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The 235U fisslon cross-section is calculated for low
energy neutroas, using the Reich-Moore formaslism. A single neutron
channel, two fission chesnnels and many capture channels were taken
into acéount. The fission crnss-section values, computed with a
FORTRAN IV PROGRAM, were represented in a figure. We have
considered the c¢nrntribution of two bound levels, using a Breit-
Wigner formula, and of nine resonance levels, at positive energy; of
the same spin and barity, which intesrfer. In the ssme figure, the
fisslon cross-sectlion curve, assuming a singles fission channel, waa

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. Heich and Moore /1/ obtained the multilevel
formalae of the total and fission cross-sections for low ensrgy
neutrons, admitting the existence of a single neutron channel, a
single £ission channel and many capture chsnnels. In this case,
the collision matrix U can be written /2/:

1+1p¥2 gpl2
U= L (1)

1 - 1 pil2 p pll2

where the R-matrix is given by the relation:

an flxrz\

A B =FB=-1Ny
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and the diagonal matrices P and . ara defined by the components:
PB' the penetration fector snd .., the phase factor, respectively.

The approximstion of a siangle fission channel is justified
by the theory of Bohr /3/, eccording to which the fisslon proceeds
through 8 linited number of chsanels. The same conclusion was drawn
by Porter and Thomas /4/, which have shoun that the size distribution
of the par%ial widths 1is relatsd to the number of channels for %the



given proucess. They found that the size distribution of the
fission widthe can be fitted by & chl-squared distribubion of

v = 2.5 degrees of freedom, thus indicating that fission is =
process defined by two or thﬁee reaction channels.

This paper presents the calculation of the 255U neutron
fission cross=section, supposing s single neutron channel, two
fission channels and many capture channels.

In the R-matrix theory, the reaction cross-section from
an incident channel ¢ o sn outgoing channel ¢', is given by

the general expression:

i (3)

T
Togr = - ?; &y [ Uca?
e

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

cross-eection formula has the form:

T
an";g‘ ZJ &g {/“15/2* /‘ﬁg/a} )

where the channels 1,2 and 3 represent the neutron channel and two
fission chsnnels, respectively, the rest being capture channels.
The reéonance levels can not be devided into two apin
groupe, as sufficient information is not available. We csn use a
statistical spin factor, g = 2, averaged on the two values
corresponding to the two possible values of J = It)/2, where the
spin of the 235y nucleus is I = 7/2. Replacing c/E for W'/kﬁ. where
c = 6.521105. when the cross-section and ths neutron energy are
given in barns and electron-volts, respectively, the formula (4)

becomes:

o*nfﬁal-‘}—i E{/ula/2 + /U]_;/a} (5)

To £ind the collision matrix U, we introduce a matrix C:



c=p2 pRE®. (6)

dofinod by tho eloments:

(7

013 - Z /33.1‘_ ﬂa;j_ =

-8 -1
A EA B 2["“

aid + 1bid

whewe the indices 1, J = 1 represent the neutron channel end i,Ja2,3
the fission channels.

The wvectors ﬁa are given by the expression:

By = P %

(&)
From the identity (7) we. fipd:
€9)
§f 1 Pa3 [ 2
) Ad_Jay =

T (@ -®2+% 0

The resonance paremeters /3A1 are oxprossed in terms of neubron and
£ission widths:
B,3=8 (11)

Defining a neutron reduced width:

Fia=28 la g /2

12)

in case of 235y wa obtain:

.
Bar = Pan .]C’in 2 (2

The interference between the resonsnce levels is taken’



(c) ' .
(c)2 ,
r, =2 ﬁc Yy (11)

we obtain :

(€) (o) _ 1 (€)1/2 _4c)1/2 _ . (¥)
|13 ‘Nx u =3 z Fx -Pu FA Iy

c(y) i c(y)

~ 7

A (12)

The assumption (l1) is justified by the areat numbers of
capture channels. Thug-we can intreduce a diaasonal matrix F:
s N 5
F=gs T ‘ (13)

so that the relation (8) becomes :

pl=e-g-r-% 3 o0 @ | A

c¥c (y) -

In a case ot a 81nale neutren channel and a sincale fission channel,
the sum over c contains onlv two terms, resulting :

1

At e (e-p-m) 7t {I - $le-z-pj"t @™ M) u(F).v(F))} (15)

‘where I represent the unit matrix.

Defining a diaconal matriyx D, with the elements :

i £y)
. -1 By, =B + r
4, = (&, -p- & 2 rfr)y . A 2 e (16)
* mom? s 3 o ~
A i

we oBtain for the level matrix the expression :

T -1
A= [r -3 D(u(n, () -y o F ‘Fi] | 1

We introduce the vectors column and line, respectively :



. o)
(i) (1)
o = l Du a(i)
2 *2
S (1) _
{ a i 1,2 (18)
(1) (1)
LB = v (v{i),-véi) . s véi))
with the companents :
s .
Ly _~3 (n)1/2
o = =24, X
8{1)_= P)fn)l/Z
K .
(
4~ €2) _ 1 (Fy1/2
1. @ ( )1/2': | (201
. ¥ ' .
Bx = Ty Tl
\.

where s, are the interference resonance parameters, which repre-

sent the sion of the product P;n)l/g. P{F)l/z relative to a re-

B4

ference resonance level,

We define a matrix C by the relation :

c=(@-alll, gl & 4@ "

and we can obtain its-componenﬁs usina the rank annihilation method.
The first step is to calculate the matrix :

- l . 5
c, = (1 - (1) gll) ' (22)

and applyina the formula (7) we obtain :

C, = I+ =~ v ' (23)

a

The matrix € is found by writting the definition (21) in the
.form :

: . -1
c -= (Cl"l - G(z).' 8(2)) (24)



With & subroutine using the Gauss-Jordan mnethod, we can
£ind the inverse matrix:

b.
Bt = G'-l = }_.’;,.._g (29)
|

By an eanalogous procedure, the inverse matrix in the
complex form:

B=G1lz o+ ip (30)
is defined by the relations:
o= by = Db,

The correctness of the inversion procedurs can be checked
imposing the condition that the found submatries bzve tio satiafy
the above equalities,

The last atep is to obtain the collision matrix elements
using the relation (21):

Wy ) By (@D (32)
K
8o that the formuls (5) besomes:
(33)
G.p /B o j{; -l.= -l = -l P
nf 77; Py (& )qpe [(G Dz Firo + (6 )ys k'z»]

kk!

In the low energy reglon thé fit of the caloulated
figalion cross—-section to the experimental points, need 4o taks into
account some bound levels. Their contribution to the fission oross-
secticn is given by the Breit-Wigner formula:

» .
5 e faf © ew
6.' B=c A7 (34).
nf ‘/— ; (51“52* ':'r‘fi




where the fission width /3¢ 18 the sum of /3, + /¢, and /
represents the total width;

Finally, we obtain the neutron fission cross-section
formula 88 the sum of two terms:

« Na ag +0Gp) .
trn,,/i.,c{y_ 1(: “)Tﬁé- . (35)

R W T

Tﬁo sppendix of this paper presents a code for caleculating
the 2550 nsutron £ission cross-section using the formula (35) agd
the resonance parameters listed in the peper of de Saussure /5/.

We hsve cosidered two bound levels and nine resonance
levels at poaitive energy, of the same epin snd parity, which
interfare according to the relatioen (33). The fissiocn orosa-aechion
values computed for nsutron energy less thsn 2 eYf, are Bhown in the
figure (1l). In teble (1) ths resonance parsmeters used in computation
are givén- In .the same fignro,'tha fission oross-sBection calculated
in the case of a single fission channel /B/Wi.a drawn, too.

Comparing the two ocurves with the experimental dsta, we
can conclude that the essumption of two fission ohannels diminishes
the asgsimetry of the resonances of tha 2550 fiesion cross-section,
89 bhat the resonsnces are better fitted supposing s single fission
channel. A better informaetion on the spin of resonsnces could
improve the result.

' The aavan{:ag. of the preasent csloulation coneists in usirg
the inversion of a complex matrix of order 3x3, whichever the
number of resonances would be and this lead to the peasibility of



,

Fig.l. Multilevel neutron fission cross-section curves
235U :

for , calculated for one, fission channel

using :

the rank annihilation method
—~== the Reich-Moore formula

experimental points.are shown

This successful result of applyina the rank annihilation

method in the above calculation has determined us to generalize it

to other cases.
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relative sian
Nug?er EA rﬁn rxf FAY FA of the pro-
level | (ev) | (10 %) | (107%ev) | (10 %ev) | (107%ew) | WFi/2,(Fr1/2
- A A
1l =1.45 2770 223 33 256
2 -0.02 0.72 63 34 97
3 +0.282 4,49 71.8 27.9 99,7 + 1
4 1.138 12.9 92.1 41.9 134 -1
5 2.036 5.3 6.8 34.6 T 41.4 -1
6 - 3.599 23.4 415 37 t 8l1l.4 - 1
7 4.847 | 25 2.3 25.5 127:8 -1
8 6.4 loo g 33 4 -1
9 8.795 | 257 6o 33 7 93 -1
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Fig.l The multilevel neutron fission cross-section curves for 2> 5U.
~— two-fission channel-multilevel fit.

-— 8ingle-fission channel-multilevel fit.
-+« @xperimental points

!ﬂbk 1.

2550 resonance parameters used in computing the multilevel neutron
fission cross-section for two fission chsnpels.

Fb;n;kf £..I /}; /'“, r;fr Nafz
fewt | (ovy 1c2078av) | (ev) |sign | (eV) | sign | (eV)
1 {-1..87] 3036 0.021 0.179 0.02%
2 {-0.020 0 0.034 0.003 0.576
3 0.2 5.36 | 0.032 + 0.022 . 0.050
4 1.140 13 0.034% - 0,042 - 0.063
[3 2.028 5 0.02 - 0.002 - 0,010
6 2.736 0 0.008 | ¢ 0.010 - 0.063
7 3.135 73 0.033 - 0.007 + 0.112
8 3.695 27 0.039 -~ 0.043 - 0.023
9 4840 29 0.084 + S - 0.006
10 54351 18 0.025 -~ 0e230 + 0.682
11 4.6 1n 0,038 + 04150 - c.015
|12 6.3 14 0.085 . 0 002 - 0.014




