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The fission cross-section is calculated for low 

energy neutrons, using the Reich-Moore formalism. A single neutron 

channel» two fission channels and many capture channels «ere taken 

into account. The fission cross-section values, computed with a 

PORTRAN IV PROGRAM, were represented in a figure. We have 

considered the contribution of two bound levels; using a Breit-

Wigner formula, and of nine resonance levels, at positive energy{ of 

the same spin and parity, which interfer. In the same figure, the 

fission cross-section curve, assuming a single fission channel, was 

drawn,. 
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The shape of the neutron cross-sections for fissile 
elements impose to take into account the interference between the 
resonance levels* He ich and Moore /l/ obtained the multilevel 
formalae of the total and fission cross-sections for low enargy 
neutrons« admitting the existence of a single neutron channel,, a 
single fission channel and many capture channels. In this case, 
the collision matrix U csn be wr Ltten /2/t 

1 * i P ^ R p1/2 Ü *SL -ft- (1) 
1 - i P 1 1 2 R P 1 1 2 

where the R-matrix is given by the relationi 

B . I » > 

and the diagonal matrices P and jCL are defined by the components: 
PQ, the penetration factor and n.c, the phase factor, respectively. 

The approximation of a single fission channel is justified 
by the theory of Bohr /3/, according to which the fission proceeds 
through a liaibed number of channels. The same conclusion was drawn 
by Porter and Thomas /4-/> which have sKoun that the size distribution 
of the partial widths is related to the number of channels for the 
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given process. They found that the size distribution of the 

fission widths can be fitted by a chi-squared distribution of 

^ = 2 . 3 degrees of freedom, thus indicating that fission is a 

process defined by two or three reaction channels« 

This paper presents the calculation of the neutron 

fission cross-section, supposing a single neutron channel, two 

fission channels and many capture channels. 

In the R-matrix theory, the reaction cross-section from 

an incident channel c to an outgoing channel c', is given by 

the general expression« 

^cc• s 3 1 g T / ücö«/2 

^ J 

so that in the case of two fission channels, the neutron fission 

cross-section formula has the formt 

0-nf - Ç " ^ { l"ll/ 2 + / u 1 3 / 2 i 

where the channels 1,2 and 3 represent the neutron channel and two 

fission channels, respectively, the rest being capture channels* 

The resonance levels can not be devided into two spin 

groups, as sufficient information is not available* We can use a 

statistical spin factor, g = 1/2, averaged on the two values 

corresponding to the two possible values of J = I±1/2, where the 

spin of the nucleus is I » 7/2. Replacing c/B for 77k2, where 

c = 6.52x10^, when the cross-section and the neutron energy are 

given in barns and electron-volts, respectively, the formula <4) 

becomes: 

O-af^-TS ê f / W 2 */*13/
2; (5) 

To find the collision matrix U, we introduoe a matrix Ci 



RpV* (6) 

doflood by tho alomonfeaj 

C7) C . » £ - I i i — = « • ib,., 
1 3 1 J - J - i r 13 _ r 

•2 M 

«bave the Indices i, J = 1 represent the neutron channel and i|d»2»3 

the fission channels. 

The vectors ß^ are given by the expressions 

ßx - ^ ^ 

Prom, the identity wefindt 

Ce) 

. V fixt ßxj g ) (9) 

ï VIT 

b . 2: g' ^At ftu ( 1 0 ) 

A (* - B)2 • I 

The re Bona no s parameters ß ^ are expressed in terms of neutron and 

fission widths1 

/3Af Oil (11) 

Defining a neutron reduoed width» 

in case of 
we obtaint 

P x i * p X n . j / ^ L if1/* ( W ) 
2 

The interference between the resonance levels is taken 
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(c) 
2 *c 

(c)2 
( 1 1 ) 

we obtain : 

E P Y ( C ) - i E r(c)l/2 r-(c)l/2 _ r(Y)6 ( 1 2 ) 
c A y 2 X pi A Ay 

C ( Y ) C ( Y ) 

The assumption (11). is justified by the great numbers of 
T 

capture channels. Thus wç cap introduce a diagonal matrix F: 

± CYÎ 

so that the relation , (8) becomes : 

ft"1 . e - & - P - 4 E u { c ) . v(c> 
C ^ C ( Y ) -

C13) 

(14) 

In a ease of a single neutron channel and a single fission channel, 

the'sum over c contains only two terms, resulting : 

A*"1 » (e-E-P)"1 I . i ( a . B . P r l fu(«>'.vCn) + „O.vCFJjJ 

where I represent the unit matrix. 

Defining a diagonal matrix D, with the elements : 

(15) 

d x = <EX-E- f i f >, 
-1 - E + i r<Y> 

? -A. 

rp -s,2
 + I r(Y)2 

^X E ) + 4 T% 

(16) 

we obtain for the level matrix the expression : 

X - £ DCu C n ).v ( n )
 + v ( F )] D (17) 

We introduce the vectors column and line, respectively s 



5 

(i) 
a 

(i) 
= j D u 

Ci) (i) 
= v ( V 

i 
„(i) 

n / 

(i) ,v(i) 
1 ' 2 

1,2 (18) 

with the components : 

a ^ ' / i a j(n) 1/2 aX 2 aX *X 
fl(l) _ r (n) 1/2 ex rx 

<42) - t a , r CP) 1/2 2 "X 
(2) _ (F) 1/2 

l\ ••' ! 'X 

(19) 

(2o) 

where s^ are the interference resonance parameters, which repre-
sent the sign of the product r ^ 1 ' ' 2 . 1/'2 relative to a re-
ference resonance level. 

We define a matrix C bv the relation 

c - ci - e(1> - <,C2>. e C 2 )) (21) 

and we can obtain its components using the rank annihilation method. 

The first step is to calculate the matrix : 

-1 
C , = (I - a ( 1 > . e ( 1 > ) (22) 

and applying the formula (7)' we obtain s 

C]L = I + 
a«1'. S < » 

1 - ,'«" .' a ' 1' 
(23) 

The matrix <2 is found by writting the definition (2i) in the 

form : 

CC^ 1 - a < 2 > . P<2>) 
- 1 

(24) 
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With g subroutine using the Gauss-Jordan method, we can 
find the Inverse matrix» 

-1 / b 1 1 b z \ Bf a G' a [ --- 4 (29) V i V 
By an analogous procedure, the inverse matrix in the 

complex formt 
B = a"1 =•• oc + i [b (30) 

is defined by the relations} 

of» bj = b^ 

/3»b 2 = b3 <51> 

The correctness of the inversion procedure can be ohecked 
imposing the oondlfeion that the found submatries bave to satisfy 
the above equalities. 

The'last step is to obtain the collision matrix elements 
using the relation (21)t 

W U - I pik <*2> 
k 

so that the formula (5) beoomeai 
(33) 

^ " 7 f Z . pik W " 1 ) » * fctf"l)tt F*,2 • (G- 1)^ J 
kk> 

Xn the low energy region thé fit of the calculated 
fission cross-section to the expfl^iaental pointa, need to take into 
aocount some bound levels. Their contribution to the fission oross-
section la given by the Breit-Wigner formulas 
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where the fisBion width la the sum of r^fi * ^xfz a n i ^ 
represents the total widths 

r i » r*n * rHi si • s 2 • & 

Finally, we obtain the neutron fission cross-section 
fornais as the son of two termss 

She appendix of this paper presents a oode for calculating 
the 

neutron fission cross-section using the formula (35) «öd 
the resonanoe parameters listed in the pfcper of de Saussure /$/• 

We hove oosldered two bound levels and nine resonance 
levels at positive energy, of the same spin and parity, which 
interfere according to the relation (33)« The fission oross-Beotion 
values computed for neutron energy less than 2 eY, are shown in the 
figure (1). In table (1) the resonanoe parameters used in oomputation 
are given« In.the same figure, the fission cross-section calculated 
in the case of a single fission channel /6/ is drawn, too* 

Comparing the two curves with the experimental data, we 
oan eonolude that the assumption of two fission channels diminishes 
the assioetxy of the resonances of tha 

fission cross-section, 
so that the resonances are better fitted supposing a single fission 
channel. A better information on the spin of resonances could 
improve the result. 

The advantage of the present oeloulation consists in using 
the inversion of a complex matrix ef order 3x3» whiohaver the 
nomber of resonances would be and this lead to the peasibility of 



Fig.l. Multilevel neutron fission cross-section curves 
2 3 5 - • for U, calculated for one.fission channel 

using : 

— — the rank annihilation method 
the Reich-Moore formula 
experimental pointa., are shown 

This successful result of applying the rank annihilation 
method in the above calculation has determined us to generalize it 
to other cases. 
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Number 
of 

level 

E X 
(eV) 

r° rXn 
(10~6eV) 

r X f • 

( 1 0 ~ 3 e v ) 
• • (lO eV) 

rx 
(lo~3ev) 

relative sign 
of the pro-

J?K?£/2r(F)l/2 
l x 

1 -1.45 2 7 7 o 223 33 256 

2 -o.o2 o. 72 63 34 97 

3 to.282 4 . 4 9 7 1 . 8 2 7 . 9 9 9 . 7 + 1 

4 1 . 1 3 8 1 2 . 9 9 2 . 1 41.9 134 - 1 

5 2.o36 5 . 3 6.8 34 .6 4 1 . 4 - 1 

6 3 . 5 9 9 2 3 . 4 45 37 -81.4 - 1 

7 4 . 8 4 7 25 2 . 3 25.5 27 1 8 - 1 

8 6.4 loo $ 33 4 ; T 1 

9 8 . 7 9 5 257 So 33 : 93 - 1 
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-38) . OA HA (3 8£-G î h IT 12) 

31 FO 

COHPLEX F l . F2. G 1.G2 
8EAL E1.SIIB1,SIGÎJÀ.SUÎ12 
SîB Si }'f 5}j[ 2/ ̂

3 ' S> ' 1 '2 > ' ' 1 2 ) 
lÄüilaj Y 32 I W ' M l 3 / W ; i ' . » 5 Ï Ï P ' û " i n 1 1 1 - G A M A F 2 w ' G * W A t l > - I = 1 - 1 2 ) 

VRITE(3.2) 
2 FOBHiT(* * s40X,a THE THE BAAL NEUTRON FISSION CBOSS S ECÎ IOtl* , 4 8 X , / , 
14CX,* ******************************************,3ßX,//ytH0x. NERGY*. 1 6X, 'CROSS-SECTION • , 'THEBHfit ' ,28X,/# eV* ,1ÖX, 1* ENERGY 
1 * EA~ 
Eî=i . 

21 SlM1«0. 
SUM 2=0. 
DO 51 I«3#12 
BETA" 
BETA 
BETA 

51 COST __ 
DO 52 1*1,3 
DO 52 J=1,3 
A ( I , J)=0. 
B I.JJ^O. 
DO 52 1=3. 12 

,J) *&AJfA (L)/D (L) 
52 CONTINUE 

DC 7 I = 1,3 
DO 7 J » 1«3 

GO M 16 
6 8 { I , J ) « 1 . + B ( I , J ) 
h ? j,1-'» 

7 U t â m ï - ' " 1 - » 
Dû 20 I » 1,6 
D0 20 J = 1 , 6 JF 11-3)8.8.9 Ä 
IF ( J - 3 ï t i , 11, 12 
G f I , J j = R ( I , J i 11 G( I , J . 
60 T O 2 0 

12 L=0-3 

GO ÎC 20 
K*I-3 

„ JF (J-3)13,13,11 

GO TO 20 
14 l=J-3 

20 iïhïtâ<*'L> 
f J - W A f r * ' » ' * ' « ) 
DO »2 J®1,6 
i F i i - 3 ) 48,4fc. 

48 i F f j - 3 U 7 . 4 7 . 4 6 1,7 jTtt'ft-*«1-« 
«6 £*0-3 

49 K*J>3, _ „ 
lPfJ~3] 45.#5,«4 

#5 GI2{K#3)®0(1*8) 
GO TQ 42 

44 L«J-J 

42 CO»;ïifut 
DO 39 2»1.f 
DO 39 a«ij3 
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IF CAES (CRI (I.0J-6B2 (1,0) i -0.00011 41 ,40 ,10 
41 IF JABS tQ 11 (I,jj -6I2(I,aJf-0.0001) 39,10, MO 
40 WRITE 13.60) 
'0 FORMAT"! * *,'ÖÄTBICE INVERSA G FESITA • 1 
9 CONTI KU E 

DO 57 1=1, ~ 
DO 57 J»i;3 
-- - - eCHELX 

(1,0)= 
11,3 = 

-.ll.Jl! 
57 CO 

F2 IÏ^JÎ »CÖSJG IF fîiî&LJ1 
5 1 g j —ÇWPL.X. i^^y'jyj' gii (i, j)) 

PI jj, J)=ChELX {SJIfJ^V (I, J) ) 

G1 (1,3 sCMPLK iGBIJ 
G2 1.J I «COWJG (6 1(1 
comtImje. 

DO 3 J* 1,3 

3 SUH1= SUB1+ F 1 (1,1) *G2(1,J) #(61(1,2) »F2(J,2) *61 (1,3) *F2 (J,3)) 

-- * - GAHAF1(1)*IS(I,1)+GAHAF2(I)*IS(I,2) + 

WW j o x - I * 4, 

(GANAT^I) = GAMAN(I) •SQRT(EI) *•( 

'sUM 2=sljH24G AMAN (I) * (GAHAF1 (] 
58 SUM2=SUH24GAMAN (I) * (GAMAF1 (Ij *IS (1,1) 4GÄHAF2 (I) »IS (1,2) )/ ( (£(I) 

1-E1) **2*GAMAT (1) +#2/4. ) , 
SIGMA =0 .326E+06 * (SUM /SQßT(£l ) +SUM2) 
WHITE{3f50)£1f SIGMA 

50 FORMA •'403cJF6.2,20XÄF7.2.54X] 
IF(ABS]EI-O. 0253)-o:ooo6ii 113, 11B, 118 

113 S1GBAT»SIGHA/SQRT(E1) 
"WBITEJ3. 151) SIGHAT 

151 FORMAT!» • .B5X,F7.2,28*) 
118 IFJE1-2.) 11ö,T10,l» 
110 IF JE 1-0.1*1901111,112,112 
111 IF(B1-0.025?[ 116,114.111 
116 IF (ABSi0.0266-E1)-0.60l8) 117, 1 lit, 11I» 
117 E1-E1 + 0.0001 

to TO 21 1= E 1-tO.OO 1 
GO TO 21 

112 El*E1 + Q .01 
€0 TO 21 

H STOP 
END 



Fig.l Tho multilevel neutron fission cross-section curves for 2 3 5u 
two-fission channel-multilevel fit. 
single-fission channel-multilevel fit. 

- -. experimental points 
Table, 1. 

resonance parameters used in computing the multilevel neutron 
fission cross-section for two fission channels. 

Nwtthcf 
of 

/eve/ 
5 'in rar 1 * 

rAfZ Nwtthcf 
of 

/eve/ C«W) Cao"6eV) CeV) a lg« ( •V ) sign (eV) 

1 5036 0 .021 0.179 0.02* 
2 - 0 . 0 2 0 0 0 .03* 0.003 0.576 
3 0 .282 5.36 0.032 + 0.022 «• 0.050 

1.140 13 0 .03* - o.o*?. - 0.063 
5 2 .028 5 0.042 - 0.008 - 0.010 
6 2 .756 0 O.OO* • 0.010 - 0.063 
7 3-135 14 0.033 - 0.007 • 0.112 
a 3 «605 27 0.039 - 0 . 0 * 5 ... 0.025 

9 4 . 840 29 0.004 o • 0.006 

10 5-351 13 0.025 - 0.230 + 0.682 

IX • .6 .222 11 0.038 0.150 - 0.013 
12 6.373 U A 0 .0 *5 0 002 - 0.014 


