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ABSTRACT - 

r" 
/-----. 

Fission induced by high energy particles was studied by 

means of, two different techniques: mica track detector \ 

experiments (for fission of Au ant U induced by 800 MeV 

protons and 400 MeV.pions) and semi-conductor detector 

measurements (for fission of Au, ~ i ,  Th and U induced by 

480 MeV 

The totai kinetic enesgy o,•’ the fission fragments was 
< d 

measured and found to be the same fpr a given fissioning 

system, within experimental errors, whether protons or pions 

were used as projectiles. 4 

Angular correlation and angular distribution 
b 

measurements led to average values-of the Eissioning system 

momentum parallel to the beam direction (p,/). From the 

results of a Monte Carlo calculation of * .  intra-nuclear 

)cascade (performed with the computer code ISOBAR), an 

average excitation energy was deduced from the 

experimentally measured p ,/. Fob thorium and uranium 
I- 

- . - 
- pp 

targets, it was -found that the fission probability was 



higher among nuclei possessing a low excitation energy (and 

a high angular mdmentum) at the end of the cascade step. 

This finding was confirmed, in the case of uranium, by a 

comparison of the widths of w a g m e n t  t mass distributions 

obtained experimentally and calculated through bhP codes 

ISOgAR (for the cascade step) and EVA (for the evaporation 

step with competition between fission and particle 
Q 

emission). 

The widths of fragment mass and total kinetic energy 

distributions were compared with the theoretical predictions 

of Nix and were found to be in reasonable agreement for gold 

and bismuth targets. The discrepancy observed in the case 

of thorium and uranium could.'be due to asymmetric fission 

events (from fission occuring at low excitation energy) for 
\ 

wh*h the mod%l is not valid. 
4 - 

q R l l  angul&r distributions in the center of mass system 
% ,, , 

weie found to be fLat wiihin exp&rimendl errors. 
j 

An attempt to determine the mass of the fissioning 

system was carried out but the quality of ,$he measurements 

was not sufficient to obtain definitive valge. While a .-. 
,- 

mechanism involving simple "first-chancen fission was qound 
% C 

improbable, Lt was not passfile ta distinguishhetween-- - - 

mlast-chancen fission, or fission occuring at several stages - 

of the de-excitation process. * 

I 
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Fig.72 : Mass d i s t r i b u t i o n  r e s u l t s  ob t a ined  from 

c a l c u l a t i o n  by t h e  ISOEAR code f o r  t h e  system 
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Fig.73 : Mass d i s t r i b u t i o n  r e s u l t s  ob t a ined - f rom 
t 

c a l c u l a t i o n  by t h e  ISOBAR fol lowed by EVA coaes  

f o r  t h e  system Bi+500 MeV pro tons .  

Fig.74 : Average va lue  of t h e  e x c i t a t i o n  energy 

cor responding  t o  a given momentum p// as; 

c a l c u l a t e d  by t h e  ISOBAR c o d e . f o r  t h e  system 

Au+500 MeV pro tons .  - 

Fig.75 : Three dimensional  p l o t  o f  t h e  angu la r  momentum 

ve r sus  t h e  e x c i t a t i o n  energy of t h e  n u c l e i  

fo l lowing  t h e  i n t r a -nuc lea r  cascade a s  c a l c u l a t e d  

by t h e  ISOBAR code f o r  t h e  system UF4+500 

p ro tons .  

Fig.76 : Momentum p a r a l l e l  t o \ t h e  beam a x i s  t r a n s f e r r e d  

from t h e  p r o j e c t i l e  t o  t h e  s t r u c k  nuc leus  a s  

c a l c u l a t e d  by 'the ISOBAR code f o r  t h e  systems 

Au+400 MeV p ions  (- ) and Au+800 MeV p ro tons  

Fig.77 : L i t e r a t u r e  va lues  f o r  t h e  c a l c u l a t e d  wid ths  of 

t h e  mass d i s t r i b u t i o n s  f o r  f ragments  from v a r i o u s  

v a l u e s  of the t o t a l  k i n e t i c  energy of t h e  

f i s s i o n  f ragments  from various- f i s s i o n i n g  systems.  
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F i g . 7 9  : Fragment mass distribution as calculated by the 223 

8- . ISOBAR and EVA codes. 
f 



INTRODUCTION 

This thesis describes an attempt to obtain data bearing 

on'a long-standing problem in the area of nuclear fission, 

namely when, in the evaporation de-excitation of an excited 
t 

heavy nucleus, fission does take place. The conventional 
< 

statistical modelsin its simplest form, with which much of 

the r;diochemical data on the yields of nuclei escaping 

fission agrees, predicts that first chance fission (i.e. 

fission early in the de-excitation process and hence at high 

excitation energy) should be predominant for the heaviest 

elements such as uranium and again for elements.near silver. 

For in between elements, such as gold and bismuth, fission 

is expected to compete with evaporbtion over much of the 

de-excitation sequence. 

Data obtained for these same elements on the angular 
d i /' 

correlation between emitted fission fragments and evaporated 

particles, on the other hand, is understood in terms of 
1 

fission occuring primarily at the end of the de-excitation 

process flast chance fission) and h e m e  at low excitation 

energy (Che.70), (Fra.75), (Wil.79). 

As a result of previous work in this laboratory, 



primarily by H.Blok and F.M.Kiely, experience had been 

gained in the application of mica track detectors to fission 

f ragrnent sPectr&copy, the mica had been calibrated, and 

computer codes existed for data anqlysi-s. Thus, in the2early 

stages of this work, advantage was taken of this situation. 

The contribution of the present author was in the extension 

and improvement of the calibration data and analysis 

programs, and then their application at the facilities 

provided at the LAMPF accelerator (prior to TRIUMF being 

operational) to experiments on fission induced by 

intermediate energy protons and pions as LAMPF 

experiment 104. The experimental contribution of the writer 

was in the preparation for 'the experiment (target and mica 

prepaiat'ion,etc.) and in the scanning and analysis 

afterwards. She wars, unable to travel to CRNL (for the 

calibration irradiation) nor to LAMPF (for the fission 

experiments); the irradiations were performed by the thesis 

supervisor. 

Later when TRIUMF produced protons beams of appropriate 

quality, the program was extended to measurements with 

semi-conductor detectors. This was accomplished as a small-., 

part of TRIUMF experiment 6, in collaboration with B.Blok 

and B.D.Pate who were working on that experiment. The 



* 

p r e s e n t  author s e t  up t h e  experiment, and e s p e c i a l l y  the I 

e l e c t r o n i c s ,  i n  co l l abora t ion  w i t h  t he  above mentioned, but 
/ 

took major r e s p o y s a b i l i t y  fo r  running t h e  experiment, ana 

was s o l e l y  respons ib le  fmi t a r g e t  prepara t ion  and ana lys i s  

of t h e  subsequent d a t a .  

This  experiment was not  d i rec ted  a t  ob ta in ing  
.? r-U--+--l 

f i ss ion-evapora t ion  angular  co'qelation d a t a  s i m i l a r  t o  t h a t  

obtained a t  somewhat lower s by o t h e r s ,  and al luded 

t o  above. Ins tead ,  i t  on measugements on 
1% 

f i s s i o n  fragments t h e r n s e l v e 6  and p a r t i c u ' l a r l y  on ext rac t ion '  
j 

of those f i s s i o n  paramet& which n ight  be expected t o  

r evea l  t h e  mass or  e x c i t a t i o n  energy of t h e  system - 
undergoing f i s s i o n .  

I n  p r i n c i p l e ,  the  d i s t r i b u t i o n  i n  f i s s i o n i n g  system 

mass should be a c c e s s i b l e  v i a  simultaneous measurement of 

t h e  ene rg ies  and t imes of f l i g h t  of both fragments from 

binary  f i s s i o n .  In  t h e  end, t h e  ana lys i s  of t h e  present  da ta  
FC - 

showed i t s  c r i t i c a l  s e n s i t i v i t y  t o  parameters"which were , 

beyond t h e  scope of t h e  p resen t  experiment t o f c o h t r o l ,  and 
rjtj 

t h e  width of t h e  d i s t r i b u t i o n  was obtained only w i t h  ra ther  

l a r g e  uncer ta in ty .  These d a t a  and those obtained v i a  a 

somewhat d i f f e r e n t  a n a l y s i s  of da ta  on two t r ack leng ths  p lus  

t h e i r  d i r e c t i o n s  measured w i t h  mica sandwiches a r e ,  bowever, 



still interesting to compare with'theory in a'general ;ay. 
\ 

The second possible avenue of examination was3 

measurement of those parameters which might be affected by 
I .  

excitation energy at the mopent of fission. These in&Yuded 

the most probable values, and especially the widths, of the 
\ 

distributions in fragment kinetic energy and mass. In 

addition the center of mass momentum of the fissioning 

system was expected from previous work to be related to 

excitation energy, although the effect of post-fission 

de-excitation by particle evaporation was expected to affect 

the measurement of all these parameters. 

Finally the angular distribution of the fission 

fragments with respect to the beam direction would lead to a. 

value of the fission moment of inertia, which is expected to 

exhibit a sharp dependence on fissioning system mass in much 

of the sub.ject mass region. ~g'ain, some difficulty~was also I 

expected in the extraction df this parameter, since the 

excitation energy also exerts an effect upon the fragment 

angular distribution through the nuclear temperature. 

Much of the work in this thesis, therefore, was taken 

up in an exploration, during analysis of the experimental 

data, of the influence*on parameter extraction of the 

complicating factors referred to above. 



I n  t h e  course of i t ,  however, much f i s s i o n  fragment 
I 

spectroscopy was accomplished, some of i t  new and hence of 

s p e c i a l  i n t e r e s t .  I n  p a r t i c u l a r ,  measuremed of f i s s i o n  

fragment energies  and f i s s i o n  center  of mass momenta f o r  the  

pion-induced f i s s i o n  of gold was accomplished i n  comparison 

w i t h  t h e  corresponding d a t a  f o r  proton-induced f i s s i o n ,  and 

these  d a t a  were then a v a i l a b l e  f o r  comparison w i , t h  theory. 

In  t h e  o rgan i sa t ion  of what fol lows,  t h e  knowledge of 
9 

t h e  f i e l d  provided by t h e  work of previous authors  i s  f i r s t  

reviewed.  hen, t h e  experifnental procedures a r e  ou t l ined ,  

together  w i t h  t h e  techniques employed f o r  a n a l y s i s  of the  

da ta .  F i n a l l y ,  t h e  *data a r e  compared w i t h  t h e  a v a i l a b l e  

t h e o r i e s ,  and t h e  d a t a  i n  t h e  end a c c e s s i b l e  on f i s s i o n -  

evaporat ion competit ion a r e  discussed. 



I THEORETICAL CONSIDERATIONS 

A )  High energy fission 

1 

5 

a 
A characteristic difference between low ( <50  MeV) and 

high (>1b0 MeV) energy nuclear reactions is illustrated in 

Fig.1 (taken from Mi1.59) where the mass-yield curves for 
. , 

incident protons of 40- 480 and 3000 MeV-pon bismuth have 

been plotted. It can be seen from this figure that the 

narrow mass distribution of the reaction products obtained 

at low bombarding energy becomes much wider as the energy \ 

increases. The products from high energy bombardment are 

spread over many mass numbers and, at the highest energies, 

all products with mass humbers less than that of the target 

are found with measurable cross-sections. Reactions induced 
Q 

by high energy particles are usually divided into four 

categories: 

- spallation in which several nucleons or even 
4% - -  - 

groups of nucleons are emitted from the struck target 

nucleus, 



Fig.  1 

i 

: M a s s - y i e l d ~ v e s  f o r  t h e  i r r a d i a t i o n  of a  bismuth 
/ 

t a r g e b w i t h  4 0 ,  4 8 0  and 3 0 0 @  M e V  p ro tons .  



40 Mew, 



- fission (particularly characteristic of heavy 
nuclei)? in which the struck nucleus splits into two or more 

fragments having roughly equal atomic masses. 

- fragmentation in which relatively heavy 
fragments. (8~e,12~,160 and even 2 4 ~ a  or 28~g) are generally 

C ejected from the struck nucleus in a fast process-and 

- secondary reactions in which some particles or 
fragments released in the primary reaction have energies 

sufficient to cause further interactions witheadjacent 

nuclei. 

The shape of the mass-yield curve at 48b MeV bombarding 

energy has been explained (Mi1.59) as follows: Dhe products 

with mass number between 60 and 14d may be considerea as 

fission procTucts, in the light of the increased yield in 

this region for fissile targets which is absent for light 

targets, those with mass between 160 and 209amu ap 

spallation products while those with a mass greater than 

that of' the target as secondary products. (neglecting the 

small contribution from n- emission). It should be 

emphasized that the above categories are not mutually 
A 

exclusive: for example, a fissile target nucleus struck by 

an incident particle may emit several particles,% r - A -  

"% 

spallation reaction and then may undergo fission. $he wide 



distribution 'in qgss of the products indicates that Bohr's 

hypothesis (Boh.37) for low energy reactions, that the 

incident particle is initially absorbed by the target 

nucleus and the compound nucleus thus formed de-excites 

after equipartitioning of the energy, is no longer valia at 

high energies. Between 1947 and 1952 Serber (Ser.47), 

Goldberger (Gol.48), Chew and Goldberger (Che.52) proposed 

and developed a model to describe the wide distribution of 

radioactive products formed in the 200 MeV deuteron 

irradiation of 7 5 ~ ~  (Cun.47) . 

1) The Serber and Weisskopf.models 

t" 

The Serber model describes the first step in a two step 

process. In this first stage, often called the "prompt 
, 

cascade" or "nucleonic cascade' taking place in a very short 

period of time (--10-20,10-22 s), the incoming particle 

interacts with a single nucleon in the nucleus. The 

projectile and struck nucleon either escape from the nucleus 
0 

or interact with other nucleons in a cascade. At the end of 

the cascade, the nucleus is left in an excited state and 

de-excites, in a second step, by the statistical emission of 

neutrons, protons, alpha-particles etc., or fission may 



occur, This evaporation stage takes place on a longer ti& 

scale than the prompt cascade (10-15,10'19 S) , and is 
described by the formalism due to Weisskopf (Wei.37). 

a) The nucleonic cascade 

At kinetic energy of-about 180 MeV, the wavelength 
1 

associated with an incident proton becomes less than the 
1 4- 

average distance between nucleons, so that the incident 
-- 

particle will interact with one nucleon at a time. Another 

aspect is that the duration of the collision between the 

incident particle and the nucleon is short compared to the 

characteristic time interval for collisions between nucleons 

in the nucleus. 

As the energy increases, there is an increasing 

probability that the bombarding particle will traverse the 
P 

nucleus without any interactions, i.e, the nucleus becomes 

increasingly transparent to the bombarding particles/ The 

nucleonic cascade may vary in complexity from such cases in 

which4 the projectile passes through the nucleus without 

making a single collision, to those in which very large 

cascades are generated. When collisions with one or several 

nucleons do occur, the struck nucleons may in turn strike 

other nucleons and contribute to the total excitation energy 



of the nucleus, or escape from the nucleus. At incident 

energies above th,e pion production threshold, inelastic 

colJisions must also be considered and will have an 

appreciable effect on the propagation of the cascade. 

The generation of the cascade can be computed by the 

Monte Carlo method of Ulam and Von Neumann (Ula.47). The 

qpplication of this method to the cascade calculation was 
B 

outlined by Goldberger (Go1.48) and the first attempts were j 
\ -  

carried out in two spatial dimensions (Rud.56). Eowever, \ 

since 1958, a treatment has been developed in three 

dimensions with the calculations performed by a computer 

(Met.58). such a calculation follows step by step the 

development of the cascade by sthecting via random numbers 

the kinematic conditions of the collisions: a random choice 

is made at every point in the-calculation where a decision 

must be made and this choice is weighted according to the 

probability distribution for the event in question. The 

calculation is repeated for a sufficient number of 

projectile target pairs for the results to have statistical 

significance. All nucleons struck during the cascade are 

folf owe& unti2 they either l e m  tire- nucl e ~ s  r x ,  f u l l  u w b q  

further interactions, their energy becomes too low for them 

to escape. Over the years more sophisticated treatments of 

this model have been. developed by Bertini. (Ber .63,&r .78)  , 



Chen et a1 (Che.68,Che. 71) and. Harp (h'ar. 74) . 
a 

The computer code VEGAS developed by Chen &Cal 
+ ?  - 

(Che.71) has been modified lately by Harp (HaG74) to extend 

its calcu~~ations to higher energies. This "ersisn named 

ISOBAR was used in the present work to calculate the mass, 

energy and momentum distributions of the nuclei at the end 
A 

of the cascade step for use in comparisons with the 
C 

- experimental da ta  obtained, 

b) The evaporation stage , 

All analyses of particle evaporation from excited 

residual nuclei remaining after the intranuclear cascade 

have used the statistical assumption and developments of the 

formalism first developed by Weisskopf (Wei.37). The 

probabi'ljty per unit time that a particle of type i with 

binoing energy Bit mass Mi and spin si is emitted in the 

energy interval dei at an energy ei from a nucleus with 

excitation energy E is given by: 

I 
~ ~ ~ - ~~- 

where a i  (ei) is the cross-section for the inverse of the 

emission reaction. p ( E )  is the density of energy levels of 



the original nucleus at excitation energy E and pl(E-Bi-ei) 

is the density of energy levels of the nucleus remaining 

after the emission of particle 1 with kinematic energy ei. 

Crucial quantities in the above expression are the level 

densities p ( E )  and P '  (E-Bi-ei). In order to evaluate them, a 

nuclear model has to be assumed. If the Fermi gas model is * 
chosen, the level density may b i  written as (Wei.37) : 

p ( E )  = C exp[2(a~)lI2] 
---- 

(1.2) 

where C and a are constants usually evaluated empirically. 

The expression (1.1) has been used in many theoretical 

treatments of the evaporation stage following the 

intranuclear cascade (Lec. 50) , (Lec.52), (Yam. 50) , ( ~ u j  .49) ' , ' "  

(F~j.50)~ (Jac.56), (Rud.56) and (Dos.58). Recent important 

contributions are due to Hi1 lman (private communication) who 

developed-the computer code JULIAN. 
5 c 

Emission of a type i particle governed by equation (1.1) * 

leads to a new nucleus whose behaviour is again governed by 

the same expression. Thus, the problem is one of an 

"evaporation cascaden which may be treated by the Monte 

Carlo method, Such a calculation has been performed by 

~ostrovsky' et a1 (Dos. - 59) and exteqed by Porile and Tanaka 
Y 

(Por.64) to include the determination of the momentum of the 



product nuclei resulting from long evaporation chains. 
I 

# 

C) Competition between fission and particle 

emission during the evaporation stage 

For high energy reactions., the possibility of fission 

must be included in the list of possible modes of 

de-excitation for each evaporation step. 

starting with a given value of the excitation energy, h 

random choice is made of the particle emitted in the first 

instance (proton, neutron or heavier particle). This choice 

depepds on the probability ratios r / / ri/r o P 
where r is the total width and l' rn, ri and rf 

PI 

widths for the edisgion of a proton, neutron, any particle i 
11 

or fission respectively. 

The fission width rf was given by Bohr and Wheeler 
(Boh.39) for a model in which the nucleus was approximated 

A 

.by a uniformly charged liquid drop: .d 

where P(E) and p(E-Bf-e) are the level densities. of the 

excited nucleus before fission and of the nucleus at the 

saddle point respectively and Bf is the fission barrier. 





The parameters an and af are expected to vary slowly and 

regularly with the mass of the nucleus; therefore, for a 

given excitation energy much larger than Bf or En, the main 

' variation in the ratio rf/rh may be written as: 
tr 

L - = Const. 
r 
'n 

f 
. Thus, the probability that an excited nucleus, at a given - -  

C 

excitation energy, will fission rather than emit a neutron , 
depends strongly upon the difference between the fission 

barrier Bf and the neutron binding energy En. If the deutron 

binding energy is much the smaller, the neutron emission 

will have a greater probability than fission and vice versa. 

The simple formalism just described has been used to 

compute the f ission-evaporation competition in high energy . 
- 

reactions by the Monte Carlo technique. The EVA code 

(Z.Fraenke1 pr.ivate communication) based on the earlier 
,I 

calculation by Dostrovsky et a1 (Dos.59) used, as an input, Q 

the characteristics of the excited nucleus after completion 

of the cascade as computed by the ISOBAR program. However 

this code could not be used in the case of gold or similar 

targets since the fission of elements lighter than thorium 

is not considered in the evaporation process. 



d) First chance or last chance fission 

The relative f issility of a nucleus may be heasured 

through the parameter Z* /A (related as will be seen below to 
&---- the ratio of its Coulomb and surface energies), where Z and 

A are the nuclear chgrge and mass. 
r 

For nuclei at the end ,of the prompt cascade, 

competition may be significant between neutron evaporation 

and fission in a few or in all stages-of evaporative 

de-excitation. Two extremes represented in Fig.2 could he 

postulated. 

- Mechanism 1: last chance fission 
If the various nuclei produced by the cascades have 

small fission widths due to an unfavourable Z 2 / A  value, the 

de-excitation, even at high energies, will occur almost 

exclusively by evaporation q f  neutrons. This loss of 

neutrons along the evaporation chain will increase the'ratio 

Z ~ / A  (and the corresponding fissionability) and f iision 

occur towards th; end of the chain when most of the 

excitation energy has been dissipated. Thus, this fission 

will be a fission at low energy preceded by'a series of 

successive evaparations . 



Fig.2: Schematic representation of "last-chance" fission 

% (mechanism 1) and "first-chancen fission (mechanism 2). 



MECHANISM 1 

Target 
0 
\ Cascade 
\ 
0 

/ Neut rOn + l Fissioning nucleus with high 
evaporation \ Z*/A and low excitation 

A and B : fission fragments - Evaporation 
of a few neutrons- Beta decay to stability 

Cascade . Ta"a/ng nucleus'wit~ 

high excitation \ 

A and B : fission fragments - Multiple - 
neutron emission - Beta decay to stability 

MECHANISM 2 



- Mechanism 2: first chance fission 
s- 

If the fission width increases significantly with the 

excitation energy, this will favour occurrence of fission in 

the early stages of de-excitation. In this case, a low Z ~ / A  

ratio will be compensated by the high excitation energy 

which would increase the number of channels available for 

the fission of the deformed nucleus.  his high energy 
-. 

fission would be different from fission at low energi.e.s in 

those respects affected by excitation energy. Since the 

kinetic energy of the fragments is, approximately 

independent of excitation energy (Lef.68), the excess energy 

appears in the form of excitation energy of the fragments 

which will then de-excite by evapbration of neutrons. First 

chance fission could .also occur among nuclei possessing a 

low excitation energy after the cascade step. 

Various experimental observat.ions which seem to favour 

one mechanism or the other will be discussed later. It is 

possible that situations lying in between these two extremes 

do occur, producing a wide range of fissioning nucleus 

masses and, consequently, wide distributions in mass and 

energy of the fission products. 



, . 

2) J,R Nix's theoretical predictions 

The widths of distributions from the fission of 

individual fissioning species as well as the most probable 

values have been predicted theoretically by Nix (Nix.69) and 

a brief outline of his work will be given here. 

In order to study the properties of the division of an 

idealized nucleus, a simplified version of the liquid-drop 

model was used where the shape of the nuclear surface is 

described by three smoothly joined portions of quadratic 

surfaces of revolution (two spheroids connected by a 

hyperboloidal neck). This shape is specified by means of. a 

parameterization which has six degrees of freedom: threef 

representing symmetrical deformations and the other three 

describing asyrnmetr,ical deformations. This parameterization 

has the great advantage of representing in a continuous way 

the sequence of shapes from the original sphere through the 

saddle and scission sfiapes, to the two fragments at 

infinity. 

The potential energy (which is the sum of the surface 

eneqgy and the Coulomb energy) of a deformed drop relative 

to thp:\spherical drop is given by: 

\ Es - Eso + Ec - Eco 



wbere  Eco and Eso a r e  r e s p e c t i v e l y  t h e  Coulomb and  s u r f a c e  

e n e r g i e s  o f  t h e  o r i g i n a l  s p h e r i c a l  d rop .  

The s u r f a c e  e n e r g y  o f  t h e  s p h e r i c a l  d r o p  is: 

E s o  = as A 2 I 3  { 1-K[(N-Z)/A12'} (Nix .69)  

w i t h  a s  =17.9439 MeV and K =1.7826. 
" 

I 

The q u a n t i t y  Eco i s  g i v e n  b y ;  \ 

Eco = a, z ' / A ~ / )  (Nix.69) w i t h  a, = 0 . 7 0 5 3  

The r e su l t s  o f  t h e  c a l c $ l a t i o n s  a r e  g i v e n  a s  a  f u n c t i o n  

o f  t h e  d i m e n s i o n l e s s  f i s s i l i t y  p a r a m e t e r  x  d e f i n e d  as:  

The p o t e n t i a l  e n e r g y  V c a n  a l s o  be  e x p r e s s e d  a s :  

V ( B , - ~ ) E , ,  + (Bc-l)Eco] = [ (Bs-1)  + 2x (Bc -1 )  ] Eso 

where  x i s  t h e  f i s s i l i t y  p a r a m e t e r  j u s t  d e f i n e d .  

The f u n c t i o n  Bs is t h e  t o t a l  s u r f a c e  e n e r g y  o f  t h e  d r o p  

i n  u n i t s  o f  t h e  s u r f a c e  e n e r g y  of t h e  s p h e r i c a l  d r o p  Eso 

wh i , l e ,  s i m i l a r l y ,  Bc is  t h e  Coulomb e n e r g y  o f  C t h e  d r o p  i n  

u n i t s  o f  E,,. T h e s e  two f u n c t i o n s  B, and  Bc depend  o n l y  upon 
, / 

t h e  s i x  de fo rma t ioA,  c o o r d i n a t e s  which s p e c i f y  t h e  s h a p e  of  
/- 

t h e  d r o p .  

Then,  t h e k i n e t i c  e n e r g y  of t h e  syg tem is c a l c u l a t e d .  

T h i s  e n e r g y  d e p e n d s  n o t  o n l y  upon t h e  s h a p e  o f  t h e  d r o p  b u t  

a lso upon t h e  n a t u r e  of t h e  hydrodynamica l  f l o w  of t h e  f l u i d  



inside the drop: a non-viscous irrotational flow was chosen. 

The transition-state method is used to calculate the 

probability that the nucleus is in a given state of.moti%n 

when it passes through the vicinity of its saddle point. 

Having determined the probability distributions for' the 

* initial conditions near the saddle point, the next step is 

to perform the dynamical calculations which tell how the 

nucleus divides for' a given set of initial conditions. This 

is done by solving Hamilton's equation of motion and this 

final st.ep leads to the observable characteristics of the 

fission fragments at infinity, namely the most probable 

fission fragment energies and the widths of the 

distributions in total kin 2 ic energy and fragment mass. 
These quantities can be compared with experimental results 

such as those obtained in the present work. .. 
From' comparison of this theory to existing experimental 

data, it was concluded (Nix.69) that this simplified version 

of the liquid drop model is not able to account for the 

properties of the division of heavy nuclei at low excitation 

energies. However, it reproduced approximately experimental 

fission fragment mass and energy distributions for the 
* 

fission of heavy nuclei at high excitation energies and 

medium mass nuclei at all excitation energies. 



The results of this theory offer the great advintage of 
e 

being directly comparable to the experimental data since no 

adjustable parameters were used in the calculations. ' 4 
i 

B) Review of previous experimental results on high energy 
7. 

fission 

Fission reactions have been studied extensively through 

radiochemical methods, track detectors or emulsions and 

semi-conductor detectors. Some general features follow from 

these experimental observations; however, there are still 

several unanswered questions and .conflicting results 

particularly on the determination of when, in the 

evaporation chain, the fission occurs (first or last chance 

fission) . 

1) distributions 

All studies lead to the same conclusions that the well 

known double-peaked mass distribution, characteristic of low 

energy fission, changes over to a single peaked distribution 

characteristic of high energy fission (Ste.58). It was also 

found that this single peaked distribution became wider with 

incre'asing bombarding energy. Some evidence of the shift of 



the mass distribution peak to lower mass numbers as the 

energy of the incident proton increases was given by Jodra 

and Sugarman (Jod.55), Sugarman et a1 (Sug.56) and Shamov et 

a1 (Sha.56), but at high energy, the location of a single 

peak, indicating the most probable fission fraghent mass 

becomes less certain. The earlier radiochemical 

investigations were based on the assumption of prefission 

emission of neutrons (or last chance fission) but the 

.results could be easily explained by a mechanism involving 

fission in competition with evaporation at all stages of 

de-excitation (Blo. 8 0 )  . 
Various results have been reported in Table I where the 

'fissioning nucleus" designates the most probable of a 

distribution in fissioning quclei. 

Y2 

2) Kinetic energy of the fission fragments 

Several investigations on the kinetic energy of the 

fission fragrn&ts lead to the same general description: the 

kinetic energy distributions are symmetrically distributed 

around a most ptobakde v a l u e  at- whick *he--- i + a g a t ~ * h u e  

the same energy. Single peaked energy distributions are in 

accordance with the mass (and charge) distributions also 

having a single peak. 
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TABLE I 

Reference 

(And. 76) 

(Kru. 55) 

(Kru. 55) 

Ref .6 in 
(Kru. 55) 

(Jod.55) 

(Hag. 75) 

-- 

(Kru. 55) 

ASsumed fission- 

-ing nucleus 

Ax104 estimated 

175 
0 s  

76 

Hg 
186 

80 

190 
Pb 

82 

186 
Hg 

80 

H9; 
80 

L 

Projectile 

6 8 0  MeV p 

450 MeV p 

456 MeV p 
.-. -+ 

9 

348 nerf p 

Most probable 

A and 2 

A = 87.5 
zp = 38 

P 

> 1 ii 
P 

4 5 f l m p -  

(Fri.65) 2 . 9 G e V p  

450 MeV p 

600 MeV p 

% - I 1 8  

, 

= 93.2 
zp = 48 P 

3 I 1032~ P = 43.5 
2 8 7  :- - - 

Fr 
87  



Among the important results of these studies is the 

finding that the kinetic energy of the incident particle 

does not contribute significantly to the kinetic energies of 

the products, but that these are determined essentially by 

Coulomb repulsion. This has been observed for heavy-ion 
9 

induced fission (Vio.63) as well as high-energy light- 

particle induced fission (Dou.54). This feature will allow 

comparison of results from the present work with existing 

values of kinetic energy at very different bombarding 

energies than the one used in this study. 

Some of the results found in the literature are reported 

in Table I1 where the kinetic energy EK appears in column 4 

and the distribution width (FWHM) is given when available. 

3) Excitation energy of the fissioning nucleus . 

Several techniques yield information about the 

excitation energy of the fissioning nu'cleus. This energy has 

.been estimated via its relationship to the energy 

transferred from projectile to target nucleusI,from: 
? - the opening angle between the two fis-&on tracks in 

- - - - - - - - - - - 

nuclegr emulsions (Ost. 55) : the difference between the 

observed angle and 10BO is a measure of the momentum of the 



TABLE I1 

measure 

Ag Semi-cond. 
detectors 

Ta Semi-cond. I I detectors 

detectors 

Semi-cond. 

Bi detectors 

r e o i l  

recoil 

U Semi-cond. I detectors 

Projectile , EK (MeV) I FWHM 

25.5 MeV 3 ~ e  138.6 17 * 4 
120 MeV 4 ~ e  ,136 3 22 * 6 

25.5 MeV 3 ~ e  145.4 18 4 

120 MeV p 141 * 3 24 * 6 
450 MeV p 111 

450 MeV p 163 8 

156 MeV p 161 * 2 31 

Reference 

(And.76) 

(Sste.67) 

(Bri.63) f 

(Pla. 66) i 

(Br i. 63) 

(Ela. 66) 

(Por. 57) 

(Sug.66) 

(Ste. 67) 



's 

,= 

1 
I 

nucleus before f i s s i o n .  The s a m e p ~ n f & u a t i o n  can be obtained 

from angular c o r r e l a t i o n  measuremknt&.carried ou t  w i t h  s o l i d  - 
s t a t e  d e t e c t o r s  (Kow.62), (Kow.63) , (Kow.64) . 

& 

- r e c o i l  experiments (Por.57),  (Sug. 5 6 ) ,  where the - .A 

d i f f e r e n c e  i n  t h e  amount of ' recoi l ing  r a d i o a c t i v i t y  ejectel3 

i n  t h e  forward d i r e c t i o n  over t h a t  e j e c t e d  backwards, i s  a '. 
\ 

measure of t h e  momentum of t h e  s t ruck  nucleus.  '. 
'-are given i n  t h e  followinq Some experimental  

t a b l e  where E* i s  the  mean n energy of the  nucle i  

undergoing f i s s i o n  and PI/ value of the  p a r a l l e l  . 

, component of t h e  f i s s i o n i n g  nucleus momentum. 

Reference 
-- ~ - ~ 

(Por . 5 7 )  

(Hag. 75)  

(Por. 57) 



4).  First chance 

'i/ The a finding, from 

or last chance fission 
-.. 

experimental observations, that- 

several particles (mainly neutrons) are emitted during the ,- 

\ . '  t .  

evapohtion stage of high energy fission i; now well 

established. However, the controversy as to when these 

particles are emitted (before or after fission) is still not 

settled at the present time. In order to extrac,fd$uch data u 
from results on the angular correlation between' fission 

fragments and evaporated particles, it is assumed that the - ' 
\ 

pre-fission neutrons are emitted isotropicaJly in the 

center of mass of the fiqsioning nucleus while the 
s 

post-fission neutrons are emitted isotropically in the C 

center of mass system ~f the fully accelerated fragments. 

The knowledge of the number of pre- and post- fission ' 
neutrons is of great importance to the understanding of the \ 
fission process: the number of prefission neutrons is 

directly related to the competition between fission and 

neutron emission. Measurements of the number of prefission 

neutrons for several targets and bombarding energies will 

lead 'to the determination of the- variation of ratio Pf/rn -of 

the fission width to the neutron emission width with energy 

and target mass. On the other hand, the number and kinetic 



energy spectrum of the post-fission neutrons as a function 

of the fragment mass and the total kinetic energy of the two 

fragments will determine the fotal excitation energy and its 

par tit ion batween the two f ragmengs. 

Experimentally, the differentiation between pre- and 

post-fissi.on neutrons requires the measurement of the energy 

angular distribution of the neutrons with respect to the 

direction of the fission fragments and the measurement of 

the kinetic energy of the two fragments. 

The first .attempt of such-measurements was carried'out by 

Harding and Farley (Har.56a) in the case of 2 3 8 ~  bombarded 

with.147 MeV protons. In a previous measurement (Har.56b), 

it wa&found that an average 13.1f1.6 neutrons were emitted - 
I - 

per fi 4 sion event. The measured forward/sideways anisotropy 
of these neutrons led to the conclusion that most gf them 1 

C i 

were evaporatea before fission (the ratio of the number of . 
neutrons at b0 to the number of neuttbn's at 9 ~ 0  with respect 

to the fission fragments direction was 

~(0~)/~(90~)=1.27~0.11). 

Similar studies were done with 209~i and 2 3 8 ~  targets 

irradiated with 155 MeV protons (Che.70) aid 209~i, 232~h, 

233~, 2 3 8 ~  and 2 3 9 ~ ~  bombarded with 45 MeV alpha-particles 

(Fra.75). The results of these studies are su&arized below: 



Target Projectile,Number of pre-.Number of post-,Reference 

1 

155 MeV p 

45 MeV CL 

12 MeV p 

45 MeV CL 

0.33A0.15 

155 MeV p 

* total 
From 

(Che. 70) 

(Fra.75) 

fission neut. 

6.9 * 1.0 

2.9 0.9 

45 MeV Q 

number of neutrons. 

fission neut. 

4.2 * 0.5 

3.20*0.28 

5.8 1.6 

the results listed in the table above, it is to be 

3.6 * 0.2 * 

(Gay. 77) 

4.4 * 0.3 

3.6 1.6 

noted that while the number of post-fission neutrons 

(Fra.75) 

4 

5.1 0.5 

remained approximately constant, the number of pre-fission 

 he. 70 j 

4.6 * 0.7 

neutrons increased with bombarding energy, suggestive of 

(Fra.75) 

last chance fission. 

Analysis by Fraenkel and others (Che.70) on the basis of 

the statistical model led to the"conc1usion that, while 

manipulation of model parameters could produce calculation 
2 

I 
results in agreement with these experimendal data, the same 

parameter set could not simultaneously achieve agreement 





Most of the experimental results on pion-induced 

fission,were found to be in agreement with the following 

mechanism: 

the incident pion interacts with a pair of nucleons 

or T ' +  p + p -n + p + 140 MeV 
and the rest energy of the pion is nearly all converted 

into kinetic energy of the two nucleons, which may escape or 

start a cascade. 

When their energy is above 300 MeV, pions create more 

or less the same effects as protons. The main difference is 

due to their absorption inside the nucleus where their rest 

mass is turned into excitatikn energy (i.e. a supplementary 

depos-it of 140 MeV is left inside the target nucleus). Apart 

from this particular point, intra-nuclear cascades proceed 

in the same manner as when they are initiated by protons. 

-0 

C) Theory of track detectors 

1) History 

Various solid materials 'such as mica, glass and some 

plastics are capable pf registering tracks of highly charged 

fragments. These tracks were first observed in 1959 by Silk 



Most of the experimental results on pion-induced 

fissionowere found to be in agreement with the following 

mechanism: 

the incident pion interacts with a pair of nucleons 

IT'+ n + p  -n + n +  140MeV a 

or IT'+ p + p -n + p + 140 MeV 

and the rest energy of the pion is nearly all converted 

into kinetic energy of the two nucleons, which may escape or 

start a cascade. 

When their energy is above 300 MeV, pions create more 

or less the same effects as protons. The main difference is 

due to their absorpeion inside the nucleus where their rest 

mass is turned into excitatibn energy (i.e. a supplepentary 

depos-it of 140 MeV is left inside the target nucleus). Apart 

from this particular point, intra-nuclear cascades proceed 

in the same manner as when they are initiated by protons. 

..." 

C) Theory of track detectors 

History 

Various solid materials such as mica, glass and some 

plastics are capable of registering tracks of highly charged 

fra9ment.s. These tracks were first observed in 1959 by Silk 



5 \ \ 1 \ I 

\ 
\ '  , -  

2 4  
\ 

'P. 
\ 
1 

l 

and ~ a r h e s  ( ~ i 1 ; 5 9 )  i n  mica w i t h  mi,croscope. 

P r i c e  and walker a s t w e l l  a s  other  au thors  showkd t h a t  the - 
diameter of these  t r a c k s  may be enlarged'  by a  p r e f e r e n t i a l  

.' 

chemical g t t ack  ( o r . e t c b i n g  process)  t o  p s i z e  where they 

may be viewed w i t h  an o p t i c a l  microscope'.* The e tching  e f f e c t  
1 

d,as been d e m ~ n s t r a t e d  i n  s o l i d s  of many d i f f e r e n t  types : * 

-/ibni= c r y s t a l s  (YOU.  5 8 j  ;mica . (Pr . i .62a1~rid62b;Pr  i . 6 2 ~ )  , 
glasses '  (Fle.63a) and p l a s t i c s  (Fle.63b) . ' 

% ** 
I 

'An important advantage i n  t h e  use of these  d e t e c t o r s  i n  

nuclear  r eac t ion  s t u d i e s  is- t h a t  the re  i s  a  wel l  ( d e f i n e d '  

minimum-rate of energy l a s s  r equ i red  before a  fragment w i l l  

produce a  t r ack  ( a s  w i l l  be discussed l a t e r  o n ) .  T h u s ,  

t hese  d e t e c t o r s  o f f e r ' u n i q u e  advantages when heavy p a r t i c l e s  
4 

m u s t  be s tudied  under a  v a r i e t y  of adverse conditions such 

a s  in tepse  background r a d i a t i o n ,  h igh , tempera ture  o r  low- 

event  r a t e :  \ 
- a de tec to r  can withstand,  without fogging or fading,  

enormous doses of p a r t i c l e s  whose r a t e s  of energy l o s s  a r e  

l e s s  than t h e  c r i t i c a l  value o f  t rack  formation. 
P 

- t r a c k s  can be formed and s to red  f o r  l o q  t imes.  

- t h e  preparat bn,  development' and observatiunal - 

techniques ace simple. I 
Use of these  d e t e c t o r s  has  been expanding continuously 

I 



during t h e  p a s t  decade i n  many f i e l d s  of s c i e n c e s  

2 )  Thresholds f o r  d e t e c t i o n  

The concept of a c r i t i c a l  r a t e  of energy l o s s  fo r  t rack  

formation was introduced 'by Fle ischer  e t  a 1  . 
(Fle .64a,Flee65b).  These authors  ca lcu la ted  r a t e s  of energy 

a 

l o s s  of var ious  heavy ions  a s  a  funct ion of t h e  energy per 

nucleon f o r  t h r e e  d e t e c t o r s ,  and t h e i r  r e s u l t s  f o r  muscovite . , 

mica a r e  displayed i n  Fig.3, where t h e  experimental  poin ts  

a r e  taken from (Fle .64a) .  The t rack  r e g i s t r a t i o n  e f f i c i e n c y  
\ '  

i nc reases  from 0 t o  100% w i t h i n  t h e  " t r a n s i t i o n  region" and 

t h e  average t r ack leng th  inc reases  from 0 t o  t h e  f u l l  l eng th ,  

corresponding t o  t h e  range. For each d e t e c t o r  s tud ied  these  e e  . 

au thors  found such a  " t ra-nsi t ion region" and defined a ,  

c r i t i c a l  energy l o s s  r a t e  ( d E . / d ~ ) , ~ ~ ~  which appeared t o  be 
. . .  

independent of inc iden t  ion energy and atomic number. 

The threshold o r  s e n s i t i v i t y  of a d e t e c t o r  w i l l  then be 

def ined a s  the  minimum mass and/or energy of inc iden t  ions 
3 

which is d e t e c t a b l e ,  t h a t  is which depos i t  t h e  c r i t i c a l  

value 'of energy l o s s  r a t e  s o  as t o  c r e a t e  enough damage t o  

l eave  an e tchable  t r ack .  , .  

For example, f o r  p a r t i c l e s  with ene rg ies  l e s s  t h a n  T 



Track registration in muscovite mica. The curves 

give the'calculated rates of energy loss of various heavy 

ions in mica as a function of the energy per nucleon. 





I 

3 MeV/a.m.u, the mass must exceed 28 a.m.u in order to form 

tracks in the case of muscovite mica. 

Natowitz et a1 (Nat.68) observed that ions of Z<10 do 

not leave, in mica detectors, tracks which could beA etched 

out to their full length. These ions, however, damaged the 

mica sufficiently to give observable shallow *diamondsn 

after an etching time greater than one hour. A value of 

10.1 ~e~/m~.crn'~ for the critical energy deposition has been 

found by Blok et a1 (Blo.72)&$%& FZ e a registration threshold 
. B 

lying between ion charge Z=lB %Id 2.13. 

3) Track formation mechanisms 

One of the most striking characteristics of track 

registering materials is the correlation of the track 

forming ability with their electrical conductivity. 

Insulators and some semiconducting glasse~s may register 

tracks while metals and the better semiconductors (such as 

silicon and germanium) do not. A model for the production of 

etchable particle tracks must account for this fact, as well 

as for the fact that different materials have dif.ferent 
- 

--- -- - - - -- -p - - - - - -- 

critical rates of energy loss for track formation. Several 

models for track formation have been proposed, with various 



degrees of success, to account for experimental observations. 
3 \ 

The first hypothesis as t~'~how particle tra'cks might be 

formed was that direct atomic collisions produce 
i r t 

interstitial atoms and vacant atomic sites ("displacement 

spikesw (Bri.54,Bri.56)). However, this direct-displacement -J 

of atoTs would be expected to occur equally in conductbrs 
I 

and inhulators and would become more prevalent near the end 

of the range of a charged particle where tracks often do not 

form. 

The 'thermal spike" npdel (~on.61.cha.63) led to 

several conclusions in contradiction with the experiment. 
b 

The major criticism is that sensitivities of different 

materials do not relate in any regular manner. with the known 

melting, softening or transformation temperatures of the 

detectors, as this model would suggest. 

A model suggesting that track formation was governed by . 1 

the total energy loss rate dE/dx had also to be rejected 

after its authors found contradictory experimental results 

(Fle.67afFle. 67b) . 
The most successful model up to date is the one 

spike' model. The proposed multistep process is presented 

schematically in Fig.4. Following the primary ionization, 



Pig.4: The ion explosion spike mechanism for track 

formation in inorganic solids. The original ionization left 
0 

' * *  
4. * =  

by the passage of a chaged particle (top) is unstable and 
- * , ?  

b j e c t s  ions into the solid, creating vacancies and 

intersticials (middle). Later, the stressed region relaxes 

elastically (bottom) . 
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i n t e r s t i t i a l  ions  ana vacant l a t t i c e  s i t e s  is 

e l e c t r o s t a t i c  repuls ion  a f t e r  which e l a s t i c  

the  l o c a l  s t r e s s e s  by spreading the  

s t r a i n  more widely. Th i s  model p r e d i c t s  c o r r e c t l y  the  

conduct iv i ty  dependence of t rack  formation. I t  a l s o  

p r e d i c t s  t h a t  a  q u a n t i t y  somewhat d i f f e r e n t  from dE/dx 

should determine t h e  presence or absence of t r a c k s :  the  

number of ions  formed per  u n i t  d i s t ance  along t h e  p a r t i c l e  

path or primary s p e c i f i c  ion iza t ion .  T h i s  q u a n t i t y  has been 

compared with dE/dx (Fle.67b) and shown (Pr i .68)  t o  be i n  
4 

b e t t e r  agreement with experiment. Katz and Kobetich (Kat.68) 

suggested t h a t  e t chab le  damage is produced when a  c r i t i c a l  

dosage of i o n i z a t i o n  energy is deposi ted a t  a  c r i t i c a l  

d i s t a n c e  from t h e  i o n ' s  pa th  by secondary e l e c t r o n s .  This  

c r i t e r i o n  p r e d i c t s  cond i t ions  for  t h e  formation of e tchable  

t r a c k s  i n  t h r e e  d e t e c t o r s  (mica, Lexan polycarbonate and 

c e l l u l o s e  n i t r a t e )  i n  agreement with publ ished da ta .  

4 )  + Track geometry and etching e f f i c i e n c y  

TAe g e e t r y  of t r a c k  e tch ing  is  d i c t a t e d  i n  t h e  

s imples t  case by t h e  simultank ac t ion  of two e tching  



p r o c e s s e s :  c h e m i c a l  d i s s o l u t i o n  a l o n g  t h e  p a r t i c l e  t rack a t  
1 

a l i n e a r  r a t e  VT a n d  g e n e r a l  a t t a c k  o f  t h e  undamaged 
+Y 

m a t e r i a l  a t  a  lesser r a t e  VG (Pri.67,Pri.68afPri.68b). T h i s  

p r o e e s s  c r e a t e s  5 c o n e  which  h a s  t h e  o r i g i n a l  t r a c k  a s  i t s  

a x i s  shown t a k e n  from where  
. . 

assumed t h a t  VG is i s o t r o p i c  and t h a t  VT i s  c o n s t a n t  o v e r  

t h e  l e n g t h  e t c h e d  d u r i n g  t h e  time l a y e r  s u r f  a c e  

m a t e r i a l  t h i c k n e s s  removed t h e  same t i m e  t h a t  

t h e  e t c h e d  t r a c k  is d e v e l o p i n g  s o  t h a t  b o t h  o f  t h e  d i r e c t l y  

o b s e r v a b l e  q u a n t i t i e s ,  t h e  t r a c k  d i a m e t e r  D and  t h e  v i s i b l e  

t r a c k l e n g t h  I f  a r e  t h e  r e s u l t  o f  t h e  c o m p e t i t i o n  be tween  t h e  

e f f e c t s  o f  VG and  VT. The s m a l l e r  t h e  e x c e s s  o f  VT o v e r  V G ,  

t h e  s m a l l e r  D and  1 w i l l  be ( o r  t h e  l a r g e r  t h e  c o n e  a n g l e  

e = a r c s i n  VG/VT) . G e o m e t r i c a l  r e l a p i o n s  g i v i n g  t h e  rnesurab le  

q u a n t i t i e s  i n  t e r m s  o f  e t c h i n g  p a r a m e t e r s  c a n  be d e r i v e d  

( P r i . 7 1 f H e n . 7 1 )  b o t h  f o r  a  v e r t i c a l l y  i n c i d e n t  p a r t i c l e  ( a )  

and  a  p a r t i c l e  i n c i d e n t  a t  a d i p  a n g l e  8 ( b ) .  

V a r i o u s  d e g r e e s  s o p h i s t i c a t i o n  h a v e  been  added  

t h i s  
J 

v e r y  s impi  e model a f t e r  was found  e x p e r i m e n t a l l y  

t h a t  was n o t  c o n s t a n t  a l o n g  t h e  t r a c k s  b u t  r a t h e r  

hereased w i t h  t k N o n i z a t i o n  rate.  The f i r s t  d e t a i l e d  s t u d y  

fo r  v a r y i n g  VT was made by F l e i s c h e r  e t  a1 ( F l e . 6 9 ) .  It was 

assumed t h a t  VG was i s o t r o p i c ,  which is t r u e  f o r  g l a s s e s  b u t  



Track geometry with constant VT and 

( a )  for vertical incidence; 

(b) for incidence at dip anglee . 





not for most crystals (where the rate of general attack as a . . 
function of crystal surface orientation can be elaborately. 

complex). Somogyi et a1 -(som.73) developed a model 

(track-diameter kinetics) which is able to account for 'the . ' 

most complex case of anisotropic solids with varying VT. 

This model was improved later on (Som.77). 

Tracks inclined at less than the cone angle 0 to a .. 
surface are not revealed by etching as can be seen fron 

Fig.6. As was showed in Fig.5, the angle 0 depends on VT and 

VG. Fig.6 (a) shows that if the component normal to the2 

etched surface of preferential etching along the track - 

(VT sine) is less than VGt the material is removed so 

rapidly that the preferential etching fails to keep ahead: 
e- 

as a consequence, no track-is Wvealed. Fig.6 {b) shows the 

case where$ =6. Arcsin VG/VT=Bc is the critical angle above 

which tracks will be registered. 

This critical angle ec has been measured experimentally 
(Kha.72) and found to be 4O 3 8 '  A 3 0 '  in the case of mica. 

C 

5 )  Comparison of txacklength data  with theoretical 

stopping models , 

An energetic ion moving through a crystal interacts 



/ , , 

Fig.6:. T'rack r e g i s t r a t i o n  geometry: 

( a ~  f o r  angle  of incidence , l e s s  than a r c s i n  ( V G / V T )  , 
L ,.- > 

LJ t h e  s u r f a c e  is removed a t  a  g r e a t e r  r a t e  than t h e  normal 
- 

component VT and t h e r e f o r e  no t rack  is observed; 

( b )  arcsin(VG/VT) i s  t h e  c r i t i c a l  angle  8, above which 

t r a c k s  a r e  re 'gis tered.  3 





both with the positively charged nuclei and with the bound 

or free electrons. For the nuclei,'the ion is scattered by 

its coulombic interaction with the positively charged nuclei 

and kinetic energy is transferred to the atoms as a whole. 

For electrons, one must consider both the excitation to 

higher atomic energy levels and the ejection of electrons. 

The ejected electrons, called delta rays, can produce 

further excitation and ionization if they cdrry enough 

energy. Nuclear stoppi~g will be predominant at low ion 

velocities, while electronic stopping will be predominant at 

higher velocities. Generally, one considers that the two 

effects are independent and separates the energy loss rate 

into two components: 

It has been suggested (Mor.78) that track formation is 

not critically influenced by nuclear collisions since, if it 

were, tracks would be expected to occur equally well in 

conductors and insulators, and be qore readily formed by low 
f 

velocity ions, both in direct contradiction to experimental 
A - 

observations. These authors calculated that a fission 

fragment with an energy of 6 0  MeV would displace only one 

atom every 1 nm of the path length. This relatively large 
\ 



s p a c i n g  d o e s  n o t  a p p e a r  t o  f i t  i n  w i t h  t h e  i n t e n s e  damage 

a s s o c i a t e d  w i t h  a  f i s s i o n  f r a g m e n t  t r a c k .  

The e n e r g y  loss  d u e  t o  e l e c t r o n i c  s t o p p i n g  i s  g i v e n  by: 

dE/dx = NSe (IS%+ 

where  N i s  t h e  number of  s c a t t e r i n g  c e n t r e s  p e r  u n i t  volume 

and  Se is t h e  e l e c t r o n i c  s t o p p i n g  c r o s s - s e c t i o n .  

One of  t h e  p r o p e r t i e s  o f  p a r t i c l e  t r a c k s  is t h e  f a c t  

t h a t ,  i n  m a t e r i a l s  w i t h  t h e  h i g h e s t  t h r e s h o l d s  f o r  

r e g i s t r a t i o n ,  t h e  d i s t an+e  t o  t h e  p o i n t  where  a 

t r a c k - f o r m i n g  p a r t i c l e  comes t o  res t  e x c e e d s  t h e  l e n g t h  o v e r  

which p r e f e r e n t i a l  e t c h i n g  is o b s e r v e d .  T h e r e f o r e ,  t h e  

v i s i b l e  t r a c k l e n g t h  l e f t  by a  p a r t - i c l e  w i l l  be s m a l l e r  t h a n  

i t s  r a n g e  i n  t h e  p a r t i c u l a r  s t o p p i n g  medium. The d i f f e r e n c e ,  
C 

c a l l e a  " r a n g e  d e f i c i t n  or " t e r m i n a l  t r a c k l e n g t h  d e f i c i e n c y ' ,  

was r e c o g n i z e d  by P l e i s c h e r  e t  a 1  ( F l e . 6 4 b )  a n d  M a u r e t t e  

8 (Hau.66) on t h e  bas is  o f  s t u d i e s  w i t h  f i s s i o n  f r a g m e n t s ,  and 

was l a t e r  p u t  on  a  f i r m e r  b a s i s  by P r i c e  e t  a 1  (Pr i . ,68c) .  

A l though  it is p o s s i b l e  t h a t  a  p o r t i o n  of t h e  d e f i c i t s  
v' 

o b s e r v e d  was i n  f a c t  c a u s e d  by  u n c e r t a i n t i e s  i n  range-energy 

r e l a t i o n s ,  F l e i s c h e r  e t  a1 (Fle.75) f o r m u l a t e d  t h e  
-- 

c o n c 3 u s  ian (bas& mpo n - m v e  r a1 of,~-erviT€ionS €Bat the - - - - 

d e f i c i t  is  r e a l  a n d  o f  i n c r e a s i n g  m a g n i t u d e  f o r  d e t e c t o r s  o f  
I 

d e c r e a s i n g  s e n s i t i v i t y .  



The range R is  r e l a t e d  t o  the  observed t r a c k l e n g t h  L by 

t h e  r e l a t i o n :  ' 

where ALt  is  the  te rminal  def ic iency j u s t  d i scussed  and 

ALs is t h e  apparent t r ack leng th  shortening due t o  t h e  etching 

p % .  away of t h e  undamaged mica sur face .  

From. equat ions (1.5) and (I.6), t h e  t r ack leng th  c a n  be 
i 

expressed as :  

, 
Lindhard and S c h a r f f  (Lin.61) gave t h e  e l e c t r o n i c  

s topping cross-sect-ion a s  follows : 

5 

with Z = ( z ~ ~ / ~  + z ~ ~ ' ~ ) ~ / ~ .  The s u b s c r i p t s  1 and 2  r e f e r  

\ t o  t h e  pene t ra t ing  ions  and t h e  stopping mfdium atoms 
i 

~ e s p e c t i v e l y ,  e  is t h e  e l e c t r o n i c  charge,  a, t h e  r a d i u s  of 

' t h e ' f i r s t  Bohr o r b i t  of hydrogen, vo is t h e  v e l o c i t y  of the 

H e c t r o n  i n  t h a t  o r b i t  and v is t h e  i o n i c  v e l o c i t y .  The 

q u a n t i t y  E e  may vary w i t h  Z1 approximately as E , - Z ~ ' / ~ .  

I n  t h e  l i t e r a t u r e ,  5 ,  is sometimes t r e a t e d  as an 

a d j u s t a b l e  parameter (Dern.72) and Aras e t  a 1  (Ara.65) found 

b e s t  agreement w i t h  f i s s i o n  fragment ranges i n  aluminum w i t h  



a v a l u e  o f  Se=z1 0*211. The same kind o f  s t u d y  made by 

Nakahara e t  a 1  (Nak.69) l e d  t o  a  v a l u e  o f  z ~ ~ * ~ ~ ~  f o r  5,. I n  

t h e  c a s e  o f  heavy a b s o r b e r s  w i t h  Z v a l u e s ' r a n g i n g  from 74 t o  

92,  Hontzeas  e t  a1 (Bon.71) found t h a t  5, had t o  be 

dependen t  n o t  o n l y  on t h e  mass ( o r  c h a r g e )  o f  t h e  fragment  

b u t  a l s o  on t h e  mass ( o r  c h a r g e )  of  t h e  t h e  a toms o f  t h e  

s t o p p i n g  medium. 

gave  t h e  best' agreement  when compared t o  e x p e r i m e n t a l  d a t a .  

The Z2 .va lue  f o r  a  complex s t o p p i n g  medium is g e n e r a l l y  

t a k e n  a s  t h e  weighted  a v e r a q e  f o r  t h e  v a r i o u s  k i n d s  of atoms 

p r e s e n t .  I n  t h e  c a s e  of muscov i t e  mica, 

K A I Z  (Si3  A 1  Ole )  (OH,F)2, t h e r e  is an  un&r ta . in ty  i n  t h e  

r e l a t i v e  number o f  hydroxy and f l u o r i d e  g r o u p s  and a n  e q u a l  

number of t h e s e  g r o u p s  h a s  been assumed. Average v a l u e s  a r e  

t h e n  c a l c u l a t e d  a s  <A>=20.0 and <Z>=9.9 f o r  t h e  e e e c t i v e  

mass and c h a r g e  *number of  t h e  mica s t o p p i n g  medium. 

I n t e g r a t i o n  of  e q u a t i o n  (1 .7)  w i t h  t h e  e x p r e s s i o n  o f  Se 

from e q u a t i o n  (1.8) i n c l u d e d  y i e l d s :  



The t r a c k l e n g t h s  i n  mica shou ld  t h e r e f o r e  be  r e p r e s e n t e d  

by : 

L = b E= - A L  ( I .  1 0 )  

where E is t h e  e n e r g y  of t h e  p e n e t r a t i n g  i o n  i n  MeV/a.m.u 

and A L  = A L t  + A L S O  The exponent  c is e x p e c t e d  from e q u a t i o n  

(1.9) t o  have a  v a l u e  o f  0 .5  and,  from t h e  same e q u a t i o n :  

i f  L i s  e x p r e s s e d  i n  c m  w h i l e  Ee  i s  t a k e n  a s  Z1 1 / 6  

When L i s  e x p r e s s e d  i n  mg.cm'2 t h e n  : 

w h e r e  d i s  t h e  d e n s i t y  o f  t h e  mica ( t a k e n  t o  be 2.91g.cm'3). 

I n  t h e  p r e s e n t  work, 5, was chosen ( a s  s u g g e s t e d  by LSS 

t h e o r y )  a s  z ~ ~ / ~ .  S i n c e  t h e  aim h e r e  war t o  o b t a i n  a  

c a l i b r a t i o n  f o r  t h e  mica,  a n o t h e r  v a l u e  of 5 ,  would have  

g i v e n  as good a r e s u l t  a s  t h e  one chosen h e r e .  As w i l l  be 

seen l a te r  ( s e c t i o n  11-A-2-a), t h e  e x p e r i m e n t a l  v a l u e s  of t h e  
--- - * -----p-p------p-----p-p-------------- -- 

p a r a m e t e r  6 a n a . t h e  v a l u e s  calcuhated by means 'of e q u a t i o n  

(1.11) were r e l a t e d  t h r o u g h  a n  e m p i r i c a l  r e l a t i o n s h i p .  By 
\ 

s e t t i n g  E ,  = zle-212 i n s t e a d  o f  z11i6, it was t h e n  found 

t h a t  t h e  coefficients entered i n  t h i s  e m p i r i c a l  r e l a t i o n s h i p  



would have to be different but the overall fitting of the 

experimental results was not affected by such a change. 

As early as 1962, it has been observed (Tep.62) that 

the dependence of the range of-several ions studied and 

their specific energy loss on their ionic nuclear charge Z 

was not monotonic. 

Later, Orrnrod et a1 (Drm.63,0rm.65f sub3ected the LSS 

thepry of electronic stopping to a systematic experimental 

test in carbon and aluminha films at low energy.E<<140 keV.  

~ltbough the overall agreement with theory was reasonably 
I 

good, they found a striking oscillatory behaviour of Se as a 

-3 finction of the atomic number of the projectile. Fastrup et .\ 

a1 (Fas. 65,Fas. 66,Hve. 68) further extended the 
4 

information of the stopping process of heavy 

films. It was of particular interest to study the < 
'.- 

i 
'-. 

oscillation of Se at higher projectile velocities whera-it 

is expected that effects such as electronic shell structure 

of the&ons would be less important. Their data exhibit'the 

same qualitative behaviour. The same type of _qbservations 

were reported by other authors (Gi1.64,Kap.66). I 

As vill be seen later (section 11-A-2-a), this 

oscillatory behaviour was also observed in the present 

calibration study. However, the objective of the calibration 



. 
experiments was not so much to check theoretical stopping 

models as to calibrate mica for determination of the 

tracklength of fission fragments. The comparison with 

theoretical stopping models of the variation of the 

tracklength as a function of energy can be used to this aim. 



=. 11 EXPERIMENTS USING TRACK DETECTORS 

A )  kxperiments with mica in a scattering array configuration 

The scattering array configuration was used when 

angular distribution and tracklength information as a 

function of angle to the beam was needed for single tracks, 

but when coincidence infornation between tracks was not to 

be preserved. 

1) Experimental techniques 

a) Irradiation facilities and experimental 

set-up 

- Calibration of the mica 
Extraction of the distributions in fission fragment , 

mass and energy from the distributions in tracklengths 

observed in mica requires a knowledge of the tracklengths in 

mica for a range of ions of known mass and energy. Such 
! 

calibration data have been obtained previously 



(B10.72~Blo.74) for a series 

energies in the range 0 to '1 

for the heaviest ion studied 

number and a gap in the- data 
'c 

53 

of ions from A1 to Au, with 

MeV per nucleon. However, data 

(Au) were relatively few in 

existed for ionic masses 

between Au and Ag. Improved calibration data were needed in 

the mass region above Ag since extrapolation of the 

previously existing data to masses in the region of the 

heavy mass peak from uranium fission was found to be 

difficult and inaccurate. Such data were obtained in the 

present work by tracklength measurements in mica of iodine 

ions Rutherford-scattered off gold target nuclei. 
b 

The experimental arrangement used is shown 

schematically in Fig.7. Irradiations of free-standing gold 

targets of 180 ~g.crn-~ thickness were made (by Dr. Brian 

Pate in collaboration with Dr. David Ward of the Chalk River 

Nuclear Laboratories) with a 132-MeV 1271 beam from the CRNL 

tandem accelerator at Chalk River (Ontario). Beam currents 

and irradiation timek were those calculated beforehand to 

produce track densities in the mica convenient for scanning. 
C 

Freshly cleaved sheets of mica were arranged around the 

periphery of a 10-cm radius scattering chamber, inclined so 
- 

- 

that the scattered projectile and target ions were incident 

on the mica surface at a known 30-degree angle. This angle 



-f Fig.7: Scattering chamber arrangement fqr the calibration 

experiment at CRNL (the chamber used for irradiations at 

Lampf was similar but a different size and angle of 

incidence), 



window . 
mica supports 

target ,/ / . 
/ r 



ensured efficient track registration and also allowed 

calculation of the actual t2acklength from the measured 

projection. Measurements could be made from 20 dqrees to 
\ 

160 degrees with respect to the beam direction. \ 
\ 

Natural mica is known to contain trace tquantitl s of ? i I 

uranium (Gom.76.Gorn.77) whose spontaneous fission pr$duces 

fossil tracks. The mica can be annealed by heating a t k  

tenperature in order to remove these tracks. Total fading Y 
fission tracks in muscovite mica is reported in the 

literature to occur after one hour heating at temperatures , 

ranging from 50B0c to 7 0 0 O ~  (Fle.75). Before irradiation, 

the mica sheets were therefore heated at 500Oc for one and a 

half hours. In case the natural tracks were not completely 
1 

removed by this heating phcedure, the mica sheets were also 

treated in 48% HF (ie BF solution in water whi'h was 48% HF f 
by weight) at room temperature for two h o u e ~ h i s ,  

pre-etching was expected to cause primordial tracks (or 

their remnants) to be etched to large pits, which were 

easily distinguishable from the tracks produced during 

irradiatian, HQwe~*r, n a s u c h  m i m a d i a l  tracks ktae - 

observed during the scanning of the samples. 



- F i s s i o n  s t u d i e s  ' 

The i r r a d i a t i o n s  took p lace  a t  Los Alamos (New Mexico) 

w i t h  t h e  Los ~ l a m o s  Meson Physics F a c i l i t y  (LAMPF) 

a c c e l e r a t o r  d e l i v e r i n g  a  beam of 800 MeV protons .  Targets  of 

gold ,  s i l v e r  and uranium t e t r a f l u o r i d e  were l oca ted  i n  t h e  

* cen te r  of a  13cm r a d i u s  chamber. Here aga in ,  t h e  mica 

d e t e c t o r s  were arranged around t h e  chamber a t  a  known 

45-degree angle  and t h e  experimental geometry was aggin a s  

shown i n  Fig.7. P r i o r  t o  t h e  i r r a d i a t i o n ,  t h e  micas were 

annealed and a l s o  t r e a t e d  w i t h  HF and heated a s  descr ibed . - < 

e a r l i e r .  

b) Target  prepara t ion  

In  both cases  (mica c a l i b r a t i o n  and f i s s i o n  s t u 3 y ) ,  t h e  

gold and s i l v e r  t a r g e t s  were f r e e  s tanding whereas t h e  UF4 
_ri 

&-.was deposi ted on a  f r e e  s tanding  s i l v e r  backing (of very 
5 
much lover  f i s s i l i t y ) .  The gold and s i l v e r  used f o r  t a r g e t  

p repara t ion  were 'of n a t u r a l  i s o t o p i c  abundance and q u i t e  

pure:  6 N  gold shot  (Alfa prpducts*) and 5N s i l v e r  needles  

(Matheson. Coleman and ~ e i l " ) .  The UF4 ( w i t h  n a t u r a l  
'I 

uranium) was obtained from ~ e i e a r c h  Or@anic/Inorganic 

Chemical Corporationf**. , % 

The f r e e  s tanding  t a r g e t  mater ia l  was vacuum deposi ted 
7 

on a glass p l a t e  and then l i f t e d  very slowly from t h e  glass 
/ 



by s u r f a c e  t ens ion  w i t h  d i s t i l l e d  water u n t i l  the t h i n  f o i l  
< 

was f l o a t i n g  e n t i r e l y  f r e e  on t h e  s u r f a c e  of t h e  water. The 

f o i l  was then mounted and t ightened on a  4L3cm by 5.5cm 

rec tangular  frame i n  t h e  case of the  f i s s i o n - s t u d y  and on a 
' 

8mm diameter c i r c u l a r  frame f o r  t h e  c a l i b r a t i o n  experiment. 

- Gold and UF4 t a r g e t s  were mounted on aluminum frames and 

s i l v e r  t a r g e t s  on reactor-grade g raph i t e  frames. F iss ion  of 

t h e  heavy element content  of t h e  aluminum was not in tense  

enough t o  contribute'significantly t o  t h e  t r a c k  d e n s i t y  (v ia  

i r r a d i a t i o n  from t h e  beam ha lo )  i n  t h e  case  of t h e  

r e l a t i v e l y  f i s s i l e  Au  and UF4 t a r g e t s .  For Ag, howeGer, the  

i n t e r f e r e n c e  was expected t o  be more s e r i o u s  pnd g r a p h i t e  
, 

frames r e l a t i v e l y  more f r e e  of heavy element i m p u r i t i e s  were 

used. The th ickness  of t h e  t a r g e t s  was determined by 

weighing t h e  g l a s s  p l a t e  before  and  a f t e r  depos i t ion  of the  

t a r g e t  ma te r i a l ;  t h e  a rea  being known, t h e  th ickness  i n  

yg.cm-2 was c a l c u l a t e d  assuming t h a t  t h e  d e p o s i t i o n  of 

m a t e r i a l  was homogeneous, I n  order  t o  improve t h e  

homogeneity of t h e  t a r g e t s ,  t h e  g l a s s  p l a t e s  were disposed 

s y ~ ~ m e t k i c a l l y  around the -evapora t ing  f i lament  a t  a d i s t a n c e  
--- - - - --- - 

o f  t h e  cFr&er of - 3 0 c c n d  t h e  evaporation was conducted a t  a 
A 

- temperature very  s l i g h t l y  g r e a t e r  than * the  metal b o i l i n g  

- point which gave a slow hnd more uniform depos i t ion .  The 



. e v a p o r a t i o n s  were c a r r i e d  o u t  a t  a  p r e s s u r e  o f  t o r r  

u s i n g  a  r e s i s t a n c e  h e a t e d  t u n g s t e n  f i l a m e n t .  

A t e s t  o f  t h e  t a r g e t  homogenei ty  was p e r f o r m e d  on a 

g o l d  t a r g e t .  A f t e r  e v a p o r a t i o n ,  n i n e  s q u a r e s  (4crn2 each) 

were  c u t  by s c r a t c h i n g  t h r o u g h  t n e  g o l d  d e p o s i t  on t h e  g l a s s  

p l a t e ,  t h e n  t h e  s e p a r a t e d  s q u a r e s  were  l i f t e d  s e p a r a t e l y  

w i t h  d i s t i l l e d  w a t e r  a s  j u s t  d e s c r i b e d  and  weighed a f t e r  

d r y i n g .  The w e i g h t  v a l u e s  a g r e e d  t o  w i t h i n  8% a n a  t h e  

a v e r a g e  t h i c k n e s s  was i n  good ag reemen t  w i t h  t h e  t h i c k n e s s  

c a l c u l a t e d  f o r  t h e  t a r g e t  a s  a  whole.  The t a r g e t  homogenei ty  , 

c a n  be t a k e n  a s  a c c e p t a b l e  c o n s i d e r i n g  t h e  f a c t  t h a t ,  i n  t h e  

8 %  u n c e r t a i n t y  t h e  e r r o r s  i n  t h e  d e t e r m i n a t i o n  o f  t h e  

s e p a r a t e l y  weighed a r e a s  were  i n c l u d e d .  

The t h i c k n e s s e s  o f  s e v e r a l  UF4 t a r g e t s  ( r a n g i n g  from 

5 ~ ~ 9 .  cm-2 t o  3 6 8 ~ ~ .  were checked  by a l p h a  c o u n t i n g  and  

c o m p a r i s o n  w i t h  a n  uran ium s o u r c e  o f  known mass .  F o l l o w i n g  

a r e  some t y p i c a l  r e s u l t s  : 

I T a r g e t  t h i c k n e s s  ( i n  vg.crn:*) d e t e r m i n e d  

b y  a l p h a  c o u n t i n g  t by w e i g h i n g  

- - - - - 

4 7  6 

1 7 2  11 

- - - - -  

4 7  * 2 

1 1 7 1  3 



As can be s e e n ,  t h e  agreement between v a l u e s  determined, 

by a lpha  count ing  and by weighing was q u i t e  good, t h u s  , .  

e s t a b l i s h i n g  t h a t  t h e  method f o r  measuring t h e  t a r g e t s  

t h i c k n e s s e s  through t h e i r  weight was v a l i d  and o f  s u f f i c i e n t  

accuracy  f o r  t h e  p r e s e n t  purpose.  

The t a r g e t  c h a r a c t e r i s t i c s  a r e  shown i n  t h e  fo l lowing  

t a b l e :  11 

? C )  E tch ing  and scanning of t h e  micas 

A f t e r  t h e  i r r a d i a t i o n ,  t h e  micas were e tched  w i t h  48% 
- - - - - - - - - -- - -- - - - -- - - - 

HP a t  2 0 ' ~  f o r  a p e r i o d  of 20  minutes,  c o n d i t i o n s  p rev ious ly  

found t o  be optimum (Blo .72) '  i n  o rde r  t o  form t r a c k s  

v i s i b l e  by o p t i c a l  microscopy. S ince  t h e  a n g l e  a t  which t h e  



s c a t t e r e d  ions  o r  t h e  f i s s i o n  fragments en te red  t h e  mica was 

f i x e d  and known, only t h e  pro jec ted  length of t h e  t r a c k s  
,' 

needed t o  be measured v i a  two-dimensional scanning. The 

scanning was achieved w i t h  a  Zeiss  microscope using a 63x 

a i r  o b j e c t i v e  and 1 6 x  eyepieces giving a  t o t a l  magnif icat ion 

of 1 0 0 6 ~ .  The scanned a r e a  was determined by means of two 
----' 

Mitutoyo mechanical giruges (having 0.0lmm graduat ions)  which 

measured displacements i n  two coordina tes  i n  t h e  plane of 

t h e  microscope s t a g e .  The pro jec ted  t r ack  length  was 

measured using an eyepiece g r a t i c u l e .  T h i s  g r a t i c u l e  a s  wel l  

- a s  t h e  d i a l  gauges were c a l i b r a t e d  by means of a  Bausch and ?- 

Lomb 0 . B l m m  s t a g e  micr'ometer. 

I 

2 )  Data a n a l y s i s  and r e s u l t s  

a )  C a l i b r a t i o n  of t h e  mica 
4 

The t r ack leng ths  from ions  arr , iving a t  p r e c i s e i y  known 

ang les  t o  t h e  bean d i r e c t i o n  were measured and histograms 

were cons t ruc ted .  A f i t t i n g  of these  histograms using t h e  
--- - - - - - - - - - -- - 

' l e a s t  squaresa f i t  method was made by computer i n  order  t o  

e x t r a c t  t h e  corresponding most probable t r ack leng th  value.  

The f i t t e d  funct ion  was, a s  previous ly  (310.74), a  

Gaussian with a t a i l i n g  towards s h o r t e r  t r ack leng th :  



For  R <  Qax-T 2 

= 2  For  R> RmaX-T 

P (R) = Pmax. exp [T 2  

where Pmax is t h e  maximum h e i g h t  of  t h e  d i s t r i b u t i o n  
, 

- 

is t h e  c o r r e s p o n d i n g  t r a c k l e n g t h  v a l u e  

p is t h e  w i d t h  of  t h e  Gauss ian  (p=FWHM/2.355) and 
1. 

T* i s a t a i l i n g p a r a m & t e r , - -  

~ y ~ i c a i  h i s t o g r a m s  and f i t t e d  c u r v e s  a r e  g i v e n  i n  Fig .8  

and 9. The number of  t r a c k s  w i t h  l e n g t h  kn a  p a r t i c u l a r  

t r a c k l e n g t h  i n t e r v a l  ( i n  a r b i t r a r y  u n i t s )  i s  shown f o r  

i o d i n e  ( F i g . 8 )  and g o l d  (Fig .9)  a t  a  57 d e g r e e  a n g l e  w i t h  - 
r e s p e c t  t o  t h e  beam d i r e c t i o n .  Fig.143 shows t h e  same t y p e s  

c f  , 
of d t s t r i b u t i o n  a t  a 4g0 a n g l e  where t r a c k l e n g t h  v a l u e s  f o r  1 : 

were n o t  d i f f e r e n t  enough. t o  g i v e  two d i s t r i b u t i o n s  

However, the s i t u a t i o n  was h a n a l e d  e a s i l y  w i t h  

t h e  f i t L i n g  p r o c e d u r m d  two most p r o b a b l e  t r a c k l e n g t h  

v a l u e s  x t r a c t e d .  D i f f e r e n t i a t i o n  of Au from I i o n s  i n  t h i s  i 
and a l l  h h e r  c a s e s  was c a s i l y ~ a g c o m p l i s h e d  v i a  t h e  

p r e d i c t i o n s  as t o  r e a p c c t h e ' i n t e n s i t y  as a f u n c t i o n  of 

a n g l e  c a l c u l a t e d  u s i n g  R u t h e r f o r d ' s  s c a t t e r i n g  - c r o s s - s e c t i o n  - 

formula :  

1 d  u z1z2e2 
X 

d R - = [ 4 E i  fA2!(Al+A21 I s i n 2  ( 0 ~ ~ / 2 )  

where Z is t h e  charge of t h e  f ragment  and e t h e  e l e c t r o n i c  

c h a r g e .  



Typical measured tracklength distribution for I 

ions fitted to the distribution function described in the .-. 
% t e x t .  
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T RACKLENGT H -(eyepiece units) 



F i g C T y p i c a l  measured -- - tracklength distribution for Au 

ions fitted to the distribution function describe? in the 

text. 
* 

). 



TRACKLENGTH (eyepiece units) 



Fig .la: Measured'tracklength distrlbutian for both I and 

A u  ions. 





For gold, P was found to be (0.13*0.02)~1~.cm-~ and 

~~=(0.15*1.07)m~.rn-*. In the case of iodine : 

P ~(~.10*0.02)rng.cm-~ and ~~=(0.13*0.03)m~.cm-~. These 

results can be compared with the values reported by Blok et 

a1 (Blo.74) : for the same fitted function applied to all 

the ions studied, they determined p =(0.88* ~ . 0 1 ) m ~ . c m - ~  and 

~~=(0.077*0.020)rng.cm-~. Considering the fact. that the 
/$ 

experimental conditions were.completely different (different 
. ,> 

target, projectiles, energy, scattering chamber) and that 

the scanning was done by a different person, one can 
t 

consider the present results to be in reasonable agreement 

with those obtained previously. Therefore, the range 

distributions of all the ions studied was regarded in this 
4 

ing work as representedby the same wi t 

The tracklength values corresponding'to the function 

maxima were taken as the most probable tracklength values 

after ,correctidn for the 30-degree angle of incidence on to 

the mica. The corresponding energies af the scattered ions 
' I -  

were calculated via the conventional Ruthergord scattering 
" 



where t h e  s u b s c r i p t s  l A a n d  2 r e f e r  t o  t h e  s c a t t e r e d  

p r o j e c t i l e  and t a r g e t  nucleus r e spec t ive ly ;  A i s  t h e  mass of 

t h e  s c a t t e r e d  fragments w i t h  an energy<E i n  t h e  cen te r  of 3 
mass, E i  is  the  k i n e t i c  energy of the  i n c i d e d  p r o j e c t i l e  i n  

,- 

t h e  l abora to ry  system and ecm is  t h e  cen te r  of mass 

s c a t t e r i f i  angle .  The cen te r  of mass and l a b o r a t o r y  angles 

& and e lab  a r e  r e l a t e d  through t h e  fol lowing equation: 
@? 

s i n  e c,, 
B t a n  Olab ' 

cos eC,+ (A1/A2 

which permits  t h e  conversion of the  energy v a l u e s - t o  the 

lgbora tory  system. These ene rg ies  were not  co r rec ted  for  t h e  

energy l o s s  by ions  i n  t h e  gold t a r g e t  s i n c e  it was 

c a l c u l a t e d  t o  be 4 %  (and hence n e g l i g i b l e ]  f o r  t h e  worst 

case of an inc iden t  iodine ion t r a v e r s i n g  t h e  e n t i r e  t a r g e t  

th i ckness  9 then being s c a t t e r e d  a t  backward angles .  

The v a r i a t i o n  of t h e  most probable t r a c k l e n g t h  a s  a  

funct ion  of energy f o r  gold and iodine is p l o t t e d  i n  Pig.11 - % <  

together  w i t h  t h e  previous da ta  f o r  other  idns  (Blo.74). As 
* 

one can s e e ,  t h e  iodine  d a t a  f a l l  a t  t h e  expected loca t ion  

determined e a r l i e r .  The p resen t  gold da ta  a r e  found to  be i n  

good agreement with t h e  few values avai labl ;  previously.  



Fig-11: Most probable tracklength as a function of 

incident energy for7ions from A1 to Au.  Data for I and Au 

are from this wo-rk and the remaining data are from (Blo.74). 

Solid curves are calculated from (I1 .I), (11a.2) 

and (11.3) in the text and best fit.* 





A s  d e s c r i b e d  i n  s e c t i o n  11-A,  a l l  t h e  d a t a  s h o w n - i n  

F ig .11  were e x p e c t e d  t o  be  r e p r e s e n t e d  by an  e q u a t i o n  o f  t h e  
1 

farm: 

where L i s  t h e  measured t r a c k l e n g t h  i n  mg.cm-2 ., E is t h e  

i n k i t l e n t  i o n  e n e r g y  i n  ~ e v . a m u - l ,  whi le  b,  c and AL a r e  

c o n s t a n t s  f o r  a  g i v e n  i o n .  

Parameter  b g i v e n  by e q u a t i o n  e.11) ( s e c t i o n  f-C-5) 

w i l l  h e r e i n a f t e r  b e  r e f e r r e d  t o  a s  "b from t h e o r y w  o r  "b thn,  

w h i l e  t h e  pa ramete r  c i s  e x p e c t e d  (see e q u a t i o n  (1.9) ) t o  

have  a  v a l u e  of  0.5. 

A f i r s t  f i t t i n g  of  t h e  new d a t a  f o r  I and Au (and t h e  

p r e v i o u s  d a t a  f o r  o t h e r  i o n s )  w i t h  e q u a t i o n  (11.1) was done 

% by t h e  l e a s t  s q u a r e s  t e c h n i q u e  t r e a t i n g  b,  c and A L  a s  f r e e  

p a r a m e t e r s .  I t  was found t h a t  a v a l u e  o f  c=0.5 

( c o r r e s p o n d i n g  t o  t h e  t h e o r y )  f i t t e d  t h e  d a t a  a b o u t  a s  w e l l  
I 

as o t h e r  v a l u e s .  T h e x e f o r e ,  s i n c e  c i s  e x p e c t e d  t o  be 

independen t  o f  i o n i c  compos i t ion  and i n  o r d e r  t o  r e d u c e  t h e  

number of  d e g r e e s  o f  freedom by one,  it was f i x e d  a t  t h e  8.5 

v a l u e  f o r  a l l  i o n s  and t h e  t r a c k l e n g t h  d a t a  were r e f i t t e c -  - 4 

wi t k A L - a m i b a  variables, Thpa - f  i txalues-~f  - b B S L d l h , -  - 

t h e n  o b t a i n e d  a r e  r e p o r t e d  i n  T a b l e  I11 and compared w i t h  btq. 

A s  c a n  be s e e n  from t h i s  t a b l e ,  t h e  b  and AL values for  A 1  



f i t  , 
chi Ion  

squared 



b 

1 

' I 8 

i o n s  d i d  not  fo l low t h e  t r e n d s  e x h i b i t e d  by t h e  r e s t  of t h e  +g 
n 

- d a t a .  gowever, i f  AL was f i x e a  a t  1.80 mg.cm-2 f o r  A1 (more 

i n  accord wi th  t h e  v a l u e s  f o r  o the r  l i g h t  i o n s ) ,  t h e  bes,t 
t* 

f i t  va lue  ob ta ined  f o r  b  was 2.45 f 0.03 w i t h  -a? i i ~ c ~ t a b l e -  -1. , 

- - - -  A --- - - 
--- 

- 
"- 

chi-squared v a l u e  of 0.095.The curves  cor responding  t o  t h e  
C 

k 

b e s t  f i t  parameter  v a l u e s  a r e  shown a s  broken l i n e s  on 

- -  - - - - -  - - -- 

~1c.J =I& . - 

For t h e  a p p l i c a t i o n  of  t h e s e  d a t a  t o  t h e  a n a l y s i s  of 
1 

f i s s i o n  fragment t r a c k s ,  a  s i n g l e  formula g i v i n g  t r a c k l e n g t h  

over  t h e  range of i o n i c  masses and e n e r g i e s  cov.ered by t h e  

- f i s s i o n  f ragments  would be most d e s i r a b l e .  An e a r l i e r  
i 

' a n a l y s i s  of  t h e s e  c a l i b r a t i o n  d a t a  by t h e  au tho r  (Dau.78) 
9 & 2 

l e d  t o  a g e n e r a l  formula bas id  *on t h e  r a t i o  b/b a s  a  ts 
f u n c t i o n  of t h e  j o n i c  nuc l ea r  charge Z f i t t e d  t a monotonic d 

! 
4 f u n c t i o n  o f  t h e  form: 

However, i t  was l a t e r  found t h a t  a formula a r b i t r a r i l y  

g i v i n g  b+bth a s  a f u n c t i o n  of  t h e  ion mass A l e d  t o  much 

more cohe ren t  r e s u l t s  e s p e c i a l l y  i n  t h e  c a s e  o f  i o n s  heav ie r  

P t han  Se ( l y e  i n  t h e  r e g i o n  wher6  t h e  fiaaion fragments a r e  - 

expec ted  t o  be l o c q t e d )  . The b e s t  f i t  v a l u e s  o f  b idded t o  
-- 

t h e  corresponding v a l u e s  of  bth a r e  shawn p l o t t e d  a g a i n d t  

i o n i c  mass i n  Blg.12 ; t h e  best f i t  v a l u e s  of  AL as a 
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corresponding  t h e o r e t i c a l  values (bth) a s  a f u n c t i o n  o f  t h e  a 

D 
< 

i o h i c  mass .  The Curve is a - f i t t e d  -functi%n~'from equatio'n 

( I I . 2 j  i n  t h e -  f e x t .  The e r r o r  b a r s  correspond to  t h e  a 

u n c e r t a i n t y  o f  t h e  f i t t i n g  p r o c e s s .  \5 





function of the ionic nuclear charge a-re reported in Fig.13: 

In both Figures 12 and 13, the error bars correspond to the 

-uncertainty of the fitting process. 

The application of these data to analysis b,f range 

distributions ubserved'for fission fragments necessitates an t I 

interpolation to parameter values intermediate to those for 
t 

' which experimental data now exist. The apparent departure 

from monotonic variation of these parameters with ionic 
0 

P 

nuclcarkcharge and mass shown in Fig.12 and 13 make such ,an 

interpolation difficult. (Such oscillations were reported 
i 

earlier (Bl0.74~Dau.78)). In order to obtain a convenient 

interpolation procedure, the data in Fig.12 were fitted to a 

monotonic function of the form: P@' 

whereas the data in Fig.13 were fitted to a function of p h e  
L 

The fitted function are plotted as the curves on those 
* A  , 

figures. The best fit were found as follows: _ Q.Z 
- ,  

for equation (11.2) : c = 2.84i0.22 



F i g . 1 3 :  Best 

n u c l e a r  charge .  

e q u a t i o n  ( I I . 3 )  

t h e  u n c e r t a i n t y  

f i t  v a l u e s  o f  A L  a s  a f u n c t i o n  of t h e  i o n i c  
3 

The curve  r e p r e s e n t s  a f i t t e d  f u n c t i o n  f r o m .  

i n  t h e  t e x t .  The e r r o r  b a r s  correspond  t o  
, 

of t h e  f i t t i n g  p r o c e s s .  





-' * 

Values for b and AL taken from the curves in Fig.12 and 13 

and inserted into equation (II.l), led to tracklehgth-energy 

relationships which are shown plotted in Fig.11 as solid 

curves. The discrepancy between the calculated and the 

best-fit relationships is the largest for A1 which is close 

- to the ionic charge treshold (found at Ne) for track 

registration in mica~but is otherwise less than 15% . 
-r This is c6nsidered to constitute an acceptable error for the 

\ 

present purpose. This set of relationships constitutes the 

mica calibration which was used for the fission studies 
4 

using t,he mica as a detector. t?i 
b) Fission studies ' 

Tracklength distributions were measured by sc 
- 

micas exd'sed at several angles between 20O an 
.Y. t 

respect to the beam direc'tibn; these distrib&ons were -then / 

fitted to Gaussian functions in oreder to obtain the most \ 
probable value of the respective projected tracklength. The 

LPs 

-angle OF incidence of the fission fragments to the mica 
I - 

i 
being known, this projected tracklength value was converted 

- 

< 
into a real tracklength value (expressed i'n mg/crn2). m e  

-- - - - - - - 

curVe.gkring the most probable tracklength',as a function of, 

the lab~ratory~angle was then analfled using the program 



RADICS ( f o r  RAnge Distribution ~ a l c u i a t i o n ~ )  w r i t t e n  by 

H.Blok and modified f o r  t h e  present  work i n  order  t o  include 

t h e  new mica c a l i b r a t i o n  r e l a t i o n s h i p s  j u s t  descr ibed .  

A b r i e f  o u t l i n e  of the  program.wil1 be given here and a *  

d e t a i l e d  d e s c r i p t i o n  can B e  found i n  (810.75). 
'L 

The mass of the  f i s s i o n i n g  system At being entered  a s  a 

parameter,  f o r  each combination of fragment masses A1 and A p  
Y 

(such t h a t  A1+A2=At) ,  a k i n e t i c  energy of each fragment i s  
t 

c a l c u l a t e d ,  I n  order  t o  do s o ,  i t  was assumed t h a t  the  

s c i s s i o n  conf igura t ioPn was. t h a t  of two tangent  charged 

spheres .  The t o t a l  k i n e t i c  energy is then given by: 

B ' 

where the  s u b s c r i p t s  1 and 2 r e f e r  t o  t h e  f i s s i o n  fragments. 

The?,constant C is  obtained by normalization of t h e  

ca lcu la ted  average t o t a l  k i n e t i c  energy reAedirse t q . t h e  

energy Et  ( ca lcu la ted  by t h e  program from t h e  d a t a  due t o  
4' 

N i x  (Nix.69) or  en tered  a s  a parameter) f o r  t h e  case  of 
I 

symmetric f i s s i o n  such t h a t :  

where E t  i s  t h e  t o t a l  k i n e t i c  energy r e l e a s e  ' f o r  t h e  case 

of symmetric f i s s i o n  ( i . e  tangent  dpheres of equal  2, and 
' 



Combining (11.4) and (II.5), one obtains: 

In order to transform these energies from the c-enter of 

mass system into the laboratory system, it was necessary to 

know the momentum of the fissioning system. .+ 

Porile and sugarman (Por.57), (Por.60) and Alexander et 

a1 (Ale.63) found that the momentum component transferred to 

the target nucleus and parallel to the beam axis (PI/) 

increased with th excitation energy E* of the residual 

cascade nucleus. The lowing relation hss been widely used 

for many targets: \- 
* 

E /Ecn 0 7 5 P///Pcn 

where Pcn and Ecn are respectively the momentum and 
d 

rs 

excitation energy of a hypothetical Compound nucleus formed 

by th; fusion of proton and target nucleus. The coefficient 

of proportionality has been taken as above by some authors 

(Cre.68), (Lag. 76). (And.79) while, in other studies 

(Che.68), (~og.69), different values were used. In the 

present work, the correlation coefficient between  and E* 
was obtainhd f m n - t h e  results-of t h e  intranuelear-cascade--- -- - ---- 

calculations using the computer code ISOBAR. Fig,l4 shows * 

Q 

such a correlation in the rase of a gold target with an 



Fig.14: Average value-of the momentum parallel to the 

beam axis (p,,) corresponding to a given excitation energy 

E* as calculated by the ISOBAR code for a gold target 

irradiated with 800 MeV protons. 

p in MeV/c = p in (MeV.amu) '/* x 30.52 





incident proton energy of 800 MeV where: 
--. 

A similar expression was obtained for an uranium target 

bombarded with 860 MeV protom: P 

The error in the fittig procedure being k0.02 and k0.03 

for gold and uranium respectively, a single value of 0.90 

for the correlation coefficient was used for both targets. 
0 

The analysis by the program RADICS was carried out by 

entering the excitatioq energy E* as an adjustable 

parameter. 

A broadeqing of a presumed Gaussian fragment kinetic 

qnergy distribution was entered into the calculation 

(Nix.69), as well as the effects of the experimental angular 

resolution and the target thickness. This latter will also 
_&.- -= 

shift the meamfed mean energy value. 

For each mass, a range distribution was then calculated 

using the range-mass-energy relationship previously 

established from the'mica calibration and the above energy 

distribution. The distribution for each mass was then 

weighed by a factor corresponding to the yield for that mass 
- - - -  

obtained by assuming either +.single Gaussian mass yield 

distribution or two Gaussians, or a triple.Gaussian. 
a C 



F i n a l l y  t h e  weighted  range  c u r v e s  f o r  e a c h  f ragment  mass 

were added t o g e t h e r  f o r  a l l  t h e  masses i n  o r d e r  t o  g i v e  a 

t o t a l  f i s s i o n  f ragment  r a n g e  d i s t r i b u t i o n  i n  t h e  l a b o r a t o r y  
v i 
system. ~ h i k  c a l c u l a t i o n  was performed f o r  e a c h  l a -bora to ry  - -  - 

a n g l e  where a  t r a c k l e n g t h  d i s t r i b u t i o n  was measured,  s o  t h a t  

a d i r e c t  compar ison c o u l d  be  made w i t h  t h e  exper iment91  

r e s u l t s .  T h i s  compar ison was c a r r i e d  o u t  by a d j u s t i n g  
rr 

p a r a m e t e r s  e n t e r e d  i n  t h e  program u n t i l  an agreement  wi th  

t h e  me-aG?@d r a n g e  d i s t r i b u t i o n s  was a c h i e v e d .  

, For  t h e  s t u d y  of  f i s s i o n  a t  low bombarding e n e r g y  where 

foramation of  a compound d u c l e u s  was  e x p e c t e d ,  t h e  f i t t i n g  o f  

t h e  RADICS program r e s u l - t s  t o  t h e  e x p e r i m e n t a l  d a t a  was 
b 

a c h i e v e d  (810. by a d j u s t i n g  t h e  t o t a l  k i n e t i c  ene rgy  

r e l e a s e d  and ""a t h e  x c i t a t i o n  energy  which were  t h e r e f o r e  t h e  

q u a n t i t i e s  a t e r m i n e d  by t h e  a n a l y s i s .  I n  t h e  p r e s e n t  h igh  e t 

0 ,  

e n e r g y  f i s s i o n  s t u d y ,  t h e  mass o f  t h e  f i s s i o n i n g  sys tem was 
L_-ab 

n o t  known and wa t h e r e f o j e  t a k e n  a s  an  a d j u s t a b l e  a 7 
- p a r a m e t e r .  The t o t a l  k i n e t i c  ene rgy  i n  t h e  c e n t e r  o f  mass 

sys tem o b t a i n e d  from t h e  e x p e r i m e n t s  conducted  w i t h  

semi-conductor  d e t e c t o r s  (see s e c t i o n  111-B-3) was e n t e r e d  

a s  a known v a l u e  and f i x e d  (assuming t h a t  t h e r e  is -- - - - 

- -- - -- A 1 - -  -- 

9 \ 
e s s e n t i a l l y  z e r o  v a r i a t i o n  of  t h e  f i s s i o n  e n e r g y  between t h e  

bombarding e n e r g i e s  of t h e  two s t u d i e s  o f  480 M& and 



800 MeV).  The c a l c u l a t e d  r a n g e  was t h e n  f i t t e d  t o  t h e  , 

e x p e r i m e n t a l  d a t a  w i t h  t h e  mass  At and  t h e  e x c i t a t i o n  e n e r g y  

E* of t h e  f i s s i o n i n g  n u c l e u s  used  a s  a d j u s t a b l e  p a r a m e t e r s .  

A c h a n g e r i n ' t h e  v a l u e  of t h e  mass  At w i l l  s h i f t  t h e  
1 - 

-> - - - -- 

c a l c u l a t e d  c u r v e  o f  r a n g e s  a s  a  f u n c t i o n  o f  t h e  l a b o r a t o r y  - " 

a n g l e  t o  h i g h e r  or s m a l l e r  r a n g e  v a l u e s .  On t h e  o t h e r  band ,  

a c h a n g e  i n  t h e  e x c i t a t i o n  e n e r g y  w i l l  a c t  upon t h e - s l o p e  of 

L. t h e  c u r v e .  

The e x p e r i m e n t a l  c u r v e s  a s  w e l l  a s  t h e  c a l c u l a t e d  o n e s  - 
a r e  shown i n  F i g . 1 3  and  1 6  i n  t h e  c a s e  of g o l d  and  uran ium 

r e s p e c t i v e l y . .  The bes t  a g r e e m e n t  be tween  c a l c u l a t i o n  and 

e x p e r  imen t  was ac=?r t h e  followi$ng v a l u e s  of mass  and 

e x c i t a t i o n  e n e r g y  o f  tkie f i s s i o n i n g  n u c l e u s :  



Pig. lQ: Most probable trackqength (in rng/ce2) measured in 

m i c a a s  a function &'the fabaratory angle for a &36' target 

irradiated with 800 MeV protbns. The upper and lower curves 
1 

are the fitting with the program RADICS for values of the - 

fissioning mass At of 195 amu and 185 amu respectively. The 
, 

triangles represent the best fit for At.=190 amu. The dip 

in the curves observed at a 980 angle is due to the 

fission fragments energy loss in the target. 





Fig.16: Most probable tracklength (in mg/cm2) measured in 

- mica as a function of the laboratory angle for an uranium 

target irradiated with 800 MeV protons. The upper and lower 

curves are the fitting with the program RADICS for values of 

the fissioning mass At of 236 amu and 232 amu respectively. 

The triangles represent the best fit for At=234 amu. 





$) Experiments with mica in a sandwich configuration 
7%- 7 

r 2  

'# 

The sandwich method has already been investigated and 

use0 in a few cases for measurements. It was proposed by 

* %5 Cieslak et a1 (Cie.66) who described the preparation of mica 

sandwiches and studied the average efficiency of track 
1 

registration for several angles of incidence to the mica 

surface ranging from 6O to 90'. The average efficiency o f  

,Observation of fission fragment coincidences was timated 
? T 
to be (96 f 5 ) % .  However the aim of this study was to 

establish a method that could be used in experiments to 

obtain cross-section data for high-energy fission. 

Mica sandwiches were used (Hud.69) to measure the fission 

cross-sections of U, Bi, Au, and Ag targets bombarded with 

0.6 to 29 GeV protons. The sandwich method has been used 
" 

more rarely in order to extract the mass and energy 

distributions of the fission fragments. Ait-Salem et a1 

(Ait.68) investigated the low energy neutron induced fission 

of 2 3 8 ~  by means of acetylcelluloid.detectors in a sandwich 

distributions of fission fragments in a manner comparable to 



1 
that used in the present work except for the fact that they 

* 

used theoretical mass-energy relationships. Remy et a1 

(Rem.70) carried out the same type of study on ternary 

fission using polycarbonate (makrofol) sandwiches. Like 

previous a ors, they obtained energy and' fragment mass 

distribut jurh ons by using theoretical mass-energy 

relationships. In contrast, the stud,ies presented heie, as 

well as the work of Kiely et a1 (Kie.73), used the empirical 

relationships between pr-ojectile mass (charge) and range 

obtained from independent calibration eyperiments. 

The sandwich method was utilized when track coincidence 
1 .  

information (identifying binary fission) was more important 

than precise data on the variation of fragment intensity 

with respect to the beam direction. The sandwich 

configuration is shown schematically in Fig.17. 

1) Experimen-u1 techniques 

2- . 
a) Irradiation facilities and experimental 

set-up 

I 

Irradiations of gold,-silver and UF4 targets in a mica 

sandwich configuration were made at LAMPF (Los Alamos) with 

800 MeV protons and 400 MeV I T +  mesons. The mica sandwiches 
P 

2 



' .  i 
Fig.17: Schematic view of a mica sandrich configuration. 

i 
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were m o u n t e p  aluminum h o l d e r s  and i r r a d i a t e d  d i r e c t l y  i n  

t h e  beam w mica  p l a n e  p e r p e n d i c u l a r  t o  t h e  beam 

d i r e c t i o n .  

S q u a r e s  o f  mica  ~ 2 . 5 x 2 . 5 c m ~  i n  s i z e ) ,  we re  c l e a v e d  and 

t h e  a p p r o p r i a t e  t a r g e t  m a t e r i a l  was vacuum d e p o s i t e d  on one  

o f  t h e  f r e s h l y  c l e a v e d  s u r f a c e s .  Tne two s h e e t s  o f  mica  were  
Q 

t h e n  clamped t o g e t h e r  a t  o n e  edge  ( t o  i n s u r e  r e t e n t i o n  o f  
+ 

. t h e i r  r e s p e c t i v e  p o s i t i o n s )  'by two p i e c e s  o f  l u c i t e  g l u e d  

w i t h  c y c l o h e x a n o n e , p l a c e d  i n  an  aluminum h o l d e r  a n d  screwed 

t o g e t h e r  i n  o r d e r  t o  o b t a i n  a  c l o ' e  c o n t a c t  o f  t h e  c l e a n  6 
mica  s u r f a c e s .  The amount o f  m a t e r i a l  d e p o s i t e d  was,  a s  

p r e v i o u s l y ,  d e t e r m i n e d  by we igh ing .  The t h i c k n e s s e s  o f  t h e  

t a r g e t s  u sed  had  v a l u e s  r a n g i n g  be tween  100pg.cm-2 and 

c )  E t c h i n g  and s c a n n i n g  o f  t h e  m i c a s  
-?4 

A f t e r  i r r a d i a t i o n ,  t h e  s andwiches  were  wedged open  w i t h  i 

@ a  t e f l o n  t h r e a d  i n  o r d e r  t o  e x p o s e  t h e  i n t e r i o r  s u r f a c e s  t o  
-- - 
3 

t h e  e t c h a n t .  The t a r g e t  m a t e r i a l  was t h e n  d i s s o l v e d  o f f  w i t h  

aqua  r e g i a  a n d  t h e  m i c a s  were e t c h e d  w i t h  HF u n d e r  t h e  same 

c o n d i t i o n s  as p r e v i o u s l y  d e s c r i b e d .  A f t e r  wash ing  and  

d r y i n g ,  t h e  two p a r t s  o f  t h e  s a n d w i c h e s  w e &  t h e n  r e s t o r e d  



t o  t i g h t  c o n t a c t  and mounted on a  g l a s s  m i c r o s c o p e  s l i d e .  
83 

The s c a n n i n g  was done  w i t h  a  1fl0x o i l  immers ion  o b j e c t i v e  

a n a  a n  o v e r a l l  m a g n i f i c a t i o n  o f  1600x. ?-$# 
7 

The t a r g e t  b e i n g  l o c a t e d  i n  be tween  t h e  two mica  

d e t e c t o r s ,  when a f i s s i o n  e v e n t  o c c u r r e a  p r o d u c i n g  f r q g m e n t s  

,'- -- 
/ d i r e c t e d  t o w a r d s  t h e  mica  s u r f a c e s ,  e a c h  mica  d e t e c t o r  

r e g i s t e r e d  t h e  f i s s i o n  f r a g m e n t s  and t h e  s c a n n i n g  o f  

t h e  a  c o i n c i d e n c e  measurement  be tween  
a 

f r a g m e n t s  f rom t h e  same f i s s i o n  e v e n t .  S i n c e  t h e  f i s s i o n  

f r a g m e n t s  e n t e r e d  t h e  mica d e t e c t o r s  a t  v a r i o u s  a n g l e s ,  a  

m e a s u r e  of  t h e s e  a n g l e s  was n e c e s s a r y  i n  o r d e r  t o  o b t a i n  t h e .  

r e a l  t r a c k  l e n g t h s .  T h e r e f o r e ,  a  t h i r d  M i t u t o y o  gauge  
f 

\ ( h a v i n g  l v m  g r a d u a t i o n s )  was f i t t e d  t o  t h e  m i c r o s c o p e  s t a g e  
\ 

i n  o r d e r  t o  a l l o w  measu remen t s  a l o n g  t h e  f o c u s s i n g  a x i s  and 

h e n c e  t h r e e - d i m e n s i o n a l  s c a n n i n g .  The d e p t h  o f  a  t r a c k  ( t h a t  

i s  t h e  p r o j e c t e a  t r a c k  l e n g t h  a l o n g  t h e  v i e w i n g  a x i s ) ,  was 

o b t a i n e d  as  t h e  d i f f e r e n c e  be tween  r e a d i n g s '  o f  t h i s  t h i r g - ,  B 

/ 
i 
<:,- 

gauge  when f o c u s s e d  on e a c h  end o f  t h e  t r a c k .  The p r o j e c t e d  

t r a c k  l e n g t h  on t h e  mica  s u r f a c e  was measured  a s  b e f o r e  by 

/<- means o f  t h e  e y e p i e c e  g r a t i c u l e ;  t h e n  t h e  r e a l  t r a c k  l e n g t h  

as w e l l  as t h e  i n c i d e n t  t r a c k  a n g l e  were o b t a i n e d  by a  

s i m p l e  g e o m e t r i c a l  c a l c u l a t i o n .  

Some d i f f i c u l t i e s  o c c u r r e d  i n  t h e  meagprement  o f  t h e  



I 

depth of the track due to the utilisation of the oil 

immersion objective. The drop of oil surrounding the 

objective was found to produce a capillary attiaction for 

the cover glass, which was lifted out of contact with the 

mica sample as soon as the microscope stage was lowered. As 

a result, the depth measurements were erroneous and gave a 

value far too large. This effect was eliminated by fitt'ing 

several brass rings around the objective, heavy enough to 

overcome the capillary attraction. 

The thrzee-dimensional scanning measurements have been 

tested by using a sample from the calibration experiment 

where the tracks entered the mica with a known 4 5 O  angle. 

Two different sets of measurements have been carried out on 

the same sample: one set where the cover glass was placed 

directly onto the mica to be m and one set where 

another small sheet of mica tracks) was inserted 
\ 

between the cover glass and mica in order to 

simulate measurements on the lower half of the mica 
C 

sandwich. 

The two sets of measurements in three dimensions led to 
* 

- - - -  - -- 

tracklength and a n @ J a  incidence values with and without 

the inserted mica. The results are summarized in the 

following table: 



f o r  t h e  a n g l e  v a l u e s  a r e  o p t i m i s t i c  s i n c e  o n l y  t h e  

u n c e r t a i n t y  i n  t h e  r e a d i n g  o f  t h e  g a u g e s  h a s  been  t a k e n  i n t o  

, 

a c c o u n t .  I t  is also assumed t h a t ,  a t  t h e  time t h e  r e a d i n g s  

were made, t h e  m i c r o s c o p e  was f o c u s s e d  r e a s o n a b l y  p r e c i s e l y  
6 

a t  t h e  e x t r e m i t y  of t h e  t r a c k .  T h i s  was p r o b a b l y  t r u e  i,n 

tw p a r t i c u l a r  case * a s  t r a c k s  i n c i d e n t  o n k h e  mica a t  a  45' 
- a& 

a n g l e  a r e  r e l a t i v e l y  easy t o  s c a n L E o w e - r e ~  during,$he -- 

b 

a i r  o b j e c t i v e ,  two 

d i m e n s i o n a l  s c a n n i n g  

a s s u m i n g  45O i n c i d e n c e ,  

s c a n n i n g  o f  a  s andwich ,  i t  was o f t - e n  much more difficult t o  

, 

, no  mica  

, i n s e r t e d  

, o i l  o b j e c t i v e ,  t h r e e  d i m e n s i o n s  s c a n n i n g  

d e t e r m i n e  when t h e  e n d s  o f  t r acks  were i n  f o c u s ,  

= 

This taY@ shows t h a t  t h e  t h r e e  d i m e n s i o n a l  s c a n n i n g  e 

C 

l e d  t o  a c c e p t a b l e  r e s u l t s .  However, t h e  e r r o r s  q u o t e d  h e r e  

, w i t h  micas 

, i n s e r t e d  

. l e n g t h  ( p )  

9.22*0.22 
I 

, w i t h o u t  mica 

i n s e r t e d  

w i t h  mica  

i n s e r t e d  

. l e n g t h  ( y )  

9.14*0.22 

I 

' l e n g t h  ( p )  . a n g l e  (01 l e n g t h  ( p )  . a n g l e  (01  

9.50k0.37 9.47h0.37 46.5*2.1 45.9h2.1 



particularly those which entered-the mica at dn angle 
- 

greater than 70' (since they were viewed almost- end-on). In 
. . 

the* case of sandwich eeasurements, an uncertainty of *6O is 

therefore estipated to be more realistic. 

Several conditions had to be fulfilled by two tracks in 

C order to be recognized as members of the same pair i.e. 

coming from the same fissioning nucleus. They had to be in 
'4 

opposite hemispheres with respect to the stage plane and 

have the same point .of origin.   heir projections had todbe 

roughly colinear (within.--15') and both' in the fiefd of 

view. This last condition could lead to the rejection of 

events entering the mica with a smal1,angle of incidence 
4 

p; 
since the separation of .the mica surfaces during irradiation 

was not zero. 

The two experimental arrangements previously described 
+ 

(scattering array and sandwich) give complementary 

information on the fission process. Two dimensional scanning 
e5 

of micas from the scattering array will lead primarily to 
0 

the kgula; distributions of the fission fragments. This 

ingormation could also be obtained from the three a 

dimensional - - measyrCments p p  - -  but c due - - to ---- the pi difficulty in_ 1 -p 

measuring very shallow and very deep tracks, the angular 
k 

distributions will have large uncerta'inties at angles below 



P 
e 

e 

20O and over 70' compared to the mica surface. The scanning - 
.r 

I 

of sandwiches heing a coincidence measurement, the center of 

mass momentum could b i  deduced from the divergence between 

the tracks of the same pair: this quantity cannot be 
. 

extracted from the scattering array measurements. 

2) Data analysis 
1 .  

a) Treatment of the data + 

I 

During the scanning of a mica sandwich, for each track 

of an observed pair, the projected length and the depth were 
-, 

'measured. The absolute errors on these measurements were 

one #eyepiece unit (or 8-16 y) and 0.2011 respectively. 

However, these errors (being statistically distributed) did 

not affect the positid; of the maxima in the measured - 
tracklength distributions (and consequently in the 

talculated mass and energy distributions of the fission 
1 

fragments) but did contribute to their widths. The depth 

1 measurements were corrected for the difference in refractive 

the mica. The refractive index of the oil was measured, at 

room temperature, with a Bausch and Lomb refractometer 

(model Abbe 3L) and found to be 1.5134 0.8882.  



The refractive index values for mica, given in the t 

literature, range from 1.551(Han.76) to 1.6117, 

(Jen.57,Ros065). An average value of 1.584 was chosen for 

the calculations. A - - - - A -- - 

Snell's law describes the refraction at a boundary 

between two substances having indices of refraction n and 

where 4 and 4 '  are respectively the angle of incidence and 

the angle of refraction as shown in Fig.18. 

During the microscope measurements, the angle of 

inddencb $J will always be small and, as a consequence (see 

eq,II.6), the angle of refraction will also be smdl, Under 

these circumstances, a good approximation is obtained by 

setting the sines equal to th-e angles themselves: 

n t# t n' $I' 

Since, in the particular case of mica and oil, n is 

greater than n', a ray of light coming from point A in the 

mica will be directed farther-from the normal after 

re frac t ion  aria-wif f seem to be coming from pint B (see  - 
- -.-- -i- 

depth d will then be greater than d': 



o i l  

Fig.18: L i g h t  

i m e r  s i o n  

pa th  and measurements 

o b j e c t i v e .  

t h e  d e p t h  w i t h  an 



oil objective 

refractive index n' 

refractive index n 

A 



The a i r  l a y e r s  p resen t  between t h e  cover g l a s s  and the  

mica or i n s i d e  t h e  sandwich were kept cons tan t  by means of 

t h e  weight mentioneci e a r l i e r  ( s e c t i o n  11-B-l-c) . No - 

' c o r r e c t i o n  f o r  t h e  r e f r a c t i v e  e f f e c t s  of these  a i r  l a y e r s  

was then necessary,  s inck a  ray of l i g h t  e n t e r i n g  an a i r  

k l a y e r  or  t h e  cover g l a s s  w i t h  an angle of incidence a  w i l l  
B d 

emerge w i t h  t he  same angle a f t e r  being r e f r a c t e d  twice.  

The t r ack leng th  d a t a  were t r e a t e d  w i t h  a c 
. 

program c a l l e d  SANDY ( w r i t t e n  by-M.Kiely) 

p resen t  work by i n s e r t i o n  of the  new s e t  of mica c  'k i b r a t i o n  
I 

data.The c a l c u l a t i o n  of t h e  cen te r  of mass momentum and 
5 

I 

i c o r r e c t i o n s  f o r  it have a l s o  been added. 
\ .,' & 

\ /  

The c a l i b r a t i o n  d a t a  were entered a s  a  s e t  of 

parameters  r e l a t i n g ,  f o r  a  given t r ack leng th ,  t h e  energy of 

a  f i s s i o n  fragment t o  i t s  mass. These c a l i b r a t i o n  parameters 

were obtained a s  follows: f o r  ea&h t r ack leng th  value from 2~ 

t o  1 5 p  taken i n  0 . 2 ~  increments,  masses ranging between 27 
4 

and 1 7 8  a.m.u were assigned.  For each of t h e s e  assigned 

+ masses, t h e  energy was calc"1ated through equat ions  (11.1) , 
(LI.2) and (11.3). Such a  c a l c u l a t i o n  implied t h a t  t h e  

- - - - - - -- 

r e l a t i o n s h i p  between t h e  charge Z and" the  mass A of t h e  

f i s s i o n  fragments was known. The *unchanged charge 

d i s t r i b u t i o n "  or  UCD p o s t u l a t e  (Goe.49,Fri.63), assumihg 



that both fragments bear the same neutron,to proton ratio as 
5 

the fissioning nucleus, has been used. In the fission ' 

studies, this ratio had to be assumed and the impact of this 

assumption will be discussed further. 

The calculated energy values were then fitted (still fo 

a given tracklength) to a fourth degree polynomial in the 
-', 

mass: 

The set of coefficients ai constitutes the calibration 

- data used by theprogram SANDY. 

From the measurements of the projected length and the 

depth o i  the tracks, this program calculated the real 

tracklength as well as the incident track angle which led to 

tracklength distributions and angular distributions in each 

hemisphere. Then, the analysis was carried out in two 1 

different steps: 

- Initially, it was assumed that there was no center 
of mass motion and therefore the two fragments were emitted 

- - - - - -- 

with an angle of 18g0 between them. .conservation of the 

momentum can be written as: 



where pl and p2 a r e  t h e  momenta of t h e  two f ragments ,  which 

can  be expressed  a s  a  f u n c t i o n  of t h e  mass of t h e  fragment 

and i t s  ener-gy i n  MeV/a.m.u : p = A .   heref fore 
equa t ion  (11.7) becomes: 

I n  o rde r  t o  c a r r y  o u t  t h e  c a l c u l a t i o n s ,  t h e  mass of t h e  

f i s s i o n i n g  system A had t o  be given a s  an i n p u t  t o  the  
t , 

program. Here a g a i n ,  some d i f f i c u l t i e s  w i l l  a r i s e  i n  high 

energy f i s s i o n  when At is d i s t r i b u t e d .  The bea r ing  of t h i s  

cho ice  of t h e  t o t a l  n a s s  on th.e r e s u l t s  w i l l  be s een  l a t e r  

on. Given a  va lue  of  A t ,  t hen  A1 + A2 = A t .  

The system was t h u s  so lved  through t h e ' f o l l o w i n g  s e t  of 
4 

equa t ions :  a 

Expanding e q u a t i o n s  (11.9) and (11.10) and r ep l ac ing  i n  

equa t ion  ( 8 ,  a s  a  f u n c t i o n  o f  on ly  one fragment' rass (A1 



P 
or  A 2 ) ,  a  s i x  drder  polynomial i s  produced. Among t h e  s i x  

r o o t s  obtained,  four (two complex and two negat ive  roots )  

were immediately r e j e c t e d .  The two remaining s o l u t i o n s  were 

r k a l  and p o s i t i v e  and t h e  one whose value was l e s s  than the* 

f i s s i o n i n g  nucleus mass At was kept. I n  t h e  v e r y  few cases 

where two p o s s i b l e  va lues  of t h e  fragment mass were found, 

t h e  p a i r s  of t r a c k s  leading  t o  those r e s u l t s  were taken 'out  
1 

of cons ide ra t ion .  From t h e  mass of one fragment, t h e  mass of 

t h e  second fragment and  t h e  energies  El and E2 were then . 

c a l c u l a t e d  using equat ions  (11.11) , (11.9) and (11.16) .  

- In  a  second s t e p ,  t h e  e f f e c t s  of cen te r  of mass 
7 0 

9 
motion were taken i n t o  account. The cen te r  of mass momentum 

(pCm) was taken a s  unknown but  d i rec ted  along t h e  beam ax i s .  

The l abora to ry  angles  e l  and a t  which t h e  two t r acks  wese 

observed were assumed. to bemeasured a c c u r a t e l y ,  and, f o r  , 

each p a i r  of t racks , .  a  cen te r  of mass momentum was 
\ '  

c a l c u l a t e d  such t h a t  t h e  f r @ e n t s  i n  t h i s ' c e n t e r  of mass 

were emi t ted  w i t h  a  18B0 angle between them. 

A s e t  of equat ions  s i m i l a r  t o  t h e  one presented previously 

permit ted t h e  c a l c u l a t i o n  of t h e  mass and energy of t he  
- - 

fragments, t h e i r  cen te r  o f  mass momenta- a s  w e l l a X  the- 
- 

energ ies  and emission angles  ( e t 1 , e t 2 )  i n  t h e  cen te r  of mass 

system. Any measurement unce r t a in ty  i n  t h e  angles  w i l l  be 



reflected in the width of the qalculated center of mass 
momentum distribution. u 

'8 

Thjs calculation was'made by considering each pair of 
I 

tracks in their particular center of mass system: they had * 

new emission angles ana € l t 2  calculated previously. The 

measured tracklength 1, which was the projection of the real 

, tracklength L, was not changed in the process, but a new 
P 

tracklength L', corresponding to the new angles, was 

calculated. The relation L = l/cose became 

L 1  = l/coset in "the center of mass system, 

Changing the real tracklength meant chwging the 

combinat 

the prev 

ion'of mass and energy of the fragments ; therefore, ! 
ious calculation was' repeated with the corrected L 

data L'lr~'2;811 and € l V 2  in order to find the corrected 
. 6  

energies. g 

p )  Tests performed using known fission reactions 
sl 

\ 

dimensional scannin; technique to 

the previously-described cgibration of mica as a heavy 

particle spectrometer have been tested with the well 

characterised fission of 2 3 8 ~  induced-by 14 MeV neutron; and . 
I .  3 

2 3 5 ~  induced by thermal neutrons. 

A UFq sandwich wqs irradiated with 14 MeV neutrons 



pr~duced by the TNC model 9900 neutron generator located at 

Simon Fraser University and subjected to etching and 
B 

micrQscopic examination as described above. After processing 

of the data, the following results were obtained in the case 

of 14 MeV neutron-induced fission of 2 3 8 ~ .  
L> * 

The tracklength distributions in the forward and backward 
.2. 

hemispheres (relative to the direction of the incident 

neutron) are presented in Fig.19. It is seen in this figure 

that the tracklength in the forward hemisphere is slightly 

larger than in the backward hemisphere, indicating the 

presence of a small center of mass momentum contribution. 

These two distributions combined give the total tracklength 

distribution (shown in Fig.20) whose full width at half 

maximum (FWHM) is 5.3p,. 

The track angular distribution is displayed in Fig.219 

/ This distribution was expected to be nearly isotropic. 

However, the shape observed in Fig.21 could be explained as 

the result of several experimental problems: 

- As seen jn section (I-C-4) the critical angle for track 
registration in mica detectors has been determined to be 

with respect to the normal to will not 

leave recognizable tracks, angles 

will be difficult to recognize. 
\ 

t 



Fig.19: Fragment tracklength distributions in the forward 
'-. 

and backward hemispheres from mica sandwich measurements for 

the system UFq+14 MeV neutrons. 
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Fig. 20: Distribution of the fragment trackleng'th sum 

(forward and backward hemispheres added) for the system 

UF4+14 MeV neutrons. 
' >  
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Fig.21: rQ Angular distribution of the fission fragments 

P obtained with a mica sandwich for the system UF4+14yeV 

neutrons: number of events per unit solid angle@ d 
a function of the angle in the laboratory system. 
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F i g 2 2 :  D i s t r i b u t i a n  of angular  d ivergence  between the  

fragment track directions for the  system UF4+14 MeV 

n e u t r o n s .  
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Fig.23: Distribution of the deduced center of mass 

momentum (p,,) of the fissioning nuclei from system 

UF4+14 MeV neutrons. 





o r  t h e  l i g h t  f ~ a g m e n t  and 72 MeV fy t h e  heavy  one.  

t o  a n  a v e r a g e  v a l u e  of 1 7 8  MeV f o r  t h e  t o t a l  A 

e n e r g y  r e l e a s e d .  ~ h 6  o t a l  k i n e t i c  e n e r g y  d i s t r i b u t  5 
d i s p l a y e d  i n  F i g . 2 4  shows a FWHM o f  65  MeV.  

The  mass  d i s t r i b u t i o n  is g i v e n  i n  F ig .25 .  A f i t t i n g  o f  

t h i s  d i s t r i b u t - i o n  a s  t h e  sum of  two G a u s s i a n  f u n c t i o n s  l e d "  

t o  m o s t  p r o b a b l e  v a l u e s  o f  100.2 a.m.u a n d  138.0 a.m.u f o r  
b 

t h e  two peaks .  T h i s  f i t t e d  f u n c t i o n  i s  shown a s  t h e  c u r v e  on 

t h e  f i g u r e  w h i l e  t h e  e x p e r i m e n t a l  d a t a  a r e  g i v e n  by  t h e  ' 

h i s t o g r a m .  
F 

A second  t e s t  o f  t h e  sandwich' t e c h n i q u e  was pe r fo rmed  

i n  a s i m i l a r  way b u t  u s i n g ,  t h i s  time, t h e  t h e r m a l  n e u t r o n  

i n d u c e d  f i s s i o n  of 2 3 5 ~ .  The sandwich  was p r e p a r e d  a s  

p r e v i o u s l y  sa id  a n d  i r r a d i a t i o n s  m@e a t  Simon F r a s e r  , 
f 

U n i v e r s i t y  u s i n g  t h e  sdme n e u t r o n , ' g e n e r a t o r .  The n e u t r o n s  

were s l o w e d  down t o  a t h e r m a l  e n e r g y  by i n t e r p o s i n g ,  b e f o r e  

t h e  s a n d w i c h ,  a t h i c k  block of p a r a f f i n .  

The r e s u l t s  a r e  shown i n  Fig.26 t o  28. 

Here, t h e  a v e r a g e  v a l u e s  of t h e  f r a g m e n t s - k i n e t i c  e n e r g y  

were found t o  be 1 0 3  MeV and 68 MeV for t h e  . l i g h t  and  h e a v y  

3 1 7 1  MeV and a FWHM = 75 MeV. 



Fig.24: Deduced total fission fragment kinetic 'energy 

distribution 'for the system UF4+14 ' M ~ V  neut-ronk. 

The solid curve is the res"lt of a fit to a Gaussian function. 
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Fig.25: Deduced fission fragment mass distribution for 

the system UFq+14 MeV neutrons. ,The solid curve 4s the 

result of a fit tQ the sum of two Gaussian function's. 
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Fig.26:  educed kinetic energy distributions for the 

light and heavy fission fragments for thd system UF4+thermal 

neutrons. 
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Fig.27: Deduced total fission fragment kinetic energy 

distribution •’02 the system UF4+thermal neutrons. 

The solid curve is the result of a fit to a Gaussian function. , 
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The mass distribution is given in Fig.28 where the curve 
d 

represents the fitting of the data wi-th the sum of two 
b 

Gaussian curves. The most probable values of the two =-' 
fragments%sses were found to be 93.2 and 141.4 a.m.u. 

4 -- 
The dstimation of the uncertainties in these two cases 

- 

C was simplified by the fact that the mass of the fissioning 

system was known as was the neutron to proton ratio. Hence, 

the error on the energy was a risult of the uncertainty in 

the measurements and in the mica calibration. The 

(measurements of tracklength and depth are statistically 

distributed around an average value and the uncertainty in 

these measurements will not act strongly upon the position 

of the mosg probable value of the energy distribution, but 

will contribute to its width. 

From the calibration curves Fig.11, it can be seen that 

the discrepancy between the general formula obtained in 

order to fllow interpolations and.the experimental data, 

will introduce an uncertainty in the energy. This 

uncertainty will varyxepending upon the mass and energy of 

the fission fragments and can be estimated from Fig.11, In 
- 

the case of uranium fission, the closest calibration curves 

corresponding to the fragments mass will be the iodine curv,e 

for the heavy fragment and the silver curve for the light 



S t -  

fragment distribution for fission Deduced mass 

neutrons. The solid 

sum of two Gaussian 

curve is the the system 

result of a fit tod the functions. 
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one. For the corresponding energies of around 70 MeV and, 

100 MeV, it can be estimated that the error is of the order 

of 2 MeV and 8 MeV respectively. The error on the total 

fission energy will then be around 10 MeV. 
i 

Since fragment energy and mass are inter-related for a 

given tracklength, an estimation of the errors through 

standard calculation cannot be easily performed. However, 

the sensitivity of the results to sOme of the parameters can 

be tested by means of the computer program. The influence of 

the calibration was investigated by artificially changing 

the general formula. It was found that the mass 

distributions and the m'axima of the peaks were quite 

insensitive to such a change, the resulting shift being, 

smaller @an the uncertainty in the fitting procedure. 

Therefore, the error attributed to the mass of the fission . 
i. .4 

fragments will be that of the fitting process. 

* The calculated center of mass momentum will carry the 

uncertainty in the energy and the mass. The estimated error 

was 0.1 (MeV.amu) in the case of 14 MeV neutron-induced 

fission. 



C )  C o m ~ a r i s o n  w i t h  l i t e r a t u r e  

7 B 

  he i n t e r e s t  i n  t h e  k n o w l e d g e s f  t h e  a v e r a g e  t o t a l  - 
k i n e t i c  e n e r g y  of t h e  f  ragmenfs f r o m  uranium f  i i s i o n  d a t e s  

a s  f a r  back a s  t h e  d i s c o v e r y  of  t h e  f i s s i o n  phenomenon 

i t s e l f  i n  1939. Henderson (Hen.4&) made a  c a l o r i m e t r i c  

measurement o f  t{e e n e r g y  r e l e a s e d  i n  a  139 sample  o f  

m e t a l l i c  n a t u r a  r/ uranium bombarded w i t h  m q e r a t e d  n e u t r o n s .  
J 

He o b t a i n e d  a y  177 ~ e ~ * l 8  p e r  . f i s s i o n i n g  n u c l e  

T h i s  measureme was r e p e a t e d  i n  1955 by Leachman and 

S c h a f e r  l e d  t o  a  v a l u e  o f  167,1*1.6 MeV. A 

o f  t h e  f ragment  v e - i t i e s  w i t h  a  t ime  ' 

o f  f l i g h t  method 4 a r e i e d  o u t  by Leabhman (Lea. 52)  gave  a  

i - r e s u l t  of 168f2  neb,. A* independen t  c a l o r i m e t r i c  
'/ 

d e t e r m i n a t i o n  was made l a t e r  by Gunn e t  $1 (Gun.57) who 
\ 

found a  v a l u e  of  166*2 MeV. 

The s t u d y  of mass y i e l d s ,  f i n e  s t r u c t u r e  o f  t h e  mass 

d i s t r i b u t i o n s ,  e n e r g y  of  e a c h  f ragment ,  number o f  n e u t r o n s  

e m i t t e d  etc. .  l e d  t o  a huge amount o f  p u b l i c a t i o n s  on  

- uranium f i s s i o n  induced  by t h e r m a l  n e u t r o n s .  Only a few 

r e s u l t s  w i l l  be p r e s e n t e d  h e r e  i n  o r d e r  t o  compare w i t h  

t b -  of the -prese&-wozk, T%ey-&e-swarie&-h Table-W - 

where t h e  most p r o b a b l e  v a l u e s  o f  t h e  mass o f  t h e  f ragnients  



TABLE IV 

<AH (apu) > <AL (amu) > . <EH (MeV) > . <EL (MeV) > 
h 

<Etot (MeV)  > ,Reference 

\ 

4 

165 * 2 (Ste.57) 

171 * 18 I Present I 
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" TABLE V 

Ref erencl <AH (amu) : <AL (amu) : <EH (MeV) <EL (MeV) : 

( S t e  -68 )  

-- 

Present  

: r e s u l t s  of the f i t t i n g  of Ait-Salem e t  a l .  d a t a  w i th  t h e  

sum of. two g a u s s i a n  f u n c t i o n s .  



i. 

Fig.29: Fission fragment mass distribution obtained from 

sandwich measutements made by Ait-Salem et a1 for the system 
C 

238~+15.'3 MeV neutrons. The solid curve .is the result of a 

*fit to the sum of two Gaussian functions. 
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* JL 
p r o c e s s  Gave l00.0*$.3 a.m.u and 136.0f0.3 a.m.u for  t h e  

, most p r o b a b l e  v a l u e s  o f  t h e  l i g h t  and heavy f ragment  masses 

r e s p e c t i v e l y  and a s t a n d a r d  d e v i a t i o n  of 8.9 a.m.u f o r  each  
1 peak. 

The mass d i s t r i b u t i o n s  o b t a i n e d  by thesbe  a u t h o r s  and i n  

t h e  p r i s e n t  work ere d i r e c t l y  compared i n  P ig .30  where one 

c a n  see t h a t  $ t h e  agreement  between t h e  two i s  good. The 

d i s t r i b u t i o n  f r o m t h e  p r e s e n t  s t u d y  i s  h e r e  a g a i n  s l i g h t l y  

br&r. (FWHM.27 a.m.u a g a i n s t  -21 a.m.u) which c o u l d  be a 
,- 

d 

r e s u l t  o f  poore r  r e s o l u t i o n  w i t h  mica t h a n  w i t h ,  

a c e t y l c e l l u l o i d  or;/and o f  p o o r e r  s t a t i s t i c s .  R e s u l t s  of 

r a d i o c h e m i c a l  measureden t s  c a r r i e d  o u t b y  Cuningharne* 

(Cun.57) and Broom (Bro.62) a r e  a l s o  r e p o r t e d  on t h e  same 

f i g u r e .  

= .  
, 3) R e s u l t s  

A f t e r  t h e  p r e s e n t a t i o n  of t h e  e x p e r i m e n t a l  r e s u l t s ,  t h e  
> 

i n f l u e n c e  of t h e  p a r a m e t e r s  invo lved  w i l l  be d i s c u s s e d  and 

- the  r e s u l t s  summarized on a t a b u l a r  form. 

\  he: r e s u l t s  of uranium f i s s i o n  induced by 400 MeV n + 

* 
mesons a r e  shown i n  F ig .31  t o  36. \ 



\ I 
\ 

+ w 

\ 

? a 

F i g . 3 0 :  Deduced f i s s i o n  f r a g  e n t  mass d i s t r i b u t i o n  f o r  
f' '$ 

t h e  s y s t e m * ~ ~ ~ + l 4  MeV neutronsJ. The two h i s t o g r a m s  show t h e  

3- r e s u l t s  of k t - S a l e m  e t  a 1  ( 1 )  and t h e  p r e s e n t  s t u d y  ( 2 ) .  

The d a t a  r e p r e s e n t e d  by p o i n t s  a r e  from r a d i o c h e m i c a l  

s t u d i e s  of Curtdnghame (D)  and Broom (a). 
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Fig.31 shows the tracklength distributions in both 

hemispheres. The difference in the average length between 

the forward and the backward hemisphere is much greater than 

in the case of 14 MeV neutrons induced fission, indicating a 2 

-- - - - 
larger center oT mass-motion. ?he total tracklength- 

distribution of Fig.32 has a FWHM of 3.5~. The divergence 

in degrees between the direction of one track of a pair and 
- - 

the direction of the other is given in Fig.33. Here again, a 

larger value is obtained compared with that from 

14 M~V-neutron fission, showing a larger center of mass 

momentum. From the distribution of this momentum on Fig.34, 

an average value of 15.3 (MeV.am~)l/~ is obtained. The total 

kinetic energy distribution is given in Fig.35. The mass 
f -i 

1 

distribution b;f Fig.36 indicates a symegric fission process. 

b) Gold fission 

The tracklength distributions for the gold fission 

induced by 800 MeV protons are given in Fig.37 and 38 while 

the center -of mass momentum distribution is shown in Pig.39. 

Fig.48 displays the total kinetic energy distribution with 

an average value of 123 M ~ V .   he sass distrcbution &f-lig.41 
- 

inacateSsa~preferentz51-spf ittingof the, f is s ion ing nuclei 
* 

into two fragmepts of equal mass (symetric fission). 



Fig .33l: Fragment tracklength distributions in the forward 

ana backward hemispfieres from mica sandwich measureiients f o r  

the system UF4+488 MeV pions. 
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Eig.32: D i  r i b u t i o n  of the fragment t r a c k l e n g t h  sum F ' W  
(fqrward and backward hemispheres added) f o r  t h e  system 

UF4+4@0 M ~ V  p i o n s .  
.f 
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Fig.33: Distribution of angular d ivergence  between the 
-. 

fragment track directions f o r  the system UF4+480 MeV pions. 





. ' Fig.34: Distribution of the 8educed center of mass 
t 

, momentum (p,,) of the fissioning nuclei from system 

UF4+480 MeV pions. 





Fig.35: Deduced total fission fragment kinetic energy 
--,'---\ 

distribution for the system ~ ~ ~ ; 4 $ 0  MeV pions. 
J 
. /j 

The solidLcurve is the result of a fi to a k$ussian function. 
1 .  
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Fig. 36':   educed fission. fragment maBs distribution for 
the system UF4+460 MeV pions. 

L 

The solid curve is the result of. a fit to a Gaussian 
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Fig.37: Fragment tracklength d i s t r i b u t i o n s  i n  t h e  forward - 

C 8 

and backward hemispheres from mica sandwich measur-ements for 

the  system Au+8BB M ~ V '  protoens. 
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Fig.38: Distribution of 
1 

- 8  

(forward and backward 

Au+800 MeV protons, 

I 

I 

- 

the 

- - - - 

fragment tracklength 

hemispheres 
P. 

added) for the 
I 

sum 
0 - 

system 
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Fig.39: Distribution of the deduced center of mass 

momentum (po) of the flssioning nuclei from system 

MeV protons. 





F i g . 4 0 :  Deduced t o t a l  f i s s i o n  fragment' k i n e t i c  e n e r g y  

d i s t r i b u t i o n  f o r  t h e  s y s t e m  Au+800 MeV p r o t o n s .  

The s o l i d  curve  i s  t h e  r e s u l t  o f  a f i t  t o  a Gauss ian  f u n c t i o n .  





the 

The 

sys tern 

Deduced fission fragment 

Au+808 MeV protons. 

solid curve is the result of a 

* 

mass distributign 

to a Gaussian 

for 

function. 



Au + protons 

50 1 SO 

FRAGME fJASS (a .m.u.) 



C 
r 

The same distributions in the case of gold fission 

induced by 460 MeV T +  are given in Fig.42 to 46. They' are 

respectiveiy , the track4ength aistr-iht ions- in- b u t 4  -- - --- 

hemispheres (Fig.42), the total tracklength ( ~ i ~ . 4 3 ) ,  the 

center of mass momentum (Fig.44), the total kinetic energy 

(Fig.45) and the mass distribution (Fi4.46). 
- 

;p. 
C) Silver fission 

In both cases of silver sandwiches irradiated with 

800 MeV protons and .400 MeV n + mesons, fission tracks have 

been observed. However, these tracks were so short that , 

they were very difficult to measure. The tracks having no 

recognizable direction, the coincidence between one track in 

one hemisphere and a track in the other hemisphere, was 
- '-* 

imposqible to establish. These measurements -b%h51ver 
2 

fission could only be made with a very lo; track density: if 
f4 

only one track at a time is present in the field of view, 

\ then, if another track is seen in the other mica, there is -., 

no certainty, but a good probiibility that - they both belong 

be very difficult to measure and subject to' a large 

& .  uncertainty. t 



Fig.42: Fragment tracklength distributions in the forward 

and backward hemispheres from mica sandwich measurements for 

' the system Au+400 MeV pions. 
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S 

F i g . 4 3 :  D k s t r i b u t i m  of the fragment tracklength sum 

. (forward ana backward hemispheres added) for tQe system 

Au+40B MeV pions. 
I 



<L+ = 7.U2 - 

/ 
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F i g . 4 4 :  D i s t r i b u t i o n  of t h e  deduced center of mass 

momentum ( p )  o f  the fissioning n u c l e i  from system 
* 

Au+%BB MeV p i o h s .  





Fig.45: Deducea total fission fragment kinetic energy 

distribution far the system Au+400 MeV pions. 
" 

The solid curve is the result of a fit'to a Gaussian function. 



TOTAL ENERGY ( M ~ v )  



Fig.46: Deduced f i s s i o n  fra'gment.mass a i s t r i b u t i o n  for 

t h e  sys tem Au+460 MeV p ions .  

The s o l i d  curve i s  t h e  r e s u l t  of  a f i t  t o  a  Gaussian f u n c t i o n .  



Au + pions 

FRAGMENT M A S S  (a.m.u.) 4 



' d) Influence of the different parameters on the 

derived dat.a from the above neasurements 

The value of the total kinetic energy will be 

influenced, as previously said, by the calibration formula 

but also by the choice of the fissioning mass and, as a 

consequence, by the corresponding neutron to proton ratio. 

Tiye symetric fission of uranium will lead to fragment masses * 

around 117 a.m.u which will lie betw'een the silver and the 

iodine calibration curves. For an average 81 MeV energy, the 

discrepancy in the calibrations will g.ive an uncertainty 

between 2 and 8 MeV for the silver and iodine curv,es 

respectively. An average value of 5 MeV can be taken and, 

as a consequence, the error on the total energy would be of 

the order of 10 MeV. This uncertainty of 5 MeV for,each 

fragment is somewhat pessimistic if one considers that in 

the case of thk silver calibration curve, the general 

formula gives an energy which is higher than the 

experimental one whereas it is the opposite situation in the 

case of the iodine calibration curve. 

f f the same procedwe ks feZlawe8 f or--t-e case o f  gold, 

the fission fragments will be located between the krypton 



u n c e r t a i n t y  o f  t h e  o r d e r  of 1 MeV 2 o r  e a c h  f r a g m e n t  h e n c e  an  
$ D 

e r r o r  o f  2 MeV on  t h e  t o t a l  k i n e t i c  e n e r g y .  i 

The u n c e r t a i n t i e s  r e s u l t i n g  from t h e  c h o i c e  o f  t h e  

f i s s i o n i n g  n u c l e u s  mass  and t h e  n e u t r o n  t o  p r o t o n  r a t i o  

c a n n o t  be d i s s o c i a t e d  s i n c e  one  c a n n o t  c h a n g e  o n e  w i t h o u t  
* 

c h a n g i n g  t h e  o t h e r .  S e n s i t i v i t y  o f  e n e r g y ,  mass  and  c e n t e r  

o f  mass  momentum w a s - t e s t e d  t h r o u g h  t h e  computer  program by . . 

c h a n g i n g  t h e  m a s s s o r  t h e  c h a r g e  o f  t h e  f i s s i o n i n g  sys t em.  

An e r r o r  o f  5 a.m.u i n  t h e  v a l u e  o f  t h e  f i s s i o n i n g  s y s t e m  

mass  (wi ' th  t h e  same c h a r g e  Z and  t h u s  d i f f e r e n t  Z/A r a t i o s )  

l e d  t o  an  u n c e r t a i n t y  o f  5 MeV and 6 MeV i n  t h e  f i s s i o n  
. ' 

6 e n e r g y  of  g o l d  and  uran ium r e s p e c t i v e l y .  A c h a n g e  o f  one  

u n i t  i n  t h e  v a l u e  o f  2 f o r  a f i x e d  mass  g a v e  a  s h i f t  o f  
d 

1 . 7  MeV i n  t h e  t o t a l  k i n e t i c  e n e r g y  f o r  g o l d  w h i l e  t h e  
> .  

e n e r g y  i n  t h e  c a s e  of u ran ium c h s n g e d b y  2.7 MeV. T h e r e f o r e ,  

a n  u n c e r t a i n t y  o f  5 a.m.u on  t h e  f i s s i o n i n g  mass  and  one 

u n i t  o n  i ts  c h a r g e  w i l l '  l e a d  t o  e r r o r s  of 6 .7  MeV and  

8 . 7 ' ~ e V  on t h e  f i s s i o n  e n e r g y  o f  g o l d  and  uran ium 

r e s p e c t i v e l y  . 
--- - - 

The  m a s s ~ i s t r L b u t i o n ~  p roved  t o  b e  s e n s i t i v e  o n l y  t o  

t h e  g i v e n  f i s s i o n i n g  mass  b u t  n o t  i t s  c h a r g e .  I n  a l l  c a s e s ,  

t h e  meximum of t h e  mass d i s t r i b u t i o n  was l o c a t e d  a t  h a l f  t h e  

v a l u e  o f  t h e  g i v e n  t o t a l  mass.  T h e r e f o r e ,  an u n c e r t a i n  % 



5 a.m.u in this mass will imply an error of 2.5. a.m.u on the 
- 

average value of the fission fragment mass. 

The value of the center of mass momentum i s  not very 
L- 

sensitive to the total mass or charge of the fissioning 

system. A change of 5 a.m.u in the mass and one unit in tKe 

charge will affect the value of pcm by 0.2 --(HeV.amu) in 

the case of gold fission and 0.5 (~e~.amu)l/~ for uranium: 

The experimental results, with associated uncertainties 

and the corresponding standard deviations of the 

distributions are summarized in Table VI. 



TABLE V I  

P r o j e c t i l r  Targei Chose] 

f issic 

- ninc 

systen 

Average mass Average 

t o t a l  

energy 

i n  MeV 

Average - 

center o f  

mass momentun 

o f  f i s s i o n  

fragments 

in a.m.u (MeV. amu J 

J' 

4 8 0  MeV n 4  

400 MeV I T +  



~ 0 

I11 EXPERIMENTS CONDUCTED WITH SEMI-CONDUCTOR DETECTCRS . 

A )  Experimental techniques 

1) Experimental set-up 
B 

These experiments were carried out at TRIUMF at the 

University of British Columbia using a proton beam delivered 

by the TRIUMF cyclotron. This cyclotron accelerates H' ions 
t 

and several proton beams can be extracted by interception of 

the H- internal beam with appropriately,located stripping 

foils. The proton beam energies can be chosen from 180 MeV 

to 525 MeY,but irradiations in the present work were 
.* 

performed at a 480 MeV bombarding energy, the highest energy 

available for which beam delivery was most reliable. 

i 
Targets and detectors were located inside a scattering 

?+z 

chamber which is located in the Beam Line 4A at the 

four arms for mounting detectors which could be moved and 
4 

positioned to 8.1 degree accuracy. A multiple target ladder 



e 
(holding up to four targets at a time) was located in the 

center'of the chamber and could be raised or lawered t o  
a 

position the desired target into the beam. All arms and 

target-ladder weEe rcmczt-ely controlled from an area where - 

electronic equipment and the data acquisition system were 

located. The electronic equipment is shown in block diagram 
C 

form in Fig.47, Fig.48, Fig.49. 

The fission fragments were registered in two silicon 

surface barrier detectors (ORTEC model BF-040-400-60) whose 

active area was 4 0 6  mm2. The sensitive depth was given by 

the manufacturer as 6 0 p  minimum and the gold electrode 

located in front of the detectol had a thickness of 

These detectors and the agsociated amplifier systems 

were calibrated in energy before and after each experiment 

using fragments of known energy.from the spontaneous fission 

2) Target preparation 

prepared by vacuum deposition onto a VYNS backing. As in 

section (11-A-1-b) the target thickness wars obtained by 
' * 

weighing. VYNS resin is a polyvinylchloride-acetate 



Fig . 4 7 :  Block diagram of electronic apparatus employ& -rfn 
- - 

measurements of angular distributions. The events were 

recorded on tape by a PDP 15 computer. 



Dl ,  0 2  : detectors 
PA : preamplifier (ORTEC 125) 
DLA : delay line amplifier (ORTEC 460) 

PDP 15 - 



Fig .48:  Block diagram of electronic 

measurements of angular c~rrel&tiuns. 

apparatus employed in 
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Fig.49: Block diagram of electronic apparatus employed in 

measurements of energy plus time o f  flight between fission 
, 

fragments. 
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copolymer which has been found to produce good quality films 
/ 

with excellent chemical resistance gnd tensile strength 

(Pat.55). The VYNS as a white powder is f irsh dissolved in 

cyclohexanone.  en, a small amount of the solution is 
allowed to expand on the surface of a water-filled container 

at room temperature. The thickness of the film can be 
- ., 

1 
controlled by the speed of expansion. It is finally-lifted 

from the water and placed onto the appropriate aluminum' 

frames. The film thickness in the range 10-50 ~cj.cm-~ can be 

determined visually with good precision (f 5vg.cm-') by the 

colour changes from reflected light (Pat.55). The 
7 - 

homogeneity can also be cheQked by visual examination. 

No thorium compounds tried were found to give 

satisfactory results under vacuum deposition. The thorium 

targets -were therefore prepared differently : a water 

solution of thorium nitrate (ThCN03)q 4H20 from Fisher 

Scientific CompanxJ of known concentration was prepared. An 

area of the VYNS film was then delimited precisely by 

wetting with a water solution of insulin as a wetting agent. 

A known amount of thorium nitrate solution was then 

deposited on this area and evaporated by infra-red heating, 

with a constant rotational movement in order to improve the 

homogeneity. The thickness of these targets was calculated 



from the area of the dry spot (generally 

and the weight of thorium deposited, and subject to a 

greater uncertainty than the targets prepared by vacuum 

deposition, as was the target homogeneity. Attempts to 
P 

measure the target homogeneity by alpha-particle 
a - 

backscatterinq were thwarted by the fragility of the 

targets, especially after their exposure to vacuum. 

The targets used in the experiments with semi-conductor 

detectors had the following characteristics: 
- .: 

. 
Target Target . 

element thickness 

- , . - (-p g . cm-2 ) 

3) ~ ~ p e s  of measurements 

VYNS backing 

thickness 

(,lg=~m-~) 

Frame 7 

For all Pneasurements, two fission detectors were 



empLoyed: they  were s e t  a t  d i f f e r e n t  p o s i t i o n s  w i t h  r e spec t  

t o  t h e  beam and r e g i s t e r e d  s ingJe  or co inc ident  e v e n t s , '  - 
depending upon t h e  type of measurement t o  be c a r r i e d  out .  

The v a r i o u ~ s c h e m e s  of . e l e c t r o n i c  apparatus  a r e  shown i n  

Fig.47, Fig.48, Fig.49. 

a )  Angular d i s t r i b u t i o n s  
i 
, ,. %.+ @ 

One of\$he f i s s i o n  d e t e c t o r s  ,used a s  a  monitor,  was 
d 

l e f t  a t  a  90' angle w i t h  r e spec t  t o  the  beam while t h e  other  
i 

was moved from 20' t o  130'. For a  known number of f i s s i o n  

fragments r e g i s t e r e d  by t h e  monitor counter ,  fragment energy 

s p e c t r a  were r e g i s t e r e d  from,the movable d e t e c t o r  (without  

coincidence requirements) f o r  a  s e r i e s  of angles  w i t h  

r e spec t  t o  t h e  beam direction".  The t a r g e t  was o r i en ted  a t  a  

45' angle  w i t h  r e spec t  t o  t h e  beam and two measurements were 

taken w i t h  the  movable d e t e c t o r  a t  9B0 : once w i t h  t h e  

-**;- d e t e c t o r  looking d i r e c t l y  a t  the. t a r g e t  m a t e r i a l  and once 
i 
1 through the  backing. T h u s ,  from t h e  energy d i f f e r e n c e  

between these  two t a r g e t  p o s i t i o n s ,  t h e  f i s s i o n  f  ragmentsr 
1 

energy l o s s  i n  t h e  backing mate r i a l  was determined f o r  t h i s  

p a r t i c u l a r  angle  and corfec ted  f o r  a t  a l l  o the r  angles  of 

measurement. The magnitude of t h i s  co r rec t ion  a t  a  90O 

-, angle was of t h e  order  of 5 MeV. 



While both d e t e c t o r s  we're r e g i s t e r i n g  s i n g l e  events ,  i t  
f i  

could be shown t h a t  these  s i n g l e  events  were i n  f a c t  due t o  

f i s s i o n  fragments. The s p e c t r a  obtained from both d e t e c t o r s  

were gau*ssian d i s t r i b u t i o n s  whose maxima gave a  most 

probable value o f - t h e  energy i n  t h e  range of 60 

T h i s  energy i s  f a r  t o o  l a r g e  t o  be deposi ted i B  t h e  known 

d e t e c t o r  th ickness  by p o s s i b l e  l i g h t e r  fragments produced 

from t h e  reac t ion  systems s tudied .  From range-energy curves 

f o r  charged p a r t i c l e s  ii s i l i c o n ,  i t  can be deduced t h a t  t h e  

maximum energy deposi ted i n  a  6 0 p t h i c k n e s s  of s i l i c o n  ( i . e  

t h e  d e t e c t o r ' s  s e n s i t i v e  depth) is 2.3 MeV f o r  pro tons  and 

9 .2  MeV f o r  a lpha p a r t i c l e s .  Thus, t h e  events  corresponding 

t o  background from t h i s  source could be e a s i l y  

d iscr iminated .  Heavier fragments than a lphas  (and o ther  

than f i s s i o n  fragments) a r e  produced w i t h  p r o b a b i l i t i e s  much 

energy s p e c t r a  a r e  of a  q u i t e  d i f f e r e n t  form. Secondly, '*. . g, .-- 
I., . -% 

*b. 

when a  coincidence condi t ion  was imposed requ i r ing  

simultaneous r e g i s t r a t i o n  of two such e n e r g e t i c  p a r t i c l e s ,  

t h e  angular  c o r r e l a t i o n  f o r  such events  was$gound t o  be 
- -- - 

s t rong  and centered near 180O while the  energy spectrum was 

i d e n t i c a l  t o  t h a t  r e g i s t e r e d  f o r  s i n g l e  events .  T h u s ,  t h e  



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

f rom t h e  s u b j e c t  t a r g e t s .  -*< - 

# 

b) Angu la r  c o r r e l a t i o n s  

A s  d e s c r i b e d  i n  t h e  p r e v i o u s  sect  ~ o n e  d e t e c t o r  was 

l e f t  a t  a  98' a n g l e  whiYe now t h e  o t h e r  d e t e c t o r  was l o c a t e d  

a t  a n g l e s  r a n g i n g  f rom 60O t o  100' w i t h  r e s p e c t  t o  t h e  beam 

and  c o i n c i d e n t  e v e n t s  were  r e g h t e r e d  be tween  them v i a  t h e  

a p p a r a t u s  i n  F ig .48 .  A s e c o n d a r y  e m i s s i o n  beam mon i to r  was 

u s e d  f o r  n o r m a l i z a t i o n  p u r p o s e s .  For  a  known number of 

c o u n t s  r e g i s t e r e d  b y , t h e  f i x e d  f r a g m e n t  d e t e c t o r ,  t h e  number 

of  f ragment , - f ragment  c o i n c i d e n c e s  r e a - s t e r e d  be tween  t h e  two 
Z 
\ 

f i s s i o n  d e t e c t o r s  was measured  a s  a  f u n c t i o n  o f  t h e  

d e t e c t o r - d e t e c t o r  a n g l e .  The d i s t r i b u t i o n  i n  c o i n c i d e n c e  

r a t e  a s  a  f u n c t i o n  o f  t h e  a n g l e  c o u l d  be  a p p r o x i m a t e d  w i t h  a 

g a u s s i a n  f u n c t i o n  whose maximum g i v e s  d i r e c t l y  a c c e s s  t o  t h e  

c e n t r e  o f  mass  momentum o f  t h e  f i s s i o n i n g  s y s t e m ,  

S p e c i a l  a t t e n t i o n  was t a k e n  t o  c e n t e r  t h e  p r o t o n  beam 

i n  o r d e r  t h a t  t h e  f i s s i o n  f r a g m e n t s  were  e f f e c t i v e l y  e m i t t e d  

from the c e n t e r  of t h e  chamber-. T h i s  i n s u r e d  t h a t  t h e  

measu red  a n g l e s  a t  which t h e  d e t e c t o r s  were p o s i t i o n e d  were 

i d e n t i c a l  t o  t h e  a n g l e s  a t  which t h e  f r a g m e n t s  were e m i t t e d .  



c )  Time of f l i g h t  measurements 
A 

For these  experiments,  on% d e t e c t o r  was s e t  a t  a  40O 

angle w i t h  r e spec t  ' t o  t h e  

d i s t a n c e  from t h e  t a r g e t ,  

- 135O angle  and a  d i s t a n c e  

angle  being c lose  t o  t h a t  
'C 

d 

beam and located a t  a  50cm 

t h e  second d e t e c t o r  being a t  a 

of l lcm, and t h e  de tec to r -de tec to r  

a t  which t h e  maximum coincidence 

r a t e  was observed. Coincident events  between t h e  d e t e c t o r s  

were r e g i s t e r e d ,  and f o r  each event t h e  two ener-gies and t h e  

time d i f f e r e n c e  between t h e  d e t e c t o r  pu l ses  ( i . e  between t h e  

t imes of a r r i v a l  of the  two f i s s i o n  fragments) was recorded 

v i a  t h e  e l e c t r o n i c  apparatus  of F i g . 4 9 .  For t h e  t ime 
1 

measurement, t h e  d e t e c t o r  f a r t h e r  away from t h e  t a r g e t  was 

used a s  a  ! 's tartn s i g n a l  whereas t h e  d e t e c t o r  c l o s e  t o  t h e  

t a r g e t  was t h e  "s top"  s i g n a l  i n  t h e  time t o  amplitude 

conyhf ter .  The t a r g e t  was, a s  previous ly ,  o r i en ted  a t  a  45' 
\ - 
7, 

angle  w i t h  r e spec t  t o  t h e  beam d i r e c t i o n .  

The time c a l i b r a t i o n  of t h e  output of t h e  model 

ORTEC 467 time t o  amplitude conver ters  was achieved by 

appIFing s ignals  at the- -inputs of the 'PAe with varying-kime- -\ 
\> 

d i f f e r e n c e s ,  t y p i c a l l y  of t d e  order  of 50 nanoseconds and 

f i t t i n g  t h e  r e s u l t i n g  d a t a  t o  a  s t r a i g h t  l i n e  whose s lope  

gave t h e  r e l a t i o n s h i p  between channel number and time. The 



time o r i g i n  ( i . e  t h e  time on t h e  TAC o u t p u t  s c a l e  when t h e  

f i s s i o n  e v e n t  t o o k  p l a c e )  was t h e  most  d i f f i c u l t  t o  

e v a l u a t e .  I t  was e s t i m a t e d  by  c a l c u l a t i n g  t h e  time o f  f l i g h t  

o f  f r a g m e n t s  w i t h  t h e  m o s t - p r o b a b l e  mass and  e n e r g y ,  w i t h  

t h e  n e c e s s a r y  a s s u m p t i o n  t h a t  t h e  f i ~ s l o n i n g  s y s t e m  mass was 

knowh. Dur ing  t h e  a n a l y s i s  of t h e  e x p e r i m e n t a l  d a t a ,  it 

d e v e l o p e d  t h a t  t h i s  z e r o  time was of c r i t i c a l  i m p o r t a n c e  a s  

f a r  a s  a  measu re  o f  t h e  t o t a l  f i s s i o n i n g  mass was c o n c e r n e d :  

i t s  i n f l u e n c e  w i l l  be d i s c u s s e d  i n  s e c t i o n  (111-8-3-b).  

For  t h i s  p a r t i c u l a r  ex'peiriment,  t h e  f i s s i o n  d e t e c t o r s  

were p r o t e c t e d  f rom a h i g h  c o u n t i n g  r a t e  o f  e l e c t r o n s  ( w i t h  

B an  e n e r g y  below -15 keV)  f rom t h e  t a r g e t  by f r e e  
b' 

s i l v e r  f o i l s ;  t h e i r  t h i c k n e s s  was d e t e r m i n e d  b y  

t h e  d e t e c t o r s  u s i n g  a 2 5 2 ~ f  s o u r c e  w i t h  and w i t h o u t  t h e  

f o i l s ,  t h u s  o b t a i n i n g  t h e  e n e r g y  ldss o f  t h e  c a l i f o r n i u m  

f i s s i o n ' f r a g m e n t s  i n  t h e  s i l v e r .  T h i s  c a l c u l a t i o n  was made 

u s i n g  t h e  t a b l e s  o f  s t o p p i n g  power a s  a  f u n c t i o n  o f  e n e r g y  

by  N o r t h c l i f f e  (Nor .78)  f o r  f r a g m e n t  masses  A=141 and 

107  a.m.u (Ner .60)  and a t o m i c  numbers 2=55 and  43 J 

r e s p e c t i v e l y  (Wat -69). 



d 

B) Data analysis and results 

1) Angular distributions 

C 

The energy spectra collected from the movable detector 

at various angles between 20O to 160' with respect to the 

beam direction and from the detector fixed at 90O were 

fitted to Gaussian functions and then integrated. As 

mentioned previously (section 111-A-3-b) no coincidence was 

required between thq events registered by both detectors. 

The number of events registered by the movable detector, 

normalized to the same number of counts in the detector used 

as a monitgr, led to angular distribution curves. 

The analysis of these curves can be made by using a - 
statistical theory developed by Halpern and Strutinski 

(Ha1.58) and Griffin (Gri.59). The angular distribution of 

the fragments depends upon the angular momentum I introduced 

by the projectile and on the fraction of it converted into 

orbital momentum between the fragments. This-fract ion c a n  

be characterized by the parameter K where K is the 

projection of I on the separation axis between fission 

fragments. 



The K distribution for a given nuclear temperaturs-was 

predicted to be a Gaussian (Hal.58), (Hui.69) : 

where q e  variance of the distribution (designated as K ~ ~ )  
. 
-*  

is expressed in terms of the temperature of-the nucleus at 
1 ". 

the saddle point t and the effective moment of inertia Jeff 
through the relation: 

Huigenza et a1 (Hui.69) derived an overall angular 

distribution w h i c h q s  used in the KNOTTY computer code 

(Blo.77.) in order to fit the experimental results and 

extract a KO value. Unfortunately, it wasnot possible to 

fit the results of the present study- with the KNOTTY code 

due to the lack of anisotropy, in the center of mass system, 
P 

shown by all angular distributions measured. A similar 

observation was made on the angular distributions measured 

with the mica detectors in a scattering array configuration 
+ 

(i.e two dimensional scanning). 

The number of tracks counted in a given solid angle as 

a function of the angie with respect to the beam in the 
- 

Center of mass system is shown in Fig.50(a) for a gold target 

irradiated by 800 MeV protons. Fig.50(b) displays the results 
1 

obtained with the semi-conductor detector measure,ments for 
', 



F i g . 5 b :  Fragment angular  d i s t r i b u t i o n s  i n  t h e  c e n t e r  o f  

mass sys t em:  

a )  measured w i t h  mica d e t e c t o r s  f o r  a  g o l d  t a r g e t  

i r r a d i a t e d  w i t h  880 MeV p r o t o n s  

b) measured w i t h  semi-conductor d e t e c t o r s  f o r , a n  

uranium t a r g e t  i r r a d i a t e d  w i t h  480  MeV p r o t o n s .  



Au+800 MeV 'protons 

~~ , '+480  MeV protons 

ANGLE IN THE CENTER OF MASS SYSTEM (degrees) 



the system UF4+480 MeV protons. As can be seen, the 

distributions are practically flat within the experimental 

errors. Since this type of result will lead to very large 
d 

i 

values of KO, the co~u-ter code was unable to provide a fit 

of the experimental d a t a .  

While some authors measured angular distributions # 

- .  

shoving no anisotropy within erperimental er- (Obu.61). 

(*Eu. 62) , several investigators reported atSsurpr ising 
effect: in high proton energy bombardments, the anisotropy' 

seemed to favour 9 0 O  instead of 0 O  and 180' (Loz.55) , 
(Loz.56), (Mea. 58) , (Val.60) . 

An explanation for this reversal was suggested by 

Halpern (Ha1.59): the fast incident particle, during its i 

passage through the heavy nucleus, hits one or two nucleons 

and projects them with rather-low energies into a direction 

at right angles to its path. These . . nucleons travel through 

the nuck&s playing the role of a beam of particles which is 

directed at right angles to the .original beam. They 

therefore give "invectedn anisotropies. 

The results of this work show6 in Fig.SB(b)-Could be 
," - \ 



21 Angular correlations 

For each angle e 2  where the movable detector was 

positioned, a value of the coincidence rate (normalized to 

the same number of counts in the monitor) was obtained. The 

angle e 2  at which maximum coincidence rate was measured 

depends on the target nucleus: it was found to be 82O for 

gold, 84' for bismuth, 87' for thorium and 88' for uranium. 

A typical distribution from angular correlations - ' 

measurements is given in Fig.51 for Th target. For each 
1 

experimental point of such a distribLty, the p'rojection of 
I .  . 

the fissioning system momentum along the beam axis (pi/) can 

be calculated since the energy in both detectors was also 

measured. 

It &be shown that : 

where At is the mass of the fissioning nucleus and c 

%ot *dtal energy of both fragments. 

mass division was symmetrical which is a reasonable average 
4s 

assumption for high energy induced fission. 
- 



Fig.51: Measured fragment-fragment angular correlation 

for the system Th+480 MeV protons. 
* 





Fig.52: Center of mass momentum distribution (p // ) 
derived from fragment-fragment angular correlation for 

fissioning 

results of 

p in 

system Au+480 MeV protons. Histogram shows 

calculations by the ISOBAR code. 

the 
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~ i ~ 1 5 3 :  Center of mass momentum distribution (p  
/ / I  

derived from fragment-fragment angular correlation for the 

fissioning system Bi+480 MeV protons. Histogram shows 

results of calculations by the ISOBAR code. 
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Fig.55: Center of mass momentum distribution (p 
* / / I  

derived from fragment-fragment angular correlation for the 

fissioning system UF4+480 MeV protons. Histogram shows 

results of calculations by the ISOBAR code. 
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T h e r e f o r e ,  f rom e a c h  a n g u l a r  c o r r e l a t i o n  d i s t r i b u t i o n  a  

d i s t r i b u t i o n  i n  p,, was c a l c u l a t e d .  Such d i s t r i b u t i o n s  a r e  

shown i n  Fig.52-53-54-55 where  e x p e r i m e n t a l  d a t a  h a v e  been 

compared t o  t h e  results o f  s t a s e a d e  c a l c u l a t i o n  made 
f 

t h r o u g h  t h e  c o m p u t e r k o d e  ISOBAR.  The c a l c u l a t e d  
A- 

d i s t r i b u t i o n  en tum a l o n g o t h e  beam a x i s  is  shown a s  t h e  

ne  h i s t o g r a n  o n  t h e s e  f i g u r e s .  
br 0~~7- 

p n e  c a n  n o t i c e  t h a t  t h e  s h a r p  peak  c o r r e s p o n d i n g  t o  low 

v a l u e &  o f  t h e  rn&ntum i s  c o n s i d e r a b l y  d e c r e a s e d  when t h e s e  

e v e n t s  r e s u l t i n g  i n  a n  e x c i t a t i o n  e n e r g y  be low t h e  f i s s i o n  

b a r r i e r  a re  rejected ( s o l i d  l i n e  h i s t o g r a m ) .  T h i s  phenomenon 

c a n  be o b s e r v e 0  on a l l  t a r g e t  e l e m e n t s ?  however ,  it is most  

p ronounced  w i t h  t h e  l i g h t  t a r g e t  e l e m e n t s  (Au and  B i )  due t o  

a h i g h e r  v a l u e  o f  t h e  f i s s i o n  b a r r i e r  (-28 MeV compared w i t h  

a b o u t  5  MeV f o r  Th a n d n U ) .  

I t  c a n  be s e e n  o n - t h e s e  f i g u r e s  t h a t  t h e  e x p e r i m e n t a l  

c u r v e s  a r e  s h i f t e d  ( w i t h  r e s p e c t  t o  t h e  r e s u l t s  o f  t h e  
I 

ISOBAR c a l c u l a t i o n )  t o w a r d s  l ower  momentum v a l u e s ,  t h e  

m a g n i t u d e  o f  t h i s  s h i f t  i n c r e a s i n g  w i t h  t h e  mass  of t h e  

t a r g e t .  



3) Time of flight experiments 

- 

a) Treatment of the data 

The data from these experiments could be analyzed in 

three different ways, that is through three different options 

of the computer program MANIAC (written by H.Blok ana 

modified for the present study to incluae the third option 

and several types of corrections for center of mass motion 

ana energy loss). 

These options are (briefly) : 

- Option 1 : 
The measured energy and the difference in time At 

between the signals coming from the fragments s in coincidence 

were used to determine 

through the relation : 

For this option, 
-- -- ~ - 

had to be given as an 

the fission fragment masses A1 and A2 

the mass At of the fissioning system 4 

- - - - - - a 
-input to the program which searchedp- - 

a11 combinations of A1 and A 2  (such that A l + A 2  = At) until 

the difference in time At was identical to the experimental 

vaf ue , 



- Option 2 : T h i s  used conservat ion of momentum i n  

o rde r  t o  c a l c u l a t e  t h e  fi&!&%n - -_ Eragments masses a s  wel l  a s  

t h e  c e n t e r  of mass momentum, provided again  t h a t  t h e  mass of 

t h g  f i s s i o n i n g  s y s t e m  was known. Hers aga in ,  $he assumption - 4 - - 

of t h e  cen te r  of mass momentum having t h e  d i r e c t i o n  a s  

t h e  beam was made i n  o rde r  t o  c a r r y  o u t  t h e  c a l c u l a t i o n s .  i - The momentum conservat iqn is w r i t t e n  as . :  

PI + P2 ' P ' ~  + P ' ~  + Pcm (111.3) 

where pl and p2 a r e  t h e  l abora to ry  momenta of t h e  f i s s i o n  

fragments,  p t l  and p t 2  a r e  t h e  momenta i n  t h e  c e n t e r  of mass 

system and pcm i t h e  ceAter of mass momentum. . 

Rela t ion  (111.3) becomes: 

PI + P2 " Pcm (111.4) s i n c e  t h e  fragments. 

a r e  emit ted a t  a 18B0 angle i n  t h e  cen te r  of mass, s o  t h a t  

By p r o j e c t i o n  of t h e  momenta on t h e  beam a x i s  and on an ' 

a x i s  perpendicular  t o  t h e  beam, equation ( 1 1 1 . 4 )  is 

equ iva len t  t o  t h e  two following equat ions:  

* -bekrei;rectivwand - --- - 

PI and pp r e spec t ive ly .  The angle  corresponding t o  pcm i s  

assumed t o  be z e r o  (see assunption made e , a r l i e r ) .  



The mass At of the fissioni* system is assumed which lead's r 
- 
to another relation: 

A1 + A2 = At (III,7] 

where A1 and A2 are the fission fragments masses. 
I .  

By expressing pl and p2 as a function of the fission L 

fragments masses and energies and solving the system of 

equations (III.5), (111.6) and (III.7), the masses A1 and A2 

can be calculated: 

E2 sin2g2 - 
A1 - ,  (111.8) 

2 2 El sin el + E2 sin 62 
then A2 = At - A1 
After A1 an8 A2 are known, the quantity pcm is calculated 

through equation (III.5). 

In a last step, the energy values in the laboratory system' 

were converted to the center of mass system, via : 

At 2At 2 

where2Et and E are the energies in the center of mass and in 

the labor$tory ystems respectively. After correction for /= 

energies b f  both fragments in the,center of mass sysbgm were 

calmla;& tqgethef with the total fission energy. 



- Option 3 ; This combined.both the previous options 
. . 

and was of greater interest sin'ce it allowed a determination 

of the mass og the fissioning system. However, the value of 

the f &ssioning system mass obtained proved to be highly 

sensitive to some of the different parameters involved as 

will be explained further. 

In this case, the fission fragment masses A1 and A 2  were 

calculated by solving the systtp of equations (111.2) (from 

option 1) and (111.6) (from option 2). Then At = A1 + A2 

- Procedure for analysis 
The data were first collected from the tape and could 

be displayed as distributions of the number of events per 

channel number for both detectors and for the time 

difference At. After a calibration step where all 

calibrations for energy and time were entered, the same 
% 

distributions were given as a function of the energy (in 

MeV) and time (in nanoseconds). An example of such results 

is given in Fig.56-57-58 where the energy in the detector close 

to the target (Fig.56), the energy in the second detector 

(Fig.5-3) and the time of flight (Fig.58) are shown for a Bi 

- - - - - - - - - - _target,Qp_tCo_sS1,2 or 3 of the MANIAC program could then be 
- 

applied directly to these data. 

Typically, the experimental data from a given target 

were analyzed through the following sequence: 



F i g . 5 6 :  Energy d i s t r i b u t i o n  from t h e  s y s t e m  Bi+480 MeV 

p r o t o n s  measured by t h e  semi-conductor d e t e c t o r  llcm from 

t h e  t a r g e t ' a n d  a t  a 135O a n g l e  w i th  r e s p e c t  t o  t h e  beam 

d i r e c t i o n .  



80 roo - 
FRAGMENT ENERGY (M~v)  



s 

Fig.57: Energy distribution from the system Bi+480 MeV 

protons measured by the semi-conductor detector 50cm from 

the target and at a 4B0 angle with respect to the beam 

direction. .. 





Fig.58: Difference in time of flight between the fission 

fragments from the system Bi+480 MeV protons. 



TIME OF 



F i g . 5 9 :  c a l c u l a t e d  mass  d i s t r i b u t i o n  f o r  t h e  s y s t e m  

B i + 4 8 0 M e V  p r o t o n s  measured i n  t h e  d e t e c t o r  llcm from t h e  

t a r g e t  and a t  a  135O a n g l e  w i t h  r e s p e c t  t o  t h e  beam 

d i r e c t i o n .  f 

3 
@& 



FRAGMENT M A S S  (0.rn.u.) 



Fig.60: 

Bi+480 MeV 

target and 

direction. 

Calculated mass diktribution 

protons m red in 

for the system 

the detector 50cm from the 

respect to the beam 





Fig.61: Fission fragment energy distribution in the 

' center of mass of the fissioning system Bi+480 MeV protons 

measured in detector llcm from the target. 
E 





Fig.62: Fission fragment energy distribution in the 

center of mass of the fissioning system ~ i + 4 8 0  MeV protons 

measured in detector 5ficm from the target. 



FRAGMENT. ENERGY ( M ~ v )  



F i g . 6 3 :  Measured t o t a l  k i n e t i c  energy  i n  

mass s y s t e m  for Bi+480 MeV p r o t o n s .  

t h e  c e n t e r  o f  
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Fig.64: Deduced center of mass momentum distribution of 

the fissioning system from Bi+480 MeV protons. 

p in MeV/= = p in (~ev.amu)l/* x 30.52 





b 

6 

- The o p t i o n  2  o f  t h e  MANIAC program was a p p l i e d  f i r s t  

i n  o r d e r  t o  o b t a i n  d i s t r i b u t i o n s  i n  f r a g m e n t  m a s s e s  ( A l , A 2 ) ,  

e n e r g i e s  i n  t h e  c e n t e r  o f  mass  ( E V 1 , E m 2 ) ,  i n  t h e  t o t a l  

k i n e t i c  e n e r g y  ( E t o t )  and  i n  t h e  c e n t e r  o f  mass  momentum 

p C )  Examples  o f  s u c h  d a t a  f rom a  B i  t a r g e t  a r e  'shown i n  

m Fig.59-68-61-62-63-64. The i n f o r m a t i o n  on  t h e  e n e r g i e s  

E V 1 , ~ m Z , E t o t  and  on t h e  c e n t e r  o f  mass  momentum was 
I 

r e t a i n e d - a s  such .  The mass  d i s t r i b u t i o n s  were o n l y  used a s  a  
, 

t e s t  o f  t h e  symmetry o f  t h e  f i s s i o n  p r o c e s s  s i n c e  t h e i r  most  

p r o b a b l e  v a l u e  was a r t i f i c i a l l y  se t  when t h e  mass  o f  t h e  

- f i s & i o n i n g  s y s t e m  was g i v e n .  The v a l u e s  e n t e r e d  were  

1 9 0  a . m . u . f o r  Au, a n a  234 a.m.u f o r  U o b t a i n e d  f rom t h e  

a n a l y s i s  o f  a n g u l a r  d i s t r i b u t i o n s  by t h e  program R A D I C S .  The 

' v a l u e s  o f  202  a.m.u f o r  B i  and  228 a.m.u f o r  Th w e r e  

e s t i m a t e d  a s suming  s i m i l a r  t r e n d s .  

- I n  a second  s t e p ,  t h e  d a t a  were a n a l y z e d . t b r o u g h  

o p t i o n  1 where  t h e  d i f f e r e n c e  i n  time of  f l i g h t  A t  had a n  - 

i m p o r t a n t  r o l e .  I t  was t h e n  checked  t h a t  t h e  r e s u l t s  o f  t h i s  

o p t i o n  were s i m i l a r  t o  t h o s e  o f  o p t i o n  2  s i n c e , .  h e r e  a g a i n ,  

t h e  mass o f  t h e  f i s s i o n i n g  s y s t e m  was g i v e n  t o  t h e  program 

as a n  i n p u t .  I f  a  d i s c r e p a n c y  was p r e s e n t ,  t h e n l  t h e  z e r o  
- - - - - - - - - - --- - 

h time was r e a d j u s t e d  i n  o r d e r  t o  o b t a i n  arT a g r e e m e n t  be tween  

t h e  r e s u l t s  o f  o p t i o n s  1 and  2. 



the spstem Fig.65: 

Bi+480 MeV 

Sum of the 
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fission fragment 
f; 

masses for 



1 so 200 * 2 w  
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Q - F i n a l l y ,  t h e  opt ion  3 was used * i n  order  t o  e x t r a c t  

t h e  d i s t r i b u t i o n  of t h e  f i s s i o n i n g  system mass A t .  such da ta  ' 

% 
T 

a r e  shown a l s o  f o r  a  B i  t a r g e t  i n  Fig.65. 
1 

. b) Inf luence  of t h e - d L f f e r e n t  parameters on t h e  

r e s u l t s  and es t ima te  of t h e  e r r o r s  

. The e r r o r s  involved i n  the  time of f l i g h t  experiments 

a rose  from two d i f f e r e n t  sources:  'k 

- e r r o r s  r e l a t e d  t o  t h e  experimental  s e t u p  such a s  

e r r o r s  in  d e t e c t o r  p o s i t i o n  (d i s t ance  from t h e  t a r g e t  and 

angle  compared t o  t h e  beam) gnd i n  experimental  measurements 

such a s  t h e  energy and t h e  d i f f e r e n c e  i n  t ime A t .  

- e r r o r s  introduced i n t o  t h e  c a l c u l a t i o n s  during t h e  

a n a l y s i s  of t h e  d a t a  which proceeded from assumptions made 
, .. 

or from a  lack of knowledge on t h e  f i s s i o n - p r o c e s s  i t s e l f  

such a s  t h e  most probable mass of the  f i s s i o n i n g  system, or 

from c o r r e c t i o n s  f o r  t h e  energy l o s s  by-&he f i s s i o n  

fragments i n  t h e  t a r g e t ,  backing and f o i l s .  

Some of t h e s e  e r r o r s  a r e  s t r a igh t fo rward  t o  c o r r e c t  f o r  
4 

bu t  t h e  second type is somewhat d i f f i c u l t  t o  e s t i m a t e  and an 
- - 

e v a l t  ion  was * f  t i m a d e  pbytGtingtEesensiti7itypof Thep -T 
3 -  - 

r e s u l t s  t o S a  v a r i a t i o n  of some input  parameters t o  t h e  .- ,*. 
c o m h r  program. , ~ o l l o w i n g  is an evalua t ion  of t h 6  



- uncertainties involved in thk determined quantities from the 

whole analysis process. 

- Energy - 
The uncertainty in the energy.values in the laboratory 

system was a result of errors in the detectors calibration 
'I 

and in corrections made for the energy loss in the target 

material, the backing and the detectors protective foils. 

The calibration step involved a fitting of a Gaussian 

function to the energy spectra obtained ewerimentally in 

order to extract the most probable energy values for the two 

peaks (in channel number) and relate them to the known 

: energies of the spontaneous 2 5 2 ~ f  fission. This fitting 

procedure was estimated to lead to an uncertainty ofA 

0.2 MeV od the energy value for each detector. 

When correcting for the energy loss in the target, it was \ 
1 

assumed that the fission events were all taking place in the! 

center of the target a h ,  therefore, that the fragments 

always traversed h q f  of the target thickness. Taking into 

account the thickness uncertainties for the target, the 

backing and the foils, this correction involved an error of 

8.6 MeV for each detector. 
- - - -  

- - -  - - - -  - - - 

The energy in the laboratory was thus measured with an 

uncertainty of around 1 MeV. 
-.*$ 



- Mass of the fission fragments - 
As described previously, the calculation of the 

fragment mass is carried out in a different way depending 

upon the option (1 or 2). The case of option k; involving - 

the time of flight At will be discussed later. For option 2, 

a& can be seen from equation (III.&), the uncertainty in 

the mass A1 (or A 2 )  will depend upon the errors in the 

energy measurements, the angles at which the detectors'were 

positioned and the mass of the fissioning system. 

The angles at which the detectors 'were set in the 

scattering chamber were quite well known and the error on 

their value was 0.1'. However, owing to the finite detector 
a 

size, there is an angular range (f5.8' in the case of tne 

detertor close to the target) within which the fragments can 

enter the detectors. This angular uncertainty will not -"-- \, 
affect the position of the maximum,of the mass distributions' 

but will contribute significantly to their widths, as will 

be seen later. 

The assumed mass of the fissioning system was chosen 

according to the results of the analysis through the RADICS 
- - - - - - - - - 

program. T W - a s s W i a t e ~ u n c e r t a i n t y Y h a 6 b = d e t ~ i E d p  --- - - 

previously and found to be +5 a.m.u. All of these 

uncertainties combined will give an error of *6 a.m.u on the 

value of the masses A1 and A2. 
- - 



I t  s h o u l d  be p o i n t e d  o u t  t h a t  t h e  most p r o b a b l e  mass 

v a l u e  o f  t h e  mass d i s t r i b u t i o n s  was (o f  c o u r s e )  v e r y  

s t r o n g l y  dependen t  upon t h e  At  v a l u e  assumed. I n  a l l  t h e  

c a s e s  s t u d i e d ,  t h e  most p r o b a b l e  v a l u e s  of A1 aria A 2  were 
-\ 

found t o  be e q u a l  and t h e r e f o r e  h a l f  of t h e  g i v e n  A t  v a l u e .  

- C e n t e r  o f  mass mome,ntum - 
The p a r a m e t e r s  i n v o l v e d  i h  t h e  c e n t e r  of mass momentum 

c a l c u l a t i o n  a r e :  t h e  energy  and mass of  t h e - f r a g m e n t s  and 

, t h e  a n g l e s  o f  t h e  d e t e c t o r s - c o m p a r e d  t o  t h e  beam. The e r r o r s  

on t h e s e  d i f f e r e n t  q u a n t i t i e s  have been a l r e a d y  d i s c u s s e d  

and combine t o  p r o d u c e  a n  e r r o r  o f  0.3 ( ~ e v . a m u )  lI2 on t h e  

most  p r o b a b l e  v a l u e  o f  p,,. 

- Energy i n  t h e  c e n t e r  of  mass sys tem - 
+ S i n c e  t h e  u n c e r t a i n t i e s  on a l l  t h e  p a r a m e t e r s  used i n  . 

t h e  c o n v e r s i o n  of t h e  energy  th rough  e q u a t i o n  (111.9)  have 

now been e v a l u a t e d ,  it is p o s s i b l e  t o  e s t i m a t e  t h e  e r r o r  on 

t h e  v a l u e  o f  E' i n  t h e  c e n t e r  of mass. The main c o n t r i b u t i o n  

t o  t h i s  e r r o r  on E' w i l l  be t h e  u n c e r t a i n t y  i n  t h e  measured 

e n e r g y  E. Tne second and t h i r d  t e r m s  of  t h e  sum i n  r e l a t i o n  

(111.9) w i l l  c o n t r i b u t e  around 0.5 MeV and 0.05 MeV 
- - - - - - - 

r e spe c t ive ly:  Z T F e  v a f u e e o  E * w i 1 1-thus W r y p a n U n C e r  €ain€yY ----ppp- 

of 1.6 MeV.  

-- 



- Fiss ioning  system mass - 
The r e s u l t s  of opt ion  3 proved t o  be extremely 

s e n s i t i v e  t o  t h e  assumed zero  time value,  t h a t  is t h e  time 

o r i g i n  a t  which t h e  f i s s i o n  event took place.  A s h i f t  of one 
--- - - - A -  A 

nanosecond i n  t h i s  ze ro  time w i l l  d i sp lace  t h e  d i s t r i b u t i o n  

of t h e  t o t a l  f i s s i o n i n d  mass by about 20 a.m.u ( a  d i f f e r e n c e  
' 

corgesponding to -that--produced by a change from f i r s t  chance - 

tot l a s t  chance f i s s i o n )  . 
: The zer-o t ime,  which was not  experimental ly  a c c e s s i b l e ,  

6 

hzd t o  be c a l c u l a t e d  - (knowing t h e  energy i n  both d e t e c t o r s )  

buit again w i t h  an assumed mass f o r  t h e  f i s s i o n i n g  sys ten .  

Tdis cho ice 'o f  t h e  At .value was r e f l e c t e d  i n  t h e  c a l c u l a t i o n  

a i d  an i t e r a t ' i v e  -procedure' between opt ions  3 and 1 f a i l e d  t o  

converge towards a cons tan t  value of At .  T h i s  d i f f i c u l t y  was 

also encountered *uur ing t h e  procedure descr ibed  i n '  a )  . The 
- 

choice,  i n  a f i ~ s t  skep, of a At  value i n  o rde r  t o  apply 

op t ion  2, was reElected i n  t h e  second s t e p  when the zero 
w a 

time was ad jus ted  ds - to  o b t a i n  t h e  same r e s u l t s  through 

opt ion  1. Then, t h i s  dependence upon A t  was c a r r i e d  

implicitly t h r ~ u g h  t h e  option 3 even i f  At d id  not i n t e rvene  
- 

directly i n  t h a t  opt ion.  As a consequenceF t h e  end r e s u l t  -- 

. . 
f o r  the d i s t r i b u t i o n  of At was very c l o s e  t o  t h e  value given 

t o  s t a r t  with,  whatever t h i s  -value was. 



I t  is t h e r e f o r e  w e l l  unders tood  t h a t  t h e  r e s u l t s  g i v e n  f o r  

t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  most p r o b a b l e  mass o f  t h e  

f i s s i o n i n g  sys tem a r e  a r t i f i c i a l  s i n c e  t h e y  c a n  v a r y  g r e a t l y  

w i t h  t h e  t-ime of  f l i g h t  h t .  Ho_wever, t h e  At  d i s t r i b u t i o n s  a - - 

o b t a i n e d  a r e  o f  i n t e r e s t  a s  t o  t h e i r  shape  and wid th .  
i 

The same remarks  c o u l d  be made w i t h  r e g a r a  t o  t h e  fragment  

masses  A1 and A 2  o b t a i n e d  w i t h  o p t i o n  3. T h e r e f o r e ,  

u n c e r t a i n t i e s  w i l l  n o t  b e  a s s i g n e d  t o  t h e s e  masses nor  t o  

t h e  most p r o b a b l e  A t  v a l u e s .  

- Unfolding o f  t h e  d i s t r i b u t i o n s  w i d t h  

The f ragment  mass d i s t r i b u t i o n s  r e s u l t i n g  from o p t i o n  

show a  s t a n d a r d  d e v i a t i o n  a of  t h e  o r d e r - o f  1 5  t o  21 a.m.u 

t h a t  i s  t o  s a y  a  f u l l  wid th  a t  h a l f  maximum (FWHM) between 

35 and 5 8  a.m.u. T h i s  FWHM c o n t a i n s  a  c o n t r i b u t i o n  from 

e r r o r s  on t h e  p a r a m e t e r s  i n v o l v e d  i n  t h e  measur ment and * 
a n a l y s i s  which a r e  t h e m s e l v e s  d i s t r i b u t e d  w i t h  a  % t e  

w i d t h .  The c o n t r i b u t i o n  o f  t h e s e  pa ramete r  e r r o r s  to\e/ 

width of t h e  f ragment  mass d i s t r i b u t i o n s  c a n  be  c a l c u l a t e d  

t h r o u g h  t h e  r e l a t i o n :  

where zmf ( x l , .  . . r x i , $  . . ,xn)  and ( ) f / a x i  P )  i s  t h e  p a r t i a l  

d e r i v a t i e e  o f  f w i t h  r e s p e c t  t o  xi e v a l u a t e d  a t  t h e  p o i n t  .i 

P=ICx>,<y>,...) . 



The parameters involved here will be the time, energy and . 
angles of detectors location. Since f i e?  are independent, 

* _ relation (111.10) becomes: 

An application of this last relation to equation (111.8) 

will give for example: 

In this particular case, At was given as a single value 

and thus was not uistributed : uAt=O. 

t The numerical evaluation of the partial derivatives had to 
. 

be made at the point corresponding to the maximum of each 

distribution. The quantities uEl,uE2 ,a8 and were 

estimated congi#erinQ the experimental conditions that is 
A- 

the energy resolb&*on of the detectors and the solid angles 

they subtended.  The resolution of the detectors for the 

measurement of a 189 HeV energy was taken as 100 keV (FWHM), 

while the standard deviations on the angles el and e 2  were 

respectively 5,8  a& 1.3 degrees, - 

experimental standard deviation of the A1 distribution was 
U 

o(exp)=15.75 a.m.u. With relation (III.12), the contribution 

of angles and energy distributions was calculated to be 



u(parameters)=10.5 a.m.u. From this, it was possible to ' 

deduce the true standard deviation of the mass distribution: 

2 2 a (true) = a (exp) 2 - a (parameters) 
which led to a true standard deviation around 12 a.rr,.b. 

The corresponding FWHM of this distribution will then be 
. ? 

27 a.m.u compa~ed with 37 a.m.u as measured. 

This calculation revealed an interesting feature, \ 
b 

namely the relative importance of the different parameter. 

errors. It was founa that the greatest contribution to the 

width of the A1 distribution came from the solid angle e l  

which accounted for 10.2 a.m;u. The solid angle e 2  had a 

much smaller influence with a contribution-of 2.3 a.m.u to 

the total width while the errors on the energy measurements -. 
% could e considered as negligible since each accounted for 

only 0.03 a.m.u. 

~ollowing is a comparison of the FWHM 2f the fragment 

Bass distributions obtained via the above analysis. 



A1 or A 2  distributions 

FWHM (true) Target 

The same procedure was used in order to calculate the* 

contribution of the aifferent parameters to the width of the 

total mass distribution obtained from option 3. By solving 
\ 

the system-of equati'ons (111.2) and (III.6), one finds the 

following expression for the mass of the fissioning systen: 

As previously: 



The time resolution of the system was measured from the 

distribution obtained with a pulse generator replacing the 

detektor signals at the inputs to the preamplifiers in 

Figc49: aAt = 0.8 nanosecond. The follqwing table shows 

, separately the calculated standard deviation c q t r  ib"t ions 

from all parameters involve+ which combine to lead to the 

total standard deviation  par). From this and the 

experimental results, the true standard deviation CT (true) 
- 

was obtained. ./ . . 

At distributions 

a(t-rue) 

arnu 

~ ( 8 ~ )  

arnu 

0. (par) 

arnu arnu 



?.L 

Here a g a i n ,  i t  c a n  be  s e e n  t h a t  t h e  main c o n t r i b u t i n g  
\ 

f a c t o r  t o  h e  t o t a l  mass  d i s t r i b u t i o n  w i d t h  is t h e  s o l i d  'Y 
a n g l e  e l  w i l e  the time and t h e  s econd  s o l i d  a n g l e  have  a Y 
much s m a l l e r  i n f l u e n c e .  

c )  ~ e s u l t s  

The r e s u l t s  o b t a i n e d  from t h e  t h r e e  d i f f e r e n t  o p t i o n s  

a r e  g i v e p  f o r  a l l  t h e  t a r g e t s  s t u d i e d  i n  T a b l e  V I I .  
' 

The d i s t r i b u t i o n s  of t h e  t o t a l  k i n e t i c +  e n e r g y  i n  ' t h e  - 

c e n t e r  of mass  s y s t e m  a re  shown i n  Fig.66-67-68 f o r  Au,Th 

and  UF4 t a r g e t s  r e s p e c t i v e l y  w h i l e  t h e  C o r r e s p o n d i n g . c e n t e r  

o f  mass  momentum d i s t r i b u t i o n s  are  g i v  n -  i n  l?ig.69-70-71. 
=-Y & -, 

t h e  c e n t e r  o f  mass  m o m e n t a e x p r e s s e d  -&n d i f f e r e n t  u n i t s  a r e  

r e l a t e d  a s  f o l l o w s :  
-I 

p i n  MeV/= = p i n  ( ~ e v . a m u ) l / ~  x  30.52 * 

30 .52  b e i n g  t h e  q u a n t i t y  (amu i n  Fiev/ci) li2 . . 



Tar option 

get . * 

option ,'l 

A u  option 2 

option 3 

option 1 

Bi option . - 2 

, option 3 

1- 

optiqn .l 

Th option 2 

option 3 

option 1 

UP option 2 

option 3 

TABLE VII 



i n  the  t enter  of Fig.66: Measured t o t a l  k i n e t i c  energy 

mass system for  Au+480 MeV protons. 
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P i g . 6 7 :  Measured t o t a l  k i n e t i c  energy i n  t h e  c e n t e r  o f  

mass system f o r  Th+4J0 MeV protons .  
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Fig .68:  Measured t o t a l  k i n e t i c  energy i n  the  cen ter  of  

mass system f o r  UF4+488 MeV protons.  
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Fig.69: Deduced center of mass momentum distribution of 
r 

the f iseionin setern -fiohi~u+4~8 MeV protons ;- - 
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Fig. 71: ~ e b u c e d  c e n t e r  of mass momentum d i s t r i b u t i o n  of 

t h e  f i s s i d n i n g  sys tem from UF4+480 MeV p r o t o n s .  

- --.- -- 
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A) Techniques 

IV DISCUSSION 

1) Mica calibration 
1 

It is believed that the calibration data presented here 

constitute an advance on those available previously. Indeed, 

from the point of view of the use of mica for fission 

fragment spectroscopy, they mdy represent almost the best 
- 

that can be achieved, short of tse measurement of range 

curves for mass-separated ions of all relevant masses .' 
accelerated to a series of energies in the range of 

interest. Given the variation in the range-energy 

relationships from ion to ion already observed, plus the - 

limitations in the application of the mica technique from 

other causes, w t h e r  such calibration measurements are 

probably not worth.the effort. Application of the present 
1 

+ 
technigh to measurement of the most probable fission 

- - - -  - - -- - - 

fragment energies in the case of low energy neutron induced 

fissi'on of uranidrn (where some of the complications of the 





level of sophistication of the equipment at hand. To really . 

measure the required mass to useful precision woul clearly f 4 - 
require experimental techniques (and a budget) well beyond 

the scope of the wor? described above. 

- ,  \ 
B) Results 

1) Fissi'oning system mass 

In the event that "first-chance fission" occurred in 

the reaction systems stu6ied here, then the fissioning 

system mass distribution would be very narrow and centered '. ' 

at or close to the mas of the target~lucleus. Such a result 

;% Q I 
% 

would (as noted above) e expected 6n the basis of 

elementary considerations from the statistical  model^ 

On tie other hand, in the event that the opposite , 

extreme ("last~chance fissionm) is obtained, the fissioning 

system mass would be distribuged, with a width comparable to 
d' 

hat of ' the excited products from the prompt intra-nuclear .. 
ascade widened still further by the variable effects of I 

-- -- - - - - - - - - 

' 3  
- evaporative de-excitation. Pig. 72 shows the mass 

distribution calculated by kbe ISOBAR code for the.system 

J 
Bi+ 580 MeV Frotons and Fig.73 the result from the ISOBAR 



% - 

.Fig.72: Mass d i s t r i b u t i o n  r e s u l t s  obta ined  from 

c a l c u l a t i o n  by the ISOBAR code for t h e  syskern Bi+500 MeV 



Bi+500 MeV protons 

TOTAL MASS (a.m.u.) 



9 

$ $  - -. , Fig.73:  ass distribution, results obtained from 
calculation* by th$ ISOBAR followed  EV EVA coief 'for the 

system Bit500 MeV protons. 
9 

3 ,  3 
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followed by EVA codes. A s  mentioned e a r l i e r ,  t h e  EVA code 

does n o t  cons ider  f i s s i o n  i n  competit ion w i t h  evaporat ion - 
f o r  n u c l e i  l i g h t e r  than uranium, ;o t h a t  t h i s  l a t t e y  

s 

a i s t r i b u t i o n  (modified f o r  t h e  e f f e c t s  of the  s u b s t a n t i e l  
f, 

f i s s i o n  b a r r i e r  -for n o c l e i  T n  t h i s  m s s s  rangg) w i l l -  - La 

1 

I - approximate t h e  mass d i s t r i b u t i o n  f o r  nuclq i  .undergoing 
1 

lasf-chance f i s s i o n .  We a l s o  note t h a t  the  EVA coae i s '  ' 

,/' 

r e l a t i v e l y  rudimentary, but' t h a t  it  i s  probably adequate f o r  

t h e  p r e s e n t  d i scuss ion  s i n c e  t h e  e f f e c t s  of angular  momentum 

neglected by the 'code would be expec ted- to  --- be smal l .  

The most probable mass value fo r  d i s t r i b u t i o n s  d such a s  
i 

t h a t  i n  Fig.73, together  w i t h  a d i s t r i b u t i o n  

a s  I f u l l  width a t  h a l f  maximum h e i g h t ,  a r e  g i v h  

Table V I I I  f o r  each of t h e  t a r g e t s  s t u d i e d f l & .  

I n .  t h e  event that f i s s i o n  i s  n e i t h  &rst-chance nor s' 
ltast-chance i n  c h a r a c t e r ,  but  occurs over many s t e p s  i n  t h e  

- de-exci ta t ion  chain  ( a s  predic ted  by t h e  s t a t i s t i c a l  model), 
? 

then a  d i f f e r e n t  d i s t r i b u t i o n  of f i s s i o n i n g  system masses . 
- 

w i l l  be obtained.  However, t h e  present  experimental  
' techniques f o r  measurement of  t h i s  q u a n t i t y - a r e  s u f f i d e n t l y  

r 

crude  t h a t  s s o p h i s t i c a t e d  c a l c u l a t i o n  of it was no t  

The r e s u l t s  of a n a l y s i s  v i a  t h e  RADICS.code of tbe 



TABLE VIII 

FYHM mass <A> amu <A> am1 

RADICE 

< A >  amu FWHM mass 

d i s t r i b u t i o n  d i s t r i b u t i o n  TOF 



angular  d i s t r i b u t i o n  d a t a  obtained w i t h  mica d e t e c t o r s  f o r  

tkie systems A u  a n d p p l u s  800 MeV protons lead  t o  va lues  
I 

included i n  Table V I I I  i n  column 4 .  

Resu l t s  obtained v i a  semi- nductor'  d e t e c t o r s  and t h e  r" 
time of f l i g h t  technique f o r  protons ? n e t g i e s  of 4 8 0  MeV a r e  

C 

shown i n  t h e  sahe t a b l e  i n  columns 5 ( f o r  ' the most 
, 

mamss) -and 6 ( f o r  t h e  d i s t r i b u t i o n  w i d t h s )  . 
I P 4 The two s e t s  of d a t a ,  where they over lap ,  a r e  

reasonably c o n s i s t a n t ,  and i n d i c a t e  a most probable 

f i s s i o n i n g  systeo$mass d i s t i n c t l y  d isp laced  •’>om t h a t  of the  

t a r g e t .  T h u s ,  t h e  d a t a  do a t  l e a s t  i n d i c a t e  t h a t  \ ' . / 
f i r s t - chance  f i s s i o n  was probably not t h e  o p e r a t i v e  

mechanism i n  genera l .  However, while the  w i d t h  va lues  B 

e i t r a c t e d  from t h e  t i m e  of f l i g h t  e x p e r i m e n t a r e  of t h e  same 
\ 

&der of magnitude as those ca lcu lp ted  v i a  ISOBAR+EVA, t h e i r  

q u a l i t y  i s  c e r t a i n l y  not  good enough t o  a l l o w - a  d i s t i n c t i o n  

t o  be made between t h g  d i s t r i b u t i o n  of masses r e s u l t i n g  Qrom 
* ,  

las t -chance  f i s s i o n  and t h a t  from f i ss ion-evapora t idn  

competi t ion accuring during much of the  de-exci ta t ior i  

process .  



> 

2) Momentum of the fissioning system and excitation 

The component of the fissioning system momentum 

parallel to the beam direction (p//) is accessible, as seen 

earlier, through the angular correlation mea3urements. It 
, . 

7" 
can be evaluated from the angular distributions and with 

Ir 
time of flight experiments as well. If it is assumed that 

any pre-fission neutrons are emitted isotropi'cally. 

, center of mass of the fissioning nucleus, and that their 

evaporation has negligible effect on the value of p//, then, 

thig momentum is the momentum g i v m  to theQ fissioning 
d -  

nucleus by,the intra-nuclear cascade. ' 

The relationship expected . . between the excitation energy 
* .A ', 

E and the corresponding value of p// can be ecxtracted from ,, 
! 

the results of the ISOBAR code calculations Fig.74 shows I 
4 

these results in the case of& gold target bombarded with 

500 MeV protons where the average excitation energy for a 

The most probable valuesof p// from the angular 
1 

/ --', 
correlation experiments together with the corresponding 

0' 

excitation energy E* (cal) calculated by means ok the 

. =. - 
ir * 



value 

given 

"2 

of the excitation energy (E*) F-ig .74 : Average 

momenfum pi/ a s  calculated by the corresponding to a 

ISOBAR code for the system Au+500 MeV protons. 



.I , 

AVERAGE EXCITATION ENERGY <El) (MeV) 



1 
relationshi of figure 74 ,  is given in Table LX together 

with the nuclear temperature t(exp) calculated through the 

relationship (Nix.69): 

where the level density $rameter a is taken as ~ / 8  and Bf 

is the fission b r i e r  as calculated by Myers and ~wiatecki 
\ 

(Mye.66). In colum s 5 and 6, the average value of the 

excitation e n e d  at the end of the cascade calculated by 

means of the ISOBAR code, (~'(isob)) is reported with the 

corresponding nuclear temperature t(isob). In the last 

column, the results from the analysis of the angular 

distributions by the1RA~1CS code are reported. 
# 

It can be seen from this table that, as the mass of the 
I 

e 
t 

target increases from Au to U, the average calculated 

excitation energy (following the intra-nuclear cascade step) 

of the nuclei leaaing to \ fi ion decreases. This effect is 

observed in data from experiments both conducted with 

', semi-conductor detectors and with mica. i '+ This could be explained in two ways: 

\ *  
t 

- one 1s the fact that, -as the m a S s  of the-target 
t 

. '?increases, the fission barrier decreases thus allowing 
8 

nuclei with a lower excitation energy to fAssion. However, 

- this cannot entirely accpunt for the laige' decrease in 'the 
I * 
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average excitation energy from 160 MeV for gold to 77 MeV 

for uranium. 

- the other more likely explanation can be given 
by consideking Fig.52-53-54-55 displaying the parallel 

% 

component of the fissioning system momentum obtained 
* 

- - experimentally il and calculated through ISOBAR. It can be 

- observed that, while the two curves are in good ggreement in 
the case of the gold target, they disagree sharply inv the 

oy 

case of the uranium target (with intermediate sii?+mtions for 

the other targets). This discrepancy could be due to the 

effects of evaporative de-excitation, and a simple 

calculation can demonstrate if this is the case. 
1 

The average linear momentum pi/ given by ISOBAR at the 

end of the cascade step has a value of 605 MeV/c in the case .. 

of the uranium target. If, say, 20 neutrons are evaporated 

before fission, the average velocity of the system will 

remain the sdme (provided that the neutrons are emitted 

isotropically in the center &•’ mass of the fissioning . 

system) and the ratio of momenta before and after 

evaporation will be as the ratio of the masses. Starting 
- - - 

from 'an average mass of 236 amu (as given by. ISOBAR), one 

obtains: 

Paf ter ' Pbefore ( 216/236) or pafterZ 554 MeV/c. 



If one assumes a first-chance fission mechanism wit&' ,-, 
%?- ;. 

evaporation of an average 16 units of 'mass from each of4Qhe 

fission fragments (isotropically in.their center' of mass), 
P 

one obtains a similar result for the value of p //,per 
evaporation. 

This average vafue of pi/ after evaporation \till. 

quite far from the value of 231 MeV/c obtained I 
experimentally, meaning presumably that the discrepancy 

beween the experimental and calculated curves cannot be 
Y 

explained by evaporation lalone. 
23 

l not her explanation for the reduced average excitation 

/F 

energy of the nuclei which fission (in the case p f  Th and U 

targets) may be obtained by considering Fig.75 which is a 

three dimensional plot of data on the angular momentum 

versus the,excitation energy of the nuclei resulting from 

the intra-nuclear cascade as calculaied by ISOBAR. It can be 

seen that there is a tendency for the angular momentum to 

decrease with increasing excitation energy; this can be 

understood through the notion that highly excifed nuclei are 

the result of collisions in which the,incoming projectile 

hits the -target nucleus at or near its center thus resulting 

in a low angular momentum, while the nuclei with low 
P B 

excitation energy result from collisions~with large impact 



Fig.75: 

versus the 

Three dimensional plot of the angular momentum 

excitation enepgy of the nuclei following the 

intra-nuclear cascade as calculated by  ISOBAR code for 
the system UFq+508 MeV protons. The center of the figure 

gives the number of nuclei possessing an excitation energy 

E' (shown horizontally in 25 MeV bins) and an angular 

momentum J (listed vertically). The total number of nuclei 

having a given angular momentum and their average excitation 

energy (<E>) are shown in the column on the right while the 

total number of nuclei possessing a given excitation energy . 

and their 

bottom. 

average angular momentum (<J>) are listed 





parameter and thus  imparting t d + t h e ) s t r u c k  nucleus a  l a r g e r  

angular momentum. 

I t , ? h a s  been observed by many authors  (Mi1.78) t h a t  the  
r 

  rob ability Bor f i s s i o n  was g r e a t l y  enhanced, a t  a given 
, 

e x c i t a t i o n  energy,  by an increase  i n  angular  momentum while,  . 
d 

a t  cons tant  a i g u l a r  momentum, an increase  i n  e x c i t a t i o n  ' 

energy does not  lead  t o  a g r e a t e r  f i ss i -on  p r o b a b i l i t y .  T h i s .  

e f f e c t  would c leax ly  favour t h e  f i s s i o n  of n u c l e i  w i t h  high 

'angular momenta and hence w i t h  low e x c i t a t i o n  ene rg ies .  
R . 

The foregoing &y seem- t o  be i n  c o n t r a d i c t i o n  t o  the  

? r e s u l t s  of the  p resen t  d i s t r i b u t i o n  measurements 

( see  s e c t i o n  i ca ted  very small  

a n i s o t r o p i e s ;  however, a n  a n a l y s i s  of the  orienta&ion of the  
c 

angular  momentum vec to r s  a t  t h e  end of t h e  prompt cascade a s  
-?.. 

ca lcu la ted  by t h e  ISOBAR code i n d i c a t e s  t h a t ,  except  for, 
9 .  

those r a r e  events  with maximum angular momentum, t h e  - 

component p a r a l l e l  t o  the  beam a x i s  is of t h e  order  of 25% @ 

of the  component perpendicular  t o  the. bean a x i s  f o r  a l l  t h e  vd 

L 

presen t  t a r g e t  nucle i .  This  might very wel l  wash out  t o  a  

g r e a t  degree t h e  c o r r e l a t i o n  between t h e  angular momentum 

vector  and the symmetry a x i d  ~f the f-issioning system, - thus 

a t t e n u a t i n g  t h e  expected p r e f e r e n t i a l  emission of fi$on 



t \ 

The angular  c o r r e l a t i o n  measurem t s  w i t h  t h e  mica 

sandwich technique (which lead  t-ues of the  c e n t e r  of 

mass momentum) ao n o t  o f f e r  the,  q u a l i t y ' o f  d a t a  of those  

peqformed w i t h  t h e  semi-conductor Yietectors, owing t o  t h e  

d i f f i c u l t y  i n  scanning very deep and very shallow t r a c k s  

w i t h  r e spec t  t o  the mica gurface.  However, i t  i s  i n t e r e s t i n g  

t o  look a t  theachange  i n  t h i s  momentum when nt p a r t i c l e s  
I 

a r e  used a s  p r o j e c t i l e s  ins t ead  of protons.  Unfor tunate ly ,  r 
1 

t he  ,exper'imental f a c i l i t i e s  a v a i l a b l e  d i d  not  permit t h i s  t o  

-be done a t  the  same p r o j e c t i l e  energy, and t h e  e f f e c t s  of 

3 increased proton mass a r e  added- to  those of the  increased  
. , 

-+ 

energy f860,MeV) o f t h e  proton beam compared t o  t h a t  . - 

(400  MeV) of the  pions.- F i g . 7 6  shows t h e  momentum p a r e l l e l  - 
t d t h e  beam a x i s  (p/ / )  'as ca lcu la ted  by ISOBAR i n  t h e  c a s e  

" of a gold t a r d e t  bombarded w i t h  4 0 0  M e V  n+ and  of a 8 0 0  MeV 
-. 

proton bombardment. T h e  average momentum given t o  t h e  nuc le i  

by t h e  pro ton  p r o j e c t i l e  is c l e a r l y  g r e a t e r  than t h e  average 
-.,/ 

momentum imparted by the  p ions .  This  t rend i s  c o n s i s t e n t  

w i t h  t h a t  observed i n  the  r e s u l t s  ,of the  mica sandwich 
- .  

measurements where t h e  average value of p,, was f o u n d .  t o  be 

bigger w i t h  880  - M e l r  protons  than w i t h  400 MeV n+ p a r t i c l e s  

( see  TableVIf . 



Momentum p a r a l l e l  t o  t h e  beam a x i s  

t r a n s f e r r e d  from t h e  p r o j e c t i l e  t o  t h e  s t r u c k  

c a l c u l a t e d  by t h e  ISOBAR c o d e  f o r  t h e  s y s t e m s  

p i o n s  (- 1 and Au+800 MeV p r o t o n s  (---- 1 - 

91) 
n u c l e u s  a s  

Au+.400 MeV 





3)' Fission fragment energies and masses 

4 

4 
These two quantities will be considered together since, 

- - 

in the experiments, measurements of the first were used to 
/' 

extract the second, and the effects of excitation energy on , , 
/ 

/ their respective distribution widths are expected t-o be 

connected. 

This effect of excitation energy was considered (inter 

alia) by Nix (Nix.69). Fig.77 reproauced from this 
I 

4 

reference shows the calculated widths of the distributions in 

c "energy and in fission fragment mass as a 

'J \ 

The average value of 

the nuclear the experimentally 
" 

determined excitation energy is reported in Table X .  

%S Column 3 of this table lists,the s probable total kinetic 
i. ? 

energy calculated by Nix and columns 4 and 5 the energy and . 

the fragment mass distribution widths corresponding to the 

temperature in column 2. The data from experiments with pica 
Q 

sandwiches are reported in columns 6 and 7 while the . -  
- 

, 
experimental data from semi-conductor detectors measurements 

- ----- - - - - - - - - - - -  - - -  - - 

are listed in columns 8 to 10. 

. While the average values of the total kinetic energy 
.4 

P 



. .. 
F i g . 7 7 :  C a l c u l a t e d  w i d t h s  (FWHH) of t h e  m a s s  .and e n e r g y  

d i s t r i b u t i o n s  f o r  f r a g m e n t s  from v a r i o u s  f i s s - i o n i n g  s y s t e m s  

a s  f u n c t i o n s  o f . t h e  f i s s i l i t y  parameter  x .  The c u r v e s  a r e  

f o r  v a r i o u s  v a l u e s  of t h e  n u c l e a r  t e m p e r a t u r e 6  a t  t h e  

s a d d l e  p o i n t .  





, 
TABLE X - 

MICA Semi-cond. de tec .  NIX 

FWHM 

E~ 

FWHM 

A1 

FWHM 

E~ 
, ' 

proton:  p i o n s  



1 k 
experimentplly obtained with the two techniques used aye in 

n* they are consistently low compared . 

with the cal lated values. This discrepancy between several 
\ #  

experimental deter$nations , of the total kinetic .energy and 

the theoretical has been already noticed by Q i x  
/ 

(Nix.69) and led(him to improve the node1 used, in,,order to 
'p. 

produce better agreement with experiment. As seen earlier, 

this model was based~on the liquid drcp model by 6ssuming a 

non viscous irrotational flow inside the nucleus. More % '  

recent investigations (Dav.76), (Dav.77) taking viscosity. 
6 

'5 B 

into account led to more satisfactory results. Fig.78 taken - 
from (Nam.75) shows a comparison of experimental and 

w 

theoretical values of the total kinetic energy of the 

fission fragcents for several values of the viscosity - 
coefficient. The results from the present wvork have been 

added to this figure and are found to be in good agreement 

with the other experimental investigations. 2' 
f ', " 

The experimental values of width of the distributions 

(FWHM) reported in Table X agree well with the ca1,culated 

ones (both for the k-inetic energy and the fragment mass 

distributions) for Lhe gold and bismuth targets. However the - - 

widths are much larger for the heavy targets. This P 

disagreement between experimentally determined FWHM values \. ', 
d 



Fig.78: Comparison of experimental and theoretical values 

of the most probable total kinetic energy of the fission 

fragments from various fissioning systems. The solid curves 

represent the results of calculations for different values 

I *  of the viscosity coefficientp. The dashed curves give the 

calculated translational kinetic energies acquired prior 

to scission. Data ( x )  are from the present .work. 





+ and theoretical ones was also ?ound by other authors (see 

Nix.69)). # 

Tne width (FWHM) value of the fragment mass 

distribution was also obtained through calculations via the 

ISOBAR and E%A codes where fi~sion~was included in the 

process of de-excitation. The results of such a calculation 

are given in Fig.79 for an uranium targetFbombaraed with 

5 0 8  MeV protons. The distribution jn fragment mass shows a 

most probable value of 109 amu and a FWHM of 23.5 amu (very 

similar to, the value calculated~Nix). The fact thatQIthe 

.experimental width of the fragment mass distribution is 

4 '  almost twice the calculated width could be explained by some 

significant proportion of the fission events taking place at 

a low enough energy to lead to a significant proportion of 

asymmetric events. It may be noticed that this is in 
t 

agreement with the results obtained from angular correlation 

measurements, which seem to indicate that fission occurs i 

with a greater probability among the nuclei left with a low 
0 

excitation ene;gy (and a high angular momentum) after the 

int-uclear cascade. The computer code EVA did not take 

into account the effects of angular momentum and predicted 

fission of nuclei soon after the cascade step, and therefore 
w- at 'a higher average value of the excitation energy 



Fig.79: Fragment mass distribution as calculated by the 

ISOBAR and EVA codes (where Eission has been included as a 

means of de-excitation) for the system UFq+500 MeV protons. 
3'. 



UF,+ 500 MeV prot&s 
<A> = 109 a.m.u. 

FRAGMENT MASS (a.m.u.) 



(-170 MeV). As a result, the fragment mass distribution 
/ 

calculated by.the code is perhaps narrower than the 
B 

experimental one arising from nuclei with an average value 

of the excitation energy of the order of 80 MeV. 

As mentioned earlier, the EVA code does not consider 

C fission, in the evaporation process, for elements lighter 

than thorium, ana it would be of ' t' interest to extend 
fi 

the calculations of thig code to ents such as gold and 

bismuth, in order tb compare the idth of the calculated 

fragment mass distributions with those measured 

experimentally. 

Fission occuring at low excitation energy, thus with a \ 
greater tendency~towards asymmetry, would explain why the . 

experimental results are in disagreement with the 

-theoretical predic.tions of Nix in the case of 
B 

uranium tafgets. Indeed, the non-viscous irrotational liquid 

drop model considered was found (~ix.69) incapable of 

accounting for the properties of heavy nucleus fission at 

law excitation energies (i.e for mass asymmetry). 



V CONCLUSION 

3 

. The present study provided information on fission 

induced by intermeete ec&y prpjectiles by means of two 

differen?-kec-hniques: mica track detector experiments and 
I ,-J 

h . semi-conductor detector measurements. 7 

/=- 
T e total kinetic energy of the fission fragments was 

meas !? red,and found to be in good agreement with pubiished 
- values obtained with different projectiles and bmb&ding 

energies. 

, For .the same target, the measured average fragment 
2 

* 

kinetic energies were constant within experimental error 

whether protons (of 500 lev or 800 Rev) or 408 MeV pions 

were used as #projectiles. The wldths of the total kinetic 
/ 

energy distributions were compared with the theoretical 

predictions of Njx for the egpected nuclear temperatures and 

were found to be in reasonable agreement for gold and I 

$ 

bismuth targets. Bowever, for thorium and uranium, the 

experimental widths were larger than the calculated ones, a 
ii 

fact which has been observed in previous experimental 
'% \ - 

investigations. A further test of the model, proposed by N ~ X  

- 3 .  
a 



8 b 
was performed by comparing the widths of the fission 

. fragment mass distributions obtained experimentally (from 

the fragment energy data) and theoretics-lly. Here again, 
good agreemmt was obtained for gola an& bismuth- %u€ the 

present experimental results for thorium and uranium were 

greater than the calculated values by a factor of two. This 

discrepancy could be due to the contribution of asymmetric 

fission events {coning from low energy fission) to the 

fragment mass distribution. 
3, 

Angular co'rrelation measurements led to average values 

of the momentum of the fissioning system parallel to the 
b 9 

beam direction, and the corresponding average value of the 

excitation energy was determined via a relationship between 

the two derived from the results of the ISOBAR code. The 

be&viour of the gold and bismuth targets was again 
d 

different from that of the heavier elements, In the case of 

thorium and uranium, it was found that the probability of 
* 

fission was apparently higher among the nuclei possessing a 

low excitation energy (and a high angular momentum) at the 
-4P 
end of the prompt cascade. These nuclei (with an average 

- 
pp - - - - - - - --- 

excTtatXbnn=eF~%fthe-kdPrfof 8 0  MeV) would not possess 
0 

enough energy for the evaporation of a great number of 

therefore the fission process would take place (on 



the average) after .only a few evaporation steps. 

When gold and bismuth targets were used, the measured 

average momentum was approximately equal to that calculated 

as given to the nuclei by the intra-nuclear cascade, 

indicating ihat the fission is not restricted to those 

nuclei with low excitation energy; the fission probability 
\ 

will be similar for all nuclei after the cascade step. 

The measurements carried out for the determination of 

the fissioning system mass were not of a sufficient quplity 

to obtain a definite value. However, indications on the 

c$mpetition between fission and particle evaporation were 
e 

obtained when the experimental data (mainly the widths of 

the distributions) were compared with the calculated results 

of the computer codes ISOBAR and EVA (with or without 

fission as a de-excitation means). 

The distributions of the fissioning system mass 
, 

indicated a most probable value distinctly displaced from 

that of'the target. This indication and the fact that the 

experimental width (FWHM) value was much greater than the 
- 

calculated value for the nuclei after the intra-nuclear 
- 

- -- - - - - - - - - - - - - - -  - 

cascade seem to show that a simple "first-chance" fission is 

probably not the operative mechanism. It was not possible] 

however, to disbinguish between "last-chancen fission and 

fission occurring over several stages of the de-excitation 



c h a i n .  
/ 

The e x t e n s i o n  6 f  t h e  EVA code  t o , i n c l u d e  t h e  . P 

p o s s i b i l i t y  o f  f i s s i o n  f o r  t h e  l i g h t  t a r g e t s  ( such  a s  Au and 

B i )  p l u s  t h e  i v l u s i o n  o f  a n g u l a r  momentum e f f e c t s  c o u l d  be 
/ 

v e r y  u s e f u l  as a  means o f  comparison w i t h  e x p e r i m e n t a l  d a t a .  

The q u a l i t y  o f  t h e  f i s s i o n i n g  sys tem mass measurements  
C 

c o u l d  be  improved by r e d u c i n g  t h e  s o l i d  a n g l e  w i t h i n  which 

t h e  f i s s i o n  f ragment ;  e n t e r e d  t h e  d e t e c t o r s .  S i n c e  t h e  

g r e a t e s t  u n c e r t a i n t y  i n  t h e  t i m e - o f - f l i g h t  measurements  was 

t h e  d e t e r m i n a t i o n  of t h e  z e r o  time ( o r  t ime  a t  which t h e  

f i s s i o n  e v e n t  took  p l a c e ) ,  a  method t o  p r o v i d e  a  measurement 

of  i ts  a b s o l u t e  v a l u e  would be  a  d i s t i n c t  advan tage .  The 

t i m e  o f  f l i g h t  r e s o l u t i o n  c o u l d  be improved by i n c r e a s i n g  

f u r t h e r  t h e  f l i g h t  p a t h  o f  t h e  f i s s i o n  f r a g m e n t s  ( i . e .  t h e  , 

d e t e c t o r  g i v i n g  t h e  s t a r t  s i g n a l  cou ld  be l o c a t e d  f a r t h e r '  

away from t h e  t a r g e t ) .  However, t h i s  i n c r e a s e d  t i m e  of - 
f l i g h t  p a t h  added t o  t h e  e f f e c t s  o f  a  reduced s o l i d  a n g l e  

c o u l d  r e s u l t  i n  a n  i m p r a c t i c a l l y  low c o i n c i d e n c e  r a t e .  

The c u r r e n t  e x p e r i m e n t a l  approach o f  measur ing  t h e  

e v a p o r a t e d  p a r t i c l e  s p e c t r a  i n  c o i n c i d e n c e  w i t h  t h e  f i s s i o n  

(Fra.75)-,  ( B & . 8 0 ) ,  s e e m s t o ~ f f e - r - m r - e  
- - 
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