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INTRODUCTION

The purpose of this publication is to provide a localized source of
descriptions for the evaluations contained in the ENDF/B Library.

The summary documentation presented in this volume is intended to be a
more detailed description than the (File 1) comments contained in the computer
readable data files, but not as detailed as the formal reports describing each
ENDF/B evaluation.

The summary documentations were written by the CSEWG (Cross Section Evalu-
ation Working Group) evaluators and compiled by NNDC (National Nuclear Data
Center). The loose-leaf independent section format was selected for ease of
updating when more documentation and/er evaluations become available.

This edition includes documentation for materials found on ENDF/B
Version V tapes 501 to 516 (General Purpose File) excluding tape 504. ENDF/B-V
also includes tapes containing partial evaluations for the Special Purpose
Actinide (521, 522), Dosimetry C531), Activation (532), Gas Production (533),
and Fission Product (541-546) files. The materials found on these tapes are
documented elsewhere.

For additional information concerning the evaluated files as well as the
corresponding experimental data, contact:

National Nuclear Data Center
Brookhaven National Laboratory

Upton, New York 11973
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SUMMARY DOCUMENTATION FOR

b y

L. Stewart, R. J. LaBauve, and P. G. Young
Los Alamos Scientific Laboratory

Los Alamos, New Mexico

I. SUMMARY

The *H evaluation for ENDF/B-V (MAT 130?.) is basically the same as the Ver-
sion IV evaluation. Changes include the addition of correlated error data in
MF-33 and different interpolation rules for MT-1 and 2 in MF-3. The evaluation
covers the energy range 10~5 eV to 20 MeV, and documentation is provided in.
LA-4574 (1971) and LA-6518-MS (1976).

II. STANDARDS DATA

The 1H(n,n)1H elastic scattering cross section and angular distribution
(MF-3, 4; MT-2) are standards in the energy region 1 keV - 20 MeV.

The extensive theoretical analysis of fast-neutron measurements by Hopkins
and Breit1 was used to generate the scattering cross section and angular dis-
tributions of the neutrons for the ENDF/B-V file.2 The code and the Yale phase
shifts* were obtained from Hopkins4 in order to obtain the data on a fine-energy
grid. Pointwise angular distributions were produced to improve the precision
over that obtained from the published Legendre coefficients.* The phase shifts
were also used to extend the energy range dotm below 200 ReV as represented in
the original paper,1

At 100 eV, the elastic cross section calculated from the phase shifts is
20.449 barns, in excellent agreement with the thermal value of 20.442 derived by
Davis and Barschali. 5.. Therefore, for the present evaluation, the free-atom
scattering cross section is assumed to be constant below 100 eV and equal to the
value calculated from the Yale phase shifts at 100 eV givirg a thermal cross
section of 20.449 b.

Total cross-section measurements are compared with the evaluation in Fig. 1
for the energy range from 10 eV to 0.5 MeV. Similarly, Figs. 2 and 3 compare
the evaluation with measured data from 0,5 to 20 MeV. The agreement with "he
earlier experiments shown in Fig. 2 is quite good over the entire energy range.
The 1969 data of Schwartz6 included in Fig, 3, however, lie slightly below the
•valuation over most of the energy range even though agreement with the 1972
results of Clement7 is quite acceptable.

For En - 30 MeV, the difference in the 180* cross section is ~ 1Z as calculated
from the Legendre coefficients9 compared to Chat calculated from the phase
shifts.

1-1-1
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Unfortunately, few absolute values of the angular dependence of the neutrons
(or recoil protons) exist and even the relative measurements are often restricted
to less than half of the angular range. The experiment of Oda6 at 3.1 MeV is
not atypical of the earlier distributions which, as shown in Fig. 4, does not
agree with the phase-shift predictions. Near 14 MeV, the T(d,n) neutron source
has bsen employed in many experiments to determine the angular distributions. A
composite of these measurements is compared with ENDF/B-V in Fig. SA. Note that
most of the experiments are in reasonable agreement on a relative scale, but 10%
discrepancies frequently appear among the data se£s. The measurements of Ca=i-
bou9 average more than 5% lower than the predicted curve and differences of 5%
or more are occasionally apparent among the data of a single set. Figure 5B
shows the measurements of Galonsky10 at 17.9 MeV compared with the evaluation.
Again, the agreement on an absolute basis is quite poor.

Elastic scattering angular distributions at 0.1( 5, 10, 20, and 30 MeV are
provided in Ref. 11 as Legendre expansion coefficients. Using the Hopkins-Breit
phase-shift program and the Yale phase shifts, additional and intermediate en-
ergy points were calculated for the present evaluation.2 As shown in Figs. 5-16
of Ref. 2, the angular distributions are neither isotropic below 10 MeV nor sym-
metric about 90° above 10 MeV as assumed in earlier evaluations. In this eval-
uation, the angular distribution at 100 keV is assumed to be isotropic since the
calculated 180°/0° ratio is very nearly unity, that is, 1.0011. At 500 keV, this
ratio approaches 1.005. Therefore, the pointwise normalized probabilities as a
function of the center-of-mass scattering angle are provided at the following
energies: lC"5 eV (isotropic), 100 keV (isotropic), 500 keV, and at 1-MeV in-
tervals from 1 to 20 MeV.

Certainly the Hopkins-Breit phase shifts reproduce reasonably well the
measured angular distributions near 14 MeV. It is Important, however, that
experiments be made at two or three energies which would, hopefully, further
corroborate this analysis. Near 14 MeV, the energy-dependent, total cross sec-
tion is presently assumed to be known to ~ 1% and the angular distribution to
~ 2-3%. At lower energies where the angular distributions approach isotropy,
the error estimate on the angular distribution is less than 1%.

It should be pointed out that errors involved in using hydrogen as a stan-
dard depend upon the experimental techniques employed and therefore may be sig-
nificantly larger tian the errors placed on the standard cross section. The
elastic angular distribution measurements of neutrons scattered by hydrogen,
which are available today, seem to indicate that o{0) is difficult to measure
with the precision ascribed to the reference standard. If this is the case,
then the magnitude of the errors in the a(9) measurements might be indicative of
error assignments which should be made, on hydrogen flux monitors. That is, it
Is difficult to assume that hydrogen scattering can be implemented as a standard
with much higher precision than it can be measured. Even though better agree-
ment with many past measurements can be reached by renormalizing the absolute
scales, such action may not always be warranted.

At this time, no attempt has been made to estimate the effect of errors on
the energy scale in ENDF/B. It is clear, however, that a small energy shift
would produce a large change in the cross section, especially at low energies.
For example, a 50-keV shift in energy near 1 MeV would produce a change in the
standard cross section of approximately 2**%. Therefore, precise determination
of the incident neutron energy and the energy spread could be very important in
employing hydrogen as a cross-section standard, depending upon the experimental
technique.

1-1-2
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III. ENDF/B-V FILES

File 1. General Information

MT«451. Descriptive data.

File 2. Resonance Parameters

MT-151. Effective scattering radius - 1.27565 x 10"12 cm.

Resonance parameters not given.

File 3. Neutron Cross Sections

MT-1. Total Cross Sections

The total cross sections are obtained by adding the elastic scat-
tering and radiative capture cross sections at all energies,
1.0E-05 eV to 20 MeV.

MT«2. Elastic Scattering

Standard - see discussion in Sec. II.

MT-102. Radiative Capture

These cross sections are taken from the publication of A. Horsley
where a value of 332 mb was adopted for the thermal value. See
Ref. 51.

MT-251. Average Value of Cosine of Scattering Angle In Lab System
from 1.0E-05 Ev to 20 MeV. (Provided by BNL);

MT-252. Average Logarithmic Energy Change Per Collision, from
1.0E-05 eV to 20 MeV. (Provided by BNL).

MT-253. Gamma, from 1.0E-05 eV to 20 MeV. (Provided by BNL).

File 4. Neutron Angular Distributions

MT-2. Neutron elastic scattering angular distributions in the center
of mass system, given as normalized pointwise probabilities.
See Sec. II above.

File 7. Thermal Neutron Scattering Law Data

MT«4. 0.00001 to 5 eV free gas sigma * 20.449 barns.

File 12. Gamma Ray Multiplicities

MT-102. Radiative Capture Multiplicities.

Multiplicity is unity at all neutron energies. LP«2 is now
implemented; therefore, all gamma energies must be calculated.
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File 14. Gamma Ray Angular Distributions

MT-102. Radiative capture angular distribution

Assumed isotropic at all neutron energies.

File 33. Correlated Errors

MT-1. Covariance matrix derived from M?»2, 102.

MT-2. Covariance data added for the elastic scattering by D. G.
Foster, Jr. (Jan. 77).

MT«102. Covariance data for radiative capture added by P. G. Young
(Nov. 7, 1978).
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SUMMARY DOCUMENTATION FOR 2H

by

L. Stewart and A. Horsley
Los Alamos Scientific Laboratory

Los Alamos, New Mexico

I. SUMMARY

The ENDF/B-V evaluation (MAT-1302) is entirely different from the Version
IV data set and is based upon a revision of an earlier evaluation given in
LA-3271 (1968). The main change made to the earlier evaluation was to modify
the total and elastic cross sections below 500 keV in order to more closely re-
flect experimental data from RPI.1 In addition, Files 8 and 9 have been included
to provide tritium production information. The evaluation covers the energy
range 10"5 eV to 20 MeV.

II. ENDF/B-V FILES

File 1. GENERAL INFORMATION

MT-451. Descriptive data.

File 2. Resonance Parameters

MT-151. Effective scattering radius • 0.51977 x I0~12 cm. Resonance
parameters not given.

File 3. Neutron Cross Sections

MT-1. Total Cross Section

All data plotted and compared up to 1967 in LA-3271. Changes in-
corporated below 1.5 MeV but evaluation does not agree with low-
energy experiments at NBS2 (which are preliminary) but agrees at
higher energies. The Davis data9 show a peculiar drop of a few
per cent from 3.5 to 9 MeV but agree above and below these en-
ergies.

MT«2. Elastic Cross Sections

Data obtained from integrating n-D and p-D angular distributions.
Since the radiative capture is in microbarns, the elastic is

f Atomic Weapons Research Establishment, Aldermaston, U.K.
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essentially equal to the total cross section below the n,2n j
threshold and the total minus the n,2n above the threshold.
Checks and balances were always made. See LA-3271 for ths
graphical comparisons.

MT-16. (n,2n) Cross Section

Data taken from Holmberg1* and from Catron.5 See LA-3271. Nothing
is known about the cross section above 14 MeV.

MT-102. Radiative Capture Cross Section

The thermal cross section is 506 microbarns which was extrapolated
as 1/V up to 1 keV. Curve was drawn above this energy to include
measurements on the inverse reaction by Bosch.6 The 14 MsV value
Is a factor of 3 lower than Cerineo.7 See LA-3271 for graphical
results.

File 4. Neutron Angular Distributions

MT-2. Elastic Angular Distributions

Taken from n-D and p-D scattering. Agreement is good with van Oers
analysis.8 See LA-3271.

MT-16. (n,2n) Angular Distributions

)
Calculated by code of Young9 assuming phase space argument, therefore

ignoring tht observations of the virtual deuteron. See LA-3271
for comparisons with n-D and p-D breakup spectra.

File 5« Neutron Energy Distributions

MT-16. (n,2n) Energy Distribution

Discussed under MF-4. Energy distributions calculated assuming
pure phase space model.

File 8, 9. Decay Data

MT-102. Decay Information Added For Tritium Production

Gamma Ray Multiplicities

MT-102. (n,Y) Multiplicity

Assumed a single gamma emitted at all energies. Employed the LP«2
flag to conserve energy.

File 14. Gamma Ray Angular Distributions

MT-102. (n,y) Angular Distribution

Assumed isotropic*
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SUMMARY DOCUMENTATION FOR JH

by

L. Stewart
Los Alamos Scientific Laboratory

Los Alamos, New Mexico

I. SUMMARY

The ENDF/B-V evaluation for 3H (MAT-1169) is identical to the Version IV
evaluation except for the transfer of the decay data from File 1 to File 8.
Gamma-ray production data are not included because the radiative capture and
(n,n') cross sections are assumed to be negligibly small at all energies. The
evaluation covers the energy range 10"5 eV to 20 MeV and is documented in
LA-3270 (1965).

II. ENDF/B-V FILES

FileJL. General Information

MT-451. Descriptive data. /

File_£. Resonance Parameters

MT-151. Effective scattering radius « 0.32164 x 10~12 cm. Resonance
parameters not given.

File_3. Neutron Cross Sections

MT-1. Total Cross Sections

Total cross sections from 290 keV to 20 MeV from LASL measurements
(Ref. 1). Estimated below 290 keV.

MT-2. Elastic Scattering CrosB Section

Data taken from measurements (Refs. 2 to 10) up to 1967 on n-T
and p-He3 systems. Also, recent measurements on n-T by Seagrave
et al. (Ref. 11) and on pHKe8 by Morales and Cahill (Ref. 12) and
by Hutson et al. (Ref. 13) have been used to update the elastic
angular distributions above 15 MeV. (February 1971) (this is the
only change made to the evaluation from that described in LA-3270).
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MT-16. (n,2n) Cross Section

Only one measurement exists, that of Mather and Fain (Ref. 14) at
14.1 MeV. Estimates of this cross section were therefore made
from systematics and the p-He3 reaction studies of Rosen and
Leland (Ref. 9) and of Anderson (Ref. 15).

MT-17. (n,3n) Cross Section

No data given since estimates from isospin considerations give
essentially zero probabilities. Mather and Fain (Rcf. 14) and
Cookson (Refi 16) confirm these estimates.

MT-102. (n,Y) Cross Section (not included)

The measured cross section is less than or equal to 6.7 microbarns
at thermal (the sign of the Q-value is uncertain). This cross
section is therefore assumed zero at all energies.

MT-251. Average Value of the Scattering Angle in the Laboratory System
from 1.0E-05 eV to 20 MeV

MT«252. Average Logarithmetic Energy Change Per Collision, From
1.0E-05 eV to 20 MeV

MT-253. Gamma, From 1.0E-05 eV to 20 MeV

File 4. Neutron Angular Distributions

MT»2. Elastic Angular Distributions

These are given in the center-of-mass system as normalized prob-
abilities versus cosine of the scattering angle.

MT«16. (n,2n) Angular Distributions

These are given in the laboratory system as normalized probabil-
ities versus cosine of the scattering angle. See LA-3270 for
details on these distribution functions.

File 5. Neutron Energy Distributions

MI»16. (n,2n) Energy Distributions

These are given as normalized probabilities versus energy of the
out going neutron in the laboratory system. See LA-3270 for
details on these distribution functions.

File 8. Dtcay Data

MT-457. Decay Data Provided by C. Reich (INEL), Based On Chart Of
Nuclides, Wapstra's Mass Tables, and Nuclear Data Tables.
Placed in ENDF File and Format by BNL and LASL.
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Files 12 - 15« Gamma Ray Data (not included)

Only radiative capture produces gamma rays. Since the capture
cross section is assumed zero at all energies, these files are
purposely left empty.
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SUMMARY DOCUMENTATION FOR 3He

by

L. Stewart
Los Alamos Scientific Laboratory

Los Alamos, New Mexico

I. SUMMARY

The 3He evaluation for ENDF/B-V (MAT"1146) was carried over intact from
Version IV. The evaluated data cover the energy range 10~5 eV to 20 MeV, and
documentation for the standards portion of the data is given in LA-6518-MS
(1976).

II. STANDARDS DATA

The 3He(n,p)T cross section (MF-3; MT-103) is recognized as a standard in
the neutron energy range from thermal to 1 MeV. The present evaluation was

'' performed in 1968 and accepted by the CSEWG Standards Subcommittee for the
ENDF/B-III file1 in 1971. No changes have been recommended for this file;
therefore, the present evaluation was carried over from both Versions III and
IV of EKDF/B.

The thermal cross section of 5327 b was derived from precise measurements
by Als-Nielsen and Dietrich2 of the total cross section up to. an energy of 11
eV. No experimental measurements on the sHe(n,p) reaction are available below
~ 5 keV, and the cross section was assumed to follow 1/v up to 1.7 keV. The
evaluation is compared with the available data below 10 keV in Fig. 1. For con-
venience, the inset includes tabular values of the elastic, (n,p) and total cross
sections at a few energies up to 1 keV.

Up to 10 keV, the evaluation is a reasonable representation of the 1966
results of Gibbons and Macklin3 and an average of their cross sections measured
in 1963.* These experiments, which extend to 100 keV, are compared with ENDF/B-V
in Fig. 2.

From 100 keV to 1 MeV, additional experiments are available. The evalua-
tion is heavily weighted by the data of Refs. 3 and 4 and the cross sections of
Perry et al.s as given in Fig. 3. Note that these three measurements are in
good agreement among themselves but are higher than the measurements of Batchelor
et al. and of Sayres et al.7 On the other hand, Sayres et al. measure an
elastic cross section much higher than reported by Seagrave et al.' (noted on
the same figure).

In 1970, Costello et al.9 measured the (n,p) cross section from 300 keV
to 1 KeV and obtained essentially a constant value of 900 mb over this energy
range. Agreement of the Costello data with this evaluation above 500 keV is
excellent, although from 300 to 400 keV, their measurements are nore than 10Z
lower than ENDF/B-V.

' '"' •' 2-3-t



2-He-3
MAT 1146

Finally, Lopez et al.10 measured the relative ratio of the counting rates ~*
between JHe and BF3 proportional counters from 218 eV to 521 keV. To provide a
comparison between these two standard cross sections, the Lopez ratios were
normalized at 218 eV to the Version IV ratios. Then, by using the present eval-
uation for the sHe(n,p) cross section to convert the Lopez ratio measurements to
10B cross sections, reasonable agreement with Version V 10B(n,a) is obtained.
It should be noted, however, that the energy points are too sparse above a few
keV to reproduce the structure observed in B.

Although the thermal (n,p) cross section is kncwn to better than 1%, the
energy at which this cross section deviates from 1/V is not well established.
It should also be emphasized that experiments have not been carried out from
11 eV to a few keV, thereby placing severe restrictions upon the accuracy ac-
companying the use of the He(n,p)T cross-section standard. The 10% error esti-
mates on the ORNL experimental data are directly related to the uncertainties in
the analysis of the target samples employed. Certainly, further absolute meas-
urements are aeeded on this cross-section standard, especially above ~ 100 eV.

III. ENDF/B-V FILES

File 1. General Information

MT-451. Descriptive data.

File_2_. Resonance Parameters

MT-151. Scattering length « 0.2821E-12 cm. }

File_3. Neutron Cross Sections

MT-1. Total Cross Sections

From 0.00001 eV to 10.8 keV MT1 taken as sum MT2 + MT103. From
10.8 keV to 20.0 MeV MT1 evaluated using experimental data from
Ref. 11.

MT-2. Elastic Scattering Cross Sections

From 0.00001 eV to 10.8 keV MT2 taken as constant » 1.0 b. From
10.8 keV to 20.0 MeV MT2-MT1-MT103-MT104 with experimental data
from Refs. 7 and 8 as checks. Note that two reactions are mis-
sing from the evaluation, namely, (n.n'p) and (n,2n2p)~ Exper-
imental data at 15 MeV indicate non-zero cross sections for these
reactions. In the present evaluation, these reactions are simply
absorbed in MT«2.

MT-3. (n,p) Cross Section

Standards reaction - see Sec. II above.

MT-104. (n,d) Cross Sections

Threshold - 4,3614 MeV, Q - -3.2684 MeV. Evaluation from a detailed ,
balance calculation (Ref. 2) and experimental data (Ref. 7). J
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MT-251. Average Value of Cosine Of Elastic Scattering Angle, Labora-
tory System.

Obtained from data MF-4, MT-2.

MT-252. Values Of Average Logarithmic Energy Decrement

Obtained from data MF-4, MT-2.

MT-253. Values Of Gamma

Obtained from data MF-4, MT-2.

File 4. Neutron Angular Distributions

MT-2. Angular Distribution Of Secondary Neutrons From Elastic Scat-
tering.

Evaluated from experimental data from Refs. 7, 8, 11-14 covering
incident energies as follows:

INCIDENT ENERGY REFERENCES

l.E-5 eV (Isetropic)
0.5 MeV (Isotropic)
1.0 MeV 8
2.0 MeV 8
2.6 MeV 11
3.5 MeV 8
5.0 MeV 11
6.0 MeV 8, 12 (from p+t elastic scattering)
8.0 MeV 7, 12 (from p+t elastic scattering)
14.5 MeV 12, 13 (from p+t elastic scattering)
17.5 MeV 7
20.0 MeV 11 (from p+t elastic scattering)
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SUMMARY DOCUMENTATION FOR 4 H e

by

G. M. Hale, R. A. Nisley, and P. G. Young
Los Alamos Scientific Laboratory

Los Alamos, New Mexico

I. SUMMARY

The ENDF/B-V evaluation for "He (MAT 1270) is the same as Version IV except
for minor format changes. The evaluation covers the energy range 10"5 eV to 20
MeV and is based at all energies on an extensive R-matrix analysis, which is
described in NEANDC (J) 38L (reference Do75). By making use of the charge sym-
metry of nuclear forces, p-4He data were included in the analysis along with
the available n-^He measurements of cross sections, angular distributions, and
polarizations. Because of the extent of the data base used and the careful
analysis it was given, the cross sections and angular distributions are thought
to be accurate to about ± 2% at all energies. As all gamma-ray production cross
sections are essentially zero for **He, gamma ray files (MF*12-16) are deliber-
ately excluded from the evaluation.

II. ENDF/B-V FILES

File 1. General Information

MT«451. Descriptive data.

File 2. Resonance Parameters

MT-151. Effective scattering radius - 0.24579 x 10"12 cm.

Resonance parameters not given.

File 3. Neutron Cross Sections

The 2200 m/s cross sections are as follows:

MT-1 Sigma •= 0.75916 b
MT«2 Sigma - 0.75916 b

MT«1. Total Cross Section

See discussion under MT«2 below.
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MT-2. Elastic Scattering Cross Section

Although the only reaction possible for neutrons incident on "He
below 20 MeV is elastic scattering, the majority of the n-^He
data is rather imprecise. In order to overcome this problem, an
R-matrix analysis was performed with a data set which included
not only the n-^He data but also very precise p-^He data. All
the available n-*He and p-'*He data below 20 MeV were considered
in the analysis. Since the previous evaluation was completed in
1968, several n-^He elastic scattering measurements have been
done. The most significant of these are the low energy neutron
cross sections of Rorer (Ro69), the RFI total cross section meas-
urement (Go73), which cover the range En- 0.7-30 MeV, and the
relative angular distributions of Morgan (Mo68). A complete list
of references for the n-^He data used is given below. The p-"*He
data was selected to satisfy very stringent statistical criteria
and we believe the possible errors of the predicted values for the
p-^He scattering to be less than 1.0%. A simple model for the
charge differences between the n-^He and p-^He systems was as-
sumed and the n-^He and p-^He data sets were simultaneously
analyzed. The values of the cross sections and angular distri-
butions contained in Files 3 and 4 are probably accurate to with-
in 2,0%.

Comparisons of the evaluated and experimental total cross section
data are given in Figs. 1-4, and the elastic angular distribution
data are included in Figs. 5-11. The neutron polarization meas-
ements that were included in the R-matrix analysis are also shown
in Figs. 12 and 13.

File 4. Neutron Angular Distributions

MT«2. Elastic Scattering Angular Distributions.

Obtained from the R-matrix analysis described above under MF=3,
MT»2. Legendre polynomial representation used in the cm system.
See Figs. 5-11 for data.
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Measured and evaluated n-**He to ta l cross sections between 3
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Measured and evaluated n-^He differential elastic angular
distribution for incident neutron energies between 0.313
and 0.704 MeV.
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between 1.008 and 7.8 MeV.

2-1-13



2-He-4
MAT 1270

08

0 0

- 0 4

-06

-0 8

0 20 40 60 80 100 120 140 160 ISO

Fig. 13.

ltHe(n,n)1*He neutron polarizations for incident energies
between 10.Q and 17.7 MeV.

2-4-14



3-L1-6
MAT 1303

SUMMARY DOCUMENTATION FOR 6Li

by

G. M. Hale, L. Stewart, and P. G. Young
Los Alamos Scientific Laboratory

Los Alamos, New Mexico

I. SUMMARY

The previous evaluation for 6Li was extensively revised for Version
V of ENDF/B (MAT 1303). All major cross-section files except radiative
capture were updated. A new R-matrix analysis including recent experimental
results was performed up to a neutron energy of 1 MeV, which includes the
standards region for the 6Li(n,t)<>He reaction. Extensive revisions were made
in the MeV region to include a more precise representation of the (n.n'd) re-
action. In the new representation, the (n,n'd) cross section is grouped into
6Li excitation energy bins, which preserves the kinematic energy-angle rela-
tionships in the emitted neutron spectra. Finally, correlated error data were
added up to a neutron energy of 1 MeV, triton angular distributions from the
6Li(n,t)4He reaction were included below 1 MeV, and radioactive decay data were
added to Files 8 and 9. Except for the covariance and (n,t) angular distribu-
tion files, the evaluation covers the neutron energy range of 10~s eV to 20 MeV.

II. STANDARDS DATA

The 6Li(n,a) cross section is regarded as a standard below EQ^IOO keV.
The Version V cross sections for 6Li below 1 MeV were obtained from multi-
channel, multilevel R-matrix analyses of reactions in the 7Li system, similar
to those from which the Version IV evaluation were taken. New data have be-
come available since Version IV was released and most of this new experimental
information has been Incorporated into the Version V analysis.

For Version IV, the 6Li(n,a) cross section was determined mainly by fit-
ting the Harwell total cross section (reference 3 below), since this was pre-
sumably the most accurately known data included in the analysis. However, in
addition to the Harwell total, the data base for the analysis included the
shapes of the n-6Li elastic angular distributions and polarizations, 6Li(n,a)T
angular distributions and integrated cross sections (normalized), and t-a
elastic angular distributions.

Since the time of the Version IV analysis, new data have become avail-
able whose precision equals or betters that of the Harwell total cross section.
The present analysis includes the following new measurements while retaining
most of the data from the previous analysis:
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Approximate
Measurement References Precision

n-6Li aT Harvey, ORNL** 0.5-1%
6Li(n,a) integrated cross section Lamaze, NBS21 1-2% (relative)

*He(t,t)*He differential cross section Jarmie, LASL35 0.4-1%

"He(t,t)*He analyzing power Hardekopf, LASL36 1%

Fits to the (n,Ot) data included in the Version V analysis are shown in
Figs. 1 and 2. In Fig. 1, the data are plotted as a«v^; in both figures, the
Version IV evaluation is represented by the dashed curves. The good agreement
with Lamaze's new 6Li(n,cc) integrated cross section measurement2 is particu-
larly encouraging, since these are close to the values most consistent with
the accurate new t + Ct measurements.35*36 On the other hand, a shape differ-
ence persists between the fit and measurements of the total cross section in
the region of the precursor dip and at the peak of the 245-keV resonance. How-
ever, we feel that including these precise new data in the analysis has reduced
the uncertainty of the new Li(n,a) cross section significantly (to the order
of 3JS) over that of previous evaluations in the region of the resonance.

III. ENDF/B-V FILES

File 1. General Information

MT=451. Descriptive data.

File 2. Resonance Parameters

MT-151. Effective scattering radius - 0.2377G x 10"I2 cm.

Resonance parameters not given.

File 3. Neutron Cross Sections

The 2200 m/s cross sections are as follows:

MT«1
MT-2
MT-102
MT-105

Sigma •
Sigma *
Sigma *
Sigma *

936.64
0.71046
0.03850

935.89

b
b
b
b

MT«1. Total Cross Section

Below 1 MeV, the values are taken from an R-matrix analysis by
Hale, Dodder, Witte (described in Ref. 2) which takes into
account data from all reactions possible in 7Li up to 3 MeV
neutron energy. Total cross section data considered in this
analysis were those of Refs. 3 and 4. Between 1 and 5 MeV,
the total was taken to be the sum of MT-2, 4, 24, 102, 103,
and 105* which generally follows the measurements of Refs. 5
and 6. Between 5 and 20 MeV, the total was determined by an
average of the data of Refs. 6 and 7 which agrees with Ref. 8
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except at the lowest energy. In this region, the total exceeds
the sum of the measured partial cross sections by as much' &s
200-300 mb. This difference was distributed between the elastic
and total (n,n')d cross sections.

MT=2. Elastic Cross Section

Below 3 MeV, the values are taken from the R-matrix analysis cited
for MT=1, which includes the elastic measurements-, of Refs. 9 and
10. These calculations were matched smoothly in the 3-5 MeV
region to a curve which lies about 50 mb above Batchelor (Ref. 26)
between 5 and 7.5 MeV, and about 13% above the data of Refs. 14,
27, 28, and 29 at 10 to 14 MeV.

MT=4. Inelastic Cross Section

Sum of MT=51 through MT-81.

MT=24. (n,2n)a Cross Section

Passes through the point of Mather and Pain (Ref. 11) at 14 MeV,
taking into account the measurements of Ref. 12.

MT=51, 52, 54-56, 58-81. (n,n')d Continuum Cross Sections

Represented by continuum-level contributions in eLi, binned in
0.5-MeV intervals. The energy-angle spectra are determined by
a 3-body phase-space calculation, assuming isotropic center-of-
mass distributions. At each energy, the sum of the continuum-
level contributions is normalized to an assumed energy-angle
integrated continuum cross section which approximates the dif-
ference of Hopkin's measurement (Ref. 13) and the contribution
from the first and second levels in 6Li. The steep rise of the
pseudo-level cross sections from their thresholds and the use of
fixed bin widths over finite angles produces anomalous structure
in the individual cross sections which is especially apparent
near the thresholds. Some effort has been made to smooth out
these effects, but they remain to some extent.

MT=53. (n,n^)d Discrete Level Cross Sections

Cross section has p-wave penetrability energy dependence from
threshold to 3.2 MeV. Matched at higher energies to a curve
which lies 15-20% above Hopkins (Ref. 13) and passes through
the 10-MetV point of Cookson (Ref. 14).

MT-57. (n,n2JY Cross Section

Rises rapidly from threshold, peaks at 5 mb and falls off gradually
to 20 MeV. No data available except upper Units.
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MT-102. (n,y) Cross Sections

Unchanged from Version IV, which was based on the thermal measure-
ment of Jurney (Ref. 15) and the Pendlebury evaluation (Ref. 16)
at higher energies.

MT-103. (n,p) Cross Sections

Threshold to 9 MeV, based on the data of Ref. 17. Extended to 20
MeV through the 14-MeV data of Refs. 18 and 19.

MT-105. (n,t) Cross Sections

Below 3 MeV, values are taken from the R-matrix analysis of Ref.
2, which includes (n,t) measurements from Refs. 20-24. Betveen
3 and 5 MeV, the values are based on Bartle's measurements (Ref.
24). At higher energies, the cross sections are taken from the
evaluation of Ref. 16, extended to 20 MeV considering the data
of Kern (Ref. 25).

File 4. Neutron Secondary Angular Distributions

MT=2. Elastic Angular Distributions

Legendre coefficients determined as follows:

Below 2 MeV, coefficients up to L=2 were taken from the R-matrix
analysis of Ref. 2, which takes into account elastic angular
distribution measurements from Refs. 9 and 10 above 2 MeV. The
coefficients represent fits to the measurements of Refs. 13 and
26 in the 3.5-7.5 MeV range, that of Ref. 14 at 1 MeV, and those
of Refs. 27-29 at 14 MeV. Extrapolation of the coefficients to
20 MeV was aided by optical model calculations,

MT-24. (n,2n) Angular Distributions

Laboratory distributions obtained by integrating over energy the
4-body phase-space spectra that result from transforming isotropic
center-of-mass distributions to the laboratory system.

MT-51 - 81. (n,n') Angular Distributions

Obtained by transforming distributions that are isotropic in the
3-body center-of-mass system to equivalent 2-body distributions
in the laboratory system. MI-53 and 57 are treated as real levels
and assumed to be isotropic in the two-body reference system.
Data available indicate departure from isotropy for the first
real level (MT-53) and this anisotropy will be included in a
later update.
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MT-105. (n,t) Angular Distributions

Legendre coefficients obtained from the R-matrix analysis of Ref.
2 are supplied at energies below 1 MeV. The analysis takes into
account (n,t) angular distribution measurements from Refs. 23
and 30.

File 5» Neutron Secondary Energy Distributions

MT«24. (n,2n) Energy Distributions

Laboratory distributions obtained by integrating over angle the 4-
body phase-space spectra that result from transforming isotropic
center-of-mass distributions to the laboratory system.

File 8. Radioactive Nuclide Production

MT=103. (n,p) 6He

6He beta decays, with a half-life of 808 ms.back to 6Li with a
probability of unity.

MT=105. (n,t) ''He

Tritium, which is the. only radioactive product of this reaction,
beta decays to 3He with a probability of unity and with a life-
time of 12.33 years.

File 9. Radioactive Nuclide Multiplicities

MT=103. (n,p) Multiplicity

A multiplicity of one is given for the production of 6He.

MT-105. (n,t) Multiplicity

A multiplicity of one is given for the production of tritium.

File 12. Gamma-Ray Multiplicities

MT=57. (n,n2) Y Multiplicity

Multiplicity of one assumed for the 3.562-MeV gamma ray. Energy
taken from reference 31.

MT-102. (n,Y) Multiplicity

Energies and transition arrays for radiative capture taken from
Ref. 15, as reported in Ref. 31. The LP flag was used to de-
scribe the MT-102 photons.
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File 14. Gamma-Ray Angular Distributions

MT-57. (n,n2> Y Angular Distributions.

The gamma is assumed isotropic.

MT-102. (n,Y) Angular Distributions

The two high-energy gammas are assumed isotropic. Data on the
477-keV gamma indicate isotropy.

File 33. Cross Section Covariances

The relative covariances for MT^l, 2, and 105 below 1 MeV are given
in File 33. They are based on calculations using the covariances
of the R-matrix parameters in first-order error propogation.

MT=1. Total

Relative covariances are entered as NC-type sub-subsections, im-
plying that they are to be constructed from those for MT=2 and
105. They are not intended for use at energies above 1.05 MeV.

MT=2, 105. Elastic and (n,t)

Relative covariances among these two cross sections are entered
explicitly as Nl-type sub-subsections in che LB=5 (direct) re-
presentation. Although values for the 0.95-1.05 MeV bin are re-
peated in a 1.05-20 MeV bin, the covariances are not intended
for use at energies above 1.05 MeV.
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Fig. 1.
The Version V 6Li(n,t)lfHe cross section times JE^ plotted versus En for neutron
energies between 10 eV and 50 keV. The dashed curve is ENDF/B-IV; the experimental
data are from references 20, 21, 32-34.
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Fig. 2.
The Version V 6Li(n,t)'*He cross section from 50 to 550 keV. The dashed curve
is ENDF/B-IV; the experimental data are from references 20-22, 32-34.
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SUMMARY DOCUMENTATION FOR 7Li

by

L. Stewart, D. G. Foster, Jr., M. E. Battat, and R. J. LaBauve
Los Alamos Scientific Laboratory

Los Alamos, New Mexico

I. SUMMARY

The 7Li evaluation for ENDF/B-V (MAT 1272) was carried over from Version IV
with only minor format modifications being included. The evaluation of all the
neutron data except the total cross section is based upon a 1964 evaluation by
Pendlebury (AWRE 0-61/64) as adapted by Battat and LaBauve for Version II of
ENDF/B. The total cross section above 0.5 MeV was re-evaluated by Foster as
described below and photon production data added by LaBauve and Stewart for
Version IV of ENDF/B. The evaluation covers the energy range from 10~5 eV to
20 MeV. Covariance data are not included in the file but will be available in
a new evaluation forthcoming from LASL.

II. ENDF/B-V FILES

File 1. General Information

MT«451. Descriptive data.

File 2. Resonance Parameters

MT-151. Effective scattering radius - 0.28906 x 10"12 cm.

Resonance parameters not given.

File 3. Neutron Cross Sections

MT«1. Total Cross Section

Below 100 keV, based on analysis of available total cross section
and radiative capture measurements (Hu58, Hu60, Ho58, and Ho59)
with an expression of the form O*T • on n + tfn|y, where a n n »
constant and O"n>y has a 1/V energy dependence! The analysis
resulted in a n > n - 1.05 b and On>y - 0.036 b at thermal.

100 - 500 keV, based on available experimental data (Hu58, Hy60,
Ho58, and Ho59).
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0.5 - 20 MeV, analysis by Foster (LASL) used. Evaluation from 0.5
to 1.3 MeV based on measurements of Me70. Above 1.3 MeV, based
on Go71, slightly normalized to improve agreement with Fo71,
Br58, Co52, and Pe60. Accuracy is approximately 2% at 0.5 MeV
and 1% above 1 MeV. Polynomial smoothing was used throughout.

MT»2. Elastic Cross Section

0 - 100 keV, see MT=1 summary.

0.1-20 MeV, based on experimental data of Ar63, Ba63B, Bo59, Gr59,
La61, To56, W1S6, and Wo62.

MT»3. Nonelastic Cross Section (not included in file).

In order to determine the individual reaction cross sections, a
total nonelastic cross section was evaluated with the elastic
cross section, with each adjusted such that their sum equaled
the MT*1 cross section. Experimental nonelastic measurements
that were considered include Co59, Go59, Mc63, and Ri53.

MT»4. Inelastic Cross Section

Sum of MT-51 and 91.

MT-16. (n,2n) Cross Section
I

Threshold - 20 MeV, smooth curve through experimental data of As63
at 10.2 and 14.1 MeV, smoothly extrapolated to 20 MeV, to obtain
total (n,2n). Then divided into MT=16 and MT=24 components as
described under MT=24.

MT-24. (n,2nd)a Cross Section

Threshold - 20 MeV, the total (n,2n) cross section is divided into
(n,2n)6Li and (n,2nd)ct components assuming that the latter re-
action will dominate as the neutron energy increases above its
threshold (9.98 MeV).

MT«51. (n.n'y) Cross Section

Threshold - 20 MeV, the energy-dependent cross section to the 478-
keV first-excited state of \ i , which is the only 7Li level
stable to particle decay, is based mainly on the experimental data
of Ba63B, and Fr55 below 4 MeV and Be62 near 14 MeV, with a smooth
interpolation between and extrapolation to 20 MeV.

MT-91. (n,n't)a Cross Section

Threshold - 20 MeV, the cross section to discrete and continuum
states in 7Li unstable to t-Ot breakup is based mainly on the
experimental data of Ba63B, Ro'62, and Th54, together with the
results of Brown et al., and Osborne (see Hu58, Hu60). "\
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MT-102. (n,y) Cross Section

Below 150 keV, based on thermal value of 36 mb (Hu60) with 1/V
energy dependence until the cross section falls to 10 lib.

0.15 - 20 MeV, held constant at 10 yb to 15 MeV, decreasing to
8.6 yb at 20 MeV.

MT-104. (n,d) Cross Section

Threshold - 20 MeV, smooth curve through the experimental data of
Ba53, Ba63B, and M161.

MT-251. Average Cosine of Scattering Angle

Derived from evaluated files.

MT=252. Average-Logarithmic Energy Decrement

Derived from evaluated files.

MT-253. Gamma

Derived from evaluated files.

File 4. Neutron Angular Distributions

MT=2. Elastic Scattering Angular Distributions

Legendre coefficients given in center-of-mass system with trans-
formation matrix (A&69). See Pe64 for evaluation details.

MT-16. (n,2n) Angular Distributions

Tabular data (isotropic) in the laboratory system. See Pe64 for
evaluation details.

MT-24. (n,2nd)a Angular Distributions

Tabular data (isotropic) in the laboratory system. See Pe64 for
evaluation details.

MT-51. (n.n'Y) Angular Distributions

Tabular data (isotropic) in the cm system. See Pe64 for evaluation
details.

MT-91. (n,n't)a Angular Distributions

Tabular data (anisotropic) in the laboratory system. See Pe64
for evaluation details.

f
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File 5. Neutron Energy Distributions

The tabulated spectra of Pendlebury (Pe64) were approximated by use
of ENDF/B law 9, as described below.

MT«16(. (n,2n) Energy Distribution

Energy range is 8.3 to 20 MeV. Distribution approximated by ENDF/B
law 9, with theta (MeV) equal to 0.21 Ji. This corresponds to
an average theta of 0.7 MeV in the 8.3 to 15 MeV energy interval.

MT«24. (n,2nd)a Energy Distribution

Energy range is 10 to 20 MeV. Distribution approximated by ENDF/B
law 9, with theta (MeV) equal to 0.1133 J£. This corresponds to
an average theta of 0.4 MeV in the 10 to 15 MeV energy interval.

MT=91. (n,n't)a Energy Distribution

Distributions approximated using law 9. Theta values obtained by
linear interpolation between following points:

E • 2.821 MeV. Theta = 0.10 MeV
E - 5.8 MeV. Theta « 0.70 MeV
E - 8.0 MeV. Theta « 2.80 MeV
E =15.0 MeV. Theta - 5.35 MeV

Data include the cross section to the second level and do not
always conserve energy.

File 12. Gamma-Ray Multiplicities

MT-51. (n.n'Y) Multiplicity

The first level in 7Li is the only known gamma emitter. Multi-
plicity of 1.0 assumed at all energies.

MT*102. (-n.Y) Multiplicity

Thermal capture spectrum measurements are inconclusive. Rough
estimates of transition probabilities were made using level
energies of Selove and Lauritsen (private communication). LP
flag used to indicate primary transitions.

File 14« Gamma-Ray Angular Distributions

MT-51. (n,n'y) Angular Distributions

Assumed isotropic at all energies.

MT-102. (n,Y) Angular Distributions

Assumed isotropic at all energies.
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Beryllium-9

DATA SUMMARY AND GENERAL COMMENTS

q
The experimental data for .Be are

summarized in UCRL-50400, Vol. 3.

The evaluated data for Be are shown

graphically in UCRL-50400, Vol. 15,

Part B. The listings for the ECSIL

data references are given in UCRL-

50400, Vol. 2. This evaluation was

done by S. T. Perkins and P.. J.

Howerton.

There are no measurements for the

(n,np), (n,nd), (n,2t) and (n,nt)

reactions; since the thresholds for

these reactions are very high, their

cross sections are considered negli-

gible. Also, since He is unstable

(it decays to a neutron and an alpha

particle with a gound-state half-life

of about 2 x 10" s), the (n,na)

decay mode is a component of the

(n,2n) reaction; therefore, it does

not have to be considered separately.

The inelastic scattering reaction is

also a component of the (n,2n)

reaction, since the Be recoil

nucleus always decays to a neutron

and two alpha particles.

TOTAL CROSS SECTION

Experimental values of the total

cross section are shown graphically

on pages 1-58 to 1-70 of UCRL-50400,

Vol. 7, Part A, Rev. 1; some tabular

values are given on page 1-73.

ELASTIC SCATTERING CROSS SECTION

Experimental values of the elastic

cross section are shown graphically

on pages 1-71 and 1-72 of UCRL-50400,

Vol. 7, Part A, Rev. 1; some tabular

values are given on page 1-73. The

free-atom cross section is used for

all energies less than the usual

upper limit set by the molecular

binding energy (about 10 eV).

Actually, this cross section only

represents the nuclear part of the

cross section for a stationary target.

It should be strongly emphasized that

these numbers are meaningless in the

absence of a proper thermal treatment,

either by the processing code or by

the neutronics code that uses these

numbers.

From 0.0001 eV to 0.01 MeV, the

elastic scattering cross section was

set equal to 6 barns. From 0.01 MeV

to the (n,a) threshold at 0.67 MeV,

the elastic cross section is essen-

tially equal to the total cross sec-

tion, because the (n,y) cross section

is negligible. The total cross sec-

tion used here was based on the data

of ECSIL Refs. 50-63, 54-92, 62-720,

62-772, and 54-1002.

Above the (n,a) threshold, the

.scattering cross section was assumed

to be the difference between the

total and nonelastic cross sections,
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BeryUium-9 (Cont.)

06/09/78

REACTION POINTS DATE Q-VALUE E-M1N E-MAX

N.G CROSS SECTION 151 12/14/71 6.6800+ 0 1.0000-10 2.0000+ 1
N.G G ENERGY-ANGLE 01ST. 2 10/25/72 6.8200*0 1.0000-10 2.0000+ 1
N.G G MULTIPLICITY 2 10/55/78 6.8500+0 1.0000-10 2.0000+ 1
N.G TOTAL ENERGY DEP. 3 11/21/76 6.3500+0 1.0000-10 3.0000+ 1
N.G LOCAL ENERGY OEP. 2 11/21/76 6.8500+ 0 1.0000-10 2.0000+ 1

I
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with the nonelastic cross section set

equal to the sum of its parts. From

0.67 to 2 MeV, the evaluated total

cross section was based on the

previously mentioned references as

well as Refs. 51-72, 51-336, and 59-

1642. Above 2 MeV, we relied on the

results of Ref. 68-3088 for the 2.7-

MeV resonance and Ref. 67-750 for the

energy region up to 15 MeV. The

extension to 20 MeV was based on data

from Refs. 54-107, 60-673, and 61-682.

ELASTIC SCATTERING ANGULAR
DISTRIBUTIONS

For energies less than 7 MeV,

experimental differential scattering

data are given in Refs. 55-121,

56-151, 57-231, 55-296, 59-500,

60-571, 58-945, 64-1643, 60-1645,

61-1646, and 64-1647. Experimental

elastic scattering angular distribu-

tions are shown in UCRL-50400, Vol.

19, These data were used to determine

the normalized probabilities. Below

the (n,2n) threshold, the scattering

consists of only elastic scattering,

since there is no inelastic scatter-

ing. We took into account the change

in shape of the angular distribution'

in going through the scattering

resonances. At 14 MeV, the elastic

angular distributions were based on

the results of Refs. 59-402, 66-

2585, and 68-3106. A smooth extra-

polation was made to 20 MeV. The

results at all incident energies are

consistent with Wick's limit.

n,2n CROSS SECTION

The total (n,2n) cross section is

based on the (ns2n) cross sections

and nonelastic-minus-absorption cross

sections listed by Perkins in AN-1443

(1965). The cross section measure-

ments have been augmented by the more

recent (n,2n) data of Refs. 69-763

and 72-3320. The nonelastic measure-

ments of Refs. 68-2595 and 73-3321

were also taken into account. The

20-MeV point was obtained by

• Interpolating nonelastic cross

sections between the 14-MeV value

and the value at 25.5 MeV (see

Ref. 58-356)

• Subtracting the other partial

nonelastic reaction cross sec-

tions from the interpolated

nonelastic cross section.

There have been two recent meas-

urements on the partial cross sections

involved in the Be(n,2n) breakup

(D. M. Drake et al., Nual. Sei. Eng.

.63, 401 [1977]; and F. 0. Purser,

private communication from Triangle

Univ. Nucl. Lab. [1976]), Both

references indicated that from about

6 to 12 MeV, the cross section for

excitation of the 2.43-MeV level in

.Be is substantially lower (up to a

factor of two) than was thought pre-

viously. In addition, the cross

section for excitation of the 1.68-



MeV level has essentially disappeared

at 6 MeV. This implies a relatively

large cross section for excitation

of the 4.7-MeV level when, the incident

neutron energy lies between 6 MeV and

the threshold for excitation of the

6.76-MeV level.

The total (n,2n) cross section is

subdivided into five partial reac-

tions, each of which is described by

the following time-sequential decay:

Be^n.nj) -»• Be9*(Wg)(n2>

- Be8*(W8) ,

where the W.'s are the level excita-

tion energies, and n. and n- are the

first and second emitted neutrons.

The five decay channels are shown

below.

Decay channels for the (n,2n) reaction.

MeV V MeV

11.4

Branching
fraction, %

100

8-1/3Z

91-2/3%

100

100

100

The above branching ratios were

measured by Perkins [see AN-1443

(1965)], except for the Be9* (9..1

MeV) transition which has been re-

placed by Be9* (11.28 MeV) and Be9*

4-Be-9
MAT 1304

(4.70) decay. The latter measure-

ments are based on the results of

C. L. Cocke and P. R. Christensen

[see Nual. Fhys. Alll, 623 (1968)].

Most of the levels in both nuclei

are wide. The center-of-mass widths

used in the evaluation are given

below.

Center-of-mass widths used in
the evaluation.3

, MeV , MeV

1.68
2.43

4.70

6.76

11.28

0.21
0

0.74

2

0.575

MeV MeV

0

2.94

11.4

0

1.56

7

aF. Ajzenberg-Selove and T. Lauritzen,
mat. Phys. 11, 1 (1959),

ENERGY AND ANGULAR DISTRIBUTIONS FROM
THE n,2n REACTION

The five partial (n,2n) reactions

include one narrow level and four

wide levels. In each of these, the

first neutron is described as the

result of an inelastic scattering

event. The experimental center-of-

mass angular distribution of the
9*first neutron from the narrow Be

4-9-5
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level (2.43 MeV) is described in a

P.. Legendre expansion. The neutrons
o

from the other levels are assumed to

be isotropic in their center-of-mass

systems. The energy-angle correlation

for first neutrons is preserved.

The description of the second

neutron from each partial reaction

neglects the energy-angle correlation.

This is a valid approximation for

this reaction, as has been discussed

by S. T. Perkins in Nual. Sai. Eng.

31, 156 (1968). All wide levels

were described by single-level

dispersion theory. After the the-

oretical level distributions were
9* 3*

obtained for Be and Be , they were

integrated, using the equations in

AN-1443 (1965), to obtain the Legendre

moments of the transference function,

CFj(E,E'), for the second neutron.

The integration scheme uses excita-

tion energy bins of equal probability;

calculations were performed at the

average excitation energy within each

bin. (This mode of integration

appeared to be the most economical

one to use in this case.) This inte-

gration scheme introduces some dis-

continuities into the output spectra,

particularly at low incident neutron

energies. Since an increase in the

number of bins did not appear to be

economically feasible, these results

were smoothed with a smoothing

algorithm. The effective threshold

values for the 6.76- and 11.28-MeV

level excitations were assumed to be

at incident neutron energies of 7 and

12 MeV, respectively. This allows a

better incorporation of the' wide-

level effects. In these calculations,

the center-of-mass angular distribu-
9*

tion of the recoiling Be nucleus

had to be consistent with the; descrip-

tion of the first neutron mentioned

above. The subsequent decay breakup
8*

(into Be and a neutron) was assumed
8*

to be isotropic in the (Be ,n)

center-of-mass system.

The angular distributions for

second neutrons in the laboratory

frame-of-reference were obtained from

a PQ Legendre expansion of the trans-

ference function. The Legendre

moments from the Pg Legendre expansion

were integrated over the energy of

the second neutron in order to obtain

the Legendre coefficients of the lab-

system angular distributions, which

then led directly to the angular dis-

tributions themselves.

n,p CROSS SECTION

This cross section was estimated

from the known threshold value and

the single measurement at 15.5 MeV

(Ref. 63-913).

n,d CROSS SECTION

This cross section is based on the

known threshold value and the measured

data between 16.5 and 18.8 MeV (Ref.

69-3101).

4-9-6



n,t CROSS SECTION

The cross section for the (n, t).

reaction is divided into (n,.tQ) and

(n,t.) components, which proceed

through the ground state and the

0.477-MeV level of Li , respectively.

The total (n,t) cross section near

14 MeV was determined from Refs.

58-496 and 61-650. Except for noting

the variation of the cross section

with energy, the results of Ref. 58-

494 were neglected, due to the large

uncertainties in these results.

The (n,t..) cross section was based

on rasults from F. S. Dietrich et at.,

Nuel. Spi. Eng. 61, 267 (1976). The

(n,t_) cross section was drawn

smoothly from zero at threshold to a

value at 14 MeV that is the differ-

ence between the total (n,t) cross

section and the (n,t.) cross section;

above 14 MeV, the (n,t_) cross sec-

tion decreases smoothly.

n,a CROSS SECTION

For neutron energies less than

8.6 MeV, the n,a cross section was

based on the measurements reported in

Refs. 58-494, 57-160, and 61-733.

It was then smoothly joined to the

three values given at 14 MeV (Refs.

61-650, 53-86, and 67-2367) and

extrapolated to 20 MeV. Note that

the measured cross section only ap-

plies to the production of the He

ground state, which beta decays to

4-Be-9
MAT 130*

Li; for higher states, He decays

Into an alpha particle and two neu-

trons .

n,Y CROSS SECTION

The n,y cross section was assumed

to be inversely proportional to

incident neutron speed below 100 eV,

with a 2200-m/s cross section of

9.5 mbarns. It was extrapolated

linearly on a log-log basis to 0.1

mbarn at 1 keV, and then held con-

stant at this value up to 20 MeV.

PHOTON PRODUCTION CROSS SECTIONS
AND SPECTRA

9
Gamma rays in Be are produced by

the (n,y) and (n,t) reactions. At

thermal neutron energy, Ref. 70-2415

lists the gamma-ray energies as

0.8535, 2.59, 3.368, 3.444, 5.958,

and 6.81 MeV, and it gives the cor-

responding (n,Xy) cross sections.

The photon spectrum was assumed to

be independent of incident neutron

energy. The multiplicity M(E_),

however, varies with the incident

neutron energy,E. as follows:

where M(0) is the multiplicity at

thermal energies, Q is the Q-valuen»Y
for the (n,y) reaction, and E . is

c—m
the center-of-mass energy:

E
c-m

H-9-7
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By using this recipe, we conserve

energy. As the incident neutron

energy increases, there are undoubt-

edly higher levels of Be that

are also excited. However, these

higher levels and their transi-

tions have been only partially

identified. The component relevant

to the (n,t1) cross section is in

fact equal-to this cross section

(since its multiplicity is

unity).

The angular distribution of gamma

rays from the (n,t,) reaction is

isotropic, as reported in Ref. 59-

605. The angular distribution of the

capture gamma rays is assumed to be

isotropic.
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SUMMARY DOCUMENTATION FOR 1 0 B

b y

G. M. Hale, L. Sc~vart, and P. G. Young
Los Alamos Scientific Laboratory

Los Alamos, New Mexico

I. SUMMARY

All cross sections below a neutron energy of 1.5 MeV except the (n,p) and
(n,t) reactions were revised for the Version V evaluation of 10B (MAT 1305).
The data above 1.5 MeV were carried over from ENDF/B-IV. Other changes to the
file include the addition of evaluated cross sections and secondary gamma-ray
spectra from the 10B(n,Y)MB reaction, as well as covariance data for cross
sections below 1.5 MeV. Except for the covariance file, the evaluated data
cover the energy range from 10"5 eV to 20 MeV. Partial documentation is pro-
vided in LA-6472-PR (1976) and LA-6518-MS (1976).

II. STANDARDS DATA

The 10B(n,a)7Li and 10B(n,aiY)
7Li reactions are neutron standards at ener-

gies below 100 keV. The major reactions below 1 MeV were obtained for the Ver-
sion V evaluation from multichannel, multilevel R-matrix analyses of reactions
in the 11B system, similar to those from which the Version IV evaluation were
taken. New data have become available since Version IV was released and most
of this new experimental information has been incorporated into the present
analyses.

We have added Spencer's measurements of oT (Sp73) and Sealock's
 10B(n,oti)

angular distributions (Se76) to the data set that was analyzed for Version IV.
In addition, we have replaced Friesenhahn's integrated (n,a^) cross section with
the recent measurements of Schrack et al. (both with GeLi and Nal detectors) at
NBS (Sc76), and have deleted Friesenhahn's total (n,ot) cross section from the
data. set. The resulting fit to the (n.a) and (n,a y) data is shown in Figs. 1
and 2, respectively. The integrated B(n,a) cross section has changed negli-
gibly from the Version IV results at energies below 200 keV. At higher ener-
gies, however* the (n,ot) cross section has dropped significantly in response
to the new NBS data. Unfortunately, the rest of ths data in the analysis do
not seem particularly sensitive to such changes in the (n,ot) cross section, with
the result that our calculated cross section must be considered quite uncertain
at energies above ~ 300 keV.
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III. ENDF/B-V FILES

File 1. General Information

MT=451. Descriptive data.

File 2. Resonance Parameters

MT=451. Effective scattering radius = 0.40238 x 10~12 cm.

Resonance parameters not included.

File 3. Neutron Cross Sections

The 2200 m/s cross sections are as follows:

MT=1 Sigma = 3839.1 b
MT=2 Sigma = 2.0344 b
MT=102 Sigma = 0.5 b
MT=103 Sigma = 0.000566 b
MT=107 Sigma = 3836.6 b
MT=113 Sigma = 0.000566 b
MT=700 Sigma = 0.000566 b
MT=78O Sigma = 244.25 b
MT=781 Sigma = 3592.3 b

MT=1. Total Cross Section

0 to 1 MeV, calculated from R-matrix parameters obtained by fitting
simultaneously data from the reactions B(n,n), B(n,(Xo), and
10B(n,ai). Total neutron cross-section measurements included in
the fit are those of Bo52, Di67, and Sp73.

1 to 20 MeV, smooth curve through measurements of Di67, Bo52, Ts62,
Fo61, Co52, and Co54, constrained to match R-matrix fit at 1 MeV.

MT=2. Elastic Scattering Cross Section

0 to 1 MeV, calculated from the R-matrix parameters described for
MT=1. Experimental elastic scattering data included in the fit
are those of As70 and La71.

1 to 7 MeV, smooth curve through measurements of La71, Po70, and
Ho69, constrained to be consistent with total and reaction cross
section measurements.

7 to 14 MeV, smooth curve through measurements of Ho69, Co69, Te62,
Va70, and Va65.

14 to 20 MeV, optical model extrapolation from 14-MeV data.

MT-4. Inelastic Cross Section

Threshold to 20 MeV, sum of MT«=51-85.

5-10-2
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MT-51-61. Inelastic Cross Sections To Discrete States

MT-51" Q--0.717 MeV MT-55 Q--4.774 MeV MT-59 Q«-5.923 MeV
52 -1.740 56 -5.114 60 -6.029
53 -2.154 57 -5.166 61 -6.133
54 -3.585 58 -5.183

Threshold to 20 MeV, based on (n.n1) measurements of Po70, Co69,
Ho69, and Va70, and the (n,xy) measurements of Da56, Da60, and
Ne70 using a gamma-ray decay scheme deduced from La66, A166,
Se66A, and Se66B. Hauser-Feshbach calculations were used to
estimate shapes and relative magnitudes where experimental data
were lacking.

MT-62-85. Inelastic Cross Sections to Groups of Levels

These sections were used to group (n,n') cross sections into 0.5-
MeV wide excitation energy bins between Ex~6.5 and i8.0 MeV.
This representation was used in lieu of MF=5, MT*=91 to more
accurately represent kinematic effects.

Threshold to 20 MeV, integrated cross section obtained by sub-
tracting the sum of MT-2, 51-61, 103, 104, 107, and 113 from
MT=1. Cross section distributed among the bands with an
evaporation model using a nuclear temperature given by
T - 0.9728 •En" (units MeV), taken from Ir67.

MT*102. (n,Y) Cross Section

0 to 1 MeV, assumed 1/V dependence with thermal value of 0.5 barn.

1 to 20 MeV, assumed negligible, set equal to zero.

MT«103. (n,p) Cross Section

Threshold to 20 MeV, sum of MT=700-703.

MT"B104, (n,d) Cross Section

Threshold to 20 MeV, based on 'BeCd.n) 1^ measurements of Si65 and
Ba60, and the (n,d) measurement of Va65.

MT-107. (n,o) Cross Section

0 to 20 MeV, sum of MT-780 and 781.

MT-113. (n,t2a) Cross Section

0 to 2.3 MeV, based on a single-level fit to the resonance meas-
ured at 2 MeV by Da61, assuming L»0 incoming neutrons and L«2
outgoing trltons.

2.3 to 20 MeV, smooth curve through measurements of Fr56 and Wy58,
following general shape of Da61 measurement from 4 to 9 MeV.
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MT=700-703. (n,p) Cross Section to Discrete Levels

0 to 20 MeV, crudely estimated from the calculations of Po70 and
the (n,xy) measurements of Ne70. Cross section for MT=700 as-
sumed identical to MT=113 below 1 MeV. Gamma-ray decay scheme
for 10B from La66.

MT=780. (n.ag) Cross Section

0 to 1 MeV, calculated from the R-tnatrix parameters described for
MT=1. Experimental (n,ag) data input to the fit were those of
Ma68 and Da61. In addition, the angular distributions of Va72
for the inverse reaction were included in the analysis.

1 to 20 MeV, based on Da61 measurements, with smooth extrapolation
from 8 fo 20 MeV. Da61 measurement above approximately 2 MeV
was renon^lized by factor of 1.4.

MT=781. (n,ai) Cross Section

0 to 1 MeV, calculated from the R-matrix parameters described for
MT=1. Experimental (n,ai) data included in the fit are those of
Sc76. In addition, the absolute differential cross-section meas-
urements of Se76 were included in the analysis.

1 to 20 MeV, smooth curve through measurements of Da61 and Ne70,
with smooth extrapolation from 15 to 20 MeV. The Da61 data above
approximately 2 MeV were renorraalized by a factor of 1.4.

File 4. Neutron Angular Distributions

MT=2. Elastic Angular Distributions

0 to 1 MeV, calculated from the R-matrix parameters described for
MF=3, MT=1. Experimental angular distributions input to the fit
for both the elastic scattering cross section and polarization
were obtained from the measurements of La71. Assignments for
resonances above the neutron threshold are based on La71.

1 to 14 MeV, smoothed representation of Legendre coefficients de-
rived from the measurements of La71, Ha73, Po70, Ho69, Co69, Va69,
and Va65, constrained to match the R-matrix calculations at En=l
MeV.

14 to 20 MeV, optical model extrapolation of 14-MeV data.

MT=51-85. Inelastic Angular Distributions

Threshold to 20 MeV, assumed isotropic in center-of-mass.
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File 12. Gamma Ray Multiplicities

MT*102. Capture Gamma Rays

0 to 20 MeV, capture spectra and transition probabilities derived
from the thermal data of Th67, after slight changes in the
probabilities and renormalization to the energy levels of Aj75.
The LP flag is used to conserve energy and to reduce significantly
the amount of data required in the file. Except for the modifi-
cation due to the LP flag, the thermal spectrum is used ovsr
the entire energy range.

MT-781. 0.4776-MeV Photon from the (n,^) Reaction

0 to 20 MeV, multiplicity of 1.0 at all energies.

File 13. Gamma-Ray Production Cross Sections

MT=4. (n,ny) Cross Sections

Threshold to 20 MeV, obtained from MT=51-61 using 10B decay scheme
deduced from La66, A166, Se66A, and Se66B.

MT-103. (n,pY) Cross Sectiors

Threshold to 20 MeV, obtained from MT-701-703 using 10B decay
scheme deduced from La66.

File 14. Gamma Ray Angular Distributions

MT»4. (n,ny) Angular Distributions

Threshold to 20 MeV, assumed isotropic.

MT-102. (n,Y) Angular Distributions

0 to 20 MeV, assumed isotropic.

MT-103. (n,py) Angular Distributions

Threshold to 20 MeV, assumed isotropic.

MT-781. (n,a]Y) Angular Distribution

0 to 20 MeV, assumed isotropic.

File 33. Cross-Section Covariances

The relative covariances for the most important reactions open below
1 MeV are given in File 33. These are calculated directly from the
covariances of the R-matrix parameters, using first-order error
propogation.
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MT=2, 780, 781. (n,n) (n,a0), and (n,^) Covariances.

0 to 1 MeV, relative covariances among these three reactions are
entered explicitly using Nl-type sub-subsections in the LB=5
(direct) representation.

1 to 20 MeV, all covariances set equal to zero. Not intended for
use in this energy range.

MT=1, 107. Total and (n,a) Covariances.

0 to 1 MeV, for compactness, these covariances are constructed
from those described above, using NC-type sub-subsections. The
constructed covariances for the total cross section therefore
neglect contributions from the (n,y), (n,p), (n.t), and (n,ni)
reactions which are all presumed to be small in magnitude below
1 MeV. Note that although the total cross-section covariances
are entered in the NC-type (derived) format, total cross-section
data were included in the fit, and they influenced all the cal-
culated covariances.

1 to 20 MeV, set equal to zero. Not intended for use in this
energy range.
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I

Eval-Sep71 C.Cowan
Dist-May74 Rev-Nov74

Extended to 20 HeV for ENDF/B Version-IV
* * * * * * *

Boron-11 Translated from UKAEA Data File (MAT No 49)
* * * * * *
Data modified Sept 1971 to conform to ENDF/B-III format
* * * * * *
Revisions to the UKAEA data were made in Sept 1971 by C.Cowan from
GE and on temporary assignment at M L . Revisions include.
1) Total and elastic reactions between 0.5 and 2,5 MeV were re-

normalized based upon recommended resonance parameters and
smooth cross sections from BNL-325

2) Angular distributions for elastic scattering (File 4 ) were
normalized at the specpfied energies between 0.43 and 1.5 HeV
to give total probabilities of 1.0
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Summary Documentation

Carbon Evaluation

ENDF/B-V MAT 1306

C. Y. Fu and F. G. Perey
Oak Ridge National Laboratory

Oak Ridge, Tennessee

August 1978

New Evaluation for Version V:

1. Total and elastic scattering from thermal to 4.81 MeV.

2. Elastic angular distribution: thermal to 4.81 MeV.

3. New representation for (n,n3a) to yield correct energy angle
kinematics.

4. Activation file for (n,p).

5. Gas production file.

6. Uncertainty file.

Adopted from ENDF/B-IV (by F. G. Peroy and C.*Y. Fu):

1. (n,a) below 15 MeV and (n,y) below 1 MeV.

2. Angular distributions of secondary neutrons 4-51.

3. Multiplicity of capture gamma-rays 12-102.

4. All other cross sections and distributions below 8.5 MeV
except (n,y)» £n,a), and (n,t).

Adopted from French evaluation which is an extend ve revision of ENDF/B-IV:

1. (n,Y) above 1 MeV, (n,a), and (n,t).

2. Angular distribution of secondary neutrons 4-52 and 4-53 and
gamma rays 14-51.

3. All other cross sections above 8.5 MeV except (n,a).

Data and evaluation techniques used in the new evaluation, the ENDF/B-IV

evaluation, and the French evaluation, as adopted here, are summarized

below:

File 3, MT=1. Total

l.E-5 eV to 4.8]

4.81 MeV to 20 MeV.'

6-0-1

l.E-5 eV to 4.81 MeV - sum of File 3 MT-2 and File 3 MT=102.
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File 3, MT=2. Elastic Scattering

l.E-5 eV to 4.81 MeV - R-matrix analysis with data.2"27

Bayes theorem (or nonlinear least-squares) used for energies

less than 2 MeV. Resulting weights were then used in the

R-matrix analysis. A thermal total cross section of 4.746 + 0.25%
28

evaluated by Lubitz was also used in the R-matrix fit.

4.81 MeV to 8 MeV.26'27'29

29-^1
8 MeV to 14 MeV.

14 MeV to 20 MeV.32

File 3, MT=3. Wonelastic

l.E-5 eV to 4.81 MeV. Same as File 3 MT=102.

4.81 MeV to 20 MeV - File 3 MT=1 minus File 3 MT=2.

File 3, MT=51. Inelastic Scattering to 4.439-MeV Level

4.81 MeV to 6.32 MeV - File 3 MT=3 minus File 3 MT=102.

6.32 MeV to 8.796 MeV - File 3 MT=3 minus File 3 MT=102 minus

File 3 MT=107.

8.796 MeV to 20 MeV - Same references as in File 3 MT=2 and

gamma-ray data of Morgan et̂  al.

File 3, MT=52-91. (n.n1) and (n,n'3a) Lumped Together

MT=52 to 55: real levels with physical widths given in File 4.

MT=56 to 58: pseudo levels with 0.25-MeV half width of rectangular

distribution given in File 4.

MT=91: a small evaporation component with T=0.3 to reproduce

threshold effect and the decay of the 2.43-MeV level of 9Be.

Distribution of secondary neutrons agrees with Refs. 34 and 35.

The sum of File 3 MT=52 to File 3 MT=91 is derived from File 3 MT=3

and all other reaction cross sections, and agrees with Refs. 35-37.

File 3, MT=102. Capture

l.E-5 eV to 1 MeV - 1/V with 3.36 mb at thermal.

1 MeV to 20 MeV — derived from (y,n) cross section of Ref. 38.
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File 3, MT=103. (n,p)

See Ref. 39.

Fi le 3, MT=104. (n,dj

Derived from (d,n) of Ref. 40.

File 3, MT=107. (n,a)

See Refs. 41-46.

File 3, MT=203. Proton Production

Same as File 3, MT=103.

File 3, MT=204. Deuteron Production

Same as File 3, MT=104.

File 3, MT=207. Alpha Production

Sum of File 3, MT=52 to File 3, MT=91, multiplied by 3,

and added to File 3, MT=107.

File 3, MT=251. Mu Bar

Derived from File 4, MT=2 with code SAD.

File 3, MT=252. Chi

See File 3, MT=251.

File 3, MT=253. Gamma

See File 3, MT=251.

File 4, MT=2. Angular Distribution of Elastically Scattered Neutrons

Same data and analysis as in File 3, MT=2. Legendre coefficients

in center-of-mass with transformation matrix given.

File 4, MT=51. Inelastic Scattering, to 4.439-MeV Level

Same data sources as in File 4, MT=2.
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File 4, MT=52. Inelastic Scattering to 7.653-MeV Level

See Ref. 47.

File 4, MT=53. Inelastic Scattering to 9.638-MeV Level

See Ref. 47.

File 4, MT=54 to 91. Isotropic in Center-of-Mass

File 5, MT=91. Evaporation Spectrum with T=0.3 MeV.

This is a small component of (n,nf3a) and is used mainly for the

decay of the 2.43-MeV level of 9Be (Ref. 34) and for reproducing

the correct threshold effect.

48
File 8, MT=103. Activation Data Following (n,p) Reaction.

File 10, MT=103. (n,p) Cross Section Leading to Activation

Same as File 3, MT=103.

49
File 12, MT=102. Multiplicity of (n,y) gamma rays.

File 13, MT=51. Production of 4.439-MeV gamma rays.

Same as File 3, MT=51.

File 14, MT=51. Angular Distribution of 4.439-MeV gamma rays.33'50"56

File 14, MT=1Q2. Angular Distribution of Capture gamma rays.

Isotropic in center-of-mass.

File 33, MT=1 to 107. Uncertainty Files for File 3 Data.
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Covariance File for Carbon MAT 306

Covariance data are given for MF=33, MT=1, 2, 3, 51-68, 91, 102, 103,

104, and 107. Derived sections (NC subsections) reflect exactly the way

the cross-section files were generated.

For MT=1, MT=2 above 2 MeV, MT-51, and MT=107, covariances were

determined from ±2a 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 covarinaces reflect differences in energy coverage by different

data sets and differences in the experimental methods within the same data

set. Short range covariances reflect structures in the crosfe, sections

and/or threshold effects. Statistical errors are, in principle, nonexistent

in the evaluated cross sections.

For MT=2 below 2 MeV, covariances were evaluated individually for each

of six data sets. These six data sets and their covariances were averaged by

least squares (Bayes theorem). The resulting covariances were further modi-

fied by considering the effects of the R-matrix fit which included thermal

data, data above 2 MeV, and polarization data. Uncertainties (not covari-

ances) in the angular distributions were also evaluated and are reported

in Atomic Data and Nuclear Data Tables (in press).

MT=52-58 are either discrete levels or bands of continuum levels to

represent the secondary neutron distributions in (n,n3a) reactions with

correct energy-angle kinematics. A 20% fully correlated uncertainty is given

to each level or band of levels. This may require improvement in the next

round of evaluation.
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P. G. Young and D. G. Foster, Jr.
Los Alamos Scientific Laboratory

Los Alamos, New Mexico

I. SUMMARY

The 1*N evaluation ifor ENDF/B-V (MAT 1275) is the same as Version IV except
for updating of the covairiance data format. Basic documentation for the eval-
uation is given in LA-4725 (1972), and revisions are described in LA-5375-PR
(1973). The evaluation covers the energy rang® 10~5 eV to 20 MeV.

II. ENDF/B-V FILES

File 1. General Information

MT-451. Descriptive Data

Thinning Note: Cross ruction data in MF*3 and 13 for MT-4, 16,
51-82, 102-108, 700-704, 720-723, 740-741, and 780-790 were
thinned using a 2.5% thinning c jiterion. Similarly, in MF-4
the MTa>2, .51-62 angular distributions were thinned using the
requirement: that the interpolated angular distribution have an
RMS average: deviation from a fine-grid set of less than 2.5% and
that the maximum excursion at any angle be less than 5%.

File 2. Resonance Parameters

MT-151. Effective Scattering Radius - 0.89014 x 10~12 cm.

Resonance parameters not given.

File 3. Neutron Cross Sections

The 2200 m/si cross sections are as follows:

MT-1 Sigma « 11.851 barns
MT-2 Sigma * 9.957 barns
MT»3 Sigma » 1.894 barns
MT- 102 Sigma - 0.075 barns
MT- 103 Sigma - 1.819 barns

7-14-1



7-N-1H
MAT 1275

MT«1. Total Cross Section

Zero to 1 eV, aT - 9.957 + 0.3013/*€ (b), from absorption of 1.894
b at 2200 m/s and Me49 data above 1 eV.

1 eV to 10 keV, from data of Me49.

10 keV to 0.5 MeV, from Hi52, Bi59, Hu61, and B162 with energy
scales adjusted to match, normalized separately to join tlme-
of-flight data smoothly at 0.5 MeV.

0.5 MeV to 20 MeV, from Ca70, He70, and Fo71 using Ca70 alone at
sharp resonances.

Smoothed by appropriate fits. Log-log interpolation is good to
1.3% to 0.4 MeV. Linear interpolation is good to 0.5% from 0.4
to 20 MeV. Absolute error less than 1% above 0.75 MeV, but may
rise to 5% in eV region.

MT-2. Elastic Scattering Cross Section

Zero to 10 MeV, subtracted evaluated non-elastic cross section frcir.
the evaluated total, although direct elastic measurements of Fo55,
Fo66, Bo57, Ch61, Ba67, Ph61, and Ne70 were considered,

10 to 12 MeV, Transition region.

12 to 20 MeV, Based upon data of Ch61, Ba67, Ne70, Ba63, and Bo68.

MT«4. Total Inelastic Cross Section

Sum of MT«=51-82 cross sections

MT-16. (ti,2n) Cross Section

Based upon data of Fe60, Br61, Bo65, and Pr60, estimated ± 30 per
cent error.

MT-51-62. Inelastic Cross Section to Discrete States

MT-51 Q--2.313 MeV MT-55 Q--5.691 MeV MT=59 Q=-7.028 MeV
52 -3.945 56 -5.834 60 -7.966
53 -4.913 57 -6,198 61 -8.061
54 -5.106 58 -6.444 62 -8.489

Threshold to 15 MeV, from (n,ny) data of Di69, Or69, C169, Bu69,
Ny69, Co68, and extensive measurements of D173.

Above 15 MeV, smooth extrapolations.

MT-63-82 Inelastic Cross Section to Groups of Discrete States

Cross section is grouped into excitation energy bins of 0.5 MeV
,*. width centered above Q-values between -9.25 MeV and -18.75 MeV.
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The integrated cross section over these bands was adjusted such
that the difference between tht total and non-elastic cross
sections agreed with elastic data (see MT«2). The division of the
cross section among the bands is based on Hauser-Feshbach and
nuclear temperature calculations. Note that (n,np) and (n,na)
reactions are included with the discrete and binned inelastic
data through use of LR flags (LR-28 and 22, respectively).

MT-102. Radiative Capture

Zero to 6.25 MeV, 1/V from 75 mb (£ 10Z) at thermal (Ju63).

0.25 to 1 MeV. Transition region.

1 to 20 MeV. Deduced from l*H(p,v)"o data of Ku70, assuming
charge independence. Energy scale adjusted to natch foot hills
of (p»Y) giant resonance to resonance clusters observed in 15N
compound nucleus.

MT«103. (n,p) Cross Section

Sum of MI-700-704.

MI"104. (n,d) Cross Section

Sum of MT-720-723.

MT-105. (n,t) Cross Section

Sum of MT-740-741.

MT-107. (n,a) Cross Section

Sum of MT-780-790.

MT*108. (n,?.a) Cross Section

Based on L152, Mo67, and Hauser-Feshbach calculation.

MT-700. (n,p) Cross Section to lkC Ground State

Zero to 4 MeV, from data of Jo50 and Ga59.

4 to 13 MeV, from inverse reaction data of Wo67.

13 to 20 MeV, smooth extrapolation.

MT-701-704, (n,p> Cross Sections to " c Excited States

MT-701 Q--5.468 MeV Ex-6.095 MeV (6.58, 6.89-MeV level excitation
cross sections are also included)

MT-702 Q—6.102 MeV Ex-6.728 MeV
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HT-703 Q—6.385 EXF7,O12 MeV
704 -6.711 7.337

Threshold to 15 MeV, froa (a,pY) data of Or69, Di69, C169, Bu69,
and Ny69.

15 to 20 MeV, smooth extrapolations.

MT«72O. (n,d) Cross Section to lJC Ground State.

Threshold to 15 MeV, ftorn Inverse cross section data of Ch61, Be63
near threshold and direct data of M168, Fe67, Ca57, and Za63 at
14 MeV.

15 to 20 MeV, smooth extrapolations.

MT-721-723 (n,d) Cross Section to Excited lsC Levels

HI-721 Q--8.411 MeV Ex-3.086 MeV
722 -9.009 3.684
723 -9.179 3.854

Threshold to 15 MeV, direct data of Fe67, 2a63, Ca57 and (n,dy)
data of Or69 and Di69 below 13 MeV.

15 to 20 MeV, smooth extrapolations.

MT-740-741. (n,t) Cross Sections to 12C Ground and 4.439 MeV-Excited
State.

Threshold to 15 MeV, direct data of Ga59, Sc66, Re67, and Fe67.

15 to 20 MeV, smooth extrapolations.

MT-780-790. (n,a) Cross Section to Discrete J1B States

MT-780 Oj—0.157 MeV Ex-0.000 MeV
781
782
783
784
785
786
787
788
789
790

-2.282
-4.602
-5.176
-6.900
-6.950
-7.453
-8.153
-8.723
-9.082
-9.342

2.124
4.444
5.019
6.743
6.793
7.296
7.S96
8.566
8.925
9.185

Threshold to 6 MeV, from direct data of Jo50, Gi59, and Sc66.

6 to 15 MeV, used above direct data, together with (n.cty) data of
Ha59, D169, Or69, Ny69, and Bu69. Near 14 M«Vft direct (n,0t) data
of L152, Ba68, Le68, and Ma68 were also ustd.
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15 to 20 MeV, smooth extrapolations.

File A. Secondary Neutron Angular Distributions

MT-2. Elastic Angular distributions

Zero to 8 MeV, based upon resonance theory analysis of data of
Fo55, Fo66, Bo57, Ch61, and Ba67, using parameters from total and
partial cross section analyses and Aj70.

8 to 15 MeV, based upon data of Ch61, Ba67, Ne70, and Ba63.

15 to 20 MeV, based upon optical model calculation.

MT-16. Angular Distribution for (n,2n) Reaction

In the absence of data, isotropy in the cm system is assumed,
and the corresponding 3-body phase-space transformed to the
laboratory system is given. For any reasonable cm distribution,
the strong forward peaking of the transformation will dominate.
Normalized for trapezoidal integration.

MT«51 to 62. Angular Distributions for Inelastic Scattering

Above 7 MeV taken from proton data of Do64, Ha70, and 0d60 as-
suming charge symmetry, and neutron data of Ba63. Threshold
shapes modeled after Hauser-Feshbach calculations.

MT-63-82. Angular Distributions for Inelastic Scattering

Assumed isotropic in cm at all energies.

File 5. Energy Distribution of Secondary Neutrons

MT-16. Spectrum of (n,2n) Secondary Neutrons

In the absence of data, only the 3-body phase-space distribution
is given. Normalized for trapezoidal integration.

File 12. Photon Multiplicities

MT-102. (n,Y) Multiplicities

Zero to 0.25 MeV, thermal spectrum based primarily upon measure-
ments of Tb.67, Jo69, Gr68, and Mo62. LP flags were used to
designate primary gamma rays.

0.25 to 1 MeV. Transition region where thermal spectrum is phased
into single ground-state transition.

1 to 20 MeV, deduced from x*N(p,Y)l5O data of Ku70, who observed
no significant transitions except to ground state.
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File 13. Photon-Production Cross Sections

All (n,y) cross sections agree with the excitation cross sections
in MF-3 via the relevant decay scheme (Aj68, Aj7O). However,
MT-104, 105 include contributions from (a.npY) and (n.ndy).

MT-4. (n,n\) Cross Section

From data of Ha59, Di69, Or69, CJL69, Bu69, Ny69, C068, and Di73.

MT-103. (n,pY) Cross Section

From data of D169, Or69, Bu69, Ny69, and CJ169.

MT-104. (n,dy) + (n,npY) Cross Section

From data of D169, 0r69, Bu69, Ny69, and CJ2.69.

MT-105. <n,tY) + (n,ndY) Cross Section

(n,ty) estimated from (n,t) as discussed under MF-3 MT-741.
(n,dny) estimated from MT-63-82.

MT-107. (n.ocy) Cross Section

From (n,a) data of Ga59, Sc66 and (n.Cfy) data of Ka59, Di69, Ny69,
Or69, and Bu69.

File 14. Photon Angular Distributions

Data on 9 strongest lines from inelastic scattering and particle
reactions taken from Mo64.

MT«4. Inelastic Scattering to llfN

The 1.63- and 4.91-MeV gamma are given as anisotropic. All remain-
ing gamma rays are isotropic.

MT-102. (n,Y) Angular Distributions

Zero to 0.4 MeV, all photons are isotropic.

0.4 to 20 MeV, anisotropic distribution for the single ground state
transition is based upon ll*N(p,yo)150 data by Ku70.

MT-103. (n,pY) Angular Distributions

All isotropic.

MT-104, (n.npY) and (n,dY) Angular Distributions

All ieotropic except 3.85-MeV gamma ray.
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MT-105. (n.ndy) and (n,ty) Angular Distributions

All isotropic.

MT-107. (n,ay) Angular Distributions

All isotropic.

File 33. Neutron Cross Section Corvariances

MT-l,2,49102, 103, and 107. Smooth Cross Section Covariances

Covariances are based upon estimates of the uncertainty in the
experimental measurements and theoretical calculations used in
in the evaluation. Format updated for Version V. Derived
covariances are included explicitly.
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I. SUMMARY

The '5N for ENDF/B-V (MAT 1307) is a new evaluation performed originally in
1975 and updated in 1978 for Version V. The data set covers the energy range
10-5 eV to 20 MeV and is partially documented in LA-6123-PR (1Q75) and LA-6164-PR
(1975).

II. ENDF/B-V FILES

FileJL. General Information

MT-451. Descriptive Data

General approach: The lack of experimental data, with the exception
of total cross section measurements, led us to obtain cross sec-
tions with a variety of nuclear model codes. We used an energy
dependent R-matrix analysis to fit the total cross section data
of Ze71 for neutron energies from O.fa to 5.4 MeV. As a starting
point we used the level scheme reported in Ze71. Also used in
the R-matrix analysis were the elastic angular distributions of
S162 and Ze71 in the energy range from 1.9 to 3.64 MeV. The
parameters of the R-matrix analysis were then used to generate
cross sections and to determine Legendre coefficients in the
range from 1.0E-05 to 5.4 MeV. In the energy region from 6 to 20
MeV we used two statistical model codes to generate cross sections.
With the first, COMNUC, we computed the angular distributions of
elastically scattered neutrons. The Legendre coefficients ob-
tained were then joined smoothly with those from the R-matrix
analysis. We also obtained angular distributions of neutrons
leading to the first seven excited states of 1SN. To generate
neutron transmission coefficients for this part of the analysis,
we used the global optical model parameters of Wilmore and Hodgson
as reported by Pe74, and adjusted them to give good agreement with
the measured total cross section. The generation of capture, in-
elastic, and norrelastic cross sections as well as neutron, gamma-
ray, and charged-particle spectra was done with the statistical
model code, GNASH. This newly developed code (Yo77) is based
largely on the statistical model formalism of Uh71. Again, neutron

7-15-1



7-N-15
MAT 1307

transmission coefficients were based on the optical model par-
ameters of Wilmore and Hodgson. Transmission coefficients were
generated for protons, deuterons, and **He, with the appropriate
global forms reported in Pe74. For tritons we used the global
parameters for 3He reported in Pe74 since these were consistent
with triton optical model parameters for individual light nuclei
as compiled by Pe74. The Gilbert-Cameron level density model was
used with standard values for level density parameters (Gi64).
To account for direct and semi-direct processes we used the pre-
equilibrium model of Blann and Cline (C&71) and assumed a 10%
preequilibrium fraction.

File 2. Resonance Parameters

MT*151. Effective scattering radius - 0.592916 x 10"12 cm

Resonance parameters not given.

File 3. Neutron Cross Sections

The 2200 m/s Cross Sections are:

MT= 1 Sigma = 4.4185 b
MT= 2 Sigma • 4.418 b
MT= 102 Sigma - 24.0E-06 b

MT=1. Total Cross Section

From 1.0E-05 eV to 5.4 MeV total cross section values aie based
on the R-matrix analysis described above. From 5.5 to 20 MeV,
the evaluated cross section is based on the smoothed results of
Ze71.

MT=2. Elastic Scattering Cross Section

Zero to 20 MeV, subtracted evaluated non-elastic from total to give
elastic cross section.

MT=4. Inelastic Crc=s Section

Sum of MT=22, 28, 51-57, and 91 cross sections.

MT=16. (n,2n) Cross Section

Based on smooth curve drawn through results of the statistical model
calculations described before.

MT=22. (n,na) Cross Section

Based on smoothed results of statistical model calculation.

MT-28. (n,np) Cross Section

Based on smoothed results of statistical model calculation.
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MT-51-57. Inelastic Cross Section to Discrete States

MT-51 Q--5.27 MeV KT-55 Q--7.301 MeV
52 -5.299 56 -7.566
53 -6.324 57 -8.313
54 -7.155

MT»91. (n,n) To Continuum

Continuum defined to begin at 0.1 MeV above last X5N discrete level
included in calculation, i.e., continuum begins at 8.413 MeV.

MT«102. (n,Y) Cross Section

Zero to 0.010 MeV, 1/V from 24.0E-06 b at thermal

6 to 20 MeV calculated from statistical model with Axel
(Ax62) giant dipole resonance approximation for gamma-ray
transmission coefficients.

0.010 to 6 MeV, cross section based on smoothed curve from region
where 1/V dependence ends to region where calculated values begin.

MT*103. (n,p) Cross Section

Sum of KT-700,701, and 718 cross sections.

MT=104. (nd) Cross Section

Sum of Ml=720, 721, 722, and 738 cross sections.

MT=105. (n,t) Cross Section

Sum of MT=74U, 741, and 758 cross sections.

MT-107. (n,a) Cross Section

Sum of MT-780-785 and 798 cross sections.

MT=700, 701. (n*p) Cross Section to 15C Ground and First Excited
States

MT=700 Q--8.990 MeV EX-0. MeV
701 -9.737 0.747

MT-738. <n,p) To Continuum States of 15C

Continuum defined to begin at 0.85 MeV, just above first excited
state.

MT-720-722. (n,d) Cross Section to llfC Ground, First, and Second
Excited States
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MT-720 Q--7.984 MeV EX-O. MeV
721 -14.079 6.095
722 -14.567 -6.583

MT-738. (n,d) To Continuum States of 1UC

Continuum defined to begin at 6.681 MeV, just above second excited

level in ^ C .

MT-740-742. (n, t) Cross Section to 13C Ground, First and Second
Excited States

MT-740 Q—9.902 MeV EX-0. MeV
741 -12.992 3.09
742 -13.586 3.684

MT-758. (n,t) To Continuum States of 13C

Continuum begins at 3.784 MeV, above second excited level in 13C.

MT-780-785. (n,a) Cross Sections to 12B Ground and First Five Excited
Excited States

MT-780 Q — 7.623 MeV EX-O. MeV
781 -8.576 0.953
782 -9.297 1.674
783 -10.244 2.621
784 -10.343 2.72
785 -11.013 3.39

MT*798. (n,o) To Continuum States of 12B

Continuum begins at 3.49 MeV, just above fifth excited state in
12B.

File 4. Secondary Neutron and Charged Particle Angular Distributions

MT«2. Elastic Angular Distributions

Zero to 5.4 MeV, based on results obtained from R-matrix theory
analysis.

6 to 20 MeV, based on optical model calculation

MT-16. Angular Distribution for (n,2n) Reaction

In the absence of data, .isotropy in the laboratory system is assumed.

MT1B22. Angular Distribution of Neutrons from (n,na)

Reaction assumed isotropic in the laboratory system.
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MT«28. Angular Distribution of Neutrons from (n.np) Reaction

Assumed isotropic in the laboratory system.

MT=51-57. Angular Distribution Calculated Using Hauser-Feshbach Theory.

MT*718. Angular Distribution of Protons from (n,p) Reaction

Assumed isotropic in the laboratory system.

MT=719. Angular Distribution of Protons from (n,np) Reaction

Assumed isotropic in the laboratory system.

MT<=738. Angular Distribution of Deutrons from (n,d) Reaction

Assumed isotropic in the laboratory system.

MT=758. Angular Distribution of Tritons from (n,t) Reaction

Assumed isotropic in the laboratory system.

MT=798. Angular Distribution of Alphas from (n,a) Reaction

Assumed isotropic in the laboratory system.

MT=799. Angular Distribution of Alphas from (n,na)

Assumed isotropic in the laboratory system.

File 5. Energy Distribution of Secondary Neutrons and Charged Particles

MT=16, 22, 28, 91, 718, 758, and 798. Calculated with Statistical
Model Code, GNASH (Yo77).

MT=719. Used for Proton Spectra from (n,np) Reaction

MT=799. Used for Alpha Spectra from (n,na) Reaction

File 13. Photon Production Cross Sections

MT=4, 16, 103, 104, 105 and 107, (n,n*y), ; ,2nY), (n.py), (n.dy),
(n,ty), (n,ay) Cross Sections

Include both discrete and continuum contributions and were generated
in the statistical model calculation with the GNASH code(Yo77).

File 14. Photon Angular Distributions

MT-4. (n.n'Y) to 15N, all isotropic

MT-103. (n,pY) to 1 5C, all isotropic
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MT-104. (n.dy) to ^ C , all isotropic

MT-105. (n,tY) to 1 3C, all isotropic

MT=»107. (n,ay) to 12B, all isotropic

MT-16. (n,2ny) to llfN, all isotropic

File 15. Energy Distribution of Secondary Photons

Generated using statistical model codeMT=4, 16, 103, 104, 105, 107.
GNASH (Yo77).
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Los Alamos, New Mexico

I. SUMMARY

The ENDF/B-V evaluation for 160 (MAT 1276) is based upon the Version IV
evaluation. The only change made from the Version IV data was to update the
formats for the correlated error information in File 33. The evaluation covers
the energy range 10~5 eV to 20 MeV and is partially documented in LA-5759-PR
(1974). See also LA-5375-PR (1973) and LA-4780 (1972).

II. ENDF/B-V FILES

File 1. General Information

MT-451. Descriptive Data.

Thinning Note: Cross section data in MF-3 and 13 for MT«=4, 51-89,
103, 104, 107, 780-783 were thinned above En-6 MeV using the re-
quirement that interpolated values between any two points lie
within 2% of the fine-grid value, providing that a certain basic
grid (200 keV intervals below ER-IO MeV and 500 keV above En-10
MeV) be maintained. Below En*6 MeV, a more stringent require-
ment of 1% was imposed on MT-780 and 107.

In a similar manner, the MT«2 Legendre coefficients in MF~4 were
thinned with the requirement that the interpolated angular dis-
tribution have an rms deviation from the fine-grid set of less
than 2.52 and that the maximum excursion at any angle be less
than 5%.

File 2. Resonance Parameters

MI*151. Effective scattering radius » 0.54614 x 10~12 cm.

Resonance parameters not included.

File _3. Neutron Cross Sections

The 2200 m/s cross sections are as follows:

MT-1 Sigma - 3.7483 b
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MT-2 Sigma « 3.7481 b
MT-102 Sigma - 0.1780 mb

MT«1. Total Cross Section

0.0 to 5.7 MeV, essentially calculated from R-Matrix parameters
obtained by fitting simultaneously almost all available data
for reactions ls0(n,n)160, 160(n,a0)

13C, 13C(ao,cto)13c at
energies below En«5.7 MeV, Data for total are smoothed compos-
ite of Sc71 and normalized Ci68, with inserts of Ci68, normalized
composite Fo73, and normalized Fo61 for narrow structure. Fo73
and Fo61 energy scales adjusted to match Ci68. Resolution cor-
rections applied simultaneously to total and (n.cxo) to give same
width and consistent heights to peaks. Level scheme is based
on Jo73. 0.44-MeV resonance from normalized data of Ok55. In-
serts from the smoothed composite are used over some narrow re-
sonances, and over regions where it appears to better represent
the experimental cross section. 160(nfy) capture cross section
has been added at low energies, and the n-180 total cross section
added in the vicinity of the n-160 minimum at En-2.35 MeV.

5.7 to 20.0 MeV, based on a smoothed, empirical fit to the compos-
ite of experimental data described above.

MT":2. Elastic Scattering Cross Section

0.0 to 5.7 MeV, R-matrix calculations.

6 to 11 MeV, obtained by subtracting the sum of MT=4, 102, 103, 104,
and 107 from MT=1. However, adjustments were made to certain re-
action channels, particularly MT=51, to enhance agreement with
the elastic measurements of Ph61, Ch61, and especially Ne72, K172,
and Bu73.

11 to 14 MeV, smooth curve drawn so as to agree with 14-MeV measure-
ments of Ba63, Mc66, and Be67.

14 to 20 MeV, optical model extrapolation using parameters from fit
of 14-MeV data of Ba63, adjusted to give correct total cross sec-
tions up to 20 MeV.

MT»4. Inelastic Cross Section

Threshold to 20 MeV, sum of MT=51-89.

MT-51-70.

MT-51
52
53
54
55
56
57

Inelastic

Q--6.052 MeV
-6.131
-6.917
-7.119
-8.872
-9.597
-9.847

Cross Section to

MT-58
59
60
61
62
63
64

Q—10.354
-10.952
-11.080
-11.096
-11.26
-11.44
-11.521

Discrete States

MeV MT«65
66
67
68
69
70

Q—11.63 MeV
-12.053
-12.442
-12.528
-12.795
-12.967
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Threshold to 20 MeV, MT-52-55, 59,and 60 are based mainly on (n,nY)
data of D170, 0r70, Dr70, Bu71, Ny69, C£69, and En64 below 15 MeV
and were extrapolated to 20 MeV with compound nucleus reaction
theory calculations. The remaining HI numbers are based on
compound nucleus calculations normalized to give an MT-3 in agree-
ment with elastic data of Ba62, Be67, and Mc66 at 14 MeV. At
lower energies, adjustments made, especially to MT-51, to en-
hance agreement with (n,n') measurements of Ne72, K172 and with
elastic measurements of Ne72, K172, and Bu73. Integral data fror.
sphere transmission measurements (Wo72) were also factored into
deriving some of the 14-MeV data.

MT-71-89. Inelastic Cross Section to Groups of Discrete States

Data combined into 0.3-MeV wide excitation energy bins centered
about Q-values between -13.15 MeV (MT-71) and -18.55 MeV (MT-89).
This representation was used in lieu of MF«5, MT«91, which does
not preserve kinematic relationships.

Threshold to 20 MeV, integrated cross section adjusted to give a
nonelastic cross section in agreement with the evaluated total
and elastic. The cross section was divided among bands according
to a nuclear temperature calculation using T-2 MeV. Please note
that much of the cross section to levels above 9 MeV subsequently
results in charged particle emission. MT-56-58, 61-66, 68-70,
72-73, 75, 77-78, 80, 82-83, 85, 87, and 89, are flagged as de-
caying by alpha emission. This choice leads to a total alpha
emission cross section similar to data of L152, Da68, and Bo66
below 17 MeV. The remaining MT numbers above MT=66 are flagged
as being proton emitters.

MT-102. (n,Y) Cross Section

1/V variation from 178 yb at 2200 m/s, from Ju64.

MT«103. (n,p) Cross Section

Threshold to 15 MeV, used evaluation of S165, raised 5 per cent
above 12 MeV.

15 to 20 MeV, based on experimental data of Bo66, Se62, De62, and
Ma54.

MT-104. (n,d) Cross Section

Threshold to 20 MeV, compound nucleus reaction theory calculation
normalized to single datum point of L152 at 14 MeV.

MT-107. (n,a) Cross Section

Threshold to 20 MeV, sum of MT-780-783.
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MT-780. (n,ct) Integrated Cross Section to 13C Ground State

0.0 to 5.7 MeV, essentially calculated from R-matrix fit described
under MT»1. Energy scale of Ba72 adjusted to match C168 total
cross section and resolution corrections applied to give width
and height of peaks consistent with total. Normalization of 0.85
for Ba72 determined from R-niatrix fit and applied. Level scheme
based on Jo73.

5.7 to 20 MeV, based on data of Da63, Da68, S168, Ba73, and com-
posite of Mc66A, Ma68, and Le68 at 14 MeV.

MT-781-783. (n,a) Cross Section to Excited Levels of 13C

Threshold to 15 HeV, used (n,a) data of Da63 and (n,ay) data of
D170, Or70, C169, Ny69t En64, and Bu71.

15 to 20 MeV, based on data of Si68.

File 4. Neutron Angular Distributions

MT>2. Elastic Angular Distributions

0.0 to 5.7 MeV, calculated from R-matrix fit (see MF-3, MT*1).
Measured angular distributions input to the fit were those of
Ch61, Fo58, Fo70, Hi58, Hu62, Jo67, Ki72, La60, Li66, Ma62, and
Ph61.

5.7 to 14 MeV, smooth curve through coefficients derived from fits
to elastic data cf Ph61, Ne72, Ch61, Ba63, Be67, Mc66, Ki72, and
Bu73.

14.0 to 20 MeV, from optical model calculation using parameters
from fit to 14 MeV data of Ba63, adjusted to give correct total
cross sections up to 20 MeV.

MT-51-89. Inelastic Angular Distributions

Threshold to 20 MeV, assumed isotropic in center-of-mass system
except for MT*51-55 above 10 MeV which are based on fits of the
14-MeV measurements of Ba63 and Mc66. Note that the sum MT*51
and 52 is consistent with isotropy at 8.56 MeV (Ki72).

File 7. Thermal Scattering Low Data

Provided by D. Finch (SRL). Constrained to match MF-3, MT-2 data.

File 12. Photon Multiplicities

MT-102. Radiative Capture

Based on experimental data from Ju64 and private communication.
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File 13. Gamma Ray Cross Sections

MT«4. (n,nY) Cross Sections

Threshold to 15 MeV, based mainly on data of Di70, 0r70, Dr70,
Lu70, Bu69, Ny69, C£69, and En64. Data generated from MF-3
MT-51-60 using an 160 decay scheme from Aj70.

15 to 20 MeV, based on extrapolation of MT=51-60 using compound
nucleus reaction theory calculations.

Note that the first excited level of 1$0 at 6.052 MeV is assumed
to decay with emission of two 0.51-MeV gamma rays.

MT»22. (n.nay) Cross Sections

Threshold to 20 MeV, smooth curve based crudely on (n,na) cross
section and known levels in 12C, adjusted to agree with com-
posite of 14-MeV data of C169, and Or70.

*fl>103. (n,pY) Cross Sections

Threshold to 20 MeV, based on crude division of MF*3, KT-103 cross
section among available levels according to (2*J+1).

MT-107. (n.ay) Cross Sections

Threshold to 15 MeV, based mainly on (n,ay) data of Di70, 0r70,
CJ169, Ny69, En64, Bu71, and (n,a) data of Da63.

15 to 20 MeV, based on data of S168.

File 14. Gamma Ray Angular Distributions

MT-4. (n,nY) Angular Distributions

Assumed isotropic except for the 6.131-MeV gamma, which is based
on the angular distribution measurement of Dr70, Lu70, Bu71, and
Di70, and the 6.917-MeV gamma, which is based on the two-angle
measurements of Di70.

MT-22. (n,nay) Angular Distributions

Assumed isotropic.

MT-103. (n.py) Angular Distributions

Assumed isotropic.

MT-107. (n,OY) Angular Distributions

Assumed isotropic.
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File 33. Neutron Cross Section Covariances

MT-1, 2, 4, 103, 107. Smooth Cross Section

Covariances are based upon estimates of the uncertainty in the
experimental measurements and theoretical calculations used in
the evaluation. Format updated for Version-V. For more details,
see separate summary documentation for covariances.
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EVALUATION OF THE NEUTRON CROSS SECTIONS FOR 17Q for ENDF/B-V.

The dearth of experimental data associated with 0 necessitated the

use of nuclear model codes to calculate neutron cross sections and the utili-

zation of systematics and "rule of thumb" to deduce some of the parameters

needed as input to the nuclear model codes. The only available experimental

data concerning neutron induced reactions are the coherent scattering ampli-

tude, the thermal (n,ot) cross section, a 14.1 MeV (n,p) delayed neutron yield,

and a preliminary total cross section measurement in the MeV region. The

codes, systematics, and estimates used are outlined in the sections to follow.

The general description of tha evaluated file is given in Table I.

Thermal Cross Sections and Resonance Integral

The coherent scattering amplitude of 5.78 fm indicates an elastic

scattering cross section whose lower limit is 3.74 barns, and for lack of any

knowledge of incoherent scattering, is adopted as the total elastic scattering

cross section.

The absorption cross section consists of an exoergic (n,a) reaction and

possibly a capture cross section.

TABLE I

ENDF/B Description of 1 70 MAT 1317

FILE (MF) DESCRIPTION

1 General description of evaluation and references. Con-
tains the dictionary for all files.

2 File 2 contains only the scattering radius. No resonance
parameters are provided for MAT 1317.

3 Smooth cross sections for total, elastic, total inelastic,
(n,2n), (n,p), (n,n'p), (n,d), (n,a) and (n,n'oc) reactions.
Inelastic cross sections are provided for 12 discrete levels,
ground state, and the continuum region. The parameters u, €>
and y generated from file 4 angular distributions are
included.

4 Angular distributions for elastic scattering expressed as
legendre coefficients, and isotropic inelastic scattering
distributions in the center-of-mass-frame of reference.

5 Secondary neutron energy distributions for the inelastic
continuum, (n,2n), (n,n'p) and (n,n'a) reactions.
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(2)
On the basis of the quoted errors we have selected the Hanna (n,a)

measurement for this evaluation. It is in agreement with the values listed

in both BNL-325^ ' and the Chart of the Nuclides . Hanna implies, through

rather rough estimates, that the capture cross section should be greater than

or equal to the (n,ct) cross section; i.e., approximately half the absorption

cross section. His evidence is unsubstantiated, however. A recent calculation

by S. Mughabghab indicates a value of 3.8 mb, which was adopted for the present

evaluation. This value was calculated using methods outlined in BNL-NCS-25086

and is based upon the theory of Lane and Lynn *

The radiative capture resonance integral was calculated with INTER using

a cutoff energy of 0.5 eV.

Energy Dependent Absorption Cross Section

1 ft
There is considerable structure above E -150 keV indicated in the 0

compound nucleus as shown both in Energy Levels of Light Nuclei and C(a,n)

papers by Bair et.al., and Morgan et.al. The absorption cross section

from thermal energy to approximately 100 keV will therefore be assumed to be

1/v and all reactions will be described independently above 100 keV.

Resonance Parameters

(3)There are resonance parameters for two energies listed in BNL-325 ,

but these are deduced from (ot,n) experiments and only total F and spins are

measured. This is not enough information to do a resonance profile. The

described cross sections will, therefore, be construed as average cross sections

in the energy ranges that have known structure.

Total Cross Section

From 10~ eV to 100 keV the total cross section is defined to be the sum

of the elastic cross section (a constant value of 3.74 barns) and the absorp-

tion cross section, a 1/v term whose value at thermal is 238.8 mb. For the MeV

region the total cross section is derived from a calculation using NUBAK, an

inhouse version of ABACUS • The calculated cross section was plotted on a
(12)

preliminary experimental curve supplied by Auchampaugh and was equal to
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the average values of the experiment. This procedure provided confidence in

the calculation and subsequent use of ABACUS generated transmission

coefficients.

Elastic Cross Section

This cross section is provided by subtracting the non-elastic cross

section from the total cross section.

Non-Elastic Processes

The non-elastic cross section is defined here to consist of the (n,n'),

(n,y), (n,2n), (n,a), (n,p), (n,d), (n,np) and the (n,rict) cross sections.

The above cross sections were derived from statistical model calculations with

the nuclear model codes COMNIKT13^ and MODNEW ^ .

COMNUC uses Hauser-Feshbach theory and width fluctuation corrections to

calculate the compound nucleus contributions to the cross sections. The

optical model parameters were those of Wilmore-Hodgson as listed in Perey

and Perey with the added correction to the square term in V of 0.00118E

MeV. A drawback to the use of the in-house version of COMNUC is that only the

incident particle is allowed emission from the compound nucleus.

MODNEW was employed to calculate the n-particle cross sections. This

code uses Hauser-Feshbach theory without width fluctuations but has four exit

channels, n,p, a, and d, beside the competing •y-channel. Back shifted Fermi

gas parameters used in MODNEW, i.e., those of Vonach and Hill , did not

give satisfactory results for isotopes in the mass range of A=17 and the code
/io\ (19)

was subsequently modified to adopt the parameters of Gilbert and Cameron

Inelastic Scattering Cross Section

With no experimental data available for the inelastic cross sections of
17
0, data for the excited states and the continuum below 8 MeV were generated

by COMNUC and for 8 MeV and above, generated by MODNEW.

18
COMNUC input included 20 discrete energy levels for 0 and a continuum

cutoff of 6.9 MeV was employed. Since this version of COMNUC does not account
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for n-particle competition the 0(n,a) reaction Cexoergic) was subtracted

from the total inelastic and where threshold reactions became important the

use of COMNUC was discontinued (i.e.,~ 8 MeV).

The input for MODNEW is more complicated since HODNEW has four exit

channels and will handle up to 6 compound nuclei. Thus, the input must include

all pertinent energy level schemes (in this case energy levels for 18 isotopes).

Cross Sections for N-Particle Reaction

The (n,a) cross section calculations (exoergic) from MODNEW shows a

relative maximum of 150 mb at—2.5 MeV and another of 275 mb at*~12 MeV. This

structure, while unexpected, was also produced with the Los Alamos version

of COMNUC by E. Arthur • The magnitude of the (n,a) cross section was

supported by inverse cross section calculations using experimental results

tion.
(21).

17 14from the (ot,n) reaction. In the nuclear transition O+n-J- C+ot the following

relationship holds

^ ^ a(a,n)

Here I is the spin of the nucleus and F is the momentum. Average values read

from Bair, et al. , were substituted in the equation, and for E «-»*3 MeV (the

area of common interest) a(n,a)~100 mb.

The calculated (n,p), (n9d), (n,2n), (n,na) and (n,np) all behaved as

expected. The only experimental data available is a cross section for the
17 17 C*!)

delayed neutron yield for 0(n,p) N at 14.1 MeV v" . The value o17
(activation) = 21.5 ± 1.7 mb is a lower limit for the 0(n,p) cross section

and lends support to the calculated value of a (14.1 MeV) ̂ 4 0 mb.
n,p "~

Capture Cross Section

The capture cross section was calculated with COMNUC and adjusted to

account for competitive reactions, I" ̂ 1 eV was deduced from the extrapolation
(3)of systematics for odd A, r as a function of A, as shown by Mughabghab on

page xxiii of BNL-325, and by investigation of r for nearby nuclei. The
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average level spacing, <D>, was determined by inference through investigation
(23)

of nearby nuclei and from Babba > and was chosen to be 100 keV. The adopted

value of y_ was therefore, 0.63 x 10 . This choice of v y was given some
< D>

support by the resulting calculated 14 TfeV capture cross section of 0.1 mb.
(24)

This is near the expected value deduced from the systematics of Bergqvist >

of 14-15 MeV capture cross sections as a function of mass number.

Angular Distribution of Secondary Neutrons

The ABACUS-2 code was used to generate the transmission coefficients
(14")

for use with MODNEW v '. Also calculated with ABACUS were the differential
(25)

elastic scattering cross sections. CHAD was used to fit the differential

elastic cross sections to a polynomial of the form

JN
dc(E,u) = °s V ^ (2M-l)f.(E)P (u)
dSI 4ir LmJ % %

£=o

Assuming da(E,ii)/dft may be represented linearly between points, the legendre

coefficients f (E) can be computed analytically. These coefficients appear

in the file in the center-of-mass system.

(26)
The parameters y, £ and y were generated using DUMMY5 with the

differential elastic angular distributions calculated with ABACUS. These

parameters appear in the ENDF/B file 3, i.e., MF-3, MT-251, 252, 253.

The inelastic angular distributions appear in the file as isotropic in

the center-of-mass system.

Energy Distribution of Secondary Neutrons

The energy distributions of secondary neutrons for the (n,2n) and (n,n*)

reactions in the continuum have been calculated as an evaporation spectrum.

'-Er e"E'/T

8-17-5



8-0-17
MAT 1317

The nuclear temperature T is given by equation 13, but the pairing energies
(27)

given by Gilbert and Cameron were replaced with those of Cook, et al •

For deformed nuclei the level density parameter "a" was obtained from the

equation a/A = O.OO917S+O.12O MeV"1. Here S = SCZ)+S(N) is a shell correction.

All continuum inelastic temperatures were calculated from the above formula.

The first neutron in the (n,2n) reaction was calculated as above with

£ being replaced by E + Q of the reaction. The temperature of the second

neutron was calculated for the A - 1 nucleus with E being replaced by E + Q - E.

Here E is the average energy of the first neutron boiled off.
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Changes from ENDF/B-IV MAT 1277 were made in sections MF=2/151,

MF=3/l,2,3,4,51,52,102,107, MF=13/4,102, MF=15/102, and files MF=8,9

and 33 were added.

A complete evaluation is given for the neutron and photon production

cross sections of fluorine from 0.00001 eV to 20 MeV. All data available

on the CSISRS data tape [CS76] as of September 1976 were examined; in

addition, other data, not yet in CSISRS, were used. Little or no data

were available for some important cross sections. In particular, no

elastic nor inelastic scattering data exist from 4 to 14 MeV. The results

of nuclear model calculations were used where applicable. As gamma-ray

branching ratios are mostly known, (n,x) and (n,xy) cross section data

were examined together. In the present case, the better known (n,xy)

cross sections enhanced the reliability of the predicted (n,x) data, par-

ticularly inelastic scattering. Activation files (MF=8,9) and uncertainty

files (MF=33) have been added for all important reactions. The following

files and sections are provided.

File 1. General Information

Section 451. Descriptive Data

File 2. Resonance Parameters

Section 151. General Designation for Resonance Integrals

Effective scattering length was changed from 5.64 Fermi [MU73]

to 5.36 Fermi, which is correct for free atoms.

9-19-1



9-F-19
MAT 1309

File 3. Neutron Cross Sections

Section 1. Total Interaction

1.0E-5 to 5 eV: sum of free atom scattering cross section

of 3.61 b [MU73] and the capture cross section.

5 eV - 20 MeV: re-evaluated based on data of Larson et̂  al.

[LA76].

Section 2. Elastic Scattering

Derived by subtracting the nonelastic from the total.

Section 3. Nonelastic Interaction

Sum of the (n,y) and the (n,x) cross sections. The (n,x)

cross sections were obtained from optical model and Hauser-

Feshbach calculations up to 12 MeV. Above 12 MeV the calcu-

lated (n,x) cross section was shifted upward somewhat as

called for by subsequent (n,2n), (n,nay) and (n,npy) analyses.

Both the shifted and the calculated results are within experi-

mental errors. This cross section was used as a constraint

for all subsequent calculations.

Section 4. Total Inelastic Scattering

Derived by summing sections 51 through 71 and section 91.

Direct interaction contributions are included in six discrete

levels. (n,na) cross sections are included in sections 61 to

71 and section 91; (n,np) is included in section 91 in order

to simplify the representation of the angular and energy dis-

tributions of the secondary neutrons.

Section 16. (n,2n) Reaction

Curve drawn through the available data [CS76] up to 15.5 MeV.

Data are abundant and generally consistent. The calculation

agrees well with the data. Above 15.5 MeV, calculated

[(n,2n) + (n,2nx)] cross section was used to avoid the

necessity of splitting the secondary neutron distributions.

Section 22. (n,na) Reaction

Includes calculated (n,an) cross section only. The (n,na)

cross section is included elsewhere.
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Section 28. (n,np) Reaction

Includes calculated (n,pn) cross section only

The (n,np) cross section is included elsewhere.

Sections 51-71. Inelastic to lowest 21 Excited States

Hauser-Feshbach and DWBA calculations fitting the (n,n'Y)

data [DI74] guided evaluation of these cross sections.

Sections 61 to 71 are dominantly (n,na) cross sections.

Data of Morgan and Dickens [M075] for the first two excited

states up to 1.5 MeV were used.

Section 91. Inelastic to the Continuum

Statistical model calculation splitting the Hauser-Feshbach

[(n,n') + (n,nx)] cross section into (n,nfy), (n,np), (r.,na)

and (n,2n) cross sections. The first three cross sections

were lumped together for this section.

Section 102. Radiative Capture

The capture cross sections up to 1.8 MeV were computed from a

set of evaluated parameters for 19 resonances [BL68, GA59,

MA65, MA73, MU73, NY71] using the single level Breit-Wigner

formula. The 15-keV resonance used in ENDF/B-IV was removed,

based on data of MA73. The gamma width of the 270-keV s-wave

resonance was adjusted to yield a thermal cross section of

9.5 millibarns [MU73]. All other resonances were assumed to

be p-waves. Above 1.8 MeV the capture cross section is very

small and was assumed to decrease linearly with energy.

Section 103. (n,p) Reaction

Curve drawn through the available data. Resonances are present.

Calculation agrees with the gross structure up to 16 MeV.

Sections 104, 105. (nsd), (n,t) Reactions

Curves drawn through 14-MeV data.

Section 107. (n,a) Reaction

The curve is drawn through the available data. Resonances are

present, but the calculation agrees with the gross structure up

to 12 MeV. The region below 4 MeV has been better defined than

ENDF/B-IV by adding extra points.
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File 4. Angular Distributions of Secondary Neutrons

All distributions are represented by Legendre coefficients in the

center-of-mass frame.

Section 2. Elastic Scattering

0.00001 eV to 10 keV: isotropic

10 keV to 3 MeV: based on measurements made at 7 energies [CS76]

3 MeV to 20 MeV: based on optical model calculations fitting

14--MeV data

Sections 16, 22, 28 and 91. Isotropic

Sections 51 through 71. Based on results from Hauser-Feshbach and

DWBA calculations. Results agree with very limited data.

File 5. Energy Distributions of Secondary Neutrons

Section 16. (n,2n) Reaction

Tabulated from calculations. See File 3, Section 91.

Sections 22., 28 and 91. Tabulated from calculations.

File 13. Gamma-Ray Production Cross Section

Section 3. Nonelastic Interaction

From Dickens [DI74]. Includes (n,xy) cross sections for neutrons

from 1.26 to 20 MeV and gamma rays from 0.7 to 10 MeV.

Calculation agrees well with these data except near tertiary

reaction thresholds.

Section 4. Total Inelastic Scattering

110- and 197-keV gamma-ray cross sections were taken from M075

from threshold to 20 MeV.

Section 102. Radiative Capture

Product of capture cross section and gamma-ray multiplicities

evaluated for different neutron energy ranges. See.File 15.

The 15-keV resonance included in ENDF/B-IV was removed.

Section 107. (n,a) Reaction

Calculated 120.6-, 297.0- and 397.3-keV gamma rays.
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File 14. Angular Distributions of Secondary Gamma Rays

All sections are assumed isotropic.

File 15. Energy Distributions of Secondary Gamma Rays

Section 3. Nonelastic Interaction

From Dickens [DI74].

Section 102. Radiative Capture

The decay scheme of F-20 proposed by Spilling [SP68] was used

as a basis for constructing the capture gamma-ray spectra.

The thermal-capture gamma-ray spectrum was constructed by

averaging the primary intensities measured by Spilling [SP68]

and by Hardell [HA69]. The primary intensities for the 27-keV

and the 49-keV resonances measured by Bergqvist et al. [BE67]

were used in constructing a gamma-ray spectrum for each resonance

respectively. The average primary intensities of these two

resonances were used for all other p-wave resonances. These

averages were further averaged with their thermal-capture

counterparts for the remaining neutron energies. Total energy

available was naturally conserved. The 10-keV distribution

present in ENDF/B-IV was removed, and the energy of the 19-keV

distribution was changed to 15 keV for ENDF/B-V. These changes

reflect the removal of the 15-keV resonance.
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The present work supersedes the ENDF/B-IV, MAT 1156 evaluation by

Paik, Pitterle and Perey, done in 1971 [PI72]. In almost all sections,

substantial revisions have been incorporated, based on recent data and

model calculations. The resolved resonance region has been extended and

new high resolution total and capture data were used to obtain the reso-

nance parameters. Neutron and photon production data are given from

1.0E-5 eV to 20 MeV. Extensive multistep Hauser-Feshbach calculations

were done to fill in data gaps and provide consistency checks for the

various cross sections.

File 2, MT=151. Resonance Parameters

The resolved resonance region now includes the region from 600 eV

to 500 keV (extended from 160 keV in ENDF/B-IV). Eighteen resonances

are included in this range, and in addition, five large resonances above

500 keV are included for the contribution of their tails in the resolved

resonance region. The resonance parameters were obtained by using a

multilevel Breit-Wigner code [deS78] to fit data of Seltzer and Firk

[SE74] for the 2.81-keV resonance, and data of Larson et̂  al_. [LA76] and

Musgrove e£ al^ [MU77] for the higher energy resonances. The scattering

radius was taken from the resonance parameter fit.

File 3, MT=1. Total Cross Section

From 1.0E-5 to 600 eV the total cross section is based on data of

Hodgson ejt a]L [H052], Joki et al. [J055], Lynn et_ a^. [LY58] and Rahn

et_ al_. [RA73], and the addition of a 1/v capture cross section. From

600 eV to 500 keV, a background cross section is given to supplement the

cross section generated from the resonance parameters. It is less than
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10% of the total cross section. The region around the 300-keV minimum,

important for shielding problems, has been carefully done. The thick

sample measurements of Brown et̂  al_. [BR75] were utilized in this region,

in addition to data of Larson et̂  al_. [LA76]. From 500 keV to 20 MeV the

evaluation is based on data of Larson et̂  aJL [LA76]. The data of Cier-

jacks et_ al_. [CI68], Foster and Glasgow [FO71], and Stoler et̂  al_. [ST71]

were also utilized for comparison purposes.

File 3, MT=2. Elastic Scattering Cross Section

In the energy region from 1.0E-5 eV to 600 eV, this file results

from subtraction of the nonelastic cross section from the total. From

600 eV to 500 keV it contains the background file which must be added to

the elastic scattering cross section generated from the resonance

parameters. From 500 keV to 20 MeV, the elastic is again generated by

subtracting the nonelastic from the total.

File 3, MT=3. Nonelastic Cross Section

The nonelastic cross section is formed as the sum of MT=4, 16, 102,

103, and 107.

File 3, MT=4. Total Inelastic Cross Section

This cross section is formed by the sum of MT=51 through 68, and

MT=91.

File 3, MT=16. n,2n Cross Section

From threshold to 16.5 MeV the evaluation is based mainly on data of

Liskien and Paulsen [LI65]. Above 16.5 MeV the evaluation is guided by

the data of Paulsen [PA65]. The n,2n evaluation was influenced by calcu-

lated results which picked out these data sets from among discrepant

measurements.

File 3, MT=51-68. Inelastic Scattering to Discrete Levels

Inelastic scattering to the 440-keV level (MT=51) is the largest

contributor to this section. A number of data sets were available,

including two high resolution data sets. However, energy shifts and

11-23-2



MAT 1311

normalization problems were evident. From threshold up to 2.4 MeV the

high resolution excitation function data of Larson and Morgan [LA78] were

used, but renormalized down by 8% (within the estimated 10% uncertainty)

to be in agreement with energy averaged cross sections of other measure-

ments. Data considered for the energy averaging included that of Smith

[SM70,SM77], Fasoli et̂  a^. [FA69], Freeman and Montague [FR58], Lind and

Day [LI61], Tpwle and Gilboy [T062], and Chien and Smith [CH66]. The

high resolution data of Perey et al̂ . [PE71], used in ENDF/B-IV, were not

used due to a different energy averaged structure than the other sets of

data. From 2.4 to 20 MeV, the evaluation is based on data of Donati

et̂  al_. [DO77], but shifted down in energy by 125 keV above 1 MeV, Fasoli

ejt al. [FA69], Lind and Day [LI61], Perey and Kinney [PE7O], Dickens

[D173], and Crawley and Garvey [CR68].

MT=52-55 were changed, based on data of Donati ejt al_. [D077],

Dickens [DI73], and Perey and Kinney [PE70]. MT=56, 59, 60, 61, 62, and

63 were changed, based on data of Dickens [DI73], Perey and Kinney [PE70]

and calculated results for these levels. MT=57, 58, 64-68 were thinned,

but otherwise unchanged from ENDF/B-IV. Cross sections for all levels

except MT=51 are set to zero above approximately 12 MeV. Cross sections

for these levels should be extended to 20 MeV at the next update.

File 3, MT=91. Continuum Inelastic

The continuum cross section was estimated by subtracting the sum of

MT=51-68 from the calculated total inelastic cross section (less the n,2n

component as it is explicitly included in MT=16). Since the consistent

calculations were able to reproduce the cross sections to the individual

n,n' levels, as well as the total (n,p) and (n,a), this was felt to be

an acceptable procedure. However, this should be investigated in more

detail for the next update.

File 3, MT=102. Capture Cross Section

The thermal capture cross section of 0.527 b [RY70] is consistent

with r = 0.353 eV for the 2.81-keV resonance. This capture width is in

agreement with recent measurements of I lack1in [MA76] and Wilson et al.

[WI77]. Thus from 1.0E-5 eV to 600 eV, the capture cross section is cal-

culated from the above r • using a Breit-Wigner shape. This joins on at
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600 eV to the capture cross section calculated from the T resonance

parameters in MF=2, MT=151. These resonance parameters are used up to

500 keV. From 500 keV to 20 MeV the evaluation is based on data of

Menlove [ME67a].

File 3, MT=103. (n,p) Cross Section

From threshold to 5.75 MeV the data of Williamson [WI61] were used,

from 5.75 to 9.0 MeV the data of Bass et̂  al_. [BA66] were used, and from

9 to 10 MeV the data of Williamson were used [WI61]. No data are avail-

able from 10 to 14 MeV. Between 14 and 20 MeV a number of (n,py) activa-

tion measurements exist, but do not include the (n,pn) component of the

(n,px) reaction. Thus from 10 to 20 MeV the evaluation is based on calcu-

lated results, which split (n,px) into (n,pY)+(n,pn). The calculation

reproduces the (n,py) component, and the complete (n,px) reaction is given

in this file.

MF=3, MT=107. (n,a) Reaction

The evaluated cross section is based on data of Bass et al^ [BA66]

and Williamson [WI61j from theshold to 9 MeV. From 12 to 20 MeV a number

of (r.ay) activation measurements are available. However, at these ener-

gies the n,a reaction consists of an (n,cm"> and a (n,ay) component. The

evaluation is based on an estimate of the total n,a reaction above 12 MeV,

and needs to be looked at again for the next update of this evaluation.

MF=3, MT=251,252,253. Mu-Bar, Xi, Gamma

These files were inserted at Brookhaven National Laboratory.

MF=4, MT=2. Elastic Scattering Angular Distributions

Isotropic angular distributions were used from 1.0E-5 eV to 30 keV.

From 30 keV to 300 keV, the data of Lane and Monohan [LA60] were used.

The data of Chien and Smith [CH66] were used from 300 to 550 keV. Recent

high resolution data of Kinney and Perey [KI76], taken in 1-keV steps,

were smoothed and used from 550 keV to 2 MeV. From 2 MeV to 14 MeV, data

of various authors [CO71,FA69,FA73,KU72,PE70,PO72,TO6'?.] were fit with a

11-23-t



11-Ha-23
MAT 1311

Legendre series and used; from 14 to 20 MeV the angular distributions were

calculated using optical model parameters obtained from fitting the pre-

viously referenced lower energy data.

MF=4, MT=16, 51-68, and 91

All angular distributions are isotropic. Experimental evidence shows

no significant anisotropy for the low lying inelastic levels [D077,PE70j.

MF=5, MT=16. (n,2n) Energy Distribution

This distribution is given as an evaporation shape, with an estimated

energy dependent temperature based on the relation 0 = 0.2(E-E .) [PI68]

where E , is the threshold energy. This energy distribution could be

better predicted from calculation, and should be looked at in future work.

MFs5, MT=91. Continuum Neutron Energy Distribution

This distribution is given as an evaporation shape, with an energy

dependent temperature. At 14.6 MeV, the temperature is chosen to repro-

duce the neutron production data of Hermsdorf et_aJL [HE75], and scaled

approximately.as *̂ E [PI68] for other energies. This energy distribution

could be better predicted from calculation, and should be looked at in

future work.

MF=7, MT=4. Free Gas Law

Taken from ENDF/B-III, based on data of Hockenbury e£ ad. [H069].

MF=8, MT=16,102,103,107. Radioactive Decay

Data are provided for decay of the reaction products 22Na, 2l*Na,
23Ne, and 2 0F. These data are taken from Endt and Van der Leun [EN73J.

MF=9, MT=16,102,103,107. Multiplicities for Decay

Multiplicities are all taken to be unity.
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MF=12, MT=102. Radiative Capture Multiplicities

This file was carried over from ENDF/B-IV, since no new data were

available which would change the previous evaluation. The low energy

neutron capture is dominated by the 2.81-keV resonance. There are no

data which indicate that the gamma-ray spectrum observed at thermal

should not apply to the 2.81-keV resonance [WI77]. A single, gamma-ray

spectrum has thus been used to describe capture over the entire energy

range. The multiplicities were derived from a decay scheme based on

consistent thermal capture data of Greenwood et̂  al̂ . [GR66] and Nichol

et̂  aJL [NI69], which are in agreement with Wilson e_t al^ [WI77].

MF=13, MT=3. Gamma Production Cross Sections

These cross sections are derived from a recent Cn,xy) measurement by -

Larson and Morgan [LA78]. The data were acquired in neutron bins ranging

from 300 keV wide at 400 keV to 3 MeV wide at 14 MeV. Gamma rays of

energies between 350 keV and 10.5 MeV were measured. Calculated gamma-

ray spectra are in good agreement with the measured results. Below E = 14

MeV, the cross section for gamma rays with energy < E =350 keV is very small.

File 14, MT=3,102. Gamma-ray Angular Distributions

Gamma-ray angular distributions are assumed to be isotropic, in

agreement with observed results [DO77].

File 15, MT=3. Energy Distributions of Gamma Rays

The energy distributions are derived from the (n,XY) measurement

of Larson and Morgan [LA78]. The gamma rays were binned in 176 bins

ranging in size from 15 keV at 350 keV to 140 keV at 9.4 MeV. The

spectra were smoothed to reduce the number of bins, and are in good

agreement with the calculated spectra.

File 32, MT=151. Resonance Parameter Uncertainties

Uncertainties in the resonance parameters are based on uncertainty 5

resulting from the least squares multilevel fitting code [deS78], and

capture areas. In cases where T ^ T , correlations between the parameters

are estimated.
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File 33, 147=1,2,5,4,16,51-68,91,102,103,107. Uncertainty Files

Uncertainties in the cross sections are estimated from the spread

in the available data, and estimated uncertainties in calculated results

based on reasonable parameter variations. Short- and long-range correla-

tions are given.

11-23-7



1l-Na-23
MAT 1311

BA66

BR75

CH66

CI68

C071

CR68

deS78

DI73

DO77

EN73

FA69

FA73

F071

FR58

GR66

HE75

H052

H069

J055

KI76

KU72

LA60

LA76

LA78

LI61
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Summary Documentation

Natural Magnesium Evaluation

ENDF/B-V MAT=1312

D. C. Larson
Oak Ridge National Laboratory

Oak Ridge, Tennessee

September 1978

The present evaluation supersedes the IiNDF/B-IV, MAT 1280 evaluation

by M. K. Drake and M. P. Fricke [DR74], New data have been incorporated

for the total cross section (MF=3/MT=1), inelastic scattering to the first

excited level in 2ItMg(3/53) and the photon production cross sections

(13/3, 15/3). In addition, all MF=3 data were thinned to 1%, greatly

reducing the number of points, and shortened formats were used for MF=4

data. The remainder of the evaluation is taken from ENDF/B-IV. The

evaluation contains neutron and gamma-ray production cross sections for

natural magnesium. Energy and angular distributions are given for all

secondary neutrons and gamma rays produced by neutron interactions. Cutoff

date for new material was December 1977.

File 2 (Resonance Parameters)

Resonance parameters were not considered necessary. An effective

scattering radius of O.SE-12 cm is given.

File 3 (Neutron Cross Sections)

File 3, MT=1 (Total Cross Section)

From 1.0E-5 eV to 10 eV, ENDF/B-IV results were used, which were

based mainly on the data of Newson et̂  al.. [NE59]. From 10 eV to 10 keV,

and over the 83-keV resonance, the data of Singh e£ al_. [SI74] were used.

In the region from 10 to 500 keV (where the Singh e£ al̂ . measurement

stopped), the data of Singh e£ al_. and Larson et_ al̂ . [LA78] were in good

agreement, but the Larson data had much higher resolution. Thus, the

latter data were used from 10 keV to 20 MeV, except over the 83-keV

resonance, where the sample in the Larson measurement was too thick to

observe the peak cross section.
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File 3, MT=2 (Elastic Scattering Cross Section)

The elastic scattering cross section was obtained everywhere by

subtracting the non-elastic cross section from the evaluated total cross

section. This cross section was compared to the results from the available

experimental data [KI70, TH62, ST65, CL64, K064]. These measurements were

typically made at low energy resolution and therefore the results represent

averages over the structure in the elastic scattering cross section. There

was fairly good agreement between the measured and evaluated data, with the

exception that the evaluated data were slightly higher than the results

obtained by Kinney and Perey [KI70] for neutron energies between 4 and

8.5 MeV.

File 3, MT=3 (Non-Elastic Cross Section)

The non-elastic cross section was taken as the sum of (MF/MT = 3/4,

3/16, 3/22, 3/28, 3/102, 3/103, and 3/107.

File 3, MT=51-91 (Inelastic Scattering Cross Section)

The inelastic scattering cross section for magnesium has been given

as the total inelastic scattering cross section, level excitation cross

sections for the first 40 levels, and a continuum portion. The cross

sections for the element were obtained by combining the evaluated cross

sections for the individual isotopes.

The level excitation cross sections for the first level in 2ifMg,

Q - -1.37 MeV, were based on a measurement of the excitation function for

this level by Dickens [DI74] et_ al_. up to 4.3 MeV. Between 4.3 and 9 MeV,

the experimental data of Kinney and Perey [KI70J, Thomson, et̂  al_. [TH62],

Broder, et_ al̂  [BR64J, and Mathur, e£ al^ [MA65] were used. Near 14 MeV, t ,e

data of Clarke and Cross [CL64] and Stelson, et_ al_. IST65] were used, i!•:.>•-

polation and extrapolation of data to higher energies was done using

calculated results from the HELENE and JUPITOR codes.

The excitation functions for the 4.12 and 4.23 levels in 2l*Mg were

based on calculations. The sum of these two levels was consistent with

the ORNL data [KI70] between 6 and 8.6 MeV and the Stelson data [ST65] at

14 MeV, but the individual levels were higher than the ORNL data at 8.6 MeV. )
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All other level excitation functions were based on calculations and

results agreed with the limited experimental data [BR64, EN65, MA65].

File 5, MT=16 [(n,2n) Cross Section)]

The (n,2n) cross section for the element was obtained from the (n,2n)

cross sections for the individual isotopes. The (n,2n) cross section for
24Mg was based on a measurement made by Arnold [AR65]. The (n,2n) cross

sections for 25Mg and 26Mg were based on statistical model calculations

made by Pearlstein [PE64].

File 3, MT=103,28 [(n,p) and (n,n-p) Cross Sections]

The (n,p) and the (n,n~p) cross sections for the element were obtained

from the cross sections for the individual isotopes. Almost no experi-

mental data were available for the (n,n-p) reaction; therefore these cross

sections were evaluated to be consistent with the (n,p) cross sections for

the individual isotopes.
2l+Mg: Between 5.0 and 12 MeV the (n,p) cross section was based on measure-

ments by Butler and Santry [BU63] and by Liskien and Paulsen [LI66]. In

the energy region of over-lap for these two measurements, 6 to 8 MeV,

their results were in good agreement. Numerous sets of experimental

results were available for the energy region from 12 to 14 MeV and the

data were not in good agreement (±30%). In this energy region, the data

measured by Ferguson and Albergotti were used [FE67]. Considerable

structure had been observed in the (n,p) cross section and the recommended

data were evaluated to have the same structure as seen in the total and

(n,p) cross section. Between 14 and 15 MeV, the structure as observed by

Paulsen and Liskien [PA65] were used. The magnitude was based on this

and other measurements [BA69, IM64, PA67]. Above 15 MeV, the (n,p) cross

section decreased fairly rapidly and the recommended data were based on

measurements by Imhof [IM64] and Paulsen and Liskien [PA65].

No experimental data were available for the (n,n-p) reaction. The

recommended values were based on semi-theoretical arguments. The sum of

the (n,p) and (n,n-p) was assumed to have the same energy dependence as

the non-elastic cross section. The threshold for the (n,n-p) reaction

f was at 12.2 MeV. The recommended (n,n-p) cross section was taken to be
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zero at 12.6 and reach a maximum value of 90 mb at 20 MeV. The resulting

cross section was very uncertain.
25Mg: No experimental results were available for neutron energies less

than 13 MeV. The recommended data were based on several sets of experi-

mental data sets that were available for the energy region from 13 to 17

MeV. The shape of the recommended cross section was taken from the mea-

surement by Bormann [B066]. The cross section at 14.5 MeV was an average

of the results by Bormann [B066], Pasquarelli [PA67], and Prasd and

Sarkar [PR66]. From the effective threshold at 4.5 MeV to 13 MeV the

recommended cross section was assumed to have the same shape as calculated

from a statistical model and was normalized to the experimental data at

13 MeV. The same procedure was used to obtain the (n,n-p) cross section

as for 21*Mg.
26Mg: Almost no experimental data were available for the (n,p) and

(n,n-p) reactions. Very crude estimates of these cross sections were

made. These estimates were based on statistical model calculations and

the experimental data measured by Nurmia and Fink [NU58] and Allan [AL61].

File 3, MT=107,22 [(n,op and (n,n-oQ Cross Sections]

These cross sections were evaluated in the same manner as the (n,p)

and (n,n-p) cross sections. However, far less experimental data were

available. The (n,ot) cross section for the element was tied almost

exclusively to the experimental data for 26Mg. Experimental data measured

by Bormann [B066], Prasd and Sarkar [PR66], and Pasquarelli [PA67] were

used to define the 26Mg(n,a) cross section for the energy range from 13

to 17 MeV. Statistical model calculations were used to obtain the cross

section for this isotope from its effective threshold at about 7.5 MeV u,>

to 13 MeV and above 17 MeV. From 2.1 to 3.0 MeV the inverse cross

section, NE-22(a,n-zero)Mg-25, as measured by Ashery [AS69], was used i.

determine the 25Mg(n,a) cross section. Above 3 MeV, statistical model

calculations were used to predict the shape of the cross section. The

magnitude of the 25Mg(n,a) cross section at 14.5 MeV was based on the

evaluated 26Mg(n,a) cross section at this energy and a calculated ratio

for 25Mg/26Mg [GA64]. Since there, were no useable experimental data for
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2i|Mg, the evaluated cross section for this isotope was based on a statis-

tical model calculation, normalized to a calculated ratio [GA64].

As a result of calculated comparisons to the LLL pulsed-sphere

measurements [H073], the inelastic scattering was increased by 150 mb

at 14 MeV incident energy, and in a systematic way, everywhere between 8

and 20 MeV. Since the (n,a) cross section was the most uncertain, it was

decreased by the amount that the inelastic cross section was increased,

to preserve the non-elastic cross section.

The (n,na) cross section for the isotope was obtained in the same

manner as the (n,n-p) cross section. The (n,a) and (n,na) cross sections

are very uncertain due to the lack of experimental data and the reliance

on nuclear model calculations.

File 3, MT=102 (The Radiative Capture Cross Section)

The radiative capture cross section was taken to be the same as that

evaluated by Drake [DR67] for neutron energies less than 500 keV. This

; was based on a thermal cross section of 0.063 barns and was 1/V up to 1.0

keV. Between 1.0 keV and 500 keV, the capture cross section for the

element was calculated from the evaluated resonance parameters for the

isotopes [DR67]. Above 500 keV, the cross section was taken to be 1/E

up to about 3 MeV where direct capture mechanisms predominate. Above 5

MeV, the capture jross section was taken to be relatively constant and

the recommended cross section at 14 MeV was based on experimental results

obtained by Cvelbar [CV69].

File 4 (Angular Distributions of Secondary Neutrons)

File 4, MT=2 [Elastic Scattering (MT=2) Legendre Coefficient Representation

The angular distribution of elastically scattered neutrons was assumed

to be isotropic up to 25 keV. Just above 25 keV several p-wave resonances

have been observed and the angular distributions are peaked in the backward

direction. Between 25 and 300 keV, the recommended angular distributions

were based on a measurement made by Langsdorf, et_ al_. [LA56]. Between 0.3

and 1.0 MeV, the distributions were based on measurements by Langsdorf

[LA56], Cox [C066], and Korzh [K064]. Between 2.0 and 4.0 MeV, the data

(
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measured by Thomson [TH62] were used. Between 5 and 8.5 MeV, the ORNL

[KI70] measurements were used. Near 14 MeV, the experimental data

measured by Stelson, et̂  aJL [ST65], Clarke and Cross [CL64], and Berko,

et̂  aJL [BE58] were used. Between 8.5 and 14 MeV and above 15 MeV, the

recommended angular distributions were obtained from deformed nucleus

model calculations.

File 4, MT=51-91 (Angular Distribution of Inelastically Scattered Neutrons^

The angular distributions for neutrons that lead to the 1.37-MeV

level in 2t*Mg were based on the experimental data of Thomson, et̂  al_.

[TH62] for points at 2.84, 3.79, and 4.76 MeV, data of Kinnev and Perey

[KI70] at 5.44 and 7.55 MeV, data of Stelson, et_ a^. [STGo] and Clarke

and Cross [CL64] at 14 MeV. The angular distribution for all other inci-

dent energy points was based on HELENE and JUPITOR calculations. The

distribution data for the 4.12- and 4.23-MeV levels in 2IfMg were based

on calculations. The angular distributions for all other levels and the

continuum were assumed to be isotropic in the cm system.

File 4, MT=16, 28, 22 [(n,2n), (n,n-p), and (n.nop Angular Distributions]

Neutrons from these reactions were assumed to be isotropic in the

cm system.

File 5, MT=91, 16 (Energy Distributions for Inelastic Scattering and

n,2n Reactions)

Secondary neutron energy distributions for inelastic scattering to

the continuum are based on a statistical model calculation below 10 MeV.

Above 10 MeV, an evaporation spectrum was used, with a temperature chosen

to reproduce the LLL pulsed-sphere measurements. An effective nuclear

temperature was used for each isotope for the second neutron.

File 12, MT=102 (Radiative Capture Gamma-Ray Multiplicities)

The multiplicities for gamma rays from radiative capture have been

based on the data measured by Orphan, et_ al̂ . [0R70] at thermal neutron

energies. The data measured by Bird, et_ al.. [BI71] have been used to
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describe the gamma rays from capture in the 83-keV resonance. The multi-

plicities for all other energies were based on values at thermal and they

increase as a function of incident neutron energy to preserve total energy

released.

File 13, MT=3 (Gamma-Ray Production Cross Sections)

The gamma-ray production cross sections were taken from the 125 degree

(n,xy) measurement by Dickens, Love and Morgan [DI74]. Gamma rays with

energy E = 0.7 to 10.5 MeV are included.

File 15, MT=3, 102 (Energy Distribution of Secondary Gamma Rays)

The energy distributions for the secondary gamma-ray production were

obtained by binning the data of Dickens et̂  al̂ . [DI74]. The energy distri-

butions for (n,y) reactions were based on measurements by Orphan e£ al̂ .

[0R70] and Bird, et̂  al_. [171]. Histogram representations have been used

to describe the energy distributions.

f
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SUMMARY DOCUMENTATION FOR ki.

b y

P. G. Young and D. G. Foster, Jr.
Los Alamos Scientific Laboratory

Los Alamos, New Mexico

I. SUMMARY

The ENDF/B-IV evaluation for 27A1 was carried over for Version V as MAT 1313.
Besides minor format changes, the only new data included are correlated errors
in File 33. The evaluation covers the energy range 10"5 eV to 20 MeV. Documen-
tation for the evaluation is LA-4726 (1972), as updated by LA-5759-PR (1974).

II. ENDF/B-V FILES

File 1. General Information

MT-451. Descriptive data.

File 2. Resonance Parameters

MT=151. Effective scattering radius = 0.32752 x 10~12 cm.

Resonance parameters not given.

File 3. Neutron Cross Sections

The 2200 m/s cross sections are:

MT-1 a - 1.580 b
MT-2 a = 1.348 b
MT-102 a - 0.232 b

MT-1. Total Cross Section

Below 4.6 keV: 1/V fit to Me52 and Hi50 (normalized to Me52),
using thermal capture a of 232 mb (Go71) and resulting in a
total of 1.580 b.

4.6 - 189 keV: From Ga65 normalized to Me52 via Hi59 at low
energies and to Pe72 at high energies.

209 - 475 keV: Frota Pe72 with energy scale corrected to match
Ci68 at higher energies.
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.475 - 11.5 MeV: Composite of Pe72 and Sc69, normalized to their
weighted average, with inserts of normalized Ci68 where needed
to preserve resolution.

11.5 - 20 MeV: Composite of Pe72, Fo71, A5.66, and Pe60 normalized
po their weighted average. Slope at 20 MeV includes guidance
from Ta55.

Smoothing between 4.6 keV and 2 MeV by approximate Breit-Wigner
fits where possible, connected by polynomial fits. 2-12 MeV
smoothed by running cubic polynomial fits. Above 12 MeV fitted
secondary polynomial to middles of running polynomial fits.

MT*2. Elastic Scattering Cross Section

Below 5 MeV: Subtracted nonelastic from total.

5 to 16 MeV: Mainly based on elastic data of Ho69, St59, Ki70,
St65, Co58, Co59, Be58, Mi68, Be56, and Ka72 together with the
evaluated total and the nonelastic measurements listed below.

16 to 20 MeV: Smooth extrapolation to 1/2 the total at 20 MeV.

MT«3. Nonelastic Cross Section (implicit - not in file)

Below 9 MeV: Based on the nonelastic measurements of Ba58, Be56,
Ta55, De65, on the sum of MT*=4, 102, 103, 107, and on the dif-
ference between the evaluated total and the elastic measurements
of Ho69, Ki70, Be56, and M168.

9 to 16 MeV: Based on nonelastic measurements of Ba58, Ta55, Gr55,
Ph52, Ma57, De61, FJL56, Ch67, and on the difference between MT=1
and MT-2 data of St59, St65, Co58, Co59, and Be58.

16 to 20 MeV: Difference between MT*1 and MT-2.

MT-4. Inelastic Cross Section

Threshold to 5 MeV: Sum of MT-51-63.

5 to 9 MeV: Based on (n,nr) data of Th63, To67, the evaluated
(n,n') data of Di71 which includes consideration of several oth.
measurements, and the (n,nY) data of Di71, 0r71, and D173.

9 to 20 MeV: The difference between MT«1 and the sum of MT*2, 16,
102, 103, 104, 105, and 107.

MT-16. (n,2n) Cross Section

Threshold to 20 MeV: Estimated using a nuclear temperature calcu-
lation assuming that highly excited states in 27A& decay 50 per
cent by neutron emission.
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MT-51 - 63. Inelastic Cross Section to Discrete States

MT-51 Q--0.843 MeV MT-56 Q—3.001 MeV MT=60 Q--4.409 MeV
52 -1.013 57 -3.678 61 -4.508
53 -2.210 58 -3.956 62 -4.580
54 -2.732 59 -4.055 63 -4.811
55 -2.980

Threshold to 5 MeV: Based on the (n,n') data of To62, Wi63, Ts61,
and the (n.ny) data of Ch68, Ma65, Di71, Or71, and Di73.

5 to 9 MeV: Based on an evaluation of several measurements given
in Di71 (Table Bl).

9 to 20 MeV: Smooth extrapolation passing through 14 MeV data of
St65, and Bo65A.

MT«64 - 90. Inelastic Cross Section To Groups Of Discrete States
in Energy Bins Centered About Q-values Between
-5.25 MeV and -18.875 MeV.

Threshold to 20 MeV: Integrated cross section over bands obtained
by subtracting MT-51-63 from MT-4. Cross section divided among
bands according to a nuclear temperature calculation using tem-
peratures based on (n,n') data of Th63, and Gr53. The cross
section to the bands with MT«64-71 was adjusted extensively to
produce agreement with the 14-MeV measurements of secondary neu-
tron spectra by Ka72.

(Please note that much of the cross section to bands above Ex=9 MeV
subsequently results in charged particle emission. Since these
data are not included explicitly as (n,nx) reactions, it is im-
portant that users involved in certain calculations (e.g., local
heating) be aware of this information.)

MT-102. (n,Y) Cross Section

Below 1 keV: 1/V from thermal value of 232 mb (Go71).

1 to 140 keV: From B168, 6-keV resonance has width deduced from
total cross section. Small resonances nearby also from total.

Above 140 keV: Mainly from He50, He53, and CaS2.

MT-103. (n,p) Cross Section (see Yo72 for more details)

Threshold to 4 MeV: Based on the measurements of He54 and Gr67,
extrapolated from 3 MeV to threshold with an L-0 penetrability
function for the outgoing p + 27Mg channel.

4 to 20 MeV: Smooth curve through the measurements of Hs54, Gr67,
Ca62, Ba66, and M«60.
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MT-104. (n,d) Cross Section

Threshold to 20 MeV: Smooth curve through single datum of G£61.

KT«105. (n,t) Cross Section

Threshold to 20 MeV: Smooth curve with same shape as MT-104.
Reaching maximum of 15 mb at 20 MeV.

MT«107. (n,a) Cross Section (see Yo72 for more details)

Threshold to 20 MeV: Based on a smooth curve through experimental
data, mainly those of Bu63, Pa65, and Li66, with results from
Gr67, Sc61, Gr58, Ba61, Ma65, Ga62, Im64, Ke59 and several 14-MeV
points also being considered. The curve was extrapolated from 6
MeV to threshold with an L«0 penetrability function for the out-
going a + 2<>Na channel.

File 4. Neutron Angular Distributions

MT=2. Elastic Angular Distributions

From smooth curves through plots of coefficients from fits to all
available data above .25 MeV, without evaluation of measurements.
Mainly from Ta57, Ch66, To62, Ts61, Ki70, and Be58, with optical-
model bridge to Si62. Some of data augmented before fitting by
zero-degree point slightly above Wick limit, and coefficients
adjusted empirically afterwards to obey Wick limit. But only
barely at higher energies.

MT=16. (n,2n) Angular Distributions

Assumed isotropic in CM, using 2-body kinematics to estimate trans-
formation to laboratory system.

MT-51 - 63. Inelastic Neutron Angular Distributions

Anisotropic distributions based on measurements by Ts61, To62,
Wi63, Mi68, Ta70, G£72, St65, Bo65A, and Ka72 were incorporated
over varying energy ranges from threshold to 20 MeV. In several
regions where data were lacking, isotropy was assumed.

MT«64 - 90. Inelastic Neutron Angular Distributions

Assumed isotropic in the center-of-mass system.

File 5. Neutron Energy Distributions

MT-16. (n,2n) Energy Distributions

Based on statistical theory.
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File 12. Gamma Ray Multiplicities

MT-102. (n,Y) Capture Multiplicities

The 28A£ decay scheme for excitation by radiative capture with
thermal neutrons from Ha6? vas adopted after some modification
to enhance agreement with experiment. The results have been
compared with the less detailed data of Ba67, Ju71, and Ma69,
and are reasonably consistent. Some of the lines in Ra70 below
1 MeV appear to be spurious and have been dropped. Spectrum for
thermal neutrons is assumed to apply at all energies.

File 13. Gamma Ray Smooth Cross Sections

MT«4. (n,n"Y) Cross Sections

Threshold to 5 MeV, based on the (n,nf) data of To62, Wi63, Ts61,
and the (n,nY) data of Ch68, Ma65, Di71, Or71, and D173.

5 to 20 MeV. Mainly from (a.ny) data of Di73, Or71, and Di71, Dr73,
Pe64, Be66, C£69, En67, Bo65, Ma68, Ca60 and Pr60, supplemented
by statistical theory calculations.

MT-28. (n.npy) Cross Sections

Threshold to 20 MeV, based on the measurements of Di73, Or71, En67,
Pr60, C169, Be66, Bo65, and on statistical theory.

MT»103. (n,PY) Cross Sections

Threshold to 9 MeV. used data of Di71.

9 to 20 MeV. Smooth Extrapolation.

File 14« Gamma Ray Angular Distributions

MT-4. (n,nY) Angular Distributions Assumed Xsotropic.

MT«28. (n.npY) Angular Distributions Assumed Isotropic.

MT-103. (n,pY) Angular Distributions Assumed Isotropic.

File 15. Gamma Ray Energy Distributions

MT-4. (n,ny) Energy Distributions

Statistical theory calculation adjusted to fit measurement of Di73.

MT-28. (n,npy) Energy Distributions

Statistical theory calculation adjusted to fit measurement of D173.
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File 33. Neutron Cross Section Covariances

Based on revised version of Table 6 in LA-4726. Errors are given
only for MT«1, 2, 4, 16, 102, 103, and 107. MT«2 is taken from
experiment between 9 and 17 MeV, and derived everywhere else.
MT«4 is derived above 9 MeV. The derivation formulas are given
by NC-type sub-subsections with LTY-0 in MT«2 and MT»4.
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The present work supersedes the ENDF/B-IV MAT 1194 evaluation by

Larson and Perey. Neutron and photon production data are given for

neutron energies between 10 eV and 20 MeV. New data were incorporated

for the total cross section, inelastic scattering to the first two

excited levels in 28Si, capture cross section, elastic scattering

angular distributions, and gamma-ray production. The remainder of the

evaluation was left unchanged. Detailed information regarding charged

particle reactions, including angular and energy distributions, is

carried over from ENDF/B-IV.

File 2. Resonance Parameters

No resonance parameters are given for silicon. The effective

scattering length was changed from 0.41363 E-12 cm to 0.40311 E-12 cm,

reflecting the more accurate measurement of Dilg [DI71].

File 5, MT=1. Total Cross Section

From 1.0E-5 eV to 730 kr.7; the evaluation has been updated from

ENDF/B-IV. The cross section from 1.0E-5 eV to 5 eV is given by the

sum of 2.042 b scattering [DI71] (changed from 2.15 b) and a 1/v cap-

ture contribution. From 5 eV to 730 keV the recent high resolution data

of Larson e£ al^ [LA76] was used. The region from 730 keV to 20 MeV is

unchanged from ENDF/B-IV, and is based on a spline fit to the data of

Schwartz et̂  al̂ . [SC71], which was in good agreement with data of Perey

et_Ed. [PE72].
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File 3, MT=2. Elastic Scattering

A scattering cross section of 2.042 b (changed from 2.15 b in

ENDF/B-IV) is used from 1.0E-5 eV to 5 eV [DI71]. From 5 eV to 20 MeV

the scattering cross section was derived by subtracting the nonelastic

from the total.

File 3, MT=3. Nonelastic Cross Section

This file is a sum of MT=4, 16, 22, 28, 102, 103, 104 and 107.

There are some changes in this file due to changes in MT=4 and 102.

File 3, MT=4. Total Inelastic

This file is based on a sum of MT=51 through 72, and MT=91.

It differs from ENDF/B-IV due to changes in MT=52 and 61.

File 3, MT=16. n,2n Cross Section

Same as ENDF/B-IV; it is estimated via a statistical model for

each isotope, and the results combined for the element.

File 3, MT=22. n,not Reaction

Taken from ENDF/B-IV; it was formed by calculating the n,na and

n,om cross sections for each isotope, and combining the results.

File 3, MT=28. n.np Reaction

Taken from ENDF/B-IV; it was formed by calculating the n,np and

n,pn cross sections for each isotope, and combining the results.

File 3, MT=51 through 72. Inelastic Scattering to Discrete Levels

The largest inelastic cross sections are for the 1.78 and 4.61

MeV levels in 28Si. Evaluation for these levels is based mainly on data

of Dickens et a[. [DI70.DI74], ".nd Perey and Kinney [PE71]. Other data

sets considered include CL64, DR69, KI70, DN67, MA68, NE72, 0B73, and

PE66. In addition to these references, data for the higher-lying

levels were taken from BA66, GI65, and PE73. Model calculations were

used for interpolation and extrapolation where necessary. Levels in
29Si and 30Si are included. A
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File 3, MT=91. Continuum Inelastic

Tertiary reaction calculations [FU73] were used to split the n,n'

reaction into n,n'y + n,2n + n,np + n,na. Only the n,n'Y component is

included in MT=91. References include CL72, MA67, MA69, and FU73, GI65,

PE73.

File 3, MT=102. Radiative Capture

From 1.0E-5 eV to 1.0 keV, a 1/v dependence is assumed, normalized

to 0.16 b at 0.0253 eV. This region is unchanged from ENDF/B-IV. A

smooth line was drawn from 1.0 to 2.6 keV, where the data of Boldeman

et̂  a^. [BO75] were used up to 1.18 MeV. From 1.18 to 20 MeV, the

evaluation smoothly decreases through 0.49 mb at 14.1 MeV [CV69] to

0.43 mb.

File 3, MT=103. (n,p) Reaction

This reaction is unchanged from ENDF/B-IV. The (n,p) reaction is

well defined by experiment [BA66,F070,MA56] from threshold up to 9 MeV,

and at 14 MeV by activation measurements. The calculated (n,p) cross

section was in good agreement with experiment, and was used from 9 to

20 MeV. Above 13 MeV, the (n,pn) component was removed, leaving only

the (n,py) component.

File 3, MT=104. (n,d) Reaction

This cross section is unchanged from ENDF/B-IV, was estimated by

Drake [DR68] in an earlier evaluation, and is considered speculative.

File 3, MT=107. (n,oQ Reaction

This cross section is unchanged from ENDF/B-IV. The (n,a) cross

section is well defined from threshold up to 8.4 MeV by experiment

[BE65,BI63,GR69 and MA63 reduced by 30%]. Above 8.4 MeV there are no

reliable measurements of the total (n,a) cross section. The evaluation

above 8.4 MeV is based on calculations which reproduce the average

measured (n,a) up to 8.4 MeV as well as the 30Si(n,a) cross section

measured at 14 MeV [SI70]. Above 13 MeV the (n,an) component is

removed, leaving only the (n,ay) component.
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File 3, MT=251-253. Mu-Bar, Xi, Gamma *

Derived from the elastic scattering angular distribution and

kinematics using computer code SAD (done at BNL).

File 3, MT=700-714. (n,p) Reaction to Discrete Levels

Unchanged from ENDF/B-IV, these cross sections are based on calcu-

lations for 28Si, and comparison to averaged data of BA66, GR69, MAS6,

MI67, MI71.

File 3, MT=718. (n,p) Continuum Protons

Unchanged from ENDF/B-IV, this cross section from threshold to

9 MeV is taken as the difference between the sum of MT=700-714, and the

evaluated total (n,p) cross section in MT=103. From 9 to 20 MeV, it is

based on calculated results.

File 3, MT=719. (n.np) * (n,pn) Reaction

This file is same as MT=28.

File 3, MT=780-791. (n,a) Reaction to Discrete Levels

Unchanged from ENDF/B-IV, this cross section is based on calculated

results for 28Si and comparison to averaged data of BI63, GR69, MA63,

MI67 and MI71.

File 3, MT=798. (n,op Continuum Alphas

Unchanged from ENDF/B-IV, this cross section from threshold to

8.4 MeV is taken as the difference between the sum of MT=780-791, and

the evaluated total (n,a) cross section in MT=107. From 8.4 to 20 MeV,

it is based on calculated results.

File 3, MT=799. (n,na) + (n.an) Reaction

This file is same as MT=22.

14-0-4



14-Si-O
MAT 1314

c
File 4, MT=2. Elastic Scattering Angular Distributions

From 1.0E-5 eV to 40 keV, the angular distributions are isotropic.

High resolution data of Kinney and Perey [KI76] are used from 40 keV to

3.0 MeV. The data were taken in 1-keV steps, but have been thinned for

this evaluation. From 3 to 11 MeV, measured distributions [BR72,DR69,

KI70,KN67,MA68,NE72,0B73,TA64,TA69 and VE72] were used. From 11 to 20

MeV, results of optical model calculations were used. All angular dis-

tributions are given as Legendre coefficients.

File 4, MT=16,22,28

Outgoing neutrons assumed isotropic.

File 4, MT=51-72. n,n' to Discrete Levels

These angular distributions are taken from ENDF/B-IV. For MT=52

and 61 (first and second excited states in 28Si) the angular distribu-

tions are a weighted sum of Hauser-Feshbach and direct interaction

calculations. Generally, they are in good agreement with existing data

referenced under MF=3, MT=51-72. Angular distributions for remaining

states are taken from Hauser-Feshbach calculations.

File 4, MT=91. (n,n') to Continuum

This angular distribution is assumed isotropic.

File 4, MT=700-714. (n,p) Proton Angular Distributions

Distributions were taken from Hauser-Feshbach results, and compared

with data of Debertin [DE67].

File 4, MT=718,719. Proton Angular Distributions

Assumed isotropic.

File 4, MT=780-791. (n,oQ Alpha Angular Distributions

Taken from Hauser-Feshbach calculations.

File 4, MT=798,799. Alpha Angular Distributions

Assumed isotropic.

(..
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File 5, MT=16. (n,2n) Reaction

Energy distributions are taken from ENDF/B-IV. The secondary neutrons

are assumed to have a Maxwellian shape.

File 5, MT=22. Secondary Neutrons

The calculated neutron energy distributions from the (n,na) and (n,an)

reactions were weighted by their cross sections and combined. They are

given as histogram probability distributions.

File 5, MT=28. Secondary Neutrons

The calculated neutron energy distributions from the (n,np) and (n,pn)

reactions were weighted by their cross sections and combined. They are

given as histogram probability distributions.

File S, MT=91. Continuum Neutrons

The continuum neutron energy distributions are given as histogram

probability distributions.

File 5, MT=718. Continuum Protons

The continuum proton energy distributions are given as histogram

probability distributions, estimated from calculations.

File 5, MT=719. Secondary Protons

The calculated proton energy distributions from the (n,np) and

Cn.pn) reactions were weighted by their cross sections and combined.

They are given as histogram probability distributions.

File 5, MT=798. Continuum Alphas

The continuum alpha energy distributions are given as histogram

probability distributions, estimated from calculations.

File 5, MT=799. Secondary Alphas

The calculated alpha energy distributions from the (n,nct) and

(n,cm) reactions were weighted by their cross sections and combined.

They are given as histogram probability distributions.
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File 12, MT=102. Radiative Capture

Energies and multiplicities for gamma rays resulting from capture of

neutrons from 1.0E-5 eV to 50 keV were taken from thermal capture data

[BL69,LY67,SP70]. Multiplicities for gamma rays resulting from 50 keV to

1 MeV neutrons were taken from Lundberg and Bergquist [LU7O]. From 1 to

20 MeV, the average of the above multiplicities was used. These results

are taken from ENDF/B-IV.

File 13, MT=4,22,28,103,107. Gamma Production Cross Sections

Discrete gamma-ray cross sections are given up to a neutron energy

of 3 MeV. The largest gamma-ray cross sections are from 28Si(n,n'Y) to

the 1.78-MeV level. Updates from ENDF/B-IV up to 3 MeV have besn made

for this gamma ray, based on data of Dickens et̂  al̂ . [DI73]. This results

in much more structure than previously present. The remainder of the

gamma-ray cross sections result from calculations, and when summed,

reproduce the (n,xy) measurement of Dickens et̂  al_. [DI73]. Gamma rays

from all neutron-induced reactions from all three isotopes are included

in these files.

File 14, All MT Sections. Gamma-Ray Angular Distributions

All gamma-ray angular distributions are assumed isotropic.

File 15, MT=4,22,28,103,107. Energy Distributions of Secondary Gamma Rays

Energy distributions are given as histogram probability distributions

from E = 3 to 20 MeV, and include gamma rays from 0.0 to 15.0 MeV.

File 33, MT=1,2,3,4,52,61,103,107. Uncertainty Files

Uncertainty files are given for all major reactions. They are

estimates based on spread in available data sets, and estimates of uncer-

tainties in the various calculations. Long- and short-range correlations

are given.
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DATA SUMMARY AND GENERAL COMMENTS

31
The experimental data for P

are summarized in UCRL-50400, Vol. 3;

they are listed in UCRL-50400, Vol.

10. The evaluated data for this iso-

tope are shown graphically in UCRL-

50400, Vol. 15, Part B. R. J.

Howerton did the evaluation.

TOTAL CROSS SECTION

Experimental and evaluated total
31

cross sections for P are shown

graphically on pages 2-75 to 2-79 of

UCRL-50400, Vol. 7, Part A, Rev. 1;

some tabular experimental values are

given on page 2-80. The evaluated

total cross sections are shown in

UCRL-50400, Vol. 15, Part B. These

cross sections are based on the fol-

lowing specific ECSIL data sets:

ECSIL-15 from 6 to 20 keV; ECSIL-819

from 40 to 90 keV; ECSIL-99 from 100

to 800 keV; ECSIL-455 from 800 keV

to 1.2 MeV; and ECSIL-750 from 2 to

20 MeV. These ECSIL data references

are given in UCRL-50400, Vol. 2.

ELASTIC SCATTERING CROSS SECTION

Two elastic scattering data points

are listed on page 2-80 of UCRL-50400,

Vol. 7, Part A, Rev. 1. In view of

the scarcity of experimental data,

the elastic cross section was obtained

by differencing the evaluated total

cross sections and the sums of the

evaluated nonelastic cross sections.

ELASTIC SCATTERING ANGULAR
DISTRIBUTIONS

Measurements of the elastic scat-

tering angular distributions are

shown in UCRL-50400, Vol. 19. In

the evaluation, the elastic scatter-

ing angular distributions were

assumed to be isotropic for all neu-

tron energies below 100 keV. Above

100 keV, the evaluated elastic scat-

tering angular distributions were

based on experimental data, supple-

mented at the higher energies by

spherical optical model calculations,

in which the best-fit optical model

parameters of Becchetti and Greenlees

were used [Phys. Rev.. 182, 1190

(1969)].

INELASTIC SCATTERING CROSS SECTION

Some inelastic scattering cross

section data are shown graphically on

pages 2-109 and 2-110 of UCRL-50400,

Vol. 8, Rev. 1, Part A. In view of

the scarcity of experimental data,

inelastic scattering was represented

in the evaluation by a continuum

contribution that starts at 1.31 MeV.

The evaluated n,n' continuum cross

sections are shown graphically in

UCRL-50400, Vol. 15, Part B.
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INELASTIC SCATTERING ANGULAR AND
ENERGY DISTRIBUTIONS

The angular distributions for the

continuum inelastic scattering were

assumed to be isotropic. The energy

distributions for incident neutron

energies below 5 MeV were chosen so

as to reproduce the average and

maximum secondary neutron energies

for the reaction. The energy distri-

butions at 5 MeV and above were

obtained from temperature model cal-

culations, with contributions from

preequilibrium processes estimated

(see UCRL-50400, Vol. 15, Part A,

pages 19 to 22).

n,2n CROSS SECTION

The threshold for the n,2n reaction

is 12.70 MeV. Experimental values of

the n,2n cross section are shown

graphically on page 2-111 of UCRL-

50400, Vol. 8, Rev. 1, Part A; some

tabulated values are given on page

2-116. The evaluated n,2n cross sec-

tions are shown on page 98 of UCRL-

50400, Vol. 15, Part B.

ANGULAR AND ENERGY DISTRIBUTIONS FOR
THE n,2n REACTION

The angular distribution of second-

ary neutrons produced by the n,2n

reaction was assumed to be isotropic

in the laboratory system. Energy

distributions of the secondary neu-

trons, which are presented in tabular

form, are derived from temperature

15-P-31
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model calculations, with the assigned

temperatures consistent with nuclear

systematics (see UCRL-50400, Vol. 15,

Part A, page 24).

n.n'p CROSS SECTION

The threshold for the n,n'p reac-

tion is 7.53 MeV. Two experimental

n,n'p data points are listed on page

1-116 of UCRL-50400, Vol. 8, Rev. 1,

Part A. The evaluated n,nfp cross

sections are shown in UCRL-50400,

Vol. 15, Part B.

ANGULAR AND ENERGY DISTRIBUTIONS FOR
THE n,n'p REACTION

The angular distribution of

secondary neutrons produced by the

n,n'p reaction was assumed to be

isotropic in the laboratory system.

Energy distributions of the secondary

neutrons, which are presented in

tabular form, are derived from

temperature model calculations, with

the assigned temperatures consistent

with nuclear systematics (see UCRL-

50400, Vol. 15, Part A, page 24).

n,p CROSS SECTION

The threshold for the n,p reaction

is 0.73 MeV. Experimental and evalu-

ated n,p cross sections are shown

graphically on pages 2-112 and 2-113

of UCRL-50400, Vol. 8, Rev. 1, Part

A; some tabuled experimental values

are given on page 2-117. The evalu-

ated n,p cross sections are shown in

UCRL-50400, Vol. 15, Part B.
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n,Ct CROSS SECTION

The threshold for the n,ot reaction

is 2.01 MeV. Experimental values of

the n,a cross section are shown

graphically on pages 2-114 and 2-115

of UCRL-50400, Vol. 8, Rev. 1, Part

A; some tabular values are given on

page 2-117. The evaluated n,a cross

sections are shown graphically in

UCRL-50400, Vol. 15, Part B.

n,Y CROSS SECTION

A few experimental values of the

neutron capture cross section are

given on page 2-80 of UCRL-50400,

Vol. 7, Part A, Rev. 1. The evaluated

capture cross sections are shown in

UCRL-50400, Vol. 15, Part B. They are

based mainly on nuclear systematics.

PHOTON PRODUCTION FROM n,y REACTIONS

The neutron capture gamma-ray

spectrum at thermal neutron energies

was taken from the data of V. J.

Orphan, N. C. Rasmussen, and T. L.

Harper, Gulf General Atomic Rept. GA-

10248 (1970). This spectrum was

assumed to apply at all neutron ener-

gies, since there are no data for

incident neutron energies higher than

thermal. To conserve the total

energy of the reaction, the gamma-ray

multiplicity was assumed to vary as

a linear function of neutron energy.

n,Xy CROSS SECTION

A few n.Xy angular and energy

distributions are listed on page 1-60

of UCRL-50400, Vol. 3, Rev. 2. In

the P evaluation, the n,Xy cross

section was assumed to include all

photons except those produced in the

neutron capture reaction. The

evaluated n,Xy cross sections include

two discrete lines plus a continuum

component that starts at 3.3 MeV.

The discrete lines were evaluated as

shown below.

1.266 MeV

This gamma ray arises from the

transition of the 1.266-MeV level to

the ground state in P . For inci-

dent neutron energies below 2.234 MeV,

the gamma ray is produced entirely

from the n,n' reaction. Thus, the

n,Xy cross section for producing this

line was set equal to the n,n' cross

section for energies below 2.234 MeV.

At higher energies, the inelastic

scattering data of K. Tsukada et al.,

G. C. Bonazzola and E. Chiavassa,^*

and A. Mittier et al. were used as

guides in the evaluation.

Paper SM-18/12 of the Vienna Conf.
on "Physics of Fast and Intermediate
Reactors" (1961).

fNuel. Fhys. 68, 369 (1965).

**Bull. Am. Phys. Soo. 13, 1420
(1968).
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2.234 MeV

This gamma ray originates from the

transition of the 2.234-MeV level to the
31

ground state in P . The cross sec-

tion for producing this gamma ray

was calculated based on the inelastic-

scattering data of K. Tsukada et al.,

and R. L. Caldwell et a1.3 Nuct. Sci.

Eng. £, 173 (1960), as well as data

obtained from the evaluated n,n'

cross section.

The n,Xy cross sections for the

continuum component were calculated

with the NXGAMEL code, using the

systematics developed by Perkins,

Haight, and Howerton, JDual. Soi. Eng.

57, 1 (1975). A summary of this

method of evaluating photon produc-

tion data is discussed in UCRL-50400,

Vol. 15, Part A, pages 38 to 41. In

the evaluation, the continuum was

assumed to start at 3.3 MeV, to

become 50% of the calculated value

at 8 MeV, and to continue at 50% to

20 MeV; between 3.3 and 8 MeV, it was

assumed that the interpolation was

linear. This procedure gives results

that are in reasonable agreement with

the experimental data of Caldwell

et at. at 14.8 MeV.

SPECTRA OF PHOTONS FROM THE n,Xy
PROCESS

The angular distributions of the

photons produced by the n,Xy reaction

were assumed to be isotropic. The

energy distributions of the discrete

photons were estimated using the kine-

matics of the reaction. The energy

distributions of the photons from

the continuum component of the reac-

tion were calculated with the nuclear

systematics of Perkins, Haight, and

Howerton cited above.
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SUMMARY DOCUMENTATION FOR SULFUR

M. Divadeenam

National Nuclear Data Center

Brookhaven National Laboratory

June 20, 1979

ABSTRACT

The following neutron and gamma production data are given for Sulfur

in the energy range 1.0 x 10~ to 20 MeV. (MAT No. 347).

File 1: General description of the evaluation and relevant references.

File 2: Resonance parameters for Sulfur isotopes from 1.0 x 10" eV to

1091 keV (32S), 550 keV (33S) and 642 keV (34S).

File 3: Smooth cross sections for total, elastic, total inelastic,

inelastic cross sections to 40 discrete levels; the inelastic

continuum, (n,2n), (n,otn')+(n,n'a), (n,pn*)+(n,fip), (n,p),

(n,d), (n,t), (n,a), (n,2p) and capture cross sections. Ex-

tracted data for u, £ and y are also included. In addition,

Hydrogen, Deuterium, Tritium and Helium production cross sections

are generated.

File 4: Angular distributions for .stic scattering are given in terms

of Legendre Polynomial r .ficients in the cm. system.

Isotropic inelastic angalar distributions are given in the file.

File 5: Secondary neutron energy distributions for the inelastic con-

tinuum, (n,2n), (n,n'a), and (n^^p) reactions with precompound

effects are given.

File 12: Multiplicity for gamma-ray production due to capture from

1.0 xlO"5 eV to 2.53 x 10~2 eV.
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File 13: (n,xy) production cross sections from 2.53 x 10~ eV to 20 1

MeV.

File 14: Angular distributions of photons assumed to be isotropic.
_2

File 15: Normalized energy distribution of photons up to 2.53 x 10

eV and due to non-elastic processes at higher energies.

Introduction

This is a completely new evaluation, in particular, the secondary

neutron cross sections and angular distributions as well as the secondary

neutron energy distribution for the continuum inelastically scattered

neutrons have been included. In addition, the isotopic cross sections for

the various (n, particle) cross sections were evaluated to construct the

corresponding natural S files. Precompound effects were included. The

least abundant isotope S was not considered in the evaluation.

The resolved resonance region extends from 1.0 xlO~ eV to 1091.0 keV,

32 33 34
and the resonance parameters for the three sulfur isotopes ' ' S have

been evaluated from experimentally determined resonance parameters.

The KFK S total cross section data extending up to 20 MeV were used

to construct smooth cross section file. Measurements due to other investi-

gators were also used in the evaluation.

File 1: General Comments

A brief summary of the data along with the references is given.

Details will be presented in a report based on this evaluation.

File 2: Resonance Parameters

32 33 34

S, S and S resonance parameters were evaluated from

references 1-3. Due to lack of experimental data no resonance

parameters for the minor isotpe S are given. Bound level param-
4 5

eters ' were determined by fitting the thermal scattering and

absorption cross sections.
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File 3: Smooth Neutron Cross Sections

(i) Total Cross Section

The KFK total cross section data on Sulfur were used for the

evaluation. Spline fit of the data published in BNL-325 was

adopted to represent the smooth cross section set. Weight to

7-24
other data sets was also given.

(ii) Elastic Cross Section .

This was obtained by subtracting the non-elastic cross section

from the total,

(iii) Total Inelastic Cross Section

Model (Ref. 92) calculated results for 40 levels were adopted.

These were weighted with isotopic abundances together with the

isotopic (n,p), (n,2n), (n,llp)+(n,pd), (n,otn + n,na), (n,d),

(n,t), (n,a), (n,2p) and (n,y) evaluated cross sections and

the sum of these partial cross sections was subtracted from the

non-elastic cross section to give the total inelastic cross sec-

tion of the remaining discrete levels and the inelastic continuum.

The resulting cross section is designated as the inelastic con-

tinuum cross section.

(iv) (n,2n) Cross Section

39—41 32
Only few experimental points are available for S. For the

94
other isotopes, model calculated excitation functions were

adopted,

(v) (n.rip) + (n,pnJ) Cross Section

The experimental (n,fip) + (n.pn') cross section values around

94
14 MeV were used to check the corresponding model calculated

result-i- - The isotopic contributions to (n,fip) and (n,pn") were

combined to give the cross section for Sulfur.
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(vi) Inelastic Cross Section to the Discrete Levels and the Continuum*

COMNUC results were used for 40 inelastic levels given below:

NO.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

Ex(MeV)

0.8404

1.9664

2.12740

2.23020

2.31260

2.86630

2.9337

2.96870

3.21990

3.30350

3.77900

3.83160

3.91400

3.93460

4.04780

4.07200

4.11500

4.28200

4.45900

4.62200

4.68800

J

hi-

5/2+

2+

2+

3/2+

5/2+

7/2-

7/2+

3/2-

2+

0+

5/2+

0+

3/2+

9/2+

1+

2+

2+

4+

3-

4+

Isotope

33

33

34

32

33

33

33

33

33

34

32

33

34

33

33

34

34

32

32

34

34

*The inelastic continuum wis obtained from the difference

°non I ̂ u im' + (n,p)+(n,2n)+(n,rtp)+(n,pfi)+(n,ctn)+(n,n'a)+(nJd)+(n,t)+(n,a)

16-0-4
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(iv) Inelastic Cross Section to the Discrete Levels and the Continuum (cont)

NO.

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

Capture

Ev(MeV)

4.69530

4.87500

4.89100

5.00620

5.2300

5.31800

5.38300

5.41300

5.54900

5.68000

5.68900

5.75300

5.79800

5.85000

5.99300

6.12000

6.17300

6.2240

6.4100

Cross Section

J*

1+

3+

2+

3-

2-

2-

1+

3+

2+

2-

5-

1-

1-

0+

2+

2+

3-

2-

4+

Isotope

32

34

34

32

34

34

34

32

32

34

34

34

32

34

34

34

34

32

32

(vii)

Thermal capture cross sections were fit with bound level parameters

for 3 2S, 33S and S. Beyond 1 MeV the effect of the Giant Dipole

Resonance is considered in calculating (n,y) cross sections with

92
COMNUC. COMNOC results were normalized to average resonance capture

cross section obtained from RESENB output.
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(viii) (n,p) Cross Section) .

S(n,p) reaction was evaluated by Duddley and Kennerly

32
for ENDF/B-IV. The S(n,p) cross section was evaluated

using extensively available data . Allen's S(n,p) data

238
were renormalized to the ENDF/B-V U(n,f) cross sections.

32
The structure in S(n,p) cross section (E <6 MeV) observed

by Hurliman et al. and Luscher has been retained. A

smooth curve through the experimental points is drawn beyond

12 MeV. There are significant differences below 12 MeV between

34
Duddley-Kennerly and the present evaluated file. For the S(n,p)

reaction model calculated results were combined with experimen-

33
tal data of Bormann beyond 14 MeV. Contribution due to S

94
was adopted from model calculations.

(ix) (n,d) and (n,t) Reactions

84
Model calculated results for the (n,d) reaction were adopted

for the three S isotopes. S(n,t) experimental data were

33 94

evaluated while S(n,t) cross sections based on model pre-

dictions were used. Contribution due to S(n,t) reaction

was negligible (based on model calculations).

(x) (n.ot), (n.an) and (n,n"cQ Cross Sections

The available experimental data ~ for S(n,a) and S(n,a)
93reactions were used in the evaluation. Model calculations

93
were used beyond the range of experimental data. MODNEW

33
calculated results were adopted for S(n,ct) reaction.

ALICE calculated results were used for (n,ari) and (n,na) re-

actions for the three Sulfur isotopes,

(xi) (n,2p) Cross Section

94 32
Model calculated cross sections for S were adopted for the
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file assuming that the other isotopes have negligible cross

section due to high Q values,

(xii) Gas Production Cross Sections

Hydrogen, Deuterium, Triton and Helium Production cross sections

were generated from (n,p), (n,pn*) and (n,2p); (n,d); (n,t);

(n,a) and (n,otn) cross sections respectively.

(xiii) y, g, y

97
These were generated using the code DUMMX5

File 4: Secondary Neutron Angular Distribution

(i) Elastic Angular Distributions
QQ

Model calculated angular distributions were adopted. These

were fitted with the code CHAD to obtain Legendre coefficients

in the cm. system.

(ii) Inelastic Angular Distributions

Isotropic angular distributions assumed.

File 5: Secondary Neutron Energy Distributions

(i) Continuum Inelastic Neutrons

The secondary energy distributions were based on model pre-
94

dieted results. Both the pre-compound and compound effects

were included.

(ii) (n,2n")t (n,cm*) and (n,pn"*) Neutron Distributions!

95Code EVAHYB was used to give the neutron energy distributions.

File 12: Gamma Ray Multiplicities

Gamma ray multiplicities due to capture are given from

10 x 10~5 eV to 2.53 xlO~2 eV based on both Maerker's data 3

54
and Rassmusen's data
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File 13: (n.xy) Production Ccozs Section

32 55

This is based on Howerton's S ENDF/B-V evaluation . It

covers the energy range from 9.0 x 10 eV to 20 MeV.

File 14: Photon Angular Distributions

These are assumed to be isotropic.

File 15: Photon Energy Distributions
These are based on files 12 and 13.

)
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NUCLEAR MODEL CODES
9 2 . C. R. DUNFORD, COMNUC: AI-AEC-12931(1970)
9 3 . MODNEW: UHL'S CODE(REF.NUCL. PHYS. )MODIFIED TO

RUN ON NNDC PDF-10 AT BNL
9*». M.BLANN,OVERLAID ALICE; UNIV. OF ROCHESTER REPORT 0003^9^-29

( 1 9 7 5 ) .
9 5 . M.BLANN,EVAHYB;EARLY VERSION OF ALTCE(UNPUBLISHSD)
9 6 . BERLAND,CHAD; NAA-SR-1123"!(1965)
9 7 . R.R. KINSEY,DUMMY5,PRIVATE COMMUNICATION
9 8 . AUERBACH, ABACUSII. BNL-6562 (196*1)
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DATA SUMMARY AND GENERAL COMMENTS

The references to the experimental
32

data for ,-S are summarized in
lo

UCRL-50400, Vol. 3. They are listed

in UCRL-50400, Vol. 10. The data

consist primarily of measurements for

natural sulfur, but they also include
32 34

measurements for isotopes S and S

The evaluated data are shown graph-

ically in UCRL-50400, Vol. 15, Part B.

TOTAL CROSS SECTION

Experimental and evaluated total
32

cross sections for S are shown

graphically on pages 2-81 to 2-91 of

UCRL-50400, Vol. 7, Part A, Rev. 1;

some tabular experimental values are

given on pages 2-92 and 2-93. The

evaluated total cross sections are

shown in UCRL-50400, Vol. 15, Part B.

ELASTIC SCATTERING CROSS SECTION

Some experimental elastic scatter-

ing data are shown graphically on

page 2-92 of UCRL-50400, Vol. 7, Part

A, Rev, 1; additional tabulated

values are given on page 2-93. The

evaluated elastic scattering cross

sections are shown in UCRL-50400,

Vol. 15, Part B. These evaluated

elastic cross sections were obtained

for the most part by differencing the

evaluated total cross sections and the

sums of the evaluated nonelastic

cross sections.

ELASTIC SCATTERING ANGULAR
DISTRIBUTIONS

Measurements of the elastic scat-

tering angular distributions are

shown in UCRL-50400, Vol. 19. In

the evaluation, the elastic scatter-

ing angular distributions were assumed

to be isotropic for all neutron ener-

gies below 50 keV. Above 50 keV, the

evaluated elastic scattering angular

distributions were based on experi-

mental data, supplemented at the

higher energies by spherical optical

model calculations in which the best-

fit optical model parameters of

Becchetti and Greenlees were used

[Phys. Rev. 182, 1190 (1969)].

INELASTIC SCATTERING CROSS SECTION

Inelastic scattering data for

natural sulfur are shown on pages

2-119 (graphical) and 2-121 (tabular)

of UCRL-50400, Vol. 8, Rev. 1, Part
32

A; corresponding quantities for S

are shown on pages 2-123 and 2-130.

In view of the scarcity of the

experimental data, inelastic scatter-

ing was represented in the evaluation

by a continuum contribution that

starts at 213. MeV. The evaluated

n,n' continuum cross sections are

shown graphically in UCRL-50400,

Vol. 15, Part B.
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INELASTIC SCATTERING ANGULAR AND
ENERGY DISTRIBUTIONS

The angular distributions for the

continuum inelastic scattering were

assumed to be isotropic. The energy

distributions for incident neutron

energies below 5 MeV were chosen so

as to reproduce the average and maxi-

mum secondary neutron energies for

the reaction. The energy distributions

at 5 MeV and above were obtained from

temperature model calculations; con-

tributions from preequilibrium pro-

cesses were estimated (see UCRL-50400,

Vol. 15, Part A, pages 19 to 22).

n,2n CROSS SECTION

The threshold for the n,2n reaction

is 15.56 MeV. Experimental values of

the n,2n cross section are shown

graphically on page 2-124 of UCRL-

50400, Vol. 8, Rev. 1, Part A; some

tabulated values are given on page

2-130. The evaluated n,2n cross

sections are shown graphically in

UCRL-50400, Vol. 15, Part B.

ANGULAR AND ENERGY DISTRIBUTIONS
FOR THE n,2n REACTION

The angular distribution of

secondary neutrons from the n,2n

reaction was assumed to be isotropic

in the laboratory system. Energy dis-

tributions of the secondary neutrons,

which are presented in tabular form,

are derived from temperature model

16-S-32
MAT 1316

calculations, with the assigned tem-

peratures consistent with nuclear

systematics (see UCRL-50400, Vol. 15,

Part A, page 24).

n.n'p CROSS SECTION

The threshold for the n,n'p

reaction is 9.14 MeV. One experi-

mental data point for natural sulfur

is listed on page 2-122 of UCRL-50400,

Vol. 8, Rev. 1, Part A; a data point
32

for S is listed on page 2-131. The

evaluated n,n'p cross sections, which

are shown in UCRL-50400, Vol. 15,

Part B, were estimated by using

nuclear systematics.

ANGULAR AND ENERGY DISTRIBUTIONS
FOR THE n.n'p REACTION

The angular distribution of

secondary neutrons produced by the

n,n'p reaction was assumed to be iso-

tropic in the laboratory system.

Energy distributions of the secondary

neutrons, which are presented in

tabular form, are derived from tem-

perature model calculations, with the

assigned temperatures consistent with

nuclear systematics (see UCRL-50400,

Vol. 15, Part A, page 24).

n,p CROSS SECTION

The threshold for the n,p reaction

is 0.96 MeV. Experimental n,p cross

sections are shown graphically on

pages 2-120 (natural sulfur), 2-126

and 2-127 (S 3 2), and 2-133 (S34) of
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UCRL-50400, Vol. 8, Rev. 1, Part A;

some tabulated experimental values

are given on pages 2-122 (natural sul-

fur), 2-131 (S32), and 2-134 (S34).

The evaluated n,p cross sections for
32
S are based on the experimental data,

and are shown in UCRL-50400, Vol. 15,

Part B.

34
S are given on pages 2-93, 2-95,

and 2-96, respectively, of UCRL-

50400, Vol. 7, Part A, Rev. 1. The

evaluated neutron capture cross sec-
32

tions for S , which are based in

large part on nuclear systematics,

are shown in UCRL-50400, Vol. 15,

Part B.

n,t CROSS SECTION

The threshold for the n,t reaction

is 13.09 MeV. Experimental values of

the n,t cross section are shown graph-

ically on page 2-128 of UCRL-50400,

Vol. 8, Rev. 1, Part A; some tabular

values are given on page 2-132. The

evaluated n,t cross sections are

shown graphically in UCRL-50400, Vol.

15, Part B.

n,a CROSS SECTION

The threshold for the n,a reaction

is -1.53 MeV, so this reaction is

exothermic. Experimental n,a cross
32sections for S are shown on pages

2-129 (graphical) and 2-132 (tabular)

of UCRL-50400, Vol. 8, Rev. 1, Part A;

some corresponding cross sections for

S are given on pages 2-133 and

2-134. The evaluated n,a cross sec-
32

tions for S are shown in UCRL-50400,

Vol. 15, Part B.

n,Y CROSS SECTION

A few capture cross section data
32

points for natural sulfur, S , and

PHOTON PRODUCTION FROM n,y REACTIONS

The neutron capture gamma-ray

spectrum at thermal neutron energies

was taken from the data of V. J.

Orphan, N. C. Rasmussen, and T. L.

Harper, Gulf General Atomic Rept.

GA-10248 (1970). This spectrum was

assumed to apply at all neutron ener-

gies, since there are no data for

incident neutron energies higher than

thermal. To conserve the total energy

of the reaction, the gamma-ray multi-

plicity was assumed to vary as a

linear function of neutron energy.

n,Xy CROSS SECTION

The only experimental n,Xy data

points for sulfur are listed on page

2-122 of UCRL-50400, Vol. 8, Rev. 1,

Part A. In the evaluation for sulfur,

the n,Xy cross section was assumed to

include all photons except those pro-

duced in the neutron capture reaction.

Also, although the evaluation for
32

sulfur is listed as S (the reason
32

being that S is by far the dominant

isotope in natural sulfur), some
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gamma ray lines from the scarce iso-
33 34 36

topes S , S , and S were also

considered in the evaluation of the

n,Xy cross sections. The evaluated

n,Xy cross sections include five

discrete lines plus a continuum con-

tribution that starts at 0.9 MeV.

The discrete lines were evaluated as

follows.

2.237 MeV

This gamma ray arises from the

transition of the 2.237-MeV level to
32

the ground state in S . For incident

neutron energies below approximately

4 MeV, the gamma ray is produced

entirely from the n,n' reaction.

Thus, the n,Xy cross section for pro-

ducing this gamma ray was set equal

to the n,n' cross section for energies

below 4 MeV. The corresponding cross

section at 14 MeV was taken from the

study by J. Benveniste et at., UCID-

4619 (1963). Cross sections at the

other energies were obtained by inter-

polation and extrapolation.

1.54 MeV

This gamma ray arises from the

transition of tha second to the first
32

excited state in S . At 14 MeV, the

cross section for producing this

gamma ray was assumed to be 6% of the

cross section for producing the

2.237-MeV gamma ray. The assumption

was based on the inelastic proton

scattering data of G. Crawley and

16-S-32
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G. T. Garvey, Whys. Rev. 160, 981

(1967) and 162, 1070 (1968). At

other neutron energies, the cross

section was guessed.

3.78 MeV

This gamma ray arises from the

transition of the 3.78-MeV level to
32

the ground state in S . The cross

section at 7.6 MeV was given in a

private communication from F. G. Perey

(1968). The cross section at other

energies was guessed.

4.29 MeV

This gamma ray arises from the

transition of the 4.29-MeV level to
32

the ground state in S . The cross

section at 7.6 MeV was given in the

private communication of F. G. Perey

cited above. The cross section at

14 MeV was deduced .by making the same

assumptions for the 4.29-MeV line

as for the 1.54-MeV line; the data of

Crawley and Garvey were used as a

guide.

2.77 MeV

This gamma ray arises from the

transition of the 5.01-MeV level to

the 2.237-MeV level in S32. Two

references give different values for

the cross section at 14 MeV.

. W. E. Thompson and F. C. Engesser,
USNRDL-TR-1043 (1966), and V. N.
Bochkarev and V. V. Nefedov, Yad.
Fiz. 1, 803 (1965).
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Bochkarev's value was chosen, using

Crawley and Garvey's p,p' data, cited

above, as a guide. At other energies

the cross section was guessed.

All discrete lines in the n,Xy
32

evaluation came from the S isotope.
33 34

However, gamma rays from S , S ,
36

and S were considered in the evalu-

ation of the continuum component.

The n,Xy cross sections for the con-

tinuum component were obtained from

the NXGAMEL code, using the system-

atics developed by Perkins, Haight,

and Howerton, Nual. Sci. Eng. _5_7_, 1

(1975). A summary of this method of

evaluating photon production data is

discussed in UCRL-50400, Vol. 15,

Part A, pages 38 to 41. In the

evaluation, the continuum was assumed

to start at 0.9 MeV, becoming 0.4% of

the calculated value at 3 MeV, 2% at

5 MeV, and 41% at 10 MeV and above.

The continuum gamma rays at the lower

energies come from n,n' reactions in

the rare isotopes S , S , and S

At 14.8 MeV, .the procedure followed

here gives results that are in reas-

onable agreement with the results of

W. E. Tucker, ORO-2791-30 (1969) and

ORO-2791-32 (1971).

SPECTRA OF PHOTONS FROM THE n,Xy
PROCESS

The angular distributions of the

2.237-, 4.29-, and 3.78-MeV gamma

rays were taken from the measurements

of F. G. Perey (private communication,

1968) at 7.6 MeV. The angular dis-

tributions of the 1.54- and 2.77-MeV

gamma rays were assumed to be iso-

tropic. The energy distributions of

these discrete photon lines were

estimated based on the kinematics of

the reaction. The angular distribu-

tions of the continuum photons were

assumed to be isotropic, and the cor-

responding energy distributions were

calculated from the systematics of

Perkins, Haight, and Howerton cited

above.
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Eval-Feb67 H.S.Allen and H.K.Drake
Ga-7829 vol-4<1967) Dist-May74
extended to 20 MeV for ENDF/B version

IV 1149 1451
is * * * * * *

Natural Chlorine
The evaluation i s described in GA-7829 vol- iv (Feb.1967)
(NDL-TR-89, part iv)

* * * * * * *
The low energy radiative capture (MT-102) and (n,p) (MI-103)
cross sections were modified Jan.1972 to conform to the
recommended 2200 H/Sec values (CSEWG normalization and standards
subcommittee) the 2200 H/Sec values were

n,gamma » 32.85 barns
n,proton - 0.355 barns

* * * * * * *
file 3

Total Cross Section
Up to 4 keV the data of Brugger, et al(l) were used
from 4 to 50 keV the data of Garg et al (2) were used
from 50 to 200 keV the data of Newson, et al (3) were used
from 200 to 1000 keV the data of Kiehn, et al (4) were used
above 1.0 MeV the recommended curve was basically based on the
measurement of Glasgow and Foster (5)

*
N,Gamma Cross Section

The cross section was taken to be 1/V near thermal neutron energies
above 20 eV the data of Kashukeev (6) and Hacklin (7) were used

Inelastic Cross Sections
Up to 7.0 MeV the total and discrete level excitation cross
sections were obtained using the ABACUS-11 code
above 7.0 MeV the total inelastic cross section was obtained
by subtracting other partial ./s from the run-elasting cross
section which was based on data measured by Pasechnik (8) and
Frasca (9)

*
n,p Cross Section

Up to 10 eV the cross-sectir- '••—«' «••'"-- to be 1/V
from 10 eV to 10 keV the data snowu ia BNL-325 (1964) were used
from 3.0 MeV to 20 MeV a smooth curve was drawn through the 1
experimental data measured by Mathur and Morgan (10), Cohen and
White (11), and Paul and Clarke (12)

*
n,2n Cross Section

The n,2n cross section was based on experimental measurements
of each isotope
* * * * * * *
file 4

Elastic Scattering
The results from optical model calculations were used (see report

Other Reactions
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Angular distributions of neutrons from discrete level inelastic
scattering were obtained using the ABACUS code.
Other neutrons were assumed to be isotropic.
* * * * * * *
file 5
A statistical model was used to describe all secondary neutrons
except discrete level inelastic
* * * * * * *
file 12

Radiative Capture
These gamma rays were obtained by analyzing measurements of
thermal neutron capture. The recommended transition probabilities
were taken from Endt and Van der Leun (13) and Hazewindus (14).
Since no epithermal data were available the same secondary
gamma spectra was used for all incident neutron energies

Discrete Inelastic
The recommended data were obtained by using the level excitation
cross sections and the recommended branching ratios(see Ga-7829)
* * * * * * *
file 14
Angular distribution of gamma rays from discrete level inelastic
were calculated using the MANDY code.all other garrma rays
were assumed to be isotropic
* * * * * * *
* * * * * * *

References
(1) R.M.Brugger, et al.,Phys.Rev.104,1054(1956)
(2) J.B.Garg, et al., paper 74 Conf. on nuclear structure,

Antwerp, July 1965.
(3) H.W.Newson, et al.,Phys.Rev.105,198 (1957)
(4) R.M.Kiehn, et al.,Phys.Rev.91,66 (1953)
(5) D.W.Glasgow and J.G.Foster,JR., Baps 8, 321 (1963)
(6) N.T.Kashukeev, et.al., J.Nucl.Eng. parts A and B 14,76 (1961)
(7) R.L.Macklin, et.al.,Phys.Rev.129,269(1963)
(8) M.V.Pasechnik, Gen Conf.vol.2. p.3 (1955)
(9) A.J.Frasca, et.al.,Phys.Rev.144,854(1966)
(10) S.C.Mathur and I.L.Morgan, Nucl.Phys. 75,561 (1966)
(11) A.V.Cohen and P.H/tfhite, Nucl.Phys. 1, 73 (1956)
(12) E.P.Paul and R.L.Clarke, Can.J.Phys. 31,267 (1953)
(13) P.M.Endt and C.Van der Leun, Nucl.Phys.34,1 (1962)
(14) N.Hazewindus, et.al., Physica 29, 681 (1963)
* * * * * * *
Chlorine**translated at U.Va. from GA evaluation by Drake, et al.
Please refer comments or questions regarding errors in transi-
tion or in format, or concerning the translation code (late.) to
Donald J. Dudziak, University of California, Los Alamos
Scientific Laboratory Los Alamos NM 87544

Any comments regarding the data evaluation should be referred to
M.K. Drake, et al, the authors of Ga-7829 (NDL-TR-89). The per-
mission of Mr. Drake to translate his evaluation is gratefully
acknowledged. Transition probability arrays for inelastic scat-
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taring were taken from diagrams in Ga-7329,part iv. Data for rtn
1032 and. 3032 were assigned MT-28, as recommended by Drake.
Translation completed July, 1969.
Photon production files converted to new format in LA-4549(ENDF-
102,revised,vol. 11) by Donald J. Dudziak October 1970.
Neutron and photon production files converted to ENDF/B-11
format for the radiation shielding information center by
Singletary, Penny, and Rousein. File 2 and file 23 also added in
March 1971.
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Eval-1967 M.K.Drake
Ga-782.9 vol-5 (1967) Dist-may74
extended Co 20 MeV for ENDF/B version-IV
* * * * * * *

Natural Potassium
* * * * * * *
f i l e 3

Total Cross Section
Up to 10 eV a smooth curve was drawn through the data of Joki(l)
from 10 eV to 17 keV the total cross section was obtained from
a resolved resonance calculation based on the two principle
isotopes. Parameters of 6ood,et al (2) were used
between 17 keV and 315 keV a smooth curve was drawn through the
1958 data measured by Newson (3).
The total cross section was very poorly measured between 0.3
and 1.0 MeV. The recommended curve was drawn through data
measured by Peterson (4).
Between 0.9 and 2.10 MeV an average was taken of data measured 1
by Vaughn (5). Structure in the cross section is present but
could not be analyzed from Vaughns data.
Above 2.1 MeV data measured by Foster (6) and Deconninck, (7)
were used.

Radiative Capture Cross Section
The low energy cross section was modified to agree with the
CSEWG normalization and standards subcommittee recommended
2200 M/Sec value of *(2.10 barns)*
From 1.0-5 eV to 20 keV the cross section was obtained from the
resolved resonance parameters (see Ga-7829 vol-4) plus additional
1/V component to obtain the desired 0.0253 eV value
Above 20keV the cross section was drawn through the experimental
points at 30.5 and 65.0 keV measured by Macklin et al (8). The
slope was taken to be the same as was measured for K-41
activation by Stupegia (9).

Inelastic Scattering
The first three level excitation cross sections were based on
measurements by Lind and Day (10) and Towle and Gilboy (11) for
neutron energies up to 4.0 MeV. Other level excitation cross
sections were obtained using the ABACUS-11 code (see report)
Calculations were made for neutron energies up to 6.8 MeV
Above 6.8 MeV the total inelastic cross section was taken as the
difference between the non-elastic cross section and the sum of
(n,p) + (n,np) + (n,a) + (n,na) + (n,2n). See report for the
non-elastic cross section.

n,proton Cross sections
Up to 700 keV the (n,p) cross section is 1/V with a 2200 M/Sec
value of 0.051 barns (normalization and standards subcommittee
recommendation).From 700 keV to 4.0 MeV measured values for the
(n,p0) + (n,pl) + (n,p2) cross sections were used, based on
measurements by Bass et al (12,13).
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Between 4.0 and 8.0 MeV Che data of Bass et al (13) were used
The recommended curve was extrapolated through to data measured
by Langkau (14) (12.6 to 19.4 MeV)
The (n,np) cross section was based on measurements made by
Langkau (14) and Bormann (15).

n,alpha Cross Sections
Up to 1.0 MeV the cross section was taken to be 1/V with a
2200 H/Sec value of 0.0046 barns (normalization and standards
subcommittee recommendation). From 1.0 MeV to 3.5 MeV the (n,a)
cross section was based on (n,alph-zero) measurements of
Bass (12,13). From 3.5 to 8.0 MeV data of Bass (14) were used.
Above 3.0 MeV the data of Bormann (15,16) were used.
The (n,an) cross section was based on data measured by Bormann(15

n,2n Cross Section
The n,2n cross section was based on measurements made by
Bormann (17,18) for the K-39(n,2n) K-38g reaction and by
Arnold (19) and Bormann (17) for the K-39 (n,2n) K-38m reaction
* * * * * * *
file 4 (Angular Distributions)

Elastic Scattering
From 0.03 to 1.3 MeV the data of Langsdorf, et al (20) were used
from 1.5 to 3.8 MeV the data of Towle and Gilboy (11) were used
above 4.0 MeV the ABACUS-11 code was used

Non-elastic Reactions
Angular distributions for (n,2n), (n,np), (n,na), an (n,inelastic
continuum) neutrons have been assumed to be isotropic.
Ang Distr. for neutrons from discrete level excitation reactions
nave beer, calculated using the ABAUS-11 code.
* * * * * * *

file 5 (Energy Distributions)
An evaporation model has been used for MT=16,22,,28, and 91
the effective nuclear temperature was based on

t(e) - b*sqrt(e/a)
e= incident neutron energy
a= nuclear mass
b= 2.5 for MT-91, » 1.59 for MT» 16, 22, and 28
(saa vol-1 of Ga-7829)
* * * * * * *
file ]2 and 13 Photon Production Cross Sections
Gamma rays from thermal neutron capture were obtained from data
summarized by Endt and Van der Leun (21) and Groshev et al (22)
and measurements of Rudolph and Gersch (23).
Since no epi-thermal measurements were available the same spectra
was assumed for all incident neutron energies.

Photons from discrete inelastic level excitation were obtained
from the level cross section. All six levels were assumed c
decay to the ground state.
Photons from (n,pl), (n,p2) and (n,al) reactions were obtained
by analyzing the individual reactions.
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Photons from neutron reaction above 7.0 MeV was based on
a measurement by Caldwell for Phosphorous. These data are
poorly known.

The angular distributions for discrete photons was calculated
using the MANDY code.
The angular distributions for continuum photons was assumed
to be isotropic.
* * * * * * *
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* * * * * * *
Potassium—translated Jun 69 from Ga evaluation (Ga-7829, 1967)

Please refer comments or questions regarding errors in transla-
tion or in format, or concerning the translation code (latex)

to**Donald J. Dudziak, University of California, Los Alamos 1
Scientific Laboratory, Los Alamos, NM 87544

Any comments regarding the data evaluation should be referred to
M.K. Drake, et al, the authors of Ga-7829 (NDL-tr-89). The per-
mission of Mr. Drake to translate his evaluation is gratefully
acknowledged.Transition probability arrays for inelastic scat-
tering were taken from diagrams in Ga-7829,part v. Data for rtn
1032 and 3032 were assigned MT=28, as recommended by Drake.
Translation completed July, 1969.
Photon production files converted to new format in LA-4549(ENDF-
102,revised,vol. II) by Donald J. Dudziak July 1970.
Neutron and photon production files converted to ENDF/B-II
format for the radiation shielding information center by
Singletary, Penny, and Roussin. File 2 and file 23 also added in
March 1971.
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Summary Documentation

Calcium Evaluation

ENDF/B-V Preliminary

MAT = 1320

C. Y. Fu and F. G. Perey
Oak Ridge National Laboratory

Oak Ridge, Tennessee

August 1978

The following revisions are made to the ENDF/B-IV evaluation

(Fu and Perey, 1973):

Total cross sections from 100 eV to 50 keV were decreased by about

w
2

200 mb according to a new measurement. Both the new data and the

earlier evaluation are given graphically in BNL-325.'

Capture cross sections from 2.5 keV to 200 keV were increased by
3 4

a factor of 2 to 5 according to new ORELA data. ' The capture cross

sections were assumed to decrease above 200 keV, reach a minimum near

5 MeV, then increase to go through a 14-MeV datum by Cvelbar e£ al_.

(n,x) and (n,xY) cross sections for MT=4, 22, 28, 103, and 107

above 10 MeV were revised based on the calculation reported in Ref. 6.

The calculated (n,xy) cross sections agree with the ORELA measurement

by Dickens et̂  al̂ ., but were separately given for each reaction.

In addition, two minor changes were made: Q(n,2n) was changed to

that of 't8Ca to include a small contribution from this isotope. Three

points were added to the total cross section from 1.18 to 1.19 MeV to

define a cross-section minimum better.

The following summary for each file and section is for ENDF/B-V:

File 1. General Information

Section 451. Descriptive Data

File 2. Resonance Parameters

Section 151. General Designation for Resonance Integrals

Effective scattering length of 4.88 fermi2 is given.
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File 3. Neutron Cross Sections

Section 1. Total Interaction

0.00001 eV to 10 eV: Sum of the free atom scattering cross

:ap
9

n

section of 2.99 barns and the capture cross section.

10 eV to 10 keV: Magleby et_ aJL

10 keV to 180 keV: Refs. 1 and 10.

180 keV to 480 keV: ORNL measurement. l

480 keV to 500 keV: ORNL11 and NBS12 measurements.

500 keV to 20 MeV: Magnitude based on ORNL11 and NBS.12

Resonance structure based on Karlsruhe.

Section 2. Elastic Scattering

Derived by subtracting the nonelastic from the total.

Section 3. Nonelastic Interaction.

Sum of the (n,Y) and the (n,x) cross sections.

The (n.-x) cross sections were obtained from optical model and
14

Hauser-Feshbach calculations fitting both the nonelastic data

and the differences between the smoothed total cross sections
14 15

and the measured elastic scattering data. * The result was

used as a constraint for the subsequent calculations.

Section 4. Total Inelastic Scattering

Derived by summing Sections 51 through 73 and Section 91.

Direct interaction contributions are included in 16 discrete

levels and in the gamma-ray production calculations.

Section 16. (n,2n) Reaction

Curve drawn through the available data for **°Ca and t*8Ca.

Cross sections are less than 2 mb below 16 MeV, thus no

calculation was attempted.

Section 22. (n,na) Reaction

Sum of calculated (n,na) and (n,an) cross sections.
14

Available data near 14 MeV are for the (n,na) channe:

See also Sections 91 and 108 for related calculations.
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Section 28. (n,np) Reaction

Sum of calculated (n,np) and (n,pn) cross sections.

Available data14 near 14 MeV are for the (n,np) channel only.

The cross section (the sum) is the largest nonelastic

component at 14 MeV.

Section 51. Inelastic Scattering to First Excited State in ^Ca

Data given were estimated.

Sections 52-64. Inelastic Scattering to First 13 Excited States in It0Ca

Hauser-Feshbach and DWBA calculations fitting both the (n,nf) and

the (n.n'Y) data.14"16

Sections 65-73. Inelastic Scattering to 14th Through 48th Excited
States in '*°Ca

Excitation functions for these 35 levels were calculated and

grouped into 9 bands. The Q-value given for each section is

that of the lowest level in the band.

Section 91. Inelastic Scattering to the Continuum

Statistical model calculation splitting the Hauser-Feshbach

[(n,n') + (n,nx)] cross section into [n.n'y), (n.np), and

(n,na) cross sections. The cross section for the formation

of the compound nucleus by gamma rays was that of a giant

dipole.

Section 102. Radiative Capture

The 0.0253-eV cross section is 0.43 barns which agrees with
18

the average of several old measurements. 1/v up to 1 keV.

Above 1 keV, data of Refs. 3-5 were used.

Section 103. (n,p) Reaction

Calculations fitting both the (n,p) and the (n,py) data.14"16

Available (n,p) data are discrepant, thus (n,py) data were

emphasized.

Sections 104, 105, 106. (n,d), (n,t), (n,He-3) Reactions

Calculations using an empirical formalism modified from that

of Psarlstein.

Section 107. (n,a) Reaction

Calculations fitting both the (n,a) and the (n,ay) data.

Available (n,a) data are discrepant, thus (n,ay) data were

emphasized.
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Sections 108, 111, 112. (n,2a), (n,2p)., (n,pa) Reactions

Statistical model calculations splitting the Hauser-Feshbach

[(n,p) + (n.px)] cross section into (n,py), (n,pn), (n,2p),

and (n.pot) cross sections. Similarly for the (n,a) channel.

Sections 251, 252, 253. \I, X, Y

Derived from elastic scattering angular distributions.

File 4. Angular Distributions of Secondary Neutrons

All distributions are represented by Legendre coefficients in the
center-of-mass frame.

Section 2. Elastic Scattering

0.00001 eV to 10 keV: Isotropic.
14

10 keV to 4 MeV: From measurements made at 46 energies.

4 MeV to 20 MeV: Optical model calculations fitting
14 IS

18 data sets ' at 11 energies.

Sections 16, 22, 28, 51, 65 through 73, and 91. Isotropic

Sections 52 through 64

Hauser-Feshbach and DWBA calculations using optical model

parameters determined in File 4, Section 2.
14 15

Results agree with available data. '

File 5. Energy Distributions of Secondary Neutrons

Section 16. (n,2n) Reaction

Maxwellian distribution with temperatures derived from level

density of '*°Ca and LeCouteur theory.

Sections 22, 28, 91

Tabulated from calculations (see File 3 descriptions).

File 12. Multiplicity of Gamma Rays Produced by Neutron Reaction

Section 4. Total Inelastic Scattering

Calculations fitting both the (n,n') and the (n.n'y) data.*'

The production cross section of the 1.158-MeV gamma ray from

^Ca (n,n') reaction was obtained by subtracting that of the

calculated 1.159-MeV gamma ray from lf0Ca (n,p) reaction from

the measured sum of both.
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Sections 22, 28. (n.not), (n,np) Reactions

Predicted from calculations.

Section 102. Radiative Capture

Only gamma rays from thermal neutron capture are included.

Spectrum was constructed from a proposed decay scheme of ulCa

Sections 103, 107. (n,p), (n,ot) Reactions

See File 3, Sections 103 and 107.

File 14. Angular Distributions of Secondary Gamma Rays

All sections are assumed isotropic.

File 15. Energy Distributions of Secondary Gamma Rays

See File 12.
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TITANIUM-II: AN EVALUATED NUCLEAR DATA FILE*

by
C. Phi l i s^

Centre d'Etudes de Bruyeres-le-Chatel
R. Howerton

Lawrence Livermore Laboratory
A. B. Smith

Argonne National Laboratory
June 1977

ABSTRACT

A comprehensive evaluated nuclear data f i l e for elemental
titanium is outlined including definition of: the data base,
the evaluation procedures and judgments, and the final evalua-
ted results. The f i le describes all significant neutron-induced
reactions with elemental titanium and the associated photon-
production processes to incident neutron energies of 20.0 MeV.
In addition, isotopic-reaction f i les , consistent with the ele-
mental f i l e , are separately defined for those processes which
are important to applied considerations of material—damage and
neutron-dosimetry. The f i le i s formulated in the ENDF format.
This report formally documents the evaluation and, together with
the numerical f i l e , is submitted for consideration as a part of
the ENDF/B-V evaluated f i le system.

*This work is supported by the "Commissariat a l'Energie Atomique" (France)
and the U. S. Department of Energy.
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I. INTRODUCTION

Herein, the data base, physical concepts and models and the methodology

of the evaluated nuclear data file of elemental titanium are outlined. The

evaluated file is presented in detailed graphical form with estimates of

uncertainties. This evaluation is submitted as an elemental component of

the ENDF/B-V evaluated-nuclear-data-file system (1-1). The evaluation is

comprehensive in reaction type and energy scope (10~^ eV to 20 MeV).

Particular attention is given to those aspects of most importance in the

analysis of fission- and fuaion-based energy systems (1-2). In addition

to the primary elemental file, a secondary isotopic file is provided for

selected reactions of interest in dosimetry and radiation-damage studies.

This isotopic file is consistent with the primary elemental file.

The data base for this evaluation was derived from the literature as

generally available to October 1976 with an extension to January 1977 in

some selected areas. In the several MeV region an extensive measurement

and calculational program was correlated with the evaluation providing an

improved data base and nuclear models for extrapolation. This measurement

and calculational program and associated models are defined in the

companion document; Titanium-I (1-3). Subsequent portions of this

document deal with: resonance properties, neutron total cross sections,

neutron scattering, neutron emission, radiative neutron capture, various

charged-particle-emitting reactions and photon production processes. The

neutron-reaction Q-values of these various components are summarized in

Table 1-1. The entire numerical file is available from the National Nuclfc.tr

Data Center (1-4) and the NEA Center for the Compilation of Nuclear Data

(1-5). As available from either of these Centers, the numerical file
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takes alternate forms with the discrete-point or parameter representation of

the resonance region. The (n;p) isotopic dosimetry files have previously been

submitted as a component of the ENDF/B-V Doslinetry File and are discussed in

more detail in Ref. 1-6.

KEFERENCES-Section I

1-1. Evaluated Nuclear Data File-B, ENDF/B, Brookhaven Natl. Lab. Report,
ENDF-102, Eds. D. Garber, C. Dunford and S. Pearlstein (1975).

1-2. See, for example, WRENDA, INDC(SEC)-55/URSF, World Request List for
Nuclear Data, Ed. R. Lessler, Inter. Atomic Energy Agency (1976).

1-3. P. Guenther et al., Argonne Natl. Lab. Report, ANL/NDM-31 (1977).

1-4. National Nuclear Data Center, Brookhaven Natl. Lab.

1-5. Centre de Compilation de Donnees Neutroniques, Saclay, France.

1-6. C. Philis et al., Argonne National Lab. Report, ANL/NDM-27 (1977).
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ANL/NDM-24

FAST NEUTRON CROSS SECTIONS OF VANADIUM AND

AN EVALUATED NEUTRONIC FILE

by

P. Guenthera, D. Havela, R. Howerton , F. Mannc

D. Smith3, A. Smitha and J. Whalen
May 1977

ABSTRACT

Energy-averaged total cross sections of elemental

vanadium were measured from 1.5 to 5.5 MeV. Differential

elastic and inelastic neutron scattering cross sections

were measured from 1.8 to 4.0 MeV. Neutrons corresponding

to the excitation of states in vanadium et 321+10, 938+15,

1603119, 1811+21, 2409+27, £ 2500, 2706±30 and 2773+30 keV

were observed. From these experimental results an energy-

average model was deduced suitable for extrapolating and

interpolating the measured values. These results and those

reported elsewhere were used to construct a comprehensive

Evaluated Neutronic File in the ENDF format with particular

attention to higher-energy processes having an impact on FBR,

CTR, dosimetry and gas production applications.

This work supported by the U.S. Energy Research and
Development Administration.

a. Argonne National Laboratory, Argonne, 111.
b. Lawrence Livermore Laboratory, Livermore, Calif.
c. Hanford Engineering Development Laboratory, Richland, Wash.
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I. INTRODUCTION

Vanadium is a promising structural metal for use in high-

temperature neutronic systems particularly where tritium con-

tainment is a concern (e.g., in fusion power systems). The

element is essentially monoisotopic (> 99X V), "magic" in

neutron number, an odd nucleus near the peak of the s-wave

strength function and the spectroscopic structure is relatively

well known to excitations of several MeV (1). These unusual

characteristics make the interaction of fast neutrons with

vanadium of physical interest and, in some ways, simplify ex-

perimental studies of the associated fast- neutron interactions

and their interpretation. At incident energies of *v> 1.0 MeV

the respective neutron cross sections are known to fluctuate

with energy and to have some aspects characteristic of inter-

mediate structure (2). Between 1.0 and 5.0 MeV there is a

transitional region where the character of the neutron inter-

actions phange from a discrete-resonance to an energy-averaged

behavior. Compound-nucleus processes in this mass-energy re-

gion remain a matter of physical interest (3). Moreover, ex-

perimental information in the few-MeV region is useful in

establishing nuclear models which subsequently can be applied

to extrapolate and Interpolate difficult to measure cross

sections. This is particularly true for vanadium as a number

of important (n;X) cross sections are not well measured; and, as

a consequence, model-based theory must be used to extrapolate

the measured values over wide energy ranges in order to obtain
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cross section values important to many applied calculations.

The primary objective of the present work is the provision

of a good contemporary data base for applied use. It was an in-

tent of the measurements to better define the fast neutron inter-

action with vanadium in the few-MeV range and thus provide a

basis for the development of a realistic energy-average model for

subsequent extrapolation and interpolation. The present results

and those reproted elsewhere in the literature were used to

develope a comprehensive Evaluated Neutronic File in the ENDF

format (4). Particular attention was given to the higher-energy

processes of importance in FBR and CTR applications and to the

dosimetry and gas-production aspects of the data file. Subsequent

portions of this paper outline the present experimental and

calculational results and the construction of the evaluated file.

The complete numerical contents of the file are given in the

Appendix.

REFERENCES
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SUMMARY DOCUMENTATION

NATURAL CHROMIUM EVALUATION

ENDF/B-V

MAT*1324

A. Prince and T.W. Burrows

The present work supersedes the ENDF/B-IV, MAT-1191 evaluation by A. Prince

(ENDF-246 [1976]). Neutron and photon production data are given between 10 eV

and 20 MeV. the cross sections included are total, elastic, nonelastic, inelas-

tic, (n,n*Y), (n,p), (n,d), (n,t), (n, He), (n,a), (n,2n), (n,3n), (n,na), (n,np)

and gas production. The photon data include multiplicities, photon production

cross sections, and secondary energy spectra.

File 2

The resonance parameters and background used in determining the total, elas-

tic, and capture cross sections up to 642.85 keV are the same as ENDF/B-IV. The

0.0253 eV values are aT<jt = 7.44576 b, ̂ e l a s = 4.34190 b, an = 3.10386 b, and

File 3, MT=1

The total cross section from E=648 keV to 20 MeV is the same as ENDF/B-IV

where experimental data and the model calculations were used. From 10 eV to

648 keV background cross sections are given and are the same as ENDF/B-IV.

File 3, MT=2 and 3

The elastic and nonelastic cross sections are the same as ENDF/B-IV.
2

For the statistical model code calculations noted below, an attempt was

made to find the best set of parameters based on the work of Dilge et al. which

would reproduce the experimental data available.

File 3, MT=4

The total inelastic section is completely new based on recent data and
2

model calculations.
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File 3. MT-16

The (n,2n) is a new evaluation based on the isotopic data of references
12

6-11 and the natural (n,2n) data of Frehaut and Mosinski and on statistical
2

model calculations with preequilibrium considered.

File 3, MT-17, 22, and 104

The (n,na), (n,3n), and (n,d) data are all based completely on model cal-
2

dilations, including preequilibrium

File 3, MT=28

The (n,np) section is based on references 6, 11, and 13, and on model code

calculations.

File 3, MT=51 through 90

The discrete inelastic sections are based on new calculations for all iso-
3 14

topes employing Hauser-Feshbach calculations for compound processes '- and

coupled-channel codes for interpretation of the direct reaction. The calcu-

lations were normalized to recent data and other data * were also con-

sidered. For 50Cr and 5ltCr only the first-excited states are included with the

remaining contribution placed into the continuum. For the major isotopes 52Cr

and 53Cr, there are 19 levels represented for each isotope.

File 3, MT=91

The continuum inelastic data were calculated using the statistical mode

code. All discrete level data exceeding the 40 level ENDF/B limitations are

included in the continuum. The results were adjusted to conform with the non-

elastic.

File 3, ME=102

The capture calculations cover the same energy range and form as -the total.

At 0.0253 eV the capture cross section = 3.10386 b (resonance parameters plus
27

background) compared to an experimental value of 3.1 b.
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File 3, MT=103

The (n,p) data are based on references 13, 28-37 and on statistical model
2

calculations including preequilibrium.

File 3, MT=107
38

The (n,a) data are based on the preliminary experimental data of Dolya
2

and on statistical model code calculations.

File 3, MT=203 through 207

The total gas production sections (MT=203-207) are based on the results in
2

MT=103-107 and on statistical model calculations.

File 3, MT=251 through 253

MT=251-253 are taken from ENDF/B-IV.

File 4, MT=2. 16. 17. 22, 28 and 51-91

The angular distributions of secondary neutrons were derived as follows.

The elastic distribution is the same as ENDF/B-IV. The angular distributions

for (n,2n), (n,3n), (n,nct), (n,np) and continuum inelastic (MT=16, 17, 22, 28

and 91) were assumed to be isotropic. The discrete inelastic angular distri-

butions (MT=51-90) are the results of compound-nucleus Hauser-Feshbach calcula-
14 15

tions and direct reaction calculations combined to describe angular distri-

butions and of experimental data.

File 5, MT=16, 17, 22, 28, and 91

The secondary energy distributions for (n,2n), (n,3n), (n,na) and (n,np)

(MT=16, 17, 22 and 28) are presented as nuclear temperature histograms based on
39

the Gilbert-Cameron formalism. Since the threshold for the (n,3n) reaction

is so high, it was necessary to arbitrarily renormalize the temperatures to con-

serve energy. The continuum inelastic secondary energy distributions are pre-

sented as histograms based on the experimental data of Salnikov et al.

File 12, M3>4

Between 600 keV and 1 MeV the discrete photon production was calculated

from File 3, MT=4, 51, 52, and 53, These calculations were also used to ad-
45

just the data of Morgan and Newman.
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File 12 and 15, MT-102
41-43

Three sets of data were combined in a consistent manner to obtain the

thermal capture-y spectrums with the final total multiplicity adjusted to con-

serve energy. The spectrum at 10 eV was assumed to be the same as thermal.
44

Between thermal and 200 keV, the spectrum average data of Allen et al were

employed with the assumption that the distribution did not vary with energy and

the final total multiplicity adjusted to conserve energy. In the 200 to 600 keV
45

range, the (n,xy) data of Morgan and Newman were used assuming it to be pure

capture and adjusting the multiplicity to conserve en 'gy. After subtracting

the discrete photons (see above) from the 600 keV to 1 MeV data of Morgan and

Newman in an energy-conserving manner, the resultant data were assumed to be due

to capture only and the multiplicity adjusted to conserve energy.

File 13 and 15, MT»3

For E >_ 1 MeV the photon production cross sections and energy spectra were
n 45

determined by integrating the data of Morgan and Newman over the photon energy
range given.

File 14, MT=3, 4 and 102

All photon production angular distributions were assumed to be isotropic.
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SUMMARY OF THE COVARIANCE FILES

FOR NATURAL CHROMIUM, MAT-1324

A. Prince and T.W. Burrows

MF-32

Since the resonance parameters and background used In determining the total,

elastic, and capture cross sections up to 642.85 keV are the same as ENDF/B-IV

and no uncertainties were assigned, there is no covariance file for the reso-

nance parameters.

MF=33, General

Due to the complexity of the reactions and the model codes used, no attempt

has bean made to estimate the off-diagonal covariance elements between sections.

The evaluation of chromium was independent of any other ENDF evaluations.

Therefore, there is no need for covariance matrices relating this material to

other ENDF materials.

Model code uncertainties were estimated by varying the input parameters.

MT=33, MT=1, 2, 3, and 102

Since these sections are unchanged from ENDF/B-IV, the covariance matrices

were taken from the estimated uncertainties in Table 12 of Reference 1»

The representation of 33/1 and 33/3 as derived from 33/2 and 33/102 through-

out the resonance region and of 33/2 derived from 33/1 and 33/3 above the reso-

nance region is the way we evaluated these sections. That is, in the resonance

region, the total was considered to be the sum of the elastic and the capture;

and the nonelastic, equal to the capture; above the resonance region, the elas-

tic was obtained by subtracting the nonelastic from the total.

MF-33. MT=4
This section is represented as two "NC-type" and one "Nl-type" sub-sub-

sections . The "Nl-type" sub-subsection covers the energy range up to the first

non-zero cross section and the variance is set to 0. The two "NC-type" sub-

subsections cover the energy ranges of 0.71-3.97 MeV and 3.97 MeV to 20.0 MeV,

respectively.
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The first sub»subsection represents the derivation of the total inelastic

from the first 31 discrete levels. The second represents the derivation of the

total inelastic from the total non-elastic and the various reaction channels.

This is essentially the way in which 3/4 was evaluated.

The user should be warned that the above representation may cause large

processing times for some codes such as NJOY. An alternative representation

would be the removal of the first "NC-type" sub-subsections and changing the

second "NC-type" to cover the energy range 0.71-20.0 MeV. However, this would

no longer represent the best estimate of the authors.

MF**33, MT-26

Below 15 MeV, this section represents an estimate of the uncertainty in the

model calculations. Above 15 MeV, it represents a comparison between the calcu-

lations and experimental data, both for the natural and for the isotope.

MF=33, MT=17, 22, 104, and 106

These sections represent an estimate of the uncertainty in the model calcu-

lations .

MF=33, MT»28

Between 13.5 and 15.0 MeV, the section represents a comparison between cal-

culations and experiment. For the other energy ranges, the representation is an

estimate of the uncertainty in the model code calculations.

MF-33, MT-51 arid 90

These sections represent a comparison between calculations and available ex-

perimental data. Where no data were available, the representation is an estimate

of the model code uncertainties.

MF»33. MT-91

Although this section was derived from the total inelastic and the discrete

inelastic (MT-51-90), we have represented it as "evaluated". We have followed

this representation since we have not included the correlations between the dis-

crete inelastic sections. Without these correlations the continuum inelastic

uncertainty would tend to blow up if represented as "derived".
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MF-33 and 103

The region from 12 MeV to 17 MeV represents a comparison between experiment

ant calculations. The remainder is a representation of the model uncertainties.

MF-33, MT-107

The 14- to 15- MeV region represents a comparison between experiment and

model; the remainder, model uncertainties.

MF«33» Gas Production

The covariarce matrices for gas production (MT*203-207) have not been in-

cluded. The gas production sections of File 3 were derived from the appropriate

(n,particle) sections of File 3, except near 20 MeV where some more esoteric

reactions made a small contribution. Therefore, they could be easily added with

the following "NC-type" representations.

203 (1.) 28 + (1.) 103

204 (1.) 104

205 (1.) 102

206 (1.) 106

207 (1.) 22 + (1.) 107

References:

1. A. Prince, "Evaluations of Chromium Neutron and Gamma Production Cross-
Sections for ENDF/B-IV" BNL-NCS-50593 (ENDF-246) (1976).
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SUMMARY DOCUMENTATION
of

The Neutron and Gamma Ray Production Cross Sections of Mn

S. F. Mughabghab

I. INTRODUCTION

Because of the importance of Mn as a structural material in reactors and

its use as a standard in cross section measurements in the thermal energy range,

the present evaluation of the Mn cross sections for ENDF/B-V was undertaken.

In addition, in this evaluation, theoretical calculations of the (n,2n), (n,p),

(n,ct) and (n,d) reactions were carried out within the framework of the compound

(Hauser-Feshbach) and precompound (Griffin-Blan) models. Another new feature of

this evaluation is the basing of the y-ray production cross sections on experi-

mental data.

II. THERMAL CROSS SECTIONS AND RESONANCE PARAMETERS

A multilevel Breit-Wigner formalism was adopted in fitting [1] the total

cross sections of Cote, et al. [2] (.0095 eV-2 keV), Garg, et al. [3] (0.58-200 keV)

and Rohr and Friedland [4] (48-260 keV). As a starting point, the resonance param-

eters recommended in BNL-325, Third Edition [5] were considered, and changes were

subsequently made until an acceptable fit to the experimental data was achieved

in the high energy region. This necessitated using a scattering radius of 5.5 fm.

Furthermore, the weak levels observed in the capture data of Garg, et al. [6] were

adopted as p-wave resonances. To obtain a capture resonance integral of 14.2 b

(a weighted average of the experimental data), a radiative width of 0.459 eV was

deduced for the first positive energy resonance at 337 eV.

In the low neutron energy region, the calculated cross sections were at

first constrained to reproduce a capture cross section of 13.3 b and to describe
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the polarization data of Bernstein et al. [7]. Two bound levels of different ^

1
spins (2 and 3) were invoked. The capture cross sections for spin 2 resonances

is 9.05 b while that for spin 3 resonances is 4.21 b. The fractional change in

the capture cross section in changing from an antiparallel to a parallel spin

configuration is given by:

f) ' °

The neutron and target nuclei polarization fn and fN measured by Bernstein et al.

[7] were respectively 0.32 and 0.16. A possible 15% neutron depolarization due

to neutron scattering will reduce f to 0.27.

Inserting these values in the above equation gives a fractional change

in the cross section of 0.039. This is to be compared with a measured value [7]

of 0.034.

III. FAST NEUTRON CROSS SECTIONS

A. Total Cross Section

The total cross section from 10~ eV to 130 keV is represented by the

resolved resonance parameters; from 130-210 keV it is based on Rohr et al.'s data

[8]; from 210-500 keV on Stubbin's data [9]; and from 500 keV to 20 MeV on

Cierjacks1 data [10].

B. Elastic Cross Section

This cross section is obtained by subtracting the nonelastic from the

total cross section. The nonelastic cross section is derived by summing up all

cross sections except the elastic cross section.
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C
C. (n,particle) Cross Sections

In the evaluation of the (n,particle) cross sections guidance was

obtained by using Uhl's nuclear model code [11] which allows for secondary and

tertiary reactions and gamma-ray competition. It was possible to make simul-

taneous theoretical fits to the (n,p), (n,d), (n,2n), (n,a), (n,np), and (n,na)

reactions. These calculations are valuable particularly in the energy regions

where experimental data is either sparse or not available. In order to fit the

experimental data in the energy region from 14-20 MeV, it was necessary to apply

a pre-equilibrium fraction of about 2U%.

1. (n,2n) Cross Section:

This cross section is based on the data contained in References

[12-22]. In the energy region from 13-20 MeV the evaluation is based on nuclear

model calculations based on Uhl's code. The cross section near threshold is 30%

lower than ENDF/B-IV. A computation of the average fission neutron cross section

of the present evaluated (n,2n) reaction yields a value of 0.30 mb. This is to

be compared with a measured value of 0.25 ± 0.01 mb [23]. It is interesting to

compare this value witli a reactor fission value of 0.26 ± 0.02 mb [24].

2. (n,3n) Cross Section

This is taken over from ENDF/B-IV.

3. (n,p) Cross Section

Experimental data [25-27] are only available at 14.7 MeV. The

evaluation is based essentially on nuclear model calculation which shows that

the cross section attains a peak value of about 46 mb at 13 MeV.
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4. (n,d) cross section

The evaluation is based on nuclear model calculations [11].

The measured value [28] at 14 MeV (4.2 mb) is in very good agreement with the

calculations. This evaluation differs significantly from ENDF/B-IV which des-

cribes this cross section as approaching an asymptotic value of about 5 mb at

20 MeV. The present evaluation indicates that this (n,d) cross section has a

peak at 19.8 MeV of magnitude 23.4 mb.

5. (n.ct) cross section

From threshold to 12 MeV, this cross section is based on nu-

clear model calculations [11]; from 12 to 20 MeV, it is based on experimental

data [26,29-31]. The calculations are in better agreement with the data of

Bormann, et al., [29].

6. (n,nct) and (n,np) cross sections

These are based on nuclear model calculations [11].

D. Inelastic Cross Sections

The cross sections for the excitation of discrete levels (126 keV-

2.42 MeV) are evaluated by considering the experimental data [32-34] and carry-

ing out Hauser-Feshbach calculations to estimate the cross sections in the

threshold regions and above 4.0 MeV. The inelastic scattering to the con-

tinuum of levels is obtained by using Uhl's code [11].

E. Radiative Capture Cross Section

The capture cross section in the energy region up to 100 keV is

represented by the resolved resonance parameters. From 100 keV to 20 MeV,

the evaluation is based on data of Garg, et al., [3], Stupegia, et al., [37],

Menlove, et al., [38], Dovbenko, et al., [39], Johnsrud, et al., [40] and

Stavisskii, et al., [41].
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IV ANGULAR DISTRIBUTION OF SECONDARY NEUTRONS

These are taken over from ENDF/8-IV

V ENERGY DISTRIBUTION OF SECONDARY NEUTRONS

These are the same as ENDF/B-IV

VI GAMMA RAY PRODUCTION CROSS SECTIONS

These are based on data of Morgan [42].

(
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Summary Documentation

Iron Evaluation

ENDF/B-V MAT = 1326

C. Y. Fu and F. G. Perey
Oak Ridge National Laboratory

Oak Ridge, Tennessee

October 1978

ORNL-46171 describes ENDF/B-III. Major revisions for ENDF/B-IV

and ENDF/B-V are summarized below.

PART I: SUMMARY FOR ENDF/B-V

(C. Y. Fu and F. G. Perey, 1977)

File 2, MT=151

Resonance parameters for 51|Fe, 56Fe, and 57Fe from 1 to 400 keV

were examined in detail by C. M. Perey. Parameters for 58Fe were

taken from ENDF/B-V dosimetry file.

File 3, MT=1

Broad structures in the resonance range (155 eV to 400 keV) were

kept unchanged from ENDF/B-IV values. Narrow resonances were better

defined.

File 3, MT=2

Similar to File 3, MT=1.

File 3, MT=51
4

Revised according to the recommendation of Kinney and Perey up

to 1300 keV.

File 3, MT=102

The capture cross sections from 155 eV to 400 keV are well-represented

by the resonance parameters. From 400 keV to 1 MeV average cross sections

measured by Allen et_al^, which agree well with those measured by Le

Rigoleur, were adopted. Above 2 MeV the capture cross sections were

increased substantially to go through a data point near 14 MeV.
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File 4, MT=2

High-resolution data of Kinney and Perey from 40 keV to 1.4 MeV were

adopted. The broad trend of the Legendre coefficients are in good agree-

ment with ENDF/B-IV values.

File 13, MT=3
9

Taken from Chapman and Morgan. This is a repeat measurement using

ORELA which resolves the long-standing discrepancies discussed below.

File 15, MT=3

Similar to File 13, MT=3. The lowest three neutrons energies (up to

2.122 MeV) are for capture gamma rays.

15, MT=102

Restructured by using variable-energy bins to make shorter files

and cruncated to 0.85 MeV. Above 0.85 MeV the capture gamma rays are

included in File 15, MT=3.

File 32, MT=151
2

Covariances for the resonance parameters evaluated by C. M. Perey.

File 33, MT=1 through 107

Covariances for File 3 data.

PART II: SUMMARY FOR ENDF/B-IV

(F. G. Perey, C. Y. Fu, S. K. Penney, W. E. Kinney, R. Q. Wright, 1974)

This modification supersedes the previous evaluation, ENDF/B-III

MAT 1180, evaluated by S. K. Penny, W. E. Kinney, R. Q. Wright, F. G.

Perey, and C. Y. Fu or ORNL.

It was primarily intended for a revision of the secondary neutron

distributions as new data10'11 have become available and as the pulsed

sphere measurements12 and related calculations12'13 indicated that the
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previous neutron distributions were inadequate, and for a reevaluation of

the gamma-ray-production cross sections since the recently available data

disagree substantially with the data set upon which the previous evalu-

ation was largely based. These purposes were consistently achieved by an

extensive calculation for 56Fe which also led to the refinement of all

reaction cross sections except capture. Significant changes are summarized

below.

1. Total cross section between 30 keV and 2 MeV — peaks and valleys

were refined based on three sets of ORELA measurements using 1-, 4-, and

12-inch samples.

2. Nonelastic — obtained by compromising three pieces of information,

namely, the measured nonelastic cross section, the difference between the

evaluated total cross section and the available elastic scattering cross

section, and the theoretical interpretation of the total gamma-ray-

production cross section. The calculated nonelastic cross section was

normalized to this result for constraining the subsequent calculations.

3. Inelastic scattering — six more discrete levels were added based
17 18

on the Hauser-Feshbach and DWBA calculations in order to include the

4.505-MeV collective state as a discrete level. The direct-interaction
19

components were included in 15 of the 26 discrete levels. The direct-

interaction component was included in the continuum using an empirical
20

treatment. MT=51 (0.846-MeV level) was changed between 2 and 5 MeV
21

according to an evaluation by Smith which was based on all available
data and his recent measurement. MT=52 (the 1.408-MeV level in 5I*Fe) was

22
revised based on recently available data.

4. The Hauser-Feshbach method was used to calculate the [(n,n')+

(n,nx)], [(n,p) + (n,px)], and [(n,ot) + (n,ax)] cross sections. The [(n,n')+

(n,nx)] cross section above 4.531 MeV was split into the (n,n') continuum,

(n,2n), (n,np), and (n,na) cross sections using a statistical-empirical
20

model. The empirical aspects include giant-dipole gamma-ray competition,

angular-momentum correction for the second outgoing particle, and direct

or preequilibrium emission of the first particle.
23 24

5. The (n,p) cross section was well defined by measurements '
and that of 56Fe was well fitted by calculation up to 13 MeV. The (n,pn)
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cross section was taken to be the difference between the calculated 56Fe

[(n,p)+(n,px)j cross section and the measured 56Fe (n,p) cross section.

Neutron distribution for the (n,pn) reaction was calculated and was

averaged with that of the (n,np) reaction for MT=28.

6. There is no measured 56Fe (n,a) cross section. The calculated
56Fe (n,oO cross section was restrained by the 14-MeV empirical value and

the measured fission-spectrum averages. The 5£fFe (n,ot) cross section was

taken from a calculation by Kirouac and Slavik. The (n,an) cross section

and neutron distribution were calculated and were combined with those of

the (n,na) reaction for MT=22.

7. The (n,d), (n,t), and (n,3He) cross sections were based on calcu-
26

lations using the Pearlstein empirical model and parameters.

8. The two major sets ' of the gamma-ray-production cross sections

agree within experimental errors for incident neutron energies below 6 MeV

and then start to diverge, the GRT set being 1.6 barns larger than the

ORNL set in the 11 to 15 MeV region. Other available data were too

limited to resolve this discrepancy. The calculated results are inter-

mediate between the two, being closer to the GRT measurement below 12 MeV

and closer to the ORNL data above 12 MeV. For a tentative evaluation the

ORNL data were used for the energy distributions (File 15) as these were

given in adequate neutron bins and were the only data available from 15 to

20 MeV. The gamma rays below 0.69 MeV were not measured and were filled

in using the calculated values. Up to 10 MeV incident neutron energy the

energy conservation law relating the calculated outgoing particle energy

and the evaluated gamma-ray energy was applied to determine the gamma-ray

multiplicities. From 10 to 16 MeV the calculated multiplicities were

used and were extrapolated to 20 MeV according to the shape given by the

ORNL measurement.

PART III: GENERAL DESCRIPTION FOR ENDF/B-V

The following description for each file and section is for ENDF/B-V.

The references given are only the more important ones. Where a computer

code is referred to, it means that interpolation extrapolation of the given

experimental data were based on calculations.
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File 2. Resonance Parameters

Multilevel Breit-Wigner parameters are given for all isotopes
2 3

in the energy range 155 eV to 400 keV. »

File 3. Neutron Cross Sections

Section 1. Total Interaction

.00001 eV to 330 keV16'27"29

330 keV to 20 MeV16'30"32

Section 2. Elastic Scattering

Derived by subtracting the non-elastic cross section from the

total cross section.

Section 3. Non-Elastic Interaction

See summary given above.

Section 4. Total Inelastic Scattering

Derived by adding inelastic scattering cross sections for

exciting discrete levels and the continuum.

Section 16. (n,2n) Reaction

See summary given above and Ref. 33.

Section 22. (n,nct) Reaction

See summary given above.

Section 28. (n,np) Reaction.

See summary given above and Refs. 28 and 34.

Section 51. Inelastic Scattering Exciting First Level in 56Fe

.8611 MeV to 1.5 MeV4'35

1.5 MeV to 2.122 MeV35>36

2.122 MeV to 20 MeV17"19'21'37"40

Section 52. Inelastic Scattering Exciting First Level in 5l*Fe

See Ref. 22.

Sections 53-76. Inelastic Scattering Exciting Second Through 25th
Levels in 56Fe

See Refs. 17-19, 37, and 39.

Section 91. Inelastic Scattering Exciting the Continuum

See summary given above and Refs. 10, 11, 20s 23, 38, and- 41-43.

Section 102. Radiative Capture

See Refs. 5-7, 27, and 29.
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Section 103. (n,p) Reaction

See summary given above and Refs. 23 and 24.

Section 104. (n,d) Reaction

See summary given above.

Section 105. (n,t) Reaction

See summary given above.

Section 106. (n,3He) Reaction

See summary given above.

Section 107. (n,a) Reaction

See summary given above and Refs. 23 and 25.

File 4. Angular Distribution of Secondary Neutrons

All distributions are given in the center-of-mass system in

the Legendre polynomial representation.

Section 2. Elastic Scattering

.00001 eV to 1.23 MeV8'44"47

1.23MeVtO4MeV8'44'48-52

38 44 53
4 MeV to 20 MeV ' '

Section 16. (n,2n) Reaction

Both neutrons are assumed to be isotropic.

Section 22. (n.na) Reaction

Assumed isotropic.

Section 28. (n,np) Reaction

Assumed isotropic.

Section 51. Inelastic Scattering Exciting First Level in 56Fe

See Refs. 17, 18, and 37-39.

Section 52. Inelastic Scattering Exciting First Level in 5**Fe

Assumed isotropic.

Sections 53-76. Inelastic Scattering Exciting Second through 25th
Levels in 56Fe

See Refs. 17-19 and 37-39.

Section 91. Inelastic Scattering Exciting the Continuum

Assumed isotropic.
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File 5. Energy Distributions of Secondary Neutrons

Section 16. (n,2n) Reaction

Se^ summary given above and Refs. 33 and 43.

Section 22. (n,na) Reaction

See summary given above.

Section 28. (n,np) Reaction

See summary given above.

Section 91. Inelastic Scattering Exciting the Continuum

See Refs. 10-12, 20, 38, and 40-43.

File 12. Multiplicities of Gamma Rays Produced by Neutron Reactions

Section SI. Inelastic Scattering Exciting First Level in 56Fe

Neutron energy is 0.8611 to 2.122 MeV. One discrete gamma

ray is given.

Section 52. Inelastic Scattering Exciting First Level in 5**Fe

Energy range is 1.433 to 2.122 MeV. One discrete gamma ray

is given.

Section 102. Radiative Capture
54These gamma rays are representative of neutron energy ranges.

File 13. Gamma-Ray-Production Cross Sections

See summary given above and Ref. 9.

File

File

14.

15.

Angular
Assumed

Energy

Distributions
isotropic.

Distributions

of

of

Secondary

Secondary

Gamma

Gamma

Rays

Rays

See summary given above and references of files 12 and 13.

File 32. Covariances for Resonance Parameters

See Ref. 2.

File 33. Covariances for File-3 Data
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Covariance File for Iron MAT 326

Covariance data are given for MF=32, MT=151 and MF=33, MT=1, 2, 3,

4, 16, 22, 28, 51-76, 91, 102-107. Derived sections (NC subsections)

reflect exactly the way the cross-section files were generated.

In general, covariances were determined from ±2a error bands. 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 covarianees reflect

meaningful structures in the cross sections and/or threshold effects.

Statistical errors are, in principle, nonexistent in the evaluated cross

sections.

For all threshold reaction cross sections, covariances have at least

two components — an absolute and a fractional. The absolute component

represents with few numbers the usually large variation of uncertainties

near threshold and for the high-energy tail. The fractional component

picks up the rest of the covariances. For the more important reactions,

such as MT=51, 2 absolute and 2 fractional components were used.

A constant uncertainty of 50 mb was used to represent the total cross

section minima. This corresponds to about 12% for the 24-keV minimum.

The uncertainties for the resonance parameters were taken from the

evaluation by C. M. Perey who will report it in detail.
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SUMMARY DOCUMENTATION for Co

S.F. Mughabghab

I. Introduction

The present evaluation of Co is based on that of ENDF/B-IV updating

those files for which new experimental data is available. These include

the resonance parameters, the inelastic cross sections, the capture cross

section , and (n, particle) cross sections. For the (n, particle) cross

sections, guidance was obtained by theoretical calculations based on Uhl's

code ,

II. Thermal Cross Sections and Resonance Parameters

The resonance parameters from 132 eV to 84.4 keV are adopted from the
2

evaluation of Mughabghab and Krieger with minor changes. The parameters

of the bound level have to be modified from Reference 2 in order to satisfy

the recent polarization data of Abragam, et al, and the scattering data of
4 5

Koester, et al, and the total cross section measurements of Dilg, et al, .

In addition, weak resonances observed in the capture data of Spencer, et al, '

are assumed to be p-wave resonances. The spins of the weak resonances are

assigned randomly in order to obey the (2J+1) law for level density. The

scattering widths for these resonances are derived from the reported gF F /V

values by assuming a radiative width of 0.22 eV. When the gF Y /T values

approach a value of gF , a scattering width of 2.0 eV is arbitrarily assumed

for these resonances.

The resonance region was terminated in this evaluation at about 85 keV

because of the important contribution of p-wave capture as measured in

References ' .

In the present evaluation the following 2200 m/sec cross sections and

resonance capture integral results are obtained:

capture » 37.233 b

scattering » 5.364 b

total - 42.597 b

resonance capture
integral - 73.78 b
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III* Fast Neutron Cross Sections

A. Total Cross Section

From 10~ eV to 85 keV, the total cross section is represented

by s- and p-wave resonance parameters. Between 85 to 100 keV,
Q

it is based on the data of Garg, et al, ; between 100 keV and

20 MeV, It is taken over from ENDF/B-IV. For details, see
9

Reference on the high energy region.

B. Elastic Neutron Scattering Cross Section

The elastic scattering cross section in the energy region 85-100

keV is obtained by subtracting the capture from the total cross

section. From 0.10-20 MeV, it is taken over from ENDF/B-IV.

C. Inelastic Cross Sections

The total inelastic cross section is derived by summing up the

inelastic cross sections to discrete levels and the continuum.

The inelastic cross sections to the discrete levels 1.099, 1.190

1.291, 1.430, 1.459, 1.7445, 2.0645, 2.0876, 2.153, 2.184, 2.206
9

MeV is based on the experimental data of Guenther, et al, in the

neutron energy region 1.8-3.1 MeV and Etemad in the neutron

energy region 2.0-4.5 MeV. Outside these energy ranges, the eval-

uation is based on Hauser-Feshbach calculations . The data of
12

Egan, et al, was considered but not much weight was given to

it because of uncertainties associated with unfolding the photon

production cross sections into inelastic cross sections. The in-

elastic neutron scattering to the continuum region (effective

threshold - 2.244 MeV) is adopted from ENDF/B-IV.

D. (n, particle) Cross Sections

1. (n,2n) Reaction Cross Section

Considerable experimental data is available for this

reaction. For a brief summary of the older data sets, refer
13

to BNL-325 (1966) . In this evaluation, emphasis is placed
14

on the more recent data sets of Frehaut and Mosinki and

Veeser and Arthur . As in the case of Mn, guidance was

obtained with aid from nuclear nodel calculations based on

*.
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Uhl's code16 .

2. (n,p) Cross Sections

Between threshold (0.796 MeV) and 10 MeV, the evaluation
17 18

is based on the experimental data of Smith and Meadows ' .
19

Other measurements are reported by Maslov, et al, and
20

Levdoskii, et al, . Measurements prior to 1966 are summarized
13 21

in BNL-325 . The data of Jeronymo, et al, seems to be in

error by a factor of about 10 on the high side. At 14.7 MeV

there is a wide discrepancy between the various reported values.

Nuclear model calculations were carried out using Uhl's

code . A pre-equilibrium fraction of 20 percent was applied.

Level density parameters were adjusted to fit the other

(n, particle) reaction. A value of 63.3 mb is predicted at

14.7 MeV.

3. (n,d) Cross Sections

The only available data are at 14.8 MeV which reports

a value of about 2 mb. The present evaluation is based on

nuclear model calculations-^.

4. (n,t) Cross Sections

Only 14.6 MeV values are available, ranging from 2.1 to

0.019 mb23*25. A value of 20 ub is adopted at 14.9 MeV and

extrapolated to 20 MeV.

5. (n, He) Cross Sections
26

Recent measurements at 14.6 MeV by Diksic, et al, and
27

Qaim report values ranging from 62 to 4.6 ph. The latter

value is adopted on the basis of systematics and extrapolated

to 20 MeV.

6. (n, He) Cross Sections
28 29

Although two new data sets ' are available, it was

felt that these would not significantly alter the previous

ENDF/B-IV evaluations.
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7. (n,np) and (n,na) Cross Sections

These are based on nuclear model calculations

E. Radiative Capture Cross Section
—8

In the energy region 10 -85 keV, the capture cross section

is represented by resonance parameters; from 85-1000 keV it is

based on Spencer and Mackiin's data . Between 1.0-6.2 MeV, it

is based on data of Johnsrud, et al, and Faulsen data. In

the higher energy region (1.0-20 MeV) the evaluation is based

on nuclear model calculations with guidance from the systema-

tics of neighboring nuclei. The 14.7 MeV value is normalized
32 33

to a weighted average value of 0.83 mb '

IV. Angular Distribution of Secondary Neutrons

These are adopted from ENDF/B-IV.

V. Energy Distribution of Secondary Neutrons

These are taken over from ENDF/B-IV.

VI. Photon Production Cross Sections

This is taken over from ENDF/B-IV with minor changes. In the resonance

region, multiplicities are included.
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SUMMARY DOCUMENTATION FOR Ni

M. Divadeenam

National Nuclear Data Center
Brookhaven National Laboratory

ABSTRACT

The following neutron and gamma production data are given for Ni in the

energy range 1.0 x 10~5 to 20 MeV. (MAT No.1328).

File 1: General description of the evaluation and relevant references.

File 2: Resonance parameters for 58»60»62»6lfNi from 1.0 x 10~ to

690.0 keV.

File 3: Smooth cross sections for total, elastic, total inelastic,

inelastic cross sections to 26 discrete levels; the inelastic

continuum, (n,2n), (n,an')+(n,n'a), (n,pn')+(n,np'), (n,p),

(n,d), (n,a), (n,2p) and capture cross sections. Extracted

data for p, £., and y axe also included. In addition, Hydro-

gen, Deterium and Helium production cross sections are generated.

File 4: Angular distributions for elastic and inelastic scattering are

given in terms of Legendre Polynomial coefficients in the

cm. system. In particular the direct interaction effects

(channel coupling) are considered for the inelastic angular

distributions for the two lowest excited states of the even

Ni isotopes.

File 5: Secondary neutron energy distribution for the inelastic con-

tinuum with precompound effects, (n,2n), (n,n'a), and (n,n'p)

reactions are given.

File 12: Multiplicity for gamma-ray production due to capture from

1.0 x 10"5 eV to 1.00 x 10*
6 eV.

it

File 13: (n,xy) production cross sections from 1.00 x 10 eV to 20

MeV.
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File 14: Angular distributions for photons assumed to be isotropic.

File 15: Normalized energy distribution of photons up to 1*00 % 10

eV and due to non-elastic processes at higher energies.

Introduction

This is almost a completely new evaluation, in particular, the secondary

neutron cross sections and angular distributions as well as the secondary

neutron energy distribution for the continuum inelastically scattered neu-

trons have been updated. In addition, the isotopic cross sections for the

various (n,particle) cross sections were evaluated to construct the corres-

ponding natural Ni files. Precompound effects were included.

From 1.0 x 10~ eV to 690.0 keV, the resolved resonance region and the

resonance parameters along with the smooth background cross sections have

been taken from the ENDF/B-IV Ni evaluation (MAT-1190), which, in turn, was

adopted from ENDF/B-III Ni (MATKL123) evaluation.

The Ni total cross section data of Perey, Love and Kinney extending up

to 20 MeV was used to construct smooth cross section file.

File 1: General Comments

A brief summary of the data, along with the references is given. Details

will be presented in a report based on this evaluation.

File 2: Resonance Parameters

A complete discussion is presented in Ref. 1. Due to the lack of experi-

mental data (extending up to 690 keV) no resonance parameters for the odd

minor isotope 61Ni are given.

File 3: Smooth Neutron Gross Section

(i) Total Cross Section

Both the thin and thick sample data of Perey, Love and Kiimay

were used to make a spline fit to the experimental cross sec-

tions from 0.690-20 MeV. These are hew data with an accuracy

of t» 2%. Good agreement is found between the ENDF-IV and V a..
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(ii) Elastic Cross Section

This was obtained by subtracting the non-elastic cross sec-
3-15

tion from the total. At higher energies the extracted

cross sections agree well with the calculated (ABACUS-II;

Ref. 16) results.

(iii) Total Inelastic Cross Section
41—49 89

There are extensive data * on the excitation cross
58,60,62

section for the first excited states in Ni. These

were combined with the available data for the other excited

levels (En < 3.5 MeV) and model (Ref. 50) calculated results

for levels, which have no experimental data. These were

weighted with isotopic abundances together with the isotopic

(n,p), (n,2n), (n,n'p)+(n,pn'), <n,onf+n,nfo), (n,d) and (n,2p)

evaluated cross sections and the sum of these partial cross

sections was subtracted from the non-elastic cross section to

give the total inelastic cross section of the remaining dis-

crete levels and the inelastic continuum. The resulting cross

section is designated as the inelastic continuum cross section,

(iv) (n,2n) Cross Section
"1 "I *n

There are extensive data only for 58Ni.* For the other
28

isotopes, model calculated excitation functions were normal-
29

ized to THRESH predictions which are based on systematics at

14 MeV neutron energy.

(v) (n,n'p) +(n,pa') Cross Section

The 58Ni experimental (n,n'p) + (n,d) cross section data
28

around 14 MeV were used to normalize the corresponding model

calculated results. Similar data for the other isotopes were

used to normalize the theoretical results. The isotopic contri-

butions to (n,n'p) and (n,pnf) were combined to give the cross

section for Ni.

(vi) Inelastic Cross Section to the Discrete Levels and the Continuum
_ 41 49 89
Experimental data ' * including the lastest measurements by

* (cf. Appendix A)
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Smith, et al. were combined with COMNUC calculated cross

sections to the levels listed below:

E(MeV)

1.172

1.332

1.452

2.158

2.286

2.459

2.506

2.625

2.775

For the two lowest excited states of even Ni isotopes, JPIX

(JUFITOR: Ref. 51), calculated results were joined with the

COMNUC results at 10 MeV. COMNUC results were used for the

additional 17 levels.

(vii) Capture Cross Section
52

The corresponding ENDF/IV-B file was retained without any

changes below 1 MeV. COMNUC calculated results were adopted

above 1 MeV.

(viii) (n,p) Cross Section)
58Ni(n,p) cross section was evaluated using the extensively

53—68 69—82

available data . Similarly, there are extensive data

on 60Ni and an evaluated* smooth curve was drawn to arrive at

the evaluated cross section curve. Model calculated cross sec-

tions were normalized for the other minor isotopes, when the

experimental data were available.

(ix) (n.ci), (n.an1) and (ri.ri'ct) Cross Sections
28

For each isotope the model generated (n,o), (n,an*) and (n,n'a)
cross sections were added to estimate the corresponding fission

spectrum average, which was normalized to Farrar's experimental
31data. The resulting factor was used to normalize the model

calculated (n,ct) and (n,anf) + (n,n'ot) cross section compo-

nents.

(cf. Appendix B)
(cf. Appendix C)
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x) (n,2p) Cross Section

Model calculated cross sections for 58Ni were adopted for the

file assuming that the other Ni isotopes have negligible cross

sections due to high Q values,

(xi) Gas Production Cross Sections

Hydrogen, Deterium and Helium Production cross sections were

generated from (n,p), (n,n'p) and (n,2p) (n>d) and (n,a) and

(n,om?) respectively.

(xii) 7. S. Y
83

These were generated using the code DUMMY5.

File 4; Secondary Neutron Angular Distributions

(i) Elastic Angular Distributions

Evaluated angular distributions given in Version IV were

adopted. In addition, the recent data by Smith, et al

(E < 4 MeV) were also included. These were fitted with the
n ~~ 84

code CHAD to obtain Legendre coefficients. Model calculated

angular distributions were used above 4 MeV neutron energy to

supplement Smith's data,

(ii) Inelastic Angular Distributions

Compound nuclear (COMNUC) and direct inelastic angular distri-

butions (JP1X) were combined for the first two excited states

of the even-even isotopes. For the high lying states as well

as for the 61Ni levels, only compound nuclear angular distri-

butions were used. CHAD was used to generate the Legendre

coefficients.

File 5: Secondary Neutron Energy Distributions

(i) Continuum Inelastic Neutrons

The secondary energy distributions were based on the relevant
90

parameters (extracted from the measured distributions at 14

MeV) and the model predicted pre-compound fraction. Both

the pre-compound and compound effects were included.
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(11) (n,2ri), (n,otn') and (ri.pn1) Neutron Distributions
85

Code THETA was used to give the temperature dependent energy
distributions.

File 12: Gamma Ray Multiplicities

Gamma ray multiplicities due to Capture are given from 10 x 10*" eV to

1.0 x 10 eV based on both Maerker's data and ENDF/B-IV evaluation.

File 13: (n,xy) Production Cross Section

This is based on the ENDF/B-IV evaluation and covers the energy range

from 1.00 x 106 eV to 20 MeV, (cf. ref. 52).

File 14: Photon Angular Distributions

These are assumed to be isotropic.

File 15: Photon Energy Distributions

These are based on files 12 and 13.
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APPENDIX A

58Nl(n,2n) EVALUATION FOR ENDF/B-V

58Ni(n,2n) Q - 12.A15 MeV

Since the last evaluation of 58Ni(n,2n) reaction only one set of new

measurements were done by Bayhurst, et al. They used the radio chemical

method for measuring the cross section. 27A£(n,a) reaction cross section

was measured to determine the fluency. 58Ni(n,2n) measured cross sections

were renormalized to the ENDF-IV 27A (n,a) cross section.

There are extensive measurements (in addition to the one referred to

above) on the 58Ni(n,2n) cross section. Paulsen and Liskien and Borman,

et al, measured over a wide energy range. Details of their data and other
18

data has been discussed by Bhat in his evaluation.

We like to point out that some of the cross sections which required

renormalization have been corrected for the ENDF-IV cross sections. The

exception being that of Prestwood and Bayhurst who measured with respect to
236U(n,f). The 238U(n,f) cross sections are not listed in their paper for

use in renormalization.

Paulsen and Liskien and Boman's data are in good agreement with each

other below 16 MeV, they diverge above this energy with the Paulsen data be-

ing larger than the other set.

There are three other sets that extend up to 20 MeV: one by Prestwood

and Bayhurst, the second by Bayhurst, et al, and the third one by Jeronymo,

et al. These data agree with the general trend up to 14 MeV; above this

energy they are very high. Particularly that of Bayhurst, et al, which are

recent measurements. From their paper it is not clear whether they had done

any multiple scattering corrections, etc.

Jeronymo data are too low to be considered for evaluation. Similarly

Lu and Fink, Ross, et al, and Csikai, et al, measure around 14 MeV. All of

these three measured cross sections are higher than the rest. They are not

given any weight in the evaluation.
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Glover and Weigold's measurement follow the general trend of other

data.

The evaluated curve was drawn following the general trend of the Borraan

data at higher energies and lying in between Paulsen-Liskien and Sorman data.

Near the threshold HF calculated values were used to draw the curve. Essen-

tially, the present evaluation is the sane as the earlier one, done by Bhat,

except near the threshold. Bibliography of the data used in the evaluation

are given in the reference.

E-range (MeV)

16.2 - 20

12.9 - 19.6

12.9 - 19.6

13.7 - 14.8

13.5 - 19.8

13.8 - 14.9

Method

Radiochemical

Activation

Activation

Activation

Radiochemical

Activation

Renormalized

yes

not required

measured
z38U(n,f)
not available

Standard

A (n.oc)

Absolute

Hydrogen

Absolute

238U(n,f)

Absolute

Reference

Bayhurst

Paulsen-Liskien

Borman

Temperley

Prestwood
Bayhurst

Glover-Weigold

Errors:

Ni(n,2n)

12.

14.

15

17

- 14

- 15

- 17

- 20

Errors

10%

10%

7%

12%
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APPENDIX B

58Ni(n,p) EVALUATION FOR ENDF/B-V

58Ni(n,p) Reaction Q = .3947 MeV

The previous 58Ni(n,p) evaluation was done by Schenter. In the low

energy region, his evaluation closely follows the experimentally measured
2

values of Smith and Meadows, in that local fluctuations of the cross sec-

tion were retained*in the evaluated curve. In addition, the 6-13 iMeV range

had only four measured points. However, for the present evaluation, ex-
3

tended measurements by Smith and Meadows are available".

The data on 58Ni(n,p) cross section is extensive, and of reliable

quality. This reaction is used in dosimetry applications, and also treated

as a secondary standard for measuring other neutron induced reactions.

The most extensive sets of data on 58Ni(n,p) reaction are:

1. Smith and Meadows2'3 0.44 - 10 MeV

2. Meadows and Whalen4 1.04 - 2.67 MeV

3. Barry, et al8 1.6 - 15 MeV

4. Paulsen and Widera6 1-2 and 12.7 - 16.4 MeV

5. Okumura15 13.4 - 15 MeV

6. Borman9 13 - 19.6 MeV

In addition, there are other measured data sets at a few energy points

ranging from 2-15 MeV.

For the purpose of evaluation, we have looked at the entire experimental

data in detail in the following energy ranges.

0.4 - 1.0 MeV
1.0 - 2.0 MeV
2:0 - 4.0 MeV
5.0 - 6.0 MeV
6.0 - 10. MeV
10.6 - 12.7 MeV Gap - no data
12.7 - 15.0 MeV
15,0 - 20.0 MeV
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0.4 - 1.0 MeV
3

In this low energy region, only the data of Smith and Meadows is avail-

able. There are some deviations from the expected smooth energy dependence

of the low energy (n,p) cross section. The 0.5 MeV and 1 MeV cross section

values were determined from the simple prescription (given in Fermi's book)

for exothermic neutron-induced and outgoing charge-particle reactions. Most

of the experimental points at these low energies follow this prescription.
1.0 - 2.0 MeV

In this energy range, Smith-Meadows, Meadows-Whalen, Paulsen-Widera,

Temperley and Nafcai data are used. Temperley points are too high compared

to the general trend of the Smith-Meadows and Meadows-Whalen data. Further-

more, Nakai's points have very large errors.. Temperley's and Nakai's data

were not considered in the evaluation.

2.0 - 4.0 MeV

There are several data sets in this energy range. Smith Meadows data

covers most of the range Gonzalez's points, and some of the Konijn's

points are high and a few of the latter ones are low beyond 3.5 MeV from the

general trend of most of the data points, while Nakai's points are low. Some

structure (fluctuation) is evident in the 2.5-4 MeV range

3.0 MeV, and 3.25 MeV in the Smith- Meadows data. For the purpose of evalua-

tion, it was decided to draw a smooth curve to indicate the increasing trend

of the experimental points. Schenter's evaluation retained all of the de-

tails of local fluctuations.

4 - 6 MeV

Three data sets cover this energy range -there is some paucity of the

data which suggests some fluctuations, however, a smooth curve indicating the

increasing trend of the data is drawn as an evaluated curve. As in the other

energy regiors considered, the ENDF/B-IV evaluation retains most of the ob-

served structure In the evaluated curve,

6 - 10 MeV

As in the previous energy region, three data sets span this energy

28-0-14



28-Ni-O
MAT 1328

range. Barry's points are higher than that of Smith-Meadows, whereas

Smith-Meadows has some point scatter. For the evaluation purpose a smooth

curve with a value of 600 mb at 8.5 MeV is suggested as the evaluated curve.

Schenter's curve is higher than the present evaluation.

10 - 12.7 MeV

Unfortunately, no experimental data exists in this energy region.

12.7 - 15 MeV

We note that there are plenty of experimentally measured a cross sec-

tions in the 14-15 MeV range. Point scatter is very large in the measured

cross sections. Decowski's points are way high - above the general trend of

the other points in this energy region. A curve through most of the points

in the 14-15 MeV range is drawn in this region. The choice to draw an

evaluated curve is not unique.

15 - 20 MeV
9

Two data sets cover this energy range, that of Paulsen-Widera and Borman

extending only up to 18 MeV. A curve through midway between these two sets

is drawn. This is justified on the basis that HF calculations with 0.3 pre-

compound fraction predicts a similar trend.

Errors:

58Ni(n,

0 -

1 -

2 -

4 -

6 -

10 -

12.7 -

15.0-

P)
1

2

4

6

10

12.

15

20

MeV

MeV

MeV

MeV

MeV

7 MeV

MeV

MeV

errors:

25%

10%

9%

5%

5%

- (10%)

15%

13%
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APPENDIX C

S 0 Ni(n .p) EVALUATION FOR ENDF/B-V

6QNi(ntp) Q - 2.0411 MeV

Extensive data for this reaction is measured by Faulsen and Liskien.

The covered energy range is 6-19.6 MeV. In addition to this set of data,

there are some spotty measurements around 14 MeV. Except Allan's the rest

of the 14 MeV data is high compared to the general trend incicated by the

Paulsen and Liskien data.

Bhat has done the previous (ENDF/B-IV version) 60Ni(n,p) evaluation.

The present evaluation differs from that of Bhat's in two respects.

1. The low energy (< 6 MeV) part of the 60Ni(n,p) cross section

was extrapolated with the help of She HF predicted (n,p) cross

section from threshol to 6 MeV neutron energy.

2. The dominant structure suggested by Paulsen-Liskien set is re-

tained in the evaluated curve. Justificaiton for such a pro-

cedure is based on good comparison with Liqensa and Grieners

p-h calculations in the neighboring compound nucleus 60Ni.

Errors:
60Ni(

Range

Thresh -

6.0 -

8.0 -

9.5 -

10.0 -

12.5 -

15 -

n,p)

6.0

8.0

9.5

1.0

12.5

15.0

20.0

MeV

MeV

MeV

MeV

MeV

MeV

MeV

Error

5%

11%

9%

9%

9%

7%

8%
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Oak Ridge, Tennessee

August 1978

PART I. REVISIONS FOR ENDF/B-V

File 3, MT=1

Total cross sections from 0.2 to 2.0 MeV were replaced by the high-

ution cross sections measure*

of the highest quality available.

resolution cross sections measured by Perey. These data seemed to be

File 3, MT=2

Elastic scattering cross sections were obtained by subtracting the

nonelastic from the total.

File 3, MT=3

Nonelastic cross sections were changed due to revisions in (n,p),

(n,a), (n,np), and (n,nct) cross sections.

File 3, MT=22

(n,na) cross sections were changed due to revisions in both

isotopes. 63Cu(n,na) cross sections were based on our calculated curve

normalized at 14.8 MeV to the helium production cross sections for 63Cu

measured by Grimes and Haight with fixed 63Cu(n,os) cross sections (see

File 3, MT=107). 65Cu(n,na) cross sections were based on the data of
4

Santry and Butler.

File 3, MT=28

(n,np) cross sections were modified due to revisions in both

isotopes. ^3Cu(n,np) cross sections were based on our analysis of the

proton spectrum from 14.8-MeV neutrons incident on 63Cu measured by

Grimes and Haight. 65Cu(n,np) cross sections below 12 MeV were based
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on the calculation of Mann; from 12 to 20 MeV Mann's calculation was

slightly modified to reproduce the 14.8-MeV hydrogen production cross

section of 65Cu measured by Grimes and Haight with fixed 65Cu(n,p)

cross sections (see File 3, MT=103).

File 3, MT=102

(n,y) cross sections were thinned to 1%, reducing the number of

energy entries from 408 to 48. This automatically shortened Files 3-1,

3-2, and 3-3.

File 3, MT=103

(n,p) cross sections were changed due to revision of 63Cu(n,p) cross

sections, which were based on model analysis of the proton spectrum from

14.8-MeV neutrons incident on 63Cu measured by Grimes and Haight.
65Cu(n,p) cross sections were taken from the evaluation by Drake and

Fricke which has adequate data basis.

File 3, MT=107
63Cu(n,a) cross sections were taken from ENDF/B-IV dosimetry file

MAT 6411. 65Cu(n,a) cross sections below 10 MeV were taken from the

calculation by Mann. From 10 to 20 MeV Mann's calculation was altered

to reproduce the 14.8-MeV helium production cross section measured by

Grimes and Haight with fixed 65Cu(n,nct) cross sections (see 3-22).

File 3 MT=107 and File 3 MT=22 together yield a helium production cross

section of 51 mb at 14.8 MeV for natural copper, in good agreement with

a measured value of 52 ± 4 mb by Farrar et al.

File 12, MT=102

Capture gamma-ray multiplicities from 0.2 to 1.25 MeV were revised

according to the measurement by Chapman and File 3 MT=102. File 15

MT=102 two energy distributions of the secondary gamma rays from capture

for incident neutron energies from 0.2 to 1.25 MeV were added. In the

previous evaluation, thermal capture gamma rays were used in the above

energy range.
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PART I I . SUMMARY FOR ENDF/B-IV (M. K. DRAKE AND M. P. FRICKE, 1974)

F i l e 2 , MT=151

Resonance parameters and File 3 cross sections below 30 keV were

taken from ENDF/B-III1 which was based on BNL-325.2

File 3, MT=1

Between 30 keV and 100 keV, the total cross sections measured by

Garg et̂  al_. were used. In this energy range there was considerable

structure in the experimental data, but it was not measured well enough

to obtain resolved resonance parameters. In the energy region from 100
4

keV to 1.5 MeV, the ANL results obtained by Meadows and Whalen were used.

In the upper portion of this energy range (1.2 to 1.5 MeV) the experi-

mental data were averaged over 200 keV energy bands since the variations

in the experimental data appeared to be more statistical than structure

in cross section.

Very poor quality data were available for the region from 1.5 to

2.3 MeV. ' A smooth curve was drawn for the total cross section. The

curve did not go through the average of the data; rather the curve was

drawn to fit the better data below 1.5 MeV and above 2.3 MeV. Between

2.3 and 12 MeV, a smooth curve was drawn through the Foster and Glasgow

data. An average of the data measured by Foster and Glasgow, Albergotti
O Q

and Ferguson, and Robinson, et̂  al̂  were used for neutron energies between

12 and 15 MeV. Above 15 MeV a smooth and slowly decreasing curve was

drawn through the available data.

File 3, MT=2

The elastic scattering cross section was obtained by subtracting t

non-elastic cross section from the evaluated total cross section. The

resulting cross section was compared to the available experimental data

for elastic scattering. In the energy region from 0.3 to 4.0 MeV, the

evaluated cross section agreed very well with the available measurements. ~ '

Between 4 and 8 MeV, the evaluated curve was slightly higher than the

measured data of Holmqvist.
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File 3, MT=3

Below 600 keV, the non-elastic cross section was the same as the

radiative capture cross section. Between 600 keV and 5 MeV, the non-

elastic cross sections for the isotopes were obtained by summing the

components. Above 5 MeV, the non-elastic cross sections for the isotopes

were taken to be the same as the element which was evaluated by drawing
18-27

a smooth curve through the existing experimental data. ~ In the

energy range from 6 to 9 MeV, there was a discrepancy between the avail-

able experimental data for elastic scattering and non-elastic cross

section. ' The evaluated cross section for both the elastic and non-

elastic cross sections were slightly higher than the experimental data.

This was done to preserve the total cross section which was measured

more accurately.

File 3, MT=16

Many sets of (n,2n) cross sections were available for e3Cu. Some
28—32

were absolute and others were relative. The relative measurements

were re-normalized to 0.568 barns at 14.7 MeV, consistent with the
65Cu(n,2n) cross section at this energy. The absolute values ~ along

with the results from 14 MeV measurements and the re-normalized cross

section values were used to obtain the recommended cross section.

The 65Cu(n,2n) cross section was taken from the ENDF/B dosimetry

library. This evaluation was based on measurements by Santry and Butler,
38 39 *?1

Prestwood and Bayhurst, Paulsen and Liskien, Rayburn, and Bormann
and Lammers.

File 3, MT=28 and MT=103

Very little experimental data were available for 63Cu(n,p) or
63Cu(n,np). These cross sections were obtained from statistical model

calculations. The calculated results were normalized at 14.5 MeV to the

sparse experimental data.

The (n,p) cross section for 65Cu has been measured from threshold

(about 3 MeV) to 20 MeV. The data of Santry and Butler were used for

the complete energy range. The magnitude of the cross section near 14

MeV was well established by several other measurements. Few and widely
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disagreeing values have been measured for the (n,np) cross section. The

same procedure for 63Cu(n,np) was used for 65Cu(n,np) cross section.

File 3, MT=22 and MT=107

The 63Cu(n,a) cross section was taken from the ENDF/B dosimetry file.
44

This evaluation was based on the data of Paulsen and Liskien. The

(n,na) cross section for 63Cu was based on a statistical model calculation

which was normalized to an experimental value at 14.8 measured by Irfan

and Jack.

The (n,oc) cross section for 65Cu was based on a statistical model

calculation and the calculated curve was normalized to the available

experimental data ~ at 14 MeV. The (n,not) cross section was based on

the experimental data of Santry and Butler, Bramlitt and Fink, and
49

Kantele and Gardner.

File 3, MT=102. Radiative Capture Cross Section

Above 30 keV, the radiation capture cross section was obtained by

evaluating this cross section for the isotopes. Between 30 keV and 3 MeV,

the 63Cu(n,Y) cross section was based on the experimental data of Dovbenko

et̂  al_. and Zaikin e£ al_. The recommended curve was drawn slightly

higher than the Dovbenko data and lower than the Zaikin data. At 14 MeV,
52 53

the curve was drawn through Perkin and a recent Columbia value.

The 65Cu(n,y) cross section curve was drawn through 46 mb at 25 keV,

which was an average of several mono-energetic measurements between 20

and 25 keV. Above 30 keV, the recommended curve was drawn on the low side
54 55

of values measured by Tolstikov and Stavisskii and Tolstikov. Between
600 keV and 3 MeV, the data measured by Zaikin et al. were used.

File 3, MT=4, and MT=51 to 91. Inelastic Scattering Cross Sections

The inelastic scattering cross section was made up of 11 discrete

levels and a continuum. Several sets of inelastic scattering and gamma-

ray production cross section measurements were used to obtain the level

excitation cross sections for neutron energies up to 1.5 MeV ' for

the 0.67- and 0.912-MeV levels in 63Cu and the 0.77 and 1.115 MeV levels

in 65Cu. From 5.5 to 8 MeV, the data of Kinney were used. Extrapolation

to other energies was based on Helene and Dwuck calculations.
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Angular distributions for secondary neutrons from elasti

were taken to be isotropic below 100 keV. Between 100 and 600 keV the

data of Lane, et al. ' were used. Between 600 keV and 1.2 Me*/, the data

measuied by Cox were used and between 1. r> ant) 8 MeV the measurement

made by Holmqvist was used. Near 14 MeV the results from se/eral

measurements were used. ' ' f:rom S to 14 MeV and above 16 MeV, the

angular distributions were calculated using the Helene and hwir.-k codes.

Angular distributions for neutrons from inelastic level reactions

were obtained from the Helene code (compound nucleus part) anJ the Uv>w V

code (direct interaction part). Calculations were made for the first

three levels in each isotope. There was reasonably good agreement between

the calculated distributions for the 0.77 and 1.115 MeV levels at 2.33 M°7

and a measurement by Rogers et aj . All other levels, the continuum, and

all other neutron producing reactions were assumed to have isotropic

distributions in the C M . system.

File 5, MT=16 to 91

The energy distributions for inelastic scattering continuum CM7=91j

and (n,2n) (MT=16) were based on the statistical model. An effective

nuclear temperature of 1.02 MeV at 14.1 MeV was used. The effective

nuclear temperature of the second neutron for the fn,2nj reaction was

0.4 MeV at 14 MeV.

File 12, MT=102

The multiplicities for radiative capture gamma rays were taken from

a thermal neutron measurement made by Orphan e£ al.

File 13, MT=16 and MT=102

(n,ny) and (n,2nY) gamma-ray production cross sections were obtained

from SPEC-10 calculations fitting data of Jcnsson and Dickens.
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File IS, MT=3 and MT=102

Orphan et̂  al_. for capture gamma rays; Dickens ejt al_. for gamma

rays from all reactions above 1.25 MeV.
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I. Introduction

The major differences between the ENDF/B-IV evaluation and ENDF/B-V,
are related to the recent experimental resonance parameter data of Block
et al.2 New data on the level schemes of the various isotopes and residual
nuclei resulting from neutron interactions also prompted a more detailed
treatment of the various reaction cross sections. The evaluation covers
all significant possible neutron-induced reactions from 10~5 eV to 20.0 MeV.

The isotopes and their corresponding MAT numbers are given below for
ENDF/B-V. A capsule summary is given in the Appendix.

Isotope MAT
78Kr
8°Kr
82Kr
8 3 K r
8*Kr
86Kr

1330
1331
1332
1333
1334
1336

2.0 RESONANCE REGION

78Kr MAT (10~5 ev to 865.0 eV)

The recent experimental data of Block et al.,2 were used for calculating
the cross section and resonances integral in this energy region. Block et al.,
concluded that the 78Kr and 80Kr form a doublet around E= 106.0 eV, an assump-
tion that was made in ENDF/IV. In addition, since neither Block2 nor Mann and
Watson3 could definitely assign the 640-eV level to any particular isotope,
although they designated the possibilities to be 78Kr, ^Kr,1'3 end a doublet
in 82Kr,2 this resonance was used in both 78Kr and 80Kr.

A negative resonance at E =-120.6 eV produced a thermal capture cross
section.

cr{0.0253 eV) = 4.85 b

which compares favorably with the experimental

cr(0.0253 eV) = 4.7 ± 0.68 b.h'5

There are no experimental data for the absorption resonance integral for
78Kr. The calculated value, based on. the resonance parameters given in Table
1, is I , {E . ._ = 0.5 eV) = 23.67 b. Block et al., estimated that

at) cutorz
7. . = 20.0±1.0 b between 20.0 and 1200 eV. Both these values are about five
at>

times as large as the value quoted in Ref. 6, the reason being that in Ref. 6,

only the 640.0-eV resonance was used. 36-78/86-1
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The potential scattering cross section was estimated to be 7.00 b on the
basis of several measurements ranging frcn 6.2+0.1 b 7 to 7.61±0.04 b 8

(also see Refs. 6 and 9) for Kr(Nat).

80Kr MAT 1331 <1O"5 eV to 1.0 keV)

Use of the resonance parameters shown in Table 1, where a bound level
is located E = -118.0 eV, yielded a thermal capture cross section a = 11.74 b,
which may be compared with the range of values given in Table 2. "*

The resonance integral calculated by using the parameters in Table 1
produced a value of Iy (0.5-eV cutoff) * 68.6 b, which, although somewhat higher
than those recommended in Refs. 2, 6, and 10, is preferred since the most re-
cent quoted value2 is based on data in the region 20.0 to 1200.0 eV which
clearly underestimate the evaluated value that goes from 0.05 eV to the MeV
range.

78Kr
The potential scattering cross section is taken to be the same as that of

82Kr MAT 1332 (10~5 eV to 100.0 eV)

Only one resonance at an energy of ~40 eV has been firmly established
for 82Kr.2»6 Block et al.,2 have concluded that there is a doublet belonging
to 82Kr around 640.0 eV, but, since they give no neutron width (F ) , this
resonance has been ignored. n

\
1

The radiation width Y was determined by the method proposed by Malecky
et al.,11 in which it is assumed that the main contribution to F is due to
the electric dipole radiation; from a semi-empirical analysis i1?niay be esti-
mated as

r r = 10.5 U/A (a"
1/2) (1.0 - 0.01 I2) eV . (1)

where *

A = mass of nucleus,
U = effective energy of excitation (U = E - A,)
E_= binding energy of compound nucleus,
A = 5(N> and 6(p> the pairing energies,
I = spin of target nucleus, and
a = single-particle state density parameter near the Fermi surface.

The relation between a and A is based on the analysis of Cook et al.,12

a/A = 0.00917S + 0.142, and
S - S(N) + s(Z) shell correction parameter.
A value of T = 236 mV was calculated from Eq, (1) for 82Kr.

In addition to the reported resonance at 39.8 eV, it was necessary to
assume a bound level at -42.33 eV (Table 1) to yield a thermal captive cross
section a « 30.17 b. The experimental value leading to the iwstastable

state in 8*Kr of o m « 20,0+3.5 b has been reported in Ref. 4. The value /

calculated here is barely within the recommended value of
36-78/86-2
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<m+g) _ 4 5 ± 1 5 b #6 A value a = 25.0 b has been estimated by lijiraa.1 3

ny "Y
as with 78Kr, the potential scattering cross section was chosen to be

a = 7.0 b.
5 0 The resonance integral calculated from the data in Table 1 i s

I = 183.56 b (E_u t o ff = 0 . 5 eV). The recommended value calculated from a
single resonance at 39.8 eV has been given as 200±40 b . 6 A calculated
I = 190.0 b where 13.7 b i s due to th^ unresolved region was reported in

Ref. 13.

83Kr MAT 1333 (10~5 to 520.625 eV)

The resonance parameters given Ref. 3 yielded a thermal capture cross

section of the only 16 b, which is much too small compared with the various

recommended values 200±30 b6 and 205 b.13

Calculating the radiation width by Eq. (1) yielded T = 233.0 MV;

assuming a bound level at -3.9 eV gives a thermal capture cross section
an = 207.67 b.

The calculated resonance integral is I = 188.65 b, which is lower than
the value I = 170.2 b in Ref. 13, Y

As earlier, the potential scattering cross section is the same as that of
Kr(Nat), namely 7.0 b.

81*Kr MAT 1334 (10~5 to 2.0 keV)

An unassigned resonance reported by Mann and Watson3 was assumed to be
due to 8lfKr at an energy of 1625.0 eV, with a neutron width T = 2.84.0 mV

n
and r = 226.0 mV (Eq. 1). This resonance along with the other two low-lying
resonances at 519.0 and 580.0 eV yielded a thermal capture cross section
a (0.0253 eV) = 0.0864 b. Kondaiah et al.,1* reported an experimental value
of 0.09±0.013 b for the 4.4-h 85Kr and a value of 0.042±0.004 b for the

10.74-y 8SKr. A recommended value of a^ = 0.130+0.014 b 85Kr ^m*9' is given

in Ref. 6, and a =0.16 b is reported in Ref. 14.

The calculated resonance integral of magnitude 3.27 b is in good agree-
ment with the calculated value of 2.7±0.7 b reported in Ref. 6, and in ex-
csllent agreement with I = 3.54 given in Ref. 14.

86Kr MAT 1336 (10~5 eV to 13 keV)

Since no resonance parameters have been experimentally verified for 86Kr,
it was necessary to make certain assumptions. From Mann et al.,3 there is an
unassigned resonance at an energy of 2700 eV. Since the thermal capture
cross section and resonance integral for 86Kr have been estimated to be very
small (see following references) this resonance was taken to be due to this
isotope.

36-73/86-3
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On the basis of an estimated s-wave strength function, SQ5* 0.5X10 "*, and 9
assuming T /T « 1, the resonance parameters given in Table 1 were derived.
These parameters produced a thermal captive cross section equal to 0.0635 b,
which is not too far from the value 0.06+0.02 b6 and is consistent with the
estimate of 0.062 b.1** Again, a potential scattering radius of 7.0 was used.

The resonance integral was calculated to be 0.122 b, which may be com-
pared with the calculated value of 0.03+0.03 b3, and 0.07 quoted in Ref. 14
(also see Ref. 13.).

3.0 CONTINUUM REGION CROSS SECTION

The cross sections (total, elastic, inelastic capture, n-proton, and
n-^He) in the keV to 20-MeV region were calculated by using the code
CERBERO-2.16

The n,Y,n,n', n,p, and n-^He reaction calculations were carried out in
the Hauser-Feshbach formalism with width fluctuation correction and with the
Q values given in Table 4. The level schemes used in these calculations are
given in Table 5 (these levels were taken from Ref. 17 unless otherwise
stated). The calculations were then modified to take into account other
threshold reaction cross section (n,2n, n,3n, n,d, n,t> which were calculated
for ENDF/IV (see Ref. 1).

4.0 ANGULAR DISTRIBUTION OF SECONDARY NEUTRONS

The angular distribution of the elastically scattered neutrons was \
interpreted in terms of a Legendre polynomial fit using CHAD18 for File 4.
For the inelastically scattered neutrons and the n,2n reactions, the distri-
bution was assumed to be isotropic.

5.0 ENERGY DISTRIBUTION OF SECONDARY NEUTRONS

The energy distributions of neutrons due to the n,2n, n,3n, and continuum
inelastic scattering were expressed in terms of a normalized probability dis-
tribution having an evaporation spectrum given by

f (E -»• E«) = E'/I e ~S'/Q

where I = normalization constant, and 6 = nuclear temperature. The energy
dependence of & was formulated according to Gilbert and Cameron.19

36-78/86-4
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Table 1
Adopted Resonance Parameters

Isotope (eV) T (mV)n
78Kr

80Kr

62Kr

83'Kr

*Kr

86Kr 2730.0 3568.0 3400.0 168.0

Ref.

-120.6
108.4
450.9
640.0

-118.0*
89.2

106.0
927.0

-42.83
39.80

- 3.9
27.9
233.0

519.0
580.0
1625.0

936.0
279.0
460.0
1730.0

1460.0
234.0
670.0
2530.0

496.0
324.3

245.44
300.0
523.0

571.0
313.0
2410.0

706.0
49.0
230.0
1500.0

1230.0
4.0

440.0
2300.0

260.0
88.3

12.44
67.0
290.0

345.0
87.0

2184.0

230.0
230.0
230.0
230.0

230.0
230.0
230.0
230.0

236.0
236.0

233.0
233.0
233.0

226.0
226.0
226.0

-

2
2
2

_

2
2
2

1
1

1
1
1

1
1
1

*See text.

Experimental

O (b)
ny

and Recommended
Table

Thermal
2
Capture Cross

Reference

Sections for 80Kr

14.0+1.5
11.3+0.4
15.6+2.8
11.5+0.6

11.5±0.5
12.6

11.74

BNL 325, Vol. 1 (3rd ed.) , 1973.
G. Bondley and W.H. Johnson, NSE £7, 151 (1972) .
I.R. Barabanov et al., JETP Lett. 15_, 456 (1972).
N.E. Holden and F.W. Walker, G.f. Chart of Nuclides
(11th ed.), 1972.

N.E. Holden (BNXi) , Private Communication, 1978.
F.W. Walker et al., G.E. Chart of Nuclides (12th ed.)r

1977.
This work.
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Table 3
Natural Abundance and Mass of Krypton Isotopes

Isotope % Abundance Mass (amu) S (MeV)n

78
80
82
83
84
86

0.35
2.25
11.60
11.50
57.00
17.30

77.920401
79.916376
81.913482
82.914131
83.911506
85.910616

8.368
7.850
7.467
10.518
7.111
5.511

*S = Binding energy of last neutron in compound nucleus.

Reaction

(nfp)
(n, 3He)
(n,n'd)
(n/n1 He)
(n, He,n*)
(n.p^He)
(n,2n)
(n,d)
(n^He)
(n.n't)
(n,p,nf)
(n,HHe,p)
(n,3n)
(n,t)
(n,n'p)
(n,n'3He)
(n,2p)
(n,d,nf)

™Kr
-Q (MeV)

-0.089
5.752
17.129
4.358
4.358
4.931
11.981
5.974

-3.665
19.942
8.199
4.931
21.14
10.87
8.199
16.913
6.052
17.129

Table 4
Q Values for Nuclear

BOxr

-Q (MeV)

1.228
7.730

17.581
5.066 "
5.066
7.252

11.525
6.886
0.969

19.610
9.111
7.252

19.893
11.322
9.111
18.226
8.470

17.581

82Kr

-Q (MeV)

2.306
9.695
17.884
5.990
5.990
5.990

10.980
7.766

-1.111
19.468
9.907
9.475
18.839
11.585
9.907
19.590
10.711
17.884

Reactions

8 3 K r

-Q (MeV)

0.187
10.461
15.151
6.479
6.479
7.942
7.467
7.548

-1.526
19.052
9.773
7.942
18.450
8.892
9.773
17.162
8.907

15.151

<"Kr

-Q (MeV)

3.920
11.707
18.067
7.101
7.101
12.322
10.516
8.480

-1.168
19.410
10.705
12.322
17.985
11.808
10.705
20.978
13.500
18.067

8&KT

-Q (MeV)

6.520
14.202
18.669
7.511
7.511

14.308
9.860
9.655

-1.384
19.194
11.880
14.208
16.971
12.410
11.880
22.753
17.111
18.669

ENDF
MT

103
106

22
22

16
104
107

28

71
105
28

36-78/86-6
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79

a
E (.MeV)

0.000
0.300
0.147
0.183
0.291
0.384
0.402
0.450
0.534
0.660
0.689
0.695
0.720
0.810
1.03S
1-912
2.060
2.768

Energy

Kr

n? _
I77

1 / 2I
7/2+

5/2"
3/2"
5/2
3/2"
5/2"
7 / 2+

5/2"
5/2.
3/2+

7/2"
3/2
7/2"

1/2*
3/2*
7/2+

Levels for

76

0

Table 5 (a)
Hausex-Feshbach Calculations:

Residual Nucleus:
Kr 76B:

0
nn- nj

£ (MeV)

0.000
0.455
1.119
1.978

I E (MeV)

0* 0.000
2 0.032
4 0.180
6

r

I*

1+

2?
4+

7EKr

75S

0

n
E (MeV)

0.000
0.110
0.285
0.420
0.610
0.750
0.860
0.903
1.030

-

;c

I

5/2+

3/2+

1/2.
5/2
3/2"
7/2"
5/2"
3/2"
7/2

36-78/86-7
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Table 5{b)
Energy Levels for Hauser-Feshbach Calculations: BC KI

8 °
Residual Nucleus:

Kr
80

Br
a

ny
E (MeV)

°nn'
E (MeV)

0

E (MeV)

0.000
0.037
0.085
0.256
0.271
0.281
0.314
0.366
0.381
0.468
0.684
0.722
0.760
0.835
1.139
1.200
1.410
1.700
1.880

IT

•4-

2~
5.
2 +

2~

3"
1+

1
3"
1+

2.

it
1+

r
i+

2~
3+

2~
2

0
n

E (MeV)

0.000
0.162
0.175
0.239
0.250
0.440
0.521
0.680
0.818
0.912
0.956
1.006
1.126
1.412
1.623
1.819
2.393

" X
I

1/2l
7/2*
9/2+

3/2
5/2"
5/2
3/2
5/2+

1/2+

1/2
3/2*
1/2"
1/2
1/2
1/2
3/2

0.000
0.190
0.457
0.549
0.608
0.636
0.701
0.919
1.025
1.108
1.280
1.677
1.803

1/2
3/2"
1/2
5/2"

3/2
3/2;

0.000
0.616
1.252
1.320
1.436
2.390
3.400

V 2

3 /2

36-78/86-8
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S3Kr

a
ny

E (MeV)

Energy

I*

Levels

E

Table 3 (c)
for Hauser-Feshbach Calculations:

B2Kr

nn'
(MeV)

Residual

I*

Nucleus:

V
E (MeV) I

B2Kr

"sc

0

E (MeV) I

0.000 9/2' 0.000 0T 0.000 5~ 0.000 7/2+

0.009 7/2 0.777 2 0.046 2 0-096 . _,
0.042 1/2" 1.475 2 0.078 1 0.130 9/2
0.562 5/2~ 1.820 4 0.365 5/2*
0.571 3/2~ 2.094 3* 0.526 l/2~
0.690 3/2 2.172 0 0.620 3/2+
0.798 7/2~ 2.427 3 0.720 3/2

2.648 4~ 0.974 l/2~
2.828 5~ 1.160 l/2+

2.920 6 1-490 1/2
1.670 3/2
2.040 l/2~
2.280 3/2~
2.590 3/2+

2.960 l/2+
3.280 1/2
3.440 3/2

Table 5(d)
Energy Levels for Hauser-Feshbach Calculations: 83Kr

Residual Nucleus:
Oil fig OQ n —O ^ V v DJv,. OOn^. OUc?#.

i^r KT ur "ac

ny nn1 np na
E (MeV) I E (MeV) l" E (MeV) I* E (MeV) I*

0.000
0.882 2^ 0.009 7/2T 0-357 5/2~ 0.686 2*
1.834 0 0-042 1/2" 0.988 l/2~ 1.449 2
1.900 '2 0.562 5/2_ 1.030 3/2_ 1.479 0*
2.086 4 0.571 3/2 1.700 1/2 1.960 2
2.337 4 0.690 5/2~ 2.050 3/2? 2.310 2

2-775 2. 2.646 7/2 2.814 2.
3,048
3.225
3.477
3.570 _ .
3.650 5~ 4.063 0
3.721

•Reference 24.

36-78/86-9

0*
2
0
2
4
4
3

4
1
l"
3~
5~
3~

0.000
0-009
0.042
0.562
0.571
0.690
0.798

7/2+

1/2"
5/2
3/2
5/2
7/2"

0.000
0-357
0.988
1.030
1.700
2.050
2.450
2.646
2.738
2.946
3-09

3/2"
5/2~
1/2"
3/2
1/2
3/2"
7/2*
7/2*
l/2+

7/2"
1/2

0.000
0.686
1.449
1.479
1.960
2.310
2.514
2.814
3.126
3.248
3.350
3.390
4.063
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Energy

85Kr

a
E (MeV)

0.000
0.305
1.050
1.230
1.767
2.108
2.166
2.237
2.418
3.380

I "

9 / 2 +

1/2"
3/2~
5 /2+
3/2+
1 / 2

V2 +
7/2+

5/2"
7/2"

•Reference 21.

Levels for

0
nn

E (MeV)

0.000
0.822
1.834
1.900
2.086
2.337
2.705
2.775
3.048
3.225
3.477
3.570
3.650
3.721

TableS (e)
Hauser-Feshbach Calculations: '

Residual
r

*

IV

0+

0+
2+.

<
4+
3+
2+
4+
1~
1~
3~
5~
3 "

Nucleus:

0

E (MeV)

0.000
0.408
0.557
0.873
0.979
1.196

r

I *

2~
l "
6~
2
3~
4~

"*Kr

a
na

E (MeV)

0.000
0.103
0.294
0.468
0.625
1.053
1.232
1.303
1.406
1.725
1.828
2.174
2.550
2.680
3.070
3.310
3.490
3.570
3.670
3.720

c

I11

1/2"
7/2+
9/2+
1/2
5/2;
3/2+

l/2t
3/2_
1/2
3 / 2
5 / 2+
3 / 2
V2
1/2+
3/2+
5/2+
3/2+

3/2+
5/2+

36-78/86-10
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87;

a
1

E (MeV)

0.000
0.529
1.468
1.873
1.996
2.080
2.112
2.250
2.277
2.515
2.775
2.825
3.015
3.223
3.237

Energy

Kr

ny
1

5/2+
1/2+
3/2+

3/2+
5/2
3/2+
9/2
1/2
7/2+
3/2+
3/2+
5/2+
3/2+
5/2+

*References 21 and

Levels for

0
nn

E (MeV)

0.000
1.563
2.248
2.355
2.733
3.109
3.542
3.832
3.959
4.111
4.194
4.298
4.668
4.826
4.948

22.

Table 5Cf)
Hauser-Feshb?ch Calculations:

Residual Nucleus:
r

*
•

I*

0+

2 +

<
2+
0+

3"
0+
0+
<
2+
2+
3?
4+

2 +

2+

0

E (MeV)

0.000
0.196
0.268
0.390
0.862
1.210
2.232
2.392
2.772

r

I*

2~
1~
4~
2~
1
l"
1*

+

86Kr

83

a

E (MeV)

0.000
0.220
1.050
1.230
1.767
2.108
2.166
2.237
2.418
3.380

Sc

n a 7!
I*

9/2+
1/2"
3/2~

3/2+
1/2+
1/2+
7/2+
5/2"
7/2

36-78/86-11
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Appendix Al

or ;

Isotope KB-78 HHT 1330

Til* 2
Resonance parameters based on nan: experimental data of Block et al.2

File 3

Reaction Type

Total

Elastic

Non-Elastic

Total Inelastic

<n,2n>

Discrete fi Cont. Inel.

(n,p)

(n,d)

(n,t)

(n,3He)

(n,"He)

HT CoBMnts

B*M<1 on n«w aodal calculations

1

2

3

4

16 Same as Version 4

51 to 53 and 91 based on new model calculations

102

103

104

105 Same as Version 4

106

107 Based on new model calculations

Basad on naw nodal calculations

Files 4 and 5 sane as EHDF/IV

Appendix A2

Isotope KR-80 HAT 1331

File 2

Based on naw aodel calculations.

"Resonance parameters based on new experimental data of Block et al.2

File 3

Reaction Type

Total

Elastic

Non-Elastic

Total Inelastic

(n,2n)

Discrete c Cont. Inel.

(n,y)

(n.p)

(n,d)

(n,t)

(n,3He)

(n."He)

MT

1

2

3

4

16 Sana as Version 4

51 to 56 and 91 Hew level scheme.

102

103

104

105

106

107

Based on new model calculations.

Same as Version 4

Based on new model calculations.

« H i 4 and 5 same as ENDF/XV

36-78/86-12
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Appendix A3

Isotope KR-a NAT 1332

rile 2

Resonance parameters S U M as Version 4

File 3

Reaction Type

Total

Elastic

Non-Elastic

Total Inelastic

(n,2n)

Discrete fi Cont. Inal.

(n.Y)

(n.p)

(n.d)

(n.t)

(n,3He)

Basad on new aodel calculations

Basad on o n aodel calculations

SaiH as Varsion 4

Basa on naw aodal calculations

Files 4 and 5 M M as ENDF/IV

Appendix A4

ISOtopa KR-83 MAT 1333

File 2
'Resonance parameters saae as Version 4.

File 3

Reaction Typa

Total

Elastic

Non-Elastic

Total Inelastic

(n,2n)

(n,3n)

Discrete fi Cont. Inel.

(n.p)

(n.d)

(n.t)

(n.3He)

(n,*He)

HT

1

2

3

4

16

17

SI
102

103

104

105

106

107

rn—lilts

Basad on new aodel calculations

Sue as Version 4

to 56 and 91

Based on new sodel calculations

S U M as Version 4

/

Based on new Model calculations

Fi les 4 and 5 SUM as EJMF/IV 36-78/86-13
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Appandix AS

Isotopa XK-84 HAT 1334

Tilm 2
Kasonanca paraastars saa* as Version 4.

ril« 3

Ruction Typa

Total

Elastic

Non-Elastic

Total Inelastic

<n,2n)

Discrata * Cone. Xnal.

(n,y)

(n,p)

(n,d)

(n,t)

<n,3He)

MT

1
2

3

4

16

Cosaants

Basad on naw Modal calculation!

Saaa as Varsion 4

51 to 63 and 91

102 |

103 j
104

10S

106

107

Basad .on naw aodsl calculations

Saaa as Varsico 4

Basad on naw aodal calculations

Fil«« 4 and 5 saaa as ENDF/IV

Appandix KB

Isotopa KR-86 I»T 1336

Flic 2
Rasonanca paraaatara

Fila 3

Raaction Typ<

Total

Elastic

Kon-Elastic

Total Inslastic

(n,2n)

(n,3n)

Discrate fi Cent. Inal.

(n,Y)

<n,p>

(n,d)

(n.t)

as Varsion 4.

1

2

3

4

16

17 '

Coaaants

Basad on new aodal calculations

Saaa as Varsion 4

SI to 64 and 91

102

103

104

US

Basad on naw aodal calculations

Saaa as Varsion 4

Fllas 4 and 5 saaa as BUT/XV
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36-Kr-78/86
MAT 1330+

REFERENCES

1. A. Prince, BNL-NCS-50503, 1974.
2. R.C. Block et al. , Int. Conf., Harwell, England, 1978.
3. D.P. Mann and W.W. Watson, Phys. Rev. 116, 1516 (1959).
4. R. Kondaiah et al., Nucl. Ph< 3. A120, 329 (1968).
5. F.W. Walker et al., G.E. Chart of Nuclides (12th ed.) 1977.
6. S.F. Hughabghab and D.I. Garber, BNL 325 (3rd ed.). Vol. 1, 1973.
7. D.C. Rorer et al., Nucl. Phys. A133, 410 (1969).
8. V.E. Krohn and G.R. Ringo, Phys. Rev. 148, 1303 (1966).
9. S.J. Cocking, J. Nucl. Eng. <6, 113 (1958).
10. J. G. Bradley and W.H. Johnson, NSE 47, 151 (1972).
11. H. Malecky et al., Sov. J. Nucl. Phys. JL3, 133 (1971).
12. J.L. Cook, Austr. J. Phys. 20, 477 (1967).
13. S. Iijima et al., JAERI 1206, (1971).
14. H. Saketa et al., JAERI, 1194, 1970.
15. R. Genin et al, J. Phys. Radium 24, 21 (1963).
16. F. Fabbri et al., CERBERO-2, RT/F2(77)6, 1977.
17. Nuclear Data Sheets. Series B, Vol. 15, Academic Press, New York, 1975.
18. R. F. Berland, CHAD, NAA-SR-11231 (1965).
19. A. Gilbert and A.G.W. Cameron, Can. J. Phys. 43, 1446 (1965).
20. S. Vaisala et al., Phys. Rev. C13, 372 (1976).
21. B.K. Arora et al., Phys. Rev. C10, 2301 (1974).
22. E.B. Flynn et al., Phys. Rev. C13, 568 (1976).

36-78/86-15



40-Zr-Nat/Iso
MAT 13*0+

Evaluated Neutron Cross Sections for Natural Zirconium and
the Zirconium Isotopes 90, 91, 92, 94, and 96.

H. K. Drake, D. A. Sargis, Tin Maung
Science Applications, Inc.

Additions and Editing by
S. Pearlsteln, Brookhavea National Laboratory

A complete evaluation for natural zirconium and information on eval-

uated data for the separate isotopes were provided to the National Nuclear

Data Center (NNDC) by Science Applications, Inc. (SA1). Evaluations for

the separated isotopes consistent with the evaluation for natural zirconium

were prepared by NNDC. Sources of the data are documented in EFRI NP-250.

Resonance Parameters

Resolved resonance parameters primarily takim from the recommended

values given in BNL-325 * . Parameters obtained for negative energy levels

in Zr-90, Zr-91, Zr-92, Zr-94 and Zr-96 by fitting 2200 M/SEC cross sections

in isotopes and the element. No unresolved parameters are given. The

2200 M/S cross sections and resonance integrals for natural zirconium and

its isotopes are given In Table I.

TOTAL CROSS SECTION

Below 5 keV, the total cross is represented by the resolved resonance

parameters. Between 5 keV and 82 keV the total cross section is the dif-

ference between the evaluated cross section and a resolved resonance

calculation. The evaluated cross section was based on measurements by

Newson, et al v ' and Seth . Between 82 keV and 500 keV the data of

Seth were used between 500 keV and 2 MeV, The evaluated data were based

on measurements of Green and Mitchell and Stooksberry and Anderson .

Above 2 MeV, the measurements of Green and Mitchell * ', Foster and Glasgow* *,

Carlson and Barschall ^ and Peterson, et al * .

40-Nat/Iso-1
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N.2N CROSS SECTION

The cross section for the element was based on estimates for the

i8Otopes. Except for Zr-90, the results from a statistical model vere

used. The (n,2n) cross section for Zr-90 was based on measurements by

PreBtwood and Bayhurst , Nethaway ' and several measurements near

14 MeV.

N.ALPHA CROSS SECTION

The (n, alpha) cross section was based on estimates for the isotopes.

The energy dependent measurements by Bayhurst and Prestwood , statis-

tical model calculations and several measurements at 14 MeV were used.

(N.P) CROSS SECTION

The (n,p) cross section for Zr-90 was based on measurements by Carrol

and Stooksberry ( ' and Bayhurst and Prestwood ( . The (n,p) cross

(12)section for Zr-91 was based on measurements by Carroll and Stooksberry

Reed * ' and Levkovskil 'w'. The (n,p) cross section for Zr-92 and Zr-94

were based on measurements by Carroll and Stooksberry , Reed ,

Bramlitt and Fink *15>, Lu, et al *16), Levkovskii (14) and Prasad and

Sarkar *16) and Paul and Clarke (17).

THE (N,GAMMA) CROSS SECTION
(18)The data recommended by Benzi were used.

INELASTIC SCATTERING CROSS SECTION

19 3evel excitatioc cross sections and a continuum cross section has

been given for the natural element. The isotopic contributions of the

excited levels are given in Table II. The cross sections were based on

previous evaluation by KAPL and the experimental data of Tessler, et al

l»0-Nat/Iso-2
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Day 20), McDanlel, et al (21\ Brandenberger and Glasgow, Smith and

Whalen (22), Lind and Day (23\ Tessler and Glickstein (24), Guenther,

et al < 2 2 \ Glaakov <25>.

ELASTIC SCATTERING CROSS SECTION

Basically, the elastic scattering cross section was taken as the

difference between the total cross section and the non-elastic cross

(26)

section. The experimental data used, including Engelbrecht and Smith

Hans and Snowdon (27), Kent, et al (28), Walt and Beyster <29>, Walt and

Barschall (30), Gilboy and Towle (31) and Clark and Cross (32).
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Table I

2200 M/S Cross Sections and Resonance Integrals

40-Zr-Nat/Iao
HAT 1340+

Isotope E-Cutoff (eV) R.I. (Barns) Therm X/S (Barns)

Zr-90
Zr-91
Zr-92
Zr-94
Zr-96
Zr

8.2
5.0
5.4
5.4
6.6
_.

+04
+03
+04
+04
+04

0.219
5.144
0.595
0.304
5.202
0.993

0.061
1.001
0.160
0.051
0.024
0.1807

Table II

Inelastic Levels Used in the Evaluation

Level Number

1

2

3

4

5

6

7

8

9

10

11

12
13

14

15
16

17

18

19

Energy (MeV)

0.9182

0.9345

1.2049

1.30

1.383

1.46

1.669

1.7607

1.85

2.05

2.15

2.261

2.319

2.32

2.35

2.557

2.61

2.738

2.748

Isotope

94

92

91

94

92

91,92,94,96

94

90,96

91,92,96

91,92,94

90,91,94,96

91
90

91

91,92,94

91

91,94

90,91

90

40-Nat/Iso-5
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Evaluated Neutronic Cross Section File for Niobium
(ENDF-IV, Preliminary)

by

R. Howerton -
Lawrence Livermore Laboratory

and

A. Smith, P. Guenther and J. Whalen
Argonne National Laboratory

I. Introductory Comment

This resume is intended for qualitative guidance only. A full
report of the file content and physical basis is given in ANL/NDM-6.
Any serious user of the file should refer thereto.

II. Outline of File

This evaluation gives primary emphasis to fast neutron induced reac-
tions wherein there is a prompt emission of particles or quanta. No
attention is given to gamma-ray induced processes nor to properties asso-
ciated with a residual activity of measurable lifetime. Experimental
information is often incomplete in the latter areas and recourse must be
made to theoretical calculation (e.g. isomer-ratio calculations). At
incident neutron energies of - 100 keV this evaluation is explicitly
identical to that of Allen and Drake given in ENDF/B MAT-1164 (1). From
100 keV to 8.0 MeV this evaluation is primarily based on recent experi-
mental results (2). Above 8.0 MeV it is founded on experimental results
where available. In the difficult high-energy region a major reliance
was placed upon physical understanding, associated calculational models
and on available systematic experimental knowledge.

A. Total Neutron Cross Sections

The evaluated total neutron cross sections were deduced from the
weighted averages of experimental values available from 0.1 to 15.0 MeV
and extended to 20.0 MeV using the model described in Ref. 2. The ex-
perimental information was obtained from the open literature and the
files of the National Neutron Cross Section Center. The primary differ-
ences between the present evaluation and that of ENDF (MAT-1164) are
below energies of 2.0 MeV. The differences are both positive and negative
and amount to. as much as 10% in some energy ranges. Comparisons at
energies of - 100 keV are, of course, meaningless as the present evalua-
tion explicitly employs the ENDF MAT-1164 values in this lower energy range.

B. Elastic Scattering Cross Section

The model calculations described in Ref. 2 are in excellent agreement
with a number of experimental results at energies of •*» 5.0 MeV and in
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reasonable agreement with the observed distribution at 8.05 MeV. The
above considerations justify the use of the Model for the determination
of the relative shape of elastic-scattering angular distributions for
the present evaluation. However, there remain appreciable uncertainties
at higher energies (> 10 MeV). Improved experimental information is
needed.

C. Inelastic Scattering Cross Sections

The evaluation of discrete inelastic neutron excitation cross
sections was largely based upon the neutron detection measurements de-
scribed in Refs. 2 and 3. The onset of the continuum inelastic excita-
tion cross section is at ̂  2.5 MeV (i.e. the energy of the last discrete-
ly observed excited state) and becomes the entire inelastic cross section
at 6.0 MeV. Throughout this evaluation the continuum inelastic scatter-
ing cross section was treated as a free parameter adjusted to assure con-
sistency with the evaluation of non-elastic and other partial cross
sections. The present file uses a point-wise distribution in the continu-
um region inclusive of a high energy tail consistent with the expected
contributions from pre-compound processes. The spectral distributions at
14 MeV were determined from the work of Kammerdiener C4) and are consist-
ent with the systematic results of an extensive integral test program
based upon 14 MeV pulsed-sphere experiments carried out at Lawrence
Liyennore Laboratory (5). The inelastic cross sections of the present file
differ from those of ENDF-III by 20% or more over much, of the energy range
including the region below 8.0 MeV where experimental results give good )
guidance. Above ̂ 9.0 MeV both evaluations become more speculative but a '
very large difference remains.

D. Neutron Radiative Capture; Nb(n;y) Nb Cross Sections

The (n,y) evaluated cross sections at energies of - 0.1 MeV were
taken directly from ENDF-III MAT-1164. At higher energies the evaluation
is consistent with recent measurements by W. Foenitz.

E. The 93Nb(n;2n')92Nb Cross Section

A number of measurements have determined the cross section for the
activation of the i> 10 day isomer of 92Nb by means of the (n;2n*) process
and these results are relatively consistent. There have been three recent
measurements of the total (n;2n') cross section. These two types of re-
sults were combined using isomer ratio calculations to obtain the present
file.

F. The Nb(n;3n') Ttt> Cross Section

The evaluation is based upon considerations of systematics.

G. The 93Hb(n;p)93Zr CTOBS Section

The present evaluation uses the energy dependence of the reaction as
given in MAT-1164, renormalized to the 40 nib value at 14.0 MeV. This
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procedure is consistent with the body of experimental knowledge of the
(n;p) processes and with the reported direct observation of the proton
product. The evaluated result is subject to large uncertainties,,

H. The 93Nb(n;d)92Zr and 93Hb(n;p,n')92Zr Cross Sections

The «b(n;d) Zr cross sections will probably be small and are not
considered in the present evaluation. The (n;p,n') reaction is included
with the (n;nf).

I. The 93Nb(n;2p)92Y, 93Nb(n;3He)91Y and 93Hb(n;T)91Zr

Ignored.

J. The 93Mb(n;a)90Y Cross Section

Taken from MAT-1164.
no QQ

K. The ~Tft>(n;a,n') Y Cross Section

In view of the relatively large error associated with the measured
quantities and the relatively small upper limit to the cross section,
the evaluation smoothly interpolates the total reaction cross section
from zero at threshold to 5 mb at 20.0 HeV.

L. Gamma-Ray Production Cross Sections

"For neutron energies less than 100 keV the only photon producing re-
action is the (n,y) reaction. This evaluation assumes a constant photon
spectrum from neutron capture for all neutron energies and adjusts the
multiplicity to conserve energy. For neutron energies less than 100 keV
photon productionfrom neutron capture is presented explicitly. For
neutron energies - 100 keV the capture reaction is included with all
other reactions. For energies - 100 keV the present evaluation relies
upon gamma-ray production files calculated from the formalism of Howerton
and Flechaty (6) as modified by Perkins, Haight and Howerton (7). The
calculations included contributions from all photon producing processes
and were consistent with the known energetics. The emission spectra are
complexes of exponential forms reducing in the limiting case of very large
incident energies to a single exponential. The spectra are known to be
complex at even rather low energies (^1.0 MeV) with no dondnent single
line thus the simple continuum distribution should be reasonably suitable
for most fast neutron applications, since the neutron interaction data
are energetically consistent.
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DATA SUMMARY AND GENERAL COMMENTS

The experimental data for natural

molybdenum and its various isotopes

are listed in UCRL-50400, Vol. 3.

The evaluated data for natural

molybdenum are shown graphically in

UCRL-50400, Vol. 15, Part B. R. J.

Howerton did the evaluation.

TOTAL CROSS SECTION

Experimental total cross sections

for natural molybdenum are shown

graphically on pages 5-17 to 5-27 of

UCRL-50400, Vol. 7, Part A, Rev. 1;

some tabulated values are given on

page 5-32. Total cross sections for
92

42'
,Mo are shown on page 5-34; total

94
cross sections for Mo are shown on

pages 5-35 and 5-36; total cross
95

sections for Mo are shown on page
96

5-37; total cross sections for Mo

are shown on pages 5-38 and 5-39;
98

total cross sections for Mo are

shown on pages 5-41 and 5-42; and
100

total cross sections for Mo are

shown on page 5-45. The evaluated

total cross sections, which are based

on these experimental data, are shown

in UCRL-50400, Vol. 15, Part B.

ELASTIC SCATTERING CROSS SECTION

Elastic scattering cross sections

for natural Mo are shown graphically

on page 5-28 of UCRL-50400, Vol. 7,

Part A, Rev. 1; some tabular values

are given on pages 5-32 and 5-33.
92

Elastic cross sections for Mo are

shown on page 5-35; elastic cross
94

sections for Mo are given en pages

5-36 and 5-37; elastic cross sections
96

for Mo are given on pages 5-39 and
98

5-40; elastic cross sections for Mo

are shown on page 5-43; and elastic

cross sections for Mo are given on

pages 5-46 and 5-48. The evaluated

elastic scattering cross sections are

shown in UCRL-50400, Vol. 15, Part B.

These evaluated elastic cross sec-

tions were obtained by taking differ-

ences between the evaluted total cross

sections and the sums of the evaluated

nonelastic cross sections, with the

experimental elastic scattering data

used as a guide.

ELASTIC SCATTERING ANGULAR
DISTRIBUTIONS

Elastic scattering differential

cross section measurements for neutron

energies up to 8 MeV and at 14 MeV

are shown in UCRL-50400, Vol. 19.

In the evaluation, the elastic scat-

tering angular distributions were

assumed to be isotropic for neutron

energies up to 50 keV. Between 50

keV and 8 MeV the angular distribu-

tions were based on the experimental

data. Above 8 MeV the elastic scat-

tering angular distributions were

taken from spherical optical model

42-0-1
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calculations, in which the best-fit

optical model parameters of Becchetti

and Greenlees were used [Phys. Rev.

182, 1190 (1969)].

INELASTIC SCATTERING CROSS SECTION

The experimental n,n' data for

natural molybdenum are shown graph-

ically on pages 6-34 to 6-39 of UCRL-

50400, Vol. 8, Rev. 1, Part A; some

tabulated values are given on page

6-41. A single n,n' data point for
92

Mo is given on page 6-47; n,n( data
94

for Mo are given on pages 6-49 and
96

6-50; n,n' data for Mo are given on
98

page 6-51; n,n' data for Mo are

given on page 6-53; and n,nf data

for Mo are given on pages 6-54 and

6-55. The evaluated inelastic scat-

tering cross section for natural Mo

is represented by a continuum contri-

bution that has a threshold at 0.25

MeV, which is just above the energy
95

of the first excited state in Mo .

The evaluated inelastic continuum

cross section, which is based on a

combination of the experimental data

and nuclear systernatics, is shown in

UCRL-50400, Vol. 15, Part B.

INELASTIC SCATTERING ANGULAR AND
ENERGY DISTRIBUTIONS

The angular distributions for

inelastic scattering were assumed to

be isotropic in the laboratory system

for all incident energies. While this

42-HO-0
MAT 1321

assumption is incorrect for the pre-

equilibrium and direct-interaction

portions of the reaction, the alter-

native of entering anisotropic

angular distributions into the evalu-

ation is also incorrect because the

uncertainties in the reaction cross

section are so large. For energies

below the onset of the preequilibrium

process, at about 8 MeV, the energy

distributions of the secondary neu-

trons were derived from a temperature

model. For incident neutron energies

above 8 MeV, the energy distributions

of the secondary neutrons were char-

acterized by a two-component model —

a "temperature" component plus a

"preequilibrium and unresolved direct-

interaction" component. The method

used in selecting the fraction of the

inelastically scattered neutrons to

be associated with the preequilibrium

process is described in UCRL-50400,

Vol. 15, Part A, pages 19 to 22. •

n,2n CROSS SECTION

The dominant even-A isotopes in Mo

have n,2n thresholds that are somewhat

above 8 MeV, and the trace odd-A

isotopes in Mo have thresholds that

are generally below 8 MeV. Thus,

8 MeV was selected as an effective

n,2n threshold for natural Mo. A

single n,2n data point for natural Mo

is given on page 6-41 of UCRL-50400,

Vol. 8, Rev. 1, Part B; n,2n data for
92

Mo are shown graphically on pages
42-0-3
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6-43 to 6-45. Some tabular values

are given on page 6-48; n,2n data for
100

Mo are given on page 6-56. The

evaluated n,2n cross sections are

shown in UCRL-50400, Vol. 15, Part B.

Because of the scarcity of experi-

mental data, these evaluated n,2n

cross sections vere determined, in

part, from nuclear systematics.

ANGULAR AND ENERGY DISTRIBUTIONS
FOR THE n,2n REACTION

The angular distribution of

secondary neutrons from the n,2n

reaction was assumed to be Isotropic

in the laboratory system. Energy

distributions of the secondary neu-

trons, which are presented in tabular

form, are derived from temperature

model calculations, with the assigned

temperatures consistent with system-

atics (UCRL-50400, Vol. 15, Part A,

page 24).

n,3n CROSS SECTION

The Mo isotopes with A _< 98 have

n,3n thresholds above 15 MeV; the Mo

isotopes with A _> 99 have n,3n

thresholds below 15 MeV. Thus, 15

MeV was selected as an effective n,3n

threshold. Since there are no

experimental n,3n data for Mb, the

evaluated n,3n cross sections were

determined entirely from nuclear

systematics. The evaluated n,3n cross

sections are shown in UCRL-50400,

Vol. 15, Part B.

42-0-4

ANGULAR AND ENERGY DISTRIBUTIONS
FOR THE n,3n REACTION

The same evaluation procedures were

used for the n,3n reaction as for the

n,2n reaction described above.

n,Y CROSS SECTION

Experimental neutron capture cross

sections for natural Mo are given on

pages 5-29 to 5-31 (graphical) and on

page 5-33 (tabular) of UCRL-50400,

Vol. 7, Part A, Rev. 1; neutron cap-
95

ture data for Mo are given on page

5-38; neutron capture data for Mo
97

and Mo are given on page 5-40;
98

neutron capture data for Mo are

given on pages 5-43 to 5-45; and
100

capture data for Mo " are given on

pages 5-46 to 5-48. The evaluated

neutron capture cross sections for

natural Mo, which were largely based

on these experimental data, are shown

in UCRL-50400, Vol. 15, Part B.

PHOTON PRODUCTION FROM n,Y REACTIONS

The spectrum of photons from the

neutron capture process at thermal

neutron energies was taken from the

measurements of V. J. Orphan et al,3

Gulf General Atomic Rept. GA-10248

(1970). This spectrum was assumed to

apply at all Incident neutron energies

up to 20 MeV, but the photon multi-

plicity was adjusted so as to conserve

the total energy of the reaction.



n,Xy CROSS SECTION

Experimental n,XY data for natural

Ho are given on page 6-40 (graphical)

and on page 6-42 (tabular) of UCRL-

50400, Vol. 8, Rev. 1, Part B. Since

these are the only available n,Xy

cross sections for Mo, the evaluated

n,Xy cross sections were based, in

part, on these experimental data and

in part on calculations with the

NXGAMEL code, using the systematics

developed by Perkins, Haight, and

Howerton [Nual. Sei. Eng. 2Z» 1

(1975)]. A summary of this method of

42-Mo-Q
HAT 1321

evaluating' photon production data is

discussed in UCRL-50400, Vol. 15,

Part A, pages 38 to 41. The evalu-

ated n,Xy cross section is repre-

sented as a continuum that has a

threshold at 0.25 MeV.

SPECTRA OF PHOTONS FROM THE n,Xy
PROCESS

The photon angular distributions

were assumed to be isotropic. The

photon energy distributions were

obtained from the systematics of

Perkins, Haight, and Howerton cited

above.
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ENDF/B-V Sumary Documentation

Isotope: 43-TC-99 M/VT-1308, Tape 510

HEDL R.E. Schenter and D.L. Johnson (Fast Capture) Nov. '78

HEDL F.M. Mann and F. Schmittroth (Fast Capture) Nov. '78

RCN H. Gruppelaar (Fast Capture) Apr. '78

INEL R. Bunting and C. R. Reich (Decay) Mar. '78

BAW A.Z. Livolsi (ENDF/B-IV) Oct. "71

The present work supersedes the ENDF/B-IV evaluation, MAT = 1137

by Livolsi (Summary of HAT 1137 given on page 43-99-4), Only the capture

cross section and the resolved resonance parameters were changed for this

evaluation. The new thermal cross sections are given as:

Cross Section Values at E = 0.0253 eV

Total

Scatter

Capture

24.

5.

19.

S8

09

49

B

B

B

Capture Resonance Integral QE =.5 eV) 350.1 B

The following indicates the changes from ENDF/B-IV:

MF = 2 MT • 151

Resolved resonance parameters were obtained from capture measurements at

RPI (Private Communication - Letter Robert C. Little to Sol Pearlstein,

July 13, 1977)
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MF - 3 MT - 102

Capture cross section evaluations were obtained using a generalized

least-squares approach with calculations being performed with the computer

code FERRET. Results of these calculations are shown in Figure 1, where the

a priori curve is from ENDF/B-IV and the adjusted curve was used as the

final evaluated ENDF/B-V cross section. Input for these adjustment calculations

included both integral and differential experimental data results. Figure 1

also includes the differential data values and their uncertainties which

were obtained from the CSIRS library. Integral measurement results came from

CERMF and STEK Assemblies 500, 1000, 2000, 3000, 4000. References for this

work include:

1. F. Schmittroth, "FERRET Data Analysis Code," HEDL TME-79-40, September 1979.
2. J.W.M. Dekker, ECN-14, February 1977. (STEK information)
3. Y.D. Harker, et. al., TREE 1259, March 1978. (CFRMF information)

MF = 8 MT = 457

Decay data evaluation by Bunting and Reich using Nuclear Data Sheets 12,

431 (1974) by L. D. Medsker and Atomic Data File Entry (8/6/76) by Wapstra

and Bos.
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43-TC- 99 (MM>1137)
H3-TC-99 by Livols i a t B¥U
MAT 1308 Reviewed by D.T.S.

Eval-0ct71 Z.Livolsi
BAW-1367 Dist-May74
Extended to 20 MeV for ENDF/B Version-IV

* * * * * *

Technetium-99 evaluated by Zizo Livolsi Babcock+Wilcox October 71

Sigma-Total 2200m/sec« 24.07 b
Sigma-Scat. 2200m/sec« 5.04 b
Sigma-Capt. 2200m/sec» 19.03 b
1/E weighted capt.Integral above .5eV- 353.35 b

For all pertinent information regarding these data, please refer
to BAH^1367 (or ENDF-144)

File Contents
1-453 Decay chain (1,2,3)
2-151 Resolved resonances and bound level C4) all s-wave

Unresolved resonances (5) s and p-waves
3-001 Total cross section calculated by optical model (6) conver-

ging on experiment (7) above 2.MeV
3-002 Elastic scattering Xsection resultant of compound (8) and

shape elastic (6)

3-004 Total (n,n*) scattering (8)
3-016 (n,2n) scattering (9,10)
3-051 Excited discrete Cn,n*) levels (1,8)
thru excited discrete (n,n*) levels (1,8)

3-061 Excited discrete (n,n*) levels ilt8)
3-091 (n,n*) levels described by continuum (8)
3-102 Capture xsection below 300eV due to resolved resonances(4)

up to 140keV correction imposed on unresolved Xsection(5)
up to 15MeV in competition with excited levels and correctd
for energy variation of gamma strength function (8,11) ab-
ove 5MeV contribution from direct + collective captuts (12)

4-002 Diff. elastic calculated by MR Bhat for Ag (no exp data)
5-016 Maxwellian evaporation spectrum for (n,2n)
5-091 Maxwellian evaporation spectrum for (n,n*)

References
1- CM Lederer, JM Hollander, I Perlman, 6th ed(1967)
2- G Cenacchi, T/Fima(68)4
3- THE Mattauch, W Thiele, AH Wapstra, Nucl.Phys 67(1965)
4- T Watanabe.SD Reeder, NSE 41,188(1970)
5- Jen-Chang Chou, INR-4/70-28 (N/1970)
6- ABACUS- EH Auerbach, BNL-6562 (1964)
7- W Foster, 5CISRS File (BNW-1967)
8- COMNUC- CL Dunford, AI-AEC-12931
9- S Pearlstein, Nucl.Data 3A.3270-967)

10- JM Blatt, VF Weisskopf, Theor.Nucl.Physics, P.484
11- GgOD- AZ Livolsi, A Prince (not released)
12- F1SPRO2- V Benzi, GC Panini, G Reffo, CEc(69)24
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ENDF/B-V Summary Documentation

Isotope: 45-Rh-103 M/VT»1310, Tape 510

HEDL R.E. Schenter and D.L. Johnson (Fast Capture) Nov. '78

HEDL F.M. M u m and F. Schmittroth (Fast Capture) Nov. '78

RCN H. Gruppelaar (Fast Capture) Apr. '78

B/W A.Z. Livolsi (ENDF/B-IV) Oct. '71

The present work supersedes the ENDF/B-IV evaluation, MAT = 1125

by Livolsi (Summary of MAT 1125 given on page 45-103-4). Only the capture

cross section and the resolved resonance parameters were changed for this

evaluation. The new thermal cross sections are given as:

Cross Section Value at E = 0.0253 eV

Total

Scatter

Capture

150

3

146

.18

.88

.31

B

B

B

Capture Resonance Integral (E =.5 eV) 1032. B

The following indicate the changes from ENDF/B-IV:

MF=2

Resolved resonance parameters were obtained from BNL-325 (Third Edition,

Volume 1, June 1973).
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45-Rh-103
MAI 1310

MF « 3 MT - 102

Capture cross section evaluations were obtained using a generalized

least-squares approach with calculations being performed with the computer

code FERRET. Results of these calculations are shown in Figure 1, where the

a priori curve is from ENDF/B-IV and the adjusted curve was used as the

final evaluated ENDF/B-V cross section. Input for these adjustment calculations

included both integral and differential experimental data results. Figure 1

also includes the differential data values and their uncertainties which

were obtained from the CSIRS library. Integral measurement results came from

CFRMF and STEK Assemblies 500, 1000, 2000, 3000, 4000. References for this

work include:

1. F. Schmittroth, "FERRET Data Analysis Code," HEDL TME-79-40, September 1979.
2. J.W.M. Dei-Jeer, ECN-14, February 1977. (STEK information)
3. Y.D. Harker, et. al., TREE 1259, March 1978. (CFRMF information)
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45-RB-103 (MAT-1125)
fey Livolsi at B W

Eval-0ct71 Z.Livolsi
BAW-1367 (feNDF-144) Dist-May74
Extended to 20 MeV for ENDF/B Version-IV

Rhodium - 103 Evaluated by Zlzo Livolal Babcock+Wllcox October 71

Sigma-Total 2200M/Sec- 151.68 b
Sigma-Scat. 2200M/Sec» 3.46 b
Slgma-Capt. 2200M/Sec- 148.21 b
1/E weighted capt.integral above .5eV-1048.34 b

For all pertinent information regarding these data, please refer
to BAW-1367 (or ENDF-144)

File Contents
1-453 Decay chain (1,2,3)
2—151 Resolved resonances (4,5) set P-waves

unresolved resonances (4) set P-waves, obs.lv3.spac.(5)
3-001 Total cross section calculated by optical model (6) conver-

ging on experiment below (7) and above (8) 2MeV
3T002 Elastic scattering Xsection resultant of compound (9) and

shape elastic (6)
3-004 Total (n,n*) scattering (9,10,li,12)
3-016 (n,2n) scattering 0-3,14)
3-051 Excited discrete (n,n*) levels 0,9,10)
thru excited discrete (n,n*) levels O»9,10)
3-064 Excited discrete (n,n*) levels O,9,10)
3-091 (n,n*) levels described by continuum C9)

3-102 Capture Xsection below 40keV due to resolved and unresol-
ved resonances (4,5) up to 15MeV in competition with exci
ted levels and corrected for energy variation of gamma-st-
rength function (9,15) above 5MeV contribution from direc
t and collective capture (16,17)

3-102 Ketastable state capture given as histogram below 1.855eV
of 0.15164 lethargy width up to 4.15keV 0.07713 du above
4.15keV Xsection continuous, isomeric ratio from PonitzQ.8)

4-002 Diff. elastic calculated by MR Bhat for Ag (no exp. data)
5-016 Maxwellian evaporation spectrum for (n,2n)
5-091 Maxwellian evaporation spectrum for (n,n*)
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ENDF/B-V Summary Documentation

Isotope?: 47-Ag-107 MAT=1371, Tape 510

HEDL R.E. Schenter and D.L. Johnson (Fast Capture) Nov. '78

HEDL F.M. Mann and F. Schmittroth (Fast Capture) Nov. '78

BNL M.R. Bhat and A. Prince (ENDF/B-IV) Oct. '71

The present work supersedes the ENDF/B-IV evaluation, MAT - 1138

by Bhat and Prince(Summary of MAT 1138 given on page 47-109-4). Ctoly the

capture cross section was changed for this evalution. The thermal cross

sections are given as:

Cross Section Value at E - 0.0253 eV

Total

Scatter

Capture

42

5

36

.47

.62

.85

B
B

B

Capture Resonance Integral (Ec=.5 eV) 115.2 B

The following indicates the changes from ENDF/B-IV:

47-107-1
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MF « 3 'MT » 102

Capture cross section evaluations were obtained using a generalized

least-squares approach with calculations being performed with the computer

code FERRET. Results of these calculations are shown in Figure 1, where the

a priori curve is from ENDF/B-IV and the adjusted curve was used as the

final evaluated ENDF/B-V cross section. Input for these adjustment calculations

included both integral and differential experimental data results. Figure 1

also includes the differential data values and their uncertainties which

were obtained from the CSIRS library. Integral measurement results came from

CFRMF. References for this work include:

1. F. Schmittroth, "FERRET Data Analysis Code," HEDL "IT*-79-40, September 1979.
2. Y.D. Harker, et. al., TREE 1259, March 1978. (CFRMF information)
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Ag 107 evaluation
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ENDF/B-V Summary Documentation

Isotope: 47-Ag-109 MAT=1373, Tape 510

HEDL R.E. Schenter and D.L. Johnson (Fast Capture) Nov. '78

HEDL F.M. Mann and F. Schmittroth (Fast Capture) Nov. '78

RCN H. Gruppelaar (Fast Capture) Apr. '78

BNL M.R. Bhat and A. Prince (ENDF/B-IV) Oct. '71

The present work supersedes the ENDF/B-IV evaluation, MAT * 1139

by Bhat and Prince (Summary of MAT 1139 given on page 47-109-4), Only the

capture cross section was changed for this evaluation. The thermal

cross sections are given as:

Cross Section Value at E = 0.0253 eV

Total 93.47 B

Scatter 1.68 B

Capture 91.79 B

Capture Resonance Integral (E =.5 eV) 1459. B

The following indicates the changes from ENDF/B-IV:

47-109-1
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MF - 3 MT • 102

Capture cross section evaluations were obtained using a generalized

least-squares approach with calculations being performed with the computer

code FERRET. Results of these calculations are shown in Figure 1, where the

a priori curve is from ENDF/B-IV and the adjusted curve was used as the

final evaluated ENDF/B-V cross section. Input for these adjustment calculations

included both integral and differential experimental data results. Figure 1

also includes the differential data values and their uncertainties which

were obtained frcan the CSIRS library. Integral measurement results came from

CFRMF and STEK Assemblies 500, 1000, 2000, 3000, 4000. References for this

work include:

1. F. Schmittroth, "FERRET Data Analysis Code," HEDL 1MB-79-40, September 1979.
2. J.W.M. Dekker, ECN-14, February 1977. (S1EK information)
3. Y.D. Harker, et. al., TREE 1259, Mirch 1978. (CFRMF information)
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Ag 109 evaluation
Case PK 12.4-

o
I

00a
u

§

o
CO

O

Adjusted (ENDF/B5)
a priori, (ENDF/B4+BNL)
Weston(60)DKE,ORL

6S)MUA
)FE£

10
Energy, eV

10'
U) t

u> o



MAT 1373

SUMMARY DOCUMENTATION FOR THE EVALUATION OP 107Ag, 109Ag, AND l33Cs

M. R. Bhat and A. Prince
NNCSC, Brookhaven National Laboratory

1. INTRODUCTION

This teport describes the evaluation of Ag-107, Ag-109 and

Cs-133 for the Evaluated Nuclear Data File, Version III (ENDF/B-III).

The choice of the several pieces of experimental data used in the

evaluation and the justification for such a choice are discussed in this

report. The energy range covered by these evaluations is from 10" eV

to 1.5x10 eV. The experimental data has been supplemented by the

results of nuclear model calculations in the energy regions where

such data were not available. These codes and the results of their

calculations are described in the following pages.

2. LOW ENERGY CROSS SECTIONS

2.1. Resolved Resonance Parameters:

Ag-107. Ag-109

The most extensive measurements of the resonance parameters

on the separated isotopes of silver are due to Muradyan and Adamchuk .

These authors give the resonance parameters of Ag-107 up to 915 eV and

for Ag-109 up to 903 eV. He have made use of these parameters as

(2)
well as those recommended in BNL-325, 2nd Edition. Resonance spins

where available are indicated as given in the latter reference. The

gamma widths given explicitly in BNL-32S for some resonances have been

used; otherwise we have set F • 0.140 eV. The nuclear radius used

-12
for Ag-107 is 0.71365x10 cm. which gives a a • 6.U barns; a value

obtained in the measurements of Shull and Wo1Ian.' ' This experimental

value also agrees with the measurements of Zimmerman and Hughes who

obtained a * 6.5±0.5 barns. The nuclear radius used for Ag-109 is
P

47-109-4
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0.63xl.0~ cm a value given by Chrien* ' from an analysis of the

transmission data on low energy resonances. It is quite possible that

some of the resonances given are p-wave resonances. However, since

none of them has been specifically identified as such all the resonances

have been grouped together as s-wave resonances.

Cs-133

We have used the resonance parameters of Cs-133 as given by

Garg, et al. The measured resonances extend up to an energy of

3.5 keV. The assumed value of T was 0.110 eV. None of the resonance

spins are known. Hence, we have put the resonance spins as 7/2; the

(3)

-19

spin of the target nucleus. The nuclear radius used here 0.75166x10 "cm.

Which corresponds to a a "7.1 barns as measured by Shull and Wollan
P

Since none of these resonancss has been designated as p-wave resonances

we have listed all of them as s-wave resonances.

2.2. 2200 m/sec Neutron Capture Cross Section

Ag-107. As-109

We have used a value of 92 barns for the 2200 m/sec neutron

capture cross section for Ag-109 as suggested by Walker. The

contribution to the capture cross section, from the resonance parameters

is 89.96 barns and we have added the difference as a 1/v contribution.

For Ag-107 we have used a value of 36.8 barns for the capture cross

section. This value was obtained by taking 63.4 barns for the capture

(8)cross section of natural silver as measured by Tattersail, et al and

calculating the contribution of Ag-107 by assuming 92 barns for Ag-109.

47-109-5
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In the case of Ag-107 the resonance parameters contribution 2.56 barns

for the capture cross section and the difference has been added on as

a 1/v contribution.

Cs-133

The thermal capture cross section recommended by Walkerv for

this nucleus is 29.5 barns. We have used this value in the evaluation;

this is made up of 16.06 barns from the resonance parameters and the

rest being added on as. a 1/v contribution.

47-109-6
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3. HIGH ENERGY CROSS SECTIONS

3.1. Optical Model Parameters

The high energy cross section data available for these nuclei consists

of capture and total cross section measurements over limited energy

ranges with a few values of the (n, particle) reaction cross sections.

Hence, the gaps in the experimental data have to be filled by nuclear

model calculations. Therefore, one has to decide •on a set of optical

model parameters suitable for the nuclei under consideration. Such a

choice of optical model parameters was made by fitting the total cross

(9)
section data of Foster for natural silver and cesium between 2.5 -

15.0 MeV. It is found that the optical parameters of Wllmore and Hodgson

give total cross sections which agree quite well with the experimental

data. The calculations were done with the ABACUS-NBARREX Code/11^

The optical model parameters used are shown in Table I.

3.2. Capture Cross Sections

Ag-107

The calculations of the capture cross section of Ag-107 were done

(121
using the code COMMNOC by C. Dunford. ' The excited states of Ag-107

used in these calculations are given in Table V.along with their spins

and parities. One other input data needed by this program is 2ij- • »

0.05965 wi ̂ re <D> is the average level spacing as determined from the

neutron resonance parameter data for this nucleus. This parameter may

also be considered -a a normalizing parameter whots value is so adjusted as

to get a fit to the experimental capture cross sections. In Che case of

Ag-107 we obtain a value of 2 T -^x- * 0.05965 from the resonance parameters.

However, it was found that the experimental capture data could be fitted

with a value of 0.04029. The experimental data chosen for the fit was from

Obninsk<13) from 29keV to 146keV and from the University of Wisconsin/14'

17-109-7
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from 145 keV to 2.45 MeV. These measurements agree quite well with the

Duke University * ' capture data above 60 keV or so though the Duke data

seems to be consistently lower for lower energies. There is no experimental

data on capture cross sections of Ag-107- at higher energies of 14-15 MeV.

Hence, one could not estimate the contribution of direct and semi-direct

capture at these higher energies. The capture cross section is therefore

shown as a raonotonically decreasing function of energy and is shown

compared with the experimental data in Figure 1.

The experimental capture cross sections used for this isotope is again

(16)

due to Kononov, etal. from Obninsk. The cross section at 24 keV in

this set agrees quite well with the single measurement due to Chaubey, et al.

However, all the values of capture cross sections in this set are lower than

the Duke values as read off from their published curve. Also, if we combine

the Obninsk values for Ag-107 and Ag-109 in the proportion of the natural

abundance of these isotopes we get a capture cross section for natural silver

which is about 16% lower systematically than the Karlsruhe measurements.

These discrepancies indicate need for further accurate measurements on

separated isotopes of silver to resolve them. One could obtain a fit for the

r
Obninsk capture data with 2ff -3£_ =. o.O2 though the resonance parameters give

a value of 0.0586. The calculated and experimental cross sections for Ag-7.09

are shown in Figure 2.

Ca-133The most recent and careful measurements of the capture cross section

lie

r
D

obtained from the resonance parameter data. The calculated and experimental

47-109-8
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cross sections are shown in Figure 3. In the case of this nucleus we

(18)
do have an (n,y) cross section measurement due to Qaim at 14.8 MeV.

Therefore calculations of the direct and semi-direct capture cross sections

were made using FISSPRO Code of Benzi, et alc
 v and normalized to the

experimental value of 7.1 mbarn at 14.8 MeV. This contribution to the

capture cross section was added on to the capture cross section due to

compound nuclear processes above 4.0 MeV.

3.3. Differential Elastic Scattering

Since there is no experimental data on the angular distribution of

elastically scattered neutrons from these three nculei we used the

ABACUS-NEARREX Code to calculate the angular distribution. The calculated

cross sections were then fitted to a number of Legendre polynomials using

the Code CHAD^ to obtain the corresponding coefficients of a Legendre

fit.

3.4. Inelastic Scattering

There is nt experimental data on inelastic scattering for any of

these three nuclei. The relevant cross section were therefore calculated

using COMMNUC and the energy level scheme shown in Table II •

3.5. (n. particle) Reactions

Ag-107

Amongst all the measurements of the (n,2n) cross sections on Ag-107,

there is only one experiment due to Minetti and Pasquarelli who

measure simultaneously the cross sections for populating the 6 (Tl/2 • 8.3

days) metastable state in Ag-106 as well as the 1 (Tl/2 • 24 min) ground

state. They find these two cross sections to be 653 ± 30 mb and 870 ± 40 mb

17-109-9
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respectively et 14.7 MeV. We have chosen then values for normalizing

(22)
the (n,2n) reaction cross section curve as calculated by Pearlstein

using the code THRESH. This code uses the standard evaporation model

of a highly excited nucleus to calculate the various (n, particle)

reaction cross sections. The cross sections calculated with this code

using a Q - 9.531 MeV give a curve which passes through the experimental

value of 1523 ± 70 tnb at 14.7 MeV; hence we did not have to renormalize

the calculated curve. Using the same code and Q * -0.752, -4.354 for

the (n,p) and (n,a) reactions respectively the corresponding cross

sections were calculated. Since there were no experimental data

available on these reactions for Ag-107, the same normalization

constants as had been used to normalize the calculated curves of

Ag-109 to its experimental points were used here.

Ag-109

(21}

Hinetti and Pasquarellt ' obtained a cross section of 797 + 50 mb

for the (n,2n) reaction on Ag-109 leading to the 1 ground state of

the final nucleus Ag-108. However, they did not measure the cross

section leading to the 6 metastable state in the final nucleus.

In the case of the (n,2n) reaction on Ag-107 we populate a 1 ground

state and a 6 metastable state in Ag-106. The ratio of these two

cross sections are 0.751. Since we have states of the same spin in Ag-108

we can assume the same ratio for these two cross sections. Assuming

or'*' « 797 we get j^ » 598 mb giving the total (n,2n) cross section

as 1395 mb at 14.7 MeV. The (n,2n) reaction cross section curve as

calculated from the THRESH code with Q - 9.1S2 MeV was normalized to
this experimental value. Using the same code we also calculated the

47-109-10
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(n,p) cross section curve with a Q - 0.538 MeV. This curve was normalized

to an experimental value of 15 mbarn at 14.5 HeV. This value was

(23)
estimated from the measurements of Bayhurst and Preetwoodv and

Coleman. ' The (n,a) cross section was similarly calculated with

Q - -3.403 and the calculated curve normalized to a value due to

(25)

The experimental values for the (n,2n) cross sections used in the

evaluation are 1620 ± 150 mb at 14.8 MeV by Qaim(18) and 1598 ± 160 mb by

Nagel^ ' at 14.6 MeV. Their mean of 1609 mb was used to normalize the

curve calculated using THRESH with Q » 9.038. The (n,p) cross section

curve was calculated using a Q = 0.121 MeV and normalized to 10.5 mb at

(18)
14.8 MeV due to Qaim. The (n,«) cross section values were similarly

calculated with Q * -3.695 MeV and normalized to a mean of the experimental

4 Me\

(18)

(27)
values of 1.96 ± .15 mb at 14.4 MeV due to L". et al.v and 1.14 ±

.2 mb at 14.8 MeV due to Qaim.

3.6. Energy Distributions of Secondary Neutrons

For the nuclef. under consideration, energy distributions of secondary

neutrons originating from (n,2n) processes and by inelastic scattering

to a continuum of levels was also calculated. These energy distributions

are expressed as normalized probability distributions. The energy

distributions for these nuclei have been specified as an evaporation

spectrum of the type

E, -E7e

- f- e

47-109-11
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where I is the normalization constant and

Where Q is a temperature tabulated as a function of neutron energy E

and U defines the upper limit for the final neutron energy such that

0 < E1 < E - U. To calculate 9 as a function of neutron energy, we
(28)

used the nuclear level density formulation of Gilbert and Cameronv

with shell corrections. The basic idea of their approach is to match

two types of level density formulae:

j (E-EQ)/T

Pi " 7 e

which holds true for energies lower than a characteristic energy E and

,/& exp(2Jau!) 1

H - 12 >;

applicable to energies greater than E . E stay be determined from

the nuclear systematics given in this paper and T and E are determined

by fitting p1 and p at E • E . For energies where the formula p is

applicable the nuclear temperature r *-s

where again a and U may be determined from the tables given by Gilbert

and Cameron. In the low energy density expression, the nuclear teaperature

is considered a constant whereas in the hign energy expression it is energy

dependent as shown by the expression for j.

U7-109-12
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Table I . Optical Model Parameters

V(r)

f(r)

g(r)

r o

R

« Uf (r) +

* I 1 + ex

- 4exp{(r

- 1.26£m

.1/3.• r A 1a

IWg(r)

p(r-R)A

j

-R) / awll

Em

.66£m

l

0.48fm

47.01 - 0.267 - O.00118E2 MeV

D . 9.52 - 0.053 MeV

Spin orbit term - 0.

U 7 - A 8 - 1 0 9

MAT 1373
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Table II. Energy Levels

Ag-107

Eex(keV)

0.0

93.0

126.0

325.0

423.0

787.0

1/2-

7/2+

9/2+

3/2-

5/2-

3/2-

922.0 5/2+

Continuum
>, 950 keV

Ag-109

Eex(keV) j*

O.O 1/2-

88.0 7/2+

133.0 9/2+

311.0 3/2-

415.0 5/2-

702.0 3/2-

Cont inuum
>,710 keV i

Cs-133

Eex(keV)

0.0

81.0

161.0

384.0

437.0

633.0

J17

7/2+

5/2+

5/2+

3/2+

1/2+

9/2+

Continuum
X650 keV

1J7-109-16
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48-Cd-O
HAT 1281

Natural Cadmium (HAT 1281) and Cadmium-113 (MAT 1282)

Source

United Kingdom Nuclear Data Library (UKNDL) - Received 1973.
Natural Cadmium originally DFN 70. Cadmium-113 originally DFN 71.
Translated to ENDF formats using UKE(1'.

Evaluators

The resonance region was evaluated by M. F. James (Winfrith) in 1969.
The high energy data was taken from the work of M. K. Drake (General Atomic).
The energy range was extented from lCf"5 eV to 20 MeV by Fearlstein (Brookhaven)
in 1973.

Documentation

Work of James unpublished. This summary documentation based on notes
provided by J. Story (Winfrith). Data above the resolved resonance region
is mainly that of Drake f3 ).

Resonance Region

For natural cadmium a fictitious resonance introduced at -0.5 eV to adjust
cross section in the eV range and achieve consistency with the 20 barn Cd-111-
thermal capture cross section . The nuclear properties of the cadmium
isotopes are described in table I. The preferred S-wave resonance parameters
and .0253 capture cross sections are described in Tables II and III respectively.

As a post mortem Story offered the opinion that recent data might lead
him to prefer 6.3 ± 1.1 b and 9.6 ± 3.0 b for the Cd-110 and Cd-111 g Oy° values
respectively, but regards the data to be very poor and new measurements desirable.

48-0-1



48-Cd-O
HAT 1281

Table 1 I
Exact masses, atomic abundances, and ground state spin& parity
quantum numbers of the isotopes of natural cadmium

Mass
No.

106

108

110

111

112

113

114
116

Exact mass
AMU

105.906463(4)

107.904189(4)

109.903010(3)

110.904186(3)

111.902703(3)

112.904407(3)

113.903367(3)

115.904762(3)

Atomic abundance
7.

1.22 ± 0.01

0.90 ± 0.04

12.37 ± 0.04

12.77 ± 0.07

24.00 ± 0.13

12.28 ± 0.05

28.84 ± 0.07

7.62 ± 0.03

I I

0+

0+

0+

%+
0+

%+
0+

Of

From the abundances and mass data may be derived the atomic mass of
natural cadmium

112.423662 ± 0.00292 AMU

Table II

48-0-2

Preferred

Isotope

106
108
110

111

resolved resonance parameters

Energy
(eV)

None
None

89.6
372
-0.5
27.6
69.0
86.3
99.6
103.2
115.0
138.3
164.2
225.45
233.7
275.8
314.0
332.2
356.5
389.5
439
480
541

Spin J

Resolved
Resolved

h
k
(0)
I
(i)
(i)
l
(0)
(1)
1
1
(1)
0
(1)
(1)
(1)
1
0
(1)
(0)
(1)

for S-wave

r
(MeV)

115
23
0.04204
5.1
0.091
2.67
13.0
2.88
0.44
9.7
59.0
33.4
233
22.7
3.6
8.0

49.0
124
16
28
84

neutrons

(Meff)

130
130
103
(103)
(103)
(103)
72

(103)
(103)
100
104
(103)
160
(103)
(103)
(103)
93
90

(103)
(103)
(103)

1



I Table II (Contd.) MAT 1281

Isotope Energy Spin J Fn T

(MeV) (MeV)

113

114

111 578 0 296 150
(1) 60 (103)
(1) 694 (103)

112 66.7
83.3
226.7
444.3
743
935
1125

0.1777
18.4
56.3
63.9
84.9
108.5
143.2
159.0
193.3
215.6
261.5
270.0
292.2
415.8
433.8
503
527
552
625
675
724
858

58.7
120.1
226.0
394.1
673
756
1107

h
k
h
h
h
h
h

l
l
(0)
l
l
l
(i)
(i)
0
l
l
0
(1)
1
1
1
1
1
(0)
(1)
1
1

%
h
h
h
h
h
h

6.1
0.76
25
60
180
220
600

0.6244
0.198
0.212
3.8
29
1.2
4.54
12.15

224
33
45
64
76
140
36
80
44
137
160
127
53
660

12
57
1.8

760
220
140
1500

95
(95)
(95)
(95)
(95)
(95)
(95)

112.9*
(111)
(HI)
90
121
128
(111)
(111)
112
114
106
124
(HI)
116
110
95
100
110
(111)
(111)
(111)
(HI)

115
100
100
100
100
100
100

116 29.3 h . 0.042 100

Potential scattering cross-section for all isotopes taken as 6.53 b.

Nuclear scattering radius for all isotopes taken as 7.2 fm

48-0-3



t)8-Cd-0
MAT 1281 Table III

Preferred capture cross sections at 0.0253 eV

Isotope

106

108

110

111

112

113

114

116

Nat.

Preferred

1.0 ± 0.5

1.0 ± 0.2

3.5 ± 1.0
23.5 ± 3.0

0.54 ± 0.5

19,878 ± 74
0.34 ± 0.15

0.08 ± 0.02

2446 ± 9

a (barns)

Derived from
parameters

-

-

0.825
23.52

0.103
-

0.499

0.00377

Difference equals
contribution from
distant levels

1.0

1.0

2.7

-

0.44
-

-

0.076

Correction at
Energy S(ev)

0.159A/E

0.159A/E

0.429A/E
-

0.070A/E
-

-

0.0121A/E

References

1. ENDF-134R(0RNL-TM 2880, Rev.) October 1973. R. Q. Wright, S. N. Cramer

and D. C. Irving.

2. Private communication February 1974. J. Story.

3. GA-6997, March 1966. M. K. Drake.

4. ORNL-3994, September 1966. Baldock et al.
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4 8 - C d - m
MAT 1318

ENDF/B-V Stnnmary Documentation

Isotope: 48-Cd-113 M/VT=1318, Tape 510

BNL S. Pearlstein (ENDF/B-IV) 1973

HEDL F.M. Mann and R.E. Schenter (Resonance Region) Nov. '78

INEL R. Bunting and C.W. Reich (Decay) Apr. '78

The present work is the same as the ENDF/B-IV evaluation, MAT = 1282

by Pearlstein (Summary of MAT 1282 given on page 48-0-1), except the resonance

region was changed. The ENDF/B-IV evaluation was obtained from a translation

of the UKNDL DFN-71 file into ENDF/B format. Above the resonance region

(E>1.0 Kev) mainly Drake GA-6997 was used. The new thermal cross sections are

given as:

Cross Section Value at E = 0.0253 eV

Total 19912. B

Scatter 22. B

Capture 19890. B

Capture Resonance Integral (E =.5 eV) 380.3 B

The following indicates the changes from ENDF/B-IV:

MF=2 MT=151

Resonance parameters were obtained from the results of time of flight

spectroscopy measurements at Columbia University (H.I. Liou, et. al., Phys.

Rev. 10, 2, August 74).
48-113-1



MAT 1318

Uforesolved parameters (300<E<1000 eV) were obtained using the conpiter

code RESPAR.

MF=8 MT=457

Decay data evaluations by Bunting and Reich using ENSDF decay data file

(ENSDF Dated 770503).

48-113-2



5 4 - X e - S t a b l e
MAT 1335+

Summary Documentation for the Stable Xenon Isotopes

by
M. R. Bhat and S. F. Mughabghab

1. Introduction

Evaluations of the neutron cross-sections of the nine stable isotopes

of xenon were originally assembled for ENDF/B-1V and the details have appeared

in a report [1]. These data files are for studies using the xenon isotopes

as tag materials. The data files have been updated to include new data and

some minor errors have been corrected. In the following, details of the

sections for each isotope significantly modified are described.

2. Xe-124 (MAT=1335)

(i) Resolved Resonance Parameters

The resonance parameters of the 5.16 eV resonance and the newly assigned

9.88 eV resonance have been set equal to the new values obtained by Kane [2].

In addition, the 0.0253 eV capture cross-section was set equal to 164.5±15b [2]

and the parameters of a bound level at -10 eV were adjusted to give the

desired thermal capture. The other resolved resonance is from the work of

Ribon [3]. The capture integral (0.5 to 2.0E+7 eV) is also calculated to be

3046 b which agrees quite well with the experimental value of 3600±500b [7].

(ii) (n,2n) Cross-Section

The (n,2n) cross-section as calculated using FASCRO [4] was normalized

to 957 mb at 14.5 MeV which is a mean of the data of Kondaiah et al., [5]

and the new data of Sigg et al., [6].

3. Xe-126 (MAT=1339)

(i) Resolved Resonance Parameters

The thermal (0.0253 eV) capture cross-section was set equal to 2.2b, a

value measured by Bresesti et al., [7]. Two resonances at 86.56 eV and 100.17

eV from the list of unassigned resonances in Ribon's Thesis [3] are assigned

to Xe-126 to give a capture integral of 44b and the experimental value is

38.0±3.8b [7], A bound level at 75 eV was also included to give the evaluated

thermal capture of 2.2b.

54-Stable-1



54-Xe-Stable
MAT 1335+

3- Xe-126 (MAT-1339) (cont'd)

(ii) (n,2n) Cross Section

The (n,2n) cross section as calculated using FASCRO [4] was normalized

to 1.481b at 14.5 MeV. This is a mean of the data of Kondaiah et al., £5]

and the new measurements of Sigg et al., [6].

4. Xe-128 (MAT=1348)

(i) Resolved Resonance Parameters

The thermal capture cross-section was evaluated to be 5.36b. This was

obtained by assigning 0.36b for the cross section to the metastable state

which is a mean of 0.29b measured by Kondaiah et al., [5] and 0.43b obtained

by Tilbury et al., [8], To this was added 5b, the capture cross section to

the ground state as measured by MacNamara and Thode [9]. The resonance

parameters are mainly based on Ribon's Thesis [3] and a bound level at -10

eV was invoked and its parameters adjusted to give the evaluated thermal

capture cross-section. The calculated capture resonance integral (0.5 eV to

20.0 MeV) is 11.3b.

(ii) (n,2n) and (n,p) Cross Sections

The (n,2n) cross section calculated from FASCRO [4] was normalized to

1.814b at 14.5 MeV, which is a mean of the data of Kondaiah et al., [5] and

Sigg et al., [6], The (n,p) cross section also calculated using FASCRO was

normalized to 28 mb at 14.6 MeV as measured by Sigg et al., [6].

5. Xe-129 (MAT=1349)

Resolved Resonance Parameters

The thermal capture cross section was evaluated to be 18b. This was

obtained by lowering the measured value of 21±7b by Eastwood and Brown [10]

by half their quoted error to allow for the fact that their measurements

were made in a reactor spectrum with contributions from epithermal neutrons.

The resonance parameters are mainly from Ribon's Thesis [3] and where the

resonance spins were not determined from direct measurements, they were

arbitrarily assigned to follow the (2J+1) law for level density. A bound
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54-Xe-Stable
MAT 1335+

5. Xe-129 (MAT-1349) Cont'd)

Resolved Resonance Parameters (cont'd)

level at - 23.0 eV was also included to give the evaluated capture cross-

section. The calculated resonance capture integral (0.5-2.0E+07 eV) is

255.2b.

6. Xe-1" (MAT=1350)

(i) Resolved Resonance Parameters

The thermal capture cross-section was evaluated to be 6.2b. This

was obtained by assigning 0.42b for the cross-section for the metastable

state which is a mean of 0.495b by Kondaiah et al., [5] and 0.34b by Tilbury

et al., [8]. To determine the capture cross-section to the ground state,

it was assumed that the ratio a la for X-130 is the same as that ob-

served for Xe-132 by Kondaiah et al., [5] viz 13.83. The resolved resonance

parameters are mainly based on Ribon's Thesis [3] with a bound state at -10

eV whose parameters were adjusted to give the evaluated thermal capture cross

section. The calculated resonance capture integral (0.5-2.0E+07 eV)-is

found to be 4.5b.

(ii) (n,p) Cross Section

The (n,p) cross-section calculated from FASCRO was normalized to the

Kondaiah data [5] of 6.7±0.8 mb at 14.4 MeV. This value cannot be reconciled

with the data of Sigg et al., [6] who obtain a value higher by about 66%.

7. Xe-131 (MAT=1351)

(i) The Resolved Resonance Parameters

The resolved resonance parameters are based mainly on the work of

Ribon [3]. For the resonances where spins were not known, spin values of

either 1 or 2 were arbitrarily assigned to follow the (2J+1) law for level

density. A bound level at - 41 eV was also added and its parameters adjusted

to give an evaluated thermal capture of 90b. The calculated resonance capture

integral is 1020b.
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54-X«-Stable
MAT 1335+

7. Xe-131 (MA1>1351) (cont'd)

(ii) The (n,p) Cross Section

The (n,p) cross-section was obtained by normalizing FASCRO £4] cal-

culations to 6.2 rab at 14.5 MeV which is a mean of the data of Kondaiah et al.,

[5] and of Sigg et al., [6J.

8. Xe-132 (MAT=1352)

(i) Resolved Resonance Parameters

A mean of the capture cross-section to the metastable state as

measured by Eastwood et al., [10] and by Kondaiah et al., [5] is 26 mb.

Kardon et al., determined o ,a =0.063. 111]. With this ratio and

0 =26 mb, one obtains a =413mb. This agrees quite well with the Kondaiah

value of 415mb [5]. Their mean is 414mb which added to 26mb gives 440mb.

The resolved resonances are from Ribon's Thesis [3] and a bound level was

introduced at -100 eV and its parameters adjusted to obtain the evaluated

thermal capture cross-section. The resonance capture integral (0.5 to 2.0E+7 eV)

is 1.75b.

(ii) The (n,p) Cross Section

The (n,p) cross-section calculated using FASCRO [4] was normalized to

3.3mb at 14.5 MeV. This is a mean of the measured data of Kondaiah et al.,[5]

and Sigg et al., [6].

9. Xe-134 (MAT=1354)

(i) Resolved Resonance Parameters

The thermal cross-section was evaluated to be 0.25b, this is a mean of

the value of 0.265±.020b by Kondaiah et al., [5] and 0.228+.020b by Eastwood

et al., [10]. The resonance parameters are by Ribon [3] and a bound level

was inserted at -25.0 eV and its parameters adjusted to give the evaluated

thermal capture cross section. The calculated resonance capture integral

(0.5-2.0E+07 eV) is 0.8b.
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MAT 1335+

9. Xe-134 (MAT=1354) (cont'd)

(ii) The (n,2n) Cross Section

The (n,2n) cross section was obtained from FASCRO and has not been

renormalized to experimental data since the Kondaiah et al., renormalized

data [5] of 2541+259mb at 14.4 MeV and the Slgg [6] renormalized data of

1509±14mb at 14.6 MeV are discrepant.

(iii) The (n,p) Cross Section

The (n,p) cross section obtained from FASCRO was normalized to 2.1mb

at 14.5 MeV; this being the mean of the data of Kondaiah et al., [5] and

of Sigg et al., [6].

10. Xe-136 (MAT=1356)

This evaluation is the same as in ENDF/B-IV (MAT=1178). All available

data were reviewed including the new (n,2n) data by Sigg et al., [6] which

were found to be consistent with the previous evaluation.

References
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9. J. MacNamara and H.6. Thode, Phys. Rev. jSO, 296 (1950).

10. T.A. Eastwood and F. Brown, EANDC(CAN), 16, 6 (1963).

11. B. Kardon et al., Sovt. Nuc. Phys. .10, 15 (1970).

lh

c
54-Stable-5



54-Xe-135.
HAT 1294

Eval-Jun67 B.R.Leonard,Jr. and K.B.Stewart
4 ^

ENDF/B Version-IV modifications " (Apr74)
File extended from 1.0 keV to 20.0 MeV by F.Schmittroth and
R.E.Schenter (HEDL)

Radioactive decay data evaluated by C.W.Reich (ANC)

Added same angular distribution (MF=4,MT=2) as for
Cs-133( l )

Data modified June,1970 to conform to ENDF/B-II Formats

Xenon-135 entry by B.R.Leonard,Jr. and K.B.Stewart r e f . l
June 1967

Xe 135 Evaluation updated for energies from 1 keV to
20 MeV
F Schmittroth and R.E.Schenter
Westinghouse Hanford Company (February 197*0

MT=1 Total cross section was obtained from Moldauers
optical potential, ref.£.

MT=2 Elastic cross section was obtained by subtracting
the inelastic and capture cross sections from
total.

MT=1|-, 51,91 Inelastic cross sections were obtained
from the compound nucleus code C0MNUC,ref.7'

MT=102 Neutron capture obtained from the code NCAP,
ref.8.

MF=1 General Information
MT=J)-51 Atomic mass = 13^-907 ref .2
MT=l4-57 Q- 1973 Revision of Wapstra-Gove mass tables

Half-life N.E.Holden, Chart of the Nuclides(l973)
and private communication (Sept.,1973)

Other- M.J.Martin,(Radioactive atoms-Supplement l),
ORNL-4923 (1973)

MF=3 Smooth Cross Sections
MT=1 The Resonance Parameters of Sumner(ref-10 have been
MT=2 accepted aB the best estimate of the cross section.
MT=102 These parameters have been used in the program

UMICORN(ref.5) to calculate point values at 0 deg.K
from 0.0001 eV to 1 keV. The calculations give
sigma capture = 2.636E+O6 barns at 0.0253 eV.

Q-value ref. J.Mattauch et al, Nuc.Phys 67( 1965 No.l)
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5H-Xe-135
MAT 1294

References
1. Leonard,B.R.,Steward,K.B., PNL June 1967
2. Everling,F.,et.al., Nucl.Phys.18,529(1960)
If. Sumner,H.M. ,AEEW-R-ll6(June 1962)
5. Otter, J.M.,NAA-SR.11980,Vol.6(June 1966)
6. P.A.Moldauer, Fhys.Rev.,Vol.l35(l961|-)B61*2.
J. C.Dunford, COMNUC-3,Private Com. to A.Prince.
8. F.Schmittroth, HEDL-TME-71-106, August 1971

NOTE: For 5^-Cs-133 Documentation see l«-7-Ag Section
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55-CS-133
MAT 1355

ENDF/B-V Summary Documentation

Isotope: 55-CS-133 MAT-1355, Tape 510

HEDL R.E. Schenter and D.L. Johnson (Fast Capture) Nov. *78

HEDL F.M. Mann and R. Schmittroth (Fast Capture) Nov. '78

RCN H. Gruppelaar (Fast Capture) Apr. '78

BNL M.R. Bhat and A. Prince (ENDF/B-IV) Oct. f71

The present work supersedes the ENDF/B-IV evaluation, MAT « 1141

by Bhat and Prince (Summary of MAT 1141 given on page 47-109-4).Only the

capture cross section and the resolved resonance parameters were changed

for this evaluation. The new thermal cross sections are given as:

Cross Section Value at E = 0.0253 eV

Total

Scatter

Capture

34

4

29

.57

.96

.61

B

B

B

Capture Resonance Integral (E *.5 eV) 382.7 B

The following indicates the changes from ENDF/B-IV:

MF = 2 MT - 151

r was changed for most resonances to .135 eV to give better agreement with

integral results described in the following section.

55-133-1



SS-Ca-133
MAT 1.355

MF « 3 MT » 102

Capture cross section evaluations were obtained using a generalized

least-squares approach with calculations being perfonned with :the computer

code FERRET. Results of these calculations are shown in Figure 1, where the

a priori curve is from ENDF/B-IV and the adjusted curve was used as the

final evaluated ENDF/B-V cross section. Input for these adjustment calculations

included both integral and differential experimental data results. Figure 1

also includes the differential data values and their uncertainties which

were obtained from the CSIRS library. Integral measurement results came from

CFRMF and S1EJC Assemblies 500, 1000, 2000, 3000, 4000. References for this

work include:

1. F. Schmittroth, "FERRET Data Analysis Code/' HEDL TIC-79-40, September 1979.
2. J.W.M. DeWcer, ECN-14, February 1977. (STBK information)
3. Y.D. Harker, et. al., TREE 1259, March 1978. (CFRMF information)
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56-Ba-138
MAT 1353

Barium-138

DATA SUMMARY AND GENERAL COMMENTS

The experimental data for natural

Ba and its various isotopes are listed

in UCRL-50400, Vol. 3. The evaluated
138

data for Ba are shewn graphically

in UCRL-50400, Vol. 15, Part B.

R. J. Howerton did the evaluation.

TOTAL CROSS SECTION

Total cross section data for

natural Ba are shorn graphically on

pages 7-1 to 7-3 of UCRL-50400, Vol.

7, Part B, Rev. 1; some tabular

values are given on page 7-4. There

are no experimental data for the

separate isotopes of barium. The

evaluated total cross sections for
1 op

Ba J O are shown in UCRL-50400, Vol.

15, Part B. These evaluated total

cross sections were based on the

experimental data for natural Ba, in

particular on ECSIL data sets ECSIL-

498, ECSIL-728, ECSIL-748, and

ECSIL-750.

ELASTIC SCATTERING CROSS SECTION

A few elastic scattering data

points for natural barium are listed

on page 7-4 of UCRL-50400, Vol. 7,

Part B, Rev. 1. The evaluated elastic
138

cross sections for Ba are.shown

graphically in UCRL-50400, Vol. 15,

Part B. In view of the scarcity of

experimental data, the evaluated

138
elastic cross sections for Ba were

obtained by taking differences between

the evaluated total cross sections and

the sums of the evaluated nonelastic

cross sections.

ELASTIC SCATTERING ANGULAR
DISTRIBUTIONS

Elastic scattering differential

cross section measurements on natural

barium for neutron energies up to

5 MeV and at 14 MeV are shown in UCRL-

50400, Vol. 19. The evaluated elastic

scattering angular distributions were

assumed to be isotropic for neutron

energies below 100 keV. Above 100

keV, the angular distributions were

obtained from the available experimen-

tal data and from spherical optical

model calculations, in which the best-

fit optical model parameters of

Becchetti and Greenlees were used

[Phya. Rev. 182, 1190 (1969)].

INELASTIC SCATTERING CROSS SECTION

Experimental n,n' data for natural

barium are listed on page 7-45 of

UCRL-50400, Vol. 8, Rev. 1, Part B;
137 138

data for Ba and Ba are given on

pages 7-46 and 7-47. In view of the

scarcity of the experimental data,

the evaluated n,n' cross sections

were represented by a continuum cross

section with a threshold at 1.44 MeV.

These evaluated n,n* cross sections,

56-138-1
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which were obtained mainly from

nuclear systematics, are shown In

UCRL-5C4OO, Vol. 15, Part B.

INELASTIC SCATTERING ANGULAR AND
ENERGY DISTRIBUTIONS

The angular distributions for

inelastic scattering were assumed to

be isotropic in the laboratory system

for all incident energies. While

this assumption is incorrect for the

preequilibrium and direct interaction

portions of the reaction, the alter-

native of entering anisotropic angular

distributions in the evaluation would

also be incorrect because the uncer-

tainties in the reaction cross sec-

tion are so large. For energies

below the onset of the preequilibrium

process, at about 7 HeV, the energy

distributions of the secondary neu-

trons were derived from a temperature

model. Above 7 MeV, the energy dis-

tributions of the secondary neutrons

were characterized by a two-component

model — a "temperature" component plus

a "preequilibrium and unresolved

direct-interaction" component. The

method used in selecting the fraction

of the inelastically scattered neu-

trons to be associated with the pre-

equilibrium process is described in

UCRL-50400, Vol. 15, Part A, pages

19 to 22.

56-Ba-138
MAT 1353

8.65 MeV. . Experimental n,2n cross

sections for Ba are given on page

7-48 of UCRL-50400, Vol. 8, Rev. 1,

Part B. The n,2n cross sections for

Ba , Ba , and Ba are given on

pages 7-45 and 7-46. The evaluated

n,2n cross sections, which are based

on a combination of experimental

data and nuclear systematics, are

shown in UCRL-50400, Vol. 15, Part B.

ANGULAR AND ENERGY DISTRIBUTIONS
FOR THE n,2n REACTION

The angular distribution of

secondary neutrons from the n,2n

reaction was assumed to be isotropic

in the laboratory system. Energy

distributions of the secondary neu-

trons, which are presented in tabular

form, are derived from temperature

model calculations, with the assigned

temperatures consistent with system-

atics (see UCRL-50400, Vol. 15, Part

A, p. 24).

n,3n CROSS SECTION

138

n,2n CROSS SECTION

138
The n,2n threshold for Ba is

The n,3n threshold in Ba "" is

15.65 MeV. There are no experimental

data for this reaction. The evalu-

ated n,3n cross sections, which were

based on nuclear systematics, are

shown in UCRL-50400, Vol. 15, Part B.

ANGULAR AND ENERGY DISTRIBUTIONS
FOR THE n,3n REACTION

The same evaluation procedures were

used for the n,3n reaction as for the

n,2n reaction described above.

56-138-3
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n,p CROSS SECTION

An effective threshold of 6 MeV

was chosen for the n,p reaction ih
138

Ba . Experimental n,p data for
138

Ba are listed on page 7-48 of

UCRL-50400, Vol. 8, Rev. 1, Part B;
136

some n,p data for Ba are listed on

page 7-46. The evaluated n,p cross

sections, which were based on these

experimental data and on nuclear

systematics, are shown in UCRL-50400,

Vol. 15, Part B.

n,0t CROSS SECTION

138
The n,a reaction in Ba is exo-

ergic. In the evaluation, an

effective n,a threshold of 2.25 MeV

was chosen. Experimental n,a data
1 *?8

for Ba are listed on page 7-49 of

UCRL-50400, Vol. 8, Rev. 1, Part B.

The evaluated n,a cross sections,

which were based on a combination of

experimental data and nuclear system-

atics, are shown in UCRL-50400, Vol.

15, Part B.

n,y CROSS SECTION

Experimental neutron capture cross
138

sections for Ba are shown graph-

ically on page 7-7 of UCRL-50400, Vol.

7, Part B, Rev. 1; some tabular

values are given on page 7-8. Some

capture cross sections for natural

barium are given on page 7-4. The

evaluated neutron capture cross sec-

tions, which were based partly on the

experimental data and partly on

nuclear systematics, are shown in

UCRL-50400, Vol. 15, Part B.

PHOTON PRODUCTION FROM n,Y REACTIONS

The spectrum of photons from the

neutron capture process at thermal

neutron energies was taken from the

measurements of V. J. Orphan et al.t

Gulf General Atomic Rept. GA-10248

(1970). This spectrum was assumed to

apply at all incident neutron ener-

gies up to 20 MeV, but the photon

multiplicity was adjusted so as to

conserve the total energy of the

reaction.

n,Xy CROSS SECTION

There are no experimental n,Xy

data for barium. In the evaluation,

the n,Xy cross section was repre-

sented by a continuum with a threshold

at 1.44 MeV. The evaluated n,Xy cross

sections were obtained from calcula-

tions with the NXGAMEL code, using

the systematics developed by Perkins,

Haight, and Howerton [Nucl. Soi. Eng.

57, 1 (1975)]. A summary of this

method of evaluating photon production

data is discussed in UCRL-50400, Vol.

15, Part A, pages 38 to 41.

SPECTRA OF PHOTONS FROM THE n,Xy
PROCESS

The photon angular distributions

were assumed to be isotropic. The

56-138-4
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photon energy distributions were

obtained from the systematics of

Perkins, Haight, and Howerton cited

above.
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ENDF/B-V Summary Documentation

Isotope: 62-Sm-149 MAT-1319, Tape 510

HEDL R.E. Schenter and D.L. Johnson (Fast Capture) Nov. '78

HEDL F,M. Mann and F. Schmittroth (Fast Capture) Nov. '78

RCN H. Gruppelaar (Fast Capture) Apr. f78

iCRNL W.H. Walker (Thermal Region) Jun. '79

BNL B.R. Leonard and K.B. Stewart (ENDF/B-I - ENDF/B-IV) Jun. '67

The present work supersedes the ENDF/B-IV evaluation which is also the

ENDF/B-I evaluation, MAT - 1027 by Leonard and Stewart (Summary of HAT 1027 given on

page 62-149-5). Thermal cross sections (l.E-5 to 2.361 eV) were changed by

Walker. Fast capture cross sections (100 ev to 20 MeV) and resolved resonance

parameters were also changed. The new thermal cross sections are given as:

Cross Section Values at E = 0.253 eV for 0° K

Total 39446.4 B

Scatter 135.8 B

Capture 39310.6 B

Capture Resonance Integral (E B.5 eV) 3256.3 B

The following indicates the detailed changes from ENDF/B-IV:

MF=2 MT'lSl - (Resolved Region - 2.361 to 100 eV)

62-149-1
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The resolved resonance parameters have been changed to multi-level para-

meters for ENDF/B-V. J values were corrected using BNL-325, Vol I (1973). The

value of 2.361 eV was chosen to match the cross section from the single level

calculation of Walker to that of the multi-level cross section. The parameters

of the Er=-.285 and .0981 eV resonances were modified by Walker.

M F * 3 MT = 1

Total cross sections (l.E-5 to 2.361 eV) were calculated by Walker

considering data from References 1-4.

MF = 3 m = 2

Calculations were made (l.E-5 to 2.361 eV) by Walker which include no

Bragg effects.

References

1. Leonard, B. R., Stewart, K. B., PNL June 1967.

2. Goldman, D. T., Chart of the Nuclides (June 1964].

3. Marshak, H., Sailor, V. L., Phys. Rev. 109, 1219 (1958).

4. BNL-325, Second Edition, Suppl. 2, Vol. 2c (1966).
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MF - 3 m ' 102

Capture cross section evaluations were obtained using a generalized

least-squares approach with calculations being performed with the computer

code FERRET. Results of these calculations are shown in Figure 1, where the

a priori curve is from ENDF/B-IV and the adjusted curve was used as the

final evaluated ENDF/B-V cross section. Input for these adjustment calculations

included both integral and differential experimental data results. Figure 1

also includes the differential data values and their uncertainties which

were obtained from the (SIRS library. Integral measurement results came from

STEK Assemblies 500, 1000, 2000, 3000, 4000. References for this work

include:

1. F. Schmittroth, "FERRET Data Analysis Code," HEDL TME-79-40, September 1979.
2. J.W.M. Dekker, ECN-14, February 1977. (STEK information)

' 2
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62-Sm-i49
MAT 1319

SAMAHHJM-1U9

General Identif icat ion

MAT = 1027
ZA - 6211*9

AWH = 147.638 [Everling]
1

T 27
ZA - 6211*9.0 /.%

4 6 8 [ ] K ± /

Introduction

The primary objective of establishing the data file for Sin-1̂ 9 was

to provide a best estimate of cross sections in the thermal and epithermal

energy range for the calculation of absorptions in thermal systems. The

ENDF/B entries as of this date consequently include smooth cross sections

in the thermal region, resonance parameters from 3.55 to 100 eV, and

average parameters for the region of 100 eV to 10,000 eV.

Cross Sections

Low-ttnergy

Although a great deal of effort has gone into measurement of

resonance parameters of Sm , there is a paucity of precise data in

the thermal region. The measurements which exist show that although

the resonance at O.O976 eV dominates the thermal region there is a sig-

nificant contribution from a bound level (*10£ at 0.025 eV). The

parameters of the bound level have never been precisely determined.

[Battenden]' , for example, added a l/v component which gave much too

large a contribution in the low cross section regions between resonances

at higher energies. To establish the low energy behavior the following

data sources were considered:

62-149-5
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Source Sample Energy Range

Pattcndcn (2) Sm1^9 0.01 - 1 cV
McHeynolds (3) Sm 0.005 - .2 eV
Sailor (h) Sm 0.0U - 1 eV

Marshok (5) Sm 0.06 - .19 cV

The following resonance parameters of [M&rshak] were then used in the

program UNICORN to calculate the cross section throughout the thermal

range:

A. JaL iz. J_ _̂
O.O976 eV 1.6k2 meV 63.6 meV If .5093 x 10"12 cm

0.873 0.77^7 59-9 ^ .5093

The resonance parameters listed in file 2 were also used in the calcula-

tion. The calculated cross section was then used with the measured data

listed above, corrected for the contributions of other Sm isotopes where

necessary, to establish the residual cross section. The residual cros6

section was then fitted by standard graphical techniques to establish

the parameters of the bound level. The resulting fit was not very pre-

cise but was well within the rather large scatter of the data. The

following resonance parameters were derived:

Eo Fn Fy J. _R_

.. -12
cm-O.285 eV 2.167 meV 6k meV 3 .5093 x 10"12

The value of F , of course, could not be determined for a level so far

removed but was input as the approximate average value of the lowest-

lying resonances. Similarly, the value of J • 3 was input, having

(7)

been determined by others. '

The negative energy resonance parameters were then added to the

UNICORN input. The resulting cross sections were recalculated, found to be

62-149-6
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in reasonable agreement with expectations and no further adjustment was

made. The calculated cross sections gave the following values for

a at 0.0253 «V:

ENDF/B IBNL-325(1966)3u'

41,200 41,000 ±2,000

Sm 5,780 5,820 ± 100

The KNDK/13 data file consists of 82 point values for o^ (MT-1),

ofl (MT=4i), and a (MT-102) over the energy range 10 to 3.554 eV.

o l4o,
The point values were calculated by UNICORN for OK. Sm 7 was given

u
a mass of 10 in the calculations to remove the center-of-mass term.

Lno vs K interpolation is specified because the energy mesh calculated

by UNICORN is designed for minimum interpolation error in that fashion.

Point values were continued to the minimum cross-section region

(3.554 cV) between the 0.873 eV and 4.98 eV resonances to minimize dis-

continuities from joining smooth cross section values to values cal-

culated from resonance parameters in the presence of interference.

Smooth cross sections in the resonance region 3*554 eV to 10

eV are specified to be zero in the EMDF/B file.

Resonance Region

Resolved

A preliminary version of [ENL-325 (1966)]''' lists resonance

parameters for 27 resonances from 4.9B to 99 eV. The recommended

parameters were used in most cases except where rounding had reduced

precision. In the case of the 4.98 eV resonance the recommended

value"' of r ° • 0.90 meV is inconsistent with the determination

of J - k. The value used in the ENDF/B file of rn° - .7854 meV is

62-1*9-7
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consistent with the results of Marshak.^' In the case of the 9.0

eV resonance the value given by Marshak *'' and quoted in [BNL-325

(1966)]''' for r ° is in error. The correct Marshall value, for

J - h, of rn° - 3*093 meV Is used in the ENDF/B data file. This

corrected value is to be applied to the value of r (not to r as

done in Ref 7) to obtain the value of r • 58.6 meV used in the

ENDF/B file.

In the ENDF/B file the value of J • I • 3.5 was used to generate

the value g * .5 for those resonances where J has not been determined.

Unresolved

The transmission coefficient constant was determined from

p - c / E « kR « 1.118.1O"5 fs.

The following average parameters were specified in ENDF/B as

determined from the resolved parameters and assuming the same values

for J » 3 and J • k resonances:

D « 6.8 eV

< rRo > • 5.1 x 10"3 eV

< r > « 62 meV

where the value of < r > was determined from the average of the

lowest energy resonances where precise determinations exist. The

high-energy cutoff of the unresolved region was arbitrarily set

at 101* eV in ENDF/B.
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c
SUMMARY DOCUMENTATION:

Neutron and Gamma-Ray Production

Cross Sections of Eu

S.F. Mughabghab

I. INTRODUCTION

Because the europitm isotopes are significant fission product

nuclides, an accurate knowledge of their neutron capture cross sections

is very important. In addition, data on the europium isotopes is important

for fast breeder reactors. Recent measurements of the capture cross sec-

tions of natural europium and its separated isotopes appeared in the liter-

ature, which fact warranted a new re-evaluation of the isotopes Eu and

Eu. In this report, a summary documentation of the Eu evaluation

will be presented.

II. THERMAL CROSS SECTIONS AND RESONANCE PARAMETERS

The resolved resonance parameters recommended in BNL-325, vol. 1,

Third Edition are adopted. Where spin values are not determined, assign-

ments are made randomly with the restriction of obeying the (2J+1) level

density law and the J-independence of the strength functions. Since the

resolved positive energy resonances contribute 1430.5b to the thermal cap-

ture cross section (2200 m/sec), a negative energy resonance is invoked in

order to fit a measured capture cross section of 9200+lOOb .

The unresolved resonance region, 98.81 eV to 10 keV, is de-

scribed by average resonance parameters obtained from reference . The

63-151-1
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average radiative width for s-wave resonances was Increased from 91.17 eV

(In the resolved region) to 98 eV (in unresolved region) in order to fit

the experimental data in the energy region of 100 eV to 10 keV. The aver-

age resonance parameters are summarized in Table 1.

Table 1

Resonance
Spin

1

2

3

4

Average S-and P-Wave Resonance Parameters

S-wave

S xlo4
o

4.07

4.07

D(eV)

1.418

1.013

<r >(ev)

0.98

0.98

p-wave

S-xlo

0.80

0.80

0.80

0.080

D(eV)

2.363

1.418

1.013

0.788

<r >(ev)

0.92

0.92

0.92

0.92

The final 2200 m/sec cross sections and capture resonance integral

are:

Capture = 9197 b

Scattering = 3.4 b

Total = 9200 b

Capture Resonance Integral = 3305 b (0.5 eV cutoff)

The latter value is in agreement with the recommendations , but not with

2
the recent measurement of Kim, et al, .

,-5

III. FAST NEUTRON CROSS SECTIONS

A. Total Cross Section

In the neutron energy region 10 "* eV to 98.8 eV it is repre-

sented by multilevel Breit-Wigner resonance parameters. From 98.8 eV to

10 keV, it is described by average resonance parameters summarized in Table 1.

From 10 keV to 20 MeV it is taken over from ENDF/B-IV.

63-151-2
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Konk's, et al, , Moxon, et al, , Hockenbury, et al, , Yurlov, et al,
a

and Czirr , There is reasonable agreement between the data sets of

e fi 7 8
Moxon, et al, , Hockenbury, et al, , Yurlov, et al, and Czirr .

However, these data sets are significantly higher than those of

4 4
Konk, et al, . It was decided to downgrade Konk, et al's data (on

which ENDF/B-IV evaluation is based), and base the present evaluation

on the other data sets. In addition, the recent capture measurements

9

of Asatnl, et al, (the results of which were received after the com-

pletion of this evaluation) are in agreement with Moxon, et al, ,

Hockenbury, et al, and Yurlov, et al, . Another observation that

could be made is that the high energy data points of Moxon, et al,

(35-100 keV) seem to be on the high side.

Between 160 keV and 2.5 MeV, Johnsrud, et al, , measured the

activation cross section of "EU (9.3 hr. metastable state). To

represent the total capture cross section in this energy region,

this activation cross section was normalized by a factor of 2.3 in

order to agree with Yurlov, et al's data in the overlap region.

This procedure had some justification in view of the integral results

of Anderl, et al,11 (see below).

Above 2.5 MeV, where experimental measurements are not yet

12
available, the capture cross section is based on COMNUC calculations

normalized to a value of lmb at 14.7 MeV. The latter value is

obtained from the systematics of capture cross sections of various

isotopes at 14.7.

(
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B. Elastic Scattering Cross Section

The elastic scattering cross section above 10 keV is ob-

tained by subtracting the nonelastic cross section from the

evaluated total cross section. The non-elastic cross section is

derived by summing all the neutron cross sections except

the elastic cross section.

C. Inelastic Cross Sections

This is the same as ENDF/B-IV.

D. (n, particle) Cross Sections

The (n,p), (n,n'p), (n,a), (n,n'a), (n,2n) and (n,3n) cross

sections are taken over from the previous evaluation which

are based on model calculations of GROGI-3 code

The (n,d), (n>t), and (n, He) reaction cross sections are

3
based on THRESH calculations .

E. Radiative Capture Cross Section

Considerable emphasis is placed on the present evaluation

153
of the capture cross section of Eu.

The capture cross section in the low energy region, 10

to 98,8 eV is represented by the resonance parameters. The

unresolved energy region from 98.8 eV to 10 keV is described

by the average resonance parameters summarized in Table 1,

In the energy region 10 keV to 360 keV, the following experi-

mental data sets were considered:

)
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After the completion of the evaluation, the capture cross section was

averaged over a 620-polnt-CFRMF spectrum. The CFRMF average capture

cross section of Eu obtained is 2.38 b. This compares favorably

with a measured value of 2.61±0.16 b .

IV. ANGULAR DISTRIBUTION OF SECONDARY NEUTRONS

Thise are taken over from ENDF/B-IV. For the elastic scattering

13of neutrons, the values are obtained from ABACUS-2 calculations . The

secondary neutrons due to (n,nf), (n,2n), (n,3n), (n.n'p), (n.n'a) reactions

were assumed to be isotropic in the center of mass system.

V. ENERGY DISTRIBUTION OF SECONDARY NEUTRONS

These are adopted from ENDF/B-IV. The energy distribution of

secondary neutrons due to the reactions (n,2n), (n,3n), and (n,nr) are re-

presented by Maxwellians with effective temperatures and based on the

14
Weisskopf Formula .

VI. GAMMA-RAY MULTIPLICITIES AND TRANSITION PROPABILITY

These are taken over from ENDF/B-IV.
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SUMMARY DOCUMENTATION FOR 1 5 2 E u and 1 5 4 E u

H. Takahashi
National Neutron Cross Section Center

Brookhaven National Laboratory

ABSTRACT

This is a summary of the evaluation of the neutron cross sections

of 152Eu and 154Eu from 1.0 x 10"5eV to 20 MeV. (152Eu MAT = 1292,

ISAD*Eu MAT = 1293).

File 1: General Information.

File 2: Resolved and unresolved resonance parameters.

File 3: Smooth cross sections for total, elastic, non-elastic, total

inelastic, inelastic cross-section to discrete levels as well

as the continuum of levels. In addition are given the various

(n, particle) and capture cro' sections.

File 4: Angular distributions for el ic scattering are given in

terms of Legendre coeffici' a in the c-of-m system; the

inelastic scattering is assumed to be isotropic.

File 5: Secondary neutron energy distributions are given as an evapora-

tion spectrum.

63-152,151-1 I
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INTRODUCTION

There are very few experimental data available on these unstable

isotopes of europium; as such the evaluations described here are heavily

dependent on nuclear model calculations and systematics. These two

evaluations are discussed together as both of them deal with the odd-odd

isotopes of europium.

File 1: GENERAL INFORMATION

This contains a description of the evaluation and information

on the nuclear model calculations.

File 2; RESONANCE PARAMETERS

(i) Resolved Resonances

The resolved resonance parameters for Eu and Eu are re-

spectively given up to 61.5eV and 60eV. These were generated by a pro-

cedure similar to that of Cook . The values of average level spacing and

the reduced neutron width were determined by a method similar to that of

2
Barr and Devaney in which the ratios of the average values of these

parameters for odd-even to odd-odd nuclei are determined for nuclei in

this mass region for which experimental data are available. These ratios

and the measured values for Eu and Eu are then used to obtain <D>

, ^,,o^ e 152_ , 154,,
and <T > for Eu and Eu.

n

(ii) Unresolved Resonance Region

The unresolved resonance parameters are given from the upper

end of the resolved resonance region to 10 keV. These were again determined
2

using the method of Barr and Devaney.

• " 3 - -
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^ File 3; SMOOTH NEUTRON CROSS SECTIONS

(1) Total Cross Section

The total cross-section for Eu and Eu between lOkeV and

3
2.5 MeV were calculated using the optical model code ABACUS-2 and the

4
Becchettl Greenless parameters. Above 2.5 MeV the total cross-sections

of Eu and Eu were assumed to be the same and equal to the Foster

and Glasgow data for natural europium. The cross-section from 15.0 to

20.0 MeV were determined from optical model calculation and this experi-

mental data up to 15.0 MeV.

(ii) Elastic Scattering Cross Section

The elastic scattering cross section from 10 keV to 20 MeV

were obtained by subtracting the non-elastic cross-section from the total,

(iii) Inelastic Scattering Cross Section

As there are no input data the inelastic scattering cross-section

for the first five levels in Eu and .Eu were calculated using the

Code C0MMNUC-III up to 3.0 MeV. Above 3.0 MeV the inelastic scattering is

mostly the excitation of the continuum of levels; hence, the discrete level

cross-section were assumed to be zero. The inelastic scattering to the

continuum was calculated using the code GR0GI-I1I. The level density
g

parameters were taken from Cook's data for the deformed nuclei using the

9

Gilbert-Cameron formula .

(iv) (n, particle) Cross Sections

There are no experimental data available on any of the (n, particle)

reactions. Hence, they were calculated using the semi-empirical sta-

tistical model code THRESH and for cascade reactions with the code

GROGI-III . In evaluating Eu and Eu (n,p) and (n,o) cross-sections

it was found that the cross-section calculated by THRESH were small
63-152,151-3
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compared to the experimental data at 14.0 MeV and the calculation had

to be normalized to the experimental data. A similar normalization of

the calculated values were carried out for Eu and Eu using re-

spectively the factors obtained for Eu and Eu. Cross-sections for

(n, n'p), (n.n'ct), (n,2n) and (n,3n) reactions were calculated using

GROGI-1II.

(v) The Capture Cross Section

This was calculated using the code C0MMNUC-1II up to 3.0 MeV.

From 3 to 20 MeV it was obtained from GROGI-III for compound nuclear

processes and Cvelbar's formula to calculate the capture cross section

due to direct and semi-direct reaction.

File 4; ANGULAR DISTRIBUTION OF SECONDARY NEUTRON

The differential elastic angular distributions were calculated

using ABACUS-2 and they were fitted with Legendre coefficients in the

c-of-m system. Secondary neutrons due to other reactions were assumed

to have isotropic distribution in the c-of-m system.

File 5; ENERGY DISTRIBUTION OF SECONDARY NEUTRONS

The energy distributions of neutrons from the (n,2n) (n,3n) and

the continuum inelastic scattering were assumed to be Maxwellian. The

12
effective temperatures for them were obtained from the Weisskopf formula.
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SUMMARY DOCUMENTATION

NEUTRON AND GAMMA RAY PRODUCTION CROSS SECTIONS

OF 153Eu

S. F. Mughabghab

I. INTRODUCTION

This material deals with the evaluation of the neutron- and gamma-ray

153production cross sections of the isotope Eu. The emphasis is placed on

the low-energy region because of the importance of Eu in control rods in

nuclear reactors. In addition, since the europium isotopes Eu and Eu

are significant fission product nuclides, accurate knowledge of their neutron

cross sections is important. A close reexmrvf nation of the thermal capture

cross sections of Eu indicated that a previous recommended value of

390*30 b is overestimated because of an error in the half-life of Eu.

II. THERMAL CROSS SECTIONS AND RESONANCE PARAMETERS

The resonance parameters recommended in BNL-325 (1973) were adopted in

this evaluation with minor changes. Only the spin of the resonance at

2.45 eV was previously determined. For the other resonances, spin assignments

were made randomly with the restriction of satisfying the (2J+1) law-level

density and the spin independence of the neutron strength function.

A reexamination of the recent thermal capture cross section measurements

of Moxon et al., Widder, Kim et al., Sims and Juhnke, Vertebny et al.

and Razbudej et al. brought out some of the problems associated with an

153accurate determination of the thermal cross section of Eu. These problems

are related to the lack of an accurate knowledge of the Eu (a "9200+100 b)

153content in the Eu samples and use of an inaccruate value of the half-life of

154
Eu in the activation measurements.
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The half-life of Eu seems to have undergone a major change with time

as illustrated in Table 1. Because of large uncertainties in this quantity

Table 1

Half-life of 154Eu

Halflife (years) Reference

7.

8.

8.

5.4

16+4

84+0.

7 +0.

5 +0.

35

7

5

Hayden et al.-49

Karraker et al.-529

Grisham-6810

McHugh-5911

12
Emery et al.-72

and the fact that two of the recent measurements are not published, it

154
was decided to derive a recommended value for the half-life of Eu by an

intercomparison of the activation and non-activation measurements.

Accordingly as shown in Table 2, the following procedure was followed:

(1) the activation (16 years half-life was used by these authors) and non-

activation measurements were separated, (2) the reported thermal cross sec-

tions were adjusted for Eu content in Eu samples when enough informa-

tion was furnished by the me;.v > __rs, (3) a weighted-average value of

a = 303+6 b of references 2.4,6,7, and 13 was obtained, and equal weights

were applied to the activation measurements to obtain a = 618+18 b (for

T, = 16 years). From Steps (3) and (4), one obtains a half-life for Eu of:

£ = 7.84+0.38 years.
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Non-

activation

Activation

"YCb>

317+5

382+15

317+15

275+14

639+7

603+23

Thermal (

Reported

i;(b>

>

1^1280+100

1*=3667+58

3147+196

Capture

Table 2
*

153
Cross Section of Eu

Adjusted

a (b)
Y

296+16

317+5

317+15

292+11

311+4

296+11

1416+100

1918+30

1678+100

Method

Total C/S

pile oscillator

Capture

Capture

Total C/S

activation

activation

Author

"L8
Pattenden

14
Tattersall

Widder3

2
Moxon

Vertebny- , 7
Razbudej '

Sims

Kim4

This value is in excellent agreement with Grisham's determinations, and

gives additional support for recommended capture cross section of 303+6 b for

153Eu.

The positive energy resonances contribute 58 b to the thermal capture cross

section. The difference is accounted for by a negative energy resonance with

a spin of J=2, which is derived from thermal Y ray spectra measurements.

The final 2200 m/sec cross sections and capture resonance integral are:

Capture = 299.85 b

Scattering - 6.75 b

Total » 306.60 b

Capture Resonance Integral • 1448 b

The capture resonance integral derived in this evaluation is in very good

14
agreement with the determination of Tattersall et al. The scattering cross
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section obtained in this evaluation (6.75 b) is on the low side when compared

to the measurement of Vertebny et al.,6 8.0+0.2 b.

The unresolved energy region from 97.22 eV-1.0 keV is represented by

average resonance parameters as recommended in ref. 1.

S - 2.50xl0"4
o

S± - 0.60xl0~
4

<r > = 0.958 eV

III. FAST NEUTRON CROSS SECTIONS

A. Total Cross Sections

In the energy region from 10 to 97.22 eV, the total cross raction

is represented by multilevel-Breit-Wigner resonance parameters; in the un-

resolved region, 97.22 eV to 10 keV, it is represented by average resonance

parameters. In the high energy region 10 keV to 20 MeV, it is taken over from

ENDF/B-IV.

B. Elastic Cross Section

The elastic scattering cross section below 10 keV is dealt with in the

same manner as the total cross section. Above 10 keV, it is derived by the

usual procedure of subtracting the non-elastic cross sections from the total

cross section.

C. Inelastic Cross Sections

This is taken over from ENDF/B-IV.

D. (n,particle) Cross Sections

1. (n,2n) and (n,3n) Cross Sections

Several 14.7 MeV cross sections in which residual nucleus is left

in the metastable states Eu (9.3 hours) and m Eu (96 min) have been

measured. ~ Recently, Qaim measured the cross section leading to the 12.4 year
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152
ground state of Eu, as well as the cross sections•to the two metastable

states. The total (n,2n) cross section is 2047+171 b.19 The GROGI-3

code calculations of ENDF/B-IV are normalized to this value ac

14.7 MeV. For the (n,3n) reaction, experimental results are not available. As

a result, the values calculated by GR06I-3 were adopted.

2. (n,p) and n,nfp) Cross Sections

Experimental data are available only for a neutron energy 14.7

18 20—22
MeV. » The ENDF/B-IV evaluation, based on semiempirical statistical

23
model code THRESH is renormalized to a value of 5.6 nib at 14.7 MeV.

For the (n,n'p) reaction cross section, no data are available.

This cross section is based on GROGI-3 calculations of ENDF/B-IV.

3. (n,a) and (n,n'a) Cross Sections

Two discrepant values at 14.7 MeV (2.2+0.3 and 9+2 mb) are
21 24

available. ' In this evaluation, a value of 9 mb is adopted. This choice

is based on: (1) systematics which indicate that the (n,a) reaction has a

maximum value of about 9 mb at atomic weight A=155, and (2) estimates ob-

25
tained from the double differential data of Glowoka et al. Therefore, the

(n,a) evaluation of ENDF/B-IV, which is based on THRESH calculations is re-

normalized to a value of 9 mb at 14.7 MeV. The thermal (n,a) cross section

26
is set equal to 1 lib.

Since no experimental data are available for the (n,n*a) reaction, this

cross section was adopted from ENDF/B-IV, which is based on GROGI-3 calculations.

4. (n,d), (n,t), and (n, He) Reaction Cross Sections

Since no experimental data are available for these reactions,

the values calculated by GROGI-3 for ENDF/B-IV were adopted.
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5. The Radiative Capture Cross Section

The radiative capture cross section in the energy range 10 to

97.7 eV is represented by the resonance parameters. Between 97.7 eV and

10 keV, it is described by the average resonance parameters. In the higher

energy region (10 to 360 keV), the capture cross section is based on the

2 27 28
experimental data of Moxon et al, Konks ar.d Fenin, Hockenbury et al,

29
and Yurlov et al. These data are in general agreeement. Above 360 keV, the

30
evaluation is based on COMNUG calculations and normalized to a value of 1 mb

at 14.7 MeV.

After the completion of this evaluation, the capture cross section

was averaged over a 620-point CFEMF spectrum. The value obtained is 1.585 b,

' 31

which is in excellent agreement with a measured value of 1.5+0.12 b.

IV. ANGULAR DISTRIBUTION OF SECONDARY NEUTRONS

These were taken over from ENDF/B-IV and depend on ABACUS and CHAD

calculations.

V. ENERGY DISTRIBUTION OF SECONDARY NEUTRONS

These are adopted from ENDF/B-IV.

VI. MULTIPLICITIES AND TRANSITION PROBABILITIES

These are based on ENDF/B-IV.

VII. ANGULAR DISTRIBUTION OF GAMMA RAYS

These are taken from ENDF/B-IV.

Acknowledgments
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SUMMARY DOCUMENTATION

FOR THE ISOTOPES OP GJTOLINIUM*

I. INTRODUCTION

TABLE I

Gadolinium Isotopes Evaluated in This Study

151.91982

153.92069

154.92264

155.92214

156.92397

157.92412

159.92707

0.2

2.2

14.9

20.6

15.7

24.7

21.7

1362

1364

1365

1366

1367

1368

1370

Isotope Stability Mass Abundance (%) [1] ENDF/B

MAT No.

152Gd Naturally Occuring Radioactive

151*Gd Stable

155Gd Two Isomeric States One Stable

156Gd Two Isomeric States One Stable

157Gd Stable

15aGd Stable

160Gd Stable

All available experimental data for these isotopes were examined, and

for the most part, used in the evaluations. Where data was lacking or deemed

"unusable", theoretical calculations were employed. This is a new set of

evaluations except in the case of radiative capture above 5 MeV where the

evaluated data of R. Schenter [2] were renormalized and added to the files.

While these isotopes are in the region where the nucleus goes from

spherical to deformed (N i« 90) all isotopes were treated as deformed when

optical model calculations were performed.

* This description is a summary extracted from EPRI NP-556, October, 1977.
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II THERMAL CROSS SECTIONS AND RESONANCE PARAMETERS

The thermal cross section values and resonance parameters in BNL-325

Third Edition, Volume 1 [3] were used as a starting point for these evalua-

tions. In order to reproduce the required thermal capture cross section and

resonance capture integrals in the resolved resonance region the resonance

parameters were processed by RESEND [4] and the appropriate bound levels

and/or 1/v contributions were added where necessary. The bound levels were

calculated according to the approximate Breit-wigner recipe:

4.099 x 106g r ° r
a (.0253 eV) = = •*-

where

A. 152Gd

BNL-325 lists values of 1100+100 barns for the capture cross section

and 3000+300 barns for the resonance capture integral. These values are based

upon the ratio measurements of Steinnes [5]. Steinnes used a Gd2°3
 sainPle a n d

assumed a 0.2% isotopic abundance for 152Gd, but did not determine the samarium

content. Instead he assumed a samarium content £ 0.05%, and ignored possible

activity from 153Sm (153Sm has a line at 103 keV) 16]. The activity measure-

ments were based on the sum of the 97 keV and 103 keV peaks, both only partially

resolved with a Ge(Li) detector.

The contribution of the positive levels to the thermal capture cross

section is 7.2 barns. There are no resonances < 3.3 eV tabulated in BNL-325,

so a bound level was indicated. Using a "picket fence" model and assuming

<D> = 15 eV the bound level*EQ is approximately -12 eV. Using the Steinnes

value of 1100 barns the calculated T of the bound level would be 2.4 eV.

Possible"samarium contamination and the overly large value of r led to the

decision to ignore the Steinnes data for 152Gd. A capture cross section of

6H-152/160-2
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14.4 barns was assumed, which includes a bound contribution equal to the con-

tribution from the positive lei

more reasonable neutron width.

tribution from the positive levels. For the bound level r - O.G1S eV, is a

Positive levels from 3.31 eV to 231 eV were used in the evaluation,

and T « 0.056 eV was assumed where ho value of r was listed in BNL-325.

The last 3 resonances in BNL-325 from 238 to 293 eV were ignored, since only

E was identified, and no parameters were listed. No unresolved resonance

parameters were evaluated for this isotope. The calculated resonance integral

was 388 barns.

B. 151*Gd

In order to maintain the thermal capture cress section of 85 barns

listed in BNL-325 a bound level was introduced. E = -7 eV assuming equally

spaced levels with <D> = 15.5 eV. Using F = 0.0870 eV (the same as that used

for the positive r > a V = 0.030 eV was calculated. The resolved resonance

region terminates at 1 keV, and no unresolved paramters were evaluated for

this isotope.

C. 155Gd and 157Gd

155Gd and 157Gd were the only odd A isotopes of the seven evaluated.

It was necessary to supply spins where they were not listed (i.e. not measured)

in BNL-325. D , the mean spacing for £ = 0 resonances of spin 1 or 2 was used

as a guide in selecting unknown spins. Here D = D . /g_ where g = 3/8 for
J ODS J %J

J = 1 res

BNL-325.

J = 1 resonances and 5/8 for J = 2 resonances. Values of D , were taken from
obs

The resonance parameters for 155Gd were taken from BNL-325 up to

183 eV. Above this an unresolved resonance parameter region was added up to

10 keV.
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Ihe spins for 157Gd are not those listed in BNL-325. The first two

are from Moller [7] and the other experimentally determined spins are from

Karzhavina [8], Undetermined spins were assigned as above. The resolved

resonance region ends at 306 eV. Above this energy range an unresolved reso-

nance parameter region was added up to 10 keV. The unresolved parameters for

both 155Gd and 1S7Gd were calculated with the computer program UR by E. Penn-

ington. [9].

D.. 156Gd

The parameters used for 156Gd are the same as those appearing in

BNL-325 with the addition of a level at 80.2 eV. This level was measured by

Mughabghab and Chrien [10] and inadvertently omitted in the compilation. The

values for a (.0253 eV) and I calculated here are in good agreement with

those appearing in BNL-325. The resolved energy range extends to 1.4 keV for

this isotope. The

for this isotope.

this isotope. The adopted T = 0.086 eV. No unresolved region was calculated

E. 158Gd

The thermal capture cross section in BNL-325 is 2.5+0.5 barns. This

number comes from the Steinnes [5] ratio measurements using the calculated I

from the resonance parameters. Recomputing the cross section using a weighted

mean of the ratio measurements of Steinnes and those of Van der Linden [11]

and the calculated I from the resonance parameters a value of 2.0 barns was

calculated for the thermal capture cross section. The resonance contribution

to the cross section was 1.26 barns. A 1/V cross section term was added to

make up the difference. The resolved energy range extends to 10 keV, so no

unresolved energy region was calculated for this isotope. The adopted T =

0.105 eV.
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P. 160Gd

The resonance parameters for this isotope came from BNL-325. The

value of I is in good agreement with BNLr325. The thermal capture cross

section in BNL-325 is 0.77 barns which was measured from the 3.7 min l61Gd

activity. The resonance contribution to the thermal cross section was 0.217

barns. A 1/V term was added to make up the difference and the results appear

in Table II. The resolved energy range extends to 10 keV as in 158Gd, and so

no unresolved resonance region was evaluated. The adopted F = 0.108 ev.

XIX. FAST NEUTRON CROSS SECTIONS

A. Total Cross Section

The total cross section of each gadolinium isotope in the resonance

region is determined by the resonance parameters. Above the resonance region

a least squares spline fit was constructed from the experimental data for

natural gadolinium. On the basis of systematics and optical model theory it

was felt that this curve would well represent individual isotopes.

B. Elastic Cross Sections

The elastic scattering cross sections from 10~ eV to the end of the

resonance region were handled in a manner similar to the total cross section

(i.e., generated from resonance parameters). Above the resonance energy region

the elastic cross sections were obtained by subtracting all non-elastic pro-

cesses in the file from the total cross section.

C. (n,particle) Cross Section

The n-particle cross sections (n,2n), (n,p) and (n,a) were calculated

for all isotopes using the statistical model code THRES2 [12]. The theoretical

curves were normalized to experimental data where available. In most cases
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data was not available, but in a few cases single 14 MeV data points were

measured. In the latter case the output of THRES2 was renormalized to the

data point with a few minor exceptions. A fair amount of 14 MeV experimen-

tal data exists for the 160Gd (n,2n) reaction.

D. Inelastic Cross Sections

There is no experimental data available for the total inelastic

scattering. Data for the excited states and the continuum were obtained by

nuclear model calculations using the code COMNUC [13]. COMNUC uses Hauser-

Feshbach theory and width fluctuation corrections to calculate the compound

nuclear contributions to the cross sections. The optical model parameters

used in these calculations were supplied by A. Prince. [14].

*"55Gd calculations were run with 15 levels including the ground

state. This is the limit imposed by the in-house version of COMNUC. The

continuum started at 0.67 MeV. 157Gd was calculated using 15 levels up to

0.839 MeV. Spin and parity for levels in the region of 0.6-0.7 MeV were

doubtful, so the threshold for 1"-he continuum was set at the same threshold

as 155Gd (i.e., 0.67 MeV). Cross sections for levels higher than 0.67 MeV

were subtracted from the continuum. The continuum in the above cases, as

with all the calculations for the gadolinium isotopes is described in COMNUC

by a continuous distribution of levels whose density is calculated by an

expression of the type given by Gilbert and Cameron [15]"

All the even isotopes of gadolinium were calculated in the same

manner. Also levels for all even isotopes except 156Gd were calculated be-

yond the threshold of the continuum. As in 157Gd the excited state cross

sections beyond the continuum threshold were subtracted from the calculated

continuum.
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E. Radiative Capture Cross Section

The capture cross sections of all gadolinium isotopes from 10 eV

to the top of the resonance region are described by resonance parameters, and

in the case of 1S8Gd and *60Gd a thermal 1/V contribution- Above the resonance

region and up to approximately 5 MeV the shape of the curve was determined

using the COMNUC code. The COMNUC generated data set was renonnalized to the

data of Shorin et al [16]. Shorin measured all the gadolinium isotopes ex-

cept 152Gd. The measurements were made by the detection of prompt gamma-rays

and time of flight techniques. The energy range for his measurements was

5.0 to 70 keV. His relative cross sections (measured against the B{n,oty)

cross section) were normalized to the 30 keV gold cross section of 596 mb +_

4%. The abundance weighted experimental data is in good agreement with the

capture cross section of natural gadolinium as measured by Fricke et al [17].

The capture cross sections from the Schenter evaluation [2] were

renormalized to the above evaluation at 1 MeV. This data was used between

5 and 20 MeV.

IV. ANGULAR DISTRIBUTION OF SECONDARY NEUTRONS

Using the optical model parameters supplied by Prince [14] and the code

ABACUS-2 [18] the differential elastic scattering cross sections were cal-

culated. The calculated cross sections were then fed into the CHAD code [19].

CHAD fits this data as a polynomial of the form:

• Df»(E)

By use of the assumption that da (E,p)/d ft may be represented by a linear

function between the input points, the Legendre scattering coefficients fg(E)

can be computed analytically. These coefficients appear in the file in the

center of mass sytem.
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The parameters y, 5 and y were generated using the code DUMMY5 [20] with

the differential elastic angular distributions calculated with ABACUS. These

appear in ENDF/B File 3.

The inelastic angular distributions appear in the file as isotropic in

the center-of-mass system.

V. ENERGY DISTRIBUTIONS OF SECONDARY NEUTRONS

The energy distributions cf secondary neutrons for the (n,2n) and (n,nf)

reactions in the continuum have been calculated as a nuclear temperature

energy in MeV. From Gilbert and Cameron [15].

e ~ 4 u 2 u

a = nuclear level density parameter (Mev'1)

u = E - p(z) - p(N) MeV

P ~ Pairing Energy

The Pairing Energies given by Gilbert and Cameron were replaced with those.of

Cook et al. [21]. For deformed nuclei, the equation a/A = 0.00917s + 0.120

MeV~ was used. Here S = S(Z) + S(N)*is a shell correction. All continuum

inelastic temperatures were calculated from the above formula.

The first neutron in the (n,2n) reaction was calculated as above with E

being replaced by E + Q of the reaction. The temperature of the second neu-

tron was calculated for the A - 1 nucleus with E being replaced by E + Q - E.

Here B is the average energy of the first neutron boiled off.
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P R I . C O m . 1967 JUN67 B.R.LEONARD. JR. AND K.B.STEWART

DYSPKOSIUM-16̂

General Ident i f i cat ion

MAT « 1031
ZA = 6616^.0 / v

AWR = 162.52 [Everl lnslV ' 163.9281
1 = 0 j _ 1.00&&5 '~

R = .77 x 10 cm Ref. 2

Radioactive Decay

MT = 102 Dy 1 6 5 -> Ho 1 6 5 X • 8.309 x 10"5 s ec" 1 Ref 3 .

Cross Sections

Low Knergy

llie cross secti is of Dy are rather non-controversial. The

July 1, I966, edition of CINDA shows three roonoenergetie measure-

ments: l) aT measured from 10*^ to 1.5 x 10 eV by Moore^ ,

2) aT and a . measured from .02 to 1.5 eV by Sher^' and 3) resonance

parameters for a resonance at 146 eV by Zimmerman.' '

Sher used his data and those of Moore to derive parameters for the

bound level that dominates the thermal cross section. The parameters

quoted by Sher are rather confusing. He quotes a value of r = 166 ± *4

meV, Since the resonance is at -I.89 eV the analysis is very insensi-

tive to the value of r. Consequently we have refitted the data pre-

serving the quoted parameters as much as possible, particularly hrping

to improve the fit to the activation cross section. We found no signi-

ficant improvement. Our derived parameters are:

E o = -I.89

rn° = o.oteo ev

r » 0.0538 ev
R * .77 x 10"1 2 cm
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where the value of r was chosen to agree with the value obtained for

the I'i6 cV reconancc.

(7)

The program UNICORNx ' was used to calculate the low-energy cr-.ss

sections using our parameters for the -1.39 eV resonance and the

parameters of Zimmerman for the lk6 eV resonance. The calculation was

done for 0 K and the center-of-muss term removed from UNICORN. The

point values are given in file 3 *• kO values from 10 to 2.229 eV.

Lno-E intcrxiolation is specified.

Resonance Region

The parameters of Zimmerman for the 1^6 eV resonance are given

in file 2. The resolved resonance region is specified from 2.229 to

272 cV. The smooth cross section file is specified to be zero in this

energy range.

The UNICORN calculation yields a capture resonance integral of

352 barns frost 0.1+5 eV to 10 eV. This is to be compared with a

recent measured value of 377 ± 3k barns.* '

Fast-Neutron Region
(a)

Foster and Glasgow ' have recently measured the total cross

section of elemental dysprosium from 3 to 15 MeV. These results fcrm

the basis for 18 point values given in file 3 from 3 to 20 MeV.
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PRI.C0m.1967 JUN67 B.R.LEONARD.JR. Afd K.B.STEWART

LUTETIUM-175

General Identification

MAT = 1032
ZA = 71175.0

AM - 173^38 Ref 1.

R « .73 x 10 CB Ref 2 .

Radioactive Decay

MT = 102 Lu 176m -* Hf176 \ " 5.20 x 10"5 Bee"1 Kef 3

Introduction

The primary objective was to provide a set of evaluated data for

low-energy neutrons since the primary interest in Lu-175 is in applica-

tion as a neutron spectrum indicator. However, since new data were

available on the fast-neutron total cross sections we have also entered

a and a in the fast-neutron range. Hopefully these data will provide

a basis for model calculations to complete the data set on this nucleus.

Cross Sections

Low Energy

175
Although Lu y is the major isotope in elemental Lutetium

(97.^1$) the IAI 'J cross section at low energies constitutes only

about 1/3 of the elemental cross section. In a literature search

through July 1, 1966 [CINDA] we have found only one attempt to

175
establish the low energy cross section of Lu . In this work of

[Ba6tonr measurements of a_ were made over the energy region

0.01 to 1.0 eV with a time-of-flight spectrometer. The authors made

no attempt to fit the observed cross section but presented a best

fit l/v behavior from which they inferred a value of o (.0253 ©V) =

23 ± 3 barns. The data which they presented were, however, noticeably

non-l/v. Consequently, we have fitted these data in order to provide
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an imporved estimate of the energy variation of the cross section.

The resonance parameters given in file 2 were used to calculate the

resonance contribution to the low energy cross section using the

program UNICORN. The residual cross section was than analyzed by

standard graphical techniques to obtain parameters for a bound level.

Our evaluation of the parameters gives:

E Q = -.1785 eV

2grn - 3.907 x 10-6 e V

Ty * 0.060 eV

R - .73 x 10-12 c m

The values of R and Ty are, of course, input values. The resonance

is sufficiently far removed that the analysis is insensitive to the

value of Ty so we have used the value established for the observed

parameters.

The parameters of the bound level plus the parameters con-

tained in file 2 were used to calculate the final cross section.

The calculations as performed by UNICORN for 0°K. The results of

the calculations are given in file 3 as 33 point values for

°"x(MT«l), an(Ml>102), and Oy(MT-102) over the energy range of 10"
4

to 1.075 eV.

The results of these calculations gave the following values

at E - .0253 eV:

aT - 28.2 barns

cry * 23.5 barns

£7p •* 4.7 barns

The cross section values in the low energy range which are calculated
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for elemental lutetium using the HTOF/B data for Lu " and Lu ^

are seriously discrepant with recent total cress section mcasure-

ments.^"' The contribution of Lu to the elemental cross ccction

is so small that it would require a factor of 2 or more error in the

175absolute scale of the Lu cross section to explain the discrepancy.

Resonance Region

17 'JNo new information on the resonance parametero of Lu hue

appeared^ ' oincc the i960 Supplement to BNL-325. ' The parameters

for the 16 resonances extending from 2.6l to 57.4 eV are given in

file 2. The value J = I " 3-5 is specified for each resonance so

that g = .5.

The unresolved parameters were obtained from averaging the

resolved parameters. The unresolved region is specified in file 2

from 60 to 10^ eV with the following parameters for each of the

J = 3 and J = h states for L = 0:

p = c/~E = kR = 3 .2 x 10"5 /"E

D = 7.25 eV

< r ° > = 1.27 x 10*3 eVn

< r > = .060 ev .

The smooth cross sections in file 3 are specified to be zero

through the resonance region E = 1.075 to 10 eV.

Fast Neutron Region

Fast-neutron values of a are specified for 29 energy values

from 10^ to 2 x 107 eV in file 3. The values for E > 2.5 MeV
(q)

B-re based on the measurements of Foster and Glasgow^' and the

lower energy values are guessed from systematics.
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The fast capture cross section a is specified in file 3 from
5 7Mr to 2 x 10' eV based on the data shown in Ref 8* The extrapolated

behavior falls off slightly faster than l/v.
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LUTLTIUM-176

General I i lont if icat ion

MAT - 1033
ZA = 7H76.O

AWK = Yfh.hS

R = .73 x i o " a

Radioactive Decay

MT = 102

Introduction

PRI.COm. 1967

Ref 1

1 Rcf 2

Lu 1 7 7 •» Hf177

71-Lu-176
MAT 1033

JUN67 B.R.LEONARD.JR. ANO IC.B.STEUAST

175.
I.OO8665

1.20 x 10"6 sec"1 Hef 3

The primary objective was to provide a set of evaluated data for low-

energy neutrons since the primary interest in Lu-176 is in application as

a neutron spectrum indicator. However, since new data were available on

n for fast neutrons for elemental lutetium we have included the same

fast-neutron data for a_ and a as is contained in the Lu '^ MDF/B

file.

Cross Sections

Low Energy

(k)

Roberge and Sailorx ' have published the results of precision meas-

urements which they made on a from 0.02 to 0.25 eV for a sample en-
176

riched in Lu . Their data were used to derive very precise values
of the parameters of the 0.142 eV resonance which dominates the thermal

176
cross section of Lu . Their data apparently show that essentially

all of the thermal cross section is due to this resonance. In the ENDF/B

file we have used the parameters determined by Bcberge plus the resonance

parameters listed in file 2 to calculate the low energy cross sections

of Lu . The calculations were performed by UNICORN' ̂  for a tempera-

ture of 0°K with the center-of-mass term removed since laboratory energy

coordinates were used. The results of this calculation are entered in
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iMDF/13 file 3 as 37 point values of o^MT-l), on(r«-a), ana o (MT-102)

from 10" to 0.88 eV. The r

neutron energy of 0.0253 cV:

from 10" to 0.88 eV. The results give the following values for a

aT = 1955 barns

a s 3.04 barns

o ss 1952 barns

There are other measurements of lutetium cross sections at low

energies which are discrepant with the low energy cross sections given

in the ENDF/B file. These other measurements imply a significant con-

tribution at thermal energies from a bound level.

(2)
Atojiv ' measured a value of oT * 105 ± 2 barns for elemental

lutetium at an energy of 0.0735 eV. If this discrepancy were due to

Lu ' it would require a value of aT = 3^30 barns at 0.0735 eV. The

precise measurements of Roberge give a value of about 2950 barns at this

energy.

Amaral, et a r ' have measured the total cross section from

O.OI85 to 0.203 eV with a crystal spectrometer. Although they obtained

eV resonance parameters that were sensibly the same as those of

Roberge they report a value of a - 118 ±1 barns at 0.0253 eV for

175
elemental lutetium. Subtracting the Lu " cross section from this

176
value would leave a Lu cross section of 3500 barns. However,

Baston*'' has made measurements on an enriched sample of Lu in this

region with a time-of-flight spectrometer. Baston's resonance parameters

again agree well with those of Roberge. Baston's data in the low energy

region lie somewhat higher on the average than the values calculated

from the resonance parameters but his average values in the region of

0.0253 eV are only about 2200 barns.
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Thus it is concluded that the results of Roberge are the best

estimate of the low energy cross sections of IiU*'" at this time.

Resonance Region

A search of CINDA (1966)*.^) shows no new information on the

resonance parameters of Lul7&. Thus the values given in the 1960

supplement to BNL-325^ have been incorporated in the ENDF/B file.

The resolved resonance region extends from 0.8796 to 48 eV and

contains 20 resonances. The value of J = I = 7.0 is specified to

obtain g = 0.50.

The unresolved resonance region is specified from 48 eV to 100 keV.

The average resonance parameters are assumed the same for each spin

state and L = 0:

p •- opt = kR = 3.2 x 10"3 «Ti

D = 4.66 eV

< Tno > = 8.47 x 10-4 eV

< T y > = 0.060 eV

The smooth cross sections in file 3 are spacified to be zero

throughout the resonance range 0.88 to 1 x 105 eV.

Fast-Neutron Range

Values of crT and <jy are specified in file 3. These are the same

values given for Lul75 (MAT = 1032).
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Evaluated Neutron Cross Sections for Natural Hafnium and
the Hafnium Isotopes 174, 176, 177, 178, 179, and 180.

M. K. Drake, D. A. Sargis, Tin Maung, Science Applications, Inc.

Additions and Editing by
S. Pearlstein, Brookhaven National Laboratory

A complete evaluation for natural hafnium and information on eval-

uated data for the separate isotopes were provided to the National Nuclear

Data Center (NNDC) by Science Applications Incorporated (SAX). Evaluations

for the separate isotopes consistent with the evaluation for natural haf-

nium were prepared by NNDC. The evaluations were extended to 20 MeV by

the NNDC following total cross section measurements for Ta and W

corrected for nuclear size.

RESONANCE PARAMETERS

The resolved resonance parameters are based on data compiled by

Perkins and Gyulassy , plus Hf-177 and Hf-178 data by Liou, et al '

(3)
Hf-178 and Hf-180 data by Moxon, et al w . The unresolved resonance

parameters are based on statistical properties of resolved resonances and

fit of keV cross sections measured by Kapchigaseev and Moxon .

The 2200 M/S cross sections and resonance integrals for natural hafnium

and its isotopes are given in Table I.

TOTAL CROSS SECTION

For energies less than 1.0 eV - data for the element by Moore ^ ' and

Joki and data for the isotopes by Conrad, et al were used. For

energies between 1.0 eV and 100 keV, resolved and unresolved resonance

(9)

parameters between 100 and 500 keV data by Sherwood, et al and Green

and Mitchell ' ^ were used. Above 2.5 MeV data by Foster and Glasgow ^

were adopted.
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ELASTIC SCATTERING CROSS SECTION
—

For energies below 500 keV, the elastic scattering cross sections was
taken as the total cross sections minus the non-elastic cross section.

(9)
For energies between 500 keV and 2.5 MeV, data of Sherwood, et al and

Walt and Barschall were used. Above 2.5 MeV, the total cross section

minus the non-elastic cross section was adopted.

INELASTIC SCATTERING CROSS SECTION
(9)

12 excitation levels were adopted based on data of Sherwood, et al ,

The isotopic contributions to the excited levels are given in Table II.

RADIATIVE CAPTURE CROSS SECTION

The 2200 M/SEC values were obtained by weighted ave, of experimental

data (values given above). A 1/v contribution were used for Hf-174, 176,

178, and negative energy resonances given for Hf-180.
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Table X

Resonance Integrals and 2200 Ĵ /SEC Capture X/S

Hf-174
Hf-176
Hf-177
llf-178
Hf-179
Hf-180
Element

RI(BARNS)
446
337
7220
1747
451
29
1900

2200 M/SEC X/S (BARNS)
391
21.8
376
84.6
40.4
13.0
104.5

Table II

Inelastic Levels Used in the Evaluation

Level Number

1
2
3
4
5
6
7
8
9
10
11
12

Energy (MeV)

0.0932
0.113
0.250
0.307
0.321
0.385
0.409
0.427
0.509
0.555
0.591
0.632

Isotope

174,176,178,130
177,179
177,179
174,176,178,179,180
177
177,179
177
177
177
177
177
174,176,177,178,180
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Eval-Jan72 Howerton, Perkins, MacGregor
UCRL-513O6 (1975) Dist-Sep74 Rev-Nov74

*** DNA 4179 MOD 3 with ENDF/B-III resonance parameters *******

Ta-181 evaluated neutron cross sections
R.J.Howerton, S.T.Perkins, R.C.Haight and M.H. MacGregor
Lawrence Livermore Laboratory, Livermore, California

General Comments
The neutron energy range extends from .00001 eV to 20 MeV. In

addition to elastic scattering, which occurs at all energies, the
following reactions have threshold (UCRL-50400, Vol. 9) energies
less than 20 MeV.

Reaction
n,n*
n,2n
n,3n
n,p
n.np
n,d
n,nd
n,t
n,nt
n,he3
n,nhe3

n,alpha
n,n alpha
n, gamma

Threshold
0.00623
7.69
14.30
0.24
5.97
3.73
11.16

4.87
11.00
6.20
13.24
exoergic
exoergic
exoergic

(MeV)

(q = 7.41)
(q = 1.53)
(q = 6.06)

All charged particle producing reactions, except the (n,p)
process will be neglected as there are essentially no measure-
ments. The cross sections for (n,n), (n,n*), (n,2n), (n,3n),
(n,p), (n,gamma), and (n,x gamma) reactions are discussed below,
as are the secondary neutron angular and energy distributions for
these reactions. Discussions are also included for photon and
electron production cross sections, multiplicities, energy dist-
ributions, and angular distributions. To provide a. mechanism for
entering electron production data into the ENDF/B format, files
32, 33, 34, and 35 were defined exactly analagous to files 12, 13,
14, and 15. For documentation see LA-4549 (ENDF-102, Rev., Vol.
II) and read electron for photon in that reference.

The data base for the evaluation is given in UCRL-50400,
vol., 2 and 3. References not specifically cited here a --•_.-. in
these two volumes.
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MF - 2
ENDF/B-III resolved and unresolved resonance parameters have been
married onto this evaluation below 5kev (MAT-1126).

Neutron cross sections

Elastic scattering cross section
MF - 3 MT » 2

The elastic scattering cross sections is equal to 6.25 bams
at 0.0253 eV, the difference between the total and n,gamma cross
sections, and is essentially constant ovev the thermal energy
region. In the resolved resonance region, up to about 300 eV, the
cross section was determined from a single level analysis for
zero degrees Kelvin material temperature. The parameters used
were the recommended set in BNL-325, Suppl. 2, Vol. IIC (1966).

At higher energies, the elastic scattering cross section was
taken as the difference between the total and the nonelastic cross
section. The nonelastic was derived from the sum of its parts
where data were available, from measurements of the nonelastic c/s
where available and otherwise from systematics.

Elastic scattering angular distributions,
MF = 4 MT » 2

Normalized probabilities
The elastic scattering was assumed to be isotropic in the

center of mass system for energies less than 50 keV. From 50 keV
to 14.6 MeV the evaluations were based on experimental data where
such data exist. For energies equal to or greater than one MeV
optical model calculations were done to obtain an estimate of the
inelastic scattering to low lying levels included in the experi-
mental results. To provide a reasonable number of angular distri-
butions, optical model calculations were used at intermediate
energies and for energies greater than 14.6 MeV. The optical
model results agreed very well with the experiments except at the
minima where one would expect the low lying level excitations
to cause a filling of the minima. The Wick limit was tested
against all distributions and it was found that the criterion was
met.

Inelastic scattering cross section
MF * 3 MT = 51-60 and 91

The excitation function for the 6 keV level was based on
calculations done by Donald Gardner using the C0MNUC code,
the excitation functions for the next 9 Ievel3 were obtained
from Ref. 885 and from recent 0RNL data (Dickens and Morgan
(1973)). The results were smoothly extrapolated to 10 mb at
2-4 MeV and kept constant to 20 MeV.
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The total inelastic cross section was based on individual
level data at energies of the order of one HeV. From 1 to 20
MeV there are few measurements and thg excitation function was
estimated from nuclear systematics. The difference between the
total inelastic and the level data was assigned to the inelastic
Continuum cross section. The experiment reported in Ref. 885
could not resolve certain doublets so a mean energy was assigned
which, of course, differs from the energies presented in all
tabulations of levels or level diagrams for Ta-181.

Inelastic scattering angular distributions,
MF = 4 MT =- 51-60 and 91

Normalized probabilities
The level data were assumed isotropic in the center of mass

system and the continuum component was assumed isotropic in the
Laboratory System for energies less than 8.0 MeV. For higher
energies the distributions were peaked forWard.

Inelastic scattering energy distributions
MF = 5 MT = 91

The continuum inelastic scattering energy distribution is
composed of an evaporation component plus a high energy pre-
equilibrium component. This latter portion decreases with increas-
ing secondary energy and its contribution increases with the
incident neutron energy. The evaporation temperature was assumed
to vary as the square" root of the incident neutron energy.
In the detailed evaluation, a separation was made into neutrons
with incident energies above The (n,2n) threshold, and those with
energies below. The former were assumed to emit primarily high
energy neutrons in the (n,n*) reaction.

(n,2n) cross section
MF = 3 MT = 16

The (n,2n) cross section near threshold was determined from
the observed dip in gamma ray production (Oak Mdge Report ORNL-
TM-3702,Feb.1972), using the formalism of Uowerton and Plechaty
(Nucl.Sci.Eng.32,178(1968)). The overall shape for the excitation
function was set equal to that of U238, with suitable adjustments
to match the systematics of tantalum.

(n,2n) energy distributions
MF = 5 MT = 16

The formalism of the temperature model was used for conveni-
ence in the absence of measurement.

(n,3n) cross section
MF - 3 MT - 17

The (n,3n) excitation function was based on the difference
between a constant nonelastic cross section of 2.45 barns and the
sum of the inelastic and (n,2n) cross sections.
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(n,3n) energy distributions
MF » 5 MI - 17

The formalism of the temperature model was used for conveni-
ence in the absence of measurement.

(n,p) cross section
MF - 3 MT « 103

The (n,p) cross section was based on the data of Bef. 2887,
with smooth extrapolations to threshold and to 20 HeV.

(n,gamma) cross section
MF = 3 MT - 102

The (n,gamma) cross section is equal to 21.9 barns at
.0253 eV and is 1/V over the thermal region. In the resolved

resonance region, the cross section (at zero degrees Kelvin) was
obtained from a single level analysis - see section under elastic
scattering cross section.

From about 300 eV to 10 keV, the lead slowing-down-time
spectrometer data of Ref. 1960 was used. This was merged smooth-
ly into the relatively large amount of data available for energies
below 5 MeV, and smoothly extrapolated to 20 MeV.

Gamma ray production cross sections

(n,x gamma) cross section from the
(n,gamma) reaction

MF = 12 MT - 102
The multiplicity for gamma rays, m(e), from the (n,gamma)

reaction was obtained below 35 keV neutron energy by normal-
izing the spectral shapes to the binding energy (be) plus the
neutron energy £ minus the energy diverted by internal conver-
sion. Above 35 keV, this cross section is included in the
(n,xgamma) cross section. Note that the assumed energy variation
of the multiplicity conserves energy for the reaction with
the energy distribution described below.

(n,x gamma) energy distribution from
The (n,gamma) reaction

MF = 15 MT = 102
The distributions are expressed as normalized proba-

bility distributions.
At (10**(-11)) MeV neutron energy, this energy distribution

was taken to be that of Ref. 2415 for photons between 2.5 and
5. MeV. above 5. MeV the thermal capture data of Ref. 3211
were used after having been normalized to Ref. 2415. Below
0.5 MeV photon energy, the data of Ref. 3211 were used, normal-
ized at 402 keV to Ref. 2415. The production of K and L x-rays
following internal conversion was taken from the internal
conversion cross sections discussed below. A flourescence yield
of 100 was assumed for each K and I. vacancy. Between 0.5 and
2.5 MeV, the energy distribution was taken from a gamma
cascade calculation.
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At 2 eV neutron energy the same procedure was followed
except that the 2 keV data of Ref. 3211 was used for the
photon energies above 5. MeV. At 35 keV neutron energy the
energy distribution was assumed to be the same as at 2 keV.

(n,x gamma) cross section
MF - 13 Ml - 3

This component includes all gamma rays except those from the
capture process discussed above. Four discrete lines were
entered explicitly. The measurements of Dickens and Morgan (1973),
Larsen (1973), and of Rogers et al (1971) were used as guides
for lines at 0.108, 0.1361, 0.152, 0.165, 0.179, 0.1937, 0.205
0.259, 0.288, 0.301, 0.331, 0.345, 0.3589, 0.482, 0.80, 0.99,
1.08, 1.150, 1.206, 1.245, 1.308, 1.382, and 1.426 MeV. K and L
x-rays following internal conversion were also included,
gamma rays from the other discrete (n,n*) levels were
lumped into the Continuum.
Continuum contributions were handled by using the Howerton and
Plechaty recipe with measured gamma ray temperatures (ORNL-TM-
3702)for each reaction. The average photon energy in the spectra
were chosen to give overall energy conservation for the combined
neutron-plus-gamma production processes.

(n,x gamma) energy distributions
MF = 15 MT = 3

Experimental gamma ray temperatures (ORNL-TM-3702) were used
with the Howerton and Plechaty recipe (loc. Cit.) in a calcula-
tion that was matched to gamma ray production data (ORNL-TM-3702)
and to neutron systematics, with energy being conserved on the
average for all neutron and gamma ray production processes.
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Eval-Apr71 J.Otter,C.Dunford,and E.Ottewltte
AI-AEC-1299O (1971) Dist-May74
Extended to 20 MeV for ENDF/B Version-IV
* * * * * * *

Tantalum-182 ENDF/B MAT 1127, May 1971 (Ref) AI-AEC-12990
xhenaal Xscx and resonance parameters evaluated by John Otter.
fast cross sections evaluated by Charles Dunford and Eric
Ottewitte. File assembly by Philip RoBe.

MF-1 MT=451. Descriptive Information
Atomic mass/ Mattauch,Thiele,Wapstra. Nucl.Phys. 67,1(65).

MF=2 MT=151. Resonance Parameters
Resolved resonances - e, 2*g*(gamma,n), and gamma gamma where

known from NSE 33,16. Unknown gamma gamma equal to average of
known values. J assigned in proportion to 2*j+l. Negative
energy resonance parameters from fit to total cross sections at
one and three eV. Calculated 2200 M/S cross sections are
capture=8249b, scattering=31b, and total«8280b. Potential
scattering assumed same as Ta-181, « 8.3b.
Unresolved resonance parameters energy independent. Dobs and
gamma gamma from resolved resonance range SO, SI, and S2 same
as Ta-181. D(J)/Dobs from AAEC/TM 392.
Resonance integral - capture (0.5eV-100keV) = 1020b. There is

no experimental comparison.

MF=3 MT=1. Total Cross Section
2PLUS and COMNUC calculational results were used directly.

MF=3 MT=2. Elastic Cross Section
2P.LUS and COMNUC calculational results were used directly.

MF=3 MT-4. Total Inelastic Cross Section
Equal to the sum of the level excitation and continuum Xscs.

MF=3 MT=16. n-2n Cross Section
The adopted cross section is the Ta-181 n-2n crosc section
shifted in energy to the Ta-182 threshhold.

MF=3 MT»17. n-3n Cross Section
The n-3n cross section was obtained by subtracting the n-2n
and inelastic continuum from the non-elastic cross section.

MF«3 MT»51. Inelastic Excitation ((Hrect and compound nucleus)
to the 97 keV level.
Cross sections calculated by the computer programs 2PLUS and

COMNUC have been adopted without chauge at energies well above
the threshhold. Seemingly unphysical structure calculated by the
COMNUC code was smoothed out naar the threshhold.
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MF*=3 MT-52-58,91. Inelastic Excitation Cecmpound nucleus only) I,
Calculation by 2PLUS-COMNUC for 114, 173, 237, 270, 292, 315
and 360 keV levels plus the continuum. Structure in the 114 keV
level near threshhold smoothed out. Structure caused by
competition for open channels due to 1st level wetikly coupled
and 2nd level strong.iy coupled to the ground state.

MF=3 MT=102. n-Gamwa Cross Section
2PLUS-C0MNUC results used to 5 MeV. abova 5 MeV the theory of

V. Benzi and G. Reffo was used. Ref CCDN-nw/10 ENEA Data Center

MF=3 MT=?.O7. n-Alpha Cross Section
same as Ta-181 (MAT 1126)

MF=4 MT=2. Angular Distribution of Elastically-Scattered Neuts.
transformation matrix calculated for mass 182. Legendre
coefficients taken directly from 2PLUS-COMNUC runs. 1

MF=*4 MT=51-58,91. Angular Distribution of Neutrons Inelastically
scattered to discrete levels.
The level distributions were made isotropic in the CM frame.
Che continuum was made isotropic in the lab frame.

MF=5 MT=16,17. Nuclear Temperatures - (n,2n),(n,3n) Reactions.
Temperature of first emitted neutron same as for MT=91.
Temperature of second and third emitted neutrons deduced by
conservation of energy, assuming the kinetic energy of an
emitted neutron is 2*Kt.

MF=5 MT=91. Nuclear Temperature - Inelastic Continuum
Maxwellian distribution used to describe nuclear temperature.
Level spacing same as Ta-181 (MAT 1126). U specified for Ta-182
threshholds.
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SUMMARY DOCUMENTATION FOR

by

P. G. Young, J. Otter, E. Ottewitte, and P. Rose
Los Alamos Scientific Laboratory

Los Alamos, New Mexico

I. SUMMARY

The 1 8 2W evaluation for ENDF/B-V (MAT 1128) was carried over intact from
Version IV with only minor format changes being made. The evaluation of the
neutron files was performed at Atomics International and is documented in
TI-707-130-026 (1973). The gamma-ray production data were evaluated at Los
Alamos Scientific Laboratory and are documented in LA-5793 (1975). The
ENDF/B-V data span the energy range 10~s eV to 20 MeV.

II. ENDF/B-V FILES

File 1. General Information

MT=451. Descriptive Data

Atomic mass and Q-values taken from Ref. 1.

File 2. Resonance Parameters

MT=151. (A) Resolved Resonances Evaluation

Potential scattering cross section = 8.0 ± 1.0 b at E=0.

2200 m/s Cross Sections (barns)
CALC MEAS (Ref. 2)

CAP 20.5 20.7 ±0.5
SCAT 11.6

Resolved Resonance Parameters
- 100 eV froni fit to capture
4.16 eV from Ref. 2

5 - 250 eV from evaluation, Refs. 2, 3, and 4
250 -1250 eV from evaluation, Refs. 3 and 4

1250 -4500 eV from Ref. 4
1920 -2198 eV from Ref. 3

Atomics International
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MT-151. (B) Unresolved Resonances Evaluation

Potential scattering cross section • 8.5 t 1.0 b at EQ S0.

Total cross section * 8.85 b at En*100 keV (calculated).

Unresolved resonance parameters from automated optimized fit to
the evaluated measured capture cross section.

AV L«0 level spacing (En^O) * 57.45 eV, energy dep. from Ref. 5.
AV Capture level width = 0.0901 eV, energy independent
L-0 Strength function = 1.8E-4 , energy independent
L=l Strength function - 0.272E-4 , energy independent
L-=2 Strength function • 0.0

Average capture crosf section uncertainty at energy E
E (keV) Uncertainty (%)
100 15
90 10
10 10
4.5 17

Resonance integral (capture) 596 b calculation, 590 ± 10 b measure-
ment (Ref. 6).

File 3. Neutron Cross Sections

MT=1. Total Cross Section

The total cross section was evaluated using a least squares spline
fit to experimental data for this isotope. Spline fits of exper-
imental data for natural tungsten were also factored into the
evaluation (see MAT 1129 for Refs). The total cross section
curve was smoothly joined to the evaluated total cross section
in the unresolved resonance range below 100 keV. Isotopic data
references are Whalen7 (100-650 keV), Martin8 (0.65-20 MeV), and

Foster and Glasgow9 (2.5-15 MeV). General references for the
total cross section are Goldberg et al.2 and Devaney and Foster.10

The uncertainty in the total cross section is probably less than
7% over the energy range from 600 keV to 20 MeV. Between 300 keV
and 600 keV the uncertainty increases to 10% and from 100 to 200
keV the uncertainty is estimated to be 15%.

MT-2. Elastic Cross Section

The elastic cross section was obtained by subtracting the nonelastic
cross sections from the evaluated total cross section. The elastic
cross section is in Rood agreement with the data of Lister11

between 300 keV and 1.5 MeV. Between 1 MeV and 9 MeV the eval-
uated curve lies above 2PLUS-C0MNUC results. At 4.3 MeV the
cross section is some 15% lower than the experimental data point
of Kinney and Perey12 for natural tungsten. Our evaluation is,
however, in agreement with their data above 5 MeV.
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MT»4. Total Inelastic Cross Section

Equal to the sum of the level excitation and continuum cross
sections. The total inelastic cross section for this isotope
is in general agreement with the data of Owens et al. 1 3 for
natural tungsten between 5 and 7 MeV.

MT-16. (n,2n) Cross Section

The semi-empirical techniques of Pearlstein11* and W. D. Lu et al.is

were used to deduce the n,2n cross section. The evaluated curve
at 14.8 MeV is in agreement with Dilg et al.16 and Druzhinin
et al. 1 7

MT-17. (n,3n) Cross Section

The n,3n cross sections were deduced using the semi-empirical
techniques of S. Pearlstein1'' and W. D. Lu. 1 5 An effective
threshold for the n,3n reaction was set 1.25 MeV above the
theoretical threshold.

MT*28. (n,pn) Cross Section

The shape of the n,pn excitation curve is based upon the experi-
mental data of J. F. Barry et al. 1 8 for 1 8 6W (see MAT 1131).
The curve has been shifted in energy by the difference in the
reaction Q for this isotope and 18 W. The cross section contains
contributions from the n,np and n,d reactions.

MT=51. Inelastic Excitation (Direct and Compound Nucleus) to the
2 + Level

Vhe cross sections were calculated using 2PLUS-COMNUC They have
been renormalized via a least squares fit to data of D. Lister
et al.19 with a 10% uncertainty in the adjusted curve.

MT-52-5S, 91. Inelastic Excitation (Compound Nucleus Only,.

Calculation by the COMNUC code for the 329, 680, 1220, 1258, 1289,
1331, and 1374 keV levels plus the continuum. The 329-keV level
excitation curve was renonnalized to the data of D. Lister.19 The
uncertainty in the adjusted cross sections is about 10%.

MT-102. Radiative Capture Cross Section

The radiative capture cross section was evaluated between 10 keV
and 150 keV using a least squares fit to experimental data (see
MF»2, MT»151). This fit was combined and joined to the theoretical
cross sections computed between 100 keV and 4 MeV using the COMNUC
code. Above 4 MeV the CCMNUC results were joined to the collec-
tive and direct interaction capture cross sections calculated
using the theory of V. Benzi and G. Reffo.20 The uncertainty in
the radiative capture cross section is probably less than 15%
for energies between 100 keV and 200 keV. Above 200 keV the cross
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section is reliable only to the extent of the validity of the
theoretical models.

MT-103. (n,p) Cross Section

The shape of the n,p excitation curve is based upon the experimental
data of J. F. Barry et al.ie for 1B6W (see MAT 1131). The curve
has been shifted in energy to pass through the data point re-
ported by M. Lindner et al.21 (3.5 ± 0.35 mb at 14.1 MeV).

MT-107. (n,a) Cross Section

The n,a cross section evaluation is based upor. data of A. Rubinc
and D. Zubke22 for 181Ta. The few experimental data points for
isotopes of tungsten between 14 and 15 MeV qualitatively sub-
stantiate the use of this curve. The evaluation has not been
extended below 11 MeV.

File 4. Neutron Angular Distributions

MT-2. Elastic Angular Distributions

The angular distributions for elastic scattering are given as
Legendre polynomial coefficients in the cm system. These data
were calculated by 2PLUS-COMNUC codes for each isotope. As
little isotcpic experimental data existed, the calculated data
were averaged according to abundance and compared to natural
tungsten data. The comparison indicated that the experimental
data contained direct inelastic reactions to the first level.
With the calculated first-level direct inelastic included, agree-
ment within experimental error was generally indicated over all
energies. This agreement also supports the validity of the in-
elastic angular file below. The natural tungsten experimental
data were taken from Refs. 23-30. Error estimates for this section
are difficult because it appears that pure elastic scatter has not
been measured except at low energies. Because of the good agree-
ment overall with the combined data, this file is estimated to be
accurate to 15% at energies below 1 MeV, and within a factor of
two at energies above 1 MeV for all scattering angles.

MT-51-58, 91. Angular Distribution of Inelastic Scattered Neutrons

Angular distributions are given as Legendre polynomial coefficients
in the laboratory frame of reference. These data are based upon
2PLUS-COMNUC calculations. They include anisotropic contribu-
tions from direct inelastic excitation of the 2 + level. Com-
pound level and continuum excitations are isotropic in the lab-
oratory system. Errors are small simply due to the predomin-
ance of isotropy.
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File 5. Neutron Energy Distributions

MT-16, 17. Nuclear Temperatures for the (n,2n) and (n,3n) Reactions

Temperature of first emitted neutron same as for MT»91. Tempera-
tures of second and third emitted neutrons deduced by conser-
vation of energy assuming the kinetic energy of an emitted neutron
is 2*KT.

MT-91. Nuclear Temperature for Inelastic Continuum

References 31-34 were used in deriving temperatures. Least squares
Weisskopf level spacing was fit to natural tungsten data. Isotopic
data adjusted using deformed nucleus level density formula of
Gilbert and Cameron.31*

File 12. Gamma Ray Multiplicities

MT=102. Multiplicities for Gamma Ray Production from Radiative Capture

Multiplicities at neutron energies below 1 eV are based on a pre-
liminary thermal measurement for natural W by Jurney35 and from
1 eV to 1000 eV on calculations by Yost et al.36 At higher energies
the multiplicities are based on an analysis of natural W measure-
ments (Dickens,36 En

3=l-20 MeV) using statistical calculations
similar to those described by Troubetzkoy,37 with the multiplic-
ities chosen to give rough agreement with the measurements. The
theory was used at all energies to divide the natural W data into
isotopic components.

File 13. Gamma Ray Production Cross Sections

MT=4. Gamma Ray Production Cross Sections from Inelastic, (n,2n), and
(n,3n) Reactions

The cross sections for discrete photons are based on the level
excitation cross sections in MF=3, MT=51-58, mainly using the
level decay scheme of Way.39 The cross sections for continuum
gamma rays are based on a statistical theory analysis of the
Dickens3 measurements on natural W. The theory was used for
interpolation, smoothing, and separation of the data into isotopic
components.

File 14. Gamma Ray Angular Distributions

MT=4, 102. Angular Distributions of Gamna Rays from Radiative Capture,
Inelastic, (n,2n), and (n,3n) Reactions

Gamma rays from all reactions are assumed isotropic in the laboratory
system.
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File 15. Gamma Ray Energy Distributions

MT«4. Energy Distributions of Gamma Rays from Inelastic, (n,2n), and
(n,3n) Reactions

The spectra at all energies are based on a statistical theory
analysis of the Dickens38 measurements with natural W. The theory
was used as described above (MF=13y MT=4). Arbitrary adjustments
were made to the theoretical fits in regions where agreement with
experiment was poor (mainly below En=5 MeV).

MT«102. Energy Distributions of Gamma Rays From Radiative Capture

Spectra at neutron energies below 1 eV are based on a preliminary
thermal measurement by Juraey35 and from 1 eV to 1000 eV on
calculations by Yost et al.36 At higher energies the spectra are
based on statistical calculations using parameters obtained by
analyzing the Dickens38 measurement for Ej^l-3 MeV. The theory
was used at all energies to divide the natural W data into sep-
arate isotopic components.

(Note: No information is provided in this evaluation on electron
production from internal conversion. Such information might be
important for local heating and radiation damage problems.)
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I. SUMMARY

The 183W evaluation for ENDF/B-V (MAT 1129) was carried over intact from
Version IV with only minor format changes being made. The evaluation of the
neutron files was performed at Atomics International and is documented in
TI-7Q7-130-026 (1973). The gamma-ray production data were evaluated at Los
Alamos Scientific Laboratory and are documented in LA-5793 (1975). The
ENDF/B-V data span the energy range 10"5 eV to 20 MeV.

II. ENDF/B-V FILES

File 1. General Information

MT=451. Descriptive Data

Atomic mass and Q-values taken from Ref. 1.

File 2. Resonance Parameters

MT=151. (A) Resolved Resonances Evaluation

Potential scattering cross section = 8.0 ± 1.0 b at En=0.

2200 m/s Cross Sections (barns)

CALC MEAS (Ref. 2)
CAP 10.0 10.2 + 3.0
SCAT 3.4

Resolved Resonance Parameters
-1.5 eV from fit to capture

0 - 150 eV from Ref. 2
150 - 175 eV from evaluation, Refs. 2 and 3
175 - 760 eV from Ref. 3

Atomics International
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MT-151. (B) Unresolved Resonances Evaluation

Potential scattering cross section - 8.5 i 1.0 b at E^O.
Total cross section - 11.3 b at En«45 keV (calculated).

Unresolved resonance parameters from automated optimized fit to
the evaluated measured capture cross section. The competitive
reaction width for L«2, J«l is for the L to L-2 elastic scatter-
ing process.

AV L-0 level spacing (En-=0) « 12.53 eV, energy dep. fron: Ref. 4.
AV Capture level width •» 0.0801 eV, energy independent
L-0 Strength function • 2.125E-4 eV, energy independent
L»l Strength function - 0.227E-4 eV, energy independent
L«2 Strength function • 2.56E-4 eV, energy independent

Average capture cross section uncertainty at energy E
E (keV) Uncertainty (Z)

45 11
10 12
5 20

2.5 40
Resonance integral (capture) 355 b calculstion, 380 ± 15 b measure-
ment (Ref. 5).

File 3. Neutron Cross Sections

MT*1. Total Cross Section

There are no experimental data for 183W. The total cross section
was evaluated using a least squares spline fit to experimental
data for natural tungsten.6 1 The total cross section curve
was smoothly joined to the evaluated total cross section in the
energy range below 100 keV. The lack of direct experimental data
introduces a large uncertainty in the total cross section between
100 keV and 700 keV (see Ref. 10).

MT-2. Elastic Cross Section

The elastic cross section was obtained by subtracting the nonelastic
cross sections from the evaluated total cross section. Between 1
NeV and 9 MeV, the evaluated curve lies above 2PLUS-COMNUC results.
At 4.3 MeV the cross section is some 15% lower than the experi-
mental data point of Kinney and Percy11 for natural tungsten.
Our evaluation is, however, in agreement with their data above
5 MeV.

MT-4. Total Inelastic Cross Section

Equal to the sum of the level excitation and continuum cross
sections. The total inelastic cross section for this isotope
is in general agreement with the data of Owens et al.12 for
natural tungsten between 5 and 7 MeV.
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MT-16. (n,2n) Cross Section

The semi-empirical techniques of Pearlstein13 and W. D. Lu et al.1"
were used to deduce the n,2n cross section.

MT-17. (n,3n) Cross Section

The n,3n cross sections were deduced using the semi-empirical
techniques of S. Pearlstein13 and W. D. Lu.11* An effective
threshold for the n,3n reaction was set 1.25 MeV above the
theoretical threshold.

MT-28. (n,pn) Cross Section

The shape of the n,pn excitation curve is based upon the experi-
mental data of J. F. Barry et al.15 for 186W (see MAT 1131).
The curve has been shifted in energy by the difference in the
reaction Q for this Isotope and l W. The cross section contains
contributions from the n,np and n,d reactions.

MT«=51, 52. Inelastic Excitation (Direct and Compound Nucleus) to the
46.5 and 99 keV Levels.

The cross sections were calculated using the 2PLUS-COMNUC codes.
No experimental data has been reported.

MT=53-59, 91. Inelastic Excitation (Compound Nucleus Only).

Calculation by the COMNUC code for the 207, 209, 292, 309, A12,
453, and 595-keV levels plus the continuum. The theoretical
cross sections were used without modification.

MT=102. Radiative Capture Cross Section

The radiative capture cross section was evaluated between 10 keV
and 100 keV using a least squares fit to experimental data (see
MF-2, MT-151). This fit was combined and joined to the theoret-
ical cross sections computed between 100 keV and 4 MeV using the
COMNUC code. Above 4 MeV the COMNUC results were joined to the
collective and direct interaction capture cross sections calcu-
lated using the theory of V. Benzi and G. Reffo.16 The uncer-
tainty in the radiative capture cross section is 11% between 45
keV and 90 keV. Between 90 keV and 200 keV the uncertainty is
probably less than 25%. Above 200 keV tne cross section is re-
liable only to the extent of the validity of the theoretical
models.

MT-103. (n,p) Cross Section

The shape of the n,p excitation curve is based upon the experimental
data of J. F. Barry et al.is for 186W (see MAT 1131). The curve
has been shifted in energy to pass through the data point re-
ported by M. Lindner et al.17 (4.2 ± 0.42 mb at 14.1 MeV).
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MT-107. (n,a) Cross Section

The n,a cross section evaluation is based upon data of A. Rubino
and D. Zubke18 for 181Ta. The few experimental data points for
isotopes of tungsten between 14 and 15 MeV qualitatively sub-
stantiate the use of this curve. The evaluation has not been
extended below 11 MeV.

File 4. Neutron Angular Distributions

MT=2. Elastic Angular Distributions

The angular distributions for elastic scattering are given as
Legendre polynomial coefficients in the cm system. These data
were calculated by 2PLUS-COMNUC codes for each isotope. As
little isotopic experimental data existed, the calculated data
were averaged according to abundance and compared to natural
tungsten data. The comparison indicated that the experimental
data contained direct inelastic reactions to the first 2 levels.
With the calculated first-and second-level direct inelastic in-
cluded, agreement within experimental error was generally in-
dicated over all energies. This agreement also supports the
validity of the inelastic angular file below. The natural
tungsten experimental data were taken from Refs. 19-26. Error
estimates for this section are difficult because it appears that
pure elastic scatter has not been measured except at low energies.
Because of the good agreement overall with the combined data, this
file is estimated to be accurate to 15% at energies below 1 MeV,
and within a factor of two at energies above 1 MeV for all scat-
tering angles.

MT-51-59, 91. Angular Distribution of Inelastic Scattered Neutrons

Angular distributions are given as Legendre polynomial coefficients
in the laboratory frame of reference. These data are based upon
2PLUS-C0MNUC calculations. They include anisotropic contribu-
tions from direct inelastic excitation of the 3/2~ and s/2~
levels. Compound level and continuum excitations are isotropic
in the laboratory system. Errors are small simply due to the
predominance of isotropy.

File 5. Neutron Energy Distributions

MT-16, 17. Nuclear Temperatures for the (n,2n) and (n,3n) Reactions

Temperature of first emitted neutron same as for MT«91. Tempera-
tures of second and third emitted neutrons deduced by conser-
vation of energy assuming the kinetic energy of an emitted neutron
is 2*KT.

MT-91. Nuclear Temperatures For Inelastic Continuum

References 27-30 were used in deriving temperatures. Least squares
Weisskopf level spacing was fit to natural tungsten data.

74-183-4



:-r.l\

74-W-183
MAT 3129

Isotopic data adjusted using deformed nucleus level density for-
mula of Gilbert and Cameron.30

File 12. Gamma Ray Multiplicities

MT-102. Multiplicities for Gamma Ray Production from Radiative Capture

Multiplicities at neutron energies below 1 eV are based on a pre-
liminary thermal measurement for natural W by Jurney31 and from
1 eV to 1000 eV on calculations by Yost et al.32 At higher en-
ergies the multiplicities are based on an analysis of natural VJ
measurements (Dickens,3** E^l-20 MeV) using statistical calcu-
lations similar to those described by Troubetzkoy,33 with the
multiplicities chosen to give rough agreement with the measure-
ments. The theory was used at all energies to divide the natural
W data into isotopic components.

File 13« Gamma Ray Production Cross Sections

MT-4. Gamma Ray Production Cross Sections from Inelastic, (n,2n), and
(n,3n) Reactions

The cross sections for discrete photons are based on the level
excitation cross sections in MF=3, MT*51-59, mainly using the
level decay scheme of Artna.35 The cross sections for continuum
gamma rays are based on a statistical theory analysis of the
Dickens3 measurements on natural W. The theory was used for
interpolation, smoothing, and separation of the data into isotopic
components.

File 14. Gamma Ray Angular Distributions

MT-4, 102. Angular Distributions of Gamma Rays from Radiative Capture,
Inelastic, (n,2n), and (n,3n) Reactions

Gawma rays from all reactions are assumed isotropic in the labora-
tory system.

File 15. Gamma Ray Energy Distributions

MT-4. Energy Distributions of Gamma Rays from Inelastic, (n,2n), and
(n,3n) Reactions

The spectra at all energies are based on a statistical theory
analysis of the Dickens31* measurements with natural W. The theory
was used as described above (MF*13, MT«4). Arbitrary adjustments
were made to the theoretical fits in regions where agreement with
experiment was poor (mainly below En=5 MeV).

!IT«102. Energy Distributions of Gamma Rays from Radiative Capture

Spectra at neutron energies below 1 eV are based on a preliminary
thermal measurement by Jurney31 and from 1 eV to 1000 eV on
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calculations by Yost et al.32 At higher energies the spectra are
based on statistical calculations using parameters obtained by
analyzing the Dickens31* measurement for En-1-3 MeV. The theory
was used at all energies to divide the natural W data into sep-
arate isotopic components.

(Note: No information is provided in this evaluation on electron
production from internal conversion. Such information might be
important for local heating and radiation damage problems.)
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I. SUMMARY

The 18lfW evaluation for ENDF/E-V (MAT 1130) was carried over intact from
Version IV with only minor format changes being made. The evaluation of the
neutron files was performed at Atomics International and is documented in
TI-707-130-026 (1973). The gamma-ray production data were evaluated at Los
Alamos Scientific Laboratory and are documented in LA-5793 (1975). The
ENDF/B-V data span the energy range 10"5 eV to 20 MeV.

II. ENDF/B-V FILES

File 1. General Information

MT=451. Descriptive Data

Atomic mass and Q-values taken from Ref. 1.

File_2_. Resonance Parameters

MT=151. (A) Resolved Resonances Evaluation

Potential scattering cross section * 8.0 ± 1.0 b at En=0.

2200 m/s Cross Sections (barns).

CALC MEAS (Ref. 2)
CAP 1.8 1.8 + 0.2
SCAT 3.9

Resolved Resonance Parameters
-11.76 eV from fit to capture

102 eV from evaluation, Refs. 2 and 3
150 - 2060 eV from evaluation, Refs. 2, 3, and 4
2080 - 2110 eV from Ref. 3
2200 - 2650 eV from Ref. A

Atomics International
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MT-151. (B) Unresolved Resonances Evaluation

Potential scattering cross section - 8.5 ± 1.0 b at E^O.
Total cross section - 9.1 b at En*100 keV (calculated).

Unresolved resonance parameters from automated optimized fit to
the evaluated measured capture cross section.

AV L-0 level spacing (En-0) « 80.3 eV, energy dep. from Ref. 5.
AV Capture level width • 0.0731 eV, energy independent
L=0 Strength function * 2.3E-4 , energy independent
L=l Strength function * 0.18E-4 , energy independent
L-2 Strength function " 1.45E-4 , energy independent

Average capture cross section uncertainty at energy E
E (keV) Uncertainty (%)
100 15
90 10
10 10
4.5 20

Resonance integral (capture) 16.2 b calculation, 13 ± 2 b measure-
ment (Ref. 6).

File 3. Neutron Cross Sections

MT=1. Total Cross Section

The total cross section was evaluated using a least squares spline
fit to experimental data for this isotope. Spline fits of exper-
imental data for natural tungsten were also factored into the
evaluation (see MAT 1129 for references). The total cross section
curve was smoothly joined to the evaluated total cross section
in the unresolved resonance range below 100 keV. Isotopic data
references are Whalen7 (100-650 keV), Martin8 (0.65-20 MeV), and
Foster and Glasgow9 (2.5-15 MeV). General references for the
total cross section are Goldberg et al.2 and Devaney and Foster.10

The uncertainty in the total cross section is probably less than
7% over the energy range from 600 keV to 20 MeV. Between 300 keV
and 600 keV the uncertainty increases to 10% and from 100 to 200
keV the uncertainty is estimated to be 15%.

MT»2. Elastic Cross Section

The elastic cross section was obtained by subtracting the nonelastic
cross sections from the evaluated total cross section. The elastic
cross section is in good agreement with the data of Lister11

between 300 keV and 0.8 MeV. Between 0.8 MeV and 1.5 MeV, the
elastic cross section is somewhat higher than the experimental
data. Between 1 MeV and 9 MeV the evaluation curve lies above
2PLUS-C0MNUC results. At 4.3 MeV the cross section is some 15%
lower than the experimental data point of Kinney and Perey12 for
natural tungsten. Our evaluation is, however, in agreement with
their data above 5 MeV.
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MT-4. Total Inelastic Cross Section

Equal to the sum of the level excitation and continuum cross
sections. The total inelastic cross section for this isotope
is in general agreement with the data of Owens et al.13 for
natural tungsten between 5 and 7 MeV.

MT-16. (n,2n) Cross Section

The semi-empirical techniques of Pearlstein11* and W. D. Lu et al.15

were used to deduce the n,2n cross section.

MT-17. (n,3n) Cross Section

The n,3n cross sections were deduced using the semi-empirical
techniques of S. Pearlstein11* and W. D. Lu.ls An effective
threshold for the n,3n reaction was set 1.25 MeV above the
theoretical threshold.

MT-28. (n,pn) Cross Section

The shape of the n,pn excitation curve is based upon the experi-
mental data of J. F. Barry et al.16 for l86W (see MAT 1121).
The curve has been shifted in energy by the difference in the
reaction Q for this isotope and 18 W. The cross section contains
contributions from the n,np and n,d reactions.

MT=51. Inelastic Excitation (Direct and Compound Nucleus) to the
2 + Level

The cross sections were calculated using 2PLUS-C0MNUC. They have
been renormalized via a least squares fit to data of D. Lister
et al.17 with a 10% uncertainty in the adjusted curve.

MT-52-59, 91. Inelastic Excitation (Compound Nucleus Only).

Calculation by the COMNUC code for the 365, 748, 904, 1007, 1135,
1223, 1270, and 1287 keV-levels plus the continuum. The 365-,
904-, and 1007-keV level excitation curves were renormalized to
the data of D. Lister.17 The uncertainty is about 10% in the
365-keV level data and 15% in the 904- and 1007-keV level data.

MT=102. Radiative Capture Cross Section

The radiative capture cross section was evaluated between 10 keV
and 150 keV using a least squares fit to experimental data (see
MF-2, Mr*151). This fit was combined and joined to the theoretical
cross sections computed between 100 keV and 4 MeV using the COMNUC
code. Above 4 MeV the COMNUC results were joined to the collec-
tive and direct interaction capture cross sections calculated
using the theory of V. Benzi and 6. Reffo.18 The uncertainty in
the radiative capture cross section is probably less than 15%
for energies between 100 keV and 200 keV. Above 200 keV the cross
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section is reliable only to the extent of the validity of the
theoretical models.

MT-103. (n,p) Cross Section

The shape of the n,p excitation curve is based upon the experimental
data of J. F. Barry et al.1€ for 186W (see MAT 1131). The curve
has been shifted in energy to agree with the ratio of (n,p) meas-
urements reported by Coleman19 for 18<tW and 186W at 14.5 HeV.

MT=107. (n,a) Cross Section

The n,a cross section evaluation is based upon data of A. Rubino
and D. Zubke20 for i81Ta. The few experimental data points for
isotopes of tungsten between 14 and 15 MeV qualitatively sub-
stantiate the use of this curve. The evaluation has not been
extended below 11 MeV.

File 4. Neutron Angular Distributions

MT=2. Elastic Angular Distributions

The angular distributions for elastic scattering are given as
Legendre polynomial coefficients in the cm system. These data
were calculated by 2PLUS-C0MNUC codes for each isotope. As
little isotopic experimental data existed, the calculated data
were averaged according to abundance and compared to natural
tungsten data. The comparison indicated that the experimental
data contained direct inelastic reactions to the first level.
With the calculated first-level direct inelastic included, agree-
ment within experimental error was generally indicated over all
energies. This agreement also supports the validity of the in-
elastic angular file below. The natural tungsten experimental
data were taken from Refs. 21-28. Error estimates for this section
are difficult because it appears that pure elastic scatter has not
been measured except at low energies. Because of the good agree-
ment overall with the combined data, this file is estimated to be
accurate to 15% at energies below 1 MeV, and within a factor of
two at energies above 1 MeV for all scattering angles.

MT=51-59, 91. Angular Distribution of Inelastic Scattered Neutrons

Angular distributions are given as Legendre polynomial coefficients
in the laboratory frame of reference. These data are based upon
2PLUS-C0MNUC calculations. They include anisotropic contribu-
tions from direct inelastic excitation of the 2+ level. Com-
pound lev \nd continuum excitations are isotropic in the lab-
oratory sy. .em. Errors are small simply due to the predominance
of isotropy.
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File 5. Neutron Energy Distributions

MT«16, 17. Nuclear Temperatures for the (n,2n) and (n,3n) Reactions

Temperature of first emitted neutron same as for MT"91. Tempera-
tures of second and third emitted neutrons deduced by conser-
vation of energy assuming the kinetic energy of an emitted neutron
is 2*KT.

MT=91. Nuclear Temperature for Inelastic Continuum

References 29-32 were used in deriving temperatures. Least squares
Weisskopf level spacing was fit to natural tungsten data. Isotopic
data adjusted using deformed nucleus level density formula of
Gilbert and Cameron.3

File 12. Gamma Ray Multiplicities

MT=102. Multiplicities for Gamma Ray Production from Radiative Capture

Multiplicities at neutron energies below 1 eV are based on a pre-
liminary thermal measurement for natural W by Jurney33 and from
1 eV to 1000 eV on calculations by Yost et al.8lf At higher energies
the multiplicities are based on an analysis of natural W measure-
ments (Dickens,36 En=l-20 MeV) using statistical calculations
similar to those described by Troubetzkoy,35 with the multiplic-
ities chosen to give rough agreement with the measurements. The
theory was used at all energies to divide the natural W data into
isotopic components.

File 13. Gamma Ray Production Cross Sections

MT=4. Gamma Ray Production Cross Sections from Inelastic, (n,2n), and
(n,3n) Reactions

The cross sections for discrete photons are based on the level
excitation cross sections in MF=3, MT=51-59, mainly using the
level decay scheme of Martin.37 The cross sections for continuum
gamma rays are based on a statistical theory analysis of the
Dickens36 measurements on natural W. The theory was used for
interpolation, smoothing, and separation of the data into isotopic
components.

File 14. Gamma Ray Angular Distributions

MT=4, 102. Angular Distributions of Gamma Rays from Radiative Capture,
Inelastic, (n,2n), and (n,3n) Reactions

Gamma rays from all reactions are assumed isotropic in the laboratory
system.
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File 15. Gamma Ray Energy Distributions

MT-4. Energy Distributions of Ganma Rays from Inelastic, (n,2n), and
(n,3h) Reactions

The spectra at all energies are based on a statistical theory
analysis of the Dickens36 measurements with natural W. The theory
was used as described above (MF«13, MT«4). Arbitrary adjustments
were made to the theoretical fits in regions where agreement with
experiment was poor (mainly below ^"5 MeV).

MT-102. Energy Distributions of Gamma Rays from Radiative Capture

Spectra at neutron energies below 1 eV are based on a preliminary
thermal measurement by Jumey33 and from 1 eV to 1000 eV on
calculations by Yost et al. At higher energies the spectra are
based on statistical calculations using parameters obtained by
analyzing the Dickens36 measurement for En*1-3 MeV. The theory
was used at all energies to divide the natural W data into sep-
arate isotopic components.

(Note: No information is provided in this evaluation on electron
production from internal conversion. Such information might be
important for local heating and radiation damage problems).
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I. SUMMARY

The 1 8 6W evaluation for ENDF/B-V (MAT 1131) was carried over intact from
Version IV with only minor format changes being made. The evaluation of the
neutron files was performed at Atomics International and is documented in
TI-707-130-026 (1973). The gamma-ray production data were evaluated at Los
Alamos Scientific Laboratory and are documented in LA-5793 (1975). The
ENDF/B-V data span the energy range 10"5 eV to 20 MeV.

II. ENDF/B-V FILES

File 1. General Information

MT=451. Descriptive Data

Atomic mass and Q-values taken from Ref. 1.

File 2. Resonance Parameters

MT=151. (A) Resolved Resonances Evaluation

Potential scattering cross section = 8.0 ± 1.0 b at En=0.

2200 m/s Cross Sections (barns).

CALC MEAS (Ref. 2)
CAP 37.5 38 ± 2
SCAT 0.39

Resolved Resonance Parameters
18.81 eV from evaluation of Refs. 2 and 4 plus

adjustment from fit to capture cross
section

100 - 250 eV from evaluation of Refs. 2-4
250 - 3200 eV from evaluation of Refs. 3-4

Atomics International
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M1V51. (B) Unresolved Resonances Evaluation

Potential scattering cross section • 8.5 ± 1.0 b at En"0.
Total cross section - 9.1 b at En«=100 keV (calculated).

Unresolved resonance parameters from automated optimized fit to
the evaluated measured capture cross section.

AV L*=0 level spacing (E=0) * 99.1 eV, energy dep. from Ref. 5
AV Capture level width • 0.0530 eV, energy independent
L=0 Strength function • 2.2E-4 , energy independent
L^l Strength function - 0.252E-4 , energy independent
L«2 Strength function = 1.45E-4 , energy independent

Average capture cross section uncertainty at energy E
E (keV) Uncertainty (%)
100 11
90 8
45 8

22.5 14
10 11
4.5 17

Resonance integral (capture) 522 b calculation, 490 ± 50 b measure-
ment (Ref. 6).

File 3. Neutron Cross Sections

MT-1. Total Cross Section

The total cross section was evaluated using a least squares spline
fit to experimental data for this isotope. Spline fits of exper-
imental data for natural tungsten were also factored into the
evaluation (see MAT 1129 for Refs). The total cross section
curve was smoothly joined to the evaluated total cross section
in the unresolved resonance range below 100 keV. Isotopic data
references are Whalen7 (100-650 keV), Martin8 (0.65-20 MeV), and
Foster and Glasgow9 (2.5-15 MeV). General references for the
total cross section are Goldberg et al.2 and Devaney and Foster.10

The uncertainty in the total cross section is probably less than
7% over the energy range from 600 keV to 20 MeV. Between 300 keV
and 600 keV the uncertainty increases to 10% and from 100 to 200
keV the uncertainty is estimated to be 15%.

MT«2. Elastic Cross Section

The elastic cross section was obtained by subtracting the nonelastic
cross sections from the evaluated total cross section. The elastic
cross section is in good agreement with the data of Lister11

between 300 keV and 0.7 MeV. Between 0.7 MeV and 1.5 MeV, the
elastic cross section is some 10Z higher than the experimental
data. Between 1 MeV and 9 MeV the evaluated curve lies above
2PLUS-C0MNUC results. At 4.3 MeV the cross section is some 15X
lower than the experimental data point of Kinney and Perey12 for
natural tungsten. Our evaluation is, however, in agreement with
their data above 5 MeV.
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MT-4. Total Inelastic Cross Section

Equal to the sum of the level excitation and continuum cross
section. The total inelastic cross section for this isotope
is in general agreement with the data of Owens et al.13 for
natural tungsten between 5 and 7 MeV.

MT=16. (n,2n) Cross Section

The semi-empirical techniques of Pearlstein1"* and W. D. Lu et al. 1 5

were used to deduce the n,2n cross section. The evaluated curve
at 14.8 MeV is in agreement with Druzhinin et al. 1 6

MT=17. (n,3n) Cross Section

The n,3n cross sections were deduced using the semi-empirical
techniques of S. Pearlstein11* and W. D. Lu.15 An effective
threshold for the n,3n reaction was set 1.25 MeV above the
theoretical threshold.

MT=28. (n,pn) Cross Section

The shape of the n,pn excitation curve is based upon the experi-
mental data of J. F. Barry et al. 1 7 The uncertainty in the cross
section is 25% at energies well above the observed threshold. The
cross section contains contributions from the n,np and w,d reac-
tions.

MT=51. Inelastic Excitation (Direct and Compound Nucleus) to the
2 + Level

The cross sections were calculated using 2PLUS-COMNUC. They have
been renormalized via a least squares fit to data of D. Lister
et al. 1 8 with a 10% uncertainty in the adjusted curve.

MT=52-59, 91. Inelastic Excitation (Compound Nucleus Only).

Calculation by the COMNUC code for the 401, 730, 840, 850, 960,
1040, 1110, and 1250 keV levels plus the continuum. The 401, 730,
and 942-keV level excitation curves were renormalized to the data
of D. Lister.18 The uncertainty in the adjusted cross sections
is about 10%. The sum of the 840 and 850 keV level COMNUC results
were renormalized to the 863 ± 10 keV excitation data of D.
Lister. Likewise, the sum of the 1040 and 1110 keV levels were
renormalized to the 1035 ± 10 keV experimental data. The summed
levels have a 15% cross section uncertainty.

MT=102. Radiative Capture Cross Section

The radiative capture cross section was evaluated between 10 keV
and 4 HeV using a least squares spline fit to experimental data
(see MF-2, MT=151). Comparisons with COMNUC theoretical results
were excellent. Adjustments were made, however, to the data fit
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in the neighborhood of the 2+ threshold to better fit the theo- \
retical calculations. These adjustments improved the recon- )
structed elemental file comparison with experiment.. Above 4 MeV
the data fit was joined to theoretical capture cross sections
calculated between 4 and 20 MeV. The theory of Beirzi and Reffo19

was used to determine the collective and direct interaction cross
section.

MT=103. (n,p) Cross Section

The n,p cross section evaluation is based upon experimental data
of J. F. Barry et al. 1 7 Uncertainty is 25% at energies well
above the observed threshold.

MT=107. (n,a) Cross Section

The n,a cross section evaluation is based upon data of A. Rubino
and D. Zubke20 for 1 8 1Ta. The few experimental data points for
isotopes of tungsten between 14 and 15 MeV qualitatively sub-
stantiate the use of this curve. The evaluation has not been
extended below 11 MeV.

File 4. Neutron Angular Distributions

MT1^. Elastic Angular Distributions

The angular distributions for elastic scattering are given as
Legendre polynomial coefficients in the cm system. These data
were calculated by 2PLUS-C0MNUC codes for each isotope. As
little isotopic experimental data existed, the calculated data
were averaged according to abundance and compared to natural
tungsten data. The comparison indicated that the experimental
data contained direct inelastic reactions to the first level.
With the calculated first-level direct inelastic included, agree-
ment within experimental error was generally indicated over all
energies. This agreement also supports the validity of the in-
elastic angular file below. The natural tungsten experimental
data were taken from Refs. 21-28. Error estimates for this sec-
tion are difficult because it appears that pure elastic scatter
has not been measured except at low energies. Because of the
good agreement overall with the combined data, this file is esti-
mated to be accurate to 15% at energies below 1 MeV, and within
a factor of two at energies above 1 MeV for all scattering angles.

MT«51-59, 91. Angular Distribution of Inelastic Scattered Neutrons

Angular distributions are given as Legendre polynomial coefficients
in the laboratory frame of reference. These data are based upon
2PLUS-COMNUC calculations. They include anisotropic contribu-
tions from direct inelastic excitation of the 2 + level. Com-
pound level and continuum excitations are isotropic in the lab-
oratory system. Errors are small simply due to the predominance
of isotropy.
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File 5. Neutron Energy Distributions

MT=16, 17. Nuclear Temperatures for the (n,2n) and (n,3n) Reactions

Temperature of first emitted neutron same as for MT=91. Tempera-
tures of second and third emitted neutrons deduced by conser-
vation of energy assuming the kinetic energy of an emitted neutron
is 2*KT.

MT»91. Nuclear Temperature for Inelastic Continuum

References 29-32 were used in deriving temperatures. Least squares
Weisskopf level spacing was fit to natural tungsten data. Iso-
topic data adjusted using deformed nucleus level density formula
of Gilbert and Cameron.3

File 12. Gamma Ray Multiplicities

MT=102. Multiplicities fcr Gamma Ray Production from Radiative Capture

Multiplicities at neutron energies below 1 eV are based on a pre-
liminary thermal measurement for natural W by Jurney33 and from
1 eV to 1000 eV on calculations by Yost et al.3<* At higher en-
ergies the multiplicities are based on an analysis of natural W
measurements (Dickens,36 En-l-20 MeV) using statistical calcu-
lations similar to those described by Troubetzkoy,?5 with the
multiplicities chosen to give rough agreement with the measure-
ments. The theory was used at all energies to divide the natural
W data into isotopic components.

File 13. Gamma Ray Production Cross Sections

MT=4. Gamma Ray Production Cross Sections from Inelastic, (n,2n), and
(n,3n) Reactions

The cross sections for discrete photons are based on the level
excitation cross sections in MT=3, MT=51-59, mainly using the
level decay scheme of Gove.37 The cross sections for continuum
gamma rays are based on a statistical theory analysis of the
Dickens36 measurements on natural W. The theory was used for
interpolation, smoothing, and separation of the data into isotopic
components.

File 14. Gamma Ray Angular Distributions

MT=4, 102. Angular Distributions of Gamma Rays from Radiative Capture,
Inelastic, (n,2n), and (n,3n) Reactions

Gamma rays from all reactions are assumed isotropic in the labora-
tory system.
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File 15. Gamma Ray Energy Distributions

MT»4. Energy Distributions of Gamma Rays from Inelastic, (n,2n), and
(n,3n) Reactions

The spectra at all energies are based on a statistical theory
analysis of the Dickens36 measurements with natural W. The theory
was used as described above (MF«13, MT*4). Arbitrary adjustments
were made to the theoretical fits in regions where agreement with
experiment was poor (mainly below En=5 MeV).

MTV102. Energy Distributions of Gamma Rays from Radiative Capture

Spectra at neutron energies below 1 eV are based on a preliminary
thermal measurement by Jurney33 and from 1 eV to 1000 eV on
calculations by Yost et al.3<* At higher energies the spectra are
based on statistical calculations using parameters obtained by
analyzing the Dickens36 measurement for 1^=1-3 MeV. The theory
was used at all energies to divide the natural W data into sep-
arate isotopic components.

(Note: No information is provided in this evaluation on electron
production from internal conversion. Such information might be
important for local heating and radiation damage problems.)
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RHENIUM-185 (HAT 1083) and RHENIUM-187 (MAT 1084)

Background

This work* was undertaken specifically to supply ENDF/B with evaluated neutron
cross sections of Re-185 and Re-167. It Is an extension of an earlier evaluation*
by A. Prince to Include more recent data and make use of Improved nuclear models.
Most remarks below pertain to both Isotopes. Where the Information applies to
only one Isotope, it 1s so Identified, Formal documention will be published as
ENDF 115.

MF = 1, MT = 451 - GENERAL INFORMATION AND INTEGRAL DATA

The weight of the atom and neutron in the ratio, AWR, were taken from the
Chart of the Nuciides.1

The absorption integral above 0.5 ev was computed from resolved and unresolved
resonance parameters in File 2 and smooth absorption cross sections in File 3.
For Re-185 the calculation gives 1748.3 bams versus 1726 + 682, 1650 ± 903, 1753
± 903, and 1828 ± 1201* measured. For Re-187 the calculation gives 287.7 barns
versus 292 ± 422, 308 + 203, and 312 ± 221* measured. Using the abundances5 of
0.3707 for Re-185 and 6.6293 for Re-187 the calculated value for natural rhenium
is 829.1 barns versus 823 ± 522, 856 ± 653, 842 + 503, 874 ± 5 8 \ and 694 + 1256

measured.

The calculated absorption cross section at 0.0253 ev for Re-185 is 114.0 barns
versus 114 + 32 measured and 105 ± 107 evaluated by Goldberg, et al. For Re-187**
the calculation gives 74.8 barns versus 75 ± 4 2 and 73 ± V. For natural rhenium
the calculation gives 89.3 varns versus 89 ± 52.

The calculated scattering cross section at 0.0253 ev for Re-185 is 20.6 barns
and for Re-187, 10.1 barns. For natural rhenium this corresponds to 14.0 barns
versus 14 ± 4 s evaluated by Hughes and Schwartz.

The calculated total cross section at 0.0253 ev for Re-185 is 134.6 barns versus
118 ± 2 8 measured. The calculated value for Re-185 is a consequence of producing
the 114.0 barns absorption from resonance parameters, which requires strong { or
many) bound levels. The calculated scattering is the free atom cross section while
the measured values contain solid state effects. The calculated total cross section
for Re-187 is 84.8 barns versus 90 ± 2s measured. For natural rhenium the calcula-
tion gives 103.3 barns versus ICO * I2 and 100 + 2 8 measured.

The calculated reactivity worth of core-length natural rhenium samples in the
fast-spectrum, refractory metal 710 Basic Critical Experiment No. I9 usinq the
ENDF/B rhenium cross sections is -7.1 x 10"53! per gram versus (-5.7 ± I.Ojx 10"5

•Work performed under U.S. Atomic Energy Commission Contract No. At(40-1)-2847.
**The capture cross section of Re-187 includes that leading to the 18.6 minute

excited state.
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measured. Although this evaluation produces natural rhenium absorption cross
sections which are lower than most measured values above 100 ev, no change is
recommended, pending further data testing, since absorption cross sections in
agreement with those measurements lead to predictions of reactivity worth more
negative than measured in both the 710 and the ZPR-910 fast critical experiments.

MF = 1, MT = 453 - RADIOACTIVE DECAY DATA

The data were taken from the Chart of Nuclides1. The decay constants
were computed from the half lives of the ground states. Lacking a means of
specifying branching ratios in the ENDF/B format, OS-186 was made the daughter
of Re-186, since 95% of the decays31 go that way.

MF = 2, MT = 151 - RESONANCE PARAMETERS

Resolved resonance parameters of Friesenhahn, et al2 were used except for
bound levels, which were determined from a multi-level Breit-Wigner fit to the
low energy capture and total cross sections of Friesenhahn, et al2. The J
values are from Goldberg, et al7, where given; otherwise they were arbitrarily
assigned 3 or 2 in the ratio 7 to 5 to facilitate multi-level calculations. In
Re-185 a single bound level with J = 3 provided an adequate fit to the data. In
Re-187 two bound levels were required and results were very insensitive to the J
assignments. The spin-independent radii correspond to potential scattering cross
sections of 7.45 and 7.55 barns in Re-185 and Re-187 respectively and were assigned
to fit the measured low energy2 total cross section of natural rhenium, as well
as intermediate energy2*11»12 values.

In the unresolved resonance region the average capture width and observed level
spacing were taken from Friesenhahn, et al2. Strength functions for s, p, and d
waves were assigned to be in approximate agreement with average optical model
values and to fit the total cross section at intermediate energies. The resulting
capture cross sections are somewhat lower than most measured2*13"20 values, as
mentioned in the description of MF = 1, MT = 451.

In the resolved resonance region the single-level Breit-Wigner formula is speci-
fied, and a "smooth" correction is supplied in File 3 to correct the resulting
scattering and total cross sections to the values obtained by the multi-level
evaluation. The capture cross sections in this region are also corrected by File
3 to correct for the contribution of unresolved resonances, which were included in
the evaluation.

In the unresolved resonance region smooth File 3 cross sections correct for
use of energy-independent level spacing and ignoring contributions of higher order
than p-wave, both of which are presently limitations of ENDF/E. Since the thres-
hold for inelastic scattering is above the upper boundary (105 ev) of the unresol-
ved region, no difficulties are encountered by the ENOF/B exclusion of Inelastic
competition in the unresolved resonance formulation.

MF = 3, MT » 1 - SMOOTH TOTAL CROSS SECTION

The values in the resolved resonance region, E s 99.8 ev in Re-185 and 93.8 ev
in Re-187, correct the single-level Breit-Wigner results to multi-level values,
and correct capture for the omission of unresolved resonance contributions.
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The values in the unresolved resonance region, to 100 keV, correct for use
of constant level spacing and omission of contributions of higher order than
p-wave.

The values above 100 keV were obtained from ABACUS-NEARREX21 calculations,
where the optical model parameters, which are given in File 1, were adjusted to
provide a good fit to the measured total cross section11,12,22,23 Of natural
rhenium (and to the measured partial cross sections, but not at the expense of
agreement with the total).

MF = 3, MT = 2 - SMOOTH ELASTIC CROSS SECTION

The values in the resolved resonance region correct the single-level results
to multi-level values.

The values in the unresolved resonance region correct for use of constant
level spacing and omission of d-wave contributions.

From 100 keV to 5 MeV the sum of shape and compound elastic cross sections
from ABACUS-NEARREX was used. Above 5 MeV the compound elastic cross section
was negligible and only the shape elastic cross section was used. The calculated
values are somewhat higher than measured21* at energies between 0.6 and 1.5 MeV
and may indicate the need for an energy-dependent Moldauer Q value in the ABACUS-
NEARREX calculation. The calculated values were nevertheless used since they
provide an internally consistent set of partial isotopic cross sections.

MF = 3, MT = 4 - INELASTIC CROSS SECTION

From 100 keV to 1.5 MeV the cross sections for individual inelastic level ex-
citations were computed in ABACUS-NEARREX. The energy, spin, and parity of 8
levels plus ground state of Re-1852l»-26 and 11 levels plus ground state of Re-
18710>2' were used. From 100 keV to 1.0 MeV the an/rn' cross section from ABACUS-
NEARREX was also included. Above 1.0 MeV the anty and an,yn' cross sections from
ABACUS-NEARREX could not be used because lack of inelastic level data precludes
correct competition. From 1 to 5 MeV the inelastic cross section was computed
as the reaction cross section minus compound elastic and capture, the latter ob-
tained as described in MF = 3, MT = 102 below. Above 5 MeV the inelastic cross
section is areactjon-ocapture-(an,2n

+°n,3n)-

Comparison with Smith's measurements21* shows underpredictions near threshold
which again may indicate need for an energy-dependent Moldauer Q value.

MF = 3, MT = 16 - n,2n CROSS SECTION

The threshold and shape were taken from values supplied by Pearlstein28. The
amplitudes were normalized to best fit measured values7'29.

MF - 3, MT = 17 - n,3n CROSS SECTION

The threshold and shape were taken from values supplied by Pearlstein28. The
normalization factor is the same as determined for the corresponding n,2n cross
section.
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MF = 3, MT « 27 - SMOOTH ABSORPTION CROSS SECTION

Same as MT = 102, smooth capture cross section. The n,p and n,a cross sec-
tions7 over the energy range covered by this evaluation were considered neglig-
ible and were not included.

HF = 3, MT * 102 - SMOOTH CAPTURE CROSS SECTION

In the resolved resonance region the correction for the contribution of un-
resolved resonances 1s given.

In the unresolved resonance region the corrections for use of constant level
spacing and omission of contributions of higher order than p-wave are given.

From 100 keV to TMeV the values were obtained from ABACUS-NEARREX calculations.
Above 1 MeV the shape of the ENDF/B Ta-181 (MAT 1035) capture cross section was
used, normalized to the isotopic rhenium capture cross sections evaluated at 1 MeV.

MF = 3, MT = 251, 252, and 253 - ELASTIC u, €, and Y

These were computed from the differential elastic cross sections calculated
by ABACUS-NEARREX. A modified version of the CHAD30 code was used.

MF = 4, MT = 2 - ELASTIC SECONDARY ANGULAR DISTRIBUTIONS

The transformation matrix and the Legendre coefficients for 19 moments were
computed by CHAD as above. Comparison with Smiths measurements21* shows good
correlation of the odd moments and a tendency to overpredict the even moments
which may stem from the deformed nature of the Re nuclei.

M F = 5 , M T = 4 , 1 6 , 1 7 - SECONDARY ENERGY DISTRIBUTIONS

The fractional contributions of the discrete levels and on.rn1 to the total
inelastic cross section were computed from threshold to 1.5 MeV using ABACUS-
NEARREX results.

The (n.n'y) secondary neutror energy distributions above 1.5 MeV and all
(n.yn1), (n,2n) and (n,3n) secondary neutron distributions were described as
Maxwellian with T = /E72T MeV (same as Ta-181, MAT 1035). This spectrum is
no doubt harder than the n.yn' secondaries and the secondaries following the
first inelastic neutron emitted, but softer than the inelastic neutrons from
direct reactions, which constitute the major portion of inelastic reactions
above the onset of the n,2n reaction. An accurate calculation of these effects
was beyond the scope of this evaluation.

MF = 7, MT * 4 - THERMAL NEUTRON SCATTERING LAW

The free gas law was specified below 1.0 ev. The free atom scattering cross
185 the calculai
in Re-187 it varies

section was specified as the value at 0.0253 ev,_a1though in Re-185 the calculated
value varies from 20.7 to 15.0 bams between 10~s to 1.0 ev and i
from 10.1 to 8.9 barns.
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SUMMARY DOCUMENTATION

Of

S.F. Kughabghab

INTRODUCTION

Because of its monoisotopic nature, its chemical purity, its large

thermal neutron capture cross section and absorption resonance integral [1]

and the simple decay scheme of the product nucleus formed by neutron cap-

ture, the capture cross section of gold has become one of the primary

basic standards. The evaluation of the capture cross section of gold in

the energy region 200 keV-3.5 MeV, subject to the requirement for a consis-

tent set of primary standards on (n,p), 6Li(n,a), 10B(n,a) and 235U(n,f)

for ENDF/B-V, was carried out in conjunction with the Standards and Normali-

zation Subcommittee of CSEWG and its Task Force.

II THERMAL CROSS SECTIONS AND RESONANCE PARAMETERS

The recommended resonance parameters in the energy range 4.9 eV-2 keV,

which appeared in BNL-325, Third Edition [1] were adopted with minor changes

and additions. The spin assignments of Lottin and Jain [21 were incorporat-

ed, and the parameters of a bound level with spin J=2 were derived in order

to fit the experimental capture and total cross sections at low neutron

energies. This spin value of the bound level was deduced by Wasson et al

[3] from interference anlaysis of neutron capture y-^ays.

Because of the presence of structure in the gold capture cross section

up to 100 keV [4], it was decided by the Standards and Normalization Subcom-

mittee of CSEWG to extend the resolved energy region from 2.0 to 4.8 keV.

Unfortunately, individual resonance parameters (r ,r » J values) were not

(a) The Au Capture Task Force members are: B.R. Leonard, Jr. (BNL), Chair-
man, M.R. Bhat (BNL), A.D. Carlson (NBS), M.S. Moore (LASL), S.F.
Mughabghab (BNL), R.W. Peelle (ORNL), W.P. Poenitz (AND, L. Stewart (IASL)
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available as yet. The gr r /T values of Macklin et al [4] were contained

with the renormalized gT2/T values of Hoffman et al [5] to obtain J, T ,Y

values for the individual resonances. The renormalization factors were

estimated by a comparison of the gT2/T values of Hoffman et al [5] with

those derived from BNL-325 [1] in the overlap region. This procedure in-

dicated that the values of these authors are under-estimated by about a fac-

tor of 3.5 for the strong resonances.

The thermal cross sections at .0253 eV are:

capture = 98.71 b

scattering = 6.84 b

total = 105.55 b

The absorption resonance integral with a 0.5 eV cutoff is 1559 b.

Ill FAST NEUTRON CAPTURE CROSS SECTIONS

A. Total Cross Section

As pointed out previously, the total cross section from 10 eV to

4.8 keV is represented by the resonance parameters. The total cross section

from 4.8-10 keV was derived from the average resonance parameters; from

1.0 kev-2.3 MeV, it is based on data of Kef. [6-10], from 2.3-15.0 MeV on

data of Foster et al [11]. In the high energy region, 15.0 to 20.0 MeV,

the evaluationis based on data of Peterson [12].

B. Elastic Cross Section

The elastic cross section from 4.8 keV to 20 MeV is obtained by

subtracting the sum of all the nonelastic cross sections from the total

cross section.

C. Total Inelastic Cross Section

This is obtained by the sum of all the discrete level excitation

(77 keV-1.24 MeV) cross sections and the continuum cross section. The lat-

ter is derived by nuclear model calculations.

D. (n,particle) Cross Section

(n,2n) cross section is based on the experimental data contained

in References [13-16]. The (n,3n) evaluation is based on the experimental
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data of Veeser et al [16]. The (n,p) and (n,a) evaluation is based on data

of Prestwood and Bayhurst [14].

E. inelastic Cross Sections

The inelastic scattering cross section data of Devilliers et al

[171, Barnard et al [18] and Nelson et al [19] were considered. In the

neutron energy region where experimental information is not available, i.e.

near threshold and above E =1.6 MeV, the evaluation is based on a proper-

ly normalized statistical model calculation following the formalism of

Hauser and Feshbach. Nuclear model calculations were carried out with the

aid of the code COMNUC-1 [20] using basically the level diagram scheme of
l97Au as reported by the Nuclear Data Group (vintage 1973), and Barnard

et al [18], Inelastic scattering cross section to the continuum of levels,

specified by a low energy cut off of 1.25 MeV, is obtained by using COMNUC-1.

The derived values are normalized to the difference between non-elastic and

the sum of discrete inelastic and (n,particle) reaction cross sections.

F. Capture Cross Section

The capture cross section of gold in the energy region from 10

•*V to 4.8 keV is represented by the resolved resonance parameters. In the

energy regions from 4.8 keV to 200 keV, the evaluation is based on Macklin

et al's data [4].

In the energy region from 200-3500 keV, a great deal of effcrt

was placed on the evaluation. The following procedure was adhered to. At

first, the totality of the old and recent data were divided into two

groups depending on whether the measurement is designated as absolute or

relative. Subsequently, the relative gold capture cross sections were

separated into four groups corresponding to one of the adopted standards

(n.-p)» 6Li(n,ci), 10B{nfa) or
 235U(n,f). In those cases where the ratio

values were not reported by the authors, these were reconstructed whenever

enough information was provided by the authors. As an example, the
6Li(n,a) cross section adopted by Macklin, et al, [4] in his flux measure-

ments, was derived here from the reported prescription and the ratio

values of the gold capture cross section to the °LiCn,a) cross section
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were obtained. Then various ratio values corresponding to each standard

were plotted separately and were initially compared with the ratio values

derived from ENDF/B-V. Such a procedure is helpful in discerning any sys-

tematic trends in the data as may be indicated by high or low values or

possible changes in the shape of the relative cross sections. Ratio

values which deviated by more than two standard deviations from ENDF/B-V

or the average of the experimental values were rejected.

The following observations could be made regarding these data:

1. Data of Macklin, et al., [4], Lindner, et al, [21]

and Fcrt and Le Rigoleur [22] are generally in

very good agreement.

2. As shown by Fort and Le Rigoleur [22], the activa-

tion and nonactivation measurements are in reason-

able agreement with each other particularly in the

energy region 400-500 keV where the deviation is

only about 2%.

3. Data of Paulsen, et al., [23] Fricke, et al", [24]

and Barry, et al, [25] measured relative to the

(n,p) cross section are consistently high with re-

spect to the ENDF/B-IV evaluation and with the

data of Macklin, et al., [4], Lindner, et al.,

[21], Poenitz [26] and Fort and Le Rigoleur [22].

4. In the energy range 1000-3500 keV, the data of

Paulsen, et al., [23] appear to converge, partic-

ularly at the high energy end, with that of

Poenitz [26] and Lindner, et al., [21].

5. The Robertson, et al., [27] cross section value at

966 keV is about 12% high with respect to poenitz

£26], Lindner, et al., [21] and ENDF/B-IV evalua-

tion, but somehow in agreement with the data

point of Paulsen, et al., [23]. Since it is be-

lieved that there is no structure in the gold
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capture cross section at this energy, the result

of Robertson, et al., [27] was down-graded.

6. The data of Czirr and Stelts (28] is high when

compared with other data,, and with the ENDF/B-IV

evaluations. It is to be noted that the data

points at 319, 412 and 532 keV were withdrawn by

the authors.

On the basis of these observations, it was decided to base the

ENDF/B-V evaluation on the data sets of Macklin, et al., [4], Fort and

lie Rigoleur [22], Poenitz [26], and Lindner, et al., [21] in the energy

range 100-1000 keV. Above 100 keV, the ENDF/B-IV evaluation is based on

Poenitz [26], Lindner's et al.'s [21] and Paulsen et al.'s [23] data.

The result of this is essentially to decrease the capture cross section of

gold by not more than about 4%. This is about the magnitude of the uncer-

tainty of the gold capture cross section in this energy range.

In the energy region 3.5-2.0 MeV, experimental data is sparse.

These include the data of Johnsrud et al [29] and Miskel et al [30], both

of which used the activation technique and measured the flux with a fis-

sion chamber. Between 4 MeV and 20 MeV, only 14 MeV data by Drake et al

[31] and Schwerer et al [32] are available, which indicate that the cap-

ture cross section of gold at 14 MeV is about lmb. As a result, the

ENDF/B-V evaluation between 3.5-20 MeV is based on COMNUC calculations

which are normalized to a value of 14 mb at 4.4 MeV (renormalized Johnsrud

et al [29] data point) and 1 mb at 14 MeV.

It is of interest to calculate the fission spectrum average of

the capture cross section and compare it with experimental measurements.

Absolute capture cross section measurements for *9^Au for 2^2Cf spontaneous

fission neutrons were carried out recently by Green [33] and Mannhart [34]

who reported values of 79.9 ± 2.9 and 76.2 +_ 1.8 mb respectively. In

addition, Fabry, et al., [35] reported an integral cross section ratio

measurement of 197Au(n,y) relative to 238U(n,f) for a thermal-induced 235U

fission neutron sspectrum. Adopting a value of 295.4 mb for 236(J(n,f)

fission spectrum average from the ENDF/B-IV dosimetry file [36], (ENDF/B-V
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file as vet unavailable), one obtains a value of 85 + 4 mb for

1 9 8 A U ( N , Y ) 1 9 9 A U .

A maxwellian fission spectrum of characteristic temperature T

and repsreented by:

*(E) = c/T" e T (1)

was employed (C is a normalizing constant). Values for T of 1.32 MeV

(ENDP/B-IV) and 1.39 MeV were used in the calculations for 2 3 5U and 2 3 2Cf

fission spectra respectively.

The 2 3 5U and 2 5 2Cf fission spectrum averages of the ENDF/3-V

gold capture cross section are calculated with the aid of Eq. 1, cind are

shown in Table 1. The evaluated values are comapred with experimental

numbers [33-35, 37].

TABLE I

Comparison with Integral Measurements

Experimental PresentFission
Spectrum

Reference
Values (mb) Evaluation (mb)

235U(T=1.

252Cf(T=l

32

.39

MeV)

MeV)

84.8

79.9

76.2

95.5

+ 4.

± 2-
± 1-
+ 2.

1

9

8

3

81.3

78.1

Fabry

Green

Mannhart

Pauw

[34]

[33]

[34]

[36]

IV ANGULAR DISTRIBUTION OF SECONDARY NEUTRONS

The elastic scattering angular distribution in the energy ranqe up to

8.05 MeV are based on experimental data. With the aid of the optical model

parameters derived by Holmqvist and Wiedlinq [38], optical model calcula-

tions were carried out by using ABACUS-2. The calculations were compared

with measurements at the following neutron energies: 0.5, 1.0, 2.0, 2.5,

5.0, and 8.05 MeV. The agreement between calculations and measurements is
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reasonably good enough to warrant extrapolating them above 8.1 MeV where

experimental data are not available. In addition, the graphic display code

Tiger [39] was used to fit the experimental data with a least-squares

spline procedure, check Wick's limit, and then extract Legendre coefficients

of various orders for the angular distribution of scattered neutrons.

Because of the absence of experimental data, the angular distributions

for the (n,particle) reactions have been specified as itotropic.

V. ENERGY DISTRIBUTION OF SECONDARY NEUTRONS

The energy distribution of secondary neutrons for the (n,2n), (n,n'>

reactions have been calculated as a nuclear temperature energy in MeV using

code THETA [40]. For more detail, see documentation on Gd isotopes by

B.A. Magurno.
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ENDF/B-V MAT 1382

C. Y. Fu and F. G. Perey
Oak Ridge National Laboratory

Oak Ridge, Tennessee

August 1978

The following revisions are made to the ENDF/B-IV evaluation

(Fu and Perey, 1973):

Gamma-ray-production cross sections (Files 12, 13, 15) from 0.6 to

20 MeV were revised according to the measurements of Chapman and Morgan.

Capture cross sections above 3 MeV were revised by using the avail-

able 208Pb data.3

The (n,2n) cross sections from 7 to 15 MeV were revised according
4

to the recent measurement of Frehaut and Mosinski. The extrapolations

to above 15 MeV were guided by the 2Ql4Pb data. The inelastic cross

sections above 7 MeV and the (n,3n) cross sections were revised to con-

serve the total cross sections.

The following files and sections are included. Experimental data

were taken from CSISRS data tape unless otherwise stated.

File 1. General Information

Section 451. Descriptive data and dictionary

File 2. Resonance Parameters

Section 151. General designation for resonance information

Only effective scati

Taken from BNL-325.1

File 3. Neutron Cross Sections

Lon 1. Total Interact!

0.00001 eV to 1 keV from BNL-325.'

I
8

Only effective scattering length given.
6

Section 1. Total Interaction
6

1 keV to 0.47 MeV mostly from Good.

0.47 MeV to 20.0 MeV from Schwartz.
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Section 2. Elastic Scattering

Derived by subtracting the non-elastic cross section from

the total cross section.

Section 3. Non-Elastic Interaction

Calculated. Very good agreement with experiment.

Section 4. Total Inelastic Scattering

Calculated. Very good agreement with experiment.

Section 16. (n,2n) Reaction

Sc*e Introduction.

Section 17. (n,3n) Reaction

See Introduction.

Sections 51 through 85. Inelastic Scattering Exciting Levels

Calculated. Compared favorably with experiment.

48 levels in 206, 49 levels in 207, and 22 levels in 208

are merged to form 35 levels in natural lead.

Section 91. Inelastic Scattering Exciting Continuum

Derived by subtracting the level contribution from the

total inelastic cross section.

Section 102. Radiative Capture

0.00001 eV to 10 eV--l/v dependence assumed with 0.198 barns

at 0.0253 eV. Resonance data of Allen eit al̂ .9 to 200 keV.

Curve drawn through limited data for higher energy.

Section 251. Mu Bar

Derived from elastic angular distributions and kinematics

using the computer program SAD.

Section 252. Xi

See Section 251.

Section 253. Gamma

See Section 251.

File 4. Angular Distribution of Secondary Neutrons

All distributions are given in the legendre polynomial

representations.
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Section 2. Elastic Scattering

0.00001 eV to 5 MeV—coefficients obtained by fitting data

5 MeV to 20 MeV—optical model calculation. Optical model

parameters best fit data at 7 and 14 MeV.

Representation is in center of mats system.

Transformation matrix is given.

Sections 51 through 85. Inelastic Scattering Exciting Levels

Calculated and compared favorably with data.

Representation is in center of mass system.

Section 91. Inelastic Scattering Exciting Continuum

Assumed isotropic.

File 5. Energy Distribution of Secondary Neutrons

Section 16. (n,2n) Reaction

Calculated. Parameters deduced from 14-MeV data.

Section 17. (n,3n) Reaction

Calculated. See File 5, Section 16.

Section 91. Inelastic Scattering Exciting the Continuum

Calculated. See File 5, Section 16.

File 12. Multiplicities of Gamma Rays Produced by Neutron Reaction

Section 102. Radiative Capture

0.00001 eV to 10 eV--thermal neutron capture assumed.
1410 eV to 573--one average resonance capture spectrum assumed.

File 13. Gamma-Ray Production Cross Sections

Section 3. Non-Elastic Interaction

Combined from contributions from radiative capture,

inelastic scattering, (n,2n), and (n,3n) reactions."

File 14. Angular Distributions of Secondary Gamma Rays

Section 3. Non-elastic Interaction

Assumed isotropic
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File 15. Energy Distribution of Secondary Gamma Rays

Section 3. Non-Elastic Interaction

573 keV to 20 MeV—composite spectra resulting from radiative

capture, inelastic, (n,2n), and (n,3n) reactions were taken

from Ref. 2.

Section 102. Radiative Capture

0.00001 eV to 10 eV—one single spectrum resulting from

thermal neutron capture is assumed valid.

1 keV to 573 keV—one single spectrum is assumed valid which
14

was derived from rather limited resonance capture data.

10 eV to 1 keV—linear interpolation between above two spectra.

File 33. Covariances

Sections 1, 2, 3, 4, 16, 17, 51, 52, 64, 102.
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Covariance r.le for Lead MAT 382

Covariance data were given for MF=33, MT=1, 2, 3, 4, 16, 17, 51, 52,

64, and 102. Derived sections (NC subsections) reflect exactly the way the

cross-section files were generated.

In general, covariances were determined from ±2a error bands. 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, in principle, 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 com-

ponents are the most useful for total cross-section minima and near thresholds.

Except for the total and capture cross sections, all other cross sections

were evaluated with guidance from model calculations. However, in 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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I. Introduction

This describes the evaluation of Th-232 for ENDF/B-V. The evaluation

was a joint effort to which many persons from a number of institutions con-

tributed. Some of these have been described by their authors in a number

of reports. Reference will be made to these reports in appropriate sections

without discussing their contents in detail.

2. File 1

(i) Nu-bar Total (MT=452)

This section is consistent with the evaluations on delayed and prompt

neutrons in sections MT=455 and 456 respectively.

(ii) Nu-bar Delayed (MT=455)

Delayed neutron yields were evaluated by Kaiser and Carpenter [1]-

(iii) Nu-bar Prompt (MT=456)

This evaluation is by R. Gwin [2]. Evaluation of R, the ratio of

v- (Th-232)/v (Gf-252) in this report was multiplied by the recommended

v (Cf-252)=3.757 to obtain the evaluated data.
P

(iv) Energy Released in Fission (MT=458)

Energy released in fission and its partition into the different modes

of decay was evaluated by Sher et a± [3].

3. File 2

(i) The resolved resonance parameters were evaluated by B.R. Leonard et al

[4] which are essentially the same as those in BNL-325 (3rd Edition) [5]

except for the two negative energy resonances whose parameters were adjusted

to obtain a fit to the data in the thermal range from 1.0 E-05 to 5.0 eV.

In assembling the present data file, the neutron widths of the first two

positive energy s-vave resonances were set equal to the values given by

Derrien [6]. A ladder plot of the p-wave resonances indicated that a num-

ber of them were missing and they were replaced by a smooth background.

This was calculated as follows. Cross sections in the resolved region were

calculated using the p-wave resonances given in the data file and they were
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averaged over 100 eV bins. Using the code UR [7], cross sections were

'calculated with a p-wave strength function of Sj=1.6xlO~ and a

T =21.1 meV. The difference in the areas under the cross-sections

curves calculated by these two methods was determined and put in File 3

as a smooth straight-line background to represent the missing p-wave

resonances.

(ii) Unresolved Resonance Region (MT=151)

The unresolved resonance region extends from 4 to 50 keV. From 4 to

25 keV, the capture cross section as evaluated by de Saussure and Macklin

[8] was used. This was joined smoothly to the Foenitz [9] evaluation

above 25 keV. The capture cross section was read off at intervals of

1 keV and the input data from 4 to 50 keV at 1 keV intervals used to ex-

tract the unresolved resonance parameters is: 1.130, 0.982, 0.908, 0.850,

0.803, 0.764, 0.730, 0.702, 0.677, 0.655, 0.636, 0.618, 0.601, 0.585, 0.571,

0.557, 0.545, 0.533, 0.521, 0.511, 0.500, 0.491, 0.482, 0.473, 0.465, 0.459,

0.452, 0.448, 0.443, 0.439, 0.435, 0.431, 0.429, 0.426, 0.424, 0.422, 0.420,

0.420, 0.420, 0.420, 0.417, 0.414, 0.411, 0.407, 0.401, 0.395, 0.390. The

code UR [7] was used to obtain the unresolved resonance parameters. The
-4

s-xrave and d-wave strength functions were set equal to 0.888x10 and
-4

0.882x10 as evaluated by de Saussure and Macklin [8] and the r =21.3 meV

was used. The p-wave T was increased to 25.2 meV and the reduced neutron
Y

width varied to fit the capture cross section.

4. File 3

(i) Thermal Region (1.0E-05 - eV)

This is mainly based on the Leonard evaluation [4] with the follow-

ing changes. The capture cross section from this reference was used from

1.0E-05 to 2.53E-02 eV after renormalizing it to 7.40b at 2.53-02 eV.

From 2.6E-02 to 5 eV the fit of Chrien and Liou [10] to their low energy

capture data was used after renormalizing it to 7.40b at 2.53-02 eV. The

total cross section in this energy region is the sum of the Leonard scatter-

ing cross section and his capture cross section renormalized to 7.40b at

2.53E-02 eV. The final scattering cross section given in the data files

is the difference between this total and the capture cross section eval-

uated.as described above. The dilute resonance capture integral from 0.5 eV

to 20 MeV is 84.0b.
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(ii) Cross Section from 50 keV to 20 MeV

The evaluations of total, elastic, capture, fission inelastic, (n,2n>,

and (n,3n) cross sections are by Meadows et al [11] and have been fully dis-

cussed in their published report.

5. File 4

(i) Elastic and Inelastic Scattering Angular Distributions

Angular distributions are based on available experimental data sup-

plemented by nuclear model calculations details of which are given in Ref. 11.

The secondary neutrons from (n,2n), (n,3n) and fission are assumed to be

isotropic.

6. File 5

(i) Secondary Neutrons from (n,2n) and (n,3n) Reactions (MT=16, 17)

These were determined using the statistical model of Segev [12] vith

a precompound component [11].

(ii) Fission Neutron Spectrum (MT=18)

The energy variation of the mean energy of the fission spectrum was

calculated using the Howerton and Doyas method [13] and the evaluated v and

t h e rnn'f / rn,f ^.Znf7 r
n,f

 a n d rn,3nf/rnf r a t i o s

ized to E - 2.255 MeV obtained by Vasil'ev at 14.3 MeV [15] and energy

dependent Watt spectrum parameters were obtained.

(iii) Secondary Neutrons Scattered into the Continuum (MT—91)

The evaluation is based on experimental data [11] with a harder pre-

compound component varying from 0.02 at 6 MeV to 20% at 20 MeV added.

(iv) Delayed Neutron Spectrum (MT=455)

Delayed neutron spectra were evaluated by Kaiser and Carpenter [1].

File 8

(i) Fission Product Yields (MT=454 and 459)

The fission product direct yields before delayed neutron emission

(MT»454) and cumulative yields along each isobaric chain after delayed

neutron emission (MT=459) were evaluated , reviewed and recommended by the

the Fission Product Yield Data Subcommitte (T.R. England, Chairman).

Data files were prepared by T.R. England[16].
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<i i ) Radioactive Decay Data (MTg457)

The radioactive decay data were evaluated by C.W. Reich [17] . : The

reaction Q-values are based on the Wapstra Mass Tables [18] and also the

data in Ref. 19, 20 and 21.

8. F i les 12 and 13

Photon production cross sections were evaluated by Howerton [22].

(i) Photons from Fission (MF-12. MT=18)

The multiplicity of photons from fission for all incident energies

was derived from the data of Peelle and Maienschein [23]. It was assumed

that the multiplicity is Independent of incident neutron energy.

(ii) Photons from Capture (MF=12t MT=102)

This is represented by an energy dependent multiplicity and an energy .

independent spectrum. The spectrum is based on some undocumented measured

data for 238U[22] with minor adjustment for the small differences in the

Q-value between 232Th and 2 3 8U. Details of multiplicity calculations are

given in Ref. 24.

(iii) Photons from Non-Elastic processes (MF^IS, MT=3)

Explicit representation of three photons (0.04971, 0.1632 and 0.3344 MeV)

from inelastic scattering was derived from File 3 data and known branching

ratios. For incident neutron energies ̂.0.7251 MeV the method of Ref. 25 was

used to calculate photon production cross sections and spectra from all re-

actions except photons from the first three inelastic groups, neutron

capture and neutron induced fission.

9. File 14

All photons are assumed to be isotropic

10. File 15

For MI»3, photon spectra were obtained using the method of Ref. 25.

For fission produced photons (MT=18) the data of Ref. 23 were used for all

incident neutron energies because there are no experimental data for 232Th.

For photons due to capture, the spectrum is assumed to remain unchanged for

all incident neutron energies and is based on undocumented measured photon

spectrum of 2 3 8U at thermal energy with a minor adjustment for the small

Q-value differences between 2 3 8U and 232Th.
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11. File 31

This file contains only one section corresponding to the uncertain-

ties in total v (MT=452) and is by R. Gwin [2, 26].

12. File 33

This file contains two sections on fission (MT=18) and capture (MT=102)

cross sections. The data uncertainties are represented fay a matrix with

only diagonal elements and are partly based on the error estimates in Ref. 11.

It is estimated that the thermal capture cross section is known to about

one percent and the Chrien data from .035 ev to about 15 ev have errors

from 3% to 14% and are estimated to have about 8% error in the energy band

from thermal to 15 ev. Uncertainties in the capture cross section are es-

timated to be 10% from 15 eV to 1 MeV and about 20% above 1 MeV.
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No new cross section data have been measured since the last evaluation for

ENDF/B-II by P.C. Young. That evaluation was checked against resonance data

and systematics of near-by nuclei and made consistent with ENDF/B-V procedures.

The summary documentation for that evaluation follows on the next page.

C. R. Reich supplied the radioactive decay data.
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Eval-Jan70 P.C.Young
Dist-Jul74

* * * * * *
Data modified October 70 to conform to ENDF/B-version II formats

* * * * * *
Data modified Jan 74 at General Atomic(DRM) to use BNL-325 (ed.3)
resolved resonance parameters below 18eV. O.C253ev capt xsect -
41.4605 b.

* * * * * *
Data modified May 74 at Brookhaven (BNL) by R. Kinsey
Decay data added, files extended to 20 MeV, and initial point

of threshold reactions corrected.
* * * * * *

MF"1,MT=451 Comments and Dictionary
MF«1,MT»452 nu(E)=cl+c2*E, where cl and c2 were obtained from a

derived empirical relation dependent on Z and A
MF-l.MT-457 Decay data eval-Feb74 C.W.Reich ANC
References Q- 1973 revision of the Wapstra-Gove Mass Tables

Half-life- N.E. Holden, Chart of the Nuclides (1973)
and private communication (Jan.,1974)

Other- Y.A. Ellis, Nuclear Data b 6, no.3, 257(1971)
MF*=2,MT-151 Reson parameters from * Ref.l(28 reson,up to 17.5eV),

Ref.2(12 reson,17.5-37.5eV). Resolved reson energy range- 0.001
to 38.5 eV. ave reson parameters deduced from the 27 positive
reson given in Ref.l. Unresolved reson energy range- 38.5 eV to
10 keV. The 12 gnO from Ref.2 adjusted to yield same reson int
contrib inplied by the ave reson parameters. The resulting gnO
for the 40 resolved reson and the ave gnO for the unresolved
reson adjusted to yield a capt reson int(0.5eV-10MeV)»859.96bn(
including the contrib of the MF*3,MT=102 data). The gnO for the
neg reson then adjusted to yield a 0.0253eV capt xsect- 39.79bn

file 3 contains smooth data in the energy range 10 keV to 15 MeV
MF*3,MTal Total cross section - required to be consistent in

both magnitude and energy variation with the total x-section
of neighboring nuclides, e.g. Th2.32,U233,U235,U238, and Pu239.

MF«3,MT-2 Elastic scattering cross section - Total x-section
minus Nonelastic x-section. In addition, required to be consis-
tent in energy variation with elastic scattering x-section of
neighboring nuclides (Th232,U235,U238) and to join smoothly at
10 keV with a value nearly equal to the potential scattering
x-section (-9.995 barns, Ref.2).

MF-3.MT-3 Nonelastic cross section - Sun of the (n,f),
(n,nprime),(n,2n),(n,3n) and (n,gamma) cross sections.

MF»3,MT»4 inelastic scat xsect - takeu from Ref.3 . Q-value »
- 18.7 keV ( energy of the first excited state in 91Pa233 )

MF-3.MT-16 and 17 (n,2n) and (n,3n) xsect - taken from Ref.3
Q-value calculated using atomic masses from Ref.4.

MF»3,MT»18 Fission cross section - composite curve as follows -
0.48-1.00MeV 233Pa(n,f)» 238U(n,f) from Ref.5.
1.00-1.50MeV log(233Pa(n,f)) linear in log(E)
1.50-5.00MeV 233Pa(n,f)« (cl/c2)*238U(n,f) from Eef.5.
cl-0.832 - calc. plateau value of 233Pa(n,f) Ref.6.

91-233-2



91-Pa-233
MAT 1391

c2=0.511 = avg. value of 238U(n,f) (Ref.5),2.6-5.6 MeV
5.00-9.00MeV 233Pa(n,f) has energy variation similar to that
for (n,f) of U234.U236 and NP237 from Ref.5.
9.00-12.5MeV 233Pa(n,f)=(cl/c2)*238U(n,f) from Ref.7.
cl=1.56 = derived value of 233Pa(n,f) for the second plateau

near 9.0 MeV.
c2=1.02 = 238U(n,f)(Ref.7) at the second plateau.
12.5-15.0MeV 233Pa(n,f) has same energy variation as that for
236U(n,f)(Ref.7)
Q-value = calculated energy release per fission

MF=3,MT=51,52,53,54,55,91 Partial inelastic scat xsect-from Ref.3
MF=3,MT=102 Capture cross section - composite curve as follows -

0.01-0.08MeV 233Pa(n,gamma) selected to join smoothly with the
(n,gamma) calculated from average resonance parameters
0.08-15.OMeV 233Pa(n,gamma) = 2*238U(n,gamma) from Ref.8.
Normalization factor(=2) chosen so that 233Pa(n>gamma) =
236U(n,gamma)(Ref.8) at 0.9 MeV

MF=3,MT=251 mu-bar (avg.cosine of the scattering angle in the lab
system for elastic scattering), calculated from the U(l,m) and
Legendre coefficients given in file 4

MF=3,MT=252 xi (avg.logarithmic energy decrement).
MF=3,MT=253 gamma (slowing down parameter).

The energy dependence of the two above quantities is determined
by the Legendre coefficients given in file 4. Completely
general expressions in powers of AWR**—1 have been derived for
the constants which determine the contribution of each of the
Legendre coefficients.

MF=4,MT=2 Transfer Matrix U (from cm. To lab). A general ex-
pression for U(l,m) in powers of AWR**-1 has been derived. The
Legendre coefficients were taken directly from Ref.3, and are
based on the data for Th232.

MF=4,MT=51,52,53,54,55 Ang Dist of neutrons scat inelastically
from 5 discrete levels assumed isotropic in the cm system

MF=5,MT=16,17,91 Energy dependence of secondary neutrons defined
by an evaporation spectrum . Energy dependence of theta calcu-
lated using the formulation in Ref.9

MF=5,MT=18 Simple fission spectrum - theta (constant) calculated
using the formulation given in Ref.10.

MF=7,MT=4 Thermal scattering law - free atom x-section=10barns.
References
1. Simpson and Codding, Nucl Sci and Eng, 28, 133 (1967)
2. Harris D.R. , Wapd-TM-814 (1969)
3. Drake and Nichols, Ga-7462 (1967)
4. Mattauch, et al, Nuclear Physics, 67, 1 (1965)
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L. Stewart, D. G. Madland, and P. G. Young
Los Alamos Scientific Laboratory

Los Alamos, New Mexico

and

L. Weston and G. de Saussure
Oak Ridge National Laboratory

Oak Ridge, Tennessee

and

F. Mann
Hanford Engineering and Development Laboratory

Richland, Washington

and

N. Steen
Bettis Atomic Power Laboratory
West Mifflin, Pennsylvania

I. SUMMARY

A new evaluation of neutron-induced reactions on 233U was carried out for
Version V of ENDF/B (MAT 1393). The analysis was divided among several lab-
oratories. The thermal data evaluation was performed at 3APL and LASL, the re-
solved and unresolved resonance regions were evaluated at ORNL and HEDL, and
evaluation of the data from 10 keV to 20 MeV and assembly of the composite file
was carried out at LASL. In addition, fission product yield data were provided
by the CSEWG Yield Subcommittee (T. England, chairman), and radioactive decay
data by C. Reich (INEL). Partial documentation of the evaluation is provided in
LA-7200-PR3 and in reference 16. The evaluation covers the energy range 10"5 eV
to 20 MeV. Gamma-ray production and covariance data will be added to the file
in a later MOD 1 update.

II. ENDF/B-V FILES

File 1. General Information

MT=451. Descriptive data.
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MT=452. V Total

Sum of prompt plus delayed v. Used thermal value recommended by
CSEWG Standards Subcommittee of 2.4947 on 5-27-78. This value
is 1% larger than recommended by Lemmel1 and 0.13%" smaller than
Version IV.

MT=455. V Delayed

The delayed yields and spectra were evaluated by Kaiser and Car-
penter at ANL-Idaho (see Ref. 2 for technical details). The
same six-group yields appear in Version IV but the spectra have
been changed for Version V.

MT=456. V Prompt

The energy dependence of prompt V is changed significantly from
Version IV. Although the thermal value is slightly lower, the
value around 1.5 MeV is significantly higher and has a different
shape with three slightly different slopes. This evaluation re-
lies heavily on the measurements with respect to 2 S 5U and 2 S 2Cf
using the CSEWG recommended standards. In particular, the data of
Boldeman, Sergachev, Nurpeisov, and Block5 7 were weighted at all
energies while the Mather8 measurements were relied upon only at
high energies. Smirenkin, Flerov, and Protopopov9 ll also con-
tributed in the high-energy range. This evaluation decouples the
thermal value based on r\ measurements from the fast range.
Otherwise, the v-n discrepancy would be perpetuated to 20 MeV.

MT=458. Energy Release in Fission

These values were taken directly from an/evaluation by R. Sher12

(Stanford). /

File 2. Resonance Parameters

MT=151. (a) Resolved Resonance Region

Resolved range extends to 60 eV. Multi-level parameters provided
by de Saussure (ORNL) in Adler-Adler formalism from analysis by
Reynolds (KAPL). Version IV used single-level Breit-Wigner rep-
resentation but had large fluctuations in fission in File 3 back-
ground .

(b) Unresolved Resonance Region

Unresolved range extends to 10 keV. Version IV was pointwise over
this range. A reevaluation of the point-wise cross sections begun
by Mann (HEDL) were used as the starting point by Weston (ORNL) ,
who obtained new average cross sections for fission and capture
which require no File 3 backgrounds. Cross sections based on
Carlson and Behrens,'* Weston, Cao,18 and Nizamuddin19 for fis-
sion. Weston's data'!0 were used for capture using a potential
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scattering radius of 0.9893. Reasonable agreement with Patten-
den's total cross section21 was obtained, especially below 1 keV.
New measurements are needed in this range.

File 3. Neutron Cross Sections

Thermal Range

The 2200 m/s (En=0.0253 eV) data are as follows:

Eta 2.2959 Capture 45.76 b
Alpha 0.0866 Fission 528.45 b
V Prompt 2.4873 Absorption 574.21 b
V Total 2.4947 Elastic 12.6 b

Total 586.81 b

The capture and fission cross sections were renormalized by N.
Steen (BAPL). The elastic scattering in the thermal range changed
significantly from Version IV to conform to Leonard's thermal and
Weston's evaluation in unresolved range. The total was adjusted
accordingly. Elastic and total changes made by LASL.

10 keV - 20 MeV

Much of the File 3 data above 50 keV relied heavily on model cal-
culations performed by Madland (LASL). Calculations were par-
ticularly important for this isotope since experimental infor-
mation was often insufficient if not completely missing. A
detailed description of the methods used can be found in ref-
erence 3. Note that for covenience, many of the specific ref-
erences found in BNL-325 are not repeated here.

MT=1. Total Cross Section

No measurements exist from 10 to 40 keV; therefore, an extrapolation
was made to give reasonable agreement with recent ANL data13

above 40 keV and cross sections predicted by Madland. The present
evaluation is based on recent ANL measurements13 and earlier work
of Green (Bettis) and Foster (Hanford). See BNL-325 (Ref. 5).
No measurements exist above 15 MeV. This reevaluation resulted
in an increased total cross section up to 7 MeV, the increase
near 1.6 MeV being as large as 8%. Use of the Foster data re-
sulted in a decrease of 4.8% near 14 MeV.

MT=2. Elastic Cross Section

(Obtained from total minus reaction). The increased total cross
section required a significant increase in the elastic cross
section over the energy range to 7 MeV. At 14 MeV the elastic
was decreased due to the decrease in the total.
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MT=4. Inelastic Cross Section

Sum of MT=51-54 and MT=91. These data were taken from model cal-
culations of discrete and continuum compound inelastic scatter-
ing and coupled-channel direct inelastic scattering.

MT=16, 17. (n,2n) and (n,3n) Cross Sections

Taken from Hauser-Feshbach statistical model calculations per-
formed by Madland.

MT=18. (n,f) Cross Sections

Data from 10 keV to 100 keV sparse and reasonably discrepant.
Above 100 keV, we relied heavily on the ratio measurements of
Carlson and Behrens*1 and those of Meadows,11* normalized to Ver-
sion V 2 3 5U fission. The absolute data of Poenitz15 were also
employed, although good agreement among the sets was lacking.
The evaluated curve was drawn as smoothly as possible due to the
magnitude of the discrepancy among the sets.

MT=51-54. Discrete Inelastic Cross Sections

Taken from compound and direct inelastic scattering model.

MT=102. Radiative Capture Cross Section

No data exist above 10 keV except for the a measurements of
Diven and Hopkins (see Ref. 5) which extend to 1 MeV.
Extrapolated to 20 MeV assuming a rise due to direct
capture.

MI-251, 252, 253. yL» ?• Y

Calculated from MF=3 and 4 data and input by Kinsey at BNL.

File 4. Neutron Angular Distributions

All neutron angular distributions isotropic in laboratory system ex-
cept for the elastic (MT=2) which was taken from Version IV. The
elastic and direct inelastic should be modified in the next update.

File 5. Neutron Energy Distributions

MT=16, 17. (n,2n), (n,3n) Energy Distributions

Represented by an evaporation spectrum with LF=9.

MT=18. (n,f) Neutron Energy Distributions

Represented by an energy-dependent Watt spectrum with an average
energy at thermal of 2.073 MeV. This spectrum based on Grundl
ratio data to 2 3 5U and 2 3 9Pu.
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MT=91. Inelastic Continuum Energy Distributions

Represented by an evaporation spectrum with LF*9.

MT=455. Delayed Neucron Spectra

Evaluated in six time groups by Kaiser and Carpenter2 at ANL-
Idaho.

File 8. Fission Product Yields and Decay Data

MT=454. Individual Fission Product Yields

Direct yields before neutron emission.

MT=459. Cumulative Yields

Cumulative yields along each isobaric chain after neutron emis-
sion taken from set 5D.3/78. Values recommended by CSEWG Yields
Subcommittee (England, chairman).

Note: Both direct and cumulative yields are normalized by the same
factors based on B. F. Rider evaluation. The isomeric state
model, LA-6595-MS (ENDF-241), and delayed neutron emission branch-
ings (Pn values) for 102 emitters, and pairing effects, LA-643C-
MS (ENDF-240), have been incorporated.

Uncertainties are based on the total yield to each ZA. When there
is an isomeric state, the independent nuclide yield to each state
has a larger uncertainty than the total yield in state distribu-
tions. (Uncertainties average 50% but can be larger). Any yield
with an uncertainty of 45-64% may be model estimate or a value
assigned in the wings of the mass distribution. These small
yields may be accurate only within a factor of two.

Data prepared for ENDF/B-V by T. R. England (Ref. LA-UR-78-687).

MT=457. Radioactive Decay Data

Evaluated by C. Reich (INEL).

Q (ALPHA) - 1974 Version of Wapstra-Bos-Gove mass tables.

Half-life - Average of values by Vaninbroukx22 and Jaffy et al.23

Alpha Energies and Intensities - Are based mainly on the results of
Ellis21* with a few deletions based on level-scheme considerations.
Energies and intensities of the two most prominent alpha groups
are those recommended by Rytz.25

Gamma-Ray Energies and Intensities - Based on results of Kroger
and Reich.26
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Gamma-Ray Multipolarities - Taken from level/ scheme considerations
(see reference 26).

General Note. The decay data (MT=A57) were translated into the
ENDF/B-V format by Mann and Schenter at HEDL. Also, much of the
above data provided by other laboratories were first input in
the file by Bob Kinsey at BNL and then sent to LASL. His help
was significant and is gratefully acknowledged in assembling
this file.
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ENDF/B-V Summary Documentation

Isotope: 92-U-234 MATT = 1394

M. Divadeenam (BNL) Aug. '78
F.M. Mann & R.E. Schenter (HEDL) Apr. '78
C.R. Reich (INEL) Apr. '78
M.K. Drake & P.F. Nichols (GGA) Jan. '67

The present work supersedes the ENDF/B-IV evaluation, MAT = 1043 by

Drake and Nichols. Neutron and photon production data are given between

10 eV and 20 MeV. The cross sections included are total, elastic, in-

elastic, (n,f), (n,2n), (n,3n), (n.n'y), and (n,y) and are described in

HEDL-TME-77-5*. The photon data include multiplicities and transition

probabilities, photon production cross sections, and secondary energy

spectra. File 2 has been evaluated for this version. Details will be

published in a BNL report.

MF=1: General information.

MT=452

Nu based on Mather, et al., (ref. 9). Mather's data normalized to the

ENDF/B-V Cf Nu. Least squares fit to a straight line.

MT=458

Energy from fission. Based on Sher (ref. 10).

MF=2; Resonance parameters.

MT=151

Resolved resonance parameters from ref. 7. Bound level parameters modi-

fied to fit BNL-32.5 Vol. I (ref. 11) thermal and resonance integral cross

sections. Unresolved resonance parameters obtained by fitting averaged (n,f)

data of James, et al., (ref. 7) and ENDF-IV capture cross sections from 1.5

keV to 100 keV. Code UR (ref. 12) was used for this purpose.

MF=3: Smooth cross sections.

MT-l

Total, sum of partial cross sections.
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MT»2

Elastic. Same as U-238 (ref. 1).

MT-4

Inelastic. From Parker (ref. 2).

(n,2n). From Parker (ref. 2 ) .

M3>17

(n,3n). From Parker (ref. 2) .

MT=18

Fission above 100 keV based on Behrens, et a l . , (ref. 3) normalized

to U-235 (ENDF/B-V).

MT=19

Same as MT=18, until (n,nf) threshold. Thereafter constant.

MT=20

Is (MT=18) - (MT=19) until (n,2nf) threshold. Constant thereafter.

MT=21

Is (MT=18) - (MT=-19) - (MT=20).

MI=51 ,..^56.91

From Parker (ref. 2).

MT-102

(n,y) (ref. 5). Also MT-27 absorption.

MT"251. 252. 253

Calculated by Chad.

MF=4; Angular distributions.

MT-2

Diff. elastic (ref. 5). Same as thorium (ref. 6).

MT>2

Assumed isotropic.
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MF»5: Energy distributions.

MT«16, 17. 18. 19. 20. 21. 91

From ref. 5.

MF-8, MT-457

Radioactive decay data. References: Q(alpha)-1974 version of Wapstra-

Bos-Gove Mass Table; half-life - see R. Vaninbroukx, Euratom Report EUR-

5194E (1974). Other - see Y.A. Ellis, Nuclear Data Sheets B 4, No. 6, 581

(1970) and Table of Isotopes, 7th ed., (preliminary data, priv. comm. from

CM. Lederer). Note: The L-X-ray data represent measured values. See

C.E. Bemis, Jr., and L. Tubbs, ORNL-5297, 93 (Sept., 1977).

Note: The gamma-ray intensity normalization and its uncertainty have been

derived from intensity-sum considerations. Using theoretical values for

the internal-conversion coefficients.
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235Summary Documentation for U.

(MAT-1395)

M. R. 3hat

1. Introduction
235

The present evaluation of U for ENDF/B-V is based on the ENDF/B-IV

evaluation by L. Stewart (LASL), H. Alter (A.I.) and R. Hunter (LASL) [1]

except for changes and updates in the following sections discussed below.

These changes represent the work of many people either as individuals or

as a group such as The Normalization and Standards Subcommittee of CSEWG.

Some of these contributions have been discussed in separate reports by the

authors. These will be referred to here and their contents will not be

discussed in detail.

2. File 1

(i) Nu-bar Total (MT=452)

These values were changed to reflect changes made in the v
• prompt

and v. , ,
delayed.

(ii) Nu-bar Delayed (MT=455)

The delayed neutron yields were evaluated by Kaiser and Carpenter [2]

where the details of the evaluation are discussed.

(ill) Nu-bar Prompt (MT=456)
252

The data sets [3-19] were used. They were first normalized to Cf

v -3.757+.015 and U v t (0.0253 eV)=2.42O±.O12 as recommended byprompt prompt

The Normalization and Standards Subcommittee [20]. Data were fitted with

straight lines in the energy region 0-2 MeV, 2-5.5 MeV, 6-20 MeV with a join

from 5.5 to 6.0 MeV. A plot of the renorraalized data indicates that there

is a stap in the v from 5.5 to 6 MeV, and this was included in the evaluation.

The details of the evaluation and data plots are in Ref. 21.

(iv) Energy Released in Fission (MT=458)

The energy released in fission and its partition into the different

modes of decay was evaluated by R. Sher et al., [22].

92-235-1
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3. File 2

(i) The Resolved Resonance Region (MT«151)(1.0-82.0 eV).

The resolved resonance parameters are the same as those evaluated

by Smith and Young [23] for ENDF/B-1II.

(ii) The Unresolved Resonance Region (MT=-151) (82.0-2.5E-f04 eV)

Evaluation of the bin averaged fission and capture cross-sections is

described in Ref. [21,23]. The fine structure in fission cross-section was

a consensus structure arrived at by energy shifting the data of Blons [24],

ORNL-RPI [25], Gwin [26] with respect to the Lemley [27] data. Similarly,

the fine structure as well as the bin average of the capture cross-section

were determined. Results of the anlaysis of Moore [28] were used and the

unresolved resonance region parameters were extracted using the code UR by

Pennington [29],

4. File 3

(i) The Thermal Energy Region (1.0E-05 - 1.0 eV)

The total scattering capture and fission cross-sections in this

energy region were obtained by Leonard [30]. This evaluation was modified

between 0.85 and 1 eV to join smoothly with the resolved resonance region at

1 eV. The 0.0253 eV values for capture and fission are 98.38 ± 0.76b and

583.54 ± 1.70b respectively.

(ii) Fission Cross-Section (25 keV-100 keV).

The structure in the ifission cross-section as given in ENDF/B-IV and

based on Gwin data was preseirved by multiplying the F IDF/B-IV cross-section

by 0.9781 to give the average cross-section evaluated in Ref. 23.

(ill) Fission Cross-Section (100 keV-20 MeV)

This evaluation is by Poenitz [31].

(iv) Capture Cross-Section (25 keV-20 MeV).

This was obtained by multiplying the evaluated ENDF/B-V fission cross-

section by the capture-to-fission ratio of ENDF/B-IV.
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5. File 4

The angular distributions are the same as in ENDF/B-IV I I ] .
m

6. File 5

(i) Fission Neutron Spectra

The energy dependent Watt spectrum representation is used for fission

neutrons. The procedure used was to take the a and b parameters for an

energy dependent Watt spectrum as given by Kujawski and Stewart for their

Pu-239 evaluation (for the fission part of file 1399/5/19) calculate the

mean energy E and divide it by 1.04, the value obtained by Adams [32] for

the E _239,/^ u-235 t o s i v e ^ f o r u~ 2 3 5 a s a f u n c t i o n o f energy. From

these values, and assuming a=0.988 MeV as given by Adams at low energies,

b is calculated. These are assumed to be constant for E =1.0E eV to
6 n

1.5x10 eV and a small energy dependence is built into a and b to give the

correct I. The pre-fission part of sections 5/20 and 5/21 are given as

an evaporation spectrum with a temperature obtained from section 5/91, i.e.,
at a particular energy E one finds (E - E , , _ ,) chance fission or

n n thresh.2nd

(E - E h 3 d") c n a n c e fission and the corresponding temperature above

the 5/91 threshold is given. Having fixed these parameters, the mean energy

corresponding to section 5/18 could be calculated knowing ap „_._, o if
x l o t.ax, nn x,

a 0 f and v , and the energy dependent parameters a and b calculated.
(ii) Delayed Neutron Spectra

The evaluation is by Kaiser and Carpenter [2].

7. File 8

(i) Fission Product Yield Data (MT=454 and 459)

The fission product yield data were reviewed and recommended by the

Fission Products Yields Subcommittee and the data files prepared by T.R.

England [33].

(ii) Radioactive Decay Data (MT=457)

Radioactive decay data were evaluated by C.W. Reich. The Q (alpha)-

values are from [34] and the half-life data are from Jaffey et al., [35],
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File 8 (cont'd)

(ii) Radioactive Decay Data (HT-457) (cont'd)

and also Vaninbroukx [36]. Alpha energies and intensities are from Ref.,

[37,38], and the gamma-ray and L x-ray data are from Ref. [37].

8. File 13

(i) Gamma-ray Production Cross-Seceion from En - 1.09 - 20 MeV (MT-3)

This was re-evaluated to include the new data of Drake et al., [39,40],

These were compared with the earlier data of Nellie and Morgan [41], and

Buchanan et al., [42] above E » 0.5 MeV and are found to be in good agree-

ment. The Drake data in Ref. [39] have a low-energy cut-off of E - 0.25

MeV and for their 14.2 data [40] it is E - 0.3 MeV. The low- energy part

of the spectrum was obtained by a simple extrapolation of the data.

9. File 15

(i) Energy Distribution of the Gamma-rays En - 1.09 - 20 MeV (MT-3)

These are based on the Drake data [39,40].

10. Files 31 & 33
(i) Data Variance - Covariance Files (MT-452,18,102)

[43].

The evaluation of these files for v T o t a l of and o is by R.W. Peelle
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ENDF/B-V Summary Documentation

Isotope: 92-U-236 MAT = 139.6

M. Divadeenam (BNL) Aug. '78
F.M. Mann & R.E. Schenter (HEDL) Apr. '78
C.R. Reich (INEL) Apr. '78
J. McCrosson (SRL) Oct. '71

The present work supersedes the ENDF/B-IV evaluation, MAT = 1163 by

McCrosson. Neutron and photon production data are given between 10 eV

and 20 MeV. The cross sections included are total, elastic, inelastic,

(n,f), (n,2n), (n,3n), (n,n'y), and (n,y) and are described in HEDL-TME-

77-54. The photon data include multiplicities and transition probabili-

ties, photon production cross sections, and secondary energy spectra.

File 2 has been evaluated for this version. Details will be given in a BNL

report.

MF=1: General Information

MT=452

Nu. Conde and Holmberg v (ref. 3) normalized to the ENDF/B-V Cf v .

Least squares fit to a straight line.

MT=458

Energy from fission based on Sher (ref. 11).

MT=»2: Resonance parameters.

MT=151

Resolved resonance parameters from refs. 2a to 2d. Bound level para-

meters modified to fit BNL-325 Vol. I (ref. 13) thermal and resonance

integral cross sections. Unresolved resonance parameters obtained by fit-

ting Carlson's average capture data (ref. 2a). Energy dependent unresolved

parameters range from 4.11 keV to 100 keV. UR code (ref. 14) was used to

obtain the parameters.

MF=3; Smooth cross sections.

MT=1

Total., taken from ref. 1 and 4.
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MTV2

Elastic, ref. 1 and 4.

Inelastic, ref. 1 and 4, Q-value, ref. 5.

MT-16

(n,2n)., ref. 1 and 4, Q-value, ref. 6.

m~17

(n,3n)., ref. 1 and 4, Q-value, ref. 7.

MT=18

Fission, above 100 keV data of Behrens, et al., (ref. 8) was used,

normalized to U-235 (n,f) of ENDF/B-V.

MT=19

Same as MT=18 below (n,nf) threshold, thereafter constant.

MT*=20

Is difference of MT=18 and ME=19 until (n,2nf) threshold, thereafter

a constant.

MT=21

Difference of MT=18 and MT=19 and 20.

MT=51...56.91

Ref. 1 and 4.

MT=102

(n,y), ref. 1.

MT=251. 252. 253

Calculated by Chad.

MF*=4; Angular distributions

Diff. elastic same as for Th-232, ref. 10.

MI>2

Assumed isotropic.
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MF=5

MF=5: Energy d i s t r ibu t ions .

MT=16

(n,2n) energy dist. described by Maxwellian.

MT=17

(n,3n) energy dist. described by Maxwellian.

MT=18, 19, 20

Neutron energy distribution given by simple fission spectrum plus

Maxwellian.

MT=91

Evaporation temp, from Gilbert and Cameron (ref. 12).

MF=8: Radioactivity information.

MT=454

Fission yield data. Fission product yield data for phase one review

for ENDF/B-V set 5C 3/9/77. Values were obtained from the recommendations

of the yields subcommittee (T.R. England, chairman).

MF=8, MT=457

Radioactive decay data. References Q(alpha)-1974 version of Wapstra-

Bos-Gove mass table; half-life - K.F, Flynn, et al., J. Inorg. Nucl. Chem.,

_34_ 1121 (1972). Other - see M.R. Schmorak, Nuclear Data Sheets B 4, no. 6,

623 (1970) and Table of Isotopes, 7th ed., (preliminary data, priv. comm.,

from C M . Lederer). See also M.R. Schmorak. Nuclear Data Sheets _20, 192

(1977).

Note: The energies and intensities of the two highest-energy alpha groups

are those recommended by A. Rytz, At. Data and Nucl. Data Tables 12, No. 5,

479 (1973).

Note: The gamma-ray intensity normalization has been derived from intensity-

balance considerations at the ground state. While this gives agreement be-

tween the alpha and 49.3 keV gamma-ray intensities. The corresponding data

for the 112 keV gamma are not consistent.
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Summary Documentation for ENDF/B-V 2 3 8U (MAT*1398)

E. M. Pennington, A. B. Smith and W. Poenitz

Argonne National Laboratory
Argonne Illinois 60439

June 4, 1979

General Comments

The evaluation of 238u for ENDF/B-V is completely new, and involves
collaboration of several evaluators. Most of the neutron cross sections
above 45 keV were evaluated by W. Poenitz and A. Smith. The resolved reso-
nance parameters and thermal cross sections were evaluated by G. de Saussure
at ORNL. R. Howerton at LLL produced the gamma production files.
E. Pennington evaluated most of the remaining data and assembled the file.
Ref. 1 describes most of the neutron cross section data above 45 keV and the
gamma production files, while Refs. 2 and 3 present the resolved resonance
and thermal evaluations. It is planned to prepare an addendum to Ref. 1
which will describe the data not already described in Refs. 1-3. Note also
that some of the data given in Ref. 1 have since been modified as a result
of the changes in the ^35y fission cross section, which is one of the
standards, during the course of the evaluation.

File 1

MT=452. The total nu-bar was obtained by summing the prompt (MT=456) and
delayed (MT=455) nu-bar values.

MT=455. The delayed nu-bar was evaluated for both 238y an(j ^he other
major fertile and fijssile materials by Kaiser and Carpenter (Ref. 4 ) . The
low energy value of v<j is 0.0440.

MT=456. A least-squares fit of a fifth order polynomial was made to experi-
mental data to determine nu-bar prompt, which is given in tabulated form.
The data include those in the review article by Manero and Konshin (Ref. 5)
with results of Soleilhac replaced by his own later reevaluatlon of his
experiments (Ref. 6). Also later measurements by Nurpeisov et al were
included (Ref. 7). All values measured relative to nu-bar of 252cf
spontaneous fission were renormalized to the value of 3.757 for nu-bar
prompt based on nu-bar total = 3.766 ± 0.02 recommended by the CSEWG
Normalization and Standards Subcommittee.

MT=458. The components of the energy release in fission as determined by
R. Sher et al (Ref. 8) were used.
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File 2

MT-151. Hie resolved resonance evaluation was done by G. de Saussure
(Ref. 2,3). The energy range is 1 eV to 4 keV, as in ENDF/B-IV, but the
formalism is now MLBW rather than SLBW. This avoids the negative
excursions in total and elastic scattering cross sections, which were
obtained with previous versions of 238u. NeW measurements, mostly
from GEEL, JAERI, ORNL, BNL and RPI, were considered in the evaluation.
Of importance for thermal reator calculations is the fact that results
from the recent ORNL, BNL and RPI experiments have led to considerably
smaller values of p for the first three positive s-wave resonances
than was the case fXr ENDF/B-IV.

The unresolved resonance range is 4-149 keV, rather than 4-45 keV,
as in ENDF/B-IV, and parameters are given for I = 0,1,2. Competitive
widths are included to represent inelastic scattering to the first level.
In fitting the cross sections, the neutron and competitive widths were
varied to fit the (n,Y) and first inelastic level cross sections using
an unpublished ANL code UR. The data which were fit are described below
under File 3.

File 3

Thermal Energies - The thermal cross sections were evaluated by
G. de Saussure (itef. 2). Capture and elastic scattering cross sections
at 0.0253 eV are 2.7 and 8.9 barns, respectively, compared to 2.7 and
8.9519 barns in ENDF/B-IV.

Resolved Resonance Region - Smooth capture and elastic backgrounds are pro-
vided (Ref. 2) with p-wave background capture later codified as sug-
gested by D. Olsen, ORNL, in a memo of August 13, 1978.

Unresolved Resonance and Higher Energy Regions - The (n,y) cross section
was evaluated above 20 keV by W. Poenitz and from 4-20 keV by
E. Pennington. Fission cross sections above 300 keV were evaluated by
W. Poenitz, Including the contributions from first, second, third and
fourth chance fission. Subthreshold fission was evaluated by
E. Pennington. Elastic and total cross sections from 4-45 keV were eval
uated by E. Pennington. All other cross sections avove 45 keV were
evaluated by A. Smith. More details are provided under each reaction
type below. Host of the evaluation above 45 keV is described in detail
in ANL/NDM-32 (Ref. 1).

MT=1. iibove 45 keV the total cross section was obtained by evaluating data
referenced in ANL/NDM-32. From 4-45 keV the total background was deter-
mined as the difference between the total cross section calculated from
unresolved parameterss with a = 0.944 (the resolved radius) and a * 0.89
(the unresolved radius). This agrees with the sparse data in that
region (BNL-325, 3rd Edition, Vol. 2.) The major difference from
ENDF/B-IV i6 the region 400-800 keV, where ENDF/B-V is a few percent
lower.

MT=2. Elastic scattering cross sections and angular distributions were
evaluated using data referenced in ANL/NDM-32. Coupled-channel optical
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model calculations assisted in the analysis (Ref.. 9) . Below about 1 MeV,
the elast ic cross section -was determined for consistency with the total
and part ial non-elastics. Above 1 MeV, the total and elast ic cross sec-
tions determine the non-elastic. The angular distributions are entirely
experimental below 1.8 MeV, and calculated at higher energies. At most
energies the ENDF/B-V elas t ic cross section is smaller than in ENDF/B-IV.

MT=4,51-7 7,91. The inelastic scattering evaluation is a correlation of
theory (Ref. 9) and experiment. Experimental data referenced in
ANL/NDM-32 are considered. Levels at higher energies are composites of
actual levels. The total inelastic cross section is generally much
higher than in ENDF/B-IV, except near threshold and over a region below
1 MeV. The individual levels have t a i l s extending to much higher
energies than in ENUF/B-IV resulting in a much smaller continuum. Thus
inelastic scattering at high incident energies leads to higher average
final energies in ENDF/B-V than in ENDF/B-IV. This tends to counteract
the effect on the flux spectrum of having higher total inelast ic in
ENDF/B-V than in ENDF/B-IV. In performing the inelast ic evaluation one
revision was made in the f i r s t draft (Ref. 10) to give improved agree-
ment with calculations for ZPR-6-7. No changes outside the estimated
uncertainties were made.

MT=16,17. The (n,2n) and (n,3n) cross sections were evaluated considering
a l l available experimental data, as referenced in ANL/NDM-32. Hie
ENDF/B-V (n,2n) cross section is lower than ENDF/B-IV to about 12.5 MeV,
and higher at higher energies. The (n,3n) cross section i s a l i t t l e
lower than that of ENDF/B-IV.

MT=18. As a f i r s t step, separate evaluations of the 23&"u/235n f i s s i O n
rat io and the 238JJ fission cross sections measured relative to hydro-
gen scattering or absolutely were carried out. The 238u/235u s e t WSiS

converted to 238^ fission using the evaluated 235n fission cross sec-
tion for ENDF/B-V (Ref. 11). Note that the original ENDF/B-V 235U
fission cross section was revised at the October, 1978 CSEWG meeting so
that this conversion had to be redone. A weighted average of the two
sets was then carried out. Experimental data used were from the 1976
ANL Fission Cross Section Meeting (Ref. 12). Subthreshold fission was
based on Ref. 13.

MT=19,20,21,38. The cross sections for f i r s t , second, third and fourth
chance fission were derived by setting a constant cross section value
from the fission cross section minimum prior to the onset of the next
fission threshold and extending i t to 20 MeV.

MT=102. As a f i r s t step, separate evaluations of the following four quan-
t i t i e s were carried out: 1. 23%(n,y) measured absolutely and relat ive
to hydrogen scattering, 2. 238U(n,y)\ 1 0B(n,a), 3 . 238U(n,Y)/235U(n,F)
and 4. 23°U(n,Y)/197Au(n,Y). The rat ios of 2.-4. were multiplied by
the prior evaluated standards for 10B(n,a), 235u(n,F) and 197A U / ( I I ,Y) .
The resulting four cross section sets were combined to provide the final
evaluated 23°U(n,Y) cross section. Note that the change in 23% f i s -
sion made at the October, 1978 CEWG meeting necessitated some of this
work being redone. The above procedure was used by W. Poenitz in the
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range from 20 keV to 1.7 MeV. Poenitz also performed the evaluation
above 1.7 MeV, where data are sketchy and uncertain. E. Pennington
did the evaluation from 4-20 keV, where all of the data considered
were measured relative to ^

MT»251,252,2;>3. The quantities mu-bar lab, XI, and gamma were calculated
from the elastic scattering Legendre coefficients i n M F » 4 , M T - 2
using an ANL code, MUXIGA.

File 4

MT-2. The elastic angular distributions are expressed as fj, coefficients
in the center-of-mass system at 31 energies. They were obtained above
45 keV as described above under MF - 3, MT - 2. At lower energies
ENDF/B-IV was used. The coefficients at 20 MeV were modified in order
to avoid negative excursions caused by the restriction to NL 1 20.

MT-16,17,18,19,20,21,38,91. Angular distributions for all of these reactions
were taken as isotropic in the lab system.

MT»51-77. The angular distributions for the inelastic levels are presented
as probabilities in the c-of-m system. They were calculated with the
model described in Bef. 9. Comparisons with experiment are given in
ANL/NDM-32. In ENDF/B-IV all bu" the four highest levels were assumed
isotropic.

File 5

MT-16,17. The (n,2n) and (n,3n) secondary energy distributions are both
LF • 1 laws calculated by A. Ssaith according to the methods of Bef. 14,
plus a pre-compound distribution.

MT»18. The total fission spectrum is an energy-dependent Watt (LF - 11)
spectrum with parameters chosen to give the same average energy as the
combination of MT = 19,20,21 and 38.

MT-19. An energy-dependent Watt spectrum was determined for first chance
fission using methods similar to those of Bef. 15. A Watt spectrum has
more neutrons at intermediate energies, and fewer at low and high ener-
gies than e Maxwellian of the same average energy.

MT*20,21,38. For second-, third- and fourth- chance fission, a combination
of a Watt spectrum and 1,2 or 3 LF * 9 Maxwellian laws for MT - 20,21,38,
respectively, is used.

MT-91. An LF • 1 law for the inelastic continuum was determined by A. Smith.

MT-455. Delayed neutron spectra evaluated by Kaiser and Carpenter (Sef. 4)
for the six delayed neutron groups are presented using LF « 5 laws in
histogram form. Since the original evaluation had no neutrons below
about 80 keV, a modification was made by joining the values for the
first histogram linearly from 80 keV down to zero at zero energy with
the accompanying renormalization.
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File 8

MT=454 and 459. The fission product yield data are set 5D, which contains
values recommended by the Yields Subcommittee with T. England of LASL as
chairman. Direct yields before delayed neutron emission are given in
MT = 454 while MT = 459 contains cumulative yields along each isobaric
chain after delayed neutron emission. The data were prepared for the
files by T. England, and inserted at BNL by R. Kinsey.

MT=457. The radioactive decay data were evaluated by C. Reich of INEL,
translated into ENDF/B-V format by F. Mann and R. Schenter of HEDL, and
inserted into the fi le by R. Kinsey.

File 12

MT=18 and 102. Multiplicities are given for fission and (n,y) reactions
from 10~5 eV to 20 MeV (Ref. 1) .

File 13

MT=3. Photon production cross sections are given above the inelastic
threshold under MT = 3 to represent photons from the first three inelas-
tic levels and a continuum.

File 14

MT=3,18,102. Isotropic photon angular distributions are given.

File 15

MT=3,18,102. Continuous photon energy spectra are present.

File 31

MT=455. The delayed nu-bar error files are based on error estimates given
in Ref. 4 and 16.

MT=456. The prompt nu-bar error files are based on data obtained in
fitting the experimental nu-bar prompt.

File 33

In the thermal energy range up to 1 eV, File 33 was derived from infor-
mation in Ref. 2. Above 4 keV, most of File 33 was based on data from
ANL/NDM-32 (Ref. 1). It was decided in consultation with F. Perey (ORNL)
that no error information would be given over the resolved resonance range
from 1 eV to 4 keV. In this range the user should refer to Ref. 2 for error

J information.
For the Watt fission spectrum in MF = 5, MT = 18, i t is estimated that

Aa/a = 0.015 and Ab/b = 0.07. 92-238-5



92-U-238
MAT 1398

References

1. W. Poenitz, E. Pennington, A. B. Smith and R. Howerton, "Evaluated Fast
Neutron Cross Sections of Uranium-238," ANL/NDM-32 (October 1977).

2. G. de Saussure, D. K. Olsen, R. B. Perez and F. C. Dif i l ippo, "Evaluation
of the 238u Neutron Cross Sections for Incident Neutron Energies up
to 4 keV." ORNL/TM-6152 (ENDF-257) (January 1978).

3 . G. de Saussure e t a l , Prog, in Nuclear Energy. Vol.3, p . 87 (1979).

4. R. Kaiser and S. Carpenter, ANL-West (pr ivate communication) (March 1978).

5. F. Manero and V. Konshin, "Status of the Energy Dependent_v Values for
the Heavy Isotopes (Z > 90 from Thermal to 15 MeV and of v Values for
Spontaneous Fission," Atomic Energy Review Vol. 10, No. 4, p . 637
(December 1972).

6. M. Solei lhac, revised data received from NNCSC (October 1976).

7. B. Nurpeisov e t a l , "Dependence of v on Neutron Energies up to 5 MeV
for 233u, 238u, an<j 239pu." Soviet Atomic Energy t r ans l a t ion ,
p . 807 (March 1976).

8. R. Sher et a l , "Fission Energy Release for 16 Fissioning Nuclides,"
Summary of CSEWG Meeting, October 27-28, 1976.

9. P. Guenther, D. Havel and A. Smith, "Note on Neutron Scattering and the
Optical Model Near A = 208," ANL/NDM-22 (September 1976).

10. E. Pennington, W. Poenitz and A. Smith, "Evaluation of 238U for
ENDF/B-V," TANS, Vol. 26, p . 591 (June 1977).

1 1 . M. Bhat paper in Ref. 12. Data were l a t e r revised a t the October, 1978
CSEWG Meeting.

12. W. Poenitz and A. B. Smith, Editors , Proceedings of the NEANDC/NEACRP
Spec ia l i s t ' s Meeting on Fast Neutron Fission Cross Sections of U-233,
U-235, U-238 and Pu-239, June 28-30, 1976 a t Argonne National
Laboratory, ANL-75-90.

13. R. Slovacek e t a l , "238K ( n ^ ) Measurements below 100 keV," Nucl. Sci .
Eng. Vol. 62, No. 3 , p . 455 (March 1977).

14. M. Caner, M. Segev and S. Yiftah, "Energy Spectra of Secondary
Neutrons from the 238g (n>2n) and (n,3n) Reactions." Nucl. Sci . Eng.
Vol. 59, No. 4 , p . 395 (April 1976).

15. E. Kujawski and L. Stewart, "The Prompt Neutron Fission Spectrum for
239Pu» TANS> V o l . 24, p . 453 (November 1976).

16. S. A. Cox, "Delayed Neutron Data Review and Evaluation" ANL/NDM-5
(April 1974).

92-238-6



93-WP-237
MAT 1337

ENDF/B-V Summary Documentatiop

Isotope: 93-NP-237 MAT = 1337

F.M. Mann and R.E. Schenter (HEDL) Apr '78
R. Benjamin (SRL) Oct '75
C. R. Reich (INEL) Apr '78
J. R. Smith (ANC) June '73
W. E. Stein (LASL) June '73

The present work supersedes the ENDF/B-IV evaluation, MAT-1263 by Smith

and Stein. Neutron and photon production data are given between 10 eV

and 20 MeV. The cross sections included are total, elastic, inelastic, (n,f)

fn,2n), (n,3n), (n.n'y), and (n,y) and are described in HEDL-TME-77-54 (ref. 23).

The photon data include multiplicities and transition probabilities, photon

production cross sections, and secondary energy spectra.

MF=1 MT=452

Based on ref. 1.

MT=458

Energy from fission based on Sher (ref. 22)

MF=2 MT=151

Resolved resonance parameters below 1 eV are unchanged from version III,

including negative energy resonances fitted by Leonard and the .485 eV level

from BNL 325. From 1 to 130 eV the resolved resonance parameters of Paya(2)

are used, with the fission widths multiplied by 0.625 in keeping with the re-

normalization recommended by Paya in a private communication. Unresolved para-

meters were fitted by J.R. Smith and M.K. Bhat to the Paya data from 130 eV

to 5 kev, using the UR code developed by E. Pennington (ANL). The unresolved

parameters are designed to yield histograms in the fission cross section

with areas equal to those of the -class 2- resonance areas determined by Paya

(renormalized by factor 0.625).
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Cross Section Values at E=0.0253eV are

Total 186.63 Barns
Scatter 17.51 Barns
Capture 169.10 Barns
Fission 16.63 Millibarns

MF=3 MT=1

Below 0.3 eV the total cross section is unchanged from version III. From

0.3 eV to 40 keV the the resolved and unresolved parameters yield the total

xsec, with a small correction for inelastic scattering beginning at 33.34 keV.

From 40 keV to 1 MeV the total is the sum of the partials. Above 1 MeV, the total

is also the sum of the partials y but all cross sections have been constrained to

keep the total close to the recent measurements made at RPI on Pu-239 (3).

MT=2

A 10.5 barn potential scattering cross section is assumed. Above the

resonance range the elastic xsec follows an extrapolation of the unresolved

calculation to 1 MeV, above which it follows a curve based on cross sections

of neighboring nuclei.

MT=4

The inelastic cross sections for ENDF/B-I were based on a calculation

by D.T. Goldman(4). They have been progressively modified since. For version

III the inelastic cross sections were reduced so the total cross section would

be consistent with measurements on neighborning nuclei above 1 MeV. For version

IV the inelastic cross sections have been again adjusted to insure that the

total inelastic was equal to the sum of its parts, and to accommodate reevalu-

ated (n, 2n), (n,3n) and capture cross sections in the constrained total cross

section. For version V, the cross sections were smoothly continued above 1.0

MeV (Stewart and Young, LASL).
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Both (n,2n) and (n,.3n) cross sections are based on calculations made by

S. Pearlstein (5). The (n,2n) cross section was normalized to the integral

measurement of Paulson and Hennelly (ref. 6, to obtain cross section to short

lived state) and of Myers et al., (ref. 7, to obtain ratio of short-lived to

long-lived state).

This evaluation disagrees (factors of 3 low) with differential measurements

of Lindeke et al. (ref. 8) and of Landrum et al. (ref. 9) as well as Hauser

Feshbach calculations (ref. 10).

The (n,3n) cross section keeps the Pearlstein in shape and was renormalized

to a maximum value of .203 barn to maintain the constraints on the total xsec.

MT=18 (Figure 93-237-1)

Below 0.3 eV the fission cross section is given by the same pointwise file

that was used in version III. The fission cross section at 0.0253 eV is 16.63 mb.

Above 10 keV the data is an average of experimental data (ref. 11 - 19).

MT=51...61.91

See comment under MT=4.

MT=102 (Figure 93-237-2)

Below 0.3 eV the capture cross section is given by the pointwise data in

file 3, which is normalized to a value of 169.1 barns at 0.0253 eV. From 0.3

eV to 40 keV the capture is given by the resolved and unresolved resonance

parameters. From 120 keV to 20 MeV the capture is from a smooth curve drawn

through the measurements of Nagle etal. (20). Between 40 and 120 keV the

capture is pointwise, taken from an unresolved calculation which had been

extended to 120 keV using parameters adjusted to yield the evaluated capture

cross section at that point. The Nagle measurements are appreciably lower

than the Stupegia data on which previous ENDF/B files were based and tie in

much more smoothly with the extrapolation of the unresolved calculation.
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MF=4 MT=2

Angular distributions were supplied by H. Alter, then ofAI, based on

optical model calculations made on neighboring nuclei.

MF=4 MT>2

Assumed isotropic.

MF=5 MT=16

Nuclear temp calculated for Maxwell dist. (LF=9) calc. and 6 of the temp

distribution follows prescription used for the Pu240 file of ENDF/B-1.

MF=5 MT=18

Fission spectrum has Maxwellian density with the temp based on Terrells

prescription (20).

MT=91

Inelastic secondaries based on D.T. Goldman data (4). Both discrete level

and evaporation spectra are included.

MF=8 MT=16

Based on ENDF/B-V decay data of NP-237(S) and (L)

MT=454

Fission yield data. Fission product yield data for phase one review for

ENDF/B-V set 5E 3/9/77. Values were obtained from the recommendations of the

yields subcommittee (T.R. England, chairman).

MF=8 MT=457

Q(alpha)-1974 version of Wapstra-Bos-Gove mass table. Other - see Y.A. Ellis,

Nuclear Data Sheets 6̂. No. 6, 539 (1971) and also Table of Isotopes, 7th

ed. (preliminary data. priv. comm. from CM. Lederer). The gamma-ray energy

and relative intensity values are those of M. Skalsey and R.D. Connor, Can. J.

Phys. 54, 1409 (1976).
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Note: The data on the more prominent alpha groups are those reconmended by

A. Rytz, at. Data and Nucl. Data Tables 12, no. 5, 479 (1973).

Note: The K X-ray intensities represent measured values

MF=9 MIM6

Based on Meyers et al. (ref. 7). Hauser Feshbach calculations (ref. 10)

give energy dependent ratios.
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ENDF/B-V Summary Documentation

Isotope: 94-Pu-238 MAT = 1338

F.M. Mann and R.E. Schenter (HEDL) Apr '78
C.R. Reich (INEL) Apr '78
H. Alter and C. Dunford (AI) May '67

The present work supersedes the ENDF/B-IV evaluation, MAT = 1050 by Alter

and Dunford. Neutron and photon production data are given between 10 " eV and

20 MeV. The cross sections included are total, elastic, inelastic, (n3f),

(n,2n), (n,3n), (n,n'y), and (n,y) and are described in HEDL-TME-77-54 (ref. 15).

The photon data include multiplicities and transition probabilities, photon

production cross sections, and secondary energy spectra.

MF=1 General Information.

MT=452

Nu. Thermal value based on Jaffey et al. (ref. 16) and Kroshkin et al.

(ref. 17). Energy dependence from Hbwerton (ref. 1)

MT=4_58

Energy from fission based on Sher (ref. 8).

MF=2 Resonance parameters.

MF=151

Resolved parameters taken from Young et al. (ref. 2) unresolved parameters

are from resolved region and optical model (unchenged from ENDF/B-1)
Thermal Cross Section

Total = 590 B (ref. 5 = 590)
Capture =552.4 B
Fission = 1 7 . 0 B (ref. 7 = 16.6)

Resonance Integral (0.5 eV cuttoff)

Capture = 276.3
Fission = 14.3

MF=5 Smooth cross section.

Total from optical model.
94-238-1
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MT=2

Elastic from optical model.

MT=4

Inelastic scattering data results from the scattering to 15 levels plus

continuum. Statistical compound nucleus model is used (ref. 15).

NfT=16

n,2n based on statistical model calculations (ref. 15).

MT=17

n,3n based on statistical model calculations (ref. 15).

MT=18 (Figure 94-238-1)

Fission based on experiments of Ermagambetov (ref. 11), Fomushkin fref. 12),

Drake (ref. 13), and Silbert (ref. 14).

lVfr=51 . . .65.91

Inelastic scattering data results from the scattering to 15 levels plus

continuum. Statistical compound nucleus model is used (ref. 15).

M>102

Capture from statistical model (ref. 16).

MT=251

MURAR calculated from DOM angular distributions .

MT=252

XIBAR calculated from DOM angular distributions.

MT=253

Gamma calculated from DOM angular distributions.

MF=4 Angular distributions.
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MT=2

Elastic scattering legendre coefficients for 15th order fit to calcultnt'̂ d

angular distributions (DOM) are provided between 10 keV and 11 MeV and 19th

order between 12 and IS MeV.

MT>2

Are assumed isotropic.

MF=5 Secondary energy distributions.

MY=L6

n, 2n Nuclear temperature with energy dependence as in reference 9.

MT=17

Same as MT=17.

Fission Maxwellian with constant temperature from correlation of ref. 1.

MT=19.20

Same as MT=18.

MT=91

(n,n) Temperature from Gilbert and Cameron (ref. 6).

MF=8 MT=457

Radioactive decay data. Q(alpha)-1974 version of Wapstra-Bos-Gove mass

table. Spontaneous-fission branching ratio from data of J.D. Hastings and

W.W. Strohm, J. Inorg, Nucl. Chem. 34, 25(1972). Other - see Table of

Isotopes 7th ed. (preliminary data, priv. comm. from C M . Lederer) and Y.A. Ellis,

Nuclear Data Sheets B 4, No. 6, 635 (1970).
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Note: The intensity values of the K-X-rays and of the gamma rays below 852

keV (except those at 258 and 299 keV) are those of R. Gunnink, J.E. Evans

and A.L. Prindle, UCRL-52139 (1976).

Note: The L-X-ray data represent measured values. See C.E. Bemis, Jr., and

L. Tlibbs, ORNL-5295, 93(Sept. 1977).
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Eval-Oct78 E. Kujawski. (GE-ARSD), L. Stewart (LASL)

94-Pu-239 for ENDF/B-V

Principal evaluators - E. Kujawski (CE-ARSD), L. Stewart (LASL),
R. LaBauve (LASL). More details, although somewhat different than the
final evaluation, are available in Ref. 1.

Contributing evaluators

Nu-bar - E. Kujawski, R. Howerton (LLL), L. Weston (ORNL), Thermal Task
Force
Resolved Res. - Same as ENDF/B-IV
Unresolved Res. - E. Kujawski and E. Petmington (ANL)

Smooth data

Thermal Range - ENDF/B-IV (Ref. 2)
1 eV to 301 eV - ENDF/B-IV
25 keV to 200 keV - E. Kujawski
200 keV to 20 MeV - E. Kujawski, Big 3+2 Task Force
Inelastic Scattering - L. Stewart and R. Hunter (Ref. 3)
Sec. Neut. Dist. - E. Kujawski and L. Stewart
Gamma Prod. - R. Hunter and L. Stewart (Ref. 3)
Covariance File - Capture, Fission, and Nu-bar - E. Kujawski

Bases for evaluations

MF - 1

MT=452 (Nu-bar Total)
Consistent with MT=455 and 456

MT=A55 (Delayed)
Delayed neutron yields (Ref. 4)

tIT=456 (Prompt) (Ref. 5)
Least squares fits over a number of energy ranges up to 5.5 MeV to data
since 1969. Thermal range decoupled from analysis - energy dependence
based on Gwin. Normalized with respect to vt(Cf-252) = 3.766.

MT=458 (Energy Release in Fission)
Evaluation based on work by R. Sher. Not consistent withMF - 5 and
MF » 15.

MF - 2

Resolved res.

Primary data sources are Gwin for fission and capture and Derrien for
total. Parameters (SLBW) generated by Smith, Kinsey and Garber. Energy
range 1 eV to 301 eV - same as ENDF/B-IV.
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Unresolved res.

Primary data sources are latest ORELA data (1976) for normalization of
capture and fission cross sections. Fine structure based on ENDF/B-IV.
Energy dependent parameters obtained by fitting fission and capture
data. Energy range - 301 eV to 25 keV. Interpolation should be based
on cross sections. Data of ORELA renormalized to B-10(n,alpha) from
ENDF/B-V (Ruf. 6).

MF = 3

Smooth data

Thermal data

1 eV to 301 eV - Smooth contributions in the resolved range chosen to
make combined resonance and smooth fission and capture cross sections
consistent with Gwin measurements and total with Derrien. Same as
ENDF/B-IV.

25 keV to 200 keV - Average values of fission based on latest ORELA
measurements as renormalized to B-10(n,alpha) of ENDF/B-V evaluation.
Capture obtained from alpha measurements of Gwin, Weston and Hopkins
as evaluated for ENDF/B-IV. Total based on measurements of Smith and
Heaton as evaluated for ENDF/B-IV. Inelastic data as evaluated for
ENDF/B-IV.

200 keV to 20 MeV - Fission cross sections based on the Pu-239 to
U-235 fission ratio measurements of 1) Carlson and Behrens (Ref. 7)
2) Meadows (Ref. 8). Between 12.0 and 20.0 MeV same data as ENDF/B-IV.
First, second, third and fourth chance fissions included with MT*--I8
being the sum. Capture cross sections essentially based on alpha
values of ENDF/B-IV.

MF =• 4

Angular distributions

Data used from evaluations of Hunter. Primary sources are Coppola and
Kamerdiener. Analysis by G. Foster (LASL).

MF - 5

MT*18,19,20,21, and 38

Energy distribution of prompt neutrons uses energy dependent watt
spectrum. Up to 1.5 MeV based on data of Johansson (Ref. 9). Energy
dependence above 1.5 MeV same as ENDF/B-IV which is based on data of
Barnard and Zamyatnin. MT=18 spectrum has average energy consistent
with spectra given in MT=19,20,21.

MT-455 Delayed Hu-bar Spectra (Ref. 5)

94-239-2
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MF = 8

MT=454 and 459 Inserted into File at BHL by R. Kin.-.i-y y/78

Fission product yield data for Phase I review set 5E, 7/78. Values
obtained from the recommendations of the Yields Subcommittee, T.R. England
(Chairman), D.M. Gilliam, Y. Harker," J.R. Liaw, W.J. Maeck, O.G. Madland,
V. McJ.ane May, P.L. Reeder, B.F. Rider, R.E. Schenter, B.I. dpinrad,
J.I*. Unik, A. Wahl, W. Walker, B.W. Wehring, and K. WolfsberK.

Uncertainties are based on the total yield to each ZA. When there is
an isomeric state, the independent nuclide yield to each state has a
larger uncertainty than the total yield in state distributions (uncertain-
ties average approximately 50 percent but can be larger). Any yield
having a large uncertainty (45-64 percent) may be a model estimate or e.
value assigned to the yields on the wings or valley of the mass yield
distribution. These small yields may only be accurate to vichin a
factor of 2.

MT=454 contains direct yields before delayed neutron emission.

MT=459 contains cumulative yields along each isobaric chain after delayed
neutron emission.

Direct and cumulative yields are normalized by the same factors based on
B.F. Rider evaluation. The isomeric state model, LA-6595-MS (ENDF-241),
and delayed neutron emission branchings (PN values) for 102 emitters,
LA-UR-78-688, and pairing effects, LA-6430-MS (ENDF-240), have been incor-
porated.

Data prepared for files by T.R. England (LASL LTR. T-2-L-289:).

94-PU-239 INEL EVAL-Aug78 Reich
Data added to file by R. Kinsey at BNL 9/78

MF=8, MT=457 Radioactive Decay Data
References Q(alpha)-1974 version of WAPSTRA-BOS-GOVE Mass Table Other -

Table of Isotopes, 7th ed. (Preliminary Data, Priv. Coram.
from C M . Lederer) and A. Artna-Cohen, Nuclear Data Sheets 6,
No. 6, 577 (1977). See also M.R. Schmorak, Nucl. Data Sheets
21, 153 (1977).

Note The energies and intensities of the K-alpha X-rays and of the
gamma rays above 38.0 keV are those measured by R. Cunnink,
J.E. Evans and A.L. Prindle, UCRL-52139 (Oct., 19/6).

Note The L-X-ray data represent measured values. See C.E. Bemis,
Jr. and L. Tubbs, ORNL-5297, 93 (Sept., 1977).

Note The energies and intensities of the three most intense alpha
groups are those recommended by A. Rytz, At. Data and Nucl.
Data Tables 12, No. 5, 479 (1973).

Translated into ENDF/B-V format by Mann and Schenter (HEDL) 8/78
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MF = 12-15

Gamma production

Data taken irom Hunter and Stewart (Ref. 10). Cross sections based upon
neutron files (MF=2,3) and calculated multiplicities. Data above 1.09
MeV based on Drake and Nell is.

MF = 33

Covariunco I'LIL;

- Fission data from 200 keV to 20 MeV (MT=18).
Correlated to fission cross section of U-235. Normalization and statis-
tical errors are included.
- Capture data (MT=102) ci-•> ...iated with Pu-239 fission data. Uncertain-
ties in alpha are given.
- Total Nu-bar (MT=452) simplified representation of least square fit.

Principle References

1. Evaluation of Pu-239 Data for ENDF/B-V, GEFR-00247 (October 1077).
Note that some of the presented data was preliminary in nature and
therefore different from the final ENDF/B-V evaluation.

2. ENDF/B-IV.
3. R.E. Hunter, et al., LA-5172 (1973).
4. Data for Nu-Prompt.

D.S. Mather and P.F. Bampton, AWRE/0-86/70 (1970).
M.V. Savin, et al., in Proc. 2nd Intern. Conf. Nuclear Data for
Reactors, (IAEA, 1970), p. 157.
Bolodin, et al., Atom. Energy 33, 901 (1972).
R.L. Walsh and J.W. Boldeman, Annals. Nucl. Sci. Eng. 1, 353 (1974).
R. Gwin, Private Communication.

5. R.E. Kaiser and S.G. Carpenter (ANL-West>, Priv. Comm., Mar. 1978.
6. R. Gwin, et al., Nucl. Sci. Eng. 59, 79 (1976).
7. G.W. Carlson and J.W. Behrens, Nucl. Sci. Eng. 66, 205 (1978).
8. J.W. Meadows, Nucl. Sci. Eng. 68, 360 (1978).
9. P.I. Johansson, et al., Precision Measurements of Fission Neutron

Spectra of U-235, U-238, Pu-239, presented at the Fifth Conference on
Neutron Cross Sections and Technology (March 1975).

10. R.E. Hunter and L. Stewart, LA-4901 (1972).
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ENDF/B-V

Mat = 1380

L. W. Weston and R. Q. Wright

September 1, 1978

The present evaluation supersedes the ENDF/B-IV evaluation by

E. Pennington and H. Hummel (1974). Changes from the earlier evalua-

tion were in nubar, resonance parameters, fission cross sections,

capture cross section, fission product yield data, radioactive decay

data, and error files.

File 1, MT=452

Prompt nubar ratios to Cf of Frehaut1 were used to derive nubar.

Nubar prompt of Cf /as assumed as 3.741. Delayed nubar was unchanged.

File 2, MT=151

Resolved resonance region extends from 10 s eV to 3.91 keV. The

resonance at 1.058 eV which dominates the thermal neutron energy region

was made to agree with the Weigmann2 and Caner and Yiftah3 e/aluations.

From 20 to 665 eV the resonance parameters are the weighted a rerages of

those reported by Weigmann,"* Moxon,5 and Hockenbury.6 Resonance param-

eters above 665 eV are unchanged and were derived from Kolar and

Bockhoff.7 Fission widths for the 20.46 and 38.32 eV resonances are

from Weigmann2 and the others from Migneco8 or Auchampaugh9 or the

weighted average of the values. The parameters of the unresolved region

from Frehaut1 which agree with the data of Hockenbury6 and Weston10 on

the average capture cross section.
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File 3, MT=1 and 2

The scattering cross section was unchanged so that the changes in

the total cross section reflect the changes in the fission and capture

cross sections.

File 3, MT=18

No smooth fission cross section in the resonance region. From

40 keV to 1 MeV the fission cross section was derived from the ratio

measurements of Behrens.11 From 1 to 2.75 MeV is a compromise between

the ratio measurements of Behrens,11 Gilboy,12 and Savin.13 Above

2.75 MeV the fission cross section was derived from the ratio measure-

ments of Behrens.11 The ENDF/B-V evaluation of the 2 3 5U fission cross

section was used to convert the ratio measurements to the fission cross

section of 2If0Pu.

File 3, MT=19

First chance fission was assumed constant above the threshold for

second chance fission at 5.5 MeV.

File 3, MT=20

Second chance fission was derived by subtracting Mt=19 from MT=18

from 6 to 13 MeV and was assumed constant above 13 MeV.

File 3, MT=21

Third chance fission was derived by subtracting MT=19 and 20 from

MT=18.

File 3, MT=102

The average capture cross section in the resolved resonance region

from 200 eV to 3.91 keV was forced to agree with Weston10 in decade

9H-2M0-2 ;
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type intervals. There are no smooth capture cross sections in the

unresolved resonance region. From 40 to 250 keV the capture cross

section was based on Weston.10 The capture cross section blends back

to ENDF/B-IV at 400 keV.

File 5, MT=455

Delayed neutron secondary energy distribution was Kaiser and

Carpenter1"1 data transmitted by E. Pennington and inserted by R. Kinsey.

File 8, MT=454 and 459

MT=454 contains direct yields before delayed neutron emission.

CT=459 contains cumulative fission product yields along each isobaric

chain after delayed neutron emission. Values were obtained from the

recommendations of the yields subcommittee, T. R. England (Chairman).

File 8, MT=457

Radioactive decay data evaluated by C. Reich, April 1978.

File 32, MT=151

Resonance parameter error file from 0.5 to 105 eV. Uncertainties

were based on the differences in the measurements because quoted errors

were not consistent.

File 33, MT=102

Broad group error file for the capture cross section. The file is

subjective because of insufficient data for statistical analysis.
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Summary Documentation

2"Pu

ENDF/B-V

Mat = 1381

L. W. Weston, R. Q. Wright, and R. J. Howerton

The present evaluation supersedes the ENDF/B-IV evaluation by

H. Hummel and E. Pennington (1974). Changes from the earlier evalua-

tion were in nubar, resonance parameters, fission cross section, cap-

ture cross section, gamma-ray production, (n,xn) reactions, fission

product yield data, radioactive decay data, and error files.

File 1, MT=452, 455, and 456

Thermal, total nubar of 2.953 was used as recommended by CSEWG

in 1978. Nubar prompt of CF assumed as 3.757. Nubar for 21flPu kept

constant to 0.47 MeV and based on the energy dependance measured by

Frehaut1 at higher energies. Delayed nubar unchanged from Kaiser and

Carpenter2 evaluation except at thermal.

File 2, MT=151

The resolved resonance region extends from 2.873 to 100 eV in the

Adler-Adler formalism. The resonance parameters of Blons3 and Weston**

were given the most weight with some weight given to Moore,5 James,6

Simpson,7 and Carlson.8 Renormalizations were done for better agree-

ment with Wagemans.9 The unresolved resonance parameters were adjusted

to reflect the observed average structure in fission and capture.

(
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File 3, MT=1 and 2 ' )

At neutron energies above the unresolved resonance region (40.2

keV) the scattering cross section was not changed so that the total cross

section reflects changes in the fission and capture cross section.

File 3, MT=18

The thermal region fission cross section was based on Wagemans9

and Weston.1* Above 40.2 keV the fission cross section was based on the

ratio measurements of Behrens,10 Ka'ppeler,11 and Szabo12 with the most

weight given to the data of Behrens.10 The ENDF/B-V evaluation of the

235U fission cross section was used to convert the ratios to the fission

cross section of zltlPu.

File 3, MT=102

The capture cross section was based on the data of Weston.1* Only

slight changes were made above 40.2 keV.

File 5, MT=16 and 17

The (n,2n) and (n,3n) cross sections were revised by R. J. Howerton.

File 5, MT=18

Fission neutron energy distribution given as a simple fission

spectrum plus a maxwellian (AWRE 0-101/64).

File 5, MT=91

Inelastic scattering evaluated by R. J. Howerton.

File 5, MT=455

Delayed neutron secondary energy distribution based on Kaiser and

Carpenter2 as evaluated by E. Penningtcn (1978).
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File 8, MT=454 and 459

MT=454 contains direct yields before delayed neutron emission.

MT=459 contains cumulative fission product yields along each isobaric

chain after delayed neutron emission. Values were obtained from the

recommendations of the yields subcommittee, T. R. England (Chairman).

File 8, MT=457

Radioactive decay data evaluated by C. Reich, April 1978.

File 12, MT=18

Fission gamma-ray spectrum is data of Peelle and Maienschein13

for 235U thermal fission spectrum.

File 12, MT=102

Capture gamma-ray spectrum is the 238U spectrum adjusted for multi-

plicity and energy conservation.

File 13, MT=3

Photon production cross sections evaluated by R. J. Howerton.

File 15, MT=3, 18, and 102

Energy distribution of photons evaluated by R. J. Howerton. For

fission the data of Peelle and Maienschein13 for 235U was used with the

evaluation method described by Perkins.l>*

File 33, MT=18 and 102

Broad group error files for the fission and capture cross sections.

Evaluation of error files was subjective because of insufficient data

for statistical analysis.
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SUMMARY DOCUMENTATION FOR 242Pu

by

F. Mann and R. Schenter
Hanford Engineering and Development Laboratory

Richland, Washington

and

D. G. Madland and P. G. Young
Los Alamos Scientific Laboratory

Los Alamos, New Mexico

I. SUMMARY

A new evaluation of neutron-induced reactions on 2lf2Pu was performed for
Version V of ENDF/B (MAT 1342). The analysis was divided between HEDL, where
the resolved and unresolved resonance regions were evaluated, and LASL, where
the data above a neutron energy of 10 keV were evaluated. These evaluations
are documented in HEDL-TME-77-54 (Ma77B) and LASL-7533-MS (Ma78). Additionally,
decay data were provided by C. Reich (INEL), thermal data by R. Benjamin (SRL),
and gamma-ray production data by R. Howerton (LLL). The evaluation covers the
energy range 10~5 eV to 20 MeV and includes covariance data at all energies.

II. ENDF/B-V FILES

File 1. General Information

MT=451. Descriptive data

MT-452. v Total

Sum of MT=456 and a delayed V of 0.015 from the measurement of
Kr70 as compiled by Ma72.

MT*456. V Prompt

Based on a fit to_2lj0Pu experimental data by Fr74 using systematics
to infer delta V to 2l(2Pu, and renormalized to 252Cf thermal V of
3.757.

MT-458. Energy of Fission

Based on work of Sh76.
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File 2. Resonance Parameters (En-0-10 keV) j

MT"151. (a) Resolved Resonances

The resolved resonance region covers the energy range 0-986 eV.
One bound level and 67 resolved resonances describe the cross
section data from zero to 986 eV. Except for the bound and
2.68 eV levels, parameters are from BNL-325 (Mu76). Parameters
for the bound and 2.68 eV lavels have been modified to preserve
the cross section values and shapes in the thermal region as
described by Yo70 and Yo71, along with the higher resonance
capture integral suggested by integral and production experi-
ments (Bu57, Ha64, and Be75).

(b) Unresolved Resonances

The unresolved resonance region covers the energy range from 986 eV
to 10 keV. Average parameters obtained by averaging the resolved
resonance data were used for the L=0 resonances. The remaining
data were obtained from MAT 1161, ENDF/B-IV.

File 3. Neutron Cross Sections

General

Evaluation from 0.01 - 20 MeV described in Ma78. Statistical com-
pound nucleus and direct reaction theory calculations performed
with LASL versions of COMNUC (Du70, 3-29-78 version) and JUKARL
(Re71). All calculations used LASL preliminary global actinide
optical potential (Ma77). Complete set of calculations per-
formed but elastic and fission cross section evaluations differ
slightly (less than 5%) from calculations because of influence
of fission measurements. (n,f), (n,nf), and (n,2nf) cross sections
calculated subject to constraint that their sum equals measured
(Be78) total fission cross section within 5%. Discrete fission
channels (up to 12) and deformed level density continuum fis-
sion channels used.

MT=1. Total Cross Section

Spherical optical model calculation with nuclear deformation ef-
fects accounted for by coupled-channel calculations of up to 5
states of ground state band.

MT«2. Elastic Cross Section

Difference between MT=1 and MT»4, 16, 17, 18, and 102. Agrees
with model calculation tc within few per cent.

MT*4. Inelastic Scattering Cross Section

Sum of MT-51-69 and MT-91.
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MT=16, 17 (n,2n) and (n,3n) Cross Sections

Based on compound nucleus statistical model calculations.

MT=18. Fission Cross Sections

Below 100 keV based on experimental data of Au71. From 0.1 to 20
MeV based on experimental data of Be78 (see Figs. 1 and 2).

MT=51-54. Discrete Inelastic Cross Sections

Based or. Hauser-Feshbach compound nucleus calculation and coupled-
channel calculation of direct inelastic scattering for first
5 levels of ground state rotational band using deformation
parameters of Be73.

MT=55-69. Discrete Inelastic Cross Sections

Based on Hauser-Feshbach compound nucleus calculation.

MT=102. Capture Cross Sections

Based on compound nucleus statistical calculation with gamma
strength function adjusted to agree with Ho75 measurements
2irrY/D - 0.01045, Mu73), Above 4 MeV, semi-direct contri-
bution added from preequilibrium cascade calculation with
gamma-ray emission probability, calculated at each stage
(Ar78). See Fig. 3 for comparison with measurements.

File 4. Neutron Angular Distributions

MT=2. Elastic Scattering Angular Distributions

Shape elastic component based on deformed optical model calculation.
Compound nucleus component assumed isotropic. All distributions
given in form of Ltgendre coefficients.

MT=16, 17, 18. (n,2n), (n,3n), and (n,f) Angular Distributions

Given as Legendre coefficients and assumed isotropic in the lab-
oratory system.

MT=51-54. Discrete Inelastic Angular Distributions (A)

Direct component taken from deformed optical model calculation, and
compound nucleus component assumed isotropic. Given in form of
Lf dre coefficients.

MT-55-69. Discrete Inelastic Angular Distributions (B).

Legendre coefficient representation assumed isotropic in the center-
of-mass system.
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MT-91. Continuum Inelastic Angular Distributions

Legendre coefficient representation assumed isotropic in the
laboratory system.

File 5. Neutron Energy Distributions

MT-16, 17. (n,2n), (n,3n) Energy Distributions

Nuclear temperatures calculated from level density parameters used
in model calculations (Gi65 and Co67).

MT«18. (n,f) Neutron Energy Distributions

Fission Maxwellian using energy-dependent temperatures from
Terrell (Te65).

MT-91. Continuum Inelastic Neutron Energy Distributions

Nuclear temperatures calculated from level density parameters used
in nuclear model calculations (G165 and Co67).

File 8. Fission-Product Yield and Nuclide Decay Data

MT-454. Fission Yield Data

Fission-product yields were obtained from the recommendations of
the CSEW6 Yields Subcommittee (T. R. England chairman).

MT<=457. Decay Data

The Q (alpha) was obtained from the 1974 version of the Wapstra-
Bos-Gove mass tables. Half-life values were taken from reference
Va74, and other data were obtained from the Table of Isotopes
(Le77) and Nuclear Data Sheets <E<?70). Note that the energies and
intensities of the two highest energy alpha groups are those
recommended by Rytz (Ry73).

All the decay data were translated into ENDF/B-V format by Mann &
Schenter (HEDL, 6/76).

Files 12-15. Photon-Production Data

Files taken from the LLL evaluations of R. Howerton (Ho76). Files
extended to the energy range 1.0~5 eV to 20 MeV and merged to thd
evaluation at BNL by R. Kinsey.

File 33. Neutron Cross Section Covariances (HEDL and LASL)

Approximate error files determined from estimated uncertainties in
model calculations (MT-1, 2, 4, 16, 17, 102) and in experimental
measurements (MT-18, 102).

94-242-4



9U-PU-242
MAT 13H2

REFERENCES

Ar78 E. D. Arthur, private communication (1978).
Au71 G. F. Auchampaugh, J. A. Farrell, and D. W. Bergen, Nucl. Phys. A171, 31

(1971).
Be73 C. E. Bemis et al., Phys. Rev. C8, 1466 (1973).
Be75 R. Benjamin et al., DP-1394 (1975).
Be78 J. W. Behrens et al., Nuc. Sci. Eng. J56_, 433 (1978).
Bu57 J. Butler et al., Can. J. Phys. 35, 147 (1957).
Co67 J. L. Cook et al., Aust. J. Phys. £0, 477 (1967).
Du70 C. L. Dunford, AI-AEC-12931 (1970).
E£70 Y. A. Ellis, Nucl. Data Sheets B4_, #6, 683 (1970).
Fr74 J. Frehaut et al., CEA-R-4626 (1974).
G165 A. Gilbert and A. G. W. Cameron, Can. J. Phys. 43 1446 (1965).
Ha64 J. Halperin et al., ORNL-3679, 13 (1964).
Ho75 R. W. Hockenbury et al., NBS Special Publication 425, Vol. 2, p. 584,

(1975).
Ho76 R. Howerton et al., UCRL-50400, Vol. 15, Part A (Methods, 1975) and Part

B (Curves, 1976).
Kr70 M. S. Krick and A. E. Evans, Trans. Am. Nucl. Soc. _13, 746 (1970).
Le77 C. M. Lederer, Table of Isotopes, 7 t n Ed (preliminary data received in pri-

vate communication, 1977).
Ma72 F. Manero and V. Konshin, At. En. Rev. 10, 637 (1972).
Ma77 D. Madland, LA-7066-PR, p. 12 (1977).
Ma78 D. G. Madland and P. G. Young, LA-7533-MS (1978).
Mu73 S. Mughabghab and D. Garber, BNL-325, 7 t h Ed., Vcl. 1 (1973).
Re71 H. Rebel and G. W. Schweimer, KFK-133 (1971).
Ry73 A. Rytz, At. Data and lucl. Data Tables JL2, #5, 479 (1973).
Sh76 R. Sher, S. Fiarman, and C. Beck, private communication (Oct. 1976).
Va74 R. Vaninbroukx, Euratom report EUR-5194E (1974).
Wi78 K. Wisshak and F. Kappeler, Nucl. Sci. Eng. jte, JO3 (1978).
Yo70 T. Young and S. Reeder, Nucl. Sci. Eng. 40, 389 (1970).
Yo71 T. Young et al., Nucl. Sci. Eng. ̂ 3, 341 (1971).

94-21J2-5



94-Pu-242
MAT 1342

J

0.5

3 0.1

o

co
CO

o
gooi

242Pu FISSION CROSS SECTION

• • ••

• AUCHAMPAUGH, 1971
" BERGEN, 1970
o BEHRENS ,1976
o BUTLER, i§60
^ F0MUSHklN,l969

001 0.05 0.1
NEUTRON ENERGY (MeV)

0.5

Fig. 1.

ihl.Experimental and evaluated cross sections for the Pu(n,£) reaction
from 10 keV to 0.5 MeV. The evaluated curve is based upon the Auchampaugh
(Au71) and Behrens (Be76) ratio measurements relative to the 235U(n,f)
reaction. The values shown here were converted using a preliminary
evaluation of the 235U(n,f) cross section and will be adjusted by up to
4% in the final evaluation.
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Pu FISSION CROSS SECTION
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Fig. 2.
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242,Experimental and evaluated cross sections for the *'Pu(n,f)
reaction from 0.1 to 20 MeV. See caption for Fig. 1.
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Fig. 3.

Experimental and evaluated cross section for the 2lf2Pu(n,Y)
reaction between 10 and 100 keV. The experimental data are
from Hockenbury (Ho75) and Wisshak and Kappeler (W178).
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95-AB-2M1
MAT 1361

ENDF/B-V Summary Documentation

Isotope: 95-Am-241 MAT = 1361

F.M. Mann and R.E. Schenter (HEDL) Apr '78
L. Weston (ORNL) Apr '78
C.R. Reich (INEL) Apr '78
R.J. Howerton (LLL) Apr '78

The present work supersedes the ENDF/B-IV evaluation, MAT = 1056 by

Smith and Grimesey. Neutron and photon production data are given between

10 eV and 20 MeV. The cross sections included are total, elastic, inelastic,

(n,f), (n,2n), (n,3n), (n,n'y), and (n,y) and are described in HEDL-TME-77-54 {ref. 3).

The photon data include multiplicities and transition probabilities, photon pro-

duction cross sections, and secondary energy spectra.

MF=1 General information.

MT=452

Nu. A weighted average of the individual determinations of nu assigns

most of the weight to the data of V.I. Lebedev et al., (ref. 1) using the

value of nu for 235 of 2.43, nu=3.09 is obtained for the constant term. The

slope is that of the universal curve of J.C. Hopkins and B.C. Diven (ref. 2)

from ENDF/B-I.

MT=485

Energy from fission based on Sher (ref. 13).

MF=2 Resonance information.

MT=151

Resolved resonance parameters (0-50 eV) from Ref. 10 and 11. Unresolved

parameters obtained using methods from ref. 3 and data from ref. 10 and 11.

MF=3 Smooth cross section.

95-2*1-1



95-AB-241
MAT 1361

MT=1

Total sum of partial cross sections

MT=2.

Elastic. Result of optical model calculation (ref. 5)

MT=4

Inelastic result of statistical model calculations. 18 levels were in-

cluded (ref. 3).

MT=16

n,2n based on statistical model calculations (ref. 3)

MT=17 .

n,3n based on statistical model calculations (ref. 3)

MT=18 (Figure 95-241-1 and -2)

Fission. Below 400 keV, result of statistical model calculation (ref. 3)

guided by data of Bowman et al., (ref. 4) and Sphak et al., (ref. 5). Above

400 keV, average of data of Sphak et al., (ref. 5), Seeger et al., (ref. 6),

Fomushkin et al., (ref. 7,8), and Iver et al., (ref. 9).

MT=19

(n,f) same as MT=18 until (n,nf) threshold, constant thereafter.

MT=20

(n,nf) difference between MT=18 and 19.

MT=51...68.91

Result of statistical model calculations using 18 excited levels plus

continuum fref. 3).

95-241-2



95-Am-2Ui
MAT 1361

MT=1Q2 (Figure 95-241-3 and -4)

Capture statistical model calculation (ref. 3) based on data of Weston

and Todd (ref. io). In resolved resonance background of 20.5/SQRT(E) from

ref. 10.

MF=4 Angular distributions.

Evaluation based on optical model (ref. 3).

MT>2

Inelastic assumed isotropic.

MF=5 Energy distribution.

MT=16

Evaporation temp, from Gilbert and Cameron (ref. 12).

Same reference as MT=16.

MT=18

Simple Maxwellian with energy dependent temperature.

MT=19

Same reference as MT=18.

MT=20

Same reference as MT=18.

MP=91

Same reference as MT=16.

MF=8 Radioactivity.

95-2^1-3



95-AB-241
MAT 1361

MT=102

(n,y) decay chain from ENDF/B-V.

MF=8, MT=457

Radioactive decay data. Q(alpha)-1974 version of Wapstra-Bos-Gove mass

table; half-life-weighted average of data of H. Ramthun and W. Miller, Int L.

J. Appl. Rad. and Isotopes 26, 589 (1975) and of F.L. Oetting and S.R. Gunn,

J. Inorg, Nucl. Chem. J29, 2659 (1967). Spontaneous-fission branching ratio

derived from listed half-life and weighted average of S.-F. half-life values

of R. Gold et al., Phys. Rev. C_l, 738 (1970) and of D. Galliker et al., Helv.

Phys. Acta 43_, 593 (1970. Other - see table of isotopes, 7th ed. (preliminary

data, priv. comm. from C M . Lederer) and Y.A. Ellis, Nuclear Data Sheets Jj,

No. 6. 621(1971).

Note: The K-X-ray intensities listed are measured values.

Note: Energies and intensities of the ground-state alpha and the two most

intense alphas are taken from A. Rytz, At. Data and Nucl. Data Tables 12,

No. 5, 479 (1973).

Note: The L-X-ray data are those of J.L. Campbell and L.A. McNelles, Nucl.

Instrum. and Methods 117, 519 (1974).

Note: The gamma-ray intensities (except those of the 55- and 67-keV gammas)

are those reported by R. Gunnink, J.E. Evans and A.L. Prindle, UCRL-52139

(Oct., 1976). Those of the 55- and 67-keV gammas are deducted from the internal-

conversion coefficients and intensity-balance considerations.

MFs9 Cross section branching.

MT=102

(n,y) from statistical model calculation (ref. 3 and 10).



95-Am-2Hi
MAT 1361

MF=12, 13, 14, 15

Photon production. Files taken from the LLL evaluations of R. Howerton

documented in UCRL 50400, Vol. 15, Part A (methods) Sept. '75 and Part B

(curves) Apr. '76.

MF=32, 33 Error files.

MT=1, 2, 4, 16, 17, 18, 102, and 151
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MAT 1361
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95-Aa-242m
MAT 1369

ENDF/B-V Summary Documentation

Isotope: 95-Am-242* MAT = 1369

F.M. Mann and R.E. Schenter (HEDL) Apr. '78
R. Benjamin (SRL) Oct. '75
R.J. Howerton (LLL) Apr. '78
C.R. Reich (INEL) Apr. '78

This is the first evaluation for ENDF/B for this isotope. Neutron and

photon production data are given between 10" eV and 20 MeV. The cross sections

included are total, elastic, inelastic, (n,f), (n,2n), (n,3n), (n,4n), and

(n,Y) and are described in HEDL-TME-77-54 (ref. 7). The photon data include

multiplicities and transition probabilities, photon production cross sections,

and secondary energy spectra.

MF=1 General information.

MT=452

NURAR. Thermal value from measurements of Jaffey and Lerner (ref. 1).

Energy dependence based on work of Howerton (ref. 2).

MT=458

Energy of fission. Systematics of Sher (ref. 11).

MF=2 Resonance parameters (0 to 10 keV).

MT=151

Resolved resonances. Resonance parameters for six resolved resonances

from work of Bowman et al., (ref. 5). Resolved region - 0 to 3.55 eV. Un-

resolved resonances average parameters from ref. 5. Unresolved resonance

region - 3.55 eV to 10 keV.

95-242m-1



95-Am-2U2m
MAT 1369

MF=3 Smooth cross sections ( 0 to 20 MeV)

MT=1

Total sum of partial cross sections,

MT=2

Elastic optical model calculations (ref. 7)

MT=4

Inelastic statistical model calculations to 13 excited levels plus con-

tinuum (ref. 7)

MT=16

ji,2n based on statistical model calculations (ref. 7).

MT=17

n,3n based on statistical model calculations (ref. 7).

MT=18 (Figure 95-242*-l)

Fission statistical model calculation based on data of Bowman et al.,

(ref. 8) and Seeger et al., (ref. 9).

MT=19

Same as MT=18 until f(n,nf) threshold, then constant.

MT=20

Is (MT=18) - (MT=19).

MT=37

n,4n based on statistical model calculations (ref. 7).

MT=51....63.91

Statistical model calculations to 13 excited levels plus continuum (ref. 7)



95-Am-2M20
MAT 1369

NTT=102

Capture s t a t i s t i c a l model ca lcu la t ion (ref. 7 ) .

MT=251, 252, 253

Based on data in MF=4, MT=2.

MF=4 Angular distributions

MT=2

Based on optical model calculations (ref. 7).

MT>2

Assumed isotropic.

MF=5 Energy distributions.

MT=16

Based on parameters of Gilbert and Cameron (ref. 10).

MT=17

Same reference as MT=16.

NTT=18

Fission. Simple fission Maxwellian with energy-dependent temperature.

MT=19, 20

Same as MT=18.

MT=57

Same reference as MT=16.

MT=91

Based on parameters of Gilbert and Cameron (ref. 10).

95-2U2m-3



95-Am-242m
MAT 1369

MF=8, MT=457 '

Radioactive decay data. Q-values-1974 version of Wapstra-Bos-Gove mass

table. Other - see Table of Isotopes, 7th ed. (preliminary data, priv. comm.

from C. M. Lederer) and Y. A. Ellis, Nuclear Data Sheets B 4, No. 6, 683 (1970).

Note: The energy and intensity data for the ground-state alpha and the two most

intense alpha groups are the recommended value of A. Rytz, At. Data and Nucl.

Data Tables 12, No. 5, 479 (1973).

MF=12, 13, 14, 15

Photon production. Files taken from the LLL evaluation of R. Howerton

documented in UCRL 50400, Vol. 15, Part A (methods) Sept. 75 and Part B (curves)

Apr. 76.

')
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95-AB-243
HAT 1363

ENDF/B-V Summary Documentation

Isotope: 95-M-243 MAT = 1363

F.M. Mann and R.E. Schenter (HEDL) Apr '78
R. Benjamin (SRL) Oct '75
R.J. Howerton (LLL) Apr '78
C.R. Reich (INEL) Apr '78

The present work supersedes the ENDF/B-IV evaluation, MAT = 1057 by

Smith and Grimesey. Neutron and photon production data are given between

10 eV and 20 MeV. The cross sections included are total, elastic, inelastic,

(n,f), (n,2n), (n,3n), (n,4n), and (n,y) and are described in HEDL-TME-77-54 (Ref. 13).

The photon data include multiplicities and transition probabilities, photon

production crcfes sections, and secondary energy spectra.

MF=1 General information.

MT=452

NUBAR. Thermal value computed from semi-empirical work of Gordeeva and

Smirenkin (ref. 1) as revised by Manero and Konshin (ref. 2). Energy dependence

based on work of Howerton (ref. 3).

MT=458

Energy from fission based on Sher (ref. 12).

MF=2 Resonance parameters (0 to 10 keV).

MT=1S1

Resolved resonances 219 resolved resonances plus one bound level are

included based upon the total cross section measurements of Simpson et al.

(ref. 4) and the production results of Benjamin et al., (ref. 5). Resolved

region - 0 to"250 eV.

95-243-1



95-Am-243
MAT 1363

Unresolved resonances average resonance parameters based on the measurements

of Simpson et al., (ref. 4) were used. Unresolved region - 250 eV to 10 keV.

MF=3 Smooth cross sections (0 to 20 MeV)

MM

Total sum of partial cross sections.

MT=2

Elastic based upon optical model calculations (ref. 7).

MT=4

Inelastic based on statistical model calculations to 17 excited levels

plus continuum (ref. 7).

MT=16

n,2n based on statistical model calculation (ref. 7).

MT=17

n,3n based on statistical model calculations (ref. 7).

MT=18 (Figure 95-243-1)

Fission based on data of Seeger et al., (ref. 8).

MT=19

Same as MT=18 until (n,nf) threshold, after which cross section constant.

MT=20

is (MT=18) - (MT=19).

MT=37

n,4n based on statistical model calculations (ref. 7).

MT=51 67.91

Based on statistical model calculations to 17 excited levels plus continuum •••*•
95-243-2



(ref. 7). 95-Am-243
MAT 1363

MT=102

Capture based on statistical model calculations normalized to match file

2 at 10 keV (ref. 7).

MT=251, 252, 253

MU-BAR (L-system), XI, gamma calculated by Chad.

MF=4 Angular distributions.

MT=2

Elastic angular distributions supplied by H- Alter of AI, composed of a

mixture of measured data for U235, U238, and Pu239, values of gamma slowing

down parameter above 10 keV are suspect and are not to be used without study.

MT>2

Assumed isotropic.

MF=5 Energy distributions.

MT=16

Based on parameters of Gilbert and Cameron (ref. 9).

MT=17

Same as reference as MT=16.

MT=18

Fission spectrum has Maxwellian density with the temp based on Terrell's

prescription (ref. 6); the thermal value of NU was used to determine the temperature.

MT=19, 20

Same as MT=18.

MT=37

Same reference as MT=16 95-243-3



95-Am-243
MAT 1363
MP=91

Same reference as MT=16.

MF=8 Radioactivity data .

MT=102

Used decay data of ENDF/B-V, MAT numbers = 7544 and 7554.

MF=8, MT=457

Radioactive decay data. Q(alpha)-1974 version of Wapstra-Bos-Gove mass

table. Other - see table of isotopes, 7th ed. (preliminary data, priv. comm.

from C M . Lederer). See also Y.A. Ellis and A.H. Wapstra, Nuclear Data Sheets

8, 3, no. 2.1 (1969) and Y.A. Ellis, Ibid, 19, no. 1, 103 (1976). Spontaneous-

fission branching ratio derived from listed half-life value and S.-F. half-

life data of B.M. Aleksandrov et al., Sov. At. Energy 20, 352 (1966).

Note: The listed L-X-ray intensity is a measured value.

Note: The energies and intensities of the ground-state alpha and the two most

intense alpha groups are the recommended values of A. Rytz, At. Data and Mid.

Data Tables 12, No. 5, 479 (1973).

MF=9, MT=102

Based on statistical model calculations (ref. 7)

MF=12,13, 14, 15

Photon production. Files taken from the LLL evaluations of R. Howerton

documented in UCRL 50400, Vol. 15, part A (methods) Sept. 75 and part B (curves)

Apr. 76.
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96-Cm-243
MAT 1343

ENDF/B-V Summary Documentation

Isotope: 96-Cm-243 MAT = 1343

F.M. Mann and R.E. Schenter (HEDL) Apr '78
R. Benjamin (SRL) Aug '75
R.J. Howerton (LLL) Apr '78
C.R. Reich (INEL) Apr '78

This is the first evaluation for ENDF/B for this isotope. Neutron and

photon production data are given between 10" eV and 20 MeV. The cross sections

included are total, elastic, inelastic, (n,f), (n,2n), (n,3n), (n,4n), and

(n,Y) and are described in HEDL-TME-77-54 (ref. 6). The photon data include

multiplicities and transition probabilities, photon production cross sections,

and secondary energy spectra.

MF=1 General information.

MT=452

NUBAR. Thermal value from work of Jaffey and Lerner (ref. 1). Energy

dependence based on work of Howerton (ref. 2).

MF=2 Resonance parameters (0 to 10 keV).

MT=151

Resolved resonances. 15 resolved resonances from work of Berreth et al.,

(ref. 4). One bound level added with average resonance parameters to fit thermal

fission cross section of Hulet et al. (ref. 5). Resolved region: 0 to 27 eV.

Unresolved resonances. Unresolved parameters are an average of the resolved

parameters of Berreth et al., (ref. 4). Unresolved region: 27 eV to 10 keV.

MF=3 Smooth cross sections (0 to 20 MeV)

96-243-1



96-CB-243
HAT

MT=1

Total sum of partial cross sections.

MT=2

Elastic optical model calculation (ref. 6).

MT=4

Inelastic statistical model calculation to 15 excited levels and continuum

(ref. 6).

MT=16

n,2n based on statistical model calculations (ref. 6).

MT=17

n,3n based on statistical model calculations (ref. 6).

MT=18 (Figure 96-243-1)

Fission cross sections are based on statistical model calculations (ref. 6).

The fission cross section agrees well with data of Fullwood et al. (ref. 7).

MT=19

(n,f) Same as MT=18 until (n,nf) threshold, constant thereafter.

MT=20

(n,nf) Difference between MT=18 and MT=20.

MT=37

n,4n Based on statistical model calculations (ref. 6).

MT=51 ... 65.91

Inelastic statistical model calculation to 15 excited levels and continuum

(ref. 6).

MT=102

Capture statistical model calculations (ref. 6).

96-243-2



MAT

MT=251, 252, 255

Based upon MF=4, MT=2.

MF=4 Angular distributions.

MT=2

Based upon optical model (ref. 6).

MT>2 Assumed isotopic.

Assumed isotropic.

MF=5 Secondary neutron energy distributions.

MT=16

Based upon parameters of Gilbert and Cameron (ref. 8).

MT=17

Same reference as MT=16.

MT=18

Fission. Simple fission Maxwellian with energy-dependent temperature.

MT=19 and 20

Same as MT=18.

MT=57

Same reference as MT=16.

MT=91

Based upon parameters of Gilbert and Cameron (ref. 8).

MF=8, MT=457

Radioactive decay data. Q-values-1974 version of Wapstra-Bos-Gove mass

table; half-life-derived from data of G.R. Choppin and S.G. Thompson, J. Inorg.

96-243-3



96-Cm-2U3
MAT 1343
Nucl. Chem. ]_, 197 (1958). Their reported value has been corrected to the

current value of the Cm-244 half-life. Other - see table of isotopes, 7th

ed. (preliminary data, priv. comm. from CM. Lederer). See also Y.A. Ellis,

Nucl. Data Sheets JL9, 103 (1976).

Note: The listed values of the gamma-ray energies are those as determined from

the NP-239 decay. (See also, A. Artna-Cohen, Nuclear Data Sheets B 6, No. 6,

577 (1971) and M.J. Martin, ORNL-5114 (1976)). The gamma-ray multipolarities

are those reported by G.T. Ewan et al., Phys. Rev. 116, 950 (1959). (See also

M.J. Mart op. cit.).

Note: The energies and intensities of the ground-state alpha and the three

most intense alpha groups are the recommended values of A. Rytz, At. Data and

Nucl. Data tables 12, No. 5, 479, (1973).

Note: The Pu K-x-ray intensities are measured values.

MF=12, 13, 14, 15

Photon production. Files taken from the LLL evaluations of R. Howerton

documented in UCRL 50400, vol. 15, Part A (methods) Sept. 75 and Part B (curves)

Apr. '76.
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96-C3J-2U3
MAT 13^3
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•78
'75
•78
'78
•67

F.M. Mann and R.E. Schenter
R. Benjamin
R.J. Hbwerton
C.R. Reich
H. Alter and C. Dunford

The present work supersedes the ENDF/B-IV evaluation, MAT = 1162 by

Alter and Dunford. Neutron and photon production data are given between 10

eV and 20 MeV. The cross sections included are total, elastic, inelastic,

(n,f), (n,2n), (n,3n), (n,n'Y), and (n,v) and are described in HEDL-TME-77-54(ref. 12),

The photon data include multiplicities and transition probabilities, photon

production cross sections, and secondary energy spectra.

MF=1 General information.

MT=452

NUBAR. Thermal value computed from semi-empirical work of Gordeeva and

Smirenkin (ref. 1) as revised by Manero and Konshin (ref. 2). Energy dependence

based on work of Howerton (ref. 3).

MT=458

Energy from fission based on Sher (ref. 17)

MF=2 Resonance parameters (0 eV to 10 keV)

MT=151

Resolved resonances parameters are included for 37 resolved resonances and

one bound level based on ORELA, LASL, and MTR measurements (ref. 4-6) up to

520 eV. Parameters of the bound level and the first resonance were modified

within reasonable experimental limits to provide agreement with integral data

(refs. 7 + 8 ) and production studies (refs. 9 + 10). The potential scattering

96-2*4-1
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cross section is 10.32 barns from optical model calculations. 2200 m/s cross ^

.>'
sections from resonance parameters are capture - 10.4 B, fission - 0.60 B,

elastic - 7.16 B, total - 18.13 B. This value differs from the total cross

section determined by Berreth et al., (23 ± 3 B). But Berreth's data was

not corrected for small angle scattering, a correction which would reduce the

measured 2200 m/s total cross section significantly. Resolved range: 0 to

525 eV.

Unresolved resonances parameters for s-wave resonances are averages from

the resolved region, With the fission width from Moore's more extensive data

for the fission resonances (ref. 5). For the p-wave resonances: D, GG, and GF

are also based on the resolved region, while GNO is determined from the p-wave

strength functions of Dunford and Alter (ref. 11). unresolved range: 525 eV

to 10 keV.

MF=3 Smooth cross sections (above 10 keV)

MT=1

Total cross section: fast region from an optical model calculation (ref. 12)

MT=2

Elastic scattering data obtained in procedure identical to MT=1.

MT=4

Inelastic scattering data results from the scattering to 3 levels plus

continuum. Again an CM is used with a statistical compound nuclear model

(ref. 12).

MT=16

n,2n based on statistical model calculations (ref. 12)

MT=17
1

n,3n based on statistical model calculations (ref. 12)
96-2MH-2
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MT=18 (Figure 92-244-1)

Fission thermal region data calculated from resonance parameters. Fast

region based on data of Moore (ref. 13) with higher energy evaluations based

on statistical model calculations (ref. 12).

MT=19

(n,f) same as MT=18 until (n,nf) threshold, constant thereafter.

MT= 20

(n,nf) difference of MT=18 and MT=19

MT=51, 52, 53, 91

Inelastic scattering data results from the scattering to 3 levels plus

continuum. Again an CM is used with a statistical compound nucleus model (ref. 12)

MT=102

Capture thermal data calculated from resonance parameters. Fast region

data from a statistical model assuming dipole radiation.

MT=251

MUBAR. Calculated from DOM angular distributions.

MT=252

XIBAR. Calculated from DOM angular distributions.

MT=255

GANMA. Calculated from DOM angular distributions.

MF=4 Angular distributions.

MTf_2

Elastic scattering legendre coefficients for 15th order fit to calculated

angular distributions (DOM) are provided between 10 keV and 11 MeV and 19th

order between 12 and 15 MeV.
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MT>2

Assumed isotropic.

MF=5 Secondary energy distributions.

MT=16

n,2n Nuclear temperature with energy dependence as in reference 14.

MT=17

Same reference as MT=16

MT=18

Fission Maxwellian with constant temperature from correlation of Ref. 15.

MT=19 and 20

Same as MT=18

MT=91

Based on parameters of Gilbert and Cameron (ref. 16).

MF=8 MT=457

Radioactive decay data. Q(alpha)-1974 version of Wapstra-Bos-Gove mass

table; half-life-weighted average of values reported by W.C. Bentley, J. Inorg,

Nucl. Chem., 30, 2007 (1968) and W.J. Kerrigan and R.S. Dorsett, J. Inorg,

Nucl. Chem., 34, 3603 (1972). Other - see M.R. Schmorak, Nuclear Data Sheets

17, No. 3, 402 (1976) and table of isotopes, 7th ed. (preliminary data, priv.

comm. from C*M. Lederer). See also M.R. Schmorak, Nuclear Data Sheets 20, 218

(1977).

Note: The L-X-ray data represent measured values. See C.E. Bemis, Jr., and

L. TUbbs, ORNL-5297, 93 (Sept., 1977).
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Note: The intensities of the gamma rays above 153 keV are taken from NDS 20.218

(1977) (ref. above). The energy values are as measured from the NP-240M decay.

Note: The gamma-ray intensity normalization was derived from the listed infor-

mation on the 42.8-keV gamma ray and the ground-state alpha branch.

Note: The energies and intensities of the two highest energy alpha groups are

those recommended by A. Rytz, At. Data and Nucl. Data tables 12, No. 5, 479

(1973).

MF=12, 13, 14, 15

Photon production. Files taken from the LLL evaluations of R. Howerton

documented in UCRL 50400, vol. 15, Part A (methods) Sept. '75 and Part B

(curves) Apr '76.
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Summary Documentation

245
This evaluation of Cm supercedes the current ENDi'/B-V evaluation (release

date (1/79) below 10 keV. The major improvements are the inclusion of more recent

results from the differential neutron fission measurements of Browne et al. and

2
Moore and Keyworth. Cross sections included below 10 eV are total, elastic,

capture and fission, and they are described entirely through the single-level

Breit-Wigner resonance parameters. The only significant changes from ENDF/B-V

are in Files 1, 2, and 3.

File 1 The Average Number of Neutrons per Fission

The average number of neutrons per fission \T is described by

v(E) = 3.83 + 0.190 E (E in MeV)

The thermal value is from the compilation of Manero and Konshin, who renormalized

the work of Jaffey et al. The energy dependence is based upon the work of

Howerton.

File 2 Resonance Parameters

The region from 10"5 eV to 60 eV is described entirely with resonance parameters

for 38 resolved s-wave resonances and one bound level. The parameters are a blend

2
of analyzed results from the LINAC measurements of Browne et al. and the nuclear

detonation measurements of Moore and Keyworth. Other, more limited, recent data

have been examined, but References 1 and 2 provide a consistent data base below 60 eV

and sufficient resonance information to obtain reasonable unresolved resonance

parameters from 60 eV to 10 keV. The only notable difference in the resolved range

is a very small resonance at. 3.207 eV reported in Reference 6. This resonance adds

little to the strength and is implicitly accounted for in the resonance analysis of

Reference 1. The resolved resonance parameters are listed in Table 1 with

96-245-2
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uncertainties derived from Reference 1 and recommended by M. S. Moore. Associated

with these resonance parameters is a potential (hard sphere) scattering cross

section of 10.1 b from optical model calculations at 10 keV.

Unresolved resonance parameters for s- and p-wave neutrons have been deterir.imul

from average parameters in the resolved region combined with a p-wave strength

function S. = 2.00 x 10"4 obtained through extrapolation of Lynn's work. The

unresolved resonance parameters are summarized in Table 2. Upon expansion with

the single-level Breit-Wigner formalism, these unresolved parameters provide a

reasonable match below 10 keV to the recent fission measurements of Najjagome and

Block.11

These resolved and unresolved resonance data combined with the ENDF/B-V

evaluation of Howcrton above 10 keV yield the thermal cross sections and infin-

itely dilute resonance integrals listed in Table 3 where they are compared with
I9 13

the best integral data. **' The evaluation represents the best current description

of the 245Cm cross sections below 10 keV.

File 3 Smooth Cross Sections

There are no File 3 data below 10 keV,

File 4 Angular Distributions

4
The elastic angular distribution is from Howerton's LLL evaluation and is

identical with the current ENDF/B-V.

File 5 Secondary Neutron Energy Distributions

The fission neutron energy spectrum is a simple fission Maxwellian with an

energy-dependent temperature.

96-245-3
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4. A. H, Jaffey and J. L. Lerner, Nuclear Physics A145, 1 (1970).

5. R. J. Howerton, Nuclear Science and Engineering 62_, 458 (1977).

6. T. S. Belanova, Yu. S. Zamyatnin, A. G. Kolesov, V. M. Lebedev, and
V. A. Poruchikov, Atomnaya Energiya 42_, 52 (1977).
[See also the Kiev Conference Proceedings, 1977],

7. S. M. Kalebin, "Total Neutron Cross Section Measurements on the Transactinium
Isotopes 2kl,-'l3Am, 2UI*»21i5*2lj5»2'l8Cin.1* Transactiniura Isotope Nuclear Data
TND, International Atomic Energy Agency IAEA-186, Vol. II, p 121 (1976).

8. J. R, Berreth, F. B. Simpson, and B. C. Rusche, Nuclear Science and
Engineering 49_, 145 (1972).

9. M. S. Moore, private communication.

10. J. E. Lynn, The Theory of Neutron Resonance Reactions, Clarendon Press,
Oxford, 1968, p 290.

11. Y. Nakagome and R. C. Block, private communication (to be published).

12. S. F. Mughabghab and D. I. Garber, "Neutron Cross Sections," Vol. 1,
"Resonance Parameters", BNL 525, Third ed. Brookhaven National Laboratory
(1973).

13. R. W. Benjamin, K. W. MacMurdo, and J. D. Spencer, Nuclear Science and
Engineering 47, 205 (1972).

96-245-4



96-Cm-245
TABLE 1 MAT

RHSOLVHl) RFSONANCU PARAMJi'I U S * VQR 2'(5Or. - 10"5 to 61. S eV

E0
eV

-0
0
1
2
4
5
7
8
9
10
11
13,
16,
21,
24,
25,
26,
27,
29.
31.
33.
34.
35.
36.
39.
40.
42.
43.
44.
45.
47.
49,
50.
51.
53.
54.
56.
58.
60.

.85

.93

.45

.68

.75

.53

.65

.15

.15

.34

.75

.0
,4
.8
,8
.8
.6
,4
,7
0
,6
,3
,3
5
4
5
1
6
8
5
2
5
6
6
6
3
5
0

AE
0eV

0.03
0.03
0.05
0.05-
0.10
0.05
0.15
0.15
0.10
0.10
0.10
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

gl'n

liK'V

0
0
n

0
2
0
1
0
0
0
0,
0,
0,
3.
4,
0,
0,
0,
3.
0.
0.
0.
7.
1.
0.
4.
6.
1.
2.
0.
3.
5.
1.
0.

12.
0.
1.

13.
0.

.144

.102

.24

.11

.10

.11

.91

.53

.39

.40

.88

.34

.66

.41

.05

.04
,77
,73
,58
,50
,37
,23
.58
54
,653
48
37
73
61
59
56
04
79
625
35
33
40
85
610

A2gFn

meV

0.004a

0.009
0.03
0.017
0.02
0.03
0.12
0.10
0.10
0.05
0.12
0.10
0.20
1.0
1.2
0.01
0.2
0.2
1.0
0.05
0.04
0.02
0.80
0.15
0.07
0.45
0.54
0.17
0.26
0.10
0.36
0.50
0.18
0.03
1.24
0.05
0.14
1.39
0.08

Ff
meV

30C
800
175
300
325
300
300
500
200
200
150
170
400
490
225
550
130
200
350
690
4
60

4195
190
102
585
10
537
694
900
280
1399
751
207
896
1057
505
393
518

BICV

50
50
25
50
30
100
30
100
50
50
25
30
100
100
50
165
39
50
100
200
2
20

1200
60
30
170
4

160
210
270
80
420
225
60
270
325
150
120
150

A value of Ty - 40 meV was used for all resonances except for
the bound level at -0.1 eV whore 50 eV was used. The uncer-
tainty attributed to these values should be -v+20%.

a For .this (bound)' level", 2gl'° is listed.
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TABLE 2

UNRESOLVED RESONANCE PARAMETERS FOR 21*5Cni - 61.5 eV to 10 kcV

a

0

0

1

l

l

I

j

3

4

2

3

4

S

D
eV

2.57

2.00

3.59

2.57

2.00

1.63

s»
x 10**

1.17

1.17

2.00

2.00

2.00

2.00

r °"
meV

0.30

0.23

0.70

0.51

0.40

0.33

Ty
meV

40

40

40

40

40

40

rf
meV

519

513

519

519

519

519

TABLE 3

THERMAL CROSS SECTIONS AND RESONANCE INTEGRALS FOR 21*5Cm

Thermal (2200 m/s) Cross Sections(b) Resonance Integrals

g 220G o2200 j (b - eV)

nf ny n£ *n-y

(>0.62£e\0 (>0.625 eV)

Calculated 2210 341 821.4 107.5
(this work)

Measured 2143+581 345+2012 772+4013 101+ S12
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This evaluation of 2lf6Cm combines the evaluation of Benjamin, McCrosson,

and Gettys1 (SRL) from 10~5 eV to 10 MeV with parts of the ENDL evaluation of

Howerton2 (LLL) for neutron cross sections from 10 MeV to 20 MeV and photon

production over the entire energy range. The evaluations were merged at BNL

by R.R. Kinsey. The cross sections were adjusted near 10 MeV to provide a

smooth curve between the two evaluations.i The cross sections included are

total, elastic, inelastic, (n,2n), (n,3n), fission, (n,4n), (n,nr) and (n,v)•

File 1

The average number of neutron per fission v is described b

v"(E) = 3.48 + 0.196E (E in MeV)

The thermal value is based upon the compilation of Manero and Konshin3, and the

energy dependence upon the work of Howerton1*.

File 2

The region form 10 5 eV to 385 eV is described entirely with parameters for

10 s-wave resolved resonances below 385 eV based on references 5, 6, and 7. The

parameters of the first resonance were modified within the experimental uncer-

tainties to give reasonable agreement with the integral data and production

studies. A potential (hard sphere) scattering cross section of 10.466b asso-

ciated with these parameters was obtained from spherical optical model calcu-

lations. Expansion of the resonance parameters yields 2200 m/s (0.0253 eV)

cross section values of

0 n T = 11.04b, o"nn = 9.68b, anf = 0.06b, and c ^ = 1.30 b. 96-246-1
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The region from 385 eV to 10 keV is described by s- and p-wave unresolved

resonances. The 9. « 0 (s-wave) resonance parameters were derived from the

PHYSICS-8 results7. The £ - 1 (p-wave) parameters were selected such that the

capture cross section from the combination of I - 0 and 1*1 parameters joins

smoothly to the results of model calculations at 10 keV.

File 3 Below 10 MeV

Cross sections between 10 keV and 10 MeV were computed with nuclear model

codes; only the fission cross sections have been measured7. The optical model

calculations are described in detail in reference 1, as well as the variation

of the fission parameters to give good agreement with the fast fission cross

section data of Moore and Keyworth7.

Level energies for the first three inelastic levels were takei. from the

compilation of Lederer et al8. The remaining inelastic levels were inferred

from similar, neighboring, even-even nuclei. Level schemes for the odd-mass

curium isotopes needed for (n,2n) calculations were obtained frca the work of

Braid et al9. Cross Sections were determined for the excitation of discrete

inelastic levels for incident neutron energies from 0.03 to 3.0 MeV. Between

0.5 and 3.0 MeV, the remaining (n,n') cross section was treated as a continuum

of levels; above 3.0 MeV, the (n,n') reaction was treated wholly as a continuum.

At 10 MeV

The total, fission, inelastic continuum, and n,y cross sections were smooth-

ly joined at 10 MeV by R. Kinsey.

Above 10 MeV

MT=16 The n,2n cross section was done by R. Kinsey. A general n,2n cross

section shape was used, adjusted to Howerton's 14 MeV value.

MT=17 The n,3n cross section was obtained entirely from nuclear systematics.

The threshold is at 12.02 MeV and the excitation function rises in the

usual sigmoid shape to a plateau of 900 mb, then falls due to the

96-246-2
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MT*17 (cent.)

onset of the n,2nf reaction at about 17.5 MeV and the n,4n reaction at

about 18.8 MeV, to a value of 250 mb at 20.0 MeV.

MTcl8 The fission cross section was evaluated by Howerton for E > 13.0 MeV

and is based entirely on systematics.

MT=37 The n,4n cross section thresholds at 18.84 MeV, rising from threshold

to a value of 0.3 barns at 20.0 MeV.

File 4

Elastic scattering angular distributions are from the LL evaluations.

Angular distributions for n,n' level reactions are assumed isotropic in the center

of mass system. Angular distributions for other neutron producing reactions are

assumed to be isotropic in the laboratory system.

File 5

Secondary neutron energy distributions for the inelastic-continuum and the

(n,2n) reactions are assumed to be evaporation spectra. They are described by

Maxwellian distribution with energy dependent temperatures consistent with the

work of Drake and Nichols10.

Energy distributions for secondary neutrons from the n,3n and n,4n are

presented in tabular form and were done by Howerton. Fission neutron energy

distribtions are described by a simple Maxwellian fission spectrum with energy

dependent temperature.

File 8

The decay data included are from C. Reich (INEL). The o-particle Q values

are from the unpublished 1974 Wapstra-Bos-Gove mass Tables and the alpha

particle data are those recommended by Rytz11. Remaining data are from ref-

erences 12 and 13.

File 12-15

The photon production data are as described below except that the
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File 12-15 (cont.)

calculations using the NXGAMEL code used an evaluation that was done by SRL

below 10 MeV and LLL above 10 MeV. In the current evaluation the n,2n cross

section (R. Kinsey) and the energy distributions for the n,2n and inelastic

continuum (SRL) replaced the data used in the calculation. As a result the

photon production cross sections and spectrum will not conserve energy when

used with the neutron interaction data of this evaluation.

MF=12, MT=18
MF=14, MT=18
MF=15, MT=18

The cross section for photon production from fission is entered

as a mulitplicity anplied to the fission cross section. The

photon energy from fission of 6,2 MeV. This value is divided by

the average energy in the photon spectrum, using the measured

fission photon spectrum for U^35# Photons from fission are assumed

to be isotropic.

MF=12, MT=102
MF=14, MT=102
MF=15, MT=102

Photon production from the neutron capture reaction is handled by

using multiplicities and normalized spectra. The photon mulit-

plicities for these reactions are derived by dividing the average

photon energy into the total available energy. The spectrum of

secondary photons is assumed to be the same as that for the measured

U 2 3 8 photon spectrum. Photons from neutron capture are assumed

to be isotxoplc.

MF=13, MT=3
MF=14, MT=3
MF=15, MT=3

For energies below 43 keV, photon production is assumed to originate

only from capture and fission processes. From 43 KeV to 20 MeV (in

96-246-4 the absence of measurements) the pho'on production cross sections
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MF-13, MT-3
MF=14, MT>3
MF=15, MT=3 (cont.)

and spectra are calculated with the NXGAMEL code. This code is

based on systematics described by Perkins, Haight, and Howerton

in Nucl. Sci. Eng. 57, 1 (1975). A summary of this method of

calculating photon production data is discussed in UCRL-50400,

Vol. 15, Part A, pp. 38 to 41. Photons are assumed to be

emitted isotropically.
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