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A REEVALUATION OF NATURAL IRON NEUTRON AND GAMMA-RAY PRODUCTION 
CROSS SECTIONS - ENDF/B MATERIAL 1124 

S .  K. Penny and W. E. Kiriney 

Abstract 

Recent data and good agreement between calculated arid experimental cross sections prompted the 
re-evaluation of natural iron neutron and gamma-ray production cross sections for ENDF/B use with 
the a i m  of improving angular distributions and extending inelastic level excitation cross sections. 
C’alculatioris are described and are shown to he in good agrcement with experiment. Below 2 MeV, 
neutron elastic scattering cross sections and cross sections for inelastic scattering to levels in 5 h ~ e  are 
obtained from experimental results. Above 2 MeV, neutron elastic scattering cross sections and cross 
sections for inelastic scattering to levels in  ”Fe up to an excitation energy of 4.116 MeV are obtained 
from calculations. Cross sections for inelastic scattering to the continuum are obtained from fits to 
experimental results. ’l‘lie total cross sections are the evaluated cross sections of Irving arid Straker 
from 330 keV to 15 MeV and those of the U.K. evaluation DFN-91 from 1 6 ’  cV to 330 keV. The 

sections were taken from the U.K. evaluation DFN-91, while the (n,2n) cross 
ENDF/H material 1122. The (n,y) cross Fections were taken from 1J.K. DFN-91. 

The gamma-ray production cross sections arid associated gamma-ray spectra were calculated from the 
evaluated (n,n’) and in,?) cross sections together with known and assumed branching ratios. ‘The 
evaluated cross sections are presented in g~apliical foorm. 

I. INTRODUCTION 

Previous ENDF/R” evaluations of natural iron 
neui ron cross sections have been found to be deficient 
in at least two respects:’ itie partial inelastic cross 
sections are not given above 5 MeV, and the elastic 
scattering angular distributions above 4.6 MeV do not 
agree well with experiment at and beyond the first 
minimum. 

Neutron elastic and inelastic scattering cross sections 
above 4 MeV have recently been measured,’32 and 
model calculations have been found t o  be in good 
agreement with the data. Macklin et al. have recently 
taken preljminary data with fine resolution on the 
excitation of the 0.846-MeV level in “E‘e from 
threshold to 2 MeV. 

In view of the calculational successes and the new 
data, we have re-evaluated natural iron neutron cross 
sections with the intention of improving angular 
distributions, inelastic level excitation cross sections, 
cross sections for inelastic scattering into the con- 
tinuum, inelastic gamma-ray production cross sections, 
and the associated gamma-ray spectra. Outside these 
arcas we hnve borrowed freely from previous eVdhla- 
tions and cross-section sets, notably f r o m  the TJKAEA 

Nuclear Data Library and the evaluation of lhe  total 
cross section by Irving and Straker.4 Table I lists these 
borrowed evaluations. When more than one evaluation 
is listed in Table I then the evaliiations are identical. 

The element iron has four naturally occurring iso- 
topes. * Fe is the doininant isotope in determining the 
neutron cross sectioris of the element. and the other 
isotopes tiiake only minor contributions. l h e  fractional 
abundances and associated isotopic masse? are given in 
Table 11. 

Table I. List of Evaluationr Having Some D a h  Identical 
With Present Evaluation - ENDF-MAT-1124 

Reaction Evaluation 

Total 10 -5  eV to 330 keV UK DFN-91 
330 keV to 15 MeV ENDr MAT-I 101 

UK DEN-64 
l*,t:NDl’ MAT-1 101 
UK JjFN-91 

UK UFN-64 
ENDE M A T - 1  101 
I J K  UTN 91 ’Evalu,iied Nuclear Data File of the National Neutron Cross 

Section Center, Brookhaven National Laboratory. 
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Table 11. Abiindances and Masses of Iron ISQtQpeS 
......... .................... .... 

Isotopes Abundance Mass 

s 4 ~ e  0.0582 
s6ke  0.9166 

s7Fe 0.02 19 

s8Fe 0.0033 

53.93962 

55.93494 

56.93540 

57.93328 

'Table 111. Neutron Reaction Q Values for Iron Isotopes 
.................. 

Q Value (MeV) 

5 4 ~ e  s6Fe 7Fe 58Fe 
Reaction 

.- -_ ......... .. 

(n,r) +9.2987 -+7.6415 +10.0424 +6.5848 
h n ' )  -1,4330 ~-0.846 4 , 0 1 4 4  --0,814 
(n,p) +0.0890 -2.9191 --1.9130 ~-5.7140 
(n,4 +0.8484 +0.3220 +2.4017 -1.3868 
(n,2n) -13.6189 -11.2040 -7.6415 -10.0424 
h d )  ~6 .6272  -7.9651 ~ 4 . 3 3 6 2  -9.7310 
(n,t) -12.4220 --11.9319 -9.3492 -12.1212 
h 3 H e )  --7.6947 -10.5348 --~11.9224 -13.7164 
( n , 4  -8.4212 -7.6194 -7.3195 -7.6407 
h p n )  -8.8517 -10.1896 -10.5607 -11.9555 
( 0 ~ )  -7.4714 --11.9990 -11.3921 
(n.2a) --8.0971 -8.8259 ~-5.5230 -9.1867 

................... 

Numerous neutron interactions with the iron isotopes 
are energetically possible for neutrons with energies less 
than 15.0 MeV, the upper energy limit of this study. 
The Q values for possible reactions are given in 'Table 
IIL6 

Only a few of the reactions listed in Table 111 have 
significant cross sections in the energy range in this 
study. The (n,?) reaction was included for all the 
isotopes. The (n,p), ( n p ) ,  and (n,2n) neutrons were 
included only for Fe and Fe. The inelastic scatter- 
ing cross section included the contribution of s 6Fe  and 
only that due to the excitation of the first level in 
54Fe .  

Because of the strong reliance we have placed on 
calculations, we shall first discuss them and compare 
calculated results with experiment. The evaluated neu- 
tron cross sections are discussed in Section I11 and 
the gamma-ray production cross sections are discussed 
in Section IV. We present as many of the evaluated 
cross sections as possible in graphical form, dispensing 
with tables which rnay readily be obtained from the 
ENDF/B magnetic tape. 

II. NEUTRON CROSS-SECTION CALCULATIONS 
AND COMPARISON WITH E x P E m m v r  

Calcnlation of Neutron Elastic and 'Inelastic 
Scattering Cross Sections 

Central to the calculation of neutron elastic and 
inelastic scattering cross sections is the optical modeL7 
Optical model fits to elastic scattering data yield optical 
model parameters which can be used to interpolate and 
extrapolate elastic differential cross sections to  energies 
and angles at which no measurements have been made. 
'These optical model parameters are also i ised to  
compute penetrabilities in statistical model calcu- 
Iations' -' O of compound niicleus contributions to 
elastic and inelastic scattering. Finally, the parameters 
are used to calculate the distorted waves in a Distorted- 
Wave-Born-Approximation (DWBA)' ' calculation of 
direct interaction contributions to inelastic scattering. 

In the fitting of the elastic scattering data to find the 
best optical model parameters, some estimate must be 
made for the compound nucleus contributions to elastic 
scattering. This i s  done initially by performing statisti- 
cal model calculations with more-or-less standard opti- 
cal model parameters. 'The elastic data are then fitted to  
find the best first-iteration parameters, and another set 
of statistical model calculations are performed with 
these parameters. If the compound elastic contributions 
differ significantly from the starting values, the iter- 
ation is repeated and continued to convergence. 

Differential Elastic Scattering Cross Sections 

To obtain the optical model real and imaginary 
potential depths as a linear function of incident neutron 
energy, we fitted ORNL data from 4.60 to 8.56 MeV,' 
using the code GENOA,' varying only the constant 
parts of the potential depths, with the other parameteis 
fixed at values given in Table IV. Two iterations were 

Table 1V. Optical Yodel Paranieters for Neutron Cliannels 

Real well depth 
Real well radius 
Real well diffuseness 
Imaginary well depth4 
Imaginary well radius 
Imaginary wall diffuseness 
Spin orbit well depth 
Spin orbit well radius 
Spin orbit well diffuseness 

53.95 - 0.267 Et (MeV) 
1.166 f 
0.646 f 
7.401 (MeV) 
1.225 f 
0.6259 f 
6.523 MeV 
1.166 f 
0.646 f 

i s  incident neutron energy (MeV) in laboratory <ysteni. 
SWoods-Saxon derivative. 



3 

required for convergence of the compound elastic cross 
sections The calculated elastic angulai distributions ;ire 
comparcd with experimental data in Fig. 1 where the 
calculated values have been normalized to  integrals of 
the expeiimental data a t  each energy. The abbreviations 

we use, the energies, the energy spieads, and the 
reference numbers for the investigators whose data are 
shown are given in T'able V. The calculated values agree 
with the ORNL data as they should. The calculations 
are lower than the broad resolution DUKE data beyond 

ORNI. CI;NG 70-8708 

10' 1 

Fig. I .  A Comparison of Calculated and Experimental Differential Elastic Scattering Cross Sections. WICK indicates Wick's L.imit. 
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the first minimum at 6.05 MeV and also arc lower than 
the S'rUD data around the first minimum at 8.05 MeV. 
It is interesting that the calculations extrapolate so well 
to  14.5 MeV, matching the second minimum, although 
the first minimum is not well described and the 
structure in the calculations beyond 100" is not evident 
in the data. 

Table V. 'The Abbreviations, Energies, and Reference 
Numbers for Investigators Whose Elastic Scattering 

Data are Compared With Calculations 

Abbreviation Energy (MeV) Reference 

ORNL 

ALD 

WEST 5.00 f 0.10 13 

DUKE 6.05 i 0.23 14 

STUD 4.56 ? 0.05 2 
7.05 f 0.09 
8.05 i 0.09 

TEXN 4.70 t- 0.09 15 
LASL 2.52 fO.047 16 

3.00 t- 0.043 
3.50 t- 0.040 
4.00 i 0.037 
4.50 f 0.033 
5.00 i 0.030 
14.5 i 0.4 17 

4.60 * 0.05 1 
5.00 i 0.05 
5.44 i 0.17 
6.53 ? 0.03 
7.51 i 0.06 
8.56 f 0.08 
4.19 t 0.08 
4.46 t 0.07 
5.18 ? 0.05 
5.50 i 0.05 
6.00 * 0.13 
6 . 1 3 f  0.04 
6 . 3 7 i  0.13 
7.60 * 0.10 
8.50 k 0.08 
8.56 t- 0.05 

0.98 i 0.10 
1.40 f 0.09 
1.61 i 0.08 
1.79 f 0.08 
1.99 f 0.07 
2.01 * 0.07 
2.20 t- 0.07 
2.39 i 0.07 
2.61 * 0.06 
2.81 f 0.06 
3.01 f 0.06 
3.06 f 0.06 
3.99 i 0.06 

18 

Cross Sections for Iiielastic Scattering 
to Discrete Levels in ' Fe 

Cross sections for inelastic scattering to "Fe discrete 
levels by compound nucleus formation and decay were 
computed by statistical model theory with the com- 
puter code HELENE.' ' 'This code incorporates the 
Hauser-Feshbach statistical models with PorterThomas 
width-fluctuation corrections.' Competition with con- 
tinuum states is taken into account as well as competi- 
tion from other reactions. The penetrabilities are 
computed directly from an optical model with no 
spin-orbit coupling. The 41 levels that were used for 
5 6 F e  are listed in Table VI, together with the spins and 
parities used in the  calculation^.^ Competition from 
(n,a) and (n,p) reactions was included, the character- 
istics of the levels in the 53Cr and 56Mn residual nuclei 
being given in Table V11.21*22 This competition was 
not significant for neutron energies below 7 MeV. The 
optical model parameters for the neutron channels were 
those shown in Table IV; the a- and p-channel 
parameters are listed in Table VIII.' ,' The con- 
tinuurn cutoff energies were 5.115 MeV, 2.782 MeV, and 
0.213 MeV, respectively, for the n-, a-, and p-channels. 

Table VI, Energy Levels of 56Fe 

Energy (MeV) JST Energy (MeV) J.rr 

0.000 
0.846 
2.084 
2.654 
2.939 
2.957 
3.119 
3.122 
3.368 
3.388 
3.415 
3.450 
3.600 

(3.60 1) 
3.605 
3.747 
3.829 
3.856 
4.046 
4.099 
4.1 16 

0-1- 
2+ 
4+ 
2+ 
0-1 
2+ 
1+ 
4+ 
2'; 
6+ 
3+ 
1+ 
O+ 

(@+) 
2+ 
6+ 
2+ 
3+ 
4+ 
3+ 
4+ 

4.296 
4.388 
4.450 
4.501 
4.531 
4.545 
4.602 
4.650 
4.676 
4.728 
4.866 
4.87 1 
5.017 
5.032 
5.044 
5.130 
5.135 
5.191 
5.196 
5.243 

*Assumed spins and parities are enclosed in parentheses. 
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Table VLI. Energy Levels of 3Cr and "Mn 

5 "Cr 5 6 M n  
. .. 

I_ . .- 
Energy (MeV) J-rr Energy (MeV) J-rr 

o m r )  312- 0.000 34- 

0.565 l j 2 -  0.026 2+ 
1.008 512- 0.1 10 1+ 
1.285 (712-)* 

1.537 (712-1 
1.97 1 (3 12 --) 
2 .169 (112-) 

2 .324 312- 

2.454 (112 --I 
2.664 !5/2-) 
2.667 ( 1 12--) 

2.715 ( X - )  

2.221 (512--)  

*i\ssur:icd spins and parities are enclosed in parentheses. 

Table W11. Optical Model Parameters for Alpha 
Particle arid Proton Channels 

Real well depth 78.60 (MeV) 46 .60  (MeV) 

Real well radius 1.58 f 1.2s f 

Real we 11 3 iffu sellas 0.48 f 0.65 f 

Imaginary well depth 15.50 (MeVj.1 10.00 (MeV)$ 

Tmaginary \wll radius 1.58 f 1.28 f 

Imaginary well diffuseness 0.48 f 0.53 f 

?Woods-Saxon. 
t ' Woadv-Saxon derivative 

'The continuum level density parameters are given in 
Table iX.' 9 2 5  'The cross sections for exciting the 
continuiuni were calculated only for competition wi1.h 
discrete levels. The evaluated cross sections for exciting 
the continuum as discussed in Section III were deter- 
mined experirncntally. 

7'lie 0.846-MeV and 4.53 1-MeV levels in ' 6Fe may be 
excited by direct interaction ([>I) as well as by 
conipound nucleus rormation and decay (CN). A 
DWLPG calculation was performed with the code 
JULIEZ6 using optical model parameters of Table IV 
and a deformation p:iramster of 0.26 for the 0.846- 
MeV level and 0.2 for the 4.531-MeV level to accourit 
for tlie 111 ~ o n t r i b u t i o u s . ~  Assuming independence of 
D1 and rl'N processes, the calculated DI and CN cross 

Table IX. Continuum Level Density Parameters 

E ,  (MeV) 3.2 8.2 1.6 
E o  (MeV) 0.8 -0.71 --1.19 
T !,%,lev) 1.24 1.4 1 1.07 
a 5.15 5 . 8 8  7.27 
h 0 0 0 
c (MeV-') 8.77 7.37 9.4s 
A (MeV) 2.81 1.35 0 

....................... 

sections were added to give Ilie cross sections for 
inelastic scattering to these levels. 

The calculated differential cross sections for inelastic 
scattering to  the 0.846-MeV level in 6Fe is compared 
with experimental results in Fig. 2 where agreement is 
seen to be reasonable. The DI contribution increases 
while the C'N contribution decreases with increasing 
energy, the scattering being a13 DJ at 14.5 MeV and the 
angulx distribution being highly anisotropic. 'The u1lc1x- 
lated differential cross sections f o r  inelastic scattering 
to  higher levels agreed with experimentnl data witbit, 
the ex pe r i me 11 I a I err (1 rs. 

Calculated level excitation cross sections for iiielastjc 
scattering to resolvable levels arid groups of levels in 
' t7e are compared with experimental results in Fig. 3 
where agreeinent is seen to  be good. 

Nonelastic and Integrated Elastic Cross Sections 

Expcrimental measurements have been made of both 
the nonelastic and the integrated elastic cross sections 
for natural iron and there is some interest in comparing 
the corresponditig evaluated cross sections with the 
experime rital results. 

Figure 4 compares the evaluated nonelastic cross 
section as n function of energy ftorn 1 t o  15 MeV with 
experitnental measurements of the nonelastic cross 
section as given in reference 27. 'The evaluated 11011- 

elastic cross secl ion was averaged over SO-keV intervals 
for the purpose of this comparison. From 1 i o  2. I MeV, 
the nonelastic cross section is made u p  almost entirely 
of tlie cross section for inelastic scattering to the 
0.846-MeV level in * Fz. 'This evaluated inelastic cross 
section in ibis energy range is based on  he high 
resolution preliminary experimental data of Macklin3 et 
nl. 3s described in Section 111. From 2.1 to 9 MeV the 
nonelastic cross section is essentially equal to the iota1 
inelastic cross section. In this energy range the evalu- 
ated cross sections for  inelastic scattering to discrete 
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levels were calculated as described above while those for scattering to the continuum was adjusted so that the 
inelastic scattering to the continuum were obtained evaluated nonelastic cross sections would agree with the 
from experimental data as discussed in Section 111. experimental results. The fact that the evaluated non- 
,4bove 9 MeV (n,2n), (n,p),  and ( n p )  reactions start elastic cross section is lower thaii the experimental data 
to  contribute to the nonelastic cross section, and from 2 to 3 MeV implies a discrepancy between the 
in this energy range the cross section for inelastic nonelastic and the partial inelastic experimental cross 

ORNL-DWG 70-8702 
E,= 0.8116 MEV 

r-- ...... ........ r . . ~ ~  _._._____ 

E,= q.60+0.05 MEV 

10' 

1 o1 

.411+0.13 MEV 

--@--.---------- E 10' 
I- 
v, 
\ m 
5 
- 
22 10' b 

1 oo 

1 oo 

I I I I I I I I I .J..- ...... J . A  ..... 1 
30 GO 90 120 150 190 

lo-] I__- I 

Bm (DEGI 

Fig. 2. A Comparison of Calculated and Experimental Differential Cross Sections Per Atom of Natural Iron for Inelastic Scatter 
ing to the 0.846-MeV Level in 56Fe. 
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sections in this energy region. The nonelastic meas- 
urernerits were made by the sphere transmission tech- 
nique, whereas the partial inelastic data result from 

time-of-fllght experiments. The time-of-flight data re- 
quite simpler corrections than do the sphere trans- 
mission data and should yield the better cross sections. 

lo3: 

lo2: 

102'- <I 
10' 1 

b 

Io2L 
7 1 

1g2: 

10' :- 

n 

I 

0 

r 

. .  .,.- ..... ..... j~ _-__ .............. 0 R N 1- ZWG., 70 - ?706 
3 
4 

E, = [3.119+3.1221 KEV 1 

i 

L ....... L ..... A I I L.- .... ,. ...... J 
I 2 3 4 5 5 -? 8 9 10 

tl (MEVI 

Fig. 3. A Comparison of Evaluated and Experimental Itirlastic Scattering Level Excitation Cross Sections. 
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I I I 1 I I I 1 
- 
- 
- 

- 

Fig. 4. A Comparison of Evaluated and Experimental Nonelastic Cross Sections. 

u u ........ I u 
1 2  3 4 5 G 7 8 3 1 0 1 1 1 2 1 3 1 4 1 5 1 S  

10' 

E (NEVI 

The integrated elastic scattering cross section is 
obtained experimentally by measuiing the differential 
elastic scattering cross section at a number of angles and 
then fitting the data by least squares to  a Legendre 
series to  find the integrated cross section. The ENDF/B 
elastic scattering cross section is defined as the differ- 
ence between the total and the nonelastic cross sec- 
tions. 

The evaluated elastic scattering cross section for 
natural iron as a function of energy is compared with 

experimental data in Fig. 5.  The experimental data were 
obtained from a SCISKS listing* of the available data 
and from reference 1.  The evaluated cross section was 
averaged over 50-keV intervals for the purpose of 
comparison. I t  is in reasonable agreement with the 
experimental results except in the energy region fiom 5 
to  7 MeV where it is -10% higher than the data. 

*Obtained from National Neutron Cross Section Center, 
Brookhaven National Laboratory, in March 1970. 
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I I I I I I I I I I I I I ... L- 1 u3 

ORN L-DWG 70-9445 
-71- r--r---r T- n r- T T- -1 

I 

i 

i 

J 

ELRS 

Pig. 5. A Comparison of Evaluated and Experimental Elastic Cross Sections. 

THE EVALUATED NEUTRON CROSS SECTIONS et ol 3 0  Irving and Straker concentrated on eliminating 
unnecessary points in the experimental data, distin- 
guishing actual structure from statistical fluctuations. 

The evaluation of the United Kingdom (DFN-91 ' ) 
The total cross section was taken flom two previous was adopted for tlie energy range eV to 330 keV. 

cvaluations The evaluatiun of Irving and Strake14 was These data reflect the capture measurements of 
adopted for tlie encrgy ianpe 330 keV to 1 5  MeV. Hockenbury et 0 1 . ~ ~  Further discussion may be found 
These data were laken from the experiments of in the section for the capture cross section. The dnta ale 
Cierjacks et C'arlson and C e r l ~ o n e , ~ ~  and Rainard shown in Figs. 6 16, 

The Total C r o s ~  Section 
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NFITURRL IRON TOTFIL 
SMOOTH NEUTRON IlROSS SECTIONS 

I o2 

10' 

1 oo 
1 0 8  lo-2 10-1 1 oo IO' 1 o2 

ENERGY -EV 
Pig. 6 .  The Evaluated Total Cross Section From lo-' to I O 3  eV 

NQTURFIL IRON TOTRL 
SMOOTH NEUTRON CROSS SECTIONS 
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1 I t I I 1 I 

I . W E  03 3.00aE 03 5.000E 03 7.- 03 9 . W E  03 

ENERGY -EV 
Fig. 7. The Evaluated Total CrGSS Section From 1 to 1 1  keV. 
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Fig. 8.  'rhe Evaluated Tola1 Cross Section From 10 to 110 keV. 
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The Elastic Scattering Cross Section 

The Integrated Elastic Scattering Cross Section 

The elastic scattering cross section was obtained by 
subtracting the nonelastic from the total cross section. 
The resulting elastic scattering cross section i s  shown in 
Figs. 17-27. 

Angular Distributions of Elastically Scattered Neutrons 

Cox3 has measured elastic angular distributions from 
0.68 to 1.23 MeV with a resolution of .?IO keV in 
'MeV steps. Wells et have also measured the 
differential elastic cross section from 0.75 to 0.98 MeV 
with a resolution of +3.5 keV, but at only angles. 
Outside this energy interval the data are relatively 
scarce. Measurements have been made at 0.33s aiid 0.5 
MeV36 with resoliitions of k12.5 and k2.5 keV, 
respectively. Energies and resolutions at which data 
have been taken between 1.23 and 4 MeV are listed in 
'Table X. 

D7 

Table X. Energies, Resolutions, and References for Natural 
Iron Neutrori Elastic Differential Cross-Section 

Measurements Between I .23 a i d  4 MeV 

E, MeV Rcfercnce 

1.37 f. 0.01 
1.48 + 0.04 
1.58 * 0.04 
1.66 t 0.04 
1.71 t 0.01 
2.01 I 0 . 0 1  
2.20 f 0.06 
2.25 t 0.05 
2.45 t 0.05 
2.50 r 0.10 
2.6.5 f 0.01 
3.00 t 0.025 
3.20 ?. 0.05 
3.26 i 0.01 
3.66 t 0.20 
3.67 k 0.05 
3.70 k 0.10 
4.00 f 0.025 

37 
38 
38 
38 
37 
37 
39 
40 
40 
41 
37 

2 
42 
37 
43 
15 
44 

2 
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Fig. 21. The Evaluated Elastic Scattering Cross Section From 500 to 750 keV. 
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We fitted the differential cross sections between 0.3 
and 4 MeV by least squares to a Legendre series, 
plotting the data with the fits to ensure adequate 
fitting. P3 was sufficient below 2 MeV, while P, and P6 

had to be used above 2 MeV. Because of the larger 
energy ~ a n g e  and data taker1 at eight angles rather than 
a t  4-6 angles, we used Cox's data rather than that of 
Wells, drawing a smooth curve by eye through the data. 
W e  :ilso used the results at  0.3 and 0.5 MeV. The 
coefficierlts resulting from our Legendre fits to the data 
and the curves we drew to represent them for a l  , a 2 ,  
arid a3 from 0.3 to 1.3 MeV are shown ir i  Fig. 28 where 
the a's are defined Iiy 

where 
f(p) = t he  probability uf scattering into dp about p ,  

p = the cosinc of the center-of-mass scattering 
angle, 

= the I th  Legendre polynomial, 

30 = I .  

Above 1.23 MeV, the Legendre coefficients obtained 
by optical model and statistjcal niodel calculations 
yielded as reasonable :I curve as one could draw to  
represent the data for coefficients a3 through a s .  We 
did adjust the computed a l  and a2 to give a better fit to 
what data are available. 'There is no doubt that the 
fluctuations in Cox's &la extend both above and below 
his energy interval but in the ribserice o f  data siniilar to 
his, a snioothing of the data seems most reasonable. The 
coefficients from 0.3 to  4 MeV are plotted along with 
flit: results of flts to the experimental data in Fig. 29. 

Above 4 MeV, the real and imaginary potentials for 
the optical model were obtained by fits to experimental 
data; hence, the Legendre coefficients describing the 
calculated results are tied directly io experiment. The 
Legendre coefficients from 0.3 to 15 MeV ;ire plotted 
in Fig. 30. 
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The Cross Sections for Inelastic Scattering 
to the 0.844-MeV Level in ‘ Fe 

Integrated Cross Section 

Macklin et d 3  have recently taken data on the 
excitation of the 0.846-MeV level in ’‘ Fe from 
thrwhold to  >2 MeV with the best energy iesolrition to  
date, +--3 keV at 1MeV neution energy. These data 
have yet to be reduced to  cross sections. Uarriard et 
ul. measuied the excitation of this level from 0.94 to 
1 SO MeV with an eneigy resolution of +-7 keV. 

Angular Distribution 

While the angular disl ribution of neutrons inelas- 
tically scattered to  the 1.408-MeV level in 5 4 F e  very 
likely rzsenibles that of neutrons scattered to  the 
0.846-MeV level in 5 6 F e ,  we have taken the distri- 
bution to be isorropic at  all energies. 

Cross Sections for Inelastic Scattering to 
Ixvels in ’ Fe With E, > 0.846 MeV 

We noimalized Rlaclilin’s data to the iesults Qf 
Uarriarcl et  al. below 1.5 MeV. From 1.5 to 2.12 MeV Integrated Cross Sections 

we norrmalized to  the +35-keV resolution medsuiernents rhere are eighteen levels in s 6 F e  with 0.846 < E, < 
of Gilboy arid Towle.’ * 4 116 MeV which were resolvable in the ORNL data’ 

Above 2.12 MeV, the evaluated cross sections are a either as individual levels oi as groups of levels. AS 
result of calculations as described in Section 11. discussed previously, calculational results are in ex- 

cellenl agreement with experiment Calculated values 
for each of the 18 levels were therefore used in the 
evaluation and are shown in Figs. 32 -35. Angular Distribution 

We re1 ied exclusively on calculations to provide the 
angular distributions for scattering to the 0.846-MeV 
level in Fe over the entire incident neutron energy Angular Distributions 

range. ‘The CN and DI contributions were separately 
fitted by least squares to Legendre polynomial series, 
the coefficients weighted by  the ratio of [lie partial (CN 
or Dl)-tc)-total (CN + DI) inelastic cross sections, and 
added to arrive at  the coefficients for the combined 
clistribul ions. The coefficients are plotted as a function 
of energq. in Fig. 31 and result in the angular distri- 
bui ions which were shown i t 1  Fig. 2. 

The Cross Section for Inelastic Scattering 
to the 1.408-MeV Level in ’ Fe 

Integrated Cross Section 

Even though “Fe is but 4.82% abundant in tiatur31 
iron! the 1.408-MeV level is sufficiently excited so that 
it should be considered. This level is ZCand, as with the 
0.846-MeV level in 5 6 F e ,  rnay be excited by direct 
interaction as well as by compound nucleus formation 
;tnd decay. 

‘I’he UR-evaluated cross section below 3 MeV was 
used where there is considerable s t r ~ c t u r e . ~  Since the 
5 4  Fe l e d  structure is not too dissimilar to ‘that of ‘ Fe, w e  noi-malir.ed the cross section for  the 0.846- 
MeV level in Fe to the IJ.K. results below 3 MeV arld 
used the normalized results from 3 to 15 MeV for the 

Fe 1.408-MeV level. The cross section for this level is 
shown in Fig. 32. 

5 4  

The mgular distributions calculated by a statistical 
model, as described previously, were used for neutrons 
inelastically scattered to each of the 18 levels in “Fe 
with 0.846 < E, << 4.1 16 MeV. W t d e  P i 2  was 
necessary to describe some of the distributions, the 
coefficients of odd polynonGals ale zero because of the 
symmetry about 90”. Typical behavior of the coef- 
ficients as a function of meigy is shown in Fig. 36 for 
scatteiing to levels of spins 0, 1, 2, and 3. 

The Cross Section for Inelastic Scattering 
to the Continuum 

It  has been observed’ that below an excitation energy 
of -7 MeV inelastic scattering into the “continuum” 
shows structure and is not well described by an 
evaporation model. As suggested by evaporal ion theory, 
however, if rhe cross section for scattering into the 
continuum is divided by ihe outgoing neutron energy E’ 
then the plot of the quantity u/E’ versus excitaiiorl 
energy, E,, is similar in shape at various incident 
neutron energies. Above an excitation energy of 7 MeV 
an evaporation niodel was found to  apply. 

Tlyat portion of the continuum which shows structure 
extends from Ex = 4.1875 MeV where groups of 
discrete levels cease being resolvable in the experimental 
data to E, = 7.01 25 MeV where an evaporation model 
starts to represent !he data. I’he continuunl data were 
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Evahated Inelastic Scattering Level Excitation Cross Section for Excitation Energies E, = 3.545 to 3.747 MeV. 
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Fig. 35. The Evaluated Inelastic Scattering Level Fxcitation Cross Section for Excitetion Energies E, = 3.829 to 4.116 MeV. 
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reduced to cross sections summed over 25-keV intervals 
in excitation energy, @-*E,)AE,. By comparing 
o(E +E,)AE,/E’versus E, from data taken at E = 6.14, 
7.54, and 8.56 MeV, it was found that the cross 
sections at energy E could be related to  those at 8.56 
MeV by 

X exp[0.681(8.56-E)] . (1) 

Above E, = 7.0125 MeV the cross section could 
reasonably well be represented hy 

u( E.-->”) 
................... ~ - - 36 exp[0.936(EX - 7.0125)]mb/(sr - MeV’). 

E‘ 

Now the average laboratory energy of a neutron 
inelastically scattered to  E, in the continuum assuming 
isotropic scattering is 

( 3 )  

A = mass number. 

Converting Eq. (2) to  a Maxwellian by substituting 
for E, from Eq. (3) yields 

u(E+E‘) = 4n X 36 exp[0.681(8.56-E)] 

7.0 125 )] 

1 +A’ 
(l+A)’ . 

where a = -___ 

Even though it is physically impossible for the average 
E‘ to reach 0 since this requires backward scattering in 
the center of mass, its minimum value differs little from 
0 so we shall allow it to be so. Equation (4) can now be 
used t o  arrive a t  the Maxwellian probability for 
scattering from E to dE‘ about E’: 

0 = 1.0496 MeV 

I1 = 6.8895 MeV 

Note that ENOF procedures do  not consider a 
constant ar multiplying the incident energy E. It must 
be included for proper normalization. 

To obtain the cross section for scattering into the 
continuum we performed the integration 

as a function of E irp to 9 MeV. 
s4b0ve 9 MeV we adjusted the cross section for 

inelastic scattering into the continuum so that the 
nonelastic cross section obtained by summing the 
evaluated partial cross sections would agree with experi- 
ment.” The cross section for scattering into the 
continuum i s  shown in Fig. 37. 

ar Distribution 

Experimental data’ indicate isotropic-angular distri- 
butions for neutrons scattered into the continuum, and 
that is the distribution we have used. 

Energy ~~~~~~~~o~ 

As discussed above, the continuum was divided into 
two regions in excitation energy E,. The first, for 
which 4.1875 MeV < E, < 7.0125 MeV, shows 
structure and is tabulated every 0.1 MeV in incident 
neutron energy from 4.4 to 15 MeV. The outgoing 
neutron probabilities are given for energy bins 0.05- 
MeV wide and boundaries on multiples of 0.05 MeV. 
The second region, for which E, > 7.0125 MeV, is 
describable by the Maxwellian discussed above. 

Typical secondary neutron energy distributions for 
several incident energies are shown in Fig. 38. 

“Ilie Tobl Inelastic Cross Section 

The total inelastic cross section obtained by summing 
the cross sections for inelastic scattering t o  discrete 
levels and to  the continuurn is shown in Figs. 39-44. 
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Fig. 41. The Evaluated Inelastic Scattering Cross Section from 1.5 to 2 MeV. 
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The capture cross section was take0 from the U.K. 
evajuation (DFN-91).3 These data were obtained by 
the U.K. in the energy range 1 keV to  60 keV by using 
resonance parameters based on the measurements of 
Mockenbury et aL3* These data are, in general, lower 
than the data of DFN-64 and consequently lower than 
those of ENDF-11014 and ENDF-1108.4S The U.K. 
adopted J. J. Schmidt’s46 evaluation below 1 keV and 
above 60 keV except that above 60 keV a constant 
value of 9 mb was assumed which joins smoothly to 
Schmidt’s curve just above 100 keV. The data are 
shown in Figs. 45-48. 

Cross Sections for the (np), (n,p)> and (Qn) Reactions 

The (n,a) and (n,p) cross sections were taken from 
the U.K. evaluation (DFN-91) which were in t u n  

derived from J. J. Schmidt’s e v a l u a t i ~ n . ~ ~  The cross 
sections for the (n.2n) reaction were taken from the 
evaluation by Azziz et al (ENDF- 1 1 Z!).4 

The secondary neutron energy distribution of the 
(n,2n) reaction was also taken from the evaluation of 
A7ziz et al. The form IS Maxwellian: 

wliere 0 = 0,433 fl (in MeV), E is incident neutron 
energy, E’ i s  emergent neutron energy, and N is a 
normalization constant. The curves for the (n,a), (n,p), 
and (n,2n) CI-oss sections are shown in Figs. 49-5 1. 

f i e  Nonelastic Cross Section 

The nonelastic cross section obtained by adding the 
evaluated partial cross sections is shown in Figs. 52 -62. 

Fig. 45. The Evaluated Capture Cross Section For Neutron Energes IO-’ eV to 1 keV. 
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Pig. 52. The Evahated Nonelastic Goss Section for Neutron Enages IO-' eV to I keV. 
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Fig. 53. The Evaluated Nonelastic Goss Section for Neutron Energies 1 to 11 keV. 
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Fig. 54. The Evaluated Nonelastic Cross Section for Neutron Energies 10 to 110 keV. 
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Pig. 55. The Evaluated Nonelastic Ckoss Section for Neutron Energies 100 to 600 ktV. 
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Fig. 56. The Evaluated Nonelastic Goss Section fox Neutron Energies 5063 to 750 keV. 
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Pig. 57. The Evaluated Nonelastic Cross Section for Neutron Energies 750 keV to 1 MeV. 
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Fig. 58. The Evaluated Nonelastic Cross Section for Neutron Energies 1 to 1.5 MeV. 
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Fig. 59. 'The Evaluated Nonelastic Cross Section for Neutron Energies 1.5 to 2 MeV. 
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Pig. 60, The Evaluated Nonelastic Cross Section for Neutron Energies 2 to 3 MeV. 
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Fig. 61. The Evaluated Nonelastic Cross Section for Neutron Energies 3 to 5 MeV. 
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Fig. 62. The Evaluated Nonelastic Gross Section for Neutron Enwgies 5 to 15 MeV. 

Iv. GAMMA-RAY PRODUCTION CROSS SECTIONS 

Only gamma rays iesulting from neutron capture and 
neutron inelastic scattering have been considered. 
Gamma rays resulting from (n,a), (n,p), and (n,2n) 
reaclions could he hiportatit for the higher energy 
range (10 MeV to 15 MeV) if  the neutrons in this 
energy range are abundant enough in a given shield. 
However, in most shields this i s  not the case. 

Neutron Capture Gamma-Ray Production 

The multiplicities and gamma-ray energy distributions 
of gamma rays resulting from neutrori capture were 
calculated by White" after intensities o f  primary lines 
had been fitted to  experimental data. White used the 
code L)IJCA[? ' to calculate the de-excitation spectra 
from capture states in Fe arid ' Fe extending ftom 
iliermal-neutron energies to 1 MeV. Iriterisities of 
primary lines were matched with experimental data of 
Chrien et B. B. V. Kaju t i t  al.,'" and N. C. 
Kasmussen et a/.'' The rest of the spectra were 

generated by the code; however, in this case most of the 
binding energy resides in the primary lines. For higher 
neutron energies the same parameters were used as for 
the lower energy case except that the capture state was 
changed, S-, p-, and d-waves were included. 'The states 
of 
and the states o f  "Fe were obtained from the Nuclear 
Data Group and a calculation by F u . ~ '  'The brmching 
ratios that were not known experimentally for the 
states were obtained from an ~zd hoc calculation which 
presumes knowledge of E2/Ml and M l / E l  ratios for all 
states. These were taken to be 0.2 and 0.25, respec- 
tively. White then used [he code AVAs to average the 
de-excitation spectra over 12 r ieu i r~n  eriergy groups 
to obtain gainma-ray energy distributions and multi- 
plicities for each group. The code AVA averages the 
gamma-ray spectra over the capture cross section. The 
capture cross section is calculated in two energy regions 
-- namely, the resolved resonance region and the 
unresolved resonance region. In the resolved resonance 
region the resonance parameters used were then derived 
from Hockenbury's m e a ~ u r e m e n t s ~ ~  by the IJ.K.3 

Fe were obtained from the Nuclear Daih Group,2 



The resonance treatment was single-level Breit-Wigner 
with no Doppler broadening. The energy groups are 
broad enough so that Doppler broadening is not 
important. In the unresolved region AVA incorporates a 
statistical niodel but with no competition from inelastic 
scatteiing, etc. ‘This will introduce no error in this case 
since the inelastic scattering for 5 4  Fe is absent below 1 
MeV and the inelastic scattering in Fe introduces 
only a normalization constant which should he almost 
unity below 1 MeV. The statistical model was Hauser- 
Feshbach with width fluctuation corrections, and the 
analog of the penetrability for gamma rays was 2n times 
an average radiative width times a level density given by 
Gilbert and Cameron.* The gamma-ray multiplicities 
are shown in ’Table XI, and the probability densities of 
emitting gamma rays with energies in 50-keV bins are 
shown in Figs. 63 -74. 

I 

Table XI. Capture Gamma-Ray Multiplicities 

Neutron Energy Range Multiplicity (Photons/Event) 
~ 

IO-’ 250 eV 
250-500 eV 
500-3000 eV 
3.0 4.5 keV 
4.5 -6.0 keV 
6-12 keV 
12-20 keV 
20-40 keV 
40- 60 keV 
60-200 keV 
200-400 keV 
0.4-15 MeV 

2.1630 
2.1556 
2.3571 
2.1592 
2.1575 
2.7338 
2.0939 
2.7726 
2.79 17 
2.6261 
2.6629 
2.7384 

ORNL-DWG 70-11676 

NEUTRON ENERGY = 1.00E-08 KEV TO 2.SOE-CJ1 KEV 
1 - - - - - 1  10-5 ........_ 

GRtlflA ENERGY [MEVI 

CRPTURE GHMMR RRYS 

1 

Fig. 63. Energy Distribution of Gamma Rays Resulting From the Radiative Capture of Neutrons in the Energy Range 1Q-’ to  
250 eV. 
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Fig. 64. Energy Distribution of Ganima Rays Resulting From the Radiative Capture of Neutrons in the Energy Range 250 to 
500 eV. 
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Fig. 65. Encrw Distribution of Gamma Rays Resulting From the Radiative Capture of Neutrons in the Energy Range 0.5 to 
3 keV. 
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Fig. 66. Energy Distribution of Cmmrna Rays Resulting From the Radiatk~e Capture of Neutrons in the Energy Range 3 to 
4.5 keV. 
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Fig. 67. Energy Distribution of Gamnla Rays Resulting Froin the Radiative Capture of Neutxons in the Enerm Range 4.5 to 
6 keV. 
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Fig. 68. Energy Distribution of Gan~ma Rays Kesullin~ Prom the Radiative Capture of Neutrons in the Energy Range h to 
12 keV. 
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Pig. 69. Energy Distribution of Gamma Rays Resulting From the Radiative Capture of Neutrons in the Energy Range 12 to 
20 keV. 



52 

NEUTRDN ENERGY = 2.00iE 01 KEV TI3 U.OOE 01 KEV ORNL-D'NG 70-11674 

CRPTURE GAMMA RAYS -.-- 

_._I.__..... . 

2 -  I i 10 

GAMMA ENERGY [MEW 

Fig. 70. Energy Distribution of Gamma Rays Resulting Prom the Radiative Capture of Neutrons in the Energy Range 20 to 
40 keV. 
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Fig. 71. Energy Distribution of Gamma Rays Resulting From the Radiative Capture of Neutrons in the Energy Range 40 to  
60 keV. 
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Fig. 72. Energy Distribution of Gamma Rays Resulting From the Radiative Capture of Neutrons in the Fnergy Range 60 to 
200 keV. 
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Fig. 73. Energy Distribution of Gamma Rays Resulting From the Radiative Capture of Neutrons in the Energy Range 200 to 
400 keV. 
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Fig, 74. Energy Distribution of Gamma Rays Resulting From the Radiative Capture of Neutrons in the Encsgy Range 0.4 to 15 MeV. 

Neutron Inelastic Scattering G a m m a b y  Production 

Since the calculations of the inelastic scattering cross 
sections described previously were successful, we de- 
cided to calculate the gamma-ray production arising 
from de-excitation of states excited by inelastic scatter- 
ing of neutrons. We realized that the 41 nuclear states 
for ’ Fe used in the neutron calculations would not be 
sufficient and that the use of a continuum model would 
either entail undesirable approximations such as spin 
and parity independence of the spectra OK involve a 
large data handling problem. Extensive shell-model 
calculations had been performed by M ~ G r o r y , ’ ~  so we 
naturally thought of using the states predicted by these 
calculations for energies above 4 MeV. When the 
cumulative number of levels was plotted versus excita- 
tion energy and compared with that predicted by the 
level density models which we had already used 
successfully, the number of states predicted by the shell 
model was found to be deficient. We then assumed that 
the shell-model calculations provided levels with correct 
spin-parity distribution and that the level density 
formula predicted correctly the total number of levels 
of all spins and parities. Therefore, in the statistical 

model calculations the excitation energy spectra were 
divided into three regions. The first region extended to 
5.25 MeV and the levels were treated as discrete levels. 
The second energy region extended to  9 MeV and the 
levels were discrete but weighted by the number of 
levels the level density formula would have predicted. 
‘The third energy region extended beyond 9 MeV and 
was considered to be a continuum region. A total of 
255 levels were used which had spins less than 6. 

The computer program HELGA, which is a modifica- 
tion of EIELENE,” was used to generate the gamma- 
ray production data. These calculations only included 
the discrete gamma-ray cascade, although a continuum 
model was programmed. The gamma rays had energies 
less than 9 MeV. These were collected into 50-keV 
energy bins rather than treating each gamma ray 
separately. The branching ratios were taken from 
Henrichsen ef al..” but those that were not known 
experimentally were calculated in the program by 
assuming the E2/M1 and M l / E l  ratios to be 0.2 and 
0.25, respectively. 

The calculations were compared with measurements 
made by Dickens’ for three neutron energies. Thesi- 
results appeared to he in satisfactory agreement and are 
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sliown in Tables XU-XIV. Other comparisons were 
made with a measurement by Maerker and Mucken- 
thalerS6 and with calculations of Celnik and 
Spielberg.' 'l'hz neutron energies were integrated over 
a ieactor neutron spectrum for these cases. The 
agreement here was also satisfdclory, dlthough borne 60  
mbn\ slioulcl be added to the 1.0- to 1.5-MeV calculated 
vdlue due to  54t.e. The results are shown in  Table XV. 
The 0.846-MeV gamma lay is misotropic to a m, i l l  
extent as indicated by the evperiinental lesulls. We did 
not incorporate the anisotropy because i t  is m d l l  and I t  

IS probably unimportant to the calculation of secondary 
gamma-ray dose as indicated by S t i a k e ~ . ' ~  The pio- 
duction c~oss  sections J T ~  presented as multiplicities, 

relative to  the total inelastic cross section i n  Table XVI, 
and probability densities of emitting gamma rays with 
energies in 50-keV bins as shown in Figs. 75---06 for h e  
energy range 2.122 MeV to 1 S MeV. This excludes the 
gamma ray from the first excited state of "Fee. The 
gainmi rays from this state o f  5 4 F ~  and the first 
excited state of 5 6  Fe in the energy range 0.861 MeV to 
2.122 MeV are given in the evaluation as relative to 
their excitation cross sections and, hence, have multi- 
plicities of unity. 

Table XV. Gamma-Ray Production Cross Sections 
in Iron for a Reactor Spectrum (mbns) 

rablc XU. Differential Cross Sections for Camma-Kay 
Produclion Via Neutron Irielaslic Scattering in Iron 

En = 5.35 MeV 

Ildferential C r o s  Sections (mbnrisr.) 

Experiment 

5 5" 9 0" 
ty (keV) Calculation 

846 
1038 
1168 + 1175 
1238 
181 I 
2113 
2521 
320' 
3445 1- 3451 
3548 

10') 9 
5.4 
1.5 

28.8 
9.9 
1.2 
5.2 
2.6 
2.7 
3.4 

85.0  
5.7 
2.1 

23.9 
9.3 
5.5 
5.3 
2.4 
2.5 
2.0 

81.7 
5.7 
2.2 

22.6 
10.6 
5.9 
4.5 
1.9 
3 .5 
2.2 

Gamma-Ray 
Energy 'This Maerker's Cclnik's 
Interval Calculation Experiment Calculation 
(MeV) 

0.5 - - I  .0 905 600 1100 

307 1.0.- 1.5 153 278 
1.5.- 2.0 82 110 

2.0--2.5 83 101 
2.5-3.0 I 7  74 

3.0.- 3.5 29 44 
3.5 --4.0 38 33  

4.0-4.5 12.7 8.7 
4.5--5.0 8.9 5.6 

5.0-s.5 4.4 3.8 
5.5 --6.0 2.8 2.4 

6.0 - 4 . 5  1.7 2.1 
6.5.- 7.0 0.6 <0.6 

._ -._______I ___ 

I98 

78 

14  

8.5 

2.0 

'Table X111. Differential Cross Sections for Gamma-Ray 
Production Via Neutron Inelastic Scattering in IKJn 

E,, = 6.40 

Differential Cross Sections (mbns/sr.) 

Table XIV. Differential Cross Sections for Gamma-Ray 
Production Via Neutron lnelastic Scattering in Iron 

E,, = 8.50 

Differential Cross Sections (riibns/sr.) 

- Experiment 
E- (keV) 

I' Calculation 55" 9 0" 

846 106.3 88.0 82.0 
1038 5.6 6.5 6.1 
1168 + 1175 1.1 2.5 2.1 
1238 32.3 28.9 24.5 
181 I 8.0 9.9 8.9 
21 I ?  5.6 5.4 4.9 
2523 4.2 3.5 3.4 
3202 2.6 1.6 1.8 
344.5 + 345 1 2.1 2.4 2.5 
3545 2.8 2.2 2.5 

--I-...-..________ - 

Experiment 
--______I ~ Ey (keV) 

Calculation 3 5" 9 0" 

846 
SO38 

l S 6 8 +  1175 
1238 
1811 
21 13 
2523 
3202 
3445 + 3451 
3548 

...... 

102.2 
7.0 
0.8 

39.6 
6.6 
4.1 
3.6 
3.4 
3.5 
2.1 

93.4 
7.9 
2.2 

34.5 
9.2 
4.1 
2.4 
2.2 
1.8 
2.0 

85.1 
6.4 
1.9 

31.1 
8.5 
3.1  

2.2 
1.8 
1.6 
1.4 
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Fig. 78. Energy Distribution of Gamma Rays Resulting Froin Inelastic Scattering ~f 2.74-MeV Neutrons. 
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Fig. 79. Energy Distribution of Gamma Rays Resulting From Inelastic Scattering of 3.0-MeV Nealrons. 
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Fig. 80. Energy Distribution of Gamma Rays Resulting From Inelastic Scattering of 3.34-MeV Neutrons. 
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Fig. 81. Energy Distribution of Gamma Rays Resulting From Inelastic Scattering of 3.7-MeV Neutrons 
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Fig. 82. Energy Distributiorl of Gamma Rays Resulting Mom Inelastic Scattering of 4.0-MeV Neutrons. 
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Fig. 83. Energy Distribution of Gamma Rays Resulting Prom Inelastic Scattering of 4.5-MeV Neutrons. 
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ORNL-DWG 70-11655 NEUTRON ENERGY = 11.750 MEV 
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Pig. 84. Energy Distribution of Gamma Rays 12esulting From Inelastic Scattering of 4.73-MeV Neutrons. 
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Fig- 85. Energy Distribution of Gamma Rays Resulting From Inelastic Scattering of 5.B-MeV Neutrons. 
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Pig. 86. Energy Distribution of Gamma Rays Resulting Fmrn Inelastic Scattering of 5.2-MeV Neutrons. 
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Fig. 87. Energy Distribution of Gamma Rays Resulting From Inelastic Scattering of 5.44-MeV Neutrons. 
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Pig. 88. Energy Distribution of Gamma Rays Resulting From Inelastic Scattering of 5.74-MeV Neutrons. 
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Pig. 89. Energy Distribution of Gamma Rays Resulting Froin Inelastic Scattering of &MeV Neutrons. 
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Fig. 90. Energy Distribution of Garnriia Rays Resulting Prom Inelastic Scattering of 6.44-MeV Neutrons. 
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Fig, 91. Energy Distribution of Gamma Rays Resulting Fmni Inelastic Scattering of 7.2-MeV Neutiom. 
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Fig. 92. Energy DisZribrr tion of Gamma Rays Resulting From Indastic Scattering of 7.67-MeV Neutrons. 
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Fig. 93. Energy Distribution of Gamma Rays Resulting From inelastic Scattering of &MeV Neutrons. 
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Fig. 94. Energy Distribution of Gamma Rays Resulting From Izaelastic Scattering of 8.56-MeV Neutrons. 
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Fig. 95. Energy Distrihution of Gamma Rays Resulting From Inebstic Scattering of 9.09-MeV Neutxons. 
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NEUTRON ENERGY = 15.000 MEV 
I.~ ~---T-_II_TI__T_I-. -r---r------- 

INELRSTIC SCRTTERING GAHMR RflYS 

CRHMfl ENERGY (ME”’ 

Pig. 96. Energy Distribution of Gamma Rays Resulting Prom Inelastic Scattering of 15-MeV Neutrons. 

V. PHOTON INTERACTION CROSS SECTiONS 

Cross sections for photons interacting with iron were 
obtained fiom an evaluation by McMaster el aLs‘ in 
the energy range I keV to 1 MeV and from a 
compilation by Plechaty and ‘I’erral16 for the eneigy 
range 1 MeV to 100 MeV. The interacrrons considered 
weie total, coherent rcattenng, iricohc~ent scattering, 
pau product~on plus triplct production, aiid photu- 
electric. Onlv the iatzgraled croys section$ were in- 
c o r p a l e d  into the evaluation. These are shown 111 Figs. 
97-101” 

VI. CONCLUSIONS 

Pievious natural iron FNDF/B evaluations have been 
rrnproved by this re-evalu,ition 111 the following aleas 

1 The ehstic angulal d~strrbutions have been brought 
mio better agreeniznt with expeiiment trcm 0.3 to  
15  MeV 

2. The integrated cross sections for inelastic scattering 
to discrete levels in 5 6 F ~  have been extended 
beyond 5 MeV and smoothed (as appropriate to 
experimental energy resolutions) by statistical modcl 
calculations which agree with experimerital data. 

3. Experimental data showing resonant structtire in the 
integrated cross section for inelastic scattering to the 
0.846-MeV level in Fe have heen included from 
tlireshold to 2.1 MeV. 

4. Recently observed structure in the neutron inelastic 
continuum has been incorporated. 

5. (;arnma-ray-production cross sections and photon 
interaction cross sections were included where they 
hail been rtonexistent in previous evaluations. 

Outside the above areas, previous evaluations and sets 
of cross sections were combined to agree best, in our 
opinion, with the latest data. 
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Pig. 97. The Evaluated Photon Total Cross Section. 
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Fig. 98. The Evaluated Photon Coherent Scattering Cross Section, 
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Fig. 101. The Evaluated Photon Photoelectron Cross Section. 

Where experimental data are lacking or sparse. ow 
evaluation is necessarily weakened. More data on the 
following would strengthen future evaluations: 

We made no effort to correlate the fluctuations in the 
cross section for inelastic scattering to  the 0.846-MeV 
level in 5 6 F e  with fluctuations in the total cross 

1. Elastic scattering angular distributions below -4 
MeV. Considering the fluctuations in the total cross 
section, the elastic scattering cross section and 
angular distributions must also fluctuate as indicated 
by Cox's data from 0.6 to 1.2 MeV. 

2. The cross sections for inelastic scattering to discrete 
levels in ' Fe and Fe. No doubt the cross sections 
for scattering to  the higher levels fluctuate in a 
manner similar to the fluctuations in the cross 
section for scattering to the 0.846-MeV level in 
" Fe. 

3. Neutron inelastic continuum data. A constant nu- 
clear temperature has been assumed here to describe 
the evaporation portion of the neutron inelastic 
continuum. It may well vary above 8.5 MeV. 

4. Capture and inelastic gamma-ray yields. Models had 
to be used here to compute the gamma-ray energy 
distributions. The models entailed assumptions 
whose validity must be tested. 

section. Between 0.87 and 2 MeV some suspiciously 
sharp and low dips appear in the elastic scattering cross 
section which results from subtracting the nonelastic 
(essentially the 0.846-MeV level inelastic cross section 
in t,his energy region) from the total cross section. 

It is difficult to say what difference the use of this 
evaluation will make on reactor and shield calculations 
over the use of previous evaluations. Reactor calcula- 
tions probably will not be affected. In shield calcula- 
tions the elastic angular distributions should make little 
difference since the predominant forward peaks are 
comparable in this and previous evaluations. The 
improved inelastic description may produce a notice- 
able effect on neutron spectra in special problems. 
Gamma-ray-production cross sections were not con- 
sidered in previous evaluations. 

The detail put into this evaluation may be burden- 
some for some applications. Whether this is offset by 
better agreement between calculation and experiment 
must be determined by tests. 
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We would appreciate being informed of any discrep- 
arlcies among experiments and calculations using this 
evaiu;ition, since we plan to revise the evaluation as new 
inforinatioii becomes available. 

tinuurri and for many useful discussions. We gratefully 
acknowledge the help of R .  0. Wright of i h e  ORNL 
Mathematics Division in the manipulation and plotting 
of the cross sections. We ;ire also indebted 1 0  J. E. 
White of the OKNL Mathematics Division for his 
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