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UPDATE OF ENDF/B-V MOD-3 IRON: NEUTRON-PRODU@FNG 
REACTION CROLSS SECTIONS AND 
ENERGY-ANGLE CORRELATIONS 

ABSTRACT 

An update of the ENDFIB-V Mod-3 evaluation for natural iron is described. The cross 
sections of (n,n’) and (n,2n) reactions are revised. Energy-angle correlations in the secondary 
(n ,n ’ )  neutrons are introduced in the ENDF/ €3-V formats. Anisotropic angular distributions 
are provided for the secondary neutrons in (n,2n19 (n,np), and (n ,na)  reactions, Relevant inte- 
gral results, microscopic data, and nuclear model calculations that influence the revised results 
are summarized. 

1. INTRODUCTION 

This report describes an update of the ENDF/B-V Mod-3 evaluation (FU80, FU82) for 
natural iron (MAT 1326). The revised evaluation is referred ta as MAT 1326 Mod-4. 
ENDF/B-V formats are used for this revision to meet the need for its immediate application. 

The update, though motivated by results of integral studies (JQ75, GR76) and applications, 
(MA85, PA85) is largely based on microscopic data and nuclear model calculations. The 
changes include inelastic scattering cross section for incident neutron energies (E, 1 greater than 
3 MeV, the entire (n.2n) reaction cross section, and the energy-angle distributions in the sec- 
ondary neutrons for E,, > 4.6 MeV. Most importantly, energy-angle correlations are intro- 
duced for the first time for the (n,n’) secondary neutrons in the continuum. Anisotropic angu- 
lar distributions (not energy-angle correlations) are also given for neutrons emitted in the 
(n,2n),  (n,np) and (n,nar) reactions. 

As far as the above neutron-producing reactions are concerned, the ENDF/B-IV and 
ENDF/B-V Mod-1 evaluations for iron are ncarly the same for En > 3 MeV (nUSO), the 
energy range of the present work. Thus, the conclusions of neutron transport studies (5075, 
CR76) based on ENDF/B-IV are as valid as those (MA85, PA85) based on ENDF/B-V 
Mod-1. These studies, summarized in Section 2, consistently indicate that the evaluated values 
for the (n,n’) cross section are too large in a certain energy region. One result (5075) attri- 
butes the underprediction of neutron penetration in thick iron to the isotropy assumption 
adopted for the (n,n’) continuum (MT=9l). Since neutrons emitted in ( n , n f )  reaction tend to 
be forward peaked, the isotropy assumption would cause underprediction of neutron penetration 
and the effect would be similar to an overestimation of the total (n,~‘) cross section. There- 
fore, the lack of energy-angle correlation for the inelastically scattered neutrons in 
ENDF/B-ZV and ENDF/B-V has to be part of the problem. 
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Modifications made for ENDF/B-V Mod-3, the starting point of the present revision, will 
cause some complications becau$e the a f o r e ~ e ~ ~ t ~ o n e d  integral studies and applications are 
based on either ENDF/B-IV or ENDF/B-V Mod-9.. Two of the modifications for ENDF/B-V 
Mod-3 are relevant to the present work - one is the intr iiction of the cross sections of the 
57Fe inelastic levels, the other i s  a revision in the (n,2n) cross section (FU82). The 57Fe inelas- 
tic cross section is small for En > 3 MeV, being about 1% of the total inelastic cross section at 
5 MeV and being even smaller at higher energies, Therefore, the impact of the present revision 
on the inelastie cross section (approximately 10% at 5 MeV) i s  nearly the same on 
ENDF/B-IV, ENDFIB-V Mod-1, and ENDF/B-V Mad-3. The change in (n ,2n)  cross sec- 
tion in Mod-3 is up to lo%, thus the present revision of (n ,2n)  will be explicitly eornpared with 
both Mod-l and Mod-3. 

For these reasons, we will always designate the Mod number when we mention the ( n , 2 n )  
However, when we discuss the properties of a certain cross section that are cross section. 

nearly the same in Mod-I and Mod-3, the Mod number may not always be mentioned. 

An independent evaluation for natural iron for E, > 3 MeV by Arthur and Young (AR80) 
of Los Alarnos National Laboratory has smaller (n,n’) cross sections than ENDF/B-V. The 
LANL evaluation is helpful for the prment work but cannot replace it for the following rea- 
sons: 

I .  

2. 

3. 

The present evaluation has uncertainty files (MlFz32 and 33) and the LANL evaluation 
does not. 

The present work is based on ENDF/B-V Mod-3 which has 57Fe and the LANL work 
does not. The effect of 57Fe OD neutron attenuation has been shown to be significant in 
the keV region.(FU8 5) 

The present evaluation contains energy-angle correlation (angular distri ution as a func- 
tion of E,, En’) for the inelastically scattered neutrons in the continuum (MT-91), not 
just anisotropic angular distribution (function of E,) as in the LANL evaluation. 

Two advances in the TNG code (FU89) since its application (FU75) for the ENDF/B-IV 
evaluation for iron make the code suitable for the present work. One is the inclusion of width- 
fluctuation correction for the continuum region, the other is the development of angular distri- 
bution capability in the precomnipound reacti which dominates high-energy particle emissions. 
Discussions of these theoretical advances a arisans of calculated results with data are 
presented in Section 3. 

Section 4 describes the method of representating energy-angle correlations in the 
ENDF/B-V format and the adjustments in other cross sections and. uncertainty files due to the 
impact of the revised (np’) and (n,2n) cross sections. Section 5 contains a brief conclusion. 
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2. SUMMARY OF INTEGRAL RESULTS 

Results of integral studies (5075, CF.76) and applications (MASS, PA85) of the 
ENDF/B-IV and ENDF/B-V Mod-I cross-section sets of iron consistently indicate that the 
evaluated values of the (n,n') cross section are too large in a certain energy range and/or the 
energy-angle correlation (which has been assumed negligible in the evaluated files) in the 
inelastically scattered neutrons in the continuum is needed. These results dictate the direction 
of the present effort and are summarized below. 

Johnson, Dorning, and Wehring (5075) studied the neutron leakage spectra from an iron 
sphere (inner radius 7.65 cm, outer radius 38.10 cm) for two central sources. For a "'Cf 
source, the ENDF/B-IV iron cross-section set underpredicts the neutron leakage spectrum for 
EA< 6.5 MeV by a factor of 2. For a D-T source, the calculated spectrum for EA< 10 MeV 
is too small by factors of 2 to 4. The authors suggest that the disagreement is partly due to the 
lack of realistic angular distributions of the direct component in the (n,n') reaction. This sug- 
gestion can now be interpreted more specifically in the light of our current understanding of 
nuclear reactions. In both ENDF/B-IV and ENDF/B-V, the inelastic scattering cross section 
is represented by 40 discrete levels up to 4.510 MeV and a continuum above. The cross sec- 
tions of the discrete levels contain both direct and compound components and their angular dis- 
tributions are adequate in our opinion. However, the angular distributions of inelastically scat- 
tered neutrons in the continuum were assumed isotropic. This assumption is far from adequate 
as can be seen from Fig. 1 in which double differential cross sections of iron for E, = 
14.5 MeV and E,' = 2 to 10 MeV are shown. For outgoing neutron energies (E,,') greater 
than 4 MeV, the forward-peaking in the angular distributions is significant. In addition, it can 
also be seen from Fig. 1 that variations in the angular distributions with E,' are rather large, 
i.e., there is a rather strong energy-angle correlation. Consequently, angular distributions for 
the (n,n') continuum have to be given as a function of E,, and E,"; a task that has not been 
implemented in the ENDF/B-V system. We will discuss this problem further in Section 4. 
For now, it can be concluded that, if the forward-peaked angular distributions such as shown in 
Fig. 1 are represented in the cross-section files, the calculated neutron leakage spectra from the 
iron sphere will be increased. Therefore, one of the tasks of the present work is to calculate 
such angular distributions with the best nucliear model available, fit the calculated results to 
experimental data (which exist only at 14.5 and 25.7 MeV), and find a means to represent the 
calculated angular distributions as a function of E, and E,,' within the confines of the current 
ENDF/B-V processing capability to facilitate immediate application of the new results. 

Cramer and Oblow (CR76) carried out sin analysis, based on ENDF/B-IV, of a neutron 
scattering experiment of a stepped iron ring 25.38 cm in outer diameter, 15.30 cm in inner 
diameter, and 3.72 cm thick. A detector was placed at the center of the ring, creating a 
scattering angle of 90 deg. with respect to the incident beam direction. Analytical and experi- 
mental data include integral count rates and pulse-height spectra as a function of E,. From 
the results, we (not the authors of CR76) inferred that the (n,n') cross section for E, = 3 to 
5 MeV is too large and the (n,2n) cross section for E, = 14 to 15 MeV is also too large. A 
review of recent microscopic data, given in Section 3, appears to support these conclusions. 
Note that the ENDF/B-IV ( n , 2 n )  cross section of iron is the same as that of ENDF/B-V 
Mod- 1. 
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Maerker et a!., (MA85) in a lying the LEPRICON methodology (a covariance reduction 
technique) to the analysis of the neutron fluences in the pressure vessel of an operating PWR 
power reactor, found that overall best agreement between a large body of calculated and exper- 
imental data, including those: for standard neutron fields, can be achieved if the iron (n,n') 
cross section for E,, = 3 to 8 MeV is reduced by 8%. The energy range 3 to 8 MeV in this 
study was dictated by the covariance data given in the ENDF/B-V iron files in which the 
energy range 3 to 8 MeV for (n,n') is given as a fully-correlated group. Therefore, the 
conclusion here is not inconsistent with the energy range 3 to 5 MeV indicatcd in the result of 
Cramer and Oblow summarized above. Incidentally, the covariance group 3 to 8 MeV in the 
(n,n') covariance file may need to be broken up into ~ W Q  groups now that we realize the impor- 
tance of this energy range in radiation damage studies. 
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Pace (PA85) attempted to reproduce the neutron dose rates in Hiroshima after the atomic 
bombing of that city by analyzing the activities in the sulphur samples found in the insulators 
in electric light poles. The calculated activities are too small and Pace attributes this observa- 
tion to too large a (n,n’) cross section for iron which was the major component in the bomb 
shell. For a 1/E neutron spectrum, most of the sulphur activities would come from neutrons of 
3 to 5 MeV. Therefore, a reduction of the (n,n‘) cross section in the 3 to 8 MeV range, sug- 
gested by Maerker et af., and a realistic representation of the energy-angle correlation in the 
inelastically scattered neutrons in the continuum, suggested by Johnson et al., would also 
improve Pace’s calculation. 



6 

SCOPIC DATA ODEE ANALYSIS 

the above discussions on the integral data, it is apparent that the energy-angle corre- 
lations in the inelastically scattered neutrons have to be given regardless of any changes in the 
total ( P Z J Z ’ )  and (n,2n) cross sections. For this reason, we discuss the angular distributions 
first, then examine the total (n,n’) and ( n , 2 n )  cross sections. 

Figures 1 and 2 display the double differential ( n ~ n )  cross sections of iron at 14.5 and 
25.7 MeV, respectively. The data are from KA72, HE’75, MA83, TA83; the curves are the 
present calculation with the TNG code (preliminary accounts for most of the developments of 
this code can be found in FUSS, FU76, FU79, FU81, FU84, FUSS). Although the ne 
energy of 25.7 MeV is outside the limit of the present purpose, the 25.7-MeV calculation 
shown in Fig. 2 is suggestive of the quality of the calculational tool in generating evaluated 
double differential cross sections. 

Figure 3 shows the total inelastic cross section of iron from 3 to 20 MeV. The experimen- 
tal data are from TH63, BE66, BW70, and SA72; the solid curve i s  the present evaluation (cal- 
culation for 56Fe corrected for other small effects, see Section 4); and the dashed curve is 

1. The inelastic cross section below 3 MeV has resonance structures and the: 
ENDF/B-Y values were based on experimental data. Only revisions in the inelastic 
cross section for E,> 3 MeV will be ~~~~~~~~~ in this work. 

2. From 3 to 5 MeV, the present calculation has been inlnrnenced by the integral results 
siimmarized in Section 2. However, for the energy range 3 to 7 MeV as a whole, 
the present calculation agrees well with the microscopic data, The average reduction 
of the present result between 3 and 8 MeV from that of ENUF/B-V is apprsxi- 
niately 890. 

3. There i s  only one measurement (one data point) of the inelastic cross section of iron 
between 7 and 20 MeV. Determination of the cross-section shape in this energy 
range has to be based on nuclear model analysis with the aid of the most relevant 
data such as the nonelastic cross section and the 0.847-IMeV gamma-ray production 
cross section. The inelastic cross section below 11 MeV is greater than 90% of the 
nonelastic cross section. The 0.847-MeV gamma-say production cross section from 
threshold to 20 MeV, adjusted for isotopic abundance, is greater than 90% of the 
inelastic cross section. These relationships among the three cross sections are 

ly defined by the code TNG which calculates all cross sections simultaneously 
with a consistent set of parameters. 

-3. Three observations should be made at this point: 

The nonelastic cross section of iron from 3 to 20 MeV i s  shown in Fig. 4. The exprimen- 
tal data are from PH.52, GR53, PA55, TA55, BE56, FL56, MA57, MA57, ST57, LE58, 
MAS9, DE6L; the solid curve is the prcse~t  eva l~a t io~~ ;  the dashed curve is ENDF/B-V Mod-3. 
The data from 3 to 5 MeV are rather discrepant and do not help much in the determination of 
the inelastic cross section; however, we may consider the smallest data in Fig. 4 as lower limits. 
The data above 6 MeV are reasonably c~nsistent; we do want the present calculation to agree 
with them. 



7 

ORN L-DWG 85-1 61 53 

25.7 - MeV 56Fe(n,:xn) 

0 MARCINKOWSKI - ThG CALCULATION 

- I I I 10-1 
0 30 60 90 120 

Fig. 2. Calcuiated and experimental double differential Fe(n,xn 
neutrons and several secondary energy ranges. 

160 180 

cross sections for 25.7-MeV incident 



8 

I .___r_r___ 
1 NELflST I C 
FE 

CI ERODER ET RL. lBR701 
Cl THOmM Ilk631 
A @ENJRnIN ET R. I B E 6 S I  

t SRLNIKOV ET Ix. ISfl721 

I . . . l . . . .  u 
4.DO 6.00 8-00 10.0 12.0 14.0 16.0 18-0 

I nc  1 dent Neu t r o n  E n e r g y  [MeV I 

- 
.n .., 

Z L  i 

elastic cross sections rk wi 



9 

The 0.847-MeV gamma-ray production moss section of iron from 3 to 20 MeV is shown in 
Fig. 5. The expeimental data are from BE66, BR67, R068, BR70, DI72, CH74, LA74, BE75, 
OR75, LA85; the curve is the present calculation. The corresponding ENDF/B-V values for 
E,, > 3 MeV are given in continum distributions and cannot be retrieved accurately, hence not 
shown. The experimental data are all converted to elemental values. The calculation for 56Fe 
has been multiplied by 0.918 (abundance of 56Fe) to be consistent with the data. Some of the 
data were taken at 55 (or 125) degrees, others at 90 degrees. The former, after multiplied by 4 
u, represents angle-integrated values well. The latter has to be multiplied by 1.125 X 4 u. 
The factor, 1.125, was derived from the differential data of Lashkar et al. (LA74) at 2.5, 8.8, 
and 14.1 MeV. The 0.847-MeV gamma-ray production data from 7 to 20 MeV are the only 
indicator for the shape of the inelastic cross section in this energy range. 

Now we turn to a brief discussion of the nuclear model calculation. From the microscopic 
data shown in Figs. 3 - 5 and the integral data summarized in Sect. 2, we conclude that the 
nuclear model analysis should at least satisfy the following two requirements: 

1. The total inelastic cross section between 3 and 8 MeV in ENDF/B-V Mod-3 may be 
reduced, on the average, by up to 8% without disagreeing with the microscopic data. 

2. The calculated nonelastic cross section and 0.847-MeV gamma-ray production cross 
section from 8 to 20 MeV should agree with the measurements. 
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natural iron. 
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With these two goals in mind, relatively easy to e the principal adjustment in the 
model parameters. The most im present calculation are the optical 
model ~ a ~ a ~ e t e r §  which determin cross section above 8 MeV. ,4t lower 
energies, the nonelastic cross section can be sensitive to the ~ ~ d t ~ ~ ~ u c t u a t i o n  correction and 
has to be calculated by both the optical model and the statistical model (as is done in the TNG 
code). In the calculation for ENDF/B-IV using an earlier version of the TNG code, the 
width-fluctuation correction had to be turned off for E,> 4.5 MeV because the code did 
have a capability for the correction for the continuum part. This capability has since been 

ed. In the light of the present calculation, we conclude that the peak in the inelastic cross 
section near 5 MeV in the ENDF/B curve (see Fig. 3) i s  due to the lack of width-fluctuation 
correction at this energy. With this problem behind us, the principal effort in the present cal- 
culation is in the adjustment of the optical m 

After trying several existing sets of optical model parameters, we found that the set given 
by Arthur and Young (AR88) gave the best overall results. HoweverP some adjustment in the 
imaginary part of the optical model ammeters were necessary to improve the fit to the none- 
lastic cross-section data from 3 to 20 MeV. The adjust 
are: 

imaginary optical-m 

Wv = 0 , and 

where Wv is the volume part and W, the surface part of the imaginary potential depth. There 
was another reason for this adjustment in addition to meeting the goals stated above. We 
found that we could not reproduce Arthur and Young’s result €or the nonelastic cross section 
from 3 to 7 MeV with their optical-model parameters. In this energy range, our calculated 
values for the norae!astic cross section are 20 to TO mb lower than theirs. A plausible explana- 
tion for this difference i s  that they cut off the width-fluctuation correction between 4 and 5 
MeV while we cut it off at 8 MeV. Our calculation, with the original Arthur and Young 
parameters, shows that there is still 58 inb reduction in the nonelastic cross section at 6 MeV 
due to the width-fluctuation correction. Therefore, part sf the adjustment in the imaginary 
potential i s  to compensate for the missed width-fluctuation effect in Arthur and Young’s calm- 
lation, 

All other parameters are either taken from standard sources (level energies, Q-values, etc.) 
or have not been changed from earlier global analysis (proton and alpha-particle optical model 
parameters, precornpound strength, etc., see FU79). 

The (n,2n) cross-section data for iron are show in Fig. 6. ‘The data are from AS%, 
WE62, SAT2, QA77, (2078, VE79, FR80. The present calculation (solid curve) is somewhat 
better than ENDF/B-V Msd-1 (short dashed curve) but i s  comparable to Mod-3 (long dashed 
curve). The, Mod-3 (n,2n) cross section was taken from the Arthur and Young evaluation 
(AW80). The present calculation is for 56Fe while some of the data are f ~ r  natural iron. 



11 

N.ZN 
FE 

- Cl A S M Y  ET RL. IRSS81 
0 FREWUT ET AL. IFRE01 
6 SRCNIKOV ET R. lSR721 
+ VEESER 

-.... - -a 
I YE79 I -X- 

\ 

X FE56. WENUSCH ET Rc . I UEGZ I 
0 FE56. FREHRUT ET RL. lFRBOl 
+ FE56. QRlM ET RL. (124771 
X FE56. CDRCALCIUC ET RL. IC0781 

....- ENOF/B-V. two-1 
--.-ENOF/E-V. IWO-3 
,TNG CRLCULRTlON 

I I I I _ I - I  
3 12.0 13.0 14.0 15.0 15.0 17.0 I80 13.0 

I n c  I d e n t  Nec i  t r o n  Energy  (MeV I 
1.0 

Fig. 6. Compiui- of the Fe(n,2n) woss =ti- Of ENDF/B-V nnod-1, ENDF/B-V Md-3, and 
the present ealedation with merrsmealents. 

Except for the apparently erroneous data of C078, the 56Fe and natural iron (n ,2n)  cross- 
section data are in good agreement; thus no effort has been made to distinguish the two. The 
calculated 56Fe ( n , 2 n )  cross section as shown in Fig. 6 has been adopted as the evaluated value 
for natural iron. The neutron, proton, and alpha-particle production spectra at E,, = 14.5 
MeV are shown in Figs. 7 - 9, which are suggestive of good agreement of the present calcula- 
tion with these data. The data are from CL72, HE75, HA77, GR79, and TA83. 

From the presentation in this section, wc can say that the present revision of the iron evalu- 
ation could not have been possible without the nuclear model analysis, particularly the inelastic 
cross section from 7 to 20 MeV and the energy-angular distributions in the secondary neutrons. 
The representation of such distributions with the ENDF/B-V format, with which the evaluated 
file can be processed readily, causes some complications which we discuss next. 
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4. FORMAT AM) O'LWER ADJUS'"ENTS 

The calculated energy-angle correlations in inelastically scattered neutrons can be accu- 
rately represented using the ENDF/B-VI forniat, a format we have already used for 63Cu and 
"Cu (HE84). However, because a general zapability in the processing of the ENDF/B-VI 
evaluations have not been fully developed and because there is a need for immediate application 
of the present revision of the iron cross-section set, we generated an interim file employing the 
ENDFJB-V format. The technique used to achieve this goal is discussed. In addition, changes 
in other cross sections due to the impact of the revised inelastic and (n,2n) cross sections are 
also described. 

The ENDF/B-V Mod-3 cross-section file of iron contains 40 discrete inelastic levels up to 
4.510 MeV and a continuum above this energ:{. For E, between 4.586 MeV (the threshold of 
the highest-energy discrete level) and 20 MeV. the file has 40 angular distributions (MT = 51 
- 90) for the discrete region and 1 angular distribution (MT --- 91) for the continuum. Thus, 
the energy-angle correlation in the inelastically scattered neutrons is and can only be accurately 
described for the discrete region in the ENDF/B-V format. The single angular distribution 
allowed for the continuum cannot possibly be adequate for the wide E,, range between 4.586 
and 20 MeV. The obvious solution then is to increase the discrete region and reduce the con- 
tinuum region. But this solution can cause serious errors and should be used cautiously, as 
described below. 

The first step i s  to combine some of the existing discrete levels in order to free part of the 
40 allowed discrete levels. A good choice of the combination scheme, shown in Table 1, is to 
sum the cross sections of the discrete levels having threshold energies within a Vitamin-E 
(WE79) group, thus freeing 17 MT designators for the continuum. Then the old continuum 
can be simulated by 17 discrete "bins" plus a new continuurn having much higher threshold 
than the old one. The old continuum is now represented by up to 18 angular distributions 
instead of by a single one; the old discrete region still has 23 angular distributions, probably 
more than adequate for any applications. As indicated in Table 1, the cross sections of levels 
having 2.565 < I Q I 6 3.122 have been summed but have not been changed; corresponding 
angular distributions of the new levels are weighted sums of the old ones. Cross sections and 
angular distributions having I Q 1 3 3.368 have been replaced by the new calculation. Thus, 
precisely speaking, the present revision for the inelastic cross section starts at E,, = 3.428 MeV, 
the threshold for exciting the 3.368-MeV level, though the grouping of lower energy levels may 
have a small effect. The effect would be minimized if the cross sections are processed into the 
Vitamin-E group structure. Calculated cross sections for the new MT = 70 - 91 have been 
multiplied by 0.94 to account for the overall effects of (1) the existing inelastic levels of 54* s6y 

577 58Fe, and (2) the small cross sections of (n,d), (n, t ) ,  and ( t ~ , ~ H e )  not explicitly included in 
the calculation. 

Next, we consider the choice for the bin width for the new MT == 74 - 90 which is part of 
the old continuum. The optimum choice for the bin width depends on the energy range of 
dominance of the inelastic cross section, the accuracy in representing the energy distribution for 
low E,, and the accuracy in representing the angular distributions for high E,,. Because the 
inelastic cross section remains the largest reaction cross section up to E, =-- 15 MeV (above 
which (n ,2n)  cross section is greater) and because the DT neutron source is near 15 MeV, we 

. . . . . -. . 
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3 
or 

Vitamin-E ENDF/B-V New 
group energy (MeV) MT's MT Comment 
_II.-.... 

40 2.7253 67-58 67 

38 3.0119 68 
from 

EWDF/B-V 
36 
35 

3.3287 
3.6788 

71-72 
73-78 

-..II_ 

69 
70 

34 4.0645 79-81 71 new 

33 4.4933 82-88 72 
calculations 

89-90 73 ..._ 4.7237 .... 32 
__.._____ 

perhaps represe 
accurately for E, < 15 
crete bins" would push the new continuum Q-value to 13 MeV. For E, = 15 MeV, the con- 
tinuum width is 2 MeV wide and a single angular distribution representing that of the average 
EA can adequately describe the resulting ~ o w - e ~ e ~ ~ ~  outgoing neutrons. For E,, > 15 MeV, the 
continuum energy range is broader, and the angular distribution ~ e ~ ~ e s e ~ t i ~ ~  that of the aver- 
age E,' for the continuum will again become inadequate, For E, < 10 MeV, the bia width of 
8.5 MeV is wider than those of the Vitamin-E groups, some inaccuracies in the energy distribu- 
tion may result. Therefore, the present metho of representing the energy-angle correlations of 
inelastically scattered neutrons in the ENDF/B-V format cannot replace the ENDF/B-VI for- 
mat. The present calculated results should be transformed into the ENDF/B-VI format. 

the energy-angle correlations of the ineSasticaXBy scatter 
eV. Consequently, a bin width of 0.5 MeV was chasen. 

The angular distributions for the secondary neutrons in ( n , 2 n ) ,  (n,np), and (n ,na)  reac- 
tions are treated the same way as in the (n,n ' )  ~ ~ ~ ~ t i n u u m .  That is, the calculated angular dis- 
tribution corresponding to that of the average E,' for each E, is used. Because, for a 
the average EnJ for (n ,2n) ,  ( n , t p > ,  and ( n , n a )  are smaller than that for the new (n,n ' )  con- 
tinuum, the angular distributions for these three reactions tend to be less of a problem, 

Now we turn to the impact of the revised inelastic and ( n , 2 n )  cross sections on other cross 
sections. The revised (n,n'> and ( n , 2 n )  cross sections lead to a reduced nonelastic cross section 
as shown in Fig. 4. This in turn calls for a redaction in the total cross section, or an increase 
in the elastic cross section, or both. From the data and the ENDF/B-V values shown in GA76, 
it can be seen that the total cross section can be eV, 2% from 8 to 
10 MeV, and 1% from 10 to 12 MeV without worsening the agreement between the evaluated 

uced 3% from 4.5 to 8 
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values and the data. These reductions are: adopted for the present revision and result in an 
increase in the elastic cross section from EWDF/B-V Mod-1 of approximately 3% at 8 MeV to 
5% at I5 MeV. The corresponding increase in the elastic cross section from ENDFIB-V 
Mod-3 is still 3% at 8 MeV but is less than 1% above 13 MeV because the (n,2n)  cross section 
is different between Mod-1 and Mod-3. The gamma-ray production cross section (MF = 13, 
MT = 3) is reduced in proportion to the reduction in the nonelastic cross section (MT = 3) to 
approximately conserve energy. The unce,fiainty file for the inelastic cross section, strongly 
correlated with the nonelastic cross section, is derived from the uncertainties in the nonelastic 
cross section and other partial reaction cross sections. The uncertainties in the nonelastic cross 
section in ENDF/B-V and in the present revision are listed in Table 2. The derived uncertain- 
ties for the inelastic cross section are essentially the same as those for the nonelastic cross sec- 
tion in the energy range from threshold to 11 MeV, and are slightly greater than those for the 
nonelastic cross section at higher energies. The smaller energy groups for the fully-correlated 
uncertainties in the present case shown in Table 2 will allow integral studies of the type per- 
formed by Maerker et al. (MASS) to better pin-point problem areas in the cross sections. The 
uncertainties for MT = 67 - 91, whose cross sections have new definitions, are re-evaluated. 
These uncertainty files are assumed uncorrelated and each has two components. One compo- 
nent is 10% in broad energy groups (LB == i ) ,  the other is 1% of the peak cross section in 
absolute magnitude for the entire energy range (LB = 0). The uncertainties of the (n ,2n)  
cross section still seem reasonable and have not been changed. 

Table 2. Estimated uncertainties of the nonelastic cross section in 
ENDF/B-V Mod-3 and in the present revision 

~ 

Present revision ENDF/B-V Mod-3 - 

E,, (MeV) Uncertainty E" (MeV) Uncertainty 

0.8611 - 20 30 MB 0.8611 - 20 
0.8611 - 3 5% 0.8611 - 2 

3 - 8  5% 2 - 4  
8 - 14 5% 4 - 6  

14 - 20 5% 6 - 8  
8 -  10 

1 0 -  12 
1 2 -  14 
1 4 -  16 
16 - 18 
18 - 20 

30 MB 
5% 
5% 
5% 
6% 
7% 
6% 
5% 
5% 
7% 
8% 
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The inelastic cross section of iron in ‘ENDF/B-V Mad-3 
8% from 3 to 8 MeV and 3% from 8 to 20 MeV. The (n,2 
by up to 10% from Mod-1 and up to 3% from Mod-?). 
inelastically scattered neutrons have been introduced through 
bins in the ENDF/B-V format. Anistropic angular distribu 
the (n ,2n) ,  (n,np), and ( n , n a )  reactions have also h e n  
combined consideration of microscopic data, integral r 
analysis that also included the nonelastic cross section and the 0.847-MeV gamma-ray p 
tion cross section. 
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