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ABSTRACT 

For light water reactor physics, studies on uranium 236 
resonance integral discrepancy were carried out. It was 
shown that using recently published resonance parameters and 
substituting a multilevel formalism to the usual Sreit and 
Wigner formula reduced the well Known discrepancy between 
two values of the uranium 238 effective resonance integral : 
the value calculated with the nuclear data and the one 
deduced from critical experiments. Since the cross section 
computed with these assumptions agrees quite well with the 
OaK-Rid&e transmission data, it was used to obtain the self-
shielding effect and the capture rote in light water lat
tices. The multiplication factor calculated with this method 
is found very close to the experimental value. Preliminary 
results for a set of benchmarks relative to seveial types 
of thermal neutron reactors lead to very low discrepancies. 
The reactivity loss is only 130 x 10' 5 instead of 650 x 10" 5 

in the case of the usual libraries and the single level 
•formula. 

INTRODUCTION 

It is well Known that, fcr thermal neutron reactors, the value of the 
'uranium 238 effective integral computed from the resonance parameters is 
' higher than the one deduced from critical experiments. For instance, in 
.the case of light water moderated lattices the discrepancy is x'oughly equ«l 
[to three per cant anJ leads to a reduction of 650 x 10*5 for the multipli
cation factor. This is the reason why the reactor physicists formerly used 
'an adjustmsnt procès? to calibrate their calculatirns against experimental 
'results. This adjustment accounted for both cross section inaccuracy and 
.calculation approximations. For the last few years the accuracy of the 
'cross section measurements has been improved and the physicists have had 
.at their disposal very sophisticated computer cedes. So, nowadays an 



•' TL. »-adjustment process is no mora justified. 

As it appeared in the proceedings of a recent seminar held in 
Brookhaven1, many physicists thought that the knowledge of first resonan
ces parameters was not accurate enough for uranium 238. As far as thermal 
reactors are concerned, these resonances have a very important weight in 
the calculation of the effective integral and it is necessary to know 
their parameters with a good accuracy. Several laboratories studied again 
the uranium 238 cross section and obtained new results which were not avai
lable when the last neutron data libraries, UKNOL 73 or ENDF/un, were 
published. Tl a r. >ltigroup cross sections used in reactor calculation are 
deduced from these libraries and can be obsolete. Thus, we studied the 
new experimental results and introduced them in the microscopic library 
when it was necessary. The new multigroup cross sections we obtained led 
to a lower value for the effective integral. The reactivity loss decreased 
to 480 x 10"5 but was not sufficient to avoid an adjustment. Th2t is why 
we thought that some assumptions used In the cross section calculations 
could not be entirely justified. As it was suggested by the Oak-Ridge team, 
. we introduced for the calculation of the cross sections a multilevel for
malism instead of the single level one used before. The results seem to be 
very interesting. As a matter of fact, with the same parameters we obtain 
a new improvement, so much so that we are now able to obtoin without ad
justment the seme results as with the old adjusted multigroup cross sec
tions. The same improvement is observed in the case of heavy water or gra
phite moderated reactors. 

In the following sections, we shall explain our choice of microscopic 
data, the introduction of the multilevel formalism in the computation of 
multigroup cross sections end finally the results obtained in the case of 
several types of reactors. 

NEW MICROSCOPIC RESULTS AND DATA EVALUATION 

The first part of the work we have done was a comparison between the 
new experimental results and the evaluated data of the libraries. For this 
purpose we divided the noutron energy spectrum into three parts : the ther
mal range up to 1 eV, the fast energy range above 40 keV where no self-
shielding effect occurs and the resolved and unresolved resonance regiun. 

Thermal Range 

In the thermal energy range, it seems that no experimental result has 
been published since 1959 and no change of the 1/v dépendance of the cross 
section has been suggested. The different libraries do not use the same 
value for the 2200 m/s cross section but the differences are very email, 
for instance 2.7310.02 barns in UKNOL 68 and 2.70±0.02 barn? in EN0F/B4. 

' In a light water reactor the uranium 238 absorption rate is equal to 
_ 4500 x 10"5 in the thermal energy range compared to a total absorption 
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-'•'"''' r :- "of the absorption rate is only of the order of 10 or 20 x 10" 5. So the 
choice of the library is unimportant. 

Fast Energy Range 
Above 40 KeV. the small magnitude of the resonances, the overlapping 

and the Ooppler broadening lead to a smooth cross section curve and there 
is not self-shielding effect. The effective multigroup cross «swlion needed 
for reactor calculations are the same as the average cross section measured 
by the neutron physicists. The comparison between the multigroup cross sec
tions and the average experimental cross sections is very easy. For the 
capture the main recently published results in this energy range were thosa 
of de Saussure et al 2. Spencer and Keppeler3 and Poenitz . A data evalua
tion by Sowerly et al 6 is also available. We think that the «^reçment bet
ween these new experimental results and the data evaluation of the libra
ries is fairly good. With UKNDL 68 we have only a slight discrepancy near 

». 750 KeV, but with ENQF/B4 we have a better agreement. This discrepancy is 
smaller. For o light water reactor the capture rate in uranium 238 is small 
above 40 KeV (about 1500 x 10"*). The Knowledge of the cross section seems 
to be accurate enough for these neutron energy range. 

Resonance Region 
The situation is different and not so satisfying in the resonance 

region. In a thermal reactor, it is in this region that the most important 
part of the uranium 23ft absorption rate occurs, about 70 per cent. This 
energy range is also characterized by strong self-shielding effects. The 
reactor physicist does not need the natural cross sections but the self-
shielded cross sections. These latter cross sections are computed from the 
resonance parameters by means of an appropriate formalism. We do not looK 
after the cross section but the resonance parameters. As a starting peint, 
we used the ENDF/B4 resonance parameters set and checked it with the new 
experimental results. Many laboratories hove measured again the resonance 
parameters in the last years B-12. we analyzed very carefully the experi
mental results which were obtained by varied techniques. The comparison 
is shown in table 1 for the s wave resonances up to 120 eV. 

'" In the case of the neutron width end if we exclude the 20,9 eV reso
nance, it appears a good agreement between these experimental results and 
the ENDF/B4 recommended values. Very few changes are necessary. For the 
'' 20.9 eV i-esonance, it seems that the recommended value, which is the result 
, obtained by Rahn et al i3 a little lower. The recent measurements lead to an 
'increasing of the neutron width of this resonance. For energy above 120 eV 
' the agreement is also quite good. 
3 

* A very less satisfying situation is observed for the capture widths, 
'As a matter of fact, all the recent measurements lead to lower values of 
7 r

v then the previous results and, in particular, ENDF/B4 seems tu over-' estimate the capture widths. According to the expérimental results we 
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Tabla 1 
Recent experimental results about U resonances up to 120 eV (widths In meV) 

Energy 
(eV) Rohr (70) llaletsKl (72) Rahn (72) NaKeJima (75) LlOU 177) Olscn [77) Bloch 177) 

5.67 r n 
„ _ 1.5210.02 w 1.5010.03 1.4810.03 1.5110.05 

r ; - - - - 21.811.0 23.010.6 22.210.7 

20.90 r n 
- - 8.510.6 10.110.2 9.910.5 10.110.2 9.310.2 

rY - - 22.013.0 - 23.511.5 22.810.6 23.810.3 

36.60 
* 

— - 35.012.0 33.910.3 33.311.2 33.81C.7 31.510.4 
* 

- - 23.012.0 m 23.612.0 22.910.8 23.510.2 

66.15 r n 24.8±1.5 24.0±1.5 26.012.0 25.410.2 25.611.B 24.410.5 28.012.2 
r ; 

19.613.0 25.012.0 21.012.0 - 22.212.0 23.210.8 23.410.6 

80.74 rn - 2.210.2 1.711.2 2.2510.02 2.1610.16 1.8210.05 1.9210.05 
rT - - - - 23.712.5 24.311.3 24.411.2 

102.4 r n 
72.6±0.5 70.013.0 70.014.0 71.910.5 68.015.0 70.9H.6 . 

rY 26.1*2.3 26.012.0 26.013.0 - 24.312.5 24.110.9 -
116.4 r n 

28.310.4 22.013.0 25.013.0 26.510.2 30.013.0 25.110.6 w 

r ; 
24.111.4 23.012.0 20.012.0 23.412.3 22.110.9 



reduced the r v values. When the capture width was rot measured we used an 
average wiclth : <I*Y> > 23 meV. In table 2 we can see in front of the 
ENOF/34 recommended values the modifications of the parameter" t K2t we did. 
It is with this modified set of parameters, that we computed the self-
shielded cross sections for several values of the temperature and the equi
valent cross section. After this calculation, we were acquainted with the 
new data evaluation proposed by de Scussure et a l 1 3 , but we noticed that, 
for the first resonances, these new recommended parameters are very close 
to those we had used in our computations. 

CALCULATION OF THE MULTIGROUP CROSS SECTIONS 

For the purpose of the thermal reactor core calculation, we use at 
Saclay the APCLLO code 1 4. This code solves in the multigroup approximation 
and for a one jimensional geometry, the integral form of the transport 

•-equation. Generally we use a 39 groups library (47 in the thermal range 
between 0 and 2.76 eV, 52 in the epithermal end fast energies ranges up to 
10 HeV). When the cross sections do not vary very aulcKly versus energy, 
the multigroup cross sections are directly computed from the microscopic 
data library. The weighting spectrum of the neutron flux is maxwellan 
up to 0.1 eV, a slowing down 1/E spectrum between 0.1 eV and 1.3 FIsV and 
a fission spectrum above 1.3 MeV. In the resonance region we do not need 
the natural cross sections but the self-shielded ones, which are computed 
in the following way according to the Livulant and Jeanpierre formalism1'*. 
In this formalism, for each given values of the temperature ar.c? the caui-
velent cross section which simultates the dilution of the heavy resonant 
nuclide, we tabulate effective reaction rates. In the case of a homogeneous 
medium we solve the slowing down equation and compute the exact neutron 
flux and reaction rates. For an energy range which is much larger than the 
resonance widths find the local associated flux perturbations we can define 
a constant effective cross section which gives with a non dipped flux the 
same reaction rate. For a resonant nuclide this table is performed only 
once because an squivalence process allows to transpose the homogenec s 
medium results to the case of an actual heterogeneous lattice. But it is 
In this table that the effects of a modification of the resonance parame
ters occur. As we have already seen, we were led to modify some parameters 
of the uranium 236 resonances and then we had to compute again this effec
tive reaction rates table. This was performed with an automatic code writ-

t, ten to calculate the Doppler broadened cross sections and thon the effec-
.' tive reaction rates for a given set of equivalent cross sections and tem
peratures 16 

INTRODUCTION OF A MULTILEVEL FORMALISM 

To analyse the results of the Oak-Ridge transmission measurements 
with thick samples, G. de Saussure et al 1?, have showed that the aingle 



K. * *• V •» ~« J» w> O 

ENOF/84 Recommended values of 

Table 2 
2 3 8 U resonance parameters and values used in this worh in meV 

Energy (eV) EN0F/B4 This work ' Energy (eV) EN0F/B4 This worK Energy (eV) EN0F/B4 This work 

6.67 

r n 

1.50 
25.6 

1.48 
23.0 

208.4 
y 

55,1 
23.5 

53.0 
22.0 

518.3 H 51.6 
24.4 

49.0 
23.8 

20.9 

r n 

8.8 
26.8 

9.7 
23.0 

273.2 r n 
27.0 
23.1 

26.0 
22.5 

535.2 
f; 

47.0 
23.5 

44.5 
23.0 

36.8 r n 
31.1 
26.0 

33.0 
23.0 

291.0 r n 
16.98 
23,1 

16.0 
22.5 

579.9 
Y 

44.1 
23.5 

40.0 
23.0 

66.1 
r Y 

Ty 

r n 

25.3 
23.5 

25.0 
23.0 

347.7 r n 
r Y 

83.6 
23.5 

81.0 
23.0 

594.6 
y 

85.1 
23.1 

65.1 
22.4 

80.7 
r Y 

Ty 

r n 

2.0 
23.5 

1.9 
24.0 

307.4 
f; 

6.4 
25.2 

6.0 
24.0 

619.6 
* 

33.0 
23.5 

30.0 
22.5 

102.4 

r Y 

Ty 

r n 

71.0 
26.0 

70.0 
24.0 

410.2 
'Y 

20.6 
22.6 

19.0 
21.9 

528.5 
* 

6.7 
23.5 

5.4 
23.0 

116.4 

r Y 

Ty 

r n 

28.27 
23.5 

26.0 
22.5 

433.7 
rY 

S.96 
23.5 

9.2 
23.0 

561.1 
y 

135.6 
25.1 

130.0 
24.5 

169.S 

r Y 

Ty 

r n 169 
24.7 

169 
23.5 

462.6 
ry 

5.5 
23.5 

5.0 
23.0 

59?. 9 5» 
Y 

«3.6 
«4.1 

42.0 
23.4 



level Breit and Wigner formalism is not accurate enough and that a multi-
* level formalism is necessary. This means that the interference effects 
between two neighbouring levels cannot be neglected as it was formely 
assumed because the ratio f/D is small in uranium 236. The im«rTer«nce 
effects are important mainly for the scattering cross section. The stron
gest change occurs in the foot of the resonances. The capture cress sec
tion does not change very much. Nevertheless we thought that a change 
in the scattering cross section could modify the effective resonance inte
gral and we decided to introduce a multilevel formalism in our calculations 
of the multigroup effective cross sections used in reactor cc.-_ studies. 
As the p wave resonances give very little interference effects and also 
have a very small contribution to the effective resonance integral in the 
case of thermal reactors, we Kept a single level formalism for them. The 
multilevel formalism was introduced only for the s wave resonances. With 
the prospect to study fissile nuclei we chose a formalism which is also 
adopted to these nuclei : the Reich and Moore approximation13. For the 
purpose of transmission analysis Darrien and Alix 1 9 had already written a 
code to compute the cross sections with the Reich and Ptoore approximation. 

>. We introduced this subroutine in the calculation of the s wave cross 
•actions, the Depp1er broadening being obtained by a numerical convolution. 
We checked very carefully this convolution process to be sure that we had 
a correct broadening with a computer time not too excessive. To taKe into 
account the interferences between the low positive energy levels and the 
negative energy levels we simulated negative levels. This negative reso
nances are regularly distributed and respect the average spacing and 
strength function. Only five levels are needful. We checked, first that 
we obtained tho right variation of the cross section in the thermal energy 
range and in particular the right value of the 2200 m/s cross section. 
Secondly we verified also that we had a very good agreement in the analy
sis of the Oak-Ridge transmission measurements^ for thick samples and 
sjvora] T.rgy ranges. Then, we think we had computed the scattering and 
capture u.oss sections with a very good accuracy. 

RESULTS AND ANALYSIS 

With the modified data set which is described in this paper, we 
computed two tables of multigroup self-shielded cross sections, one with 
a single level formalism and the second with a multilevel formalism. These 
effective cros3 sections were used to calculate the multiplication factor 

'' of several lattices which are representative of the main thermal reactors. 
' The moderator of these lattices is either heavy water or graphite cr light 
water. The fuel of the heavy water or graphite moderated reactors is made 

' of natural uranium metal. The one of light water moderated reactors is 
made of slighty enriched uranium oxyde. The first of these light watar 

" lattices is representative of a 15 x 15 pressurized water reactcr fuel 
* element end t.te second of a 17 x 17 element. The main geometrical ani 
' neutron characteristics of the studied lattices are given in table 3. 

By using as zero level reactivity, for each lattice, the result 

W-
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Table 3 
Geometrical and neutron characteristics af thermal lattices 

Moderator °2° Graphite HjO 15x15 HjO 17x17 

2 3 5 u y 2 3 8 U lin at.î 0.00726 0.00726 0.0396 0.0324 

Can Al - Steel Zircaloy 

Rod Radius 1.4S cm 1.50 cm 0.446 cm 0.413 cm 

Can Radius 1.60 cm 3.5 cm 0.451 cm 0.474 cm 

Cell Radius 6.77 cm 10.83 cm 0.7565 cm 0.7235 cm 

Radius of the hole in the graphite 

Table 4 
Comparative results of CK___-11 for several 

eft _ 5 

types of thctmal reactor in 10 units 

-—. Lattice 
Library ^^~"~—-—.^^^ 

D20 Graphite H 2 0 15x15 M 20 17x17 

UKNDL 68 with adjustment 0 0 0 0 
UKNDL 68 without adjustment - '895 - 1140 - 675 - 615 

8 
Modified library and single level - 495 - 630 - 510 - 440 

Modified library and multilevel - 175 - 240 - 150 - 115 

X 
_. without adjustment 



obtained with the adjusted library and the APOLLO code» we have first 
"computed the reactivity loss introduced by the effective resonance inte
gral overestimate. For this we calculated the multiplication factor with 
the same library but without adjustment of uraniur.i 238 capture ir-ss sec
tion. Then we calculated the eigen values with the revised set of parame
ters and a single level formalism and with the same revised set of para
meters and a multilevel formalism. The comparative results are shown in 
table 4. We can see that in all cases, the use of revised parameters pro
vides a slight improvement because the reactivity loss decreases. This 
coroborates that the capture cross section of uranium 233 is re»)'y over
estimated in the previous evaluated libraries. But the main conclusion of 
these calculationsis to show that the effect of the interferences between 
the resonances does not seem negligible in the cases of thermal lattices 
we studied. With a multilevel formalism and the same parameters as in the 
single level formalism we obtained a multiplication factor very close to 
one. The slight discrepancy that remains con easily be explained by the 
inaccuracy of the uranijm 236 fission cross section. If we use several 
evaluated fission cross section we obtain a reactivity whi?h fluctuates 

«•between - 200 and • 200 x 10~5. An increased accuracy in the Knowledge of 
the uranium 239 fission cross section should be desirable. 

Aceoroîng Lo this work, it seems that if we use recent experimental 
microscopic data jointly with a multilevel formalism we obtain a very good 
value for the criticality factor of the main thermal neutron reactor lat
tices and this without any adjustment. 
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