
REACTION RATES IN FISSILE MATERIAL 

A Thesis submitted for the award of 

the Doctor of Philosophy Degree of 

the University of London 

by 

ALI PAZIRANDEH, 	N.Sc. 

Nuclear Power Section 

Department of Mechanical Engineering 

Imperial College 

London 

December 1969 



2. 

ABSTRACT 

Fission rate ratios of U
238 

relative to U
235 

have been measured 

in reactor fuel elements by detecting the fission product gamma activity 

from irradiated uranium foils. The true fission ratio has been 

determined from the time-dependent calibration factor. This factor 

has been determined in a series of auxiliary experiments which utilises 

either a double fission chamber or the detection of the gamma activity 

from the decay of La-140 in irradiated foils. 

Systematic errors in the technique have been investigated in 

detail and the most serious source of error has been found to be in 

the determination of the calibration factor. The neutron spectrum 

dependence of the calibration factor has been examined and it is found 

to decrease by about 10% as the spectrum is varied from a thermal 

spectrum to that of a typical fast reactor. The total systematic error 

in the whole technique has been reduced to 1.1%. 

Fission ratio measurements have been made in the University of 

London Reactor. The U
238 and U235 fission rate fine structure and 

U
238

/U
235 fission ratios are compared to theoretical predictions using 

the transport theory code GMS -I incorporating the latest UKAEA nuclear 

data file. 
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CHAPTER 1 

INTRODUCTION 

The basic aim in Nuclear Reactor physics research is to improve 

the fundamental nuclear data by accurate measurements using the best 

techniques and checking the results with theoretically predicted 

values. There have always been some discrepancies between experimental 

results and theoretical predictions. The aim is to establish 

theoretical methods for physics calculation of Nuclear Reactors. The 

gap between experimental values and theoretical predictions was partly 

due to the lack of knowledge of basic nuclear cross section data and 

the means and. techniques to solve the transport ecuation in complex 

geometries. The availability of fast digital computers with large 

storage capacity has enabled the Reactor Physicist to accurately 

calculate the neutron behaviour in Reactors and to perform detailed 

calculations of burnup for design purposes. 

Nuclear power is becoming economically competitive with other forms 

of power and it is increasingly important to predict accurately the 

future performance of nuclear power plants. Use of differential cross 

section data and multigroup diffusion and transport theory codes have 

resulted in advances in more complex cell calculations. It has there—

fore become necessary to measure detailed reaction rates in reactor 

fuels in mockup zero energy facilities in order to obtain information 

on the neutron balance in the various systems and so check theoretical 

predictions at a more detailed level. The vast change in reactor design, 

core configuration and cell structure, whether in thermal or fast reactors, 

has resulted in large changes in neutron spectrum and flux distributions 

in different reactors. Since some reaction rates are very spectrum 

dependent, such as resonances and threshold reaction, accurate detailed 

measurements have become essential to the development of reactor behaviour. 
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The reactor physics calculations are concerned with the prediction 

of criticality conditions, reactivity and fuel burnup or refuelling. 

In thermal reactors, fuelled with natural or enriched uranium fuel, 

fissions occur in U
235 and U238 nuclei. Since fission in U238 has a 

threshold at about 1 Mev it is spectrum dependent; see Figs 2A and 2B. 

In order to calculate the contribution of U
238 fission neutrons to the 

neutron balance in a reactor core fission in U
238 relative to that in U235 

is determined. Also in a reactor with significant amount of plutonium 

fuel fission in 
Pu239 

to that of U
235 

is measured in order to find the 

contribution on neutron population. 

In thermal reactors with thick fuel rods such as Magnox (44) type 

fuel elements or closely packed fuel clusters such as the Advance Gas 

Cooled Reactors (AGR) type fuel elements the fission ratios are different 

as compared with the ordinary light water moderated reactors. In fast 

reactors fission ratios such as U
238

/U
235' Pu239/U235 

are more important 

than in thermal reactors since in fast reactors the neutron spectrum is 

hard (typically 100Kev) and the majority of fissions occur with high energy 

neutrons both in U
235 

and 
U238. 

 Fission neutrons from fissions in Pu
239' 

Pu
240 

and 
 Pu241 

contribute to neutron balance. Therefore a knowledge of 

fission ratios is important to understanding the neutron balance in the 

core. In fast reactors because of poor knowledge on present differential 

cross section data these kinds of measurement are very valuable in predicting 

the neutron behaviour in a hard spectrum. In the blanket of fast reactors 

the concentration of U238 
is high. Because the neutron spectrum in the 

blanket is softer than in the core, the capture rate is of prime importance. 

The blanket is usually designed for producing 
Pu239 

which can be used as 

fuel. 

The work reported in this dissertation was concerned with the 

/ measurement of fission rates in various isotopes in reactor fuels. 
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The main effort has been concentrated on the measurement of fission 

ratios between the various isotopes which may exist in a reactor fuel. 

Particular emphasis has been placed on systematic errors which were 

present in some techniques and efforts were made to reduce the possible 

errors to acceptable levels. The effects of making measurements in fast 

reactors as well as thermal systems were studied with the view to under-

standing the spectrum dependence of parameters involved in the analysis 

of the measurements. The use of activation detectors for measuring 

fission ratios has numerous advantages. Some of these advantages are 

that the foil size can be adjusted easily so that low perturbation effects 

can be achieved, and foils may be accurately positioned. Fission ratio 

measurements using fission chambers lack these advantages (46). 

The method adopted of measuring fission ratios consists of 

irradiating fissile foils in reactor lattices. After irradiation the 

foils were counted for fission product gamma activity to yield gamma 

activity fission ratios. The gamma activity ratio was converted to the 

true fission ratio by means of a time dependent calibration factor p(t), 

which was determined in an auxiliary experiment using a double fission 

chamber. 

The aims of this project may be summarized as follows:- 

(i) The investigation of a number of techniques for measuring fission 

ratio with the view to reducing systematic errors in each technique. 

(2) The measurement of fission ratios to a target accuracy of -1%
+ 
 in 

a reactor spectrum. 

(3) To investigate the spectrum dependence of any parameters involved 

in the measurements. 

(4) To compare the experimental results with theoretical predictions 

using the latest UKAEA differential cross section data. 
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1.1 REVIEW OF PREVIOUS WORK 

The present method of measuring fission ratio was developed at 

Winfrith by Brown et al (1) from the technique originally proposed by 

Tunnicliffe (2) of Chalk River, Canada. The principles of the method are 

given in Ref. (2). Since that time detailed modifications have been made 

to the technique to improve accuracy and to cover fast reactors as well 

as thermal reactor requirements. 

Carter et al (3) have measured fission ratios by using aluminium 

catcher foils and a beta counting technique. They determined a 

calibration factor, p(t), to relate beta activity ratios to true fission 

ratios using two fission chambers and aluminiuM strips as foil catchers. 

They quoted 3.2% error in the calibration factor measurement. It is 

worth mentioning that the calibration factor p(t)depends on many factors as well 

as decay time. This point is discussed in chapter 5. Therefore, the 

determined calibration factors in different laboratories cannot be compared 

unless they have been measured under the same conditions. What is important 

here is the experimental errors, particularly systematic errors in the 

measurements. Brown et al(f) determined p(t) using a double fission 

chamber loaded with 500 Pg/Cm2 uranium deposits. They placed six uranium 

foils between the deposits for irradiation while they were counting fission 

events. They determined a value for the calibration factor at 240 minutes 

after the end of irradiation which was p(240) = 1.22 12%, not including 

systematic errors. They also determined p(240) based on detecting the 1.60 

Mev gamma activity from the fission product La-140 and obtained p(240) 

1.32 - 6%. Later Besant et al (4, 5) using the ZEBRA parallel plate 

fission chambers developed by Stevenson and Broomfield have quoted a 3% 

error in p(t). Barnett et al (7) using a double fission chamber and 

La-140 techniques have reported p(t) = 1.33 3% using fission chamber and 

p(t) = 1.32 6% using the La-140 method. 
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However, the p (240 minutes) values given by Brown et al and 

Barnett et al, who used the same equipment differ by more than 6% which 

is outside the individual errors in each result. This suggests that 

there might be a larger systematic error present in the technique used. 
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CHAPTER 2 

2.1 	NEUTRON TRANSPORT EQUATION 

In neutron transport theory, the Boltzmann equation was 

introduced to study neutron performance in Nuclear Reactors. Because 

of the intrinsic complexity of the general solution to the neutron 

transport equation, approximate methods of solution to the equation 

have been found. 

In this chapter the neutron transport equation is briefly 

discussed and the technique of computation adopted in the calculation, 

leading to the determination of the angular distribution of neutrons 

of different energies is described. The time dependent neutron 

transport equation is given by 

1 aN(E,r,O,t) 0.17N(E,r,0,t) 	(E (E)+E (E)) N (E,r,0,t) 
r 	6t 	+ s a 

E 	Q) N (E',r,0',t) dpidEl 
Q' E' s  

+ S(E,r,Q,t) 	 (2.1) 

where N(E,r,0,t) is the neutron flux per unit energy interval per unit 

solid angle at position r at time t, E(r,E' 	E,0' 	U) is the 

differential scattering cross section. S(E,r,Q,t) is the source term 

including fission neutrons(if any). In the steady state problem the 

first term on the left hand side vanishes, therefore the equation is 

given by: 
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00N(E,r,0) + E(E) N (E,r,)) 

r 
jE (r,E' y E,n, 	n) N (E',r',0') dn. dE' 
n,  E' 3  

+ S(E,r,0) 
	

(2.2) 

where E(E)
s
(E) + E

a(E) 

2.2 	DISCRETE S
n APPROXIMATION TO THE NEUTRON TRANSPORT EQUATION 

One of the extensively used methods for solving the neutron 

transport equation is the Discrete Ordinal Method, 	DSN, which was 

proposed by Carlson (41) in 1953. The neutron transport equation is 

integrated over all angles by a numerical procedure. The Carlson 

method has been improved and to some extent simplified so that 

different types of neutron transport problems can be solved. The 

detailed description of the method is found in the references 11 - 14 

and in this section only the fundamental points of the method are 

described. 

A cylindrical geometry was considered in which I) is the angle 

between the projection of 0  onto the horizontal plane and the outward 

radius , and W  is the angle between n and the vertical axis of the 

cylinder. Consider the steady state Boltzmann equation for a particular 

energy group. Equation 2.2 in cylindrical coordinates is given by 

2 
r 	 [11P' a  	a  7  4- E] N (r,W,,R) = S -̂ a7r  — 	1-  (2.30 



where 1 . SinP) 

• p cos (I) 

E is total cross section 

N the angular flux 

S ist the source term for a specified energy group 

' includes all scattered neutrons including self scatter term. 

In order to solve equation 2.3aby means of the Carlson method 

a set of cells C.. is introducedwherei is an index shows the distance ij 

from the origin and j is an index represents direction. Assume an 

octant of a unit sphere as shown in Fig. 1A. The octant is divided 

into levels or divisions by horizontal lines (latitude). Each level 

has a thickness d'e' when -Z5"..- cos w. Each level also has a direction 

indicated by h. The levels are divided by longitudinal lines in such 

a way that one zone on the top and two in the next level, three in the 

next level and so on. If the degree of approximation is n,number of 

4 
n n 

levels is •
12 and number of zones is --(2 

 + 1). The levels and zones 
2  

are so divided that they have equal areas dc/ = cDf-d(1), see Fig. 1 (A,B). 

Equation 2.2 for the. level j is given by 

aN. 	/ 	 2 	N. 
V +  

j 	.r r 

	

61:13 ) + EN. 	S. 

	

J 	J 
( 2 . 3 ) 

j = 1,2, 	• 2 
2 
-- number of levels 

N = EN.d 24". 
J 	J 

d thickness of level i 

19. 
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J 

J I 

    

    

B 
L. 	 L+1 

FIG. I Solid Angle and Zones Representation 

in Cylindrical Geometry 
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To find the angular flux in the zone)equation 2.3 is integrated over 

4.. interval 	 we obtain J1  

a 
r 	

r 	. 

Ay 
113  . r  + 	j 

A 	
N cosi) d 1)- 	[N sin] 	

1.. 1131 .. ( 3 

+E f 	N di) = S - 
A .. 
(1)31 	

Ai)ji (2.4) 

In order to solve equation 2.4 two terms indicated below must be 

calculated:- 

J p 	N cos di and 	N d t 
A 

J1 	1)31. 

(2.5) 

In DSN method of calculation the two terms are given by 

J1  Ndi) = R
J
.
1  
. Al).. 

31  

Achi  (13 
N cos = R.. 

J1  
7.. 
J1  

A.. (2.6) 
J1  

Where R is the mean value of N in a zone. By substituting 2.6 into 

2.4 we obtain 

nlj  a 	1 + 	Nji  µ ji  A 

 

11. 
sin]1  r 	+ EN_A 

1)ji-1 	31 

• 

 

  

 

31  

 

  

(2.7) 



22. 

In equation 2.7 the term in the square brackets is to be determined. 

In order to calculate the term a linear variation of angular flux 

in each zone is assumed 

1 N..31 = 2 R3.. 	3 — N..1  , 

Equation 2.7 is therefore given by 

+ 	A(1) 	- 2 sin I) ) n + 	(sin () 	+ sin 1 	)N. 
ji 	ji 	ji 	ji-1 3i-1 

+ EN 	= SA(I) 
	 (2.9) 

the indices were dropped for simplicity. 

In equation (2.9) as Al) -) 0 two round brackets become equal. There- 

fore the equation is given as 

.4 	+ T1. 	b.  _ 	--L N 3 	r 	r 	j r j:'-i.  +E 	s 
ji 

(2.10) 

where 

= .. 	- 
2 b 31 31 T. 

33- 

k=i 

E P. A0b 
k=1 	j i ik 3 (2.11) 

The value of b..
31 
 is calculated from a recurrence relation given below:- 

31 	31 
(b.. - b..-1

31  ) = - (I.. + 31-1) (2.12) 
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In order to derive the spatial form of the equation, equation 2.10 

is integrated over Ar given as 

(11. P.. + -1:11. b.. 5 +h 	+ (- 	+1 1 b.. 5 +h 
3 	31 	j 31 r .r 	jir 	31  31 	j 	r F j1 -1 

	

. b .r 31 g..-1 . AS 
	 (2.13) 

where 

N.. r 

	

, 	
3 

 N.. 
1  ,  J1-ar 	-1r-1, 

ji 	r - -1 	2 

Ar = 
r 

(2.14) 

hr = iEt Ar 

Rr + R 7 _ r 	r -1 

R is the radial coordinates. 

The difference equation 2.13 is solved by an iterative method starting 

from the first energy group (highest energy) for all the mesh points. 

2 
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2.3 	A GENERALIZED MULTIGROUP SYSTEM, GMS, OF CALCULATIONS 

GMS is a generalized system of reactor physics calculations 

written in the FORTRAN programming language for IBM 7030 computer 

(14, 15, 43). The programme is also available in EGTRAN language for 

KDF9 computer at Winfrith (42). The programme will perform cell2super—

cell and overall reactor physics problems within the limits of one 

dimension using either slab or cylindrical geometry. The Winfrith 

DSN (16) programme has been incorporated as a subroutine and all flux 

distribution calculations are performed using Transport Theory. The 

GMS programme is written in terms of 40 neutron energy groups. The 

programme solves the Boltzmann Transport Equation by means of Carlson 

discrete Sn approximation. 



25. 

CHAPTER 3 

TECHNIQUE OF FISSION RATIO MEASUREMENTS 

3.1 	INTRODUCTION 

A Fission Ratio is usually referred to as the ratio of the 

fission rate in one fissile isotope relative to that of another isotope 

of the same material or different kind. Fissile materials are two 

classes as far as the fission cross section is concerned. Some fissile 

nuclei such as 92U233 , 92U235 , 94Pu239 and 94Pu241 can undergo fission 
U.z3 

with any neutrons whereas some nuclei such as 90Th232, 92U234, 94Pu240 

and 94Pu242 have a potential for fission above a certain energy. 

Detectors utilising isotopes of the latter group are usually referred 

to as threshold detectors. The fission cross sections for the two 

types of fissile nuclei are shown (17) in Figs. 2A and 2B. The reason 

for the difference in the fission process mode can be described by the 

amount of binding energy per nucleon in the compound nucleus in the 

two types of fissile nuclei. .It is found in nuclear physics that 

nuclei with an odd number of neutrons have lower fission thresholds 

than nuclei with even number of neutrons (18). 

3.2 	IMPORTANCE OF FAST FISSION 

In the early days of Nuclear Reactor development the only 

fissile material well known and available in nature was uranium. 

From preliminary experiments it was found that U
235 

can be utilized 

as a fuel, in Nuclear Reactors. After further developments of Nuclear 

Reactors and the theory of neutron transport attention was drawn to 

the fact that energy can be extracted from fissile materials for the 

purpose of power production. Critical assemblies were designed on the 
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basis of the fission process in U235. From the beginning scientists 

were well aware of the fast fission in U
238 and its contribution.to  

the reactivity. The importance of U
238 in Nuclear Reactors was 

mainly due to resonance capture levels in low energies about 6.4, 

21, 37, 65 and 100 ev (13), (18). 

Meanwhile the availability of Thorium in nature and the 

discovery of many transuranic elements was a great success to this 

field. A great deal of research work and investigation about the 

properties of these elements were carried out for the purpose of 

finding the effect of the elements in the criticality condition as 

well as the possibility of using them as fuel in future Nuclear 

Reactors. As was mentioned earlier in section 3.1, there is a 

good chance of fast fission in fissile materials. This depends 

entirely on the design of the core. Watt's formula (20) predicts 

86.8, 72.7, 59.3 and 56 per cent of fission neutrons are above 

U234, U236, U238 and Th232 fission threshold respectively. The 

neutron spectrum depends on how fast neutrons lose their energies 

in a system. Murley (23) has considered the energy spectrum of 

fission neutrons after having suffered one or two collisions with 

uranium nuclei. He has shown that about 30% of neutrons are above 

one Mev energy after one collision. Hicks (22) has also given 

diagramatically the energy spectrum of fission neutrons in uranium 

oxide and water lattices that are very similar. The latter is due 

to the low scattering cross section of hydrogen in a fission 

spectrum (22) see Fig. 3. It should be pointed out that the neutron 

spectrum in a reactor core depends on the design of the core, type 

of fuel and moderator. Therefore, the reaction rates which are 
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spectrum dependent have some effect on the neutron population 

(reactivity) and so measurements of fine and hyperfine structure of 

these reaction rates become essential. Naturally, in a uranium 

fuelled reactor it is important to know the U238/U235 fission rate 

and U
238 

capture/U
235 

fission ratio. From the latter reaction Pu
239 

is produced which can undergo fission with thermal and fast neutrons. 

Pu
239 

has a higher value of in the fast neutron range than u235 

and lower in the thermal region. In thermal reactors the majority 

of fissions occur in the thermal region and fast fission in U238 

is comparatively low. The contribution of fast fission to the neutron 

population is defined by the fast fission ratio. In fast reactors 

the neutron spectrum is very hard and most of the fissions occur in 

the fast region. In this case the fission ratio is defined as U238  

fission relative to that in 
U235. 

 Fast reactor cores consist of 

enriched uranium 235,Pu239  and U238 
and a blanket region comprising 

-  

mainly of U238. 
Therefore accurate measurements of fission ratios in 

the core and blanket are primary knowledge required for a fast 

reactor design. 

3.3 	DETERMINATION OF FISSION RATIO 

The criterion for every critical Nuclear Reactor operating 

at a steady state is that the neutron population in the reactor core 

remains constant. This condition is inferred from the following 

relation: 

K
eff 

= (71f ep) Lf  Lth 	 (3.1) 

where K
eff 

is the effective multiplication factor of neutrons from 
• 
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one generationto the next. 11 is the neutron yield per absorption 

in fissile material, f is the utilization factor defined as the ratio 

of thermal neutron absorption in the fuel to that in all materials 

constructing the core. P is the resonance escape probability. 

L
f 

and L
th are the non-leakage probability of fast and thermal 

neutrons respectively. This simple model is being used for convenience. 

The production of neutrons is the direct result of the 

fission process in the uranium fuel and other fissile materials 

present in the reactor. This project has been directed towards 

the measurement of this process with the best possible accuracy. 

The fissioning of U238  nuclei by fast neutrons contributes 

to the neutron population but the significance of the effect strongly 

depends on both fuel enrichment and the reactor design. The effect 

of fast fission on Keff is given by the fast fission factor in four 

factor formula. There are several definitions for the fast fission 

factor which are as follows:- 

(1) The number of neutrons making their first collision 

with moderator nuclei per number of neutrons produced 

per thermal fission (23). This definition was reported 

in Ref. 23 by Spingxd. 

(2) The ratio of the number of neutrons slowing down past 

the U
238 

fission threshold per number of neutrons 

produced by thermal fission (25) (26). 

(3) The number of neutrons slowing down below 0.1 Mev 

per neutrons produced by thermal fission (Cardvik and 

Pershagen in Ref. 23). Generally speaking, the definition 

of fast fission factor depends on the type of the reactor. 
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The definition can be described in terms of neutron flux 

and cross sections as follows:- 
• 

  

dr SE°  Ef(E) $(r,E) dE 
R 	 th 

 

   

e=1 + 

 

(3.2) 

 

J 
Ef  (1)(r)  dr 

where Ef
(E) is the macroscopic fission cross section as a 

function of energy (1)(r,E) is the neutron flux of energy E to 

E 	dE at point r. 	Ef(E) (r,E)dE is the fission rate at space 

point r in energy range E to E + dE. Integration of this reaction 

over the whole energy spectrum (in the core) yields the fast fission 

rate at point r. The integration of the fast fission rate over the 

whole core yields the total fast fission rate in the core above 

Eth. The denomenator is only the thermal fission integrated over 

the whole core. Equation 3.2 cannot be solved analytically because 

of the complexity of the cross section over the whole range of 

neutron spectrum. The usual procedure uses numerical integration 

by means of proper energy groups selection. For instance, if we 

divide the neutron spectrum into one thermal group and n groups above 

thermal, the fast fission notation becomes 

m n 	f 
E 	E 	E 	

(r
-.) 

i 	i=1 	i 	1J 
e = 1 .4_ (3.3) 

m 	f 

jth 

,

th(r) 

where i 
vf is the fission cross section averaged over the ith 

energy group,(1).(rj 
 ) is the average flux of ith group at point r

j' 
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nth and  (1)th the fission cross section and neutron flux respectively 

f  for thermal group - Ein some cases is space dependent but here'is 

assumed to be constant. If one is interested only to know fast 

fission at one point, integration over the space is dropped. In 

equation 3.3, e is not a measurable quantity and therefore a quantity 

that is measurable and related to e must be introduced. This 

measurable quantity is derived in the following paragraph. 

The total number of fission neutrons from thermal fission 

is equal to 

N 65 5 .5 f 'rth (a) 

A fraction of the fission neutrons produced by thermal fission in 

U235, during slowing down are absorbed in U238. Of this fraction 

some inducefission in U
238 and the rest are captured producing U239. 

It should be noted that fission in U
238 occurs with neutrons of over 

one Mev energy while  capture, especially in the resonance region, 

happens in epithermal region. The net neutron gain from this process 

is equal to 

v 
8 
 N a 

f  8
(1) _ N

8 
 a 

8 	f 	absi)f 

Using definition (2) the fast fission factor is defined as 

v N  a 	v 5 81 n _N 
5 5 f (th 	8

N 8a 
f Tf 	8

a 
 absi)  E _ 	 f 

N 
5 

5 	5
a 
 f (1i)th 

 

(3.4a) 

 



or 

v 	5 
5N5ath 

m a  811  

e = 1 + v8-8-f Tf (3.4b). 
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N a8 
By introducing 628  =  8 fi)f equation 3.4b becomes 

5  m11) 
-5

10.
- fith 

e = 1 + 6 	(1 - 1/1.1 ) 28 vv
8 

5 
(3.4) 

where v
8 and v5 are the average number of nutrons per fission, N8 and 

N5 are U
238 and U235 number densities, (I)f and (1)th are fast and thermal 

fluxes respectively. 118  is the neutron yield per absorption in 

U238 - 28 is called the fission ratio in uranium fuel containing N5 

of U235  and N8  of U238  atoms. 628  is a measurable quantity but 

because of differences in fuel enrichment in different reactors 

F8/F5 is measured where F8 and F5 are fissions per atom in U
238 

and 

U235 respectively. The relationship below shows the fission ratio, 

28' in natural uranium 

N8 F8 
6 = • 26 N5 • F5  (3.5) 

where N8 and N5 are U
238 

and U
235 number densities in natural 

uranium respectively. 

The technique chosen of measuring 628  (fission ratio) is 

based on foil irradiations. The experimental procedure adopted was 

to simultaneously irradiate two uranium metal foils of different 

U
235 enrichments in a reactor. After the end of irradiationsthe 

foils were counted on a double NaI(T1) detector. A-block diagram 

of the counting system is shown in Fig. 4. The gamma activity of 



N5D + N8D F8(t)  
- 	F5(t) 

N5N + N8N F8(t)  
(3.7) 
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each foil results from fission product activity resulting from 

thermal fission of U
235 and fast fission of U238.  Two simultaneous 

equations can be written for the activity from each foil. The 

activity of each foil is due to fission process both in U
235 and 

U
238. Therefore each equation consists of two parts as follows:- 

CD(t) = N5D.F5(t) + N8D.F8(t) 	(3.6) 

CN(t) = N5N.F5(t) + N8N.F8(t) 

where CD(t) and CN(t) are depleted and natural foils count rates at 

time t corrected for weight and other necessary corrections that 

are discussed in chapter 6 - N5D,  N5N, N8D, and N8N are the number 

densities of U
235 

and  U
238 in depleted and natural foils, respectively. 

F5(t) and F8(t) are gamma activities of the fission products of U235  

and U238 per atom respectively. Considering the two equations (3.6) 

and substituting /(t) = CD(t)/CN(t) and dividing numerator and 

denumerator by F5(t) the following equation is obtained:- 

From this F8(t)  is   resulted as:- 
F5(t) 

N5D 
,F8(t),I  N5N 	N5N  
F5(t) 	N8N N8D 

N8N 

(3.8) 
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In this equation F8(t)/F5(t) is the gamma activity fission ratio. 

Since the rate of fission product decay from U
238 

is different frqm 

that of U235, the ratio (F8/F5)y is time dependent. To correlate 

this ratio to the true fission ratio a calibration factor is required 

in order to convert the measured fission ratio to true fission ratio. 

The factor was obtained in an auxiliary experiment which will be 
id 

discussed in detail in chapter 5. The calibration factorldefined 

as the ratio of the true fission ratio to the gamma activity fission 

ratio measured in exactly the same spectrum. The calibration factor 

p(t) is therefore obtained from the following equation:- 

(F8/F5)  p(t) 
	(F8(t)/F5(t))y (3.9) 

For determining 528 the fission ratio is simply multiplied by 

N8N/N5N or by the ratio of U238 
to U

235 number density of the fuel. 

As mentioned in section 3.4, the irradiated foils were counted 

alternately or if there were more than two foils they were counted 

periodically. Therefore a delay counting correction had to be 

applied to CD and CN in equations (3.6). The delay counting correction 

was performed by three methods:- 

(1) by linear interpolation between two successive counts 

of each foil and calculating the count rate corresponding to the other 

foil counting times 

(2) by using two correction factors D5(t) and D8(t) for 

F5 and F8 respectively. These correction factors were found from a 

series of irradiationsand using the set of equations (3.6) from which 

F5 and F8 were obtained as given below:- 



F5 8N 
N8D 

CN 
N 
 - CD 

N8D 
N5N 	- N5D 

N8N 
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(3.10) 

F8 - 
N8N 

CN 

N5N 

N5D 
N5N 
N5D 

- CD 

N8D 

Then F5 and F8 were normalized to unity at 240 minutes after the end 

of irradration. A computer program, L1SQFT was written to fit a 

polynomial to the data by means of the method of least squares. A 

fourth order poly-nomial was found as the best fit. Fig. 5 shows the 

plot of D5 and D8 as a function of time and corresponding values are 

given in Appendix III followed by the polynomials. Therefore,(, 

for example, the depleted foil was counted at time t and the natural 

foil at time t' = t + it, At is the time between the two counting 

times. t and t' are the decay times to the middle of counting of 

each foils. The corrections to F5 and F8 for depleted foil counts 

) 	D8(t
i) 	D8(tt)) are 	and 	respectively. Therefore, equation 3.6 become D5(t) 
  

as follows: 

D5(t' 	D8(M 
(CD = N5D.F5 	+ N8D ,F8 D5(t) ) 
	

D8(t) )  
( 
( 
(CN = N5N -F5 	+ N8N - F8 

(3.11) 

From these equations the fission ratio is obtained as:- 

CD N5D D5(t') 
F8 	N5N CN N5D D5(t)  
F5 - N8N N8D D8(t') 	CD 

N8N D8(t) 	CN 

(3.12) 
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(3) The third method was done by using the LISQFT program 

to fit a polynomial to the decay counts of depleted and natural foils. 

Then afterwards a set of counts at simultaneous time was calculated 

from the polynomials. It should be mentioned that the obtained 

polynomials (fourth order) for depleted count rates and natural 

foil count rates are different. Fig. 6 shows the polynomial fit to 

depleted foil and natural foil count rates with the actual counts. 

In order to analyze the results of irradiations and to find 

D5(t) and D8(t) three computer programs were written and used. The 

programs are FFR.I which uses the interpolation technique, FFRII 

uses D5(t) and D8(t) and FFRIII uses the least square routine. The 

programs are described in Appendix I. 

It should be pointed out the order of the fitted polynomials 

to the depleted and natural uranium count rates depended on the length 

of the decay time. From 40 to 250 minutes after the end of irradiation 

fourth order polynomial was best. For longer times for instance 70 to 

500 minutes 6th order polynomial and from 400 to 1500 quadratic or 

cubic on logarithmic scale was best. In this context logarithmic 

scale means taking logarithm of count rates and then finding the 

best fit. 

3.4 	DESCRIPTION OF DETECTOR SYSTEM 

A block diagram of a double channel gamme counting system is 

shown in Fig. 4. The counting system for gamma counting of foils 

consists of two identical channels. Each channel comprises a 

5 cm by 4.5 cm (dia.) NaI(Tl) scintillation detector mounted on an 

EMI 6097B photo-multiphier tube positioned in a lead castle. The 
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scintillation detector was followed by an adaptor unit which supplied 

EHT to the photomultiplier tube. The adaptor amplified the pulses 

received from the detector and fed them to a pulse Amplitude 

Selector from which standard pulses were emitted to be counted by a 

scaler. All units were Harwell 2000 series equipment. Two 

spectrometers were normally operated together with a common time ' 

control to the scaler. A pulse generator, generating 2000 cps by 

means of a crystal oscillator was used in conjunction with a scaler 

as a timer. The counts on each scaler was printed out on a paper 

tape through a link between the scalers and a Readout controller unit. 

The picture of the whole equipment is shown in plate 7. 

The irradiated uranium foils o.075 mm thick and 9 mm 

diameter were counted on the two NaI(Tl) crystal assemblies by 

mounting the foils in aluminium trays and covering them with 1.5 mm 

thick aluminium to shield them from beta particles. Inside the trays 

were recessed for the foils to keep them secure in the trays (see 

Fig. 81?). The trays were fitted into a long brass slide, as shown 

in Fig. 8A, which allowed the foils to be placed in turn between the 

crystals. -The stability of the whole equipment is highly important 

to meet the required accuracy in measurements. For this purpose the 

whole equipment was placed in a temperature controlled box. (The 

effects of temperature changes will be discussed in more detail in 

chapter 6). The box was designed to have a constant temperature with 

a tolerance of - 0.1
oC. A temperature controller was mounted in the 

box to indicate and to respond to any change in the temperature. A 

fan and two ordinary light bulbs were used to supply heat to the 

detector system which was mounted in a separate compartment. The fan 

was always working circulating the air in the detector compartment by 
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sucking air from the top of the detector compartment and blowing it 

into the bottom of the box, see plate 7. In order to maintain a 

constant temperature in the box a relay was connected to the controller 

and to the bulbs. If the temperature inside the box dropped by 0.1°C 

from the preset temperature the controller sent a signal to the relay 

which switched on the bulbs until temperature reached the present 

temperature. The bulbs were then switched off. The preset temperature 

was 2 to 5 C above room temperature. A few holes were provided in the 

fan compartment wall to the outside air to bring cool air into the 

box if needed, otherwise they were always kept covered. The equipment 

gained stability after running for 4 to 5 hours continuously. At this 

stage the variation of temperature inside the box was very small and the 

bulbs were on for a few seconds only once every half an hour)  the fan 

was on all the time to avoid any rapid change in the equipment temperature. 

3.5 	GAMMA RAY SPECTROSCOPY 

It will be shown in chapter 5 that the duration of foil 

irradiations must be constant for all irradiations so that the results 

of different experiments can be compared. Irradiations of two hours 

duration were chosen for convenience. 

Loading and unloading of foils in the irradiation hole, thermal 

column and the core was not possibleAbecause of the high radiation level. 

Therefore, two hours irradiation was determined by starting the timer at 

37% of the required reactor power and shutting down the reactor exactly 

at the end of 7200 seconds. The validity of this timing procedure was 

checked by placing a fission chamber in the vicinity of the core. The 

integrated count was then taken on a counting system and divided by the 

count rate at the steady state reactor power to yield the irradiation 
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period. The obtained irradiation period by this method was only 2 

seconds more than 7200 seconds which means that the systematic error 

on the timing is only 0.03%. 

After the irradiation was terminated the uranium foils were 

counted on a double NaI scintillation counting system (see section 

3.4.) Depleted and natural uranium foils were used in fission ratio.  

The depeleted foils contained 0.0355% U235  and natural foil 0.7196% 

U
235' and the rest was mainly U238' see section 4.4. U238 

captures 

thermal and epithermal neutrons and forms U239  which is an active 

nuclide and emits beta particles of maximum energy 1.20 Nev. The 

decay scheme and formation of U239  are shown in Fig. 9. 	The 

Bremsstrahlung gamma activity from 1.20 Mev beta particles can be 

eliminated by choosing 

U238 n isr u239  p—(1.2 Mev) 239 
92 	92 	23.5m 	> 93Np 

 
2.3cT 94 

Pu239 + n(th) fission 

  

   

Fig. 9 

N/1 71-  

94
Pu240 

241 
, 16— P 241 	u 	+ n(th) __fission 

95 	12.9y 94 

an appropriate discuminator bias level. Therefore for this purpose 

the threshold on the pulse amplitude selector unit was set at the 1.28 

Mev. photopeak of Na22. To ensure the stability of the counting 

equipment the integral count above 1.28 Mev. was taken to produce a 

method for checking the position of 1.28 Mev. peak in later countings. 
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The decay of Na22 (half life is 2.58 yr) was taken into account. A rate 

meter was also used for checking the threshold. 
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CHAPTER 4 

FOIL ENRICHMENT MEASUREMENTS 

	

4.1 	INTRODUCTION 

N5D In 	equation (3.8) 
N5N and 

NBD 
 must be known in order to N8N 

determine (F8/F5)y . The method for determining the amount of 

U
235 in an unknown uranium foil involves the simultaneous irradiation 

of two uranium foils in a thermal spectrum. The gamma activity of 

each foil, after the end of irradiation,is due to gamma activities 

of fission products of thermal fission occurring in U235  nuclei and 

captivre gammas in U238. As was mentioned in chapter 3.5, the 

Bremsstrahlung radiation is produced from beta particles emitted 

by U239. Therefore, by setting the discriminator bias level on the 

counting equipment above 1.20 Mev, maximum gamma rays from U
238 

neutron capture activity are eliminated. The gamma activity of 

each foil above the threshold is only due to fission products of 

U
235 thermal fission. The ratio of U235 nuclei in the two foils 

was found by comparing the gamma activities from the foils. 

	

4.2 	DESCRIPTION OF THERMAL COLUMN 

The method of foil enrichment determination is based on the 

foil irradiation in a thermal flux. For this purpose an extension 

of the graphite stack was erected on the 270°  face,Bare Face.of the 

University of London Reactor. The new thermal column consisted of 50 

blocks of graphites each 20 cms square by 75 cms long to form a stack 

of 100 cms square by 150 cms long, see Fig. 10. The graphite column 

was 70 cm away from the 270°  face of the core. Of this distance, 

60 cms is graphite covered by aluminium and 10 Cm of water in the 

reactor tank. The aluminium covered -graphite block is 95 cms square. 
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A hole of 10 Cms diameter in the central block of the thermal column 

was filled with graphite pieces 23 cms long. A hole of about 6.5.mm 

diameter in the centre of these pieces facilitated access of the 

fission chambers. 

4.3 	REACTION RATE MEASUREMENTS IN THE THERMAL COLUMN 

A series of measurements were carried out in the thermal 

column in order to determine the nature of the neutron spectrum and 

the flux distribution. Two fission chambers containing Pu-239 and 

U-235 were used for these measurements. The fission chambers made 

by 20th Century Electronics Ltd., were 131 cms long with 1 cm active 

length and 6 mm diameter. The measurements were performed on the 

central axis of the graphite column. The measurements with both 

fission chambers started from the bare face moving outwards. As 

the fission chambers moved outwards, the 10 cm diameter graphite 

pieces were replaced by solid ones to prevent neutron streaming 

through the central hole of 6.5 mm diameter. The measurements with 

both fission chambers were carried out alternately. The Pu239/U235 

fission ratio measurements were plotted in Fig. 11. It should be 

mentioned that the Pu/u measurements were not corrected for mass of 

deposits, i.e. they are not fission/atom. It is seen that the fission 

ratio is constant to within one per cent from 20 to 120 cms from the 

bare face. It should be noted that Pu-239 and U-235 have similar types 

of fission cross sections over the thermal region except that Pu-239 

has a strong resonance at 0.3 ev. Therefore Pu239/U235 fission ratio 

indicates the degree of neutron thermalization in the medium in which 

the measurements have been carried out. The Pu239/U235 fission ratio 

measurement along the thermal column indicated that the thermal neutron 
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spectrum is nearly unchanged in the mentioned region. 

The cadmium ratio was also measured in the thermal column 

using a fission chamber and a Boron Trifluoride Counter  covered with 

0.5 mm thick cadmium. The central hole in the graphite was enlarged 

to fit the cadmium covered fission chamber and cd-covered BF3 

counter. The BF3 counter was 1.2 cms diameter and 25 cms long. It 

was found from this measurement that the highest cadmium ratio was 

at 100 cms, from the bare face. This measurement also confirmed that 

the amount of epithermal neutron in the thermal column is not 

significant. The'thermal flux and epicadmium flux are shown in 

Fig. 12, using the fission chamber. 

4.4 	DETERMINATION OF FOIL ENRICHMENT 

In fission ratio measurements it is necessary to know the 

enrichment of the foils. These were determined by irradiating the 

foils simultaneous in a thermal neutron spectrum along with a foil 

of natural uranium, and gamma counting for U235  fission product 

activity on a double NaI(Tl) counting system, see Section (3.4). 

Knowing the enrichment of the natural foil and the weights of all the 

foils, the enrichments were calculated to an accuracy of better than 

- 1%. Possible sources of errors in this measurement are discussed 

in chapter 6. The results of foil enrichment measurements with a 

depleted foil along with a mass specrometric analysis carried out at 

AWRE (Aldermaston) are given in Table 1. 
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The foils were irradiated in a flux about 10
8n/cm2 -sec for two hours. 

The foils were irradiated under the same conditions by mounting them 

between two cylindrical graphite pieces which were connected to the 

shaft of an electric motor, see Plate 13 (A and B). The centre of the 

two graphite pieces were threaded and a graphite spigot held them' 

tight together. The motor rotated the graphite assembly at a speed 

of 4 rpm during the irradiation in order to expose the foils to the 

same flux. The motor was mounted on an aluminium shaft so that the 

foils could be positioned at 48 cms from the outside edge of the 

thermal column, this position being one meter from the bare face. 

Plate 13 (A and B) shows the Al-plug, motor and the graphite rotator. 

The two hours irradiation was chosen so that the normalized 
U2.35 

decay 

of this measurement could be compared with the normalized decays obtained 

from fission ratio measurements in the reactor spectrum. All decays 

were normalized to unity at 240 minutes after the end of irradiation 

in order to compare them to one another. 

A Fortran IV computer program ENRICH was written to calculate 

the percentage of U235  in the unknown foil (see Appendix I for detail 

of the computer program). The enrichment determination was based on a 

value of 0.7196 - 0.0036% (26) U
235 

for the enrichment in natural uranium, 

see Table 1. 
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Plate 13A Graphite Rotator(foil holder~ 

Plate 13B Al uminium Plug and Electric Motor 
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TABLE 1 — SPECIFICATION OF FOILS 

U
234 U

25 , 
U
236 % 

238 
io U

238 
U
238 

* 
Mass Spectrometry 0.000347 0.0354 0.000321 
(Depleted foil) +6 +2 1.9 

* 
Mass Spectrometry 0.7253 
(Natural foil) 132 

U234% U235% 
u
236%. 

Present work 0.0355 
(Depleted foil) +3.0 

Natural foil (19) 0.0056 0.7205 

Natural foil (26) 0.7196 • 

The mass spectrometry was performed by J. Roberts at AWRE, Aldermaston. 

The procedure for irradiating foils in the thermal column was 

to expose all foils to the same neutron flux. Each foil was guarded 

between two identical foils to prevent loss of fission products from 

the measuring foils. Flux perturbations will be discussed in chapter 6. 
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CHAPTER 5 

CALIBRATION FACTOR p(t).  

	

5.1 	INTRODUCTION 

p(t) is a factor which is required to convert the gamma 

activity fission ratio to the true fission ratio is given as:- 

p(t) = (F8/F5)/(F8/F5)y. 	 (5.1) 

The true fission ratio is a constant quantity and the fission ratio 

(F8/F5)4', is a time dependent function. Time in this context is 

referred to decay time (see equation 3.6). The uranium foils were 

counted on a double NaI(Tl) counting system whose discriminator bias 

was set at the 1.28 Mev photo-peak of Na.22. The gamma activity 

fission ratio obtained from equation 3.8 depends on the ratio of 

CD/CN.(F8/F5)g decreases with decay time as CD/CN does. Therefore 

p(t) is a time dependent parameter. p(t) also varies with 

discriminator bias level, geometry of the detector, size of foils and 

length of irradiation. However, it should be noted that foils from 

reactor irradiations were counted on the same system as that used for 

the p(t) measurements and so the dependence of p(t) on bias level, 

detector geometry, etc., cancels.p(t) is also dependent on the neutron 

spectrum to a small extent and,this is discussed in detail in 

chapter 6. 

	

5.2 	DESCRIPTION OF THE DOUBLE FISSION CHAMBER, IRRADIATION 

FACILITY AND FISSION COUNTING SYSTEM 

A double fission chamber manufactured by 20th Century Electronics 

Ltd., was used for the determination of'the p(t). Details of the fission 

chamber are shown in Fig. 14. The fission chamber was loaded with two 
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1- GAS FILLING PIPE . 
2-PLUG. 
3-P.E.T. SOCKETS. 
4 -COLLECTORS. 
57U-235 DEPOSIT (0.504 mg/cm 2, U308) 
6-U-238 DEPOSIT (1.993 mgicm2, U308 ) 

PLATINUM BASE (each 0.005" thick ) 
-FOIL /DEPOSIT HOLDER. 

FIG. 14 DOUBLE FISSION CHAMBER 
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uranium deposits in the form of U308. The deposits were painted by 

a special brush on a platinum backing, 0.125 mm thick and 4.4 cms 

diameter on an area of 3.2 cms diameter. The painted deposits were 

then baked in a furnace to become U308. In the second set of deposits 

depleted and natural uranium were painted on aluminium backing 0.125 

mm thick and 3.2 cms diameter. The deposits were prepared at Harwell 

in the same fashion mentioned above. The specifications of the deposits 

are given in Table 2. It should be mentioned that the deposits are 

demountable and can be replaced with any deposits of proper size. The 

weights of the deposits were assessed by alpha counting in 2u geometry 

TABLE 2. SPECIFICATIONS OF THE DEPOSITS 

,- 

Deposit Mass 

1-1,g/cm2 
U
234 
% 

U235 
% 

236 U236 
% 

U238 
% 

U235 63 92.95 5.68 

U
238 245 0.001 100 

*Depleted 0.000347 0.0354 0.000321 99.96 
Uranium 110 -+ + -2 

+
6 -9 

*Natural 
uranium 109 0.0056 0.7196 99.28 

at Harwell. The weights of the deposits have been measured to better 

than 1.5% accuracy. 
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• 

The fission chamber was filled with an argon/methane mixture 

in the proportion,90% Argon and 10% Methane, at two atmosphere 

pressure. The fission chamber had an excellent voltage plateau 

an optimum operating position chosen at 500 volts, see Fig. 15. The 

operating bias level was obtained by determining the fission,products 

pulse height amplitude spectrum using a single channel analyzer. The 

operating bias was positioned above the alpha cutoff energy. Fig. 16 

shows the fission products energy spectrum together with the bias 

curve. 

A second fission chamber exactly similar to the double fission 

chamber was used for foil irradiations so as to produce the same 

spectrum condition as in fission counting. 

The most suitable place for the p(t) determination in the 

University of London Reactor was found to be the irradiation holes 

on the 0o face of the Reactor. The position of the holes is shown in 

the general layout of the core and its surroundings (Fig. 17). The 

hole that was chosen for the p(t) measurement is a 7 cms 	square 

passing 37 cms from the 90°  face of the core through the mid-height 

plane of the core. Access to the hole is through a round hole, 

15 cms diameter which was filled with aluminium cased concrete plugs. 

The fission chamber was fixed to a piece of sindanyo being held by 

an aluminium tube. The aluminium tube was fixed to an aluminium 

concrete plug by four screws. The assembly is shown schematically in 

Fig. 18. It is shown in the diagram that a mechanical device was used 

for repositioning the plug in the irradiation hole so that it was in 

the same position for every irradiation. Three pieces of P.E.T. strips 

were attached to the outside surface along the plug to ease the 

movement of the assembly in the hole. Using this arrangement the fission 

chamber was placed on the horizontal central axis of the core. The 
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The four meter long EHT and signal cables were passed through a hole 

on the Al-tube and located in the grooves milled on the Al-concrete 

plug see plate 19. A monitor fission chamber was fixed inside the 

aluminium tube and was used in conjunction with fission counting and 

foil irradiation to check the flux level fluctuation and for timing 

the irradiation period. In some cases the second output of the main 

amplifier was used to monitor the flux change. The procedure of the 

experiment was to irradiate the double fission chamber for fission 

counting, then replace the chamber with the dummy fission chamber 

loaded with uranium foils for a foil irradiation. The uranium foils 

sandwiched between two identical foils were taped by aluminium tape 

on platinum or aluminium discs, whichever the backing of the 

deposits were in the fission counting. These discs were exactly 

identical to the backing of the deposits. The dummy fission chamber 

had air  at atmospheric pressure. The gamma activity of the foil 

irradiation in the dummy fission chamber filled with argon at two 

atmosphere pressure was compared with the identical irradiation with 

air at atmospheric pressure in the chamber. No difference more 

than statistical fluctuation was observed. 

A cadmium sleeve was used to cover the double fission chamber 

and the aluminium tube. The cadmium sleeve was made a tight fit to 

the tube, see Fig. 18. 

The fission counting was performed with Harwell 2000 service 

equipment. A block diagram of the counting system is shown in Fig. 20. 

The irradiation period was two hours as usual in this work. 

An experiment was performed in the irradiation hole to see the 

flux shape from the centre of the hole to the outside face of the 

reactor, that is the 0°  face. The measurement showed a gradual drop in 
• 

the flux followed by a sharp decrease near the edge of the core. 
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Plate 19 Alumin.ium cased Concrete Plug 

and Double Fission Chamber. 
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5.3 	DETERMINATION OF p(t) BY FISSION CHAMBER 

The experimental arrangement for the calibration factor 

measurement, which was conducted with a double fission chamber, and 

was discussed in section 5.2, is shown in Fig. 18. Thin deposits of 

U
235 

and  U
238 painted on 0.125 mm thick platinum discs were used as 

the anode coating for the two halves of the fission chamber. Also 

depleted and natural uranium deposits painted on aluminium discs were 

used for further experiments. See Table 2 for deposits specifications. 

The choice of the deposits and foils for these measurements will be 

discussed in chapter 6. The fission counts were measured from both 

halves of the fission chamber and knowing the masses of the deposits 

and composition of the coatings the true fission ratio was obtained. 

(F8/F5)2• was obtained from gamma counts of the irradiated foils 

using equation 3.8. Thus the calibration factor was calculated simply 

by dividing the true fission ratio by the gamma activity fission ratio. 

F8, F5 and also (F8/F5) are time dependent. F8 and F5 normalized to 

unity at 240 minutes are shown in Fig. 5 and (F8/F5),• is shown in 

Fig. 21. It can be seen from Fig.21 that p(t) varies with decay time 

and passes a maximum at about 360 minutes from the end of the 

irradiation. Some p(t) values are given in Table 3 determined at 240 

minutes after the end of irradiation. Some other p(t) values using 

the double fission chamber are given in chapter 6 in Table 6. The 

counts of depleted and natural foils and fission counts obtained from 

the fission chamber were fed into the computer program FFRIII. The 

program will be discussed in Appendix 1. 
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TABLE 3. CALIBRATION FACTOR AT 240 MINUTES 

Method 
Place of 

Irradiation 

Number of 	' 
! 

1 	p(t) 
Experiments 	- 

Experimental 

Error %' 
... 

Fission Irradiation 

Chamber (5.3) Hole 5 1.33 
+ 
- 1.6 

La-140 It 1 1.33 4 

La-140(5.4) Core 1 1.31 -+ 3 

Fission Irradiation 

Chamber (5.3)* Hole 2 1.32 1.1% 

5.4 V. de G*  1 
** 

T.C. 1 1.34 1 

In this experiment two foils natural and depleted and 

two deposits natural and depleted same as foils 10011g/cm
2 

thick were used. 

V. de G = Van de Graaff 

** 
T.C. 	Thermal Column 
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5.4 	p(t) DETERMINATION USING La-140 

One of the uranium fission products is 54e  
Xp140 and it decays 

to a stable isotope 58Ce
140  through a sequence of decay as follows:- 

140 	 - 	140 a- 	p  140 a- 	140 a- 	'140 
54 	C 	56-a 	>r 5a 	58Ce 	(stable) 

16 	
55 s 

66s  12.8d  40.2h 

(5.2) 

In this decay scheme Barium builds up very rapidly because of its long 

half life and the short half life of 
55Cs

140 
the predecessor isotope. 

Barium decays to Lanthanum with a half life of 12.8 days. La-140 emits 

several gamma rays including a 1.60 Mev photopeak that brings 96% (26) 
c -i.„46:va,trd 

of the energy of the excited nucleus to the ground state. The decay 

scheme for La-140 is shown in Fig. 23. Other gamma rays are 2.52 and 

3.00 Mev which contribute only a few per cent to the energy release of 

the excited nucleus. The fission product gamme spectrum of a natural 

uranium foil was obtained using a Ge(Li) detector and a 400-channel 

LABEN analyzer and is shown in Fig. 25 with the 1.60 Mev peak in a 

low background. The half life of La-140 is 40.2 hours, but because of 

the 12.8 days half life of its parent, Ba-140, the effective half life 

of La-140 is virtually 12.8 days. 

For determining p(t) by the La-140 method a series of 

irradiations of depleted and natural foils were carried out. The foils 

were counted on a Ge(Li) detector after a delay of one week, using the 

400 channel analyzer. The total count under the 1.60 Mev peak for the 

depleted and natural foils was due to the fission product La-140 

resulting from thermal fission in U235  and gfaSt fission in U238. 

Therefore by determining the integral counts under this peak and knowing 
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Plate 24 Ge (Li)- NaI( Tl ) Detector Assembly and 

Counting System 

---- - -~ 
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the La-140 fission yields in thermal and fast fission, the true fission 

ratio was obtained. 

The following two equations may be written for the count rates 

from the foils:- 

CN.f = N5N. F5. y5 + N8N. F8. Y8 

( 5 . 3 ) 
CD 	= N5D. F5. y5 + N8D. F8. y8 

where CD and CN are the integral counts under the 1.60 Mev peak of 

La-140 of the depleted and natural foils respectively. CD and CN are 

the corrected count rates for weight of foils, deadtime of analyzer 

and position of foils. The latter point will be discussed later in 

this section. N5N, N5D, N8N and N8D are the number densities of 

U
235 

and  U238 in natural and depleted foils respectively. y5 and y8 

are La-140 fission yields for thermal fission in U
235 

and fast fission 

in U238• They are given as (27) 

Y5  = 6.40 ± 0.12 	y8 = 6.15 ± 40 

and the ratio is 	= 1.034 - 2% 
Y8  

f is a factor used to correct counts for delay in counting. 

The true fission ratio obtained from equations 5.3 is given by:- 



Two foils natural and depleted were counted for six weeks. Since 
(31) 

the intrinsic efficiency of the Ge(Li) detector (e = 1.6 + 10 3 for 

75. 

In this measurement two sets of foils natural and depleted were 

fixed to a perspex strip and inserted between the fuel plates of fuel 

element F where the fission ratio per atom was 0.8 x 10 3
. This value 

was obtained from the results of the foil irradiations in the fuel 

elements in order to determine fission ratio in each fuel element. 

These measurements are discussed in chapter 7. The first set was 

irradiated for two hours at low flux (108 n/Cm2-sec) and the second 

set for two hours at a higher flux (1011n  /Cm2  -sec). Timing of the 

irradiation was as before, starting at 37% of the required Reactor 

Power and terminating by quick shut-down. The first foil set was 

counted on the double scintillation detector assembly shown in 

Fig. 4. The gamma activity fission ratio was obtained from depleted 

and natural foils counts using equation 3.8. The second set was left 

until the activity of short lived fission products diminished. After 

one week the foils were then counted on the Ge(Li) counting system. 

1.60 Nev gamma) was low compared to the NaI(Tl) crystal efficiency 
(3d 

NaI(Tl) crystal 4.4 Cms by 5.0 Cms height starting four weeks after 

the irradiation, see Fig. 25. 

The gamma spectrum of fission products is shown in Fig. 26. 

The gamma rays are monoenergetic but because of the nature of 

absorption in the detector and random phenomena the output pulses 

are spread over a range of energy which determines the resolution of 

04 1̀4  
the detector assembly. The output pulse share can be represented by 

a Gaussian distribution. It is shown in the gamma spectrum, see 

Fig.,26, that the 1.60 Mev peak is superimposed on a background that 

for the same gammas (e = 5.5 * 10
2) the foils were counted on a 
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comes from other fission products and this background can be 

represented by a straight line. Therefore the total can be shown' 

as a Gaussian plus a straight line. A computer program Photo-Peak-

Analysis PPA, (28) was used to fit a Gaussian plus a straight line to 

the observed count per channel. The equation is represented by 

y = A + Bx + Ce
-E(D-x) 2 
	

(5.5) 

where A and B are empArical constants which account for interference 

with the Gaussian distribution. C, D and E can be related to the 

Gaussian terms of the following equation 

m-x
2
)2 ( W(x) = (2') -2

exp (- 	) a 
26 

( 5.6 ) 

By comparison with equation 5.5, C, D and E are found as :- 

c 
c).12.FT 

D = m 

E = + 
2a2 

In equation 5.6 ° and m designate the standard deviation and the true 

mean respectively. Figs. 27 and 28 show the observed 1.60 Nev photopeak 

from NaI and Ge(Li) with PPA result for each case. 

A computer program LANTA was written to calculate the true 

fission ratio using equation 54. The correction factor, which was 

mentioned earlier, to allow for different positions of the 

1 

1 
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TABLE 4. La-140 RESULTS 

t 

Decay 

Time 

Min. 

Depleted 

Count 

Counting 

Period 

Sec. 

Decay 

Time 

Min. 

Natural 

Count 

Counting 

Period 

Sec. 

Count 

Ratio 

Fission 

Ratio 

x 10+3  

311.5 4922 3600 286.50 31540 3600 0.1534 0.829 

338.2 4426 7680 336.5 30150 3840 0.1443 0.7482 

409.50 3743 9000 411 25440 3600 0.1446 0.75111 

431.5 4763 7260 434 33870 7260 0.1382 0.6950 

456. 3469 10800 457.5 23910 7200 0.1426 0.7335 

505 3052 18060 501 21270 10800 0.141 0.7194 

527 2916 18180 531 20350 9060 0.1408 0.7181 

552.7 2735 18000 548 19410 14400 0.1385 0.6976 

577.20 2545 18000 580.5 17230 7380 0.1452 0.25617 

602.3 2428 20400 597.5 17130 10920 0.1393 0.7048 

624.8 2294 20400 629.2 15760 9000 0.1430 0.7375 

649.5 2199 19860 644.7 15160 10800 0.1426 0.7334 

766.5 1751 16200 770 12150 7380 0.1416 0.7246 

795.2 1621 16200 790.5 11340 10800 0.1404 0.7149 

The calibration factor was determined by dividing averaged 

fission ratio by the gamma activity fission ratio. The 

calibration factor is, p(240) = 1.31f3%. 
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natural and depleted foils was determined by simultaneously 

irradiating two natural foils in two recessed holes on the perspex 

foil mounting strip, see Fig. 29. The correction factor obtained from 

this experiment was 1.021 ± 0.005 (random error). The true fission 

ratio was calculated from equation 5.4. The results are tabulated in 

Table 4. It can be seen that the depleted to natural foil count ratio 

does not change more than statistical fluctuation with decay time. 

The lanthanum technique has some limitations which are as 

follows:— 

(1) To obtain good accuracy in counting the foils have to 

be irradiated in a high flux. This condition is not 

always permissible because of high induced activity 

in the fuel element and in the foils. 

(2) Uncertainty in the fission yields.Ba-140 is on the 

second tip of the fission product mass distribution, 

and the fission yield should not therefore change 

very much with neutron energy. The change, however, 

is significant for accurate measurements. Table 5 

demonstrates this change by giving the ratio of the 

fission yield compared to thermal fission (27). 
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TABLE 5. La-140 FISSION YIELDS FOR U
235 AND U238 

BY NEUTRONS OF VARIOUS ENERGIES 

Neutron 

Energy 

U
235 Yield U

238 

Yield Compared to Thermal Yield 

Fast 6.15±0.40 

Fission Spectrum 0.926 5.802:0.5 

0.921 

0.941 

Fast Reactor 0.953 

0.944 

0.940 

Thermal Neutrons 1.000 6.36±0.12 

However, this method has several advantages:- 

(1) The foils can be placed anywhere in the core 

without causing too much depression in the flux. 

(2) The fission product Ba-140 because of having less 

energy than her counterpart does not escape from 

the foil surface easily. 



85. 

5.5 	DETERMINATION OF p(t) USING THERMAL AND FAST SPECTRA 

This method involves irradiating a depleted foil and a 

depleted deposit in the thermal column and in a fast neutron spectrum. 

In the first irradiation thermal fission occurs only in U
235 nuclei 

and in the second irradiation is a hard spectrum fast fission occurs 

in U238  and U235. The contribution of fast fission of U235  to total 

fissions is negligible since only 0.036% of the uranium is U235 and 

fast fission cross section of U
235 

is not much larger than U
238 fission 

cross section. In order to determine p(t) by this method one depleted 

deposit 100 Pg/Cm2  and a depleted foil mounted in the double fission 

chamber, were irradiated in the thermal column for two hours. .The 

fission counts were taken and foil was counted on the double NaI(T1) 

counting system. For the fast neutron irradiation the depleted deposit 

plus a depleted and a natural foil were irradiated in the beam of 

neutrons emitted from the 6 My Van de Graaff at AWRE (Aldermaston). 

The irradiation lasted for two hours and fission counts were taken and 

the foils were counted on the same counting system as in the first 

experiment. A depleted and a natural foil were used to find out the 

nature of the fast spectrum. The corrected count ratio, 
CD
/CN, was  

0.98. This ratio indicates that spectrum is very hard and two per cent 

difference in activity is due to the fast fission in U
235 in natural 

foil. Knowing the enrichment of natural foil, 0.7196%, and of the 

depleted foil, 0.036%, the contribution of fast fission in U235  in 

depleted foil was estimated less than 0.2%. The advantages of this 

method are numerous such as no correction for deposit weights and 

fission products absorption in the coating are required. In this case 

the calibration factor is defined as:- 
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C8 	F8 
(—) (—) 

	

c8 	f8 

	

p(t) = ---

c5 	

,Ess 

( 5) 

(5.7) 

where C8 and C5 are fast fission and thermal fission counts from 

fission counting. c8 and c5 are gamma counts of fast and thermal 

fission of the depleted foils counted on the double NaI(Tl) counting 

system. Because no correction for mass of the deposit is required 

and after having corrected c8 and c5 for the weight of the foils the 

calibration factor is obtained as in equation (5.7). The data of 

this experiment was analyzed - by the programme FFR-III after 

introducing a new subroutine NEWPT and dropping subroutines pT and 

ERROR. One of the big advantages of this method is the low systematic 

error in the measurement, see Table 3. However, this method is only 

applicable where a very hard spectrum is present. 
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CHAPTER 6 

ERROR EVALUATION AND CORRECTIONS 

This chapter is mainly concerned with the analysis of errors 

and corrections involved in the fission ratio measurements. In the 

measurements two types of errors were considered, random error and 

systematic errors. For calculating random errors in F8/F5, p(t), F8 

and F5 determination because they are time dependent functions, two 

sets of normalized decays for U
235 and U238 were obtained. These two 

sets were resulted from a series of natural and depleted foils 

irradiations. The two sets are plotted in Fig. 5 and tabulated in 

Appendix III. After multipying fission ratio and p(t) by D5(t) 
D8(t) and  

D8(t) 
D5(t)' 

1 F8 and F5 by 
	and D5(t) respectively the following equation D8(t)  

was used to calculate the root mean square error (R.M.S.). 

N 
R.M.S. = I  EE 	(h. - )

2J (6.1) 

wherertistheaveragevalueofn.sancin.is  the ith  value.For the 

systematic errors evaluation the following equation was used:- 

aF 	aF 
(AF)

2 
 = (777  AK)2  + (.37  Ay)2  + (6.2) 

where F is a function of h, y . . . and AF, An, Ay . . . are the 

ap aF absolute errors on F, n, y, etc. 77, - ,etc. are the partial 

derivatives of F with respect to n, y, etc., respectively. 

6.1 	DEADTIME AND PULSE PILEUP EFFECT 

Deadtime is a common effect and well known in counting systems. 
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The deadtime of the double NaI(Tl) counting system and also fission 

counting equipment were determined by using a CALNE Electronic, PG101 

double pulse generator. The pulse duration and the time between two 

pulses were adjustable. The method of measuring the deadtime was by 

feeding the double pulses to the input of the equipment and gradually 

increasing the time between two pulses until the count rate doubled. 

The pulse duration of the pulse generator was adjusted to that of the 

detector. The measured deadtime, T = 1.91 0.05 µ sec per pulse was 

in good agreement with the deadtime given by the manufacturer, 2 11 sec. 

The term pulse pileup is referred to the process when more than one 

pulse arrives during a time interval of the pulse duration and as a 

result produce a larger pulse. The effect can be reduced by reducing 

the rise time and the resolution time of the pulse. Therefore pulse 

pileup depends on type of the detector, amplifier and the analyzer or -

discriminator whichever was used. The threshold and discrimination 

bias level has also some effect in total number of the pulse pileup. 

The following experiment was carried out to determine the effect 

of pulse pileup in count rates. By the same method as enrichment 

measurement two foils, natural and depleted uranium metal, were 

irradiated in the thermal column in a high flux for two hours. 

Immediately after the end of irradiation the foils were removed from the 

thermal column and counted on a double NaI(Tl) counting system. It was 

observed from the computer results that the ratio of depleted foil to 

natural foil count rate increased as the natural foil count rate 

decreased. The change was due to the pulse pileup of the gamma pulses 

of energies below the threshold level. The threshold was set at 1.28 

Mev peak of Na22. In this way of counting, 95% of the total counts are 

below the threshold. The number of extra pulses counted above 1:28 Mev 
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threshold due to pulse pileup below 1.28 is much higher than the 

pulses lost as a result of the effect above 1.28 Mev. By the method 

of the least squares using program LISQFT, a linear equation was 

fitted to the data, CD/CN against CN, from which the following 

equation was derived 

Ct = Co (1 — ppu. Co) 

ppu = 31.5 ± 1.5 bb sec/count 

(6.3) 

where Ct and Co are true and observed count rates and ppu is the 

pulse pileup measured from the experimental result. Fig. 31 shows 

the ratio of CD/CN against CN. A computer program PUPIL (Brown) 

pulse pileup was used to estimate the effect of the pulse pileup in 

the present work. In Fig. 30 experimental results using equation 

6.3 and the output of PUPIL are given. The quoted values are the 

percentage difference on predicted values as compared with the 

experimental results. 

6.2 	p(t) AS A FUNCTION OF NEUTRON ENERGY 7.3c- 
04 

The fission products mass distribution is shown in Fig. 32. 

The yield curves for U235  fission products by thermal and 14 Mev 

neutrons are given in the diagram. Each curve has two peaks 

corresponding to the two fission fragments. 

The lowest point in the thermal fission yield distribution in 

the valley of the curve is 0.01% whereas the corresponding point with 

14 Mev neutrons is 1%. The other changes are small in the peak yields 
• 
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and moderate increase in asymmetric mode of fission i.e. rise in 

the wings of the curves. As the neutron energy increases the 

probability of symmetrical fission products also increases. With 

neutrons of 90 Mev energy only one peak in fission products mass 

distribution is observed, at this energy the symmetrical fission is 

most probable mode. 

In the p(t) measurement technique besides other considerations 

discriminator bias level was set at 1.28 Mev photopeak of Na.22 in 

order to eliminate 1.2 Mev Bremsstrahlung radiation produced by 

1.2 Nev  betas emitted by excited U
239 

nucleus. The fission products 

contributing to the observed gamma activity has been plotted in Fig.33. 

The principal fission products contributing to the gamma activity 

after about four hours from the end of irradiation are 
92S r,  135

I
' 

and 88Kr (9). In the fission process by various neutron energies the 

percentage of the fission products yields changes (Leachman, Hemmedinger) 

gamma activity of individual fission product therefore varies because of 

changes in concentration of each fission product. Moreover that the 

decay mode of the different isotopes are different. On this account 

the integrated gamma activity beyond a certain energy may be different. 

p(t) is the ratio of the true fission ratio to gamma activity fission 

ratio. The true fission ratio is assumed to be independent of neutron 

energy and the fission counter counts only number of fission events 

irrespective of the neutron energy inducing fission. However, the 

total gamma activity as mentioned earlier may alter as a result of the 

changes in the fission products yield. Consquently the calibration 

factor may be neutron spectrum dependent. 

The effect of neutron energy on p(t) was determined by measuring 
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p(t) in a number of different spectra. It was difficult to assess the 

neutron spectrum in each case but fission ratio measurements gave. an 

indication of the neutron flux above U
238 

fission threshold to the 

total neutron flux. 

The first experiment was carried out in the irradiation hole 

at 0°  face of the University of London Reactor. The second experiment 

was done on a fission plate placed on thermal column ,and the third 

experiment was performed at AWRE Aldermaston using the 6MV Van de Graaff. 

In the first experiment two measurements were carried out with a 

bare and cadmium covered fission chamber (PFCC7). The details of this 

experiment are given in 5.2. Covering the fission chamber with 

cadmium cuts off majority of thermal neutrons below cadmium cutoff 

energy. The cadmium sheet was 0.5 mm thick and the effective cutoff 

energy is 0.533 ev 	A fission plate was used in the second 

experiment. The fission plate was composed of 24 uranium aluminium 

alloy strips 5 cms wide, 15 cms long by 0.5 mm thick placed adjacent 

to one another. The U-Al pack was fixed between two 35 cms square 

aluminium sheets surrounded by pieces of aluminium. A cadmium sheet 

0.5 mm thick was placed beneath the top aluminium plate to stop thermal 

neutrons passing through the fission plate. The details of the fission 

plate are shown in Fig. 34. The fission plate was placed on the 

horizontal theLmal column at the 90°  face of the University of London 

Reactor in a cave 1 m square by 1.5 m height. The floor of the cave 

was covered with cadmium 0.5 mm thick with a 30 omssquare opening in 

the centre. The thermal flux at the opening was estimated to be 

109n/Cm
2.sec. The fission plate was surrounded by 0.5 mm thick cadmium 

to prevent thermal neutrons reaching the fission chamber placed on the 

fission plate. In one measurement the double fission chamber (see Fig. 14) 
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was placed on the fission plate and p(t) determined. In the second 

measurement a graphite block 20 cms square by 75 cms long was plated 

on the fission plate, see Fig. 34, and the double fission chamber was 

positioned in the graphite block one centimeter above the fission 

plates. In the third experiment fission counting and foil irradiations 

were performed on the 6 My Van de Graaff at AWRE Aldermaston. 

Neutrons emitted from a Berylium target as a result of 
4
Be9(D,n)

5
B10 

reactions were allowed to impinge on the face of a graphite block in 

which the fission chamber was placed. The graphite block 20 cms square 

by 75 cms long was 13 cms away from the target. The actual terminal 

voltage of the Van de Graaff was 5.2 MV and current 4P,a. The total 

neutron yield was estimated to be 5 x 1010n/sec (Olive et al). In this 

experiment and the former one natural depleted and U—Al alloy 93% 

enriched U235). foils were irradiated. From the Van de Graaff 

irradiation the ratio of depleted to natural foil gamma activity was 

obtained 0.98. This ratio shows how hard the neutron spectrum was in 

the position of the fission chamber. It should be reminded that 

depleted and natural foils contained 0.0355 and 0.72% U235,A1 . 

The following list of reactions occurs in aluminium by neutrons 

is to present a fact that none of the reactions does not contribute any 

significant gamma activity to the fission fragments gamma activity in 

this experiment (Kaplan). 

13
A127 + on (8 Mev)(Al)

28 	Na24  
`13 + 

2
He4 

15 hrs 

13 
Al27 + n1  (5.3 Mev) 	(

13 
Al
28
) 	

12
Mg
27 + 1H1 

9.5m, 
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13A127  + 1  ni  (fast) 	(13 A128) 
-,. 13 Al26 + n + n 0 	0  

6.5 sec 

13A1 
27 + oni(th) 	(

13Al
28) 

13A128 + + Q 2.3 m 

The result of these experiments were analyzed using program FFRIII. 

The obtained results are given in Table 6 and plotted in Fig. 35. 

TABLE 6. p(240) IN DIFFERENT SPECTRA 

I 

PLACE OF FISSION EXPERIMENTAL 
p(t) 

IRRADIATION RATIO ERRORS 

Irradiation 
Hole 0.0008 1.34 + 

-3 

Irradiation 
Hole 0.0032 1.32 + 

-1.1 

Irradiation 
Hole 0.0038 1.33 ±1.1 

Graphite on 
fission plate 0.015 1.29 ±1.1 

Fission plate 0.02 1.24 ±1.1 

V. de G. 0.18 1.30 
+ 
-3 
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6.3 	OTHER ERRORS 

N5D In equation 3.8 the ratio of CD/CN compared to — N5N in the 

numerator and CD 
	N8D  

— compared to 	 in denomerator have a significant CN 	N8N 

effect on the gamma activity fission ratio measurement. Using 

depleted and natural foils in a soft spectrum the corrected count 

ratio is very close to N5D/N5N or similarly irradiating the foils 

in a hard spectrum the count ratio is very close to N8D . The 
N8N 

implication is that in these extremes the more accurate parameters 

are required in order to obtain high accuracy in the gamma activity 

fission ratio measurement. For this purpose the differential of the 

logarithm of equation 3.8 with respect to the count ratio was taken 

as 

dFR 	R8 - R5 (6.4) 

 

FR - (RC-R5)(R8-RC) 

N8D 	N5D where Rc, R8 and R5 are count ratio, N8N — and N5N  respectively. The 

plot of equation 6.4 is shown in Fig. 36 and it is seen from the graph 

that the variation of fission ratio with count ratio is minimum 

where count ratio is about 0.5. Therefore, the count ratio between 

0.3 and 0.7 has minimum effect on the fission ratio variation and as 

a result on p(t) variations. Beyond these limits the fission ratio 

and the calibration factor are very vulnerable to unexpected changes 

with high random and systematic errors- In the fission ratio 

-measurements in hard spectra three foils natural, depleted and highly 

enriched, were used to achieve the above criterion and find the nature 

of the spectrum from depleted and natural foils gamma activities. 

100. 
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(2)Furthermore to decrease the random error in the computer program 

FFR, see Appendix I, the subroutine LISQFT was used to fit a polypomial 

to the count rates. By this method some improvement was achieved in 

decreasing statistical fluctuation as well as extraneous error in count 

rates due to linear interpolation between successive counts which was 

adopted in first calculation of p(t) in FFR.I. Fig. 6 shows the actual 

count rates of depleted and natural foils and the fitted polynomials. 

Usually a fourth order polynomial gave the best fit to the count rate 

between 40 to 250 minutes. The results of one of the fits to the 

count rates are given in Appendix III. 

(3)One of the main factors in count rates fluctuation is the 

stability of the counting system, especially photomultiplier tubes, 

amplifiers, discriminators and EHT supply. This requirement is. 

necessary because of the threshold at 1.28 Mev photopeak of Na.22. To 

demonstrate this point the gamma spectrum of fission products at 

different decay times are shown in Figs. 37 and 38. These spectra were 

obtained by using the Ge(Li) detector and LABEN 400 channel analyzer. 

It is seen from the spectra that the 1.28 Mev threshold is positioned 

in a valley between two peaks and after four hours from the end of 

irradiation the 1.28 Mev photopeak of 1135 emerges and it becomes more 

distinct in the later decays. Since the threshold is placed at 1.28 Mev, 

any such instability in the counting system causes the threshold varies 

between two peaks. To keep the count rates constant within the 

statistical fluctuations it was found necessary to have the ambient 

temperature of the counting system constant within ± 0.1°C. After 240 

minutes from the end of irradiation the total observed gamma activity 

above 1.28 Mev is contributed mainly by three nucleon Kr88, Sr92, and 

1135. Some of the observed 1135 gamma activity appears as a gamma ray 
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• 

of 1.28 Mev which is the bias level of the counting system. There- 

fore after 240 minutes the stability of the counting equipment is. 

extremely important in the measurement of the U
238

/U
235 

fission ratio. 

Figs. 37 and 38 show the fission product gamma spectrum at different 

decay times and the position of the 1.28 Mev bias level. For this 

purpose a temperature controlled box was made big enough to contain the 

whole counting equipment. The temperature controlled box is described 

in chapter 3. 

(4) The purpose of using two scintillation counter head-to-head 

was to eliminate any effect in count rates due to twist in the foils 

during the handling. 

The foils were carefully washed in acetone and weighed on a 

microbalance before the irradiation and the oxidation on the surface of 

the foils was removed by dipping them into the dilute nitric acid. 

(5) Flux Perturbation: In the method of determining p(t) using 

the double fission chamber very thin deposits were virtually replaced 

by uranium foils. The specification of deposits and foils are given 

in. Table 7. Because of differences in size, thickness and amount of 

U
235 

in deposits compared with uranium foils, flux perturbation in 

fission counting was different from that in foil irradiations. In the 

calibration factor p(t) determination in the Irradiation hole, because 

of the low fission ratio 0.0034, flux depression was due to thermal 

neutron absorption in U235. A series of irradiations were carried out 

in the hole using 0.025 mm thick natural uranium foils sandwiched 

between different thicknesses of the identical foils in order to measure 

the flux perturbation. From this experiment the flux perturbation was 

estimated to be less than 1% for the present work. 
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TABLE 7 

DEPOSITS AND FOILS SPECIFICATIONS 

Deposits 

U 
235 

µgm/Cm2 

U 
238 

µgm/cm2 

Coating 
Diameter 
(Cms)  

Total 
Mass 
U 
3
0
8 

mg 

u
235 

% 

U 
238  

%, 

U
25 

49.24 2.96 3.2 0.504 92.95 5.68 

U28 0 210 3.2 1.993 0 100 

Depleted 0.03176 89.467 2 105.5 0.0355 99.9645 

Natural 0.556 76.7 2 91.1 0.7196 99.28 

FOILS mg/foil mg/foil foil dia. weight 

U—Al 3.157 0.243 0.9 17 93 6 

Depleted 0.287 77.2 0.9 80 0.0355 99.9645 

Natural 5.757 74.3 0.9 80 0.7196 99.28 

In order to improve the accuracy on p(t) measurement two 

deposits depleted and natural uranium of equal thickness, 2 Cms. 

diameter were used. The deposits were made of the same material as 

the foils in order to eliminate systematic errors due to fission 

products loss in the coating as well as a flux perturbation 

correction in fission counting. Five foils were irradiated in the 

irradiation hole in order to determine the magnitude of flux gradients. 

Four foils were positioned crosswise and one at the centre on an area 

equal to the deposit coating as shown in Fig. 39. The corrected count 

rate of the foils indicated that the foils had been irradiated in a 
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Fig. 39 

necessary corrections using a linear interpolation method, produced 

a set of decays for each foil. Then the decays of peripherial foils were 

divided by centre one and the averaged ratio was obtained for each of 

four foils. Equation 7.1 was used from which the random error was 

calculated and was about 1% for each set. 

Following is a list of sources of error with estimated error:- 

TABLE 8 

(1) Uncertainty in the weight of foils 

(2) Background and natural activity of the foils 

(3) Foil holder calibration factor 

(4) Feed through (manual) 

Percentage of Error 

0,25 

< 0.1 

negligible 

negligible 

(5) Deadtime 2.5 

(6) Pulse pileup 2.5 

(7) Uncertainty in deposit weights by alpha 
counting 1.5 

(8) Uncertainty in the ratio of deposit weights 
by fission counting in thermal column < 

(9) Flux perturbation < 1 

(10) Fission products, absorption in fissile 
coating 0.5 

uniform flux. The difference in the 

foils activities was within the 

experimental error. The counts were 

fed into the program FLUX. The 

progiam after performing all 
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CHAPTER 7 

EXPERIMENTAL MEASUREMENT OF FISSION RATIO 

IN LONDON UNIVERSITY REACTOR CORE 

7.1 	PURPOSE OF EXPERIMENT 

The purpose of the experiment was to measure the fission 

ratio, thermal flux and fast flux above 1 Mev in each fuel element 

in the core. Fission ratio measurements were carried out in two 

fuel elements I and L using depleted and natural foils, see Fig. 40. 

Fuel elements H and F'were assumed to have similar fission ratio 

distributions as I and J because of their complementary positions to 

elements I and L. Fuel element L located between two fuel eleMents. 

H and F has a different situation in comparison with the others and 

was expected to have symmetrical fission ratio distribution and flux 

shape about the central plane of the fuel element. The results of 

the experiments are shown in Fig. 41 and the positions of the fuel 

elements J, I, H, L and F are indicated below the curves for clarity. 

From the experiment F8, F5, F8/F5 and 628 were obtained where 

F8 and F5 are U
238 

and U
235 

gamma activity fission rate per atom in 

U
238 

and  U
235 

nuclei respectively. F8/F5 and 628 are fission ratios 

per atom and natural uranium respectively. The corresponding values 

are indicated in the graph. In a series of irrad/ations only one 

natural uranium was used to display the general variation of the flux 

in the core and outside the core. The result of this experiment is 

shown as a continuous line in the diagram. 
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7.2 	CORE STRUCTURE AND THE EXPERIMENTAL PROCEDURE 

The London University Reactor Core consists of twenty-four 

UKAEA Standard MTR type fuel elements. The general layout of the 

core and surroundings are shown in Fig. 17. A block diagram of the 

core and a half scale size of one row of fuel elements are shown in 

Fig. 40. The position of the safety rod is indi.cated by letter "S", 

coarse rods by "C", fine rod by "FINE" and pneumatic facility by "0". 

The twenty-four fuel elements sit in an aluminium frame in the 

Reactor tank. 

The core is about 35 Cms square by 60 Cms high. Each fuel 

element comprises of twelve slightly curved aluminium fuel plates. 

Each fuel element is 7.2 Cms by 6.4 Cms. Fuel plate thickness varies 

between 1.42 and 1.50 mm, and fuel plates are between 3.72 and 4.1 mm 

apart. Twelve fuel plates are secured in a fuel can to form one 

fuel element. Fuel meat in the form of uranium alluminium alloy 

nominally 0.5 mm thick is rolled between two aluminium claddings. The 

uranium is 80% enriched U
235 

and each fuel element has nominally 138 

gm of U235(33).  The core is controlled by two coarse rods and a fine 

rod. A safety rod is provided for emergency or quick shutdown. 

Fission rate measurements were made with natural and 

depleted foils, 0.0762 mm thick, 9 mm diameter. The foils were 

fixed in recessed holes on a perspex strip by waterproof polythene 

tape, see plate 29. The strip was lowered by a long aluminium rod, 

threaded on one end to hold the strip, so that the strip became 

locate between two fuel plates. The thickness of the strip was so 

chosen to fill the water gap. The length of the strip was such that 

the foils were located at half the depth of the fuel elements where 



the flux gradient is small. A slightly curved aluminium strip was 

fastened' in a slot to the end of the perspex strip to keep it 

moving sideways in the fuel plates spacing and also add extra 

weight to keep it from floating. For irradiating foils outside the 

core a perspex frame was made to hold the foils at the same level , 

as incore irradiations, see plate 29. 

The row of fuel elements JIHL•F was chosen for the fission 

ratio and flux measurements since it was readily accessible for 

loading foils. During the Reactor operation the safety rod was 

always out, the two coarse rods half-way out and only fine rod was 

used to control the Reactor power level. The two hours irradiation 

was adopted as before in order to be able to find the true fission 

ratio using pre-determined value of p(t). The irradiation period 

was counted from 37% of the required Reactor power, 100 watts, to 

the time of shutdown. Foils were removed about half an hour after 

the end of irradiation. Since doing all irradiations simultaneously 

was impossible because of many reasons such as number of perspex 

strips, amount of uranium introduced into the core (because of 

reactivity change), and the counting problems of the foils irradiations were 

carried out in many runs. The maximum number of foils could be 

counted was five foils, therefore whole experiment was performed in 

several days. To normalize all irradiations a reference foils was 

needed to be used with every irradiation. For this purpose a natural 

foil was irradiated in the centre of the core concurrently with each 

set of foils for monitoring the flux level. The foils were counted on 

a double NaI(Tl) counting system shown in Fig. 4, with the discriminator 

bias set at 1.28 Mev peak of Na22 
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7.3 	FINE AND HYPERFINE STRUCTURE.  

From the experimental results the largest value of fission 

ratio, 628 is 0.08 in the middle of fuel elements and the smallest 

is less than 0.04 between two fuel elements. Therefore the gamma 

activity of natural foil across the core shown by solid line in the 

diagram, see Fig. 41, can be taken as proportional to the thermal 

neutron flux. The effect of reflector was noticed on the edge of the 

core as the activity of the natural foils irradiated on the edge of 

the core rises, see Fig. 41. The rise of the thermal flux within 

the fuel elements is due to neutron moderation and low absorption 

rate in water compared with the fuel element. In the position of 

the safety rod thermal flux has appreciably increased, which is due 

to the large spacing between the two adjacent fuel elements I and H 

and being close to the centre of the core. The high level thermal 

flux in this position signifies the importance of the safety rod in 

reactivity change for the shutting down the reactor. As shown in 

Fig. 41, the general trend in the flux distribution is the one 

usually expected, high in the centre and low near the edge of the core. 

In fuel element L fission ratio distribution is symmetrical about the 

centre plane of the fuel element, but U235  and U238  gamma activity 

distribution are not symmetrical. This is again due to higher flux 

in the centre of the core than the edge. In fuel element I because 

of the position of the safety rod-there is more chance for neutron to 

slow down than the other gaps between fuel elements. 

It is seen from diagram 41 that thermal flux gradient is 

greater than fast flux gradient. This is because of the fact U238, a 

threshold detector with threshold energy more than one Mev, was used 
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to measure the fast flux. The scattering cross section of hydrogen 

and oxygen above one Mev is less than 4bin comparison with 20b • 

for H below.5 Mev, as such fission neutrons have a great chance to 

travel from one fuel plate to the others inducing fission in U238  in 

fuel meat, while thermal neutrons are easily absorbed, mainly in , 

uranium. From the thermal flux shape in each fuel element U
235 

burnup can be estimated that is very higher in outer plates than 

inner plates. 

Since the foils irradiations have been carried out within the 

fuel plate gaps and there is not access to measure the fission ratio and 

the neutron flux in the fuel plates, a computer code RIPPLE (34) was 

used to predict the decrease in the thermal flux in the fuel plates and 

increase in fission ratio. RIPPLE calculation is based on collision 

probability, a brief description of the method is given in Appendix 

II for detail of the method consult (34), (35) and (36). The RIPPLE 

structure of thermal flux in the fuel elements between the fuel plates 

is shown in Fig. 42. From the graph the ratio of the flux in the fuel 

plates spacing where the foils were irradiated to the flux in the fuel 

meat is 1.05 ± 0.01. One per cent error is due to uncertainty of the 

position of the foils in the water gap. Therefore, thermal flux and 

fission ratio in the fuel meat are by 5% different from the measured 

values. Whereas the fast flux distribution in each fuel element due 

to low cross sections of materials 1e the core has a small variation. 

As such the fast neutron flux change between fuel plates is not 

significant compared with 5% change of thermal flux. 
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7.4 	DATA ANALYSIS AND ERRORS 

A computer programme FFR-CORE was written to calculate 

fission ratio, U238  and U235 fission rate in the fuel elements from 

the gamma counts of natural and depleted foils irradiated between the 

fuel plates. The FFR-CORE programme is basically the same as FFRIII 

is discussed in Appendix 1. The programme first does all the necessary 

corrections such as deadtime of the counting system, pulse pileup 

effect, background and natural activity, weight of the foils, correction 

for the positions of the foils on the perspex strip during the 

irradiation and normalization correction. Then it calculates fission 

ratio
, 
U
238 

and U
235 fission rates using equation 3.8 and 3.10. As 

mentioned in section 7.2, with every batch of foils irradiated in the 

core one natural foil was simultaneously irradiated in the centre of 

the core (pneumatic system) in order to normalize all irradiations to 

the same flux level. The normalization correction was used in the 

programme is attributed to the above sentence. The FN8 and FN5 are 

normalized U
238 and U235 fission rate to unity at 240 minutes were 

also obtained from each irradiation. In actual fact FN8 and FN5 are 

same as D8(t) and D5(t). The difference is that D8(t) and D5(t) were 

obtained from a series of irradiations in order to minimize the error 

at each point, see Appendix III for D8(t) and D5(t) table. 

In order to calculate random error for F8/F5, F8 and F5 

measurements at each position these values were multiplied by D5(t)/D8(t) 

1  and D51t) 
 respectively then equation 7.1 was used 

D8(t) 	DS( t) 

116. 
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cy2 = 1, E  
(x. - R)

2 
(7.1) N 	1  

where Q  is the standard deviation, N is the number of points (values) 

that is xis, x. is the ith value and x is the averaged value of xis. 

The calculated random error was about one per cent for the values of 

fission ratio
, U238 

and U
235 fission rates at each point. 

For analyzing the results of the natural foil gamma activity 

irradiated acrossthe fuel element row, JIHLF, between the fuel plates 

and outside the core a computer programme FLUX was written, see Appendix 

I. In this programme a two-dimensional array was arranged to be able 

to normalize all natural foils count rate to a reference one (was 

chosen arbitrarily) and find the random error in the measurements at 

each irradiation position. The array was 12 by 21 where 12 is the 

number of positions of irradiation in each fuel element and 21 is the 

decay intervals from 150 to 250 minutes. In these measurements the 

random error was calculated by dividing decays of all the natural 

foils by the middle foil decay, assuming all decays in one fuel 

element had similar shape. The computer results showed the validity 

of this assumption. The standard deviation was obtained from equation 

7.1. The random error was about one per cent for all the positions. 

The results of this measurements along with the fission ratio and fission 

rates are plotted in Fig. 41. 

7.5 	THEORETICAL CELL CALCULATIONS IN THE LONDON UNIVERSITY 

REACTOR CORE 

In order to perform flux distribution and reaction rates 
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calculations in the fuel element of the London University Reactor core 

the Generalized Multigroup System, GMS, was used, see Section 2.3. See 

Fig. 40 for details of the fuel element structure. The results of the 

computer are shown in Fig. 43 as compared with the measured values. 

Since flux distribution in the fuel element is symmetrical about the 

midplane of the fuel element, therefore the U235,  U238  reaction rates 

and 
U238/U235 fission ratio distributions are shown in Fig. 43, in half 

of the fuel element. In the calculations of reaction rates the presence 

of the control rods and the water gaps between the fuel elements were 

not taken into account in order to simplify the calculations. The 

results of the foil irradiations in the fuel elements J and L leading 

to determination of the U
235 and U238 reaction rates and fission ratio 

are shown in Fig. 43. 

In order to compare the experimental results with the theoretical 

predictions, the U
235,  U238 and  U238/U235 fission ratio were normalized 

to unity at the midplane of the fuel element. In Fig 43 solid lines 

are the theoretical results and dashed lines are the distribution of 

U235,  U238 reaction ratio and U238/U235 fission ratio in water gaps 

between the fuel plates. Falls and rises in the curves are due to the 

fuel and water structure. The fast neutron flux does not change very 

much in the fuel element. This is due to the low scattering cross 

section of hydrogen and low absorption of the fuel for fast neutrons. 

For true fission ratio in the fuel elements see Fig 41. 
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CHAPTER 8 

CONCLUSIONS 

The present method of fission ratios measurements, based on the 

fissile foils activation technique, has been shown to be capable of 

high accuracy. Because of the importance of fission ratios in reactor 

physics calculations, especially in fast reactors, accurate measurements 

of fission ratios have become essential for development of design and 

performance of reactors. Although the main effort was concentrated on 

U
238

/U
235 

fission ratio measurement, the technique is universal and 

can be applied to other important fission ratio measurements involving 

other fissile isotopes. The experimental evidence shows that the foil 

technique is a satisfactory method being both simple and fast. 

The Lanthanum-140 technique is a promising method, especially if 

Ge(Li) detectors are used for measuring the true fission ratio without 

bothering to determine the calibration factor, p(t), but at the present 

stage the uncertainity in the fission yields of La-140 is large and it 

can not therefore be used as a direct method for measuring true fission 

ratio. It is mainly used for monitoring the systematic errors in the 

fission chamber technique for measuring p(t). It should also be noted 

that the La-140 is a slow method. 

The third method of measuring the calibration factor, p(t), involved 

the simultaneous irradiation of a depleted foil and deposit in a thermal 

and fast spectrum and as far as the experimental errors are concerned 

it is a good method, but it requires some limitations which make it 

impractical in reactor spectra especially in fast reactors. 

In the process of measuring true fission ratios one of the sources 

of error is the neutron perturbation (flux depression, self shielding 

and elastic and inelastic scattering effect caused by foils). The 
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perturbation effect was estimated to be 1% in the calibration factor 

determination. 

The following points were considered in order to minimize the 

experimental errors: 

1. Using a fission chamber with the minimum amount of material, 

namely moderating materials. 

2. Using deposits with small area of fissile coating in order 

to eliminate flux gradient effect. 

3. Using thin deposits so that the fission product loss in the 

coating becomes negligible and scattering of fission product 

in the coating is minimized. 

4. Using foils as thin as possible with the nearest area to the 

deposit's area, since thin foils causes low flux perturbation. 

The area of the foils are important in places where the flux 

gradient is high. 

5. Using foils and deposits coating of the same fissile material 

in order to be able to assess the ratio of masses accurately. 

6. Using deposits of the same thickness (coating) so that the 

fission product loss will be the same for both deposits. 

7. By using Subroutine LISQFT in the Computer programme FFR3 the 

error due to linear interpolation between the counts was 

eliminated and statistical fluctuation was minimized. 

8. By using a correction for pulse pileup plus deadtime the 

error due to individual effect was minimized. 

A new technique has recently been used by Besant (8) to measure 

true fission ratios by Solid State Track Recorder (SSTR). The method 

is based on the track recording in solids proposed by Fleischer and 

reported in Ann. Rev. Nucl. Sci., 15, 1 (19E5). Besant employed a 
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polycarbonate called LEXAN. The composition of LEXAN is approximately 

H18C1603. Since LEXAN has a large amount of hydrogen and carbon, both 

are 'good moderators, the perturbation effect is to be taken into account. 

The experimental error was given as 3% in fission ratio measurement. 

This method can be used as an independent method for checking the 

results of foil activation technique. 

The method of mass determination of the fission chamber deposits 

is based on alpha counting. This method yields an uncertainty of 1.5% 

which is due to systematic errors including uncertainties in the half 

lives of uranium isotopes, especially U234, present in deposits. In 

order to determine the calibration factor, p(t), to an accuracy of 1% 

the masses of deposits ought be be assessed with an accuracy better 

than 1%. By irradiating a natural' 

spectrum 

of 0.8%, 

and depleted deposit 

the mass ratio of the deposits was obtained to 

error being due to fission counting statistics,  

in thermal 

an accuracy 

loss of 

counting system. 

(110 g/Cm2) 

fission products in the coating and the threshold on the 

The depleted and natural deposits had the same thickness 

to within 1%. The bias curves for both halves of the double fission 

chamber were similar, with the slope of 0.03 C/volt-count. This was 

an improvement in determining the mass ratio. 

Since true fission ratio measurement by foil technique is based 

on p(t) values it is highly important to determine p(t) accurately in 

different reactor spectra. The experimental results showed that p(t) 

varies with the neutron energy. The p(t) value in a fast reactor spectrum 

is by 10% lower than in thermal reactors. 

The foil technique was used in measuring the fission ratio in the 

London University Reactor Core. The 
U235,  U238 

reaction rates and 

fission ratio were measured in two fuel elements. And also the flux 
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variation across a fuel element row was measured by irradiating 

natural foils between the fuel plates and outside the core. A 

transport theory code, GMS-1, was used to calculate the U235  and 

U
238 reaction rates and fission ratio in half of a fuel element. 

The theoretical results and experimental values are consistent 

within the experimental error, except the values of U238,  U235 
and 

fission ratio near the edge of the fuel element. The calculated 

fission ratio is higher than measured value. This is due to the 

water gap between the fuel elements and in calculations a small gap 

of water was considered. 
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PT 
calculates true fission 
ratio. finds average P(t) 
and standard deviation on 
P(t). A rejection facilitl 
is used to accept p(t)'s 
between limits. 

DEDBAK 
corrects each count 
background,deadtime, 
pulse pileun,weight, 
gamma absorption. 

calculates the 
systematic error on 
P(t) measurements 
from given 
u=ertainties. 

6 

MAIN P-R.CGFAM 

reads all necessary data in 

POLY 
calculates D3(t) and 
D5(t) from a 4th 
order poly-nomial 
fitted to FN3(t) and 
FN5(t) (Normalized 
F8 and F5 decays. 

DECAY 
calculates F87F5, 
F8/F5,D28 and F08, 
FN5 (Normalized F8 
and F5, F5 to 240 
minutes from the end 
of irradiation). 

LISQFT 
fits a polynomial 
of Nth order to a 
given data.(decay 
of depl. or nature 1 
foil count rates 
vs decay time) 

LEAST 
finds N simultaneous 
equations from a given 
counts vs decay times. 

PIVOT 
solves the set of 
equations by Pivotal 
Condensation method. 

i 

BLOCK DIAGRAM OF "FFR" CODE 
(Fast Fission Ratio) 

Fig. I.1 

The computer program FFR3 

and the subroutine LISQFT. 

CALC 
calculates counts from 
the polynomial for a 
required decay times. 
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APPENDIX I 

FFR PROGRAMS AND SISTER PROGRAMS 

The Fast Fission Ratio, FFR, programme was designed to calculate 

fission ratio, U
238 

and U
235 

fission rates, FN8 and FN5 from observed 

gamma counts of depleted and natural foils. The FFR also calculates 

the true fission ratio from fission counts of the double fission chamber. 

By dividing the true fission ratio by the gamma activity fission ratio 

the calibration factor (p(t), is calculated. The programme finally 

calculates random and systematic errors involved in the measurements. 

The programme has three versions which are FFR1, FFR2 and FFR3. They 

are very similar and have common subroutines. A block diagram of FFR3 

is given in Fig. I.1. The FFR1 version comprises of the following 

subroutines — 

(1) DEDBAK 

This subroutine first finds the count rate of each foil, then 

corrects each count rate for deadtime of the counting equipment, 

pulse fileup effect, weight of the foil, gamma absorption in 

the foil, tray calibration and for position of the foil. 

(2) INTPLT 

The INTPLT interpolates linearly between two successive count 

rates in order to find the count rates of each foil for a 

given decay time. 

(3) DECAY 

This subroutine calculates F8(t)/F5(t),
28' 

F8(t), F5(t), FN8 

and FN5 from interpolated count rates. 

(4) PT 

PT calculates the true fission ratio from fission counts (obtained 

from the double fission chamber), mass of the deposits and the 
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fission product absorption rate in the coating and finally 

calculates the calibration factor p(t) from equation I.1 

p(t) 	(F8/F5) / (F8(t)/F5(t))y 	(1.1) 

where F8/F5 is the true fission ratio and (F8(t)/F5(t))y 

is the gamma activity fission ratio. p(t) is a time 

dependent quantity because the true fission ratio is a constant 

value and gamma activity fission ratio is a time dependent ratio, 

see Fig. 22. In order to calculate random error on p(t), the 

p(t) values were multiplied by D8(t) D5(t)then the average value 

was obtained. Using the following equation the standard 

deviation was calculated: 

N 
a2 N i 

 E 
1 i (x - 7 )2  (I.2)  

D8(t) and D5(t) are given in Appendix III. PT reject those 

p(t) values that are outside a chosen range. 

(5) ERROR 

ERROR calculates the systematic error involved in the 

measurement. The method of calculation was based on the 

following equation: 

(AQ)2 	ac/ 	2 	(6Q) 	)2 Ax) 	y 	• . (I.3)  

where LNQ, Ax, Au, . . . are absolute errors on function 

Q(x,y, ..), x,y,. . . respectively. Other elements are partial 
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derivatives of the function Q with respect to x, y, . . . 

The FFR2 version is a modified FFR1 programme with 

subroutine INPLT replaced by subroutine POLY. Subroutine 

POLY calculates D8(t) and D5(t) from two 4th order poly-

nomials fitted to the D8(t) and D5(t) values using 

programme LISQFT (Least Squares Fit). FFR2 calculates 

F8(t)/F5(t), F8(t) and F5(t) from equations 3.6 

and 310 . The rest of the programme is identical to 

FFR-1. 

In FFR3 a subroutine LISQFT was added to FFR2 in order 

to fit a required polynomial to natural and depleted 

corrected count rates, see Fig. 6. LISQFT gives an 

improvement to the linear interpolation, and is discussed 

later in this Appendix. 

FFR CORE 

This programme is similar to FFR1. FFR CORE does not have 

the pT subroutine, but calculates fission ratio,U238  and 

U235 fission rates. The random error is calculated from 

equation 1.2. The average values of F8(t)/F5(t), F8(t) and 

F5(t) are obtained by multiplying corresponding values by 

D5(t) 1 	and 1 	respectively and taking algebraic 
D8(t)' D8(t) 	D5(t) 

average. 

FLUX 

FLUX is similar to FFR1 without the pT subroutine. This 

routine corrects the counts of each foil for flux change by 

applying a factor obtained from a monitor foil. Each fuel 

element in the core is treated separately. The programme 
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uses a two dimensional 12 x 21 array, where 12 is the number 

of positions of foil irradiations and 21 is the number of 

decay periods from 150 to 250 minutes, taken in 5 minutes 

intervals. All decay intervals are based on mid-time of the 

counting period. All foil decays irradiated in one fuel 

element are devided by the decay of the foil irradiated in 

the centre of the fuel element. Then the average is obtained. 

The random error is calculated from equation 1.2. 

ENRICH 

This programme was written to determine the U
235 

enrichment 

in an unknown foil, by use of the gamma activity of a natural 

uranium foil as compared to the gamma activity of the unknown 

foil. This programme is basically similar to FFR1. The 

normalized U
235 

decay at 240 minutes is also obtained from the 

programme. 

LISQFT 

In this computer code the method of least squares is used in 

order to fit a polynomial to a set of data. 

Suppose x1,  x2,  x3, . 	, xn 
are the measured values of 

quantity x and y
1' 

y
2' 

y
3' 

. . . y
n 
are measured values of 

another quantity y. We assume there exists a relation between 

x and y that can be given by 

A
O 
+ A

1
x + A

2
x2 + A

3
x3 + . . . + Awn  . y 

On substituting experimental values of x the obtained values for 
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y are not in general equal to experimental values of y. 

To obtain the required relationship which best fits the 

data we chose the coefficients such that the sum of the 

squares of errors on y's is least. The condition is 

obtained by differentiating partially the polynomial with 

respect to its coefficients as follows:- 

A
O 
+ A

1
x
1 
+ 
A2x1

2 + . . + An 1 xn 
y1 

(I.4) 

2 A
O 
+ A

1
x
2 
+ A

2
x
2 
+ . . + An  x

n
2 	

y
2 

A
O 
+ 

Alxnp + A2xnp
2 + . . . A xn 	y n np 	np 

where np is the number of experimental values. 

Summing up all the coefficients of equation (1.4) one 

equation is obtained in terms of A0, Al, . . . A. Then by  

multiplying each equation of (1.4) by the coefficient of the 

second column (i.e. x
1
) and adding as above a second equation 

is obtained. By performing the same procedure for all x's a 

set of N equation is obtained as follows:- 
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NP 	NP 	NP 	NP 

	

A E(1). 	 Al  Ex + . . . +A E 
i 	

E y. 
0 	1 	i 	n 	1 1 	1 	1 	1 

NP 	NP 	NP n4.1  NP 
A0Exi+A14- 7  x.2 

	

+. . . + An  E n. 	E x.y. 
1 	1 	1 	1 

(1.5) 

NP 	NP 
A n 

 n+1 + AlA 
E  0+2 4. 	ENP  xn+n = 7 n . + 	x. y. 0 x. 	. 

1 	1 	1 	1 

The solution of equations 1.5 leads to determination of 

coefficients A's. 

The programme LISQFT consists of three subroutines, 

COEF, PIVOT and CALC. Subroutine COEF finds N equations 

shown in 1.4. PIVOT solves the set of equations given in 

1.5 by pivotal condensation method, and CALC calculates the 

values of y fora given set of values of x. The subroutine 

CALC. finds average residual per point and standard 

deviation. 



135. 

APPENDIX II 

THE COMPUTER PROGRAMME RIPPLE 

In a reactor core which consists of closely spaced thin fuel-

plates with moderator in-between fuel-plates (such as the London 

University Reactor, see Fig. 40), the neutron flux can be measured 

by foil techniques. 

We want to find the flux distribution between fuel plates and 

the effect of the hyperfine neutron distribution for use in 

reactivity calculation. These calculation may show a variation of 

up to four per cent reactivity depending on the accuracy of 

determining the flux fine structure. There is no practical means of 

measuring reaction rates in the fuel meat or cladding so the alternative 

is to tackle the problem by calculational methods. Several methods may 

be used to estimate the flux depression in the fuel plates. Diffusion 

theory, for example, underestimates the effect and it is not suitable 

for this kind of boundary conditions. The spherical-harmonics method 

may be used, but it requires a high order approximation. A third 

approach is to solve the problem using transport theory, which gives 

accurate results. A fourth method appears easier and simpler than the 

later, and is based on collision probability. The disadvantage with 

this method is that the conception is based upon isotropic scattering. 

For cases of non-isotropic scattering it has been suggested by 

Newmarch (34) that the transport mean free path be used instead of 

total mean free path to improve accuracy. 

Briefly, the concept of collision probability is as follows, 

however for more detail consult Refs. (34), (35), (36). 

In an isotropic scattering medium the total reaction rate is a 
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volume element dr at r and in energy interval dE about E, is given by 

Peierl's equation 

E(r,E)•1)(r,E)drdE 	Ej f p(r'-x)p(E',E) E
s(r',E') (r',E1 )dr'dE,  

r' E' 

+ j 	s(r',E)p(rt-,r)dr'] drdE 	(AI.1) 
r' 

The two terms on the right hand side of the equation represent the 

contribution in reaction rate. The first term calculates the number 

of neutrons at r after having had the last collision at r' with the 

change in energy from group dE' about E' to dE about E. The second 

term gives the number of fission neutrons and extraneous source (if any) 

at r in the energy interval dE at E. 

p(r'-,r)dr'dr represents the probability that a neutron in volume dr' 

at r' suffers the next collision in volume dr at r. 

p(E1.E)dE'dE is the similar probability function for transferring from 

energy interval dE' at E' to dE about E. 

According to the centre of mass system the scattered neutrons 

is given by 

p(E',
dE 

 E) dE'dE _ 	dE' 
(1.-a)E1  (AI.2) 

if aE' < E < E', and otherwise zero 

and 
(A-112 

a  - `A+1' 

• 
(AI.3) 
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where A is atomic mass number. 

At thermal energies because of upscattering the form of the 

function, p(E'-.E) will be different. 

The function p(r' -'r) dr dr' is given by 

p(r',r)dr dr' - 
E dr 

47(rt_r)2  e -E(r- rs)  dr' (AI.4) 

where E is the total cross section of the medium. By substituting 

AI.2 and AI.4 into AI.L and considering the volume of the cell V 

dividedinto'arumberofregionseachwithvolumeV.1  and cross section 

E. we obtain, 

v.E,.(E)dE = cj 	S Ei  Ti(E') J $ p(r',r)dr'dr 
J J 

	

E' 	i 	' V. 

	

pi(E'-,E)dEdE, 	5....(E) 	p(r',r)drdr'JdE 	(AI.5) 
v. V. 
1 J 

when;Ti istheaveragefluxinregioni,lis the average source in 

region i, symbol 5  is for the summation, 3  V. r.=--  dr, and v. E  dr'. 

r r 
The quantity 	I v  Iv  p(r' vi  0 i0 j  drdr' is defined as the first 

collision probability P13  for neutrons uniformly born or scattered in 
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region i suffering their next collision in region j. pij  is a function 

of energy, 

= E- V. 
4u(r

1  
.-r

(r.-r-) E.dr.dr. 
V 	

1 3 
)2 	1 3 1  (AI.6) 

Finally, the collision probability form of the integral transport 

equation becomes: 

Vj 	Ej  1)(E) _Vi  p.. 	1E' E ".(E') 	E)det 1 	Ij 	'  

5v. 	1 p..(E)Z.(E ) i 1 13  (AI.7) 

The subscript 1  on 	E) indicates that the moderating property can 

vary with the region index. 

Equation AI.7 can be expressed in the form of the group structure: 

V. Eg g  = 	v. p. .g 	Ei(k-4 g) .k 	Sy. p. g s.g J lj 	1 	ij 	1 	1 1 1j I 

(AI.8) 

Newmarck (34) has developed a computer program, RIPPLE, to calculate 

the ripple structure of thermal neutrons between fuel plates using 

collision probability concept. 
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2 
+A3*t

3 
+A~1<-t 

lj. 

2 ~ +ALJ-r.-t, 
~ 

+A3*t 

D5(t): and D8(t): 

=",,10099655780 

=-00150875921 
-~ 

A2 :=+0 0 795l7301~Ll6*10 - 0 r>,'7Q2c::,061c o*1-03 -T 0 ':-'" r ~ j,/ y~)-

-c:; 
A3 =-Oo256306772g7*lO~ 

-8 
A~ ~+O. 3237Ltl:56~~'7*10" 

-r.:; 
=-Oo309993LJ835*10-

-R 
=tOo 38J.68gQ206*lO' 
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142. 

TOILE 10j3epleted EOIL 

DEC .\Y 
MTNU1FS 	COW,J5 

COUNTS ilN0 

CALCOPTED 
COU-1S 

FTTIEn POLYtOM1AL PFSULTS 

C(CL)-c(OH) 	PERCFN“GE 
DIFFERENCE 

.7925EJA)? .519e,E+05 .5169E+05 -„2680E+03 -.515nE+0 

.P925E+0? .461(,E+05 .4627F+05 .1128F+n1 .2444E+00 
*9925F- 4. 02 *4147E+05 .4161E+05 ,i?<DHE+0 .329QE+00 
.1n92F+w1  373F+ OS ,3760E+05 .2697E+03 0960PE+00 
,1192E+03 *3391E+05 .3416E+05 .2r',12E+03 ,740QE+00 
.1292E+f,3 .314r;F*05 .3112F+05 -.2;;c36E+ro -.8066E+00 
.1392E+03 .?860E+05 .2863+09 -FOi76F+02 -,204pF+00 
.1492F+ol .262F+05 .2641E+05 .1205E+03 04SIE:t2E+00 
.1592E+01 .243E+09 .24407T4.04; .9112E+0? .3737E+00 
.1692E401 .23P0E+05 ,?27P,F+0t; -.4189E+01 -,10r,F+01 
.1792E+o1 .2171E+05 .2128E+05 -.4306E+03 -.198-A.E+01 
.1sg2EA. .177r+0ri ,19E+05 .1.4.40E+01 ,9306E+00 
.1992E+03 ,188nE+05 .187F,E+0.5 -„4?20F+O2 -,2244F+oo 
,2n92E+03 .176E+09 .17671E+09 .2i=,53E+02 .1501E+00 
.2192E+01 01661F+0q .1671E+05 .13729E+07 *5251E+00 
.2292F+Ill .1587E+05 .1579E+05 -.3118E+02 -.1970E+00 
.2392E+03 .1491E+69 .1496E+09 .5031E+0? 0337L;E+00 
.2492E+03 .1394F+05 .141f;E+05 .2136E+03 *1675E+01 
.2592E+03 .132'56+05 .1345E+05 .2036E+01 *1937E+01 
.2692E+01 0127PF+09 ,1277r+05 -.2512E+01 -,1966F-01 
.2792E+03 '1101E+05 .1214E+05 .2235E+03 .1R76E+01 
.2292E+1 .1150E+05 .1154E+05 .4115E+02 .3578E+00 
.2992E+03 011P,F+05 .1099E+05 -.7628E+02 -,6AQ6E+00 
.3092E+01 .1040E+05 .1047E+09 -.2403E+02 -02291E+00 
,31q2F+o3 .1o09F+05 .99iE4.04 -,(4p07F+02 -.9137E:4.00 
.329?E+01 .970;1E+04 .953PE+04 -.1703E+03 -.1754E+01 
.339PE+03 .9244E+04 ,91?7E+04 -.11686.+03 -,1263E+01 
.3692E+03 0886F+04 .8749E+04 -.1198E+03 -.1351E+01 
.359?E+03 .651q-E+04 .8403E+04 -.1120E+03 -01316E+01 
.3692E+01 .R094E+04 .i.W7E+04 -07463E+0) -.9220E-01 
,3792E+n3 .7858E+04 .7797E+04 -.6061E+02 -07715E+00 
.1;192E4c3 .759F+04 .7533E+04 -.6041E+02 .-.79RE+00 
.3992E+03 *7221F+04 .72HciE+04 .6785E+02 .9396E+00 
.4092+03 .6874E+04 *7061E+04 .1A88E+01 .2744E+01 
.41 92F+3 .6761E+04 ,68ri0F+04 .W4plE+02 *1319E+01 
,4292E+03 .6564E+04 .664U+04 .5175E+02 .1276E+01 
*4392E+03 .639g.E+04 .642E+04 .5679E+02 .6881E+00 
# 4497.E+074 .6222E+04 .629'3E+04 .3717E+02 •5974E+00 
.4592E+01 .6161E+04 .6067E+04 -,9';95E+02 -p151HE+01 
.4692E+03 .579F+04 .587F,E+04 .8319E+02 ,143AE+01 
*4792E+01 *5722E+04 .6F+04 •-.3072F+02 -.6941E+00 
.4A92E+03 .S441E+04 .549aF+04 .4Q35E+0? 09070E+00 
.4992E+01 .535'1E+04 .9301E+04 .-44(186E+02 -.9314E+00 
.5092E+01 .522,)F+04 .5127E+04 -.9100E+02 -.1782E+01 
.5192E+01 .504(1E+04 .4971F+04 -.6k67E+02 -.1361E+01 
•S2q?F+(Y ,4900E+04 .4H40E+04 -.5085E+0? -.103RE+01 
.5392E+03 *4723E+04 .4778E+04 .5465E+0? *1157E+01 
.5492E+01 .4720E+04 ,4779F+04 .9R76E+02 *1245E+01 

AVEPAGEn REsInuAL.L .94651E-A7 	STANNARD L)EV,= .21379E+02 

POt,YNOIAL FITTED is Y=A0+A1,x+A2.X**p+...+A6.x**6 
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