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ABSTRACT

ENDF/B-V neutron emission spectra induced by 14.6 MeV incident
neutrons are graphically compared with experimental data. The elements
selected for the comparisons include Na, Mg, Al, Si, Ca, Ti, V, Cr,

Fe, Ni, Cu, Nb, W, and Pb. Partial as well as total spectra from the
ENDF/B-V evaluations are shown in each graph, while experimental data
were available only for the total. Energy distribution laws utilized

for the reaction types in each element are explained. Agreement

between evaluated and experimental data is discussed, and recommendations
for improvements are made. In general, evaluations which utilized
advanced nuclear model codes, including precompound effects, agree well

with measured spectra.







I. INTRODUCTION

Graphical comparisons of ENDF/B-V neutron emission spectra with
experimental data induced by 14-MeV incident neutrons are presented.
The elements chosen for the comparisons are those considered important
for fusion reactor applications. On each graph, partial and total
emission spectra from the ENDF/B-V files are shown. Thus, disagreement
with the experimental data, if any, may be attributed to specific partial
cross sections. Experimental data are available only for the total
emission spectra.

The elements chosen for the present study include Na, Mg, Al,
si, Ca, Ti, V, Cxr, Fe, Ni, Cu, Nb, W, and Pb. FEnergy distribution laws
used for constructing the neutron probability distribution in each
element are explained in detail.

Experimental data used in this work are those by Hermsdorf et al.'
We have found from several of our evaluations that these data are
generally consistent with isolated results of others. For simplicity
and general consistency, we show this set of data for all compérisons.

2 are also shown.

For a few others, the data of Clayeux and Voignier
Deficiencies in the ENDF/B-V neutron emission spectra for several

materials are uncovered and discussed.

LI. EXPERIMENTAL DATA

Experimental data given by Hermsdorf et al.! and Clayeux and Voignier2

were utilized for this work. There are numerous other data sets available,

but since they are generally in agreement with data of Hermsdorf et al..,



they have been left off the plots for the purpose of clarity. However,
the data of Clayeux and Voignier have been included since they have been
used frequently for evaluation work, and since they sometimes differ
significantly from the data of Hermsdorf et al. and others, we felt it
useful to include them for comparison. In addition, the integrated cross
sections obtained from data of Clayeux and Voignier are much larger than
the calculated results, due to the large number of low energy neutrons
present in their work.

In their report, Hermsdorf et al. presented the center-of-mass
angular distributions of secondary neutrons integrated over 1.0-MeV
energy intervals. We have fitted a series of Legendre coefficients by
least squares to the angular data for elements Na, Mg, Al, Si, Ca, Ti, V,
Cr, Fe, Ni, Cu, Nb, W, and Pb for each energy interval given. For each
energy inierval, the integrated cross section was computed for different
polynomial orders to obtain the total differential cross section. The
integral obtained from the order that gave the best visual fit (generally
£ = 3) was compared with evaluated data. The calculated differential
cross sections resulting from this procedure are given in Tables 1 ~ 3 in
the Appendix for the above elements. Graphical results are presented in
Figs. 1 - 17. The error bars shown in these tables and figures correspond
to the errors given in the report by Hermsdorf et al. plus their estimated

10% systematic error.

The data of Clayeux and Voignier were taken directly from tables in
their report. Whereas Hermsdorf et al. obtained cross sections from the
bombardment of the materials by 14.6-MeV neutrons, Clayeux and Voignier's

data were given for 14.0-MeV neutrons. Data of Clayeux and Voignier for

the elements Mg, Al, Si, Ca, Fe, Ni, Cu, and Pb were used in this paper.



III. ENDF/B-V FILES

In Figs. 1 - 17 the differential cross sections versus outgoing
neutron energy are plotted for all reaction types that produce secondary
neutrons. In all figures, the incident neutron energy was 14.6 MeV.

The differential cross section for each reaction type was obtained from

d (E*E7)

3E = m O(E) p(E*E") (1)

as given in Ref. 3.

Here G(E) is the cross section for incident energy E as given in File 3
of the ENDF/B-V library, m is the neutron multiplicity, and p(E~E”)
represents the energy distribution for the secondary particle. The

energy distribution is broken down into partial energy distributions,®

NK
p(B2E7) = ] p (E) £ (BE") , (2)
=1
where fk(E+E’) represents the distributions of the secondary neutron

energies E” calculated from data given in File 5 of the library. At a

particular incident neutron energy E,

NK
) p (B) =1, (3)
k=1
where pk(E) is the fractional probability that the distribution fk(E+E')
applies at E. NK is the number of partial distributions, and, with the

exception of reaction types for the elements Ni, W-182, W-183, W-184,

and W-186, is equal to 1.



The energy distributions fk(E+E') are described by different analytical
formulations. Each formulation, or energy distribution law, has an idenw
tification nuﬁber (LF number) associated with it.?® A summary of what
distribution law was used in the evaluation for each reaction type, for each
material, is given in Section IV. Figures 1-17 display the total differen-
tial cross section obtained by summing the curves from all neutron producing
reactions present in the evaluation. This total neutron emission cross

section is compared with the data of Hermsdorf et al.! and Clayeux and

Voignier.2

IV. DISTRIBUTION LAWS FOR EACH ELEMENT

Sodium

The results for the element sodium are shown in Fig. 1. For the
(n,n”) continuum cross section curve (MT = 91 in ENDF/B-V library), the
energy distribution f(E~+E”) was calculated by using the evaporation
That is, the distribution was obtained

spectrum (LF = 9; see ref. 3).

by the formula

olm

f(E*E7) = %: e (4)

where I is the normalization constant

1=92|:1—e_(EgU)(1+E'e'U)]. (5)



6, the effective nuclear temperature, was retrieved from File 5 where it
was tabulated as a function of incident neutron energy E. The constant
U, also obtained from File 5, defined the proper limit for the

outgoing neutron energy by
0<E <E-U. (6)

The neutron energies E” in Eq. (4) were taken as the midpoints of 0.1
MeV bins with the maximum defined by (6). The cross section O(E) [see
Eq. (1)]<was calculated for an incident energy of 14.6 MeV by interpo—'
lation. This cross section, along with the energy distributiomn, was
substituted into Eq. (1) to obtain the desired result. The same method
was used in the computations for the (m,2n) (MT=16) reaction. Cross
sections for all discrete levels except the first excited state (MT = 51
in File 3) at 0.440 MeV were zero in the evaluation for incident neutron
energies greater than 12 MeV. For this excited state, the cross section
was calculated for an incident energy of 14.6 MeV by interpolation and
the outgoing neutron energy was calculated by subtracting the reaction
Q-value from the incident energy. The resulting curve is labeled (n,n”)
discrete. Note that this curve results from using a 1.0-MeV bin for the
calculation. The above reaction types were summed via linear-linear
interpolation and the resulting curve is labeled (TOTAL) in the figure.
Thus the total neutron emission cross section at 14.6 MeV consists of
the (n,2n) plus (n,n”) continuum, plus the cross section for the 0.440-

MeV level.



Magnesium

The results for magnesium are shown in Fig. 2. The evaporation
spectrum (LF = 9) was used to compute the energy distribution for
neutrons from the (n,na) (MT = 22) and (n,np) (MT = 28) cross sections.
For the (n,2n) cross section curve, a set of incident energy points Ei
was given, and f(Ei+E’) was tabulated as a function of E” in File 5 of
the ENDF/B-V library; i.e., LF was equal to 1 (see ref. 3). The energy
distribution f(Ei+Ej) and cross section O(Ei) were calculated for an
incident energy equal to 14.6 MeV by'interpolation and were substituted
into Eq. (1) to obtain the desired result. The same procedure was used
for the (n,n”) continuum cross section curve. Data for the inelastic
level excitation cross sections were given for 40 levels (MT = 51 thru
90) in File 3, with a maximum outgoing neutron energy of 14.016 MeV.
For each excited state, the cross section was calculated for an incident
energy of 14.6 MeV by interpolation and the outgoing neutron energy was
calculated by subtracting the reaction Q-value from the incident energy.
These results were combined into 1.0-MeV bins. It is noted here that the
observed structure of the (n,n”) discrete curve may be misleading since

the peak height for each bin depends on the bin width.

Aluminum
The energy distribution f(E+E”) for the (n,2n) cross section for
aluminum (see Fig. 3) was computed by using the LF = 1 formulation.
File 3 of the ENDF/B-V library included data for 31 excited states (MT =
51 thru 81), and the maximum outgoing neutron energy for these discrete
levels was given as 13.757 MeV. The same methods as discussed above

were used to compute the cross section curves for this element.



Silicon

The results for the element silicon are shown in Fig. 4. The energy
distribution law with identification LF = 1 was used to compufe the
distributions for outgoing neutrons from the (n,na), (n,np), and (n,n”)
continuum reactions, while the evaporation spectrum (LF = 9) was used to
determine the distribution for the (n,2n) curve. Data for the inelastic
level excitation cross sections were given for 22 levels (MT = 51 thru 72)
in File 3, with a maximum outgoing neutron energy of 13.327 MeV. The
same procedure as described above was used to calculate the (n,n”)

discrete cross section curve.

Calcium
The simple fission or Maxwellian spectrum was specified to compute

the energy distribution f(E>E”) for the (n,2n) cross section curve for

calcium (LF = 7; see ref. 3). These results are shown in Fig. 5. The

distribution was determined by the formula

cpltrs
A Y

cwory <, o

Here, I is the normalization constant

2

- # [ ) /5], o

As for the evaporation energy distribution law LF = 9, 6 is the effective
nuclear temperature and U is a constant that defines the proper limit for
the outgoing neutron energy [see Eq. (6)]. The neutron energies E~ [Eq.

(7)] were taken as the midpoints of 0.2 MeV bins with the limits defined



by Eq. (6). For neutrons from the (n,n0) cross section, the (n,np) cross
section, and the (n,n”) continuum, the energy distributions were inter-
polated from the tabulated distribution (LF = 1). File % of the ENDF/B-V
library included data for 23 excited states (MT = 51 thru 73) with the
maximum outgoing neutron energy being 13.442 MeV. The (n,n”) discrete

curve was determined by the same procedure as discussed previously.

Titanium
Figure 6 shows the results obtained for titanium. The LF =1

formulation was used to calculate energy distributions for the (n,2n)

and (n,n”) continuum cross section curves while the evaporation spectrum
law (LF = 9) was used in computing the neutron distributions for the

(n,ng) and (n,np) reactions. Data for the inelastic level éxcitation cross
sections were given for 3 levels (MT = 51 thru 53) with a maximum outgoing
neutron energy of 14.441 MeV. The same algorithms as discussed above were

used to compute the cross section curves for this element.

Vanadium
The Maxwellian spectrum (LF = 7) was used to calculate the energy

distribution f(E*E”) for neutrons from the (n,2n) reaction for vanadium
(see Fig. 7). For both the (n,na) and (n,np) cross sections, the energy
distributions were computed by the evaporation spectrum law (LF = 9),
while the (n,n”) continuum curve was interpolated from the tabulated
distribution (LF = 1). File 3 of the ENDF/B-V library contains data for
7 excited states (MT = 51 thru 57) with the maximum outgoing neutron
energy being 14.28 MeV. Again, see the discussion under the element mag-

nesium above for the procedures in calculating the (n,n”) discrete curve.



Chromium

Figure 8 shows results obtained for chromium. The LF = 1 formulation
was used to compute the energy distribution for the (n,n”) continuum,
while the evaporation spectrum (LF = 9) was used to calculate the energy
distributions for neutrons from the (n,2n), (n,na), and (n,np) reactions.
For the discrete levels, File 3 of the ENDF/B-V library included data
for 40 excited states (MT = 51 thru 90) with the maximum outgoing neutron
energy being 14.036 MeV. All computations for this element were consistent

with the calculations described in the above discussions.

Iron
The results for irom are given in Fig. 9, The LF = 1 formulation
was used to calculate the energy distributions for the (mn,2n), (n,no),
(n,np), and (n,n”) continuum reactions. File 3 of the ENDF/B-V library
includes data for 26 excited states (MT = 51 thru 76), and the maximum
outgoing neutron energy for these discrete levels was given as 13.754
MeV. The same methods as discussed above were used to compute the cross

section curves for this element.

Nickel
The evaporation spectrum (LF = 9) was used to compute the energy
distributions for neutrons from the (n,2n), (n,na), and (n,np) reactions
for nickel (see Fig. 10). It is noted here that NK in Eq. (2) and (3)
was equal to 2 in the ENDF/B-V library for the (n,2n) reaction since two
different nuclear temperatures were used for each incident energy. For
the (n,n”) continuum cross section curve, the distribution law with

identity LF = 1 was used to calculate the energy distribution. The
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inelastic level excitation cross sections were given for 26 levels (MT =
51 thru 76) with a maximum outgoing neutron energy of 14.53 MeV. The
same procedure as discussed for the element magnesium above was used to

determine the (n,n”) discrete curve shown in the figure.

Copper

Figure 11 shows the results obtained for copper. The energy distri-
butions f(E*E”) for the (n,n”) continuum and (n,2n) cross sectioﬁ
curves were calculated by using the energy distribution law with the
identification LF = 1 (see above). For neutrons from the (n,np) and
(n,n0) reactions, the evaporation spectrum law (LF = 9) was used to
obtain the energy distributions. The inelastic level excitation cross
sections were given for 11 levels (MT = 51 thru 61) with a maximum out-
going neutron energy of 13.93 MeV. Again, the same steps were used for
the calculation of the (n,n”) discrete curve as discussed for the element

magnesium above.

Niobium
The results for the element niobium are given in Fig. 12. The LF =1
formulation was used to calculate energy distributions for neutrons from
the (n,2n), (n,na), and (n,n”) continuum reactions. TFor each discrete
level, the cross section (File 3) was zero for an incident neutron energy
of 14.6 MeV. Thus, the (n,n”) curve for niobium is totally from the
continuum. The same methods as discussed above were used to compute the

cross section curves for this material.
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Tungsten

The energy distributions for neutrons from the (n,2n), (n,3n) (MT =
17 in ENDF/B-V library), (n,np), and (n,n”) continuum reactions for
tungsten, shown for 4 isotopes in Figs. 13 - 16, were calculated by
using the evaporation spectrum (LF = 9). For an incident neutron energy
of 14.6 MeV, the inelastic level excitation cross section was given for
only 1 level (MT = 51) for W-182, W-184, and W-186; the cross sections
were given for 2 levels (MT = 51 and 52) for W-183. The other discrete
levels had cross sections of zero for an incident energy of 14.6 MeV.
The maximum outgoing neutron energy ranged from 14.48 MeV for W-186 to
14.55 MeV for W-183. All computations for tungsten were consistent
with the calculations described in the elements above, However, NK
[in Eqs. (2) and (3)] was equal to 2 for the (n,2n) and (n,np) reactions
and equal to 3 for the (n,3n) reaction in the data for each isotope

since various nuclear temperatures were used for each incident neutron

energy.

Lead
Figure 17 shows the results obtained for lead. The LF = 1 formula-
tion was used to compute the energy distributions for the (n,2n), (n,3n),
and the (n,n”) continuum reactions. For the discrete levels, File 3
included data for 35 excited states (MT = 51 thru 85) with a maximum
outgoing neutron energy of 14.03 MeV. All calculations for lead were

consistent with the computations described in the above elements.
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V. DISCUSSIONS AND CONCLUSION

Sodium (Fig. 1)

The evaluation is in reasonable agreement with the data of Hermsdorf.
However, outgoing neutrons with energies greater than 6.5 MeV are under-
estimated by about 30%, indicating the lack of a precompound component.
Only one discrete levei, at 0.44 MeV, has a nonzero cross section at

E = 14.6 MeV.
n

Magnesium (Fig. 2)
The data sets of Clayeux and Hermsdorf are in disagreement, with
the evaluation lying approximately between them., The evaluation somewhat
underestimates (see ref. 4) a 14 MeV pulsed sphere measurement performed
at Livermore, indicating that the Hermsdorf data is probably correct.
The evaluation also underestimated this data set at most neutron energies
by 30% to 407, and would benefit by the inclusion of a precompound

component.

Aluminum (Fig. 3)

For this material, data of Clayeux and Hermsdorf are in good agree-
ment. However, there are too few neutrons below 2 MeV in the evaluation.
This may be caused by omission of neutrons from the (n,pn) and (n,an)
reactions. The evaluation also overestimates the number of neutrons

with energies greater than 6 MeV.

Silicon (Fig. 4)
The evaluation for silicon needs more neutrons from 6 to 8 MeV, but

otherwise is in good agreement with both data sets.
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Calcium (Fig. 5)

The two data sets shown are in sharp disagreement for Ca. TFrom the
fact that a precompound component has not been included in the evaluation
(see ref. 5), it may be concluded that the evaluated spectrum is somewhat
short of high energy neutrons and the Clayeux data for Ca are in serious

error.

Iron (Fig. 9)
The evalpated spectrum is in good agreement with the experimental
data. The evaluation of various partial neutron production spectra was
based on an advanced nuclear model analysis6 of several measured total

neutron production spectra.

Copper (Fig. 11)
The evaluated spectrum needs more high energy neutrons between 8

and 13 MeV.

Lead (Fig. 17)
There is good agreement between the evaluation and the data. The
evaluation had adequate data support, and was coupled with a nuclear
model analysis.’ The bump in the (n,n”) spectrum near 1 MeV reflects

the use of a giant dipole for the gamma-ray channels in the calculation.
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Titanium, Vanadium, Chromium, Nickel, Niobium, Tungsten

These materials appear to have similar deficiencies in their neutron
spectra. First, there are too many neutrons in the (n,n”) spectrum above
the (n,2n) threshold. This indicates that competition between the
neutron channels in the (n,2n) reaction and the gamma-ray channels in
the (n,n”™y) reaction does not seem to have been considered properly.
Second, there are too few (or too many in the case of Nb) high energy
neutrons, indicating that precompound and/or direct interaction effects
have not been treated correctly in model calculations or were based on
inadequate estimates. It appears that both deficiencies can be removed
by using one of the recently developed nuclear model codes, GNASH® or

° An early version of TNG was used for the analysis of neutron

TNG.
spectra for Fe and Pb, showing reasonable success as evidenced in this
report.

From the discussions above we conclude that the ENDF/B~V evaluations
for the neutron spectra resulting from 14.6-MeV neutron interactions are
reasonably good for Fe and Pb and fair for Na, Al, and Si. Further
evaluation is required for Mg, Ca, Ti, V, Cr, Ni, Cu, Nb, W-182, W-183,
W-184, and W-186. From the nature of the deficiencies shown we recommend

° employing precompound emission be

that advanced nuclear model codes®>
used in future evaluations to assure consistency amoung various partial

cross sections and spectra and for extrapolating to energy ranges in

which measurements have not been made.
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APPENDIX

This Appendix provides tables giving the integrated cross sections
of all energy levels as obtained from Legendre fits to the data of
Hermsdorf et al.! for the elements Na, Mg, Al, Si, Ca, Ti, V, Cr,

Fe, Ni, Cu, Nb, W, and Pb.
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TABLE 3.

Integrated Cross Sections for the Elements Ni, Cu, Nb, W, and Pb.

.tefzzigzMev) - CuInt@grated Cros;bSection (Mb/MeV)w -

2.0 - 3.0 149.1 + 18. 243.1 = 30.0 610.0 * 65.0 416.9 = 45, 705.8 + 73.3
3.0 - 4.0 95.1 £ 11. 164.1 = 20.2 303.6 = 33.0 178.8 = 20. 368.6 + 39.3
4,0 - 5.0 63.8 + 8. 95.0 £ 11.9 131.9 = 14.6 92.1 + 11. 180.3 + 20.0
5.0 - 6.0 45.0 = 5. 62.1 + 7.8 84.9 + 9.6 64.1 + 8. 98.8 + 11.4
6.0 - 7.0 32.7 £ 4, 45.5 + 5,7 53.8 + 6.2 54.5 £ 6. 71.3 £+ 8.4
7.0 - 8.0 26.1 £ 3, 28.6 £ 3.6 44.4 + 5,2 53.6 + 6. 61.2 =+ 7.2
8.0 - 9.0 19.6 £+ 2. 22.9 + 2.9 24.2 £ 3.0 56.2 £ 6. 67.0 = 7.7
9.0 - 10.0 17.1 = 2. 15.2 + 2.0 14.4 =+ 1.8 51.0 = 6. 60.2 + 6.9
0.0 - 11.0 13.2 £+ 1. 12.6 = 1.7 11.6 + 1.5 51.8 + 6. 52.9 £ 6.0




(mb/MeV)

Cross Section

20

s | - l l |

EN = 14.6 MEV
m HERMSOORF
SODIUM MAT 1156

2 | ]

(IN.N') CONTINUUM

10 —
5 |— .
2 | _ _

i —]

| I I | | !
0 2.00 4.00 6.00 8.00 10.0 12.0 14.0

Outgoing Neutron Enerqgy (MeV)

Fig. 1. Partial and Total Neutron Emission Spectra from the ENDF/B-V
Files Compared with the Experimental Data of Hermsdorf et al. for the
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Fig. 2. Partial and Total Neutron Emission Spectra from the ENDF/B-V
Files Compared with the Experimental Data of Hermsdorf et al. and Clayeux
and Voignier for the Element Magnesium.
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Fig. 3. Partial and Total Neutron Emission Spectra from the ENDF/B-V
Files Compared with the Experimental Data of Hermsdorf et al. and Clayeux
and Voignier for the Element Aluminum.
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' Fig. 4. Partial and Total Neutron Emission Spectra from the ENDF/B-V
Files Compared with the Experimental Data of Hermsdorf et al. and Clayeux
and Voignier for the Element Silicon. :
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Fig. 5. Partial and Total Neutron Emission Spectra from the ENDF/B-V
Files Compared with the Experimental Data of Hermsdorf et al. and Clayeux
and Voignier for the Element Calcium.
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Fig. 6. Partial and Total Neutron Emission Spectra from the ENDF/B-V

Element Titanium.

~ Files Compared with the Experimental Data of Hermsdorf et al. for the
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Fig. 7. Partial and Total Neutron Emission Spectra from the ENDF/B-V
Files Compared with the Experimental Data of Hermsdorf et al. for the
Element Vanadium.
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Fig. 8. Partial and Total Neutron Emission Spectra from the ENDF/B-V
Files Compared with the Experimental Data of Hermsdorf et al. for the
Element Chromium.
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Fig. 9. Partial and Total Neutron Emission Spectra from the ENDF/B-V
Files Compared with the Experimental Data of Hermsdorf et al. and Clayeux
and Voignier for the Element Iron.
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Fig. 10. Partial and Total Neutron Emission Spectra from the ENDF/B-V
Files Compared with the Experimental Data of Hermsdorf et al. and Clayeux
and Voignier for the Element Nickel.
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Fig. 11. Partial and Total Neutron Emission Spectra from the ENDF/B-V
Files Compared with the Experimental Data of Hrmsdorf et al. and Clayeux
and Voignier for the Element Copper.
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Fig. 12. Partial and Total Neutron Emission Spectra from the ENDF/B-V
Files Compared with the Experimental Data of Hermsdorf et al., for the
Element Niobium.
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Fig. 13. Partial and Total Neutron Emission Spectra from the ENDF/B-V
Files for W-182 Compared with the Experimental Data of Hermsdorf et al.
for the Element Tungsten.
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Fig. 14. Partial and Total Neutron Emission Spectra from the ENDF/B-V
Files for W-183 Compared with the Experimental Data of Hermsdorf et al.
for the Element Tungsten.
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Fig. 15. Partial and Total Neutron Emission Spectra from the ENDF/B-V
Files for W-184 Compared with the Experimental Data of Hermsdorf et al.
for the Element Tungsten.
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Fig. 16. Partial and Total Neutron Emission Spectra from the ENDF/B-V
Files for W-186 Compared with the Experimental Data of Hermsdorf et al.
for the Element Tungsten.
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Fig. 17. Partial and Total Neutron Emission Spectra from the ENDF/B-V
Files Compared with the Experimental Data of Hermsdorf et al. and Clayeux
and Voignier for the Element Lead.
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