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SUMMARY DOCUMENTATION OF LASL
NUCLEAR DATA EVALUATIONS FOR ENDF/B-V

Compiled by

P. G. Young

ABSTRACT

Summaries are presented of nuclear data evaluations per-
formed at Los Alamos Scientific Laboratory (LASL) that will
comprise part of Version V of the Evaluated Nuclear Data File,
ENDF/B. A total of 18 general purpose evaluations of neutron-—
induced data are summarized, together with 6 summaries directed
specifically at covariance data evaluations. The general pur-

pose evaluation summaries cover the following isotoges: 1‘3H,
2
4 6,7L1, 108, l*,15y, 16, 27pp 182,183,184,186y 233y

g

Pu. The covariance data summaries are given for 1H, Li,
10 1%N, !%0, and 27a%.

I. INTRODUCTION

The utilization of new versions of the Evaluated Nuclear Data File, ENDF/B,
which is issued through Brookhaven National Laboratory (BNL), is greatly en-
hanced by the availability on a timely basis of appropriate supporting documen-
tation. Because comprehensive reports describing new evaluations are sometimes
delayed in time, it has been the practice of BNL to collect shorter, summary
documents from contributing evaluators and to provide this information for each
new version of ENDF/B. The purpose of the present report is to provide the sum-
mary documents for evaluations performed at Los Alamos Scientific Laboratory
(LASL) that will be a part of Version V of ENDF/B. This report only summarizes
evaluations of general purpose or covariance files to which LASL evaluators
made recent and/or significant contributions. The summaries do not cover LASL
work on such special purpose files as fission-product yields, activation cross
sections, gas production, etc.

II. CONTENT OF SUMMARIES

A. General Purpose Files

Summary documentation for the general purpose file evaluations is given
in Appendix A., These evaluations generally cover all neutron and gamma-ray
production cross sections, angular distributions, and energy distributions for




incident neutron energies in the range 1075 eV to 20 MeV and may or may not in-
clude covariance data. Summaries are %iven for the following isotopes: 1'3H,
Iabpge  6s7p4  10g  1kslSy 16g 27,9 8251831845186y 233y gnq 242py,

Each of the summary documents includes a section summarizing the extent of
modification of the evaluation for Version V, followed by a more detailed section
that describes the major entries in each ENDF/B file for the various reaction
types (MT numbers). In all cases the latter section is based upon the descriptive
data in File 1 of the evaluation. For those isotopes that include neutron cross
section standards, an additional section is given that summarizes the standards
data in more detail. Graphical comparisons of evaluated and experimental data
are included in several of the summaries.

B. Covariance Files

Additional documentation is provided in ApEendix B for the covariance data
(ENDF/B File 33) evaluations of 'H, ®Li, !B, !*N, %0, and 27A%. The covariance
summaries provide details as to the content and limitations of the correlated
error data, together with brief descriptions of the methodology used for each

of the error evaluations.
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SUMMARY DOCUMENTATION FOR lH

by

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 1301) is basically the same as the Ver-
gion 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-° eV to 20 MeV, and documentation is provided in
LA-4574 (1971) and LA-6518-MS (1976).

II. STANDARDS DATA

The 1H(n,n)lH 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 Breit! was used to generate the scattering cross section and angular dis-
tributions of the neutrons for the ENDF/B-V file.? The code and the Yale phase
shifts? were obtained from Hopkins" 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 down below 200 keV as represented in
the original paper.!

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 Barschall.® 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 giving 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 the
earlier experiments shown in Fig. 2 is quite good over the entire energy range.
The 1969 data of Schwartz® included in Fig. 3, however, lie slightly below the
evaluation over most of the energy range even though agreement with the 1972
results of Clement’ is quite acceptable,

%

For E, = 30 MeV, the difference in the 180° cross section is ~ 1% as calculated
from the Legendre coefficients? compared to that calculated from the phase
shifts.

4
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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 0da® 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 been employed in many experiments to determine the angular distributions. A
composite of these measurements is compared with ENDF/B-V in Fig. 5A. Note that
most of the experiments are in reasonable agreement on a relative scale, but 10%
discrepancies frequently appear among the data sets. The measurements of Cam-
bou® 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 Galonskylo 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.? 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: 10-° 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 energles 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 than 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 (@) 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 ¢(0) 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.
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III. ENDF/B-V FILES

File 1. General Information
MI=451. Descriptive data.

File 2, Resonance Parameters
MT=151. Effective scattering radius = 1.27565 x 1012 cm.

Resonance parameters not given.

File 3. Neutron Cross Sections

MI=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.
MI=2, Elastic Scattering
Standard - see discussion in Sec. II.

Mr=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.

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

MI=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
MI=4, 0.00001 to 5 eV free gas sigma = 20.449 barns.
File 12, Gamma Ray Multiplicities

MI=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
MI=1l. Covariance matrix derived from MT=2, 102.

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

MI=102. Covariance data for radiative capture added by P. G. Young
(Nov. 7, 1978). .
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Angular distribution of the neutrons elastically scattered from
hydrogen at energies near 14 MeV. The experimental data shown
were reported in Refs. 9, 34, 36 and 45-50.
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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.! 1n addition, Files 8 and 9 have been included
to provide tritium production information. The evaluation covers the energy
range 10-° eV to 20 MeV.

II. ENDF/B-V FILES
File 1. GENERAL INFORMATION
MT-451., Descriptive data.
File 2. Resonance Parameters

MI=151. Effective scattering radius = 0.51977 x 10-'? cm. Resonance
parameters not given.

File 3, Neutron Cross Sections
MT=1l. 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 NBS? (which are preliminary) but agrees at
higher energies. The Davis data® 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

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

MI=16. (n,2n) Cross fectlon

Data taken from Holmberg' and from Catron.® 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 Bbsch.® The 14 MeV value
is a factor of 3 lower than Cerineo.’ 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,

MI=16. (n,2n) Angular Distributions
Calculated by code of Young9 assuming phase space argument, therefore
ignoring the 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
File 12. Gamma Ray Multiplicities

MI=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
MI=102. (n,Y) Angular Distribution

Assumed isotropic.
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SUMMARY DOCUMENTATION FOR 3H

by
L. Stewart

Los Alamos Scientific Laboratory
Los Alamos, New Mexico

SUMMARY

The ENDF/B-V evaluation for °H (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.

18

ENDF/B-V FILES

File 1. General Information

MT-451. Descriptive data.

File 2, Resonance Parameters

MT=151. Effective scattering radius = 0.32164 x 10~'2? 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 Cross 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 p—He3 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).




File

File

File
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MT=16., (n,2n) Cross Section
Only one measurement exists, that of Mather and Pain (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 Pain (Ref. 14) and
Cookson (Ref. 16) confirm these estimates.
MT=102. (n,Y) Cross Section (not included)
The measured cross section 1s 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-Q5 eV to 20 MeV

Mr=253., Gamma, From 1.0E-05 eV to 20 MeV
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.
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.
8. Decay 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 %He evaluation for ENDF/B-V (MAT=1146) was carried over intact from
Version IV. The evaluated data cover the energy range 103 eV to 20 MeV, and

documentation for the standards portion of the data is given in LA-6518-MS
(1976).

IT. 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 file! in 1971. No changes have been recommended for this file;
therefore, the present evaluation was carried cver from both Versions III and
IV of ENDF/B.

The thermal cross section of 5327 b was derived from precise measurements
by Als-Nielsen and Dietrich® of the total cross section up to an energy of 11
eV. No experimental measurements on the 3He(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 Macklin® 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.” as given in Fig. 3. Note that these three measurements are in
good aéreement among themselves but are higher than the measurements of Batchelor
et al.” and of Sayres et al.” oOn 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.® measured the (n,p) cross section from 300 keV
to 1 MeV 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 more than 10%
lower than ENDF/B-V.
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Finally, Lopez et al.!® measured the relative ratio of the counting rates
between 3He 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 3He(n,p) cross section to convert the Lopez ratio measurements to
198 cross sections, reasonable agreement with Version V 1°B(n,oz) is obtained.

It should be noted, however, that the energ¥ points are too sparse above a few
keV to reproduce the structure observed in B

Although the thermal (n,p) cross section is known 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 3He(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 needed 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
MI=1. Total Cross Sections
From 0.00001 eV to 10.8 keV MT1 taken as sum MT2 4+ MT103. TFrom
10.8 keV to 2C.0 MeV MI1l 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 mig-
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. 1In the present evaluation, these reactions are simply
absorbed in MT=2.
MT=3., (n,p) Cross Section
Standards reaction - see Sec. II above.

MIr=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).
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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, MI=2.

MI=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, 1ll-14 covering
incident energies as follows:

INCIDENT ENERGY REFERENCES

1.E-5 eV (Isotropic)

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 MevV 7
20.0 MeV 11 (from p+t elastic scattering)
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SUMMARY DOCUMENTATION FOR 4He

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—“He 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 10~1? cm.
Resonance parameters not given.
File 3. Neutron Cross Sections

The 2200 m/s cross sections are as follows:

0.75916 b
0.75916 b

MT=1 Sigma
MT=2 Sigma

MT=1l. 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 Wthh 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 ana1y31s. 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 RPI total cross section meas-
urement (Go73), which cover the range Ep= 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 l 0%Z. A 81mple model for the
charge dlfferences 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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SUMMARY DOCUMENTATION FOR 6Li

by

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

1. SUMMARY

The previous evaluation for 5L,i 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 L1(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
®Li 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
5Li(n,t)"He 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 10-5 eV to 20 MeV.

II. STANDARDS DATA

The ®Li(n,a) cross section is regarded as a standard below En=100 keV.
The Version V cross sections for °Li below 1 MeV were obtalned from multi-
channel, multilevel R-matrix analyses of reactions in the Li 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 1ncorporated into the Version V analysis.

For Version IV, the °Li(n,0) 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-°Li elastic angular distributions and polarizatioms, SLi(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-°Li oy . Harvey, ORNL" 0.5-1%
6Li(n,oc) integrated cross section Lamaze, NBs?! 1-2% (relative)
l'He(t,t:)l*He differential cross section Jarmie, LASL3® 0.4~1%

“He(z,t)“He analyzing power Hardekopf, LASL3® 1%

Fits to the (n,a) data included in the Version V analysis are shown in
Figs. 1 and 2. In Fig. 1, the data are plotted as O-/E;; in both figures, the
Version IV evaluation is represented by the dashed curves. The good agreement
with Lamaze's new 6Li(n,a) integrated cross section measurement?! is particu-
larly encouraging, since these are close to the values most consistent with
the accurate new t + o measurements.>°»3% 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 includin§ these precise new data in the analysis has reduced
the uncertainty of the new °Li(n,0) cross section significantly (to the order
of 3%) 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 = 0.23778 x 10~'? cm.
Resonance parameters not given.
File 3, Neutron Cross Sections
The 2200 m/s cross sections are as follows:
MT=1 Sigma = 936.64 b
MT=2 Sigma 0.71046 b

MI=102 Sigma 0.03850 b
MT=105 Sigma = 935.89 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 'Li 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 MI=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 as
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.

MI=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, 58-8l. (n,n')d Continuum Cross Sections

Represented by continuum-level contributions in 8Li, 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 °Li. 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,nj)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-MeV point of Cookson (Ref. 14).
MT=57. (n,n2)Y Cross Section

Rises rapidly from threshold, peaks at 5 mb and falls off gradually
to 20 MeV. No data available except upper limits.
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MTr=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.

MI=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. Between
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
MIr=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.

Mr=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.
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.
8. Radioactive Nuclide Production

MI=103. (n,p) °®He

®He beta decays, with a half-1life of 808 ms,back to 8Li with a
probability of unity.

MT=105. (n,t) “He
Tritium, which is the only radiocactive product of this reaction,
beta decays to °He with a probability of unity and with a 1ife-
time of 12.33 years.
9. Radioactive Nuclide Multiplicities
MI=103. (n,p) Multiplicity
A multiplicity of one is given for the production of ®He,

MT=105. (n,t) Multiplicity

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

File

12. Gamma-Ray Multiplicities
MIr=57. (n,nz) Y Multiplicity

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

MI=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=1l, 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 MI=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 NI-type sub-subsections in the 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 energles above 1.05 MeV.
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