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REACTOR PHYSICS PROGRAM AT EURATOM CCR-ISPRA 

INTRODUCTION 

It is a very in te res t ing but not easy t a sk , to r epor t in the s h o r t t ime 
allowed for an o ra l p resen ta t ion , on the r e a c t o r physics work in p r o 
g r e s s in a cen te r . Each group is doing a good job , but a somewhat 
a r b i t r a r y select ion has to be m a d e , in o rde r to stay within the imposed 
t ime l im i t s . 

I hope that the topics p resen ted h e r e will sufficiently i l l u s t r a t e our 
act ivi ty without t i r ing the audience and without deceiving too la rge a 
number of g roups . 

I have divided this p resen ta t ion into two pa r t s : 

pa r t A deals with work not d i rec t ly connected with the ORGEL p rogram; 
however , some of this work is or will be helpful for this p r o g r a m . 

P a r t Β deals with work r equ i r ed by the development of the ORGEL 
p r o g r a m . 
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PART A - GENERAL REACTOR PHYSICS 

I. SHIELDING PHYSICS 

In the field of shielding nuc lear energy p lan t s , ce r t a in problems of outstanding 
impor tance s t i l l r e q u i r e sa t i s fac tory solut ions . Among t h e s e , pa r t i cu la r impor 
tance is a s sumed by that of de te rmining remova l c r o s s sect ions for fission 
neutrons and that of calculat ing the propagation of neut rons and gamma rays in 
duc ts . Theore t i ca l and exper imenta l r e s e a r c h has been undertaken in this 
d i rec t ion . 

a) Removal c r o s s sect ions : 
It is an useful in tegra l p a r a m e t e r to desc r ibe the at tenuation of neutrons 
through shielding. After some d i s t ance , an asymptot ic d is t r ibut ion cha
r a c t e r i z e d by an exponential behaviour is achiedVed , which can be p roper ly 
desc r ibed in t e r m s of a single c r o s s sec t ion , the r emova l c r o s s sect ion. 
F o r many m a t e r i a l s this p a r a m e t e r has been m e a s u r e d for a fission spectrum. 

As neutron spec t rums impinging on a shielding a r e often different from f i s 
sion s p e c t r u m , need ie r m e a s u r e m e n t s with monoenerget ic sources is 
obvious. 

These m e a s u r e m e n t s have been pe r fo rmed with water using the 5,5 Mev 
Van de Graaff of the Padova un ivers i ty . A source of neutrons with energy 
varying in the range 0-8 Mev and 15-20 Mev was obtained in the center cf 
a water tank 300 χ 300 χ 270 cm using L i , D2O and H 3 t a r g e t s . Detec tors 
used w e r e indium, indium under cadmium, sulphur in cadmium, other 

with 
m e a s u r e m e n t s Ni , F e , Al and boron and f ission chamber s a r e in p repa 
ra t ion . 

(1) A. Kind, R .Nicks - EUR 233. i (1963) 



R 
-1 

The f i r s t r e s u l t s obtained for the water remova l c r o s s sect ions 

Ε Σ 
Mev cm 

4 , 8 0 ,15 

6 ,8 0,12 

a re in reasonab le agreement with the previous one . (2) 

A Monte Car lo prog r a m to deal with the problem has been pr epa red , other 

m a t e r i a l s as i ron and lead a r e now m e a s u r e d . 

b) Propagat ion of neut rons through ducts : 
The facili ty used for this exper iment is the 1 MW SORIN swimming pool 
r e a c t o r (Saluggia, I taly). A cubical water tank (3 m edge) was put in front 

f ission 
of the shielding faci l i ty , a spec t rum is obtained by using an u ran ium conver t e r 
plate , the d i ame te r of which may vary between 5 and 45 cm. The neu t rons 
propagating through a tube extending from the u ran ium conver t e r p la te , w e r e 
m e a s u r e d with different t h e r m a l , r esonance and th resho ld de tec tors and 
f ission chamber s (U ,Th ,Np) . Two different d i ame te r tubes w e r e used 
in these exper iments (5 and 15 c m . ) 

Theore t i ca l r e s u l t s obtained with a Monte Car lo p r o g r a m w e r e fiound in 

good ag reemen t with the exper imenta l ones . 

(2) J . Bourgeois and Al. - Rapport CEA n° 1307 



II. MONTE CARLO CODE 

(3) A genera l Monte-Car lo code for fast effect ca lcu la t ions , named MOCA-II v ' 
was wri t ten by Rief for the IBM 7090. It is an extension and an improvement 
of an ea r ly work ini t iated at B N L . ' ' MOCA-II allows the solution of the genera l 
two or t h r e e dimensional energy dependent t r a n s p o r t equations under the a s 
sumption of the following sca t te r ing ke rne l s : 

a) e las t ic s ca t t e r i ng , i so t ropic or anisot ropic in the c m . sys t em. 

b) ine las t ic sca t te r ing e i ther by the level excitat ion or by the s t a t i s t i ca l model . 

c) fast f iss ion for energy dependent V value 

The p r i m a r y neutron source can be spatial ly d i s t r ibu ted , monoenerge t ic or as 
a f iss ion spec t rum,and an i so t rop ic . 

The p resen t geomet ry rout ines allow the calculat ion of s l ab , cy l indr ica l and 
spher ica l l a t t i c e s , a geomet ry of a r b i t r a r y rod bundles is a lso provided. 
The code allows the calculat ion of the following quanti t ies : 

1) The c l a s s i c a l fast f ission factor . 

2) The slowing down probabi l i ty of neut rons below a ce r t a in energy l i m i t . 

3) The ra t io of secondary to p r i m a r y neu t rons . 

4) Absorpt ion per geomet r i ca l region and energy group. 

In addi t ion to these r e s u l t s , the following quanti t ies can be calculated : 

5) The fast f ission ra t io ( o ) 

6) The neutron flux averaged for each geomet r i ca l region as a function of 
energy. 

7) The F e r m i age G and i ts x , y and ζ components . 

8) The energy deposit ion due to e las t ic neutron sca t te r ing . 

(3) H. Rief - MOCA-II, a mul t ipurpose Monte Car lo code for fast-effect 
calculat ions / Transac t ions of the Amer ican Nuclear Society, Vol. 6 n ° l , 
June ,1963 . 

(4) H. Rief - BNL 647 (T-206) , 1961 
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A lot of applications of this genera l code have been made or a r e under way. 
Fo r example , energy deposition in the different media of a heavy water mo de 
ra ted , organic cooled r eac to r has been calculated as a function of the deposi ted 
energy. This quantity is of i n t e re s t for the fouling p r o c e s s ; of c o u r s e , m a t e r i a l 
damage ra t e cannot be d i rec t ly in fe r red from these ca lcu la t ions , but very likely 
some re la t ion can be found between radia t ion damage r a t e and energy deposi t ion. 

These calculat ions were c a r r i e d out for the energy range 10 Mev to . 5 Kev, 
which was subdivided into 26 energy groups with group averaged c r o s s sec t ions . 
Including a detai led flux calculat ion for each of the 12 geomet r i ca l regions , 
reasonable va r iance can be achieved with 5.000 h i s t o r i e s , which need approxi 
mate ly 7 minutes of IBM 7090 computer t ime . 

A full descr ip t ion of the code and al l these r e s u l t s will be shor t ly i s sued as an 

ex te rna l Eura tom r epo r t . 
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III. BURN-UP PHYSICS 

The re a r e two steps in burn-up physics : 

a) to de t e rmine the isotopie composi t ion of a sample as a function of the 
i r r ad ia t ion in a given spec t rum ; 

b) the isotopie composi t ion being known, to find the effect on the r e a c t i 
vity. 

This second s tep can be m o r e easi ly solved by measur ing in a given r e a c t o r 
the reac t iv i ty effect of synthetic fuel e lements made by homogeneous mix tu
re of depleted uran ium and Pu of different i so top ie composi t ion. 

As synthetic fuel e l ement s a r e very expensive m a t e r i a l s , one way to p e r 
form the m e a s u r e m e n t s , is the substi tut ion technique, (5) the r e su l t s of 
which a r e genera l ly in t e rp re t ed in t e r m s of two group theory , dealing with 
the subst i tuted and re fe rence la t t ices as two homogeneous zones . Though 
m o r e economic than a complete c r i t i ca l loading, this method is s t i l l 
expensive. Heterogeneous theory * ' i s a good way to in te rpre t the r e su l t 
of subst i tut ion exper iments with a few e l emen t s . F r o m m e a s u r e m e n t s of 
c r i t i c a l level for different lat t ice pi tches and using the ke rne l h e t e r o g e 
neous t heo ry , the Y , ft p a r a m e t e r s of the subst i tuted e lements can be 
obtained in t e r m s of the corresponding p a r a m e t e r s of the r e f e r ence elemente 
These p a r a m e t e r s desc r ibe the absorpt ion and production of neut rons when 
the fuel e lement is i m m e r s e d in the unper turbed flux at a la t t ice posit ion. 
In p r inc ip l e , m e a s u r e m e n t with a single fuel e lement can be meaningful 
in th is theory . In such a c a s e , difficulty will a r i s e from the weak r e a c t i 
vity effect due to the substi tut ion of an e lement . 

The g rea t sens i t iv i ty of the osci l la t ion technique will allow us to p e r f o r m 
(7) the m e a s u r e m e n t in th is ca se . 

(5) Y . G i r a r d and Al. - II. Geneva Conference 15/8/336 
(6) G. B l ä s s e r - Symposium on Exponential and Cr i t i ca l E x p e r i m e n t s , 

A m s t e r d a m (2-6 /9 /63) 
(7) G. B l ä s s e r - EUR 221. e (1963) 
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The cen t ra l par t of a fuel element,being long enough to min imize end effects, 

is subst i tuted by a sample of the same geomet ry , but made of a different m a 

te r i a l , s imulat ing the isotopie composit ion after a given bu rn up . A normal 

fuel e lement is at tached to this composi te one, and the whole a s sembly is 

osci l la ted in the cen t ra l thimble of a c r i t i c a l faci l i ty. The ECO r e a c t o r 

will allow such m e a s u r e m e n t s thanks to a cen t ra l th imble extending well 

below the bottom face of the tank. 

The r eac to r signal m e a s u r e d with a de tec tor placed at a point r is given for 

a t h e r m a l r e a c t o r and non modera t ing sample by the re la t ion : 

s = Gf (r*. ro,f) P(r*o)  Ga(r*,£o, f ) A(?o) 

where r o , a r e the sample posit ion and the osci l la t ion frequency, 

where A ( r 0 ) = v / ^ d E d c3 0^(E) VN (r*0 ,E,¿o) 

and P( r*o) = VffdE d 3 V(E) <Tf(E) Ι Τ Ν ( Γ £ , Ε , ¿? ) 

a r e the total absorpt ion and production r a t e of neutrons in the sample in the 

vN(ro , E , <A> )flux. G a and Gf a r e absorpt ion and production r e sponse function 

which a r e c h a r a c t e r i s t i c of the r e a c t o r and de tec tor used . These functions 

can be calcula ted by a s tandard approximat ion method as mul t igroup diffusion 
(7) 

t heo ry , Monte Car lo or Sjvj from the genera l express ion given in. the r e p o r t , 

or can be be t t e r deduced by cal ibra t ing the r e a c t o r with boron and U235 

s a m p l e s . 

Oscil lat ing f i r s t a s tandard boron s amp le , one obtains (the index "O" r e f e r r i n g 

to the s tandard sample) : 

s° =  G a ( r , r*o, />) A0{?0) 

If a second s tandard containing U235 i s now osc i l l a ted , s ince the absorp t ion 

c r o s s sect ion of U235 is an a lmos t pure l / v behaviour , the ra t io : 

Ζ = A 25/Ao 

will be independent of the posit ion in the r eac to r and can be obtained by a 

s imple calculat ion. 
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The U235 signal can be written : 

25 
s = s° Ζ +G f(r, r0) P 2 5 

For an arbitrary sample containing fissionable material, we can now write: 

O " ι / ^ * o r r \ ' " 
S
 e - S

P - Λ " + (
S
 Ρ -

 S
.
 Z

> f f A 0
 v f f ' P25 

or : 

·*■-*■ s A . , ,-*· -* ν Ρ 

s f = a ( r , r 0 , f ) £ + b ( r , r 0 , f ) · 
P25 

where a and b are now experimentally known functions from the standards. 

By performing the experiments for two detector positions one can vary the 

ratio b/a and measure separately the absorption and the production of 

neutrons. 

Question may now arise as to the neutron spectrum at the oscillation 

position. To answer this question, Diana * ' has investigated the influence 

of Pu on the spectrum in the fuel and in the moderator using the Thermos 

code (see ref. part B). As expected, this influence is very important within 

the fuel while calculation has shown that in the moderator the effect is 

negligible at a distance of about 2 cm from the fuel surface. From these 

results, the following conclusion can be drawn : 

The moderator spectrum far from the fuel element is not sensitive to the 

details of thermal absorption. Therefore, the absorption integral, as 

measured by the oscillation technique, is already a sufficient characte

ristic for the thermal spectrum in the :moderator far from the elements. 

This facilitates the interpretation of the behaviour of Pucontaining samples 

in a reactor containing only natural Ufuel. 

Additional calculations have been made on the non uniform distribution of 

Pu in the fuel. Calculation has shown that the Ό fuel parameter is rela

tively insensitive to the Pu distribution, the effect on y is bigger but as 

this parameter is less important for the reactivity, one can be confident 

that theoretical Pu distribution , small errors will be made, in predicting 

reactivity change in a leactor.from uniform Pu distribution measurements. 

(8) E.Diana - Euratom -Internal Report ISPRA-471 (1963) 
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IV. FAST REACTOR PHYSICS 

The I spra center is not d i rec t ly involved in the Eura tom fast r e a c t o r 

p r o g r a m . This work is pursued in different nat ional l a b o r a t o r i e s under 

assoc ia t ion cont rac t s with Eura tom. However , as some knowledge in 

fast r e a c t o r physics may be of in t e re s t in the fu ture , a l imi ted theore t i ca l 

p r o g r a m has recent ly s t a r t ed in I sp ra . Some efforts were devoted to 

Doppler effect and neutron spec t rum in fast a s s e m b l i e s . 

a) 

Doppler effect : 

The influence of non uniform t e m p e r a t u r e d is t r ibut ion within the fuel 

was inves t iga ted . This problem is of i n t e r e s t for power r e a c t o r s with 

high power dens i t ies and fueled with poor t h e r m a l conductors as for 

ins tance UO?. 

(9) A Monte Car lo approach of this p rob lem was made by Mat thes , who 

inves t igated the Doppler effect in the energy region where r e sonances 

a r e wel l s epa ra t ed but not m e a s u r e d , so s t a t i s t i ca l d is t r ibut ion of r e 

sonance spacing and reac t ion widths must be used . The n e c e s s a r y p a r a 

m e t e r s for these d is t r ibut ions were taken from Nicholson 's r epo r t . 

The multiplication factor is defined by : 

K = -cp- Ζ Ni 

where Ν is the number of f iss ion neut rons s ta r t ing in the r e a c t o r . 

Ni the number of f iss ion neut rons produced in the energy in te rva l .A,.Ej, 

the summation is extended over the whole r e a c t o r s p e c t r u m . 

If the t e m p e r a t u r e is changed, a new value of the mult ipl icat ion factor 

K' is obtained : 

K' =-1— Σ N'i 

Ν "£

The change of reac t iv i ty due to th is change of t e m p e r a t u r e or the Doppler 

effect, is t h e n given by : 
Δ K = K ' K = -L·. ¿ Δ Ν 

(9) W. Matthes  Eura tom I sp ra 380 (1963) 

(10) R .B .Nicho l son  APDA 139 
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If i n t e r e s t s a r e paid only to those n e u t r o n s w h i c h a r e a b s o r b e d below 

a given e n e r g y E Q , the r e l a t i o n can be w r i t t e n : 

N N 0 E i ^ E 
o 

Mat thes h a s p e r f o r m e d t h e s e ca l cu l a t i ons for the e n e r g y r a n g e 1 Kev10 Kev 

w h e r e r e s o n a n c e s a r e not e x p e r i m e n t a l l y r e s o l v e d but ove r l app ing can be 

neg l ec t ed . 

The ca l cu l a t ion of the quant i ty --¿j0· i s s t r a i g h t f o r w a r d and i s not given in 

the r e p o r t . 

A b a s i c difficulty to eva lua te a d i f fe ren t ia l effect in the M o n t e  C a r l o m e t h o d 

a r i s e s f rom the i n h e r e n t s t a t i s t i c a l f luc tua t ions . To avoid t h i s , the m e thod 

d e s c r i b e d by G o e r t z l and Kalos * ' w a s u s e d . The s a m e se t of r a n d o m path 

is s e l e c t e d to c a l cu l a t e K and Κ' , the d i f f e rences of co l l i s ion poin ts dens i ty 

in the two c a s e s , due to the d i f ference in c r o s s s ec t i ons a r e t aken into a c 

count by p r o p e r l y modifying the weight of the n e u t r o n du r ing i t s f l ight. 
(12) 

Appl ica t ion of th i s p r o g r a m was m a d e for the following s i tua t ion v ' : 

 D i a m e t e r of the fuel e l e m e n t s 0 ,317 c m 

 D i s t a n c e of the fuel e l e m e n t s 0 , 3 6 8 cm ( s q u a r e l a t t i ce ) 

 Compos i t ion of the fuel e l e m e n t s 10% U  2 3 5 , 90% U238 

 T e m p e r a t u r e s Τ c e n t e r (° C) 700100013001500 

Τ s u r f a c e (°C) 500 

If a m e a n t e m p e r a t u r e can be def ined, such tha t K ( T C , T 8 ) = K ( T m ) w h e r e 

T m can be ca l cu l a t ed out of T c and T s by a p r o c e d u r e which i s independent 

of T s and T C 3 the following condi t ion mus t be ve r i f i ed : 

ì Κ . à Κ 
= cons t ÙTC à T s 

Calcu la t ion h a s shown that p r e s e n t l y th i s is not the c a s e . F o r the type of 

r e a c t o r c o n s i d e r e d , one h a s to employ two Dopp le r coef f i c ien t s , è K/ d T 8 

and αΚ/òTc which can be ca l cu l a t ed by the M o n t e  C a r l o p r o g r a m d e s c r i b e d 

h e r e . 

(11) G. G o e r t z l , M . H . K a l o s  P r o g r e s s in Nuc l ea r E n e r g y , Vol . 2 (1958) 

(12) G. B l ä s s e r , W. Mat thes  X. C o n g r e s s o N u c l e a r e , R o m a , (June 1963) 
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An analyt ical approach of the problem was a l so made by B l ä s s e r (13) 

for a single resonance in the na r row resonance approximat ion anda p a r a 

bolic d is t r ibut ion of the t e m p e r a t u r e in the fuel p l a t e s . A slab geometry 

consist ing of fuel e lements and modera to r was used . As for the previous 

Monte Car lo p r o g r a m , this analyt ical p r o g r a m was wr i t t en for the IBM7090. 
(12) 

Application was made to the following configuration. v 

 Fue l e lement th ickness . 3 cm 

 Modera tor th ickness 10 cm 

 Resonance p a r a m e t e r s E r = 1000 ev 

r = 1950 b 

Γχ = 0 ,03 ev 

Calculat ion has shown that for the given resonance a mean t e m p e r a t u r e 
2 

defined by T m = T s +— ( T s  T c ) can be used . 

This r e s u l t is in some contradict ion with KEANE calcula t ions * , which 

were made in the Infinite Absorbe r Mass approximat ion; it s eems possible 

that th is difference comes from the smoothing of absorp t ion due to the 

slowing down of neut rons within the fuel. 

F u r t h e r calcula t ions will be made with th is p r o g r a m m e to study the range 

of applicabi l i ty of the effective t e m p e r a t u r e concept . 

b) Neutron Spect rum in F a s t Assembl ie s : 

A tentat ive was made to find a s imple r rep resen ta t ion of the spec t rum in a 

fast a s s e m b l y than the mul t igroup one. A superpos i t ion of a v i rg in f iss ion 

spec t rum and an unknown spec t rum was t r i ed . 

ψ = A(c(X + ƒ>) 
where Ç/> , X and f a r e no rma l i zed spec t rum 

tf> the neutron spec t rum in the a s sembly 
X the f ission spec t rum 
f3 the unknown spec t rum. 
c\ is a propor t ional i ty cons tan t , and A = l / l + o( 

as r equ i red by the normal iza t ion . 

(13) G. B l ä s s e r - Eura tom Ispra 205 R (1962) 

(14) G. B l ä s s e r , E .D iana - VIII Congr. Nucl. Roma (1963) 
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Furthermore, the constant o( can be determined by the condition that 

j (E) = o for high val ues of E. By instance E > E o 

0 (E) = A o( X(E) for all E > E0. 

This way, the unknown spectrum can be studied by subtracting the fission 

spectrum from the reactor spectrum 

The reactor spectrum was calculated in the center of the assembly by a 

multigroup code (ZOOM 7090 version) using 16 groups and YOM cross 
(15) sections , and the properties of the unknown spectrum y° were studied 

following the PEARSON 'method. In this method, extensively used in 

statistical problems, it is shown that distribution curves can be classified 

in eight types according to the values of their moments up to the fourth. 

This calculation was repeated for a lot of core assemblies including U metal, 

oxide and carbide with different enrichment and proportions of sodium and 

stainless steel. It turned out that all spectra could be fitted by type I curves 

of the Pearson system, the expression of which is : 

f = const (l + -JL-)ml(l-_^-)m2 
' v ai v a2 

where χ is the lethargy, the origin of lethargies being taken at the point where 

the distribution reaches its maximum value. 

Furthermore, a linearity was found between the parameter o( and the enrich

ment down to 15% and the first and second moment of the distribution appears 

quite independent of core composition. 

The results of these calculations seem to indicate the feasibility of two group 

calculations for fast reactors, using two overlapping groups. The cross 

sections being properly averaged on these two groups. One can write : 

° χ χ + Σ ̂ x =sx 

Zx^x + o p =s f 

(15) S. Yiftah.O.Okrent, P. A.Moldauer - Pergamon Press , Oxford (i960) 

(16) E. S. Pearson, H. O. Hartley - Cambridge University Press (1958) 
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where Ο χ , O« a r e t r anspo r t ope ra to r s with c r o s s sect ions averaged on 

these d is t r ibut ions . 

The t r ans fe r c r o s s section Σ x _> <> from the f ission group can be taken as 

the average on the f ission spec t rum of the sca t te r ing c r o s s sect ion (elast ic 

and inelast ic) and ¿ p ^ x i s s imply the ^ ^ / production c r o s s sect ion averag

ed over the Ρ spec t rum. Another way to define the t r ans fe r c r o s s section 

Σ _̂  is by the r equ i remen t that the ra t io of the two fluxes far from 

boundaries be equal to . o( 

The averaged c r o s s sect ions over the f snec t rum can be obtained from a 

table as a function of the core composition. Or the ? spec t rum can be f i rs t 

computed for the given core composit ion using a mul t igroup theory in a one 

dimensional geomet ry from which average c r o s s sec t ions can be obtained. 

This reduct ion of the number of groups pe rmi t s the use of m o r e e laborated 
(17) 

methods such as two dimensional S^ ca lcula t ions . Marchuk has shown 

that one group t r a n s p o r t (P3) theory using ave raged c r o s s sect ions (which a r e 

obtained from 25 group P j ca lcula t ions) give a lmos t the same r e s u l t s as 

d i rec t 25 groups Ρ 3 ca lcula t ions . 

The effect of the re f lec tor was a l so invest igated by using mul t ig roup , one 

d imensional and two regions ca lcula t ions . The spat ia l var ia t ion of average 

c r o s s sect ions is impor tant only for the th reshold f ission c r o s s sect ion of 

U238 nea r the boundary. 

F r o m this one can expect that two group calculat ions according to the h e r e 

defined model can be made for ref lected a s s e m b l i e s . 

Boundary conditions in th is case a r e a del icate point which can be solved 

by using p roper ly in tegra l boundary condit ions. 

Another i n t e r e s t of the p rocedure desc r ibed , i s the in te rpre ta t ion of c r i t i ca l 

e x p e r i m e n t s , by reducing the number of p a r a m e t e r s to be de te rmined to 5 

( o( , a.\ , a ¿ , m j , 1x12) in tegra l quanti t ies can be eas i ly and accura te ly obtained 

with a reduced set of de t ec to r s . 

(17) G . I . Marchuk  Proceed ings of the Vienna Conference (1962) on the Phys ics 
of fast and In termedia te Reac to r s  Vol. II  p. 19 fi 
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PART Β - ORGEL REACTOR PHYSICS 

Reactor design calculation from f i rs t pr inciples , is s t i l l doubtful for a na tura l 
uranium fueled r e a c t o r , due to the poor react iv i ty of this sys tem which must be 
calculated with a high accuracy, in o rde r that c r i t ica l i ty may be achieved during 
the whole life of the fuel e lement . 

For this r e a s o n , calculat ions must re ly on in tegra l exper iments which cover 
a range being wide enough for the des igne r ' s needs . This does not mean that 
refined theor i e s a r e unneces sa ry . On the con t r a ry , needs for such theor i e s 
a re continuously i nc rea s ing , as they furnish a be t ter insight in the physics of 
the sys t em. F u r t h e r m o r e , they may d e c r e a s e the number of high cost expe r i 
ments needed, thus allowing the des igner to use safely the codes in a range 
where no or few exper imenta l r e su l t s ex is t , and enable one to obtain quanti t ies 
of i n t e re s t for the des igne r , which a r e not d i rect ly given by the expe r imen t s . 

Our bas ic philosophy for predict ing the per formances of a na tura l uranium 
fueled r e a c t o r , l ies in refined theory based on high accuracy expe r imen t s . 
For r e a c t o r design ca lcu la t ions , some simplified models may be used which 
give as accu ra t e r e su l t s as the genera l theory , but in a more l imited range . 
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I. THE ORGEL RECIPE : 

Up to now, ORGEL calculat ions use a rec ipe cal led CAROLINEI. 

The ambition of a r eac to r physicis t is of course to do good phys ics . However , 

the r eac to r physicis t has a l so to provide the r e a c t o r des igner with means of 

calculat ion. As r e a c t o r physics is an applied s c i ence , mainly justified by the 

construct ion of r e a c t o r s , this means that p r io r i ty has to be given to th is second 

task . Calculations which do not take into account all the phenomena, which use 

some oversimplif ied m o d e l s , a r e called by r e a c t o r phys ic i s t s "a r e c i p e " . This 

t e r m is by no means pe jora t ive . A rec ipe is good if it is based on exper iments 

and it genera l ly gives be t te r r e su l t s in the range covered by the exper iments 

than m o r e refined theo r i e s based on f i r s t p r inc ip les only. A rec ipe is not a 

s imple calculat ion. Even the simplified model on which it is based leads to 

r a t h e r lengthy calculat ions which r equ i re the use of digital c o m p u t e r s . F u r t h e r 

m o r e , up to now, al l r e a c t o r design calculat ions were based on the use of m o r e 

or l e s s sophis t icated r e c i p e s . 

Caro l ine  I 

Caro l ine  I was developed from the beginning for this pu rpose . Carol ine I / i s 

based on the F r e n c h co r re l a t ion for heavy wate r l a t t i c e s . In th is co r r e l a t i on , 

t h r ee p a r a m e t e r s : ï) , Α , Β a r e deduced from buckling m e a s u r e m e n t s . 

h is the c l a s s i ca l na tu ra l uranium t h e r m a l f iss ion fac tor , A and Β a r e the 

cons t an t s of the effective resonance in tegra l . In o rde r to make allowance for 

the c h a r a c t e r i s t i c s for which the studied la t t i ces differ f rom those on which 

the F r e n c h co r re l a t ion was based , pa r t i cu la r ly the p r e s e n c e of organic liquid 

ins tead of heavy watar in the fuel e l e m e n t s , appropr ia te modifications to 
(2) 

Naudet ' s calculat ion method have been int roduced. 

The p re sence of organic modifies the slowing down p rope r t i e s of the l a t t i ce , thus 

affecting the £ ,p fac tors and the slowing down a r e a . It modifies a l so the 

t h e r m a l neutron spec t rum; however , th is effect i s not d i rec t ly dealt with by 

(3) 
Caro l ine , but by another code called Thermidor* 'which provides averaged 

(1) Caro l ine  I , G. Cas in i , W. de Haan, E. Diana , C. Foggi , A. Kind,G. Ross i 
EUR134 e. (1962) 

(2) Réseaux à eau lourde  R . N a u d e t / Génie Atomique Β XV 
(3) A simplified model for the de terminat ion of the t h e r m a l neutron spec t rum 

in a fuel e lement  A. Kind, G . R o s s i  Energ ia Nucleare 9  l l (Mbv . 62) 



- 21 

t h e r m a l c r o s s sect ions as input data for Carol ine . 
F u r t h e r m o r e , as uranium carbide s eems a ve ry promis ing m a t e r i a l for ORGEL 

the resonance in tegra l r e a c t o r s , the co r r e l a t ed values forV""were obtained from the co r r e l a t ed values 
(4) for U meta l and U oxide following the method given by Vernon v ' 

A set of buckling exper iments was pe r fo rmed with the F rench c r i t i ca l facility 
Aquilon-II , in o rde r to check the r ec ipe . During the expe r imen t s , t h ree types 

(5) 
of fuel e lements were used: 

a) c lus t e r of 1 9 magnes ium-c l ad uran ium oxide rods - 12mm d i a m e t e r , 
i m m e r s e d in monoisopropyl diphenyl contained in a hexagonal a lumi 
num tube; the dis tance between the boundar ies of two adjacent rods 
was 1 m m . 

b) the same fuel e lement , but with adjacent rods in contact 

c) c lu s t e r of 19 uran ium oxide rods 16,2 m m in d i a m e t e r , with a distan
ce of 1 m m between r o d s , a r r anged as in the previous c a s e s . 

The Caro l ine - I code is p r o g r a m m e d on the IBM-7090 in F o r t r a n language. It 
gives the following r e su l t s : £ ,p,f, L ^ , L S ,k , B m , and the t h e r m a l flux 
in each region. 

T imes of calculat ion a r e of the o rde r of 1'. 
When compared to the e x p e r i m e n t s , Carol ine I gives buckling in agreement 
within + . 1 m~ . 

T h e r m a l neutron spec t rum and resonance escape probabil i ty a r e receiving more 
and m o r e cons idera t ion since a few y e a r s . Improved solutions of the energy 
dependent Boltzman equation were given, it is also a field where usually some 
quantum mechanics and nuc lear physics a r e welcome and this explains t h e i r 
grea t a t t r ac t ion for some runaway from these discipl ines to r eac to r phys ics . 

(4) Effective resonance in tegra l for uran ium carbide - R .Vernon -
Nuclear Science and Engineering - 6(2), 163 (1959) 

(5) Cr i t i ca l exper iments on na tura l uranium oxide, organic cooled,heavy water 
modera ted la t t ices - G. Cas in i , C. Foggi , F . Tosel l i - Energia Nucleare , Vol. 9 

Ν. 8(1962) 
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II. THERMAL NEUTRON SPECTRUM : 
These effects a r e impor tan t , both for investigating neutron economy when 

Plutonium isotopes a r e p resen t in the fuel e lements and for dynamic through 
the t e m p e r a t u r e coefficient. In ORGEL la t t ices these effects a r e s t i l l 
complicated by the p r e sence of two m o d e r a t o r s at different t e m p e r a t u r e s . 

A f i r s t approach of these effects was made in connection with r e a c t o r design 
calculat ion. As the p rob lems dealt with a r e by no means c l a s s i c a l , this f i rs t 
approach can hardly be cons idered as a r ec ipe . It is based on the assumpt ion 
that r e the rma l i za t ion effect due to heating up of neut rons by the hot organic 
coolant and hardening effect due to select ive absorpt ion of neu t rons by fuel 
m a t e r i a l can be separa ted . 

The r e the rma l i za t ion effect is dealt with by the two overlapping t h e r m a l 
(7) 

group approximat ions proposed by Selengut . These two groups a r e Max-
wellian dis t r ibut ion at the physical t e m p e r a t u r e s of the coolant and m o d e r a t o r . 
The fundamental p a r a m e t e r is the t r a n s f e r c r o s s sect ions from one group to 
the o ther . F o r the deuteron bound in the heavy water molecu le , the model 

(8) proposed by Brown and St . John can be r ega rded as sufficiently a c c u r a t e . 
(9). 

For the pro ton , the phenomenological model of Drozdov et a l . is used. 

The hardening into the fuel is dealt with by assuming a maxwel l ian d i s t r ibu t ion 
enter ing the fuel e lement . Inside the fuel, a mul t igroup diffusion equation is 
used without energy t r a n s f e r . Boundary conditions between mode ra to r and fuel 
element a r e continuity of incoming cu r r en t for each g roup , for the outgoing 
cu r r en t only an in tegra l continuity condition over the whole energy range is 
imposed. 

(6) A simplified model for the de terminat ion of the t h e r m a l neutron spec t rum 
in a fuel e lement - A. Kind, G. Ross i - EUR 260 e. 

(7) D. S. Selengut - Nuclear Science and Engineer ing , 9,94 (196 1) 
(8) Handbuch der Physik , XXXVIIl/2 page 465 - E. Arnaldi 
(9) S.I. Drozdov et al . - Geneva Conference 1958, P /2033 
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These per turba t ions of the main modera to r spec t rum due to the re the rmal iza t ion 
and hardening effects a r e summed up independently to find the fuel spec t rum. 

Thi s p rocedure is supported by the hot loop exper iments made in Chalk River ; 
where a "neutron t e m p e r a t u r e " in the fuel was m e a s u r e d as a function of coolant 
t e m p e r a t u r e , the tes t event in these exper iments is the f issbn react ion ra te 

.. D 239 /TT235 rat io Pu / U . 

The The rmidor code based on this theory is a l ready used for Orgel design 
calculat ions in connection with RLT2 ^ ', a code for burn up evaluation, and 
Caroline I. 

For the m o r e refined theory , new approaches proposed by different authors 
a r e now invest igated. Among t h e s e , the mos t promis ing seems to be t h e 

(12) Horowitz and Tretiakoff v ' t heory and the f i r s t flight col l is ion probabil i ty 
(13) used by Honeck in his T h e r m o s code. Which one is the most suitable for 

our purpose depends on seve ra l condit ions. A decision will be made l a t e r on 
this y e a r , and work will be pursued on the selected one. 

A grea t at tention is paid to the energy t r ans fe r of neutrons colliding with 
protons bound in organic molecu les . A p re l imina ry analys is was made by 

(14) Ardente on the sca t te r ing by the proton bounded in the benzene molecu le , 
which i s taken as the fundamental dynamic unit. Different models were t r i ed 
and new ones proposed. The c r i t e r i u m for select ion is the compar i son of the 
total sca t te r ing c r o s s s ec t i on as a function of neutron incident energy computed 
from the mode l , with the exper imenta l va lues . 

(14 bis) 
The f i rs t and s imples t model is the "gas mode l" introduced by Sachs and Tel ler . 
By means of one p a r a m e t e r , the effective m a s s , it takes into account the 
t r ans la t iona l and rotat ional mot ions . 

(10) C. B . B i g h a m , B . G . Chidley .R. B . T u r n e r - AECL 1350 (1961) 
(11) G. Bias s e r , G. Cas in i , J . Pi l lon - E U R / c / l S / 7 8 4 / 6 l f 
(12) Effective c r o s s section for t h e r m a l r e a c t o r s - EANDC(E)14 (i960) 
(13) H . C . Honeck - Thermal iza t ion t r anspo r t theory code for r eac to r lat t ice 

calculat ions - BNL 5826 
(14) V. Ardente - Colloque Internat ional de diffusion et de diffraction des 

neutrons - Grenoble , 3-5 Sept. 1963 
(14 bis) R . G . S a c h s , E . T e l l e r - Phys ics Review 60 18 (1941) 
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Compar ison with exper imenta l values , shows that it fails in the energy range 
(14 ter) . 0 2 - . 3 ev. A more e laborated model due to Kr ieger and Nelkin , the 

"free molecular g a s " using two p a r a m e t e r s : the effective m a s s and a v ibra t io 
nal constant taking into account the e las t ic vibrat ional t r ans i t ions from the 
ground s t a t e , gives - as expected - a bet ter r e s u l t , but is s t i l l in d i sagreement 
with the exper imenta l curve in the energy range above . 1 ev. 

Improved models with an inc reased number of p a r a m e t e r s would evidently give 
a be t te r ag reemen t . Ardente has invest igated two of these models for the ben
zene molecu le . As the proposed p a r a m e t e r s a r e not c o r r e l a t e d d i rec t ly with 
the to ta l sca t te r ing c r o s s sect ion, in which case ag reemen t will be t r i v i a l , 
but with some known dynamical p r o p e r t i e s , as the v ibra t ional frequency d i s t r i 
bution deduced from optical measurements : , good confidence in the validity of 
the model can be gained and extension to m o r e complicated organic molecules 
can be m a d e . 

The f i r s t of these models is the "two v ib ra t i ona l mode l" . It t akes into account 
the t r ans l a t iona l motion with the r e a l m a s s of the benzene molecule (78). 

The ro ta t ional motion is r ep laced by a to r s iona l i so t rop ic osci l la t ion with a 
single frequency W and m a s s M r . Fo r the v ibra t ional s t a t e s , the frequency 
dis t r ibut ion of the benzene molecule shows concentra t ion of the vibrat ional 
s ta tes around . 12 ev and . 38 ev. T h u s , the simplified model r e ta ins only two 
vibra t ional s t a tes at these e n e r g i e s . 
The compar i son with exper iment shows a ve ry good ag reemen t . 

The second of these models is the "polycrys ta l l ine mode l " , which takes into 
account only the v ibra t ional s t a t e s , in complete opposition to the "free gas model". 
Agreement with exper iment is a lso very good. A further advantage of this 
approach is the formal equivalence with a c rys ta l l ine model , for which ex tens i 
vely developed mathe ma t i ca l methods a r e avai lable . 

(14 t e r ) T . J . K r i e g e r , M . S . N e l k i n - Phys . Review 106 , 290 (1957) 
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These studies lead to the conclusion that the proposed models can be used 
for o ther polyphenyls. The ref inement of the model would likely r e q u i r e 
a check with m o r e sens i t ive quantit ies than the to ta l c r o s s sect ion, as the 
differential sca t te r ing c r o s s section or the sca t te r ing law. 

Exper imenta l effort is not absent . Exper iments will be c a r r i e d out this 
year on the total c r o s s sect ion of different organic liquids as a function 
of the t e m p e r a t u r e , using the t ime of flight technique. M e a s u r e m e n t s 
of neut ron spec t rum in poisoned organic and at the in terface of two diffe
rent t e m p e r a t u r e organics a r e a lso in p repa ra t ion , in o rde r to support 
Arden te ' s ca lcula t ions . 

A m e a s u r e m e n t of the fine s t r uc tu r e of the t h e r m a l flux in s imple geomet ry 
ORGEL type la t t i ces , a l so re la ted to neutron s p e c t r u m , has been p e r 

d o ) 
formed N in the F r e n c h c r i t i c a l facility Aquilon II, by act ivat ion of 
dyspros ium d e t e c t o r s . Two organic compounds , i . e. monoisopropyldi -
phenyl (Monsanto) and diphyl (Bayer) have been invest igated. Good a c c u r a 
cy was achieved in these e x p e r i m e n t s , + 1% on the disadvantage fac tors 
leading to about + . 1 % in the t h e r m a l ut i l izat ion factor . These different 
fac tors were computed by Sturm * ' using the T h e r m o s code and two dif
ferent models for the sca t te r ing ke rne l of the proton bound in the organic : 

(17) 
the Brown and St. John model and the Nelkin o n e \ Genera l ly , the p r e 
dicted disadvantage fac tors a r e slightly higher than the exper imenta l ones , 
leading to ove re s t ima t e f by . 1 to . 3 % . As these different models a r e not 
sa t i s fac tory for the organic molecu le , calculat ion will be repea ted using 
the m o r e e labora ted Ardente model . 

These e x p e r i m e n t s , too , will be sys temat ica l ly per formed with the ECO 
faci l i ty, with m o r e complicated geome t r i e s including c lu s t e r s and pos 
sibly at different coolant t e m p e r a t u r e s . 

(15) A. Boeuf, S . T a s s a n - EUR 206. e (1963) 
(16) A . S t u r m - pr iva te communicat ion , Eura tom 
(17) Nelkin - P h y s . Review 119 (I960) 7-H 
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III. RESONANCE ESCAPE PROBABILITY : 

This i s another p rob lem which r equ i r e s a good deal of efforts . In the 

Caro l ine I code , r e sonance escape probabil i ty is given by the well known 

re la t ion : N f Vf Ieff 

ρ = e Îf2"s V m 

Vs/i where Ieff = A + Β γ S/M 

A and Β together with η a r e p a r a m e t e r s co r r e l a t ed with buckling exper iments , 

in this c a s e , a ccu ra t e predic t ion of buckling can be made but wrong values of 

the resonance escape probabil i ty a r e obtained. This s i tuat ion is r a t h e r 

unsa t i s fac tory and be t te r formulat ions a r e now under invest igat ion. 

Calculation of r e sonance escape probabil i ty for compl icated fuel geome t r i e s 

as c l u s t e r s for a power r e a c t o r , is a ve ry difficult t ask . In fact , only 

Monte Car lo calcula t ions can deal with the problem without oversimplifying 

a s sumpt ions . But these ca lcu la t ions , due to the i r inherent ly s ta t i s t i ca l 

e r r o r s need long machine t ime , even with the best avai lable c o m p u t e r s , to 

give the r equ i r ed accuracy ; for this r e a s o n it i s excluded that these ca lcu

lat ions will be used for r e a c t o r design work. More l ikely , a combination 

of the Monte Car lo and the analyt ical method will be used. All these new 

theo r i e s a r e based on the mul t igroup technique. The f i rs t thing to be done 
(18) 

is to check the validity of the a l ready avai lable codes . GAMI , a code 

developed by GA, allows the calculat ion of ave raged group cons tan t s , it 

u se s the re sonance p a r a m e t e r s in the reso lved region and s ta t i s t i ca l d i s t r i 

bution of these in the unreso lved one. The best thing to be done is to compare 
, (19) 

the predic t ion of GAMI with the Hel l s t rand exper imenta l r e s u l t s . 

Fo r th is p i rpose , Sturm^ has done the compar i son for cyl indr ica l fuel 

e lements of U m e t a l , oxide and carb ide sma l l enough so that the assumpt ion 

of a flat flux and l / E spec t rum may be reasonably made . This compar i son 

has shown that the r e sonance in tegra l calcula ted by GAMI is sys temat ica l ly 

lower by abovt 14% than the He l l s t r and ' s va lues . Af te r a detai led analys is 

it can be shown that these d i s c r e p a n c i e s can be a t t r ibuted to the neglect of 

high angular momentum resonances and absorpt ion of neut rons at energies 

above 30 Kev. 

(18) G.O. Ionon and I. S. Dudek  GA1850 / (1961) 
(19) E. Hcl ls t rand  Journa l of Appi. Phys i c s . 28 (1957) 1493 

(20) B . S t u r m  Eu ra tom in te rna l r e po r t ISPRA476 
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The importance of these effects had a l ready been demons t ra ted by A.dler*" 
who fourri a value of 1,4 b for U meta l and U oxide in a range v S/M > o, 2. 
Ad le r ' s calculat ions a r e coherent with He l l s t r and ' s r e su l t s except for UO_ 
where they a r e in excess of . 5 b over the extrapolated exper imenta l r e su l t s 
for V S / M = 0 , 2 . 

Vernon '^ 2 ' po in ted out that about 0 ,8 b must be a t t r ibuted for absorpt ion at 
energies above 30 Kev, which a r e geometry independent. 

(23) A value of 1,4 b was also found by Nordheim v ; F o r UC, a difference of the 
same o rde r was found by compar ing GAM-I calculat ions with the value de 
duced by Vernon from the He l l s t r and ' s expe r imen t s , using the equivalence 

(24) t h e o r e m , which is a l so coherent with Mül le r ' s x ' t heo re t i ca l ca lcula t ions . 

Another effect of impor tance for the l a rge pi tches (20-25 cm) encountered 
in power r e a c t o r s is the spat ia l dependence of the flux within the cel l and 
deviations from l / E law due to absorpt ion at higher r e sonance . These effects 

(25) were invest igated by De Haanv , who der ived an IBM-7090 mul t igroup code, 
named SKAL for resonance escape probabil i ty in heterogeneous l a t t i ce s . 

(26) NDA has a l r eady developed a code using the age theory to take these 
effects into account , but this method fails in case of a cell containing m o r e 
than one m o d e r a t o r and for l a rge fuel sect ions of the o rde r of 25 c m ¿ , 

The code developed by De Haan is a mul t ig roup , mul t i region code based on 
the solution of the t r a n s p o r t equation by the coll is ion probabil i ty technique. 
Effective c r o s s sect ions by energy groups a r e calculated by GAM-I modified 
to take into account the higher angular momentum resonances and absorpt ion 
above 30 Kev, and the neutron dis t r ibut ion within the cel l is calculated by 
SKÄL , which gives a l so the advantage-disadvantage factors and the resonance 
escape probabi l i ty . Theory is going along these l ines and an exper imenta l 

supporr 
p r o g r a m to\i t i s now in p r o g r e s s . The effective resonance in tegra l of an 

(27) ECO c lus te r was made by Tas san 

(21) Adler et a l . - PIGG 16 (1958) - 155 
(22) A . R . V e r n o n - Nuclear Science by 6 (1959) 163 
(23) Nordheim - Lec tu re given in the Techn. Hochschule München, July 1963 
(24) A .Mül l e r - Nukleonik 3 (7) (1961) 303 
(25) W.De Haan - I spra Internal Report DPR-305 (1963) 
(26) NDA-2131.38 (May 62) - W . L . B r o o k s , H. Soodak 
(27) S . T a s s a n - unpublished r e su l t s - I spra (July 1963) 
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The ECO element cons is t s of 19 Al clad na tu ra l u ran ium meta l r o d s , 12 m m 
in d i a m e t e r , a r r anged in an Al tube filled with o rgan ic . Measu remen t s have 
been performed by the act ivation technique, using the cen t ra l th imble of 
ISPRA-I, a 5 MW D2O modera ted and cooled r e a c t o r at the I spra Center . 
Depicted uranium (300 ppm) d e t e c t o r s , 0, 1 mm thick and 12mm in d iamete r 
were used and the induced Pu-239 activity of the de tec tors was counted 
by a coincidence technique , actually one Y and one X ray from de-exci ta t ion 
of Pu-239 . In o rde r to avoid co r r ec t ions for deviation from the / E law in the 
few cv r eg ions , as mentioned by the Swedes for the Rl r e a c t o r , the RI of the 
c lus te r was r e f e r r e d to the RI of a single U rod , using the He l l s t r and m e a s u 
red va lue , a check was made by measur ing the RI of the r e f e r e nc e rod by 
compar i son with the infinite dilution resonance in tegra l of gold. The a g r e e 
ment obtained with the Hel l s t rand or iginal r e su l t s (uncor rec ted for the de 
p a r t u r e of the flux from the l / E law); indicates that the above co r r ec t i on 
t e r m i s , as expected, very s imi l a r for the Swedish Rl and the I sp ra I r e a c 
t o r s . 

Resul ts obtained a r e given in the following table : 

Organic F o r m u l a Spacing RI RI RI 
rod mm. m e a s u r e d calculated calcul ated 

barns Hel ls t rand Hel l s t rand 
Carl vïk rubber band 
Peshagen barns 

barns 
Monoisopropyl 
dyphcnil H ^ C i s 1 11,25 11,66 9,07 

Dyphil 

The las t column gives the RI in tegra l calculated by neglecting the slowing 
down of neutrons due to the organic . 

Accuracy which may be achieved in these exper iments is + 4 % . 

This is not actual ly the case for these expe r imen t s , which a r e p re l imina ry 
and for these r e a s o n s , the exper imenta l e r r o r s a r e not quoted. 
The. m e a s u r e m e n t will be extended to a r a the r genera l investigation of the 
coolant and geometry effects, and success ive ly to the de terminat ion of the 
effective resonance in tegra l of UC c lus te r e l ements . 

II 

0 C12 
II 

0 
1 
0 

11,21 
11,49 
10,85 

11,35 
11,23 
10,9 

8,83 
9,07 
8,83 
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IV. FAST NEUTRON MULTIPLICATION FACTOR : 

Another quantity of impor tance in r eac to r calculat ion, and which r e q u i r e s 
some effor ts , is the fast neutron mult ipl icat ion factor . This quantity was 

(28) invest igated by L.Amyot , who per formed a calculat ion on an Orgel 
c lus te r fuel e lement , using a DSN code, and eighteen g roups of energy 
between 10 Mev and . 1 Mev. The average group c r o s s sect ions were 
obtained with GAM. The DSN obtained spec t rum exhibits a f ission spec t rum 
behaviour above th resho ld , and is sof / te r than the uncollided f ission spec t rum 
below th resho ld . As a m a t t e r of i n t e r e s t , the subthreshold spec t rum r e s u l t 
ing from ine las t ic sca t te r ing in U-238 according to the evaporat ion model 

- E and the E e law suggested by Spinrad was compared to the uncollided 
f ission spec t rum and shows a str iking r e semblance which just if ies two 

(29) g roups .as sumption of Naudet . According to these ca lcu la t ions , the DSN 
eighteen groups were col lapsed into two groups (10 Mev - 1,4 Mev and 
1,4 Mev - 0 ,1 Mev), the c r o s s sect ions averaged on these two groups and 
the £ factor ca lcula ted. Compar ison with Naudet 's and Spinrad 's calculat ion 
show an ag reemen t within 1 %o in i . Such a difference is comparab le with 
e r r o r s resul t ing in G""cg unce r t a in t i e s , which is the important p a r a m e t e r . 
Due to e las t ic col l is ion with the coolant nuc leus , the £. f ac to r in Orgel 
fuel e lement is l e s s sensi t ive to \3Q ine las t ic c r o s s section uncer t a in t i e s . 

(31) The second s tep in Amyot ' s calculat ion v 'was a genera l formulation 
taking into account : the c lus te r geomet ry , the non uniform dis t r ibut ion of 
f iss ion sources within the fuel, modera to r backsca t t e r ing , cell to cell 
in te rac t ion , ( Υ ,n) and (n ,2 n) contr ibut ions . 

(32) The £ factor is defined according to Carlvik and Pershagen v definition,as 
the number of ne i l rons slowing past a given energy anywhere in the lat t ice 
per p r i m a r y fission neutron. The boundary energy is taken at . 1 Mev. 

(28) L .Amyot - EUR 305. e (1963) 
(29) R. Naudet - SPM n°401 (1958) 
(30) B. Spinrad - Nucl. Science and Eng. - 1 ,455 (1956) 
(31) L .Amyot - In ternal r epor t DPR - ISPRA (July 1963) 
(32) I. Car lv ik , B. P c r s h a g e n , AE-21 (AEF 70) 1956 
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The £, factor is given by the following formula 

c = f0 + (l-f0) y ^ y . i M e v g o ( r ' E ) C < r ' E > d E cLr 

where £Q is the fraction of fission neutrons born below . 1 Mev; g0(r,E) is 

the probability for a neutron of energy E suffering a collision in r to be 

transferred below . 1 Mev ; C(r,E) is the collision density of neutrons of 

energy E at point r by primary fission neutrons. 

Using a division in 3 regions : 

fuel F 

diluent D 

moderator M 

and in energy group i, this relation can be rewritten/with obvious notations 

£ = f 0 + ( l - f 0 ) Σ (a i o C i F + b i o C i o + n i o C i m ) 

a,b,n are transfert cross sections independent of geometry. 

The C's are obtained from a system of balance equations similar to the 
. , , (33) 
Almgren's . 

The balance equations depend on collision probabilities; in this report, the 

general expression of £ is given for a cluster geometry. The number of 
(28) groups is taken equal to two according to the study 'previously made. 

(33) B. Almgren - AE-27 (i960) 
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CONCLUSION : 

Caution mus t be taken before introducing improved r e a c t o r physics theor ies 
in Orgel design ca lcula t ions . One mus t be su re that the improvements thus 
introduced will not d e c r e a s e the accuracy of p red ic t ions . An extensive 
exper imenta l p r o g r a m is n e c e s s a r y to check and adjust the theory . 
A few of these exper iments have a l ready been mentioned in this r epor t . 

(34) The main p r o g r a m will s t a r t ea r ly in 1964 with ECO , a c r i t i ca l facility 
now under complet ion i n I sp ra . Fuel e lements made of 19 (0· 12) Al clad, 
u ran ium m e t a l , a s s e m b l e d in cluster , inside a p r e s s u r e tube filled with mono-
isopropyldiphenyl and UC (0 2 5 , 2 and 30,9) a s sembled in c l u s t e r s of 7 and 
4 rods would be invest igated in 64. Buckling, k ^ , cel l fine s t ruc tu re 
p a r a m e t e r s will be m e a s u r e d using the ECO c r i t i ca l faci l i ty , the EXPO, 
an exponential faci l i ty , and the RBI r e a c t o r of Montecuccolino (Bologna, 
I taly) , a PCTR type fac i l i ty . 

Some of these exper iments will be repea ted with h o t organic using loop 
type specia l fuel elements, and neutron spec t rum m e a s u r e d both by act ivat ion 
and t ime of flight techniques . The effect of bu rn -up on reac t iv i ty will be 
m e a s u r e d by osci l la t ing in the cen t ra l thimble of the ECO r e a c t o r , samples 
of synthetic fuel e lements made by mix tu re of depleted uranium and plutonium 
with two different isotopie composi t ions , 6% and 15% in Pu-240. 

Such an exper imenta l and theore t i ca l p r o g r a m mus t lead to a good under 
standing of the physics of heavy water r e a c t o r s , especia l ly of the organic 
cooled type , and enables the r e a c t o r des igners to make accura te predict ions 
of the performance which can be expected for a power r e a c t o r . 

(34) G. B l ä s s e r , P . Bonnaure .G. Cas in i ,R . Cener in i , V. R a i e v s k i , F . Tosel l i 
EUR 130.f 








	Table of contents
	PART A GENERAL REACTOR PHYSICS
	I. Shielding Physics
	II. Monte Carlo Codes
	III. Burn-up Physics
	IV. Fast Reactor Physics

	PART Β ORGEL REACTOR PHYSICS
	I. Orgel Recipe
	II. Thermal Neutron Spectrum
	III. Resonance Escape Probability
	IV. Fast Neutron Multiplication Factor


