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SUMMARY OF ENDF/B-V EVALUATIONS FOR CARBON, CALCIUM, IRON, COPFER, AND
LEAD AND ENDF/B-V REVISION 2 FOR CALCIUM AND IRON

C. Y. Fu
-ABSTRACT

This report, together with documents already published, describes the ENDF/B-V evaluations of the
neutron and gamma-ray-production cross sections for carbon, calcium, iron, copper, and lead and the
ENDF/B-V Revision 2 evaluations for calcium and iron. :

1. INTRODUCTION

'The evaluations of the neutron and garﬁma-ray-prodixction cross sections for calcium, iron, and lead
began with ENDF/B-III and continued to ENDF/B -V. We were given the responsnblllty for the car-
bon evaluation for ENDF/B-IV and the copper evaluation for ENDF/B-V. Further revisions of
ENDF/B-V were made in 1981 for calcium and iron. Reports were issued for all the major evaluation
efforts. Nuclear model developments and calculations associated with these evaluations have also been
published. Minor updates, as well as materials not appropriate for journal articles, are covered in this
report. The published works are listed below.

Carbon. The ENDF/B-V evaluation for carbon for incident neutron energies, E,, less than 4.81
MeV, the threshold of the first excited state of '2C, has been published.! The evaluation was aided by
R-matrix and variance-covariance analyses. The part for E, < 2 MeV has been adopted as the
ENDF/B-V scattering standard?® for cross-section measurements. The higher energy part of the evalua-
tion is described in Sect. 2.

Calcium. The evaluations for ENDF/B-IV and some major updates for ENDF/B-V were published
together.> The evaluation was based on a consistent calculation for neutron and gamma-ray-production
cross sections willi a twos=stcp Ilauscr-Feshbach model. Some minor updates for ENDF/B-V are

covered in Sect. 3. A further revision of ENDF/B-V has already been documented.*



Iron. The ENDF/B-V evaluation has been documented.>$ C.alculational aspects of this evaluation,
unchanged since ENDF/B-IV, have also been documented.” The calculation was similar to that for cal-
cium but included precompound effects. An evaluation of thermal and resonance capture gamma-ray
yields, used since ENDF/B-III, has been separately documented.® A further revision of ENDF/B-V (to
be released as ENDF/B-V Revision 2 in 1982) is described in Sect. 4.

Copper. Minor updates for ENDF/B-V are described in Sect. 5. Nuclear model calculations for
3Cu which were used to aid the evaluation have been given elsewhere.’

Lead. The ENDF/B-III evaluation and part of the ENDF/B-IV evaluation were described in
detail'V and remain mostly valid. The calculational part was repeated for ENDF/B-IV to include
precompound effects similar to those used for iron;’ it has not been documented yet. A summary of
ENDF/B-1V and minor updatés for ENDF/B-V are described in Sect. 6.

Only the evaluations for the ENDF/B-V general-purpose files are reported here.” The evaluations

for the ENDF/B-V dosimetry file and activation file will be reported elsewhere.



2. UPDATES FOR CARBON (ENDF/B-V MAT 1306)

Our evaluation for carbon for E, < 4.81 MeV has been published.! The evaluation for E, > 4.81
MeV is described below.

When work began on carbon for ENDF/B-V, a well-documented French update of ENDF/B-1V
had become available.!' The French evaluation by Lashkar et al.!' for E, < 4.81 MeV was taken from
ENDF/B-1V and the part for E, between 4.81 and 8.5 MeV was essentially the same as ENDF/B-IV;
however, the part for E, > 8.5 MeV was substantially improved with newly available data. This was
adopted for ENDF/B-V except for the secondary neutron energy distributions from the (n,n’3a) reac-

tion. A covariance file was also added for ENDF/B-V.

2.1 SECONDARY NEUTRON ENERGY DISTRIBUTION FROM THE'’C(n,n’3a) REACTION

Two reasons prompted us to revise the seconda_ry neutron-energy distributions from the (n,n’3c)
reaction. First, the distributions given in the French evaluation'' for E, > 15 MeV disagree with those
inferred from measured alpha-particle energies by Frye et al.!> For example, for E, = 20 MeV, the
measurement indicates that 70% of the outgoing neutrons are below 5 MeV, while the French evalua-
tion has 10%. In addition, a large portion of secondary neutrons was given in the French evaluation as
the continuum (MT91), but it is desirable to represent them as discrete-level excitations so energy-angle
kinematics can be accounted for by the existing érocessing codes.

In the present evaluation, in accordance with Antolkovic and Dolenec,'? the reaction sequence
2C(n,n")'?C(a)®Be(2c) was assumed to account for 90% of the cross section and the sequence
12C(n,a)’Be(n)®Be(2a) account for the remaining 10%. Three other possible reaction sequences had no
significant contributions up to 20 MeV.'"!? A detailed description of the reaction mechanisms and a
review of the available literature are given in ref. 11.

A calculation based on the Hauser-Feshbach formalism was used to provide the (n,n’) part of the
distributions. Ten levels of '>)C up to 14 MeV, as given in the French evaluation, were used in the- cal-
culation. The sbin of the 11.83-MeV level was changed from 2 to 1, according to Antolkovic and

Hudomalj.'* A level density was used for levels above 14 MeV. The density was adjusted to reproduce



the trend'? in distributions as a function of incident neutron energy. However, the 14-MeV distribution
was more strongly influenced by the data of Antolkovic and Delenec.!® It should be noted that the cal-
culation had little physical basis and was used strictly for extrapolation. The calculation was normal-
ized to 90% of the evaluated cross section for each incident neutron energy and was given in the file as
discrete-level excitations.

As for the '*C(n,a) sequence, the French evaluation was followed,. and an evaporation spectrum with
a temperature of 0.3 MeV was used.

The resulting distribution for 14-MeV incident neutron is shown in Fig. 1. The cross scctions for
exciting the four lowest levels above the absolute Q-value (7.275 MeV) are given as rectangles with half
widths equal to half of the level widths.!! The cross sections for higher energy levels were lumped with
the continuum and given as rectangles with half widths equal to 0.25 MeV. For processing codes that
cannot handle level widths, all the cross sections in the '>C(n,n’)'2C(«)®Be(2a) sequence can be treated
as discrete levels. The small evaporation spectrum in Fig. 1 represents the other reaction sequence. To
see the spectrum better, the various components were broadened into 0.5-MeV bins and summed as in
Fig. 2. This spectrum, if further broadened so that the dip at 10 MeV would almost disappear, would
look like the ones experimentally inferred.'>!3 The absolute cross sections for exciting thc first few lev-
els are uncertain because they were not clearly resolved experimentally. The mixture of 90% and 10%
for the two major reaction sequences may be reasonable at 14 MeV, but not necessarily at other ener-

gies. However, the gaps in the spectrum are correctly reproduced.

2.2 COVARIANCE FILE

Covariance data are given for total, elastic, nonelastic, (n,n’), (n,n3«), (n,v), (n,p), (n,d), and (n,a)
Cross section's. Derived sections (NC subsections) reflect how the cross-section files were generated.

For total and clastic scattering above 2 MeV, (n,n’) and (n,a) cross-section covariances were deter-
mined from *2¢ error bands. The error bands were extended and enlarged to cover energy regions
lacking experimental data. In general, long-range covariances reflect systematic errors common to all
data sets. Medium-range covariances reflect the difference in energy coverage by different data sets

and the difference in the experimental methods within the same data set. Short-range covariances
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reflect structures in the cross sections and/or threshold effects. Statistical errors are nonexistent in the
evaluated cross sections.

For elastic scattering below 2 MeV, covariances were evaluated individually for each of six data sets.
These six data sets and their covariances were éveraged by generalized least-squares (Bayes theorem,
see ref. 1). The resulting covariances were further modified by considering the effects of the R-matrix
fit which includéd thermal data, data above 2 MeV, and polarization data. Uncertainties (not covari-
ances) in the angular distributions were evaluated and reported in ref. 1. The latter information was
not given in the file because covariance formats for angular distributions have not been developed yet.

Seventeen components (either discrete levels or bands of continuum levels) represent the (n,n'3a)

reaction cross sections. A 20% fully-correlated uncertainty is given to each component.



3. UPDATES FOR CALCIUM (ENDF/B-V MAT 1320)

The evaluation for ENDF/B-IV and the subsequent revision for ENDF/B-V, except as noted below,

3 The ENDF /B-V. evaluation was based on a model calculation more

have been published together.
advanced than that used for Version IV. For ENDF/B-IV, the reaction cross sections experimentally
available below the tertiary reaction threshold (about 8 MeV) were consistently interpreted with the
Hauser-Feshbach model with width-fluctuation corrections, but the higher energy .part was based on an
evaporation model. The latter part' of the calculations was repeated for ENDF/B-V following the
development of the TNG code® which calculates consistently the binary and tertiary reaction cross sec-
tions in the Hauser-Feshbach model. It was shown® that ‘gamma-ray production spectra from tertiary

reactions, such as “°Ca(n,np), are sensitive to spin variations and can be reproduced with the new code.

Two minor additional updates for ENDF/B-V are summarized below.

3.1 TOTAL CROSS SECTIONS
‘T'otal cross sections from 100 eV to 50 keV were decreased by about 200 mb according to a new
high-quality measurement.'> The new data, some old data, and the ENDF/B-IV values are all graphi-

cally shown in BNL-325.'S The values of the new measurcment!® were chasen for ENDF/R-V.

3.2 CAPTURE CROSS SECTIONS

Capture cross sections from 25 to 200 keV were increased by a factor of 2 to 5 according to recent
ORELA data.'”™'® Since resonance parameters are not given in the evaluated files, the cross sections
averaged by the experimentalists were used directly as shown in Fig. 3. ENDF/ B-IV.values are also
.shown. The cross sections above 200 keV were assumed to decrease, reach a minimum near 5 MeV,

increase, and go through a 14-keV value measured by Cvelbar.'?
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4. REVISION 2 OF ENDF/B-V MAT 1326 (IRON)

Revisions were made in four areas to the ENDF/B-V evaluation® for iron and is summarized

below. This version will be released in 1982 as ENDF/B-V Revision 2.

4.1 INELASTIC SCATTERING IN 'Fe AND **Fe

The cross sections for inelastic scattering to 21 levels in 3’Fe and two levels in *®Fe were included
and combined as 14 sections (MT numbers) as shown in Table 1. Corresponding gamma-ray produc-
tion data (file 12) and covariance data (file 33) were also provided.

These cross sections were ignored in the ENDF/B-V file for natural iron because of their low abun-
dances: 2.1% for 3’Fe and 0.3% for .SsFe. However, for analyses?®?! of shields or critical assemblies in
which iron is the dominant component, the contribution of the low-lying levels of the minor iron isolopes
to neutron slowing-down is important. This is mainly because >’Fe is an old isotope whose levels are
dense. In particular, its first four existed levels are below 846 keV which is the energy of the first
excited state of °Fe. It is therefore apparent that the low-lying levels of *’Fe cannot be ignored for
slowing down of neutrons below 846 keV if there are little or no other materials in the system that have
levels comparable in energy to those of Fe.

Sensitivity calculations by Kawai et al.2® for the inelastic scattering cross sections of *’Fe and ®Fe
were performéd with a central source for a 100-cm-diam iron sphere. It was shown that a neutron flux
below 10 keV at 30 cm from a 0.65-MeV source increased 60% after including the cross sections for
inelastic scattering to the low-lying levels of 3’Fe and ¥Fe in the ENDF/B-IV file. Even for a 14-MeV
source the increase still amounts to 20%.v More recently, an analysis®! of the Argonne iron benchmark,
using the ENDF/B-V iron evaluation, showed that k., was too low by ahout 0.7%. After incorporat-
ing calculated cross sections for inelastic scattering to the 12 lowest levels of 3’Fe into the file, a repeat
calculation raised ks by 0.73%.

For the above reasons, an update for MAT 1326 appeared worthwhile. Since no experimental data
were available, the evaluation of the needed cross sections had to be based on model calculations. Level

energies, spins, and parities were taken from the Table of Isotopes.’? Optical model parameters were
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Table 1. The energy levels of the iron isotopes as grouped for the
MT numbers in ENDF/B-V Mod 2

MT Fe-54 Fe-56 Fe-57 Fe-58
(keV) (keV) (keV) (keV) (keV)
51 14.4

52 137

53 367

54 | 707

55 811

56 846
- 57 1008

58 1198,1255,1357

59 1408

60 1628,1725 1675

6l | 1975,1989

62 2084

63 | 2117

64 2207 -

65 2335,2355

66 2454,2455,2506

67 2565,2597

68 2654

9l0 45'05
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those found satisfactory for *Fe and ®Fe by Arthur and Young.?} Level density parameters were based
on the formalism of Gilbert and Cameron.?* The TNGI code® was used for the calculation. The code
was based on the Hauser-Feshbach formalism with a consistent treatment of width-fluctuation correc-
tions for the discrete levels and the continuum. A similar calculation for the lowest 12 levels of S’Fe
had been done by Smith.2! There is a general agreement between the two calculations.

Gamma-ray production cross sections for E, < 2.122 MeV were based on the branching ratios given
in the Table of Isotopes.?> Some branching ratios were co.mbined, particularly those for the lumped lev-
els. Some weak gamma rays of similar energies were also combined. For E, > 2.122 Me:V', gamma-
ray production data aiready present In the ENDF/B-V files were Lased un wcasutciucuts mwade for
natural iror;, therefore containing the pertinent information for the minor isotopes.

Since all inelastic scattering cross sections for S7Fe and ®Fe were based on calculation, they were
assumed to be fully correlated among the levels and for all energies with an estimated standard devia-

tion of 20%.

4.2 IMPROVED CROSS SECTIONS

The (n,2n), (n,d), (n,t), and (n,’He) cross sections evaluated by Arthur and Young?® were judged to
be superior to the ENDF/B-V evaluation and were adopted. New data for (n,2n) and (n,d) were used
in their evaluation.?®> The corresponding covariance data in file 33 were slightly adjusted to reflect the

improved knowledge of these cross sections.

4.3 ENERGY BALANCE AND GAMMA-RAY PRODUCTION

Energy imhalances reported by MacFarlane? were co;rected for E, between 2.122 and 20 MeV by
adjusting the total gamma-ray production cross sections in file 13 to reproduce the estimated values of
heating per collision. The adjusted results approach those of ENDF/B-1V. The largest changes
occurred for E, between 12 and 20 MeV. The justification for the adjustment and acceptability of the
results is discussed below.

When evaluating the gamma-ray production cross sectvions for ENDF/B-1V,% there were two major

sets of data available: one by Orphan et al.?’ and one by Dickens et al.?® using ORELA. Their total
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gamma-ray production cross sections for E, > 0.68 MeV are shown in Fig. 4. The two data sets
diverge above 5 MeV, differing by as much as a factor of two near 14 MeV. Our calculated results are
in good agreement with Orphan et al. below 12‘ MeV and approach the results of Dickens et al. near
14 MeV. However, our calculated energy distributions agree with Dickens et al. at all energies. There-
fore, our calculated total gamma-ray' production cross sections were adopted for ENDF/B-IV while
ﬁsing the energy distributions of Dickens et al. The total gamma-ray production cross sections for E, >
0.68 MeV from ENDF/B-IV are shown in Fig. 4.

To resolve the above discrepancy, Chapman et al.?®

undertook a new measurement using ORELA.
The raw data were reduced by two methods: pulse height unfolding and pulse height weighting. The
former method yielded energy distributions but required good statistics, therefore larger neutron energy
bins. Both results are shown in Fig. 4 and agree almost perfectly with those of Orphan et al. To
ensure that there were no serious errors in the new measurement, Chapman et al. also made test meas-
urements on carbon, copper, and tantalum which compared with older ORELA results. It was thought'
that the older measurement by Dickens et al. had some unknown errors and should be superceded by
the new measurement. Therefore, we adopted the new measurement for ENDF/B-V.

Recently a consistent calculation of neutron production and gamma-ray production cross sections by
Arthur and Young?® suggested problems in the data of Chapman et al. near 14 MeV. Their calculation
at 14 MeV agrees better with ENDF/B-IV than with EN‘DF/B—V. In addition, the gamma-ray produc-

tion cross section measured by Drake et al.'*

at an incident neutron energy of 14.2 MeV is closer to
that of Dickens et al. than to Chapman et al. At the same time, energy imbalances in the ENDF/B-V
iron evaluation were revealed by MacFarlane.?* Both problems are discussed below.

A detailed calculation was made for the heating per collision using the new evaluated file that has
the changes proposed above incorporated into it. The results are shown in Table 2 for some representa-
tive energies along with the values derived from our model calculations. The latter values may be good
to 20%. The former values are substantially lower than the latter and some are negative, particularly

near 14 MeV. It is apparent that the specific energies for either or both the outgoing neutrons and out-

going gamma rays need to be reduced. The specific energy is the energy of the outgoing particle times
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Table 2. Some typical heating values calculated from the modified
ENDF/B-V (Hs), from model calculations (H,), and the
necessary adjustments in gamma-ray production cross sections

E, H; H, AG,
(MeV) (MeV) (MeV) (inb)
37 -0.075 0.063 -426
5 0.087 0.117 -76
7 -0.019 . 0.194 -440
9 0.13 10.301 -280

11 -0.003 0.44 -588
14 -0.463 0.70 -1335
17 0.46 1.03 -1353

its production cross section. Examining all the available data, we found little room for changing either
the neutron production cross sections, the secondary neutron energy distributions, or the secondary
gamma-ray cnergy distributions. But as is evident from Fig. 4, there is some flexibility in reducing the
gamma-ray production cross sections. Therefore, we adjusted the total gamma-ray-production cross séc-
tions to reproduce the more desirable heating values derived from our model calculations. The adjusted
results, also shown in Fig. 4 for E, > 0.68 MeV, approach those used in ENDF/B-IV and represent a
compromise of all experimental data. The results also agree with the Arthur and Young evaluation.?

The total gamma-ray production cross sections in ENDF/B-V was replaced with the adjusted results
as a plausible solution to the energy imbalance problem for E, > 2.122 MeV.

For E, < 2.122 MeV, energy imbalances still exist. Here the gamma rays produced are from ine-

lastic scattering and radiative capture. The problem was due to the neutron-energy-dependent capture



16

gamma-ray spectra given in the file. For each neutron group, the gamma rays produced may be
representative of just one isotope, having its own unique Q-value. Therefore, a single Q-value, as
required by the ENDF/B-V formats, cannot adequately define the energy balance. This is the well-
known "elemental Q-value problem,” but solutions other than providing isotopic evaluations are still

wanting.

4.4 RESONANCE PARAMETERS
Resonance parameters (file 2) and covariances (file 32) were revised so that the files and the
corresponding report® are consistent. A few clerical errors were also corrected. However, changes were

either very small or involved insignificant resonances.
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5. UPDATES FOR COPPER (ENDF/B-V MAT 1329)

Recent high-quality production cross sections of protons and alpha particles near 14 MeV, together
with advances in nuclear model codes, have made possible drastic improvement over ENDF/B-1V?! in
these cross sections.’> The (n,p) cross section near 14 MeV, for example, was reduced by a factor of

three. Improvements were also made in some total cross sections and some capture gamma-ray spectra.

51 (n,p) AND PROTON PRODUCT iON CROSS SECTIONS

The proton production cross section for E, < 20 MeV in copper is the sum of (n,p), (n,pn), and
(n,np) cross sections, or the sum of MT28 and MTI103 in terms of the ENDF/B-V formats. Here
MT28 represents the sum of the (n,np) and (n,pn) cross sections and, strictly speaking, is incorrectly
called the‘ (n,np) cross section.

These cross sections were evaluated separately for each isotope. There was essentially no $3Cu(n,p)
measurement for the ENDF/B-1V evaluafion.' The two data points*>?* near 14 MeV quoted in BNL-
325 (ref. 16) as (n,p) wcré actually (n,px), thus including a large component for (n,pn). Apparently the
ENDF/B-1IV evaluators took these values as (n,p) and normalized their calculated curve to the average
of these two values. This resulted in an evaluated *Cu(n,p) crosé section at 14 MeV that was a factor
of five larger than what was determined below.

Because proton distributions for the two measurements cited above were not available, it was not
possible (o extract the (n,p) cross section from the (n,px) cross section, Fortunately, a recent Lawrence
Livermore National Laboratory (LLNL) measurement by Grimes et al.3* for the proton production
cross section at 14.8 MeV provides detailed proton distributions. These distributions, coupled with
advanced model analysis, yielded separate cross sections for the (n,p), (n,pn), and (n,np) reactions as
shown in Fig. 5. The details of the calculation (multi-step Hauser-Feshbach with precompound effects)
have been documented.’ The calculated excitation functions show'n in Fig. 6 were adopted for *Cu.

The 63Cu(n,np) cross section at 14 MeV obtained above was 165 mb and was in good agreement
with the average of four data points quoted in BNL-325 (ref. 16) which was 170 mb. Note that the

(n,np) cross section is meant here instead of the sum of the (n,np) and (n,pn) cross sections.
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For the 65Cu(n,p) cross section, the previous evaluation was adopted.j' The available data remained
uncﬁanged but appeared adequate to define the entire excitation function. For ®*Cu(n,np), the calcu-
lated results by Mann and Schenter?’ were adopted, but the cross sections above 12 MeV :(20% at 20
MeV) were reduced to obtain agreement with the LLNL protén production cross section at 14.8 MeV.
These results are shown in Fig. 7.

‘The cross-section values for the above reactions obtained for ®*Cu and %°Cu, with abundances of
69.2% and 30.8% respectively, were combined for natural copper. The results are shown in Figs. 8 and

9 together with the ENDF/B-IV values.

5.2 (n,) AND THE ALPHA-PARTICLE PRODUCTION CROSS SECTIONS

The alpha-particle production cross section below 20 MeV in copper is the sum of (n,a), (n,na), and
(n,an) cross sections, or the sum of MT22 and MT107 in terms of the ENDF/B terminology. Here
MT?22 is the sum of (n,na) and (n,an) cross sections. |

Two high-quality measurements for the alpha production cross sectionv at 14.8 MeV have been made
since the ENDF/B-IV evaluation. The LLNL measurements by Grimes et al.3* were for ®*Cu and
85Cu; the Rockwell measurement by Farrar and Kneff*> was for natural copper. A weighted average of
the LLNL data yielded 43 = 7 mb for natural copper. The Rockwell value is 51 + 3 mb. The aver-
age of the two values is 49 = 2 mb. Weighing the original LLNL values for the isotopes by the last
average, 64 mb for *Cu and 15 mb for 65Cu were obtained. These values were used for normalization
at 14.8 MeV in the following manner.

The ®Cu(n,a) cross sections®’ evaluated for the ENDF/B-IV dosimetry file were adopted. The
corresponding evaluation for the ENDF/B-V.dosimetry file was nul available at the time. The calcu-
lated excitation function for the sum of (n,na) and (n,an) cross sections® was nofmalized to yield the
required alpha production cross section of 64 mb at 14.8 MeV. These cross sections are shown in Fig.
10.

For $5Cu, the sum of (n,ne) and (n,an) cross sections was unchanged from the earlier evaluation3!
which had adequate data. For %Cu(n,a), the calculation by Mann and Schenter®® was used up to 12

MeV, and their calculated curve above 12 MeV (40% reduction near 15 MeV) was reduced to obtain
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the required 14.8-MeV value for the alpha production cross section. The results are shown in Fig. 11.
The results recommended for natural copper are shown in Figs. 12 and 13 together with those for

ENDF/B-IV.

5.3 TOTAL CROSS SECTIONS

The high-resolution total cross sections from 80 keV to 20 MeV measured 5y Perey’® using the Oak
Ridge Electron Linear Accelerator (ORELA) were compared with the ENDF/B-IV values and some
older data. %! The ORELA data shown in Figs. 14 to 25 were fitted by line segments and were
adopted for Version V because High-resolution total cross sections were needed for shielding applica-
tions. However, the agreement of the data as shown in Figs. 14 to 25 is generally poor. The ORELA
data were adopted after it was observed that ORELA total cross sections for other materials which
were measured similarly in the same energy range have been found to agree with high-resolution data
taken elsewhere.">! From 2 to 20 MeV, there was good agreement between the ORELA data and the
ENDF/B-1V values as shown in Fig. 26. In Fig. 27 the available total cross.sections from 80 keV to
200 keV are shown. It appears there is a gap between 100 keV and 200 keV where high-resolution

total cross sections are needed.

5.4 CAPTURE GAMMA-RAY SPECTRA

The gamma-ray production cross sections and spectra measured by Chapman et a-l.42 using ORELA
for two incident neutron biné from 0.2 to 0.6 MeV and from 0.6 to 1.25 MeV were adopted. These
were given in the evaluated file as capture gamma rays after removing the contributions from inelastic
scattering as shown in Figs. 28 and 29. There were no other data available in this energy range. For
higher incident neutron energies, the ORELA data and the ENDF/B-IV values appeared*? in good

agreement.

5.5 THINNING OF CAPTURE CROSS SECTIONS
The capture cross sections in the ENDF/B-IV evaluation were thinned to 1% linearly, reducing the
energy entries from 408 to 48. This automatically shortened the files for total, elastic, and nonelastic

Cross sections.
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6. UPDATES FOR LEAD (ENDF/B-V MAT 1382)

The ENDF/B-III evaluation and part of ENDF/B-IV have been described in detail.'® The capture
cross sections from | keV to 1 MeV were re-evéluated immediately after the ENDF/B-III evaluation
was released. Structures in the total and elastic scattering cross sections were adjuéted to be consistent
with the new capture cross sections. This part of ENDF/B-IV was included in ref. 10. Another
médification for ENDF/B-1V was the re-calculation of the neutron emission spectra to include precom-
pound effects similar to the calculation for iron. A comparison of the calculated neutron emission spec-

43 of neutron

trum for 14-MeV incident energy with available data has appeared in a critical review
emission spectra in ENDF/B-V for sodium, magnesium, aluminum, silicon, calcium, titanium, vana-
dium, chromium, iron, nickel, copper, niobium, tungsten, and -lead. The ENDF/B-V emission spectra

for iron and lead were found to be reasonably good. All others were either fair or poor.

Minor updates for ENDF/B-V are described below.

6.1 GAMMA-RAY PRODUCTION CROSS SECTIONS

The gamma-ray production cross sections forl incident energies from 0.6 to 20 MeV measured by
Chapman and Morgan** were adopted. Detailed comparisons of the data with the ENDF/B-1V values
and with other available data are given in ref. 44. Since simultaneous analysis of neutron emission
spectra and gamma-ray production spectra for each reaction was not performed, there may be incon-

sistencies in Lhe evaluation, and, in particular, energy conservation may be violated.

6.2 (n,n’), (n,2n), AND (n,3n) CROSS SECTIONS

The (n,2n) cross sections from 7 to 15 MeV were revised according to the recent data of Frehaut
and Mosinski.*> There were no data available previously in this energy range. The extrapolation to 20
MeV was based on the 2%“Pb data taken from BNL-325.'¢ The (n,n’) and the (n,3n) cross sections were
revised accordingly to conserve the total reaction cross sections. Figure 30 compares these new values

with ENDF/B:1V and the available data.
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6.3 CAPTURE CROSS SECTIONS

From 3 to 20 MeV, several sets of capture cross sections are available for 2%®Pb in BNL-325.'¢ The
only measured cross section for natural lead above 3 MeV is at 14.1 MeV By Cvelbar.*® This value is
in good agreement with the 2®Pb data. Therefore, the eye-guide curve drawn in BNL-325 through the

available data of 28Pb from 3 to 20 MeV for ENDF/B-V was taken.

6.4 COVARIANCE FILE

Covariance data were given for total, elastic scattering, non-elastic, inelastic, (n,2n), (n,3n), and cap-
ture cross sections. Derived sections (NC subsections) reflect how the cross-section files were gen-
erated.

In general, covariances were determined from =+ 2¢ error bands where data exist. The error bands
were extended and enlarged to cover energy regions lacking experimental data. Long-range covariances
reflect systematic errors common to all data sets. Medium-range covariances reflect differences in
energy coverage by different data sets and differences in experimental techniques within the same data
sets. Short-range covariances reflect meaningful structures in the cross sections and/or threshold
effects. Statistical errors are nonexistent in the evaluated cross sections.

As in the case of iron,® absolute uncertainties were used, in addition to fractional uncertainties, to
help keep the files short. The absolute components are the most useful for total cross-section minima
and near thresholds‘.

Most cross sections for lead were evaluated with guidance from model calculations. However, for
energy regions in which model calculations were used directly, uncertainty estimates were based on a
general understanding of the adequacy or inadequacy of various models rather than on model parameter

variations.
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7. CONCLUSIONS AND RECOMMENDATIONS

Noted below are the areas where evaluations can be improved, where data are needed, where new
data have become available, and where improved nuclear model codes can be put to good use.

Carbon. The existing information'' for neutron emission spectra from '2C(n,n’3a) reaction remains
poor, and no credible nuclear model is available to aid the evaluation. Also, neutron-energy distribution
measurements for at least five angles are needed.

High-resolution total and differential elastic scattering cross sections for '>*C by Lane et al.*® could
be used to improve the existing evaluation up to 4.81 MeV, particularly the standard scattering cross
sections below 2 MeV.

Calcium. The recent measurement*® for the (n,p) cross sections suggests that our evaluation for
these cross sections for E, between 3 and 6 MeV should be lowered by about 30%. Since the (n,p)
cross sections in this energy range are the largest of all reaction cross sections, a reduction as large as
30% should not be made without carefully studying its impact on other cross sections.

Iron. A recent study®® of the radiative width of the 27.7-keV s-wave resonance in >*Fe yields 1.01
eV as opposed to our evaluated value of 1.4 eV. The indicated reduction would not only reduce neutron
capture in nuclear reactors and shields but also reduce the total cross section at the 24.3-keV minimum
by about 20%.%!

For 14-MeV incident neutron, the measured angular distributions®>** for outgoing neutrons between
4 and 10 MeV show a factor of two anisotropy (ratio of forward emission to 90-degree emission in the
center-of-mass frame). These angular distributions have been reproduced with our improved version of
the TNG code.>® This model analysis could be used to generate complete angular spectra in evaluated
form for incident neutron energies between 5 and 20 MeV.

High-quality data3*36 for the proton and alpha-particle production cross sections at 14.8 MeV exist
for iron but have not been used in the evaluation. The corresponding evaluated cross section for alpha-
particle production is in good agreement with this new information, but the evaluated value for protons
is 22% lower. A recent model analysis’ reproduces these new data well but has not been generalized to

include gamma-ray production.
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Copper. As indicated, the total cross sections between 100 and 200 keV need to be refined. A
recent, but not yet published, measurement by Harvey?> should be examined.

Two measuréd spectra of gamma rays produéed by thermal neutron capture are in a factor-of-two .
disagreement. One is by Orphan et al. and the other by Maerker and Muckenthaler.’” The former®®
was adopted in the evaluation and could be the wrong choice. These data should be examined more
carefully, perhaps with the aid of nuclear model analysis.

The 14-MeV neutron emission spectrum in copper lacks a high-energy tail (the precompound com-
ponent) as indicated by direct comparison*’ with available data and by‘analysiss8 of the leakage spec-
trum from a sphere pulsed with 14-MeV neutrons.

Energy imbalances in the copper evaluation could not be checked?® because of the “elemental Q-
value” problem but are known to exist.’®> The problem could be solved by performing isotopic evalua-
tions for $3Cu and %Cu.

Improved evaluations for the $3Cu(n,a) and the 6365Cu(n,2n) cross sections now exist® and ‘should
be adopted in the general-purpose file. The evaluations were based on the generali;ed least-squares
techniques and made use of ratio data.

Lead. Energy imbalances in the lead evaluation are known to exist.?> This is expected since several
partial updates were made to the originally consistent evaluation.!® Consistent model analysis for lead
‘is time-consuming because calculations must be made for three isotopes. An update similar to that
done for the iron evaluation may be advisable.

In conclusion, it should be noted that good evaluations eventually become obsolete, at least partially,
as more accurate data become available and as more advanced nuclear model codes and evaluation tools
are developed. In addition, improvements in computing facilities and transport codes, as well as new

applications, invariably call for more details in the evaluated data.
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