

herein f o r  U-234 a t  500 kev as  consisting i n . p a r t  of . K  = 1/2+ terns  rather  

than introducing the concept of a ,  wobbling K axis.  

U-236 exhibits strong sidewise peaking near threshold, followed 

by forward peaking a t  higher energies ( ~ i 6 0 ) .  U-238 shows only forward 

peaking but i s  trending strongly towards isotropy a& the lowest energy 

measured (si6o).  Summarizing these resu l t s ,  l e t  - f stand f o r  forward, 

and - s f o r  sidewise peaking. Then the sequence f o r  the various isotopes 

as energy i s  increased i s :  . . 

In  every case a t  the lowest energies where. measurements were made the . 

trend i s  strongly i n  the direction t o  reproduce the pat tern found f o r  ,: 

Th-230. Clearly fur ther  measurements are  indicated. There i s  nothing 

i n  Bohrfs theory d ic ta t ing  tha t  the K band sequence near the saddle 

point must be 1/2, 3/2, 1/2. This .would have t o  come from a'continuation 

of the work of Nilsson and others in to  the region of deformation 

characterized by p of the order of unity. A K band spectrum of t h i s  

so r t  i s  not unreasonable, however, and these nuclei being of s imilar  

s t ructure might be expected t o  show s imi la r i t i e s  i n  t h e i r  K band sequences. 

I n  conclusion, t he  resu l t s  of t h i s  work do lend credence t o  Bohr's 

theory of f iss ion.  Near threshold it i s  possible t o  recognize t o  some 



' extent  a t  l e a s t ,  the  individual levels  through which f i s s ion  proceeds 

over the  ba r r i e r  as long as some s o r t  of p a r t i a l  or ientat ion of the 

angular momenta i s  present during the reaction. The preponderance of 

forward $peaking over most of the energy range indicates the importance 

t o  f i s s i o n  o f ' t h e  K = 1/2 bands since a l l  others produce sidewise 

peaking. 

" Further work with the even-even isotopes a t  s t i l l  lower energies 
! 

i s  c l ea r ly  cal led f o r  i n  order t o  determine whether o r  not ,the pat tern 

established f o r  Th-230 i s  indeed followed i n  a l l  cases. With careful  

a t ten t ion  t o  background it may be possible t o  secure enough counts t o  

a t  l e a s t  determine the  directions of the anisotropies. Such work is. 

planned f o r  the near future.  It would then be of in t e res t  t o  explore 

the l e v e l  structure. from a theoret ical  point of view a f t e r  the fashion 

of Mottelson-and. Nilsson ( ~ 0 5 9 )  t o  f ind out what s o r t  of K band sequence 

would be predicted f o r  the extreme deformations extent a t  the saddle 

point. 
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I. Halpern. "A Suggested Explanation f o r  t h e  Anomolous Anisot- 
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~ e u t r o n s , "  - - -  Phys. Rev. 87, 366-73 (15 Ju ly  52). 
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0. V. Lozhkin, N. A. Perf i lov,  and V. P. Shamov.  he Angular 
Dis t r ibu t ion  of ~Gagments from Fission of Uranium a t  High Ex- 
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(PI-58) on bas i s  of increase of f i s s i o n a b i l i t y  with Z ~ / A  causing 
a di f ference i n  ac t iva t ion  energy p a r a l l e l  t o ,  and perpendicular 
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Dis t r ibut ion Data," - - -  Phys. Rev. 91, 610-15 (1 Aug. 1953). 
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V. M. S t ru t insk i .  " s t a t i s t i c a l  Theory f o r  t he  Angular Distr ibu- 
t i o n  of Fiss ion Fragments," Atomic Energy 2, No. 6, 621-7 (1957). 
(A t r ans l a t i on  of the  Soviet  J1. Atomic ~ G e r g ~ .  ) 

A s t a t i s t i c a l  appl icat ion of t h e  ideas of A. Bohr t o  regions 
where a l a rge  number of f i s s i o n  channels a r e  open. 

W .  E. S te in .  " ~ e l o c i t i e s  of Fragment Pa i r s  from U-233, U-235, and 
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Accompany Fission," - -  J. Exptl. Theoret. Phys. (u.s.s.R.) 37, 861-3 
(~ept . 1959) . Trans : Soviet Physics -- -- JETP 10, 613-157~arch 
1960) . . . 

Shows how fragments may be emitted with high spins, and how 
this in turn might be detected by an angular anisotropy in the 
gamma quanta emitted from the decaying fragments. This effect is 
not large, and background problems would make it difficult to 
evaluate with accuracy experimentally. 

W. J. Swiatecki. Private communication, July, 1960. 

L. A.  Turner. "~uclear Fission, " ----  Revs. Mod. Fhys. 12, 1-29  an. 
194'0) . 
U. L. Vallinder and H. Txren. "Angular Distribution of Fragments - - - 

from Fission of Uranium Induced 'by 185-~ev Protons, " Nuclear Phys. 
15, 152-4 (1 Feb. 1960) . - 
J. A. Wheeler. "~ission," Physica 22, 1103-14 (1951) . 

An excellent theoretical descripEon of the fission process 
in general, including a discussion of angular and mass asymmetry. 

J. .A. Wheeler. ''~hysics of Fission, " Encyclopedia of Physics 
XLI/~ (to be published) , Springer-Verlag, Berlin, 1%9. 
E. P. Wigner. Group Theory. Academic Press, New York, 1959. 

Contains an excellent discussiorl of' rotation f imctions . 
However, this book is a translation of an earlier edition wherein 
a ,-eft handed system of coordinates was used. The 1959 edition 
employs the right handed system except that occasionally the 
change was not carried out. For example, the expression for 
dk(f3) corresponds to that for d&(-f3) in a right-handed system. 
Compare with Ro57. 

L. Wilets and D. M. Chase. "~ngular Distribution of Fission 
Fragments at Threshold According to the Bohr Model," Phys. Rev. --  
103, 1296-7 (1 Sept. 1956) . 

An analysis similar to that undertaken in this report. Ex- 
perimental data of rather high accuracy is important for this 
type of analysis, however, as otherwise definite channel assign- 
ments are impossible. The channel assignments made here cannot 
be considered definite, but represent a logical possibility. 

E. J..Williams. "~ultiple Scattering of Fast Electrons and Alpha 
Particles, and "~urvature" of Cloud Tracks Due to scattering, " -. 
Phys. Rev. 58, 292-306 (15 Aug. 1940). - - -  

The paper should be read by anyone doing coulomb scattering 
calculations. 
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bution of Fission Framnents in the Photofission of Thorium," Phvs. 

' Y  

Rev. 87, 1U9-40 (15 Sept. 1952). - - 
Although better results have become available, this article 

contains the first reported observations of anisotropy in angular 
distributions of fragments frpm fission, which came as a surprise 
to the authors since the liquid drop theory of the time predicted 
only isotropy. Extremely important work, therefore, since it 

, stimulated experimentalists and theorists.alike and has led to a 
better understanding of fission. 

Wi53 E. J. Winhold. Photofission of Thorium and Uranium., Ph.D. 
dissertation, Mass. Inst. of Tech., Cambridge, Mass., Sept. 1953. 

An extension of the work begun in (~i52). 

+ ~060 G. T. Wood. "~vidence for 0 and 1- Levels in U-234 Populated in 
the One-Minute Beta Decay of pa-234," Phys. Rev. 119, 2004-9 (15 ---  
Sept. 1960). 
' A level found at 795 kev is interpreted as K=O, I=l, and of 
negative parity, in good agreement with (Ga59). 

. 



APPENDIX A 

GEDMEX'RICAL RESOLUTION OF THE COLLIMATOR 

Let Q be the angle between the axis of collimation and the path 

of a f i ss ion  fragment through the collimator, and 5 be the average 

deviation f o r  a l l  fragments which traverse the collimator without 

co l l id ing  with the w a l l s .  To calculate 5 approximately, l e t  Q1 and Q 
3 

be the  two extreme values of Q i n  the plane of collimation, and Q2 be the 

extreme value (which can occur i n  two ways) i n  a pl.ane normal t o  tha t  

0 
of collimation. See Fig. 17. Then Q1 = 11.2'~ Q 2  = 13.2', and €I = 8.2 . 

3 - 0 
Q0 = 1/2 x 114 (Q1 + 2Q2 + €I ) = 5.7 (for  neutron beam pa ra l l e l  * 

3 

t o  the  collimator ax is ) .  

= 1/2 x 1/2 (8  + 8 j = 4.9' ( for  neutron beam normal t o  the 
90 1 3  

collimator ax is ) .  

For a mea~urement of the ( o / ~ o )  degree, fragment r a t io :  

and t h i s  w i l l  c l ea r ly  be very nearly r igh t  f o r  the measurements of the 

(30/60) degree r a t ios .  

In  order t o  determine the extent of e r ro r  introduced by the s o r t  

of approximation used t o  obtain 5 the problem was s e t  up f o r  the 
0' 

I 

electronic  computey. Fragments were assumed t o  be emitted isotropical ly  

from an element, dA1, of the f o i l  a t  the bottom of a collimator hole, 

and t o  make t h e i r  e x i t  through an element of area, dA2, a t  the top of the 

hole. Let r12 denote the distance between dA1 and dA2, and Q be the 

angle between r and the  collimator axis  as before. Then: 
12 
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Fig. 17. Cross Section Through a Collimator Hole in a 0.060-in. Thick 
Aluminum Collimator Plate. 



Take the coordinate system or ig in  a t  the center  of the bottom hole (on 

the  ax is  of the  coll imator),  and x and y axes .in the usual sense i n  a 

plane normal t o  the  axis  of collimation. Let the  subscripts,  1 and 2, 

r e f e r  t o  cooidinates of dAl and dA2, respectively.  Make the small angle 

approximation, 8 = . s i n  8, and replace the  in tegra l s  by f i n i t e  summations 

where one u n i t  equal 0.001". Then the equation f o r  machine calculat ion 

where 

and the  l i m i t s  a re  

x taken from -10 t o  +10 , 
1 

x taken from -10 t o  '+lo , 
2 

y 1 taken from - h 0 0  - x: t o  + q, 
J 2 y2 taken from - A 0 0  - x; t o  + 100 - xp . 

Evaluating i n  increments of 2 un i t s  (xi o r  yi equals 2 )  gave = 3-62'. P 
& h a t i n g  i n  increments of 1 un i t  gave = 5.54'. 

0 



This more accurate r e s u l t  i s  2.8$ l e s s  than t h a t  obtained by use 

of the  approximate method. Applying t h i s  fac to r ,  0.972, t o  the  value of 

8 obtained a f t e r  consideration of the  e f f e c t  of neutron beam direct ion,  

remembering t h a t  what i s  r e a l l y  wanted i s  not  j u s t  t he  average angular 

deviation from the coll imator axis ,  but  the  deviation with respect  t o  a 

given angle from the  neutron beam, an ove ra l l  f igure  of 

0 
= 5 . 3 ' ~  0.972 = 5.2 

i s  obtained f o r  the  average angular spread introduced by t he  coll imator 

i n to  the  measurements of angular d i s t r i bu t i on  of f i s s i o n  fragments 

r e l a t i v e  t o  a neutron beam. 

The f a c t  t h a t  t he  neutron beam i t s e l f  was not a plane p a r a l l e l  

beam, but ins tead emerged from a l i n e  source 3 cm i n  length, and s t ruck 

f o i l s  of one inch diameter introduced a f u r t h e r  spread i n  angle. These 

f o i l s  were located with t h e i r  centers  on the  beam ax i s  and 8.6 cm from 

the  near end of the  neutron source. They were incl ined at  an angle of 

e i t h e r  4'3 o r  1'3 degrees t o  the  beam. Considering t hc  f a c t  t h a t  t he  

neutrons were emitted from a l i n e  source, and following an approximate 

method s imi la r  t o  t h a t  f i r s t  used t o  evaluate the  coll imator resolution,  

the  average angular spread due t o  the  beam i s  found t o  be 4.2' f o r  t he  

(0/90) degree r a t i o  measurements and 4.8' f o r  the  (30/60), t o  within an 

estimated l i m i t  of 5$. An average of 4.5' i s  appropriate f o r  those 

points  where both r a t i o s  were measured. This, compounded with t he  '3.2' 

0 
from the  coll imator and an estimated 2 average e r r o r  i n  alignment of 

0 f o i l s  and t a r g e t  gives an ove ra l l  average angular spread of 7.1 . 



APPENDIX B 

COULOMB SCATTERING OF FISSION FRAGMENTS 

A precise  evaluation of coulomb scat ter ing of fragments from the 

v a l l s  of the collimator and by the gas i n  the passages, while possible 

i n  principle,  would be a formidable urldervl;aking purely on geometrical 

grounds. "Fortunately it i s  not necessary here, as  a few general con- 

s iderat ions of a semiquantitative nature suff ice t o  show tha t  t h i s  

scat ter ing,  vhibe n ~ t  zero, was of such small magnitude as t o  exert  a 

completely negligible e f f ec t  on the angular dis t r ibut ion measurements. 

Additional arguments point out tha t  such sca t te r ing  as d i d  take place 

from the collimator walls was not detrimen.ta1 t o  the angular resolution, 

but on the contrary l a y  i n  the direct ion of improvement. 

Fission fragments lose energy pr incipal ly  by col l is ions with . 

electrons,  and such col l i s ions  do not measurably a f fec t  t h e i r  directions.  

Only towards the end of the range do nuclear (non-ionizing) col l is ions 

become of importance. ( ~ h e s e  cause the f r a ~ e n t  t o  lose energy through 

(1 momentum t r ans fe r  alone, and give r i s e  t o  the term, ionization defect, I 1  

which refers  t o  the lack of equal i ty  between fragment energy and energy 

l o s t  by ionization. It has been observed especially f o r  heavy charged 

pa r t i c l e s  such as f i s s i o n  fragments, and t o  a much l e s se r  extent f o r  

alpha par t ic les .  ) Measurements of the bendfng of fragment tracks i n  a 

cloud chamber have yielded data from which the probabili ty of deflection 

as  a function of 'angle has been worked out f o r  5 mm increments of path 

length along the range (M40). These resu l t s  combined with the range- 



energy relat ions of Lassen ( ~ a 4 9 )  show tha t  nuclear col l is ions are d is -  

cernible only i n  the energy range below 30 Mev. I n , t h e  energy in terva l  

from 30 t o  15.Mev the fragments lose about 2.5% of t h e i r  energy by 

nuclear collisions,  while the average angle of deflection between the 

0 
beginning and end of t h i s  in te rva l  amounts t o  only 3 and i n  no case , 

exceeds 6'. 

Measured along the axis of collimation ( a t  45' t o  the f o i l  surface) 

the average thickness of the u r a n i h  deposit amounted t o  10 Mev, and the 

distance from surface of f o i l  t o  e x i t  from the collimator was equivalent 

t o  another 10 Mev as an average figure.  Therefore par t ic les  emitted with 

more than 50 Mev did not contribute t o  scattering. The amplifier bias 

was equivalent t o  about 13-Mev ionization energy, o r  t o  fragment enegiies 

of about 20 Mev, taking mass defect i n to  account. Therefore only frag-  

ments with i n i t i a l  energies between 30 and 50 Mev needed t o  be considered; 

and it has been found ( ~ t 5 7 c )  tha t  a l l  fragments have an i n i t i a l  energy 

of 40 Mev o r  greater, and tha t  l e s s  than 1$ have energies below 50 M&. 

It follows tha t  coulomb scat ter ing could not occur ahead of the 

collimator, and tha t  within it only those ra re  par t ic les  within the 20 

t o  30 Mev bracket could contribute. For these, the average angle of 

0 
deflection was l e s s  than 3 and the maximum l e s s  than 6'. Most of the 

par t ic les  which struck the walls were los t ,  since the strong preference 

f o r  forward scattering, together with geometrical and momentum t ransfer  

e f fec ts  made it impossible f o r  a fragment t o  s t r i k e  the aluminum walls, 

undergo Rutherford scattering, and emerge again unless it struck the 

walls a t  a grazing angle of only 2 o r  3 degrees. Therefore only 



p a r t i c l e s  which had an i n i t i a l  direct ion within 2 o r  3 degrees of the 

ax is  of collimation were capable of being scattered and s t i l l  escape 

with su f f i c i en t  energy t o  be. counted i n  the ion chamber. Geometrical 

considerations together with the narrowness of the effect ive energy 

in t e rva l  make it c lea r  t h a t  even t h i s  process was extremely unlikely. 



BACKGROUND FROM SCATTERED NEUTRONS 

Besides t he  primary beam of neutrons from a gas t a r g e t  the re  always 

e x i s t s  a background of sca t te red  neutrons somewhat degraded i n  energy and 

usual ly  qu i te  random i n  di rect ion.  These produce a background counting 

r a t e  which should be taken i n t o  account. I n  t h i s  experiment t he  f i s s i o n  

fragments due t o  these neutrons a r e  believed t o  have been emitted i so -  
d 

t rop ica l ly .  I n  what follows it w i l l  become c l e a r  t h a t  mult iply-scattered 

neutrons need not be considered, and t h a t  objects  outside the  counter it- 

s e l f  did not  s i gn i f i c an t l y  contr ibute  t o  t h e  sca t te r ing .  The simplifying 

assumption i s  made t h a t  the  angle of o r ien ta t ion  of the  counter r e l a t i v e  

t o  t he  beam ax is  did not  mate r ia l ly  a l t e r  t he  r a t i o  of sca t te red  t o  

primary neutron f lux,  and the  calcula t ions  have been ca r r ied  through f o r  

the  counter ax i s  of symmetry al igned with the  beam direct ion.  

An experimental evaluation of t h e  e f f e c t  of s ca t t e r i ng  presents 

formiiioble d i f f i c u l t i e s  s ince  ordinary shadow cone techniques a re  not 

applic?!ble. :elere it not f o r  the  low. count r a t e s  caused by collimating, 

some success might follow from use of methods s imi la r  t o  those employed 

with t h i s  counter but  without coll imators t o  evaluate the  e f f e c t  of i n -  

e l a s t i c u l l y  sca t te red  neutrons on t he  measured+fission cross-section 
. . 

r a t i o  of normal uranium t o  t h a t  of U-235 (h55) .  In  t h a t  experiment 

the  e f f e c t  was calculated by methods s imi la r  t o  those used herein  except 

f o r  use of t he  i n e l a s t i c  cross sect ion and energy spectrum, neglect  of 

e l a s t i c a l l y  sca t te red  neutrons, omission of coll imators,  and c loser  



spacing between f o i l s  and gas ta rge t  source. The experimental evaluation 

consisted of increasing the s izes  'of counter components i n  proper pro- 

portion, calculating the increased scat ter ing and comparing it with the . 

measured e f fec t  on the. cross-section ra t io .  The calculation was made 

a t  2.8 Mev and gave an expected change i n  the measured cross-section 

r a t i o  of 2.9$, whereas measurements yielded 2.8% plus o r  minus 0.3%. 

This s o r t  of agreement inspires.  confidence tha t  the rather  geometrically 

s imi lar  .calculations herein may be reasonably accurate. However, an 

overa l l  uncertainty of 20% has been assigned t o  the calculated ra t io ,  

s ,  of scat tered t o  primary flux: s i s  of the order of 15$, which would 

indicate  a 3$ uncertainty i n  the f i n a l  r e su l t  except t h a t  t h i s  is  fur ther  

reduced by the existence of some degree of isotropy i n  the t rue d i s t r i -  

bution. The uncertainty which car r ies  over t o  the measured fragment in-  

t e n s i t y  r a t io s  l i e s  i n  the  neighborhood of 1 t o  2% (1.2% a t  843 kev), 

about as large as  the counting s t a t i s t i c a l  errors .  I t s  extreme value 

occurs a t  the minimum i n  the d is t r ibut ion  curve, a t  503 kev, where it 

amounts t o  2.0%. Since the e f f ec t  of the scattered neutron f lux  was t o  

introduce an addi t ional  isotropic  component in to  the fragment angular 

dis t r ibut ions,  it i s  c l ea r  tha t  the corrections must always resu l t  i n  

enhancing the measured departures from isotropy, and tha t  there i s  no 

correction o r  added uncertainty where the measured dis t r ibut ion is'  

i so t ropic . .  

It has been found by experiments tha t  the scat ter ing of neutrons 

with energies l e s s  than a few.Mev i s  predominantly isotropic i n  the center- 

of -bass system (G.&, p. 150). The average value of the cosine of the 



sca t t e r i ng  angle i s  therefore  zero, but  i n  laboratory coordinates w i l l  

be 2/3A f o r  a s c a t t e r e r  of mass number, A, and. t h i s  gives a convenient 

measure.of the  degree of forward sca t te r ing .  For aluminum, t he  dominant 

s ca t t e r i ng  medium i n  the  chamber, t h i s  amounts t o  l e s s  than 2 degrees' 

out  of 90, s o ' t h a t  the  assumption of i sot ropy f o r  the  e l a s t i c a l l y  s c a t t e r -  

ed neutrons i s  reasonable. A small amount of i n e l a s t i c  scatteri .ng was 

present i n  some instances,  and where the  emitted neutrons had energies 

above t h e  U-2.34 f i s s i o n  threshold, say above about 7% kev, they should 

be taken i n t o  account. These neutrons can a l so  be considered t o  be 

primarily i so t rop ic  due t o  the  discrimination of the  cen t r i fuga l  b a r r i e r  

' 
po ten t i a l  agains t  emission of neutrons of angular momenta o ther  than zero. . 

The e f f ec t i ve  cross sect ion f o r  s ca t t e r i ng  must then be t h e  e l a s t i c ,  p l u s '  

a por t ion of the  i n e l a s t i c  judiciously chosen t o  represent t h a t  f r ac t i on  ' 

of the  i n e l a s t i c a l l y  sca t te red  neutrons whose energies l i e  i n  the  

range t o  e f f e c t  f i s s i o n  i n  t he  U-234. The cross  sect ions  used i n  t he  

calcula t ions  have been taken from the  extensive colqpilation by Howerton 

(Ho59) 

The bulk of the s ca t t e r i ng  was , e l a s t i c .  If E1 i s  the  energy of 

a sca t te red  neutron, E the  energy of the  incident  one, and 8 t he  s c a t t e r -  

ing  angle, then 

E ~ / E  = 1/2 [ ( l  + a )  + (1 - a) cos GI ,I , ( 5 2 )  

where cx = (A - 1 1 2 / ( ~  + 112. The maximum decrease i n  energy occurs f o r  

la0 col l i s ions ,  and f o r  aluminum amounts t o  14% with an average of only 

7%. Therefore, f o r  most cases t h e  sca t te red  neutrons were about as e f -  

f e c t i ve  i n  causing f i s s i o n s  as the  unscattered ones. However, where t he  



f i s s i o n  cross  sec t ion  changes rapidly  with energy, a s  near threshold,  

t h i s  degradation i n  energy should be considered when evaluating t he  

magnitude of the  correct ion.  This has been taken i n t o  account where 

necessary i n  the  calcula t ions .  

Sca t te r ing  from the  following p a r t s  of the  chamber have been 

' calcula ted:  

1. The brass  (67% Cu, 33$ ~ n )  backing p la te .  This includes 

allowance f o r  f i x tu r e s  attactled t o  1.1;. 

2. The aluminum cover. The f r o n t  face  and cylindric.al  wal l  a r e  

evaluated separate ly .  

3. The aluminum co l l ec to r  p l a t e s .  

4. The aluminum. coll imators .and f o i l  mounting p l a t e s  as  a un i t .  

5. Sca t te r ing  from the  0.002" th ick  n icke l  f o i l  backings i s  

found t o  be negl igible .  

6 .  Teflon spacers and fluorothene mounting posts.  

7. Ekternal-objects  and room sca t t e r i ng  have been estimated and 

found t o  be negl igible .  

Consider item 5 f i r s t .  Neutrons sca t te red  from t h a t  port ion of 

t h e  n icke l  f o i l  backings immediately behind.the deposits  must t raverse  

one o r  the o ther  of these  deposits ,  but  not  both. Introduce t he  follow- 

i ng  nota t ion : 

M = Molecular, o r  atomic, weight of s ca t t e r e r .  

d = Density i n  grans/cc. 

N = Molecules, o r  atoms, pe r  cc. 1 

t = Thickness i n  cm. 



' 6 = Primary f l ux  density incident on f o i l s .  

6' = Scattered f l u  density incident  on f o i l s .  

s  = #'/$. . 

a = Effective sca t te r ing  cross section.  

For the  nickel  f o i l s :  

d = 8.9 

a = Approximately 3 barns. 

. . 

= 0.0463a$ (a i n  barns) 

.... 
= 0.14$, which i s  deemed negligible.  

That portion of each collirnat6r ly ing immediately opposite t he  

uranium deposits 'may be t rea ted  likewise a f t e r  subtract ing out the  

mater ia l  removed by d r i l l i n g ,  with t he  r e su l t :  

s  = 0.550$ (a  i n  barns)  f o r  both coll imators.  

A more general method must be applied t o  other  sources of s c a t t e r -  

ing. The product of so l i d  angle subtended by the  uranium f o i l s  from any 

sca t t e r ing  element, multiplied by the  path length i n  the  uranium deposit  

of a neutron emanating from t h i s  element, i s  independent of the  angle 

between the  normal t o  the  f o i l  surface and l i n e  t o  t he  s ca t t e r ing  element, 

and i s  simply equal t o  t he  so l id  angle subtended by the  uranium deposit  

from an equal distance on the normal. With t h i s  i n  mind and r e f e r r i ng  t o  

Fig. 18, which shows the  dimensions and parameters per t inent  t o  the  sca t -  
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t e r i n g  calcula t ions ,  the  following expression can be wr i t t en  f o r  s: 

where 

4- = a f ac to r  of the  order of 0.90 which takes i n t o  account t he  

va r i a t i on  i n  i n t ens i t y  with angle of neutrons emitted from 

the  tritium ta rge t  ( ~ a 6 0 ,  p. 87). It. i s  t he  r e l a t i v e  i n -  

t e n s i t y  i n  t he  average d i rec t ion  of s c a t t e r e r  divided by t h e  

0 
i n t e n s i t y  a t  5 ( the  average d i rec t ion  of f o i l  a r ea ) .  It i s  

somewhat energy dependent, but  over the  energies and angles 

of i n t e r e s t  w i l l  not  vary by over 576, but w i l l ,  of course, 

be somewhat d i f f e r en t  f o r  t he  various sources of sca t te r ing .  

x = Distance between f o i l s  and a point  source equivalent t o  t he  
1 

l i n e  source of. 'neutrons from the  gas target . .  Equal t o  10.0 cm 

f o r  a l l  cases. 

dV = A volume element of the  s ca t t e r e r .  
s  

x = Distance from neutron source t o  dV . 
2 S 

X3 
= Distance from dV t o  center  of f o i l s .  s  

The s ca t t e r i ng  contributed by t h e  aluminum.face of t he  counter i s  

evaluated as  follows: 



= u. .ju8~(llo (U i n  barns ) . (54) 

This method, with sui table  modifications, has .been applied t o  a l l  

o ther  par ts  of the counter with the following resu l t s :  

Con~po.t:renl; . - s %.- . . 

Brass,. back. 1*47 'brass , = 0 .98 + 0.49 oZn . 
Cu - 

Teflon spacers 0.0294 uter .= 0 -0294 (oC + 2 ~ F )  

Fluorothene posts 0.0120 oflu,= 0 .0120(2uC + 3 0 ~  + ucl) 

Face of cover 0.308 0, . 
Wax1 ... of .  cover. : 0.125. oAl .. 

Collector ~ l a t e s  0.450 O, 

Collimator-foil asy. 1.53 aA1 . 
Neglecting the t i n y  contribution from the chlorine and combining 

t h e  r e s t  gives: 

s  = 0.053 o + 0.093 uF + 2.40 u, + 0.98 oCU + 0.49 oZn . 
C 

. ..  . 
A t  843 kev t h i s  mounts t o :  



The ef fec t  of t h i s  scattered f lux  on the measured r a t i o  o f  fragment in-  

tens i ty  a t  any two angles i s  found as follows: 

$t = t o t a l  f lux  density a t  f o i l  center 

= $ + $ '  

= $(1 + s ) .  

Let: 

R = the bbserved count r a t i o  corrected for.unequa1 f o i l  t 

masses (from normalization i n  thermal f lu%)  and f o r  

counts from the U-235 impurity. 

R = t rue count r a t io  which would be. due solely t o  primary 

f lux  of uni t  intensi ty .  . ,. 

R' = 1/1 

= count r a t i o  due t o  scattered f lux  of uni t  intensi ty .  i. 

Then : 

Rt = (R + s ~ ' ) / ( l  + s )  

= (R + s ) / ( l  .+ s )  . I 

R = ~ ~ ( 1  + s )  - S. 

A t  843 kev, Rt = 1.68 and 1 -33  f o r  angle r a t io s  of ( 0 1 9 0 ) ~  and (30/60)', 

respectively. The t rue  count ra t ios  in- . the :absence of . sca t te r ing  would 

then 'be : . 

R ( o / ~ o ) ~ ,  = 1 . 6 8 . ~  1.15 - 0.15 

= 1.78 (a  6% increase).. 

=. 1.38 (a 3 . w  increase),  

The uncertainties introduced by the limited accuracy of evaluation of s 



a r e  then: 

6 x 0.2 = 1.?j and 

, 3.8 x 0.2 = 0.w.  

Scattering from nearby objects was negligible. By f a r  the most 

potent object was the i ron  turntable, which may be represented by a disc 

5 cm thick and 20 cm i n  diameter si tuated immediately beneath'the f o i l s  . . 

a t  a distance of 38 cm, and 39 cm from the neutron source.. . Then 

x = 10.0, x2 = 39, 1 X3 
= 38, Nl = 8.4 x d = 7.89 g/cc, and o w i l l  

not exceed 3 barns. The- half value layer, 7 , i s  then 

( g n  2)/(0.084 x 3)  = 2.75 cm, . 

so multiple sca t te r ing  was appreciable, and there w a s  a lso a small amount 

of absorption and i n e l a s t i c  scattering. So the extreme'assumption tha t  

a l l  the  neutrons incident on the tab le  were scattered gives a value of s 

somewhat higher than actual ly  existed. Thus: 

s = (10/39)~(1/38)~(100 n/4n) = 1/'27$. 

Room. sca t te r ing  can be neglected on the. grounds of intensi ty ,  and 

a lso  extent of energy degradation. The f lux  of scattered neutrons has 

been considered by Langsdorf (~a60, p. 768), who has found tha t  a i r  and 

room sca t te r ing  f o r  an average laboratory setup may be expected t o  be 

of the same order of magnitude. Lumped together he finds f o r  scat ter ing 

from air and remote objects:  

where 

L = equivalent radius of room space (200 t o  500 cm). 

p = f rac t ion  of neutrons reflected from walls of assumed 



spher ical  s h e l l  of radius,  L (approximately 0.2). 

For t h i s  experiment, x = 10. Taking L = 200 gives s = 1/4$. These 
1 

neutrons w i l l  have been sca t te red  severa l  times, and so degraded i n  

energy a s  t o  be inef fec t ive  - i n  causing f i s s i o n  in'  U-234. 

These r e su l t s  have been substant ia ted by previous work (La55) 

wherein t h i s  counter was used i n  ~ I I  geometry with 'one f o i l  of U-235 and 

one of U-238 back-to-back. ' In  t h a t  c a se ' t he  room-scatterkd neutrons 

were ef 'fective i n  producing f i s s i o n  i n  U-235 but not  i n  U-238, and so  

disturbed t he  measurements of f i s s i o n  cross-section r a t i o s .  The magni- 

tude of t h e  e f f ec t  was evaluated simply by taking one measurement with 

the  counter c lose  t o  the  neutron source, and another with the  c0unte.r 

remote, say, twice a s  far, from t h e  source. The primary f l u x  was there-  

by reduced without mater ia l ly  a f f ec t i ng  t he  room-scattered f lux.  I n  t h i s  

way t he  magnitude of the  correction t o  the  cross-section r a t i o  was found 

t o  be about 0.3%~ indicat ing an s of t h i s  order  a lso .  The energy 

spectrum of such multiply-scattered neutrons l i e s  so low t h a t  a com- , 

p l e t e l y  negl igible  f r ac t i on  of them exceed the  U-234 f i s s i o n  threshold. 

I n  summary then, only the  mater ia ls  of the  counter i t s e l f  need 

be taken i n t o  account, and a calcula t ion of s t o  20% accuracy w i l l  

s u f f i c e  t o  l i m i t  t h e  average uncertainty from t h i s  source i n  the  measured 

r a t i o s  t o  something of the  order of 1 t o  1.5%. 



APPENDIX D 

MATHEMATICS AND NOTATION 

\ 

There. i s  a s  ye t  no standard form f o r  expressing the  ' g e n e r ~ l  i 7.ed 

three-dimensional ro t a t i on  functions, the  so-called 'b functions ". For 

t h i s  reason seeming inconsistencies a r e  frequently encountered i n  s c i -  

e n t i f i c  wri t ings  where they a r e  used. A few which bear most d i r e c t l y  

on the  sub jec t -of  t h i s  repor t  w i l l  be noted a t  the  end of t h i s  secti'on. 

The D funct ion used h e r e i n i s  defined below and some of i t s  proper t ies  
. . 

a r e  'br ief ly  discussed. 

Ttrliaps Llle slluplest POSsible wave function i s  t h a t  f o r  the  r i g i d  

2 .  r o t a t o r  with angular momentum J along the  z axis.  Here 9 = JZ, JZ = m, 

r o t a t i on  takes p l a c e . i n  the  xy plane, and solut ion of the  Schrodinger 

wave equation yie lds:  

where 6 may be taken as the  or ien ta t ion  of the  major symmetry axis  of t he ' ,  
, 

r o t a t o r  with respect  t o  a fixed l i n e ,  say Ox, i n  the  xy plane. 

Now l e t  t he  coordinate axes 'be rota ted through an angle a: about 

z so  t h a t  Ox goes t o  Oxt ( t h i s  i s  exact ly  the  f i r s t  N e r  ro ta t ion  i n  

t he  general  case t o  follow). Then by inspection one sees t h a t  i n  terms 

of t he  new coordinates, V/+V/! :  
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Ekpressed a s  a D funct ion; ,  : 

i m a  -1 e = R = D ~  (am). mm 

The D funct ion i s  a uni tary  matrix i n  the  most general case and 

the' inverse i s  equal t o  t he  Hermitian conjugate. 'I'he concept embodied 

i n  the  above exmple applies t o  the  general  case where it i s  necessary 

t o  define a ro t a t i on  of coordinates i n  terms of th ree  separate ro ta t ions  

of which unfortunately only two can be put  i n  the  simple exponential 

(diagonalj  form above. The ro ta t ions  chosen here are:  f i r s t  the  one 

a l ready described, secondly a ro ta t ion  i n  a right-handed sense through 

an angle f3 about. the  new (intermediate) posi t ion of t he  y ax is  designated 

a s  , and f i n a l l y  a ro ta t ion  i n  a right-handed sense of y about z t  the  
i 

, . 

f i n a l '  pos i t ion  of t h e  z ax i s .  These a r e  the same a s  those used by Rose, 

m h r ,  Mottelson, and the  majori ty of others  but opposite t o  those used 

by Wigner. 

L e t  I equal t he  t o t a l  angular momentum, M i t s  component along z, 

I and K i t s  component along z'. Then the  function IlMK(a@y) i s  so defined 

t h a t  t he  general izat ion of the  simple example given above becomes: 

The function which accomplishes t h i s  turns  out t o  be: 



where t he  summation index, x = 0,1,2,3, ..... terminating with the  in teger  

which f i r s t  makes any one of the  factor ' ials  i n  the  denominator zero 

This D i s  t he  same furiction used 'by Bohr and Mottelson, and i n  

Mo57, and the complex conjugate of t h a t  used i n  Ro57 where there  i s  a 

good discussion of i t s  properties.  

I I 
The r e l a t i on  between h ( n - p )  and h ( f 3 )  can be derived by re-  : 

placing f3 by n-f3 i n  the  above expression and l e t t i n g  x = I+M-x1 and . 
x' -x ' summing over x l ,  remembering t h a t  (-1) = (-1) since x1 i s  in teger  

only, and reca l l ing  t h a t  s i n  (n-p)kd = cos p/;! and cos (n-p)/2 = s i n  f3/.2. 

This and other  proper t ies  and re la t ions  a r e  tabulated below f o r  handy 

reference. 

I M-K T ;I: 
(P) = (-1) 

M-K dI 
dM(p) = (-I) d&(p) = d -K, -M -M, -K (PI 

I I M-K I 5,N(-f3) = dm(@) = (-1) dm(-@) 



*I I I IIx IIx P (cos 8). (69) % PpK = (-l)M-K ~ r ~ , - ~  D~~ = (-l)M-K ~ c ; ~ ~ ~ c - ~ ~ ~  
X 

where ' 

The Legendre polynomials and o ther  spher ical  harmonics are- spec ia l  cases. . 

of D functions: 

,Iml (COS Q )  = (sinm Q )  
dm 

k P (cos 8)  = 
d(cos 8) m ,L 

, - 

I 
The d (spy) defined above i s  the  same a s  equation (4.13) on page MK 

32 of Ro57 a f t e r  applying the appropriate transforrr~ation. It corresponds 



b m '  
B' t o  t he  & (B) = IMK(i3) on page 543 of b1057. The complete D function 

i s  i den t i ca l  t o  t h a t  of Mo37 end t o  .t'ne one found i n  the  wri t ings  of Bohr 

and of Mottelson. The s m a l l  d i s  a r e a l  function whereas D i s  complex. 

The D of Ro57 i s  the  complex conjugate of t h e  one used here. Some 

authors, f o r  example Joos i n  h i s  book on '!Theoretical Physics " (1940 ed. ), 

use a s l i g h t l y  d i f fe ren t  representation i n  t h a t  t he  second (p) ro ta t ion  

i s  t&-en sround x ins-tea.d of about jr 
i i ' 

Tile ~econci ed i t i on  of Wigner's book on Group Tneory (kli59) i s  a 

t r m s l a t i o i ~  w l  ti? soroe clialges i n  notation of h i s  :Pi r s  t edi-tion ~rh ich  

wes writtcil i n  G e r m 3 1  mci ernployed a lef t -hmded cooriiinate system. '!?he 

. t ransla t ion work uses a right-handed system with Euler angles taken i n  a 

pos i t ive  d i rec t ion  and i den t i ca l  t o  those of Rose ( ~ 0 5 7 ) .  The D function .. 

d i f f e r s  from t h a t  of Rose by a phase f a c t o r  and i n  being the  complex con- 
;; . 

jugate. The relationshi-p between t he  two i s  importrant s ince  these  two 
h 

represe~i ta t io i ls  a r e  encountered qu i te  frequently.  It i s  

vrhere the  leading subscr ipt ,  R o r  W, designates t he  author. The re-  

l a t ionsh ip  i s  curiously reminiscent of t'ne left-handed coordinate 

system used i n  the  o r i g i n a l  German edit ivri  of Wignerts book. 

The ro ta t ions  and D function a r e  very c l ea r ly  defined i n  Ro57, 

but  t o  be consis tent  with the  convention so  es tabl ished,  t he  equation i n  

t he  middle of page 55 describing a symmetric top should read 

An oft-quoted der ivat ion of c e r t a in  symmetry proper t ies  (see 



Chapter 11) of spheroidal nuclei f i r s t  appeared i n  Bo52. ,The end re- 

sult i s  correct  but there i s  an ambiguity regarding phase i n  the de- 

rivation'which i s  d i f f i c u l t  t o  resolve because the D function i s  not 

, spec i f ica l ly  defined i n  Bo52. On page 19 a rotat ion referred t o  as R 
1 

about the 1 axis, reversing the 2 and 3 axes, i s  said t o  transform 

I n  terns  of the D function specified by eq, (61) herein,  the sots t ion 

would have t o  be taken about the 2 Cyf) axis t o  e f f ec t  t h i s  transforma- 

t ion.  In MoT7 t h i s  argument i s  reproduced from Bo52 but with the added 

complication of an e r ro r  i n  the sign of y which clear ly arose* from a 

misinterpretation of the  notation used i n  ~ 0 5 2 .  

A rotat ion of n about any axis i n  the x'y' plane causes 

a -, ( a  + n) and p -7 (n - p). This can be seen by inspection since - 
S U C ~ ~  tt ru~1;atlon reverses z f  whose poiar angles i n  the xyz frame are  a 

and p. The change i n  y due t o  such a rotat ion w i l l  depend on the par- 

t i c u l a r  choice. of axis i n  the  x'y' planc. 

11. VECTOR ADDITION COEFFICIENTS 

The notation adopted f o r  the  Clebsch-Gordan coeff ic ients  i s  

cabc where abc = d and a+p = y a re  necessary f b r  C t o  be non-zero. The aBY 

abc a re  two angular momenta and t h e i r  resul tant  i n  any order, and apy 

a r e  t h e i r  respective z components. Although redundant,' a l l  three of the 

components a re  carried f o r  purposes of c l a r i t y  and t o  avoid confusion. 

The notation f o r  the Racah coefficients,  ~ (abcd ;e f ) ,  i s  well  



standardized. The. following re la t ion  i s  employed i n  Chapter V : 

The proof follows: Now 

abe Cede Cbdf 6 B,CX+~ wg,7-a-B,Y B,74-Bj7-a, 

and 

e+f -b-c 
~ ( a b c d ;  ef ) = ( -1) . ~ ( a f e d ;  cb) , 

(-1) 
x+j-Q1-I a1 cIIx c j ~ l f  

m,-m,0 m,-m,O 
m 

But 

Now J = integer  or  haU-integer. In e i the r  case ( -11~ '  = (-1)-j. The 

sum over m i s  over equal posit ive and negative values of m. 



C 
j P t I  c I Ix  
-m,O, -m m, -m,O (84) 

Now cabc = ( -l)a+b-c abc 
C s o t h e  express iononther ightbecomes:  

4, -P, -7 aPY 

( -1)x-2 j+!-l1 m jlI j P t I  I Ix  
(-1) 

2 j+2I+L -1' -21-x Z 'mom mom 
- - 

-m 

which concludes the proof. 
'' 

Although th; Z coeff ic ients  as or ig ina l ly  introduced ' suffered 

from a phase e r ro r  as pointed out by Huby ( ~ u 5 4 ) ,  they have been used, 

with 'the addition of a  fac tor  t o  correct  .the phase, t o  express resu l t s  

because tables  f o r  them a re  available. / Z I = 1 I but i n  some cases the 

s ign i s  tiifferent.. They are  defined as follows: 



APPENDIX E 

S W Y  OF LEAST SQUARES FITS 

During the course of t h i s  work s i x  4-point angular dis t r ibut ions 

were obtained and f i t  by the method of l e a s t  squares. Of these only two 

have been used i n  the channel analyses reported herein. The l e a s t  squares 

f i t s  f o r  a l l  s i x  a re  recorded here, however. They include the correction 

f o r  f i n i t e  angular resolution of the measuring apparatus made according 

t o  the method reported by M. E. .Rose ( ~ 0 5 3 ) .  The correction amounts t o  

an increase of 2.6 percent and 8.8 percent i n  the coefficients of the 

P and P terms respectively, where P i s  the usual Legendre-polynomial, 2 4 X 

2 
px(cos 8 ) .  r'2 and P ( X  ) have the usual s t a t i s t i c a l  meanings and afford 

rough estimates of the r e l i a b i l i t i e s  of the  fit^. For one degree of 

freedom such as i s  the case here (four points and. three parameters), a 

2 P(X. ) from 5 t o  95 percent i s  deemed reasonable. Thus with the excep- 

t ion  of U-235 a t  3690 kev the three-parameter Legendre polynomial expan- 

2 2 2 '  
sions yield acceptable f i t s  t o  the data. X = 1 ri/Ji where ri i s  the 

residual a t  point i, tha t  is, ' the difference between the y coordinate 

of the point and the curve a t  xi. ai is the standard deviation i n  the 

measured 'y parameter a t  x Then P( x2) ,  obtained from charts,  i s  the  
i ' 

probabili ty tha t  another s e t  of measurements would give a value of X' 

greater  than tha t  obtained i n  the t e s t  under consideration. 

The resu l t s  are  expressed i n  Table XVII as follows: 

2 4 W(B) = a +a cos Q+a,+cos 8 = A +A P (cos ~ ) + A ~ P ~ ( C O S  8) .  
0 2 0 2 2  

2 
The reason f o r  the large value f o r  U-233 a t  3690 kev . i s  not known. 



TABLE XVII 

LEAST SQUARES FITS TO FOUR-POINT ANGULAR DISTRIBUTIONS 

Isotope En "0 2 aj+ x 2  P( ~ ~ 1 %  a 

These coefficients contain the corrections for finite angular resoluti6n. 
The expressions have not been normalized to the total fission cross sections. 



It may indicate the presence of higher order harmonics in the measured 

distribution, making it impossible to secure a proper fit with terns 

only up to P In any case the results should not be used in any sort 4 ' 
of analysis without further checking. The fits in the other five cases 

are seen to be reasonable according to this X 2  test. 

The least squares fits were carried out on the ORNL f f ~ ~ ~ ~ f f  

computer through the courtesy of Harvey Carter of the   at he ma tics Group. 
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