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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 isoto es:
34 67 10 14,15N 160 182,183,184, #6w 2:i~’s He, ~ Li, B, 27Ak,
and 242PU. tThe covarianc; dat; summaries are given fo; lH, Li,
10B 14N 160

, and 27Ak .9 Y

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 apart 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
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incident neutron energies in the range 10-5 eV to 20 MeV and may or may not in-
clude covariance data. Summaries are f~;en for the following isoto es:

Y
1-3H,

3’4He, 6’7Li, 1°B, 14’15N, 160, 27AI, S183S184Y186W 233U, and 2 2pu.
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 Ap endix B for the covariance data

(ENDF/B File 33) evaluations of lH, 6Li, 1°B, I?N 160 and 27A~
. The covariance

summaries provide details as to the content and l;mita;ions of the correlated
error data, together with brief descriptions of the methodology used for each
of the error evaluations.
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APPENDIX A

Summary Documentation of LASL Nuclear
Data Evaluations for the General Purpose

Files of ENDF/B-V
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I. SUMMARY

The lH evaluation for

Alamos Scientific Laboratory
Los Alamos, New Mexico

ENDF/B-V (MAT 1301) is basically the same as the Ver-
sion IV evaluation. Changes include the addition of correlated error data in
MFx=33 and different interpolation rules for MT=l 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).

11. STANDARDS DATA

The lH(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 Breitl 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
shifts3 were obtained from Hopkinsq 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.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 Barschall.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 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 SchwartzG included in Fig. 3, however, lie slightly below the
evaluation over most of the energy range even though agreement with the 1972
kesults of Clement7 is quite acceptable.

*
For En = 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 .
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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 Odaa 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-
boug 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 Galonsky1° 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°/00 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: 10-5 eV (isotropic), 100 keV (isotropic), 500 keV, and at l-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 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 o(O) 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 O(@) 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

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

~.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.OE-05 eV to 20 MeV.

MT=2. Elastic Scattering

Standard - see discussion in Sec. II.

MT=1020 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.

MTI=251. Average Value of Cosine of Scattering Angle In Lab System

from 1.OE-05 Ev to 20 MeV. (Provided by BNL).

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

MT=253. Gamma, from 1.OE-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=lo Covariance matrix derived from MT=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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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-S eV to 20 MeV.

II, ENDF/B-V FILES

File 1. GENERAL INFORMATION

MT-4510 Descriptive data.

File 2. Resonance Parameters

MT=151. Effective scattering radius = 0.51977 x 10-12 cm. Resonance
parameters not given.

File 3. Neutron Cross Sections

Mr=l. 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 data3 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

t
Atomic Weapons Research Establishment, Aldermaston, U.K.
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essentially equal to the total cross section below the n,2n
thresk.old and-the total minus the n,2n above the threshold.

Checks and balances were always made. See LA-3271 for the
graphical comparisons.

MT=16 . fn,2n) Cross Section

Data taken from Holmbergq 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 l/V up to 1 keV. Curve was drawn above this energy to include
measurements on the inverse reaction by B“&sch. The 14 MeV 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 niD and p-D scattering. Agreement is good with van Oers
analysis. See LA-3271.

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

Calculated by code of Youngg 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 Dj.stributions

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

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 3H

by

L. Stewart
Los Alamos Scientific Laboratory

Los Alamos, New Mexico

I. suMMARY

‘he 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).

11. ENDF/B-V FILES

File 1. General Information

MT-451. Descriptive data.

File 2. Resonance Parameters

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

File 3. Neutron Cross Sections

MT$=l. 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-He 3 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 Pain (Ref. 14) at
14.1 MeV. Estimates of this cross section were therefore made
from systematic 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 is less than or equal to 6.7 microbams
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.OE-05 eV to 20 MeV

MT=252 . Average Logarithmetic Energy Change Per Collision, From
1.OE-05 eV to 20 MeV

MT=253. Gamma, From 1.OE-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

MT=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. 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

1. 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).

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-111 filel in 1971. No changes have been recommended for this file;
therefore, the present evaluation was carried over from both Versions 111 and
IV of ENDF/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 3He(n,p) reaction are available below
- 5 keV, and the cross section was assumed to follow l/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 a reement 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.8 (noted on
the same figure).

In 1970, Costello et al.g 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.l” 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
l“B cross sections, reasonable agreement with Version V 1°B(n,a) is obtained.
It should be noted, however, that the energ points are too sparse above a few

{oBkeV to reproduce the structure observed in .
Although the thermal (n,p) cross section is known to better than 1%, the

energy at which this cross section deviates from l/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.

111. ENDF/B-V FILES

File 1. General Information

MT=451. Descriptive data.

File 2. Resonance Parameters

MT=151. Scattering length

File 3. Neutron Cross Sections

= 0.2821E-12 cm.

MT’l. Total Cross Sections

From 0.00001 eV to 10.8 keV MTl taken as sumMT2 + MT103. From
10.8 keV to 2C.O MeV MTl 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-MTIO4 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).
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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.

W-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

1.E-5 eV
0.5 MeV
1.0 MeV
2.0 MeV
2.6 MeV
3.5 MeV
5.0 MeV
6.0 MeV
8.0 MeV

14.5 MeV
17.5 MeV
20.0 Mev

(Isotropic)
(Isotropic)
8
8

11
8

11
8, 12 (from p+t elastic scattering)
7, 12 (from p+t elastic scattering)

12, 13 (from p+t elastic scattering)
7

11 (from p+t elastic scattering)

REFERENCES

1. This evaluation was translated by R. J. LaBauve into the ENDF/B format for
Version 111.

2. J. Als-Nielsen and O. Dietrich, “Slow Neutron Cross Sections for He3, B,
and Au,” Phys. Rev. 133, B 925 (1964).

3. J. H. Gibbons and R. L. Macklin, “Total Neutron Yields from Light Elements
under Proton and Alpha Bombardment,” Phys. Rev. 114, 571 (1959).

4. R. L. Macklin and J. H. Gibbons, Proceedings of the International Conference
on the Study of Nuclear Structure with Neutrons, Antwerp, 19-23 July 1965
(North-Holland Publishing Co., 1966), p. 498.

5. J. E. Perry, Jr., E, Haddad, R. L. Henkel, G. A. Jarvis, and R. K. Smith,
private communication 1960.

23



6.

7.

8.

90

10.

110

12.

13.

14.

2-He-3
hlAT 1146

R. Batchelor, R. Aves, and T. H. R. Skyrme, “Helium-3 Filled Proportional

Co,unter for Neutron Spectroscopy,” Rev. Sci. Instr. 26, 1037 (1955).

A.aR;, Sayres, K. W. Jones, and C. S. Wu, “Interaction of Neutrons with
He , , 1853 (1961).

J. D. Seagrave, L. Cranber , and ,J.E. Simmons, “Elastic Scattering of Fast
9Neutrons by Tritium and He ,“ Phys, Rev. 119, 1981 (1960).

D. G. Costello, S. J. Friesenhahn, and W. M. Lopez, “3He(n,p)T Cross Sec-
tion from 0.3 to 1.16 MeV,” Nucl. Sci. Eng. 39, 409 (1970).

W. M. Lopez, M. P. Fricke, D. G. Costello, and S. J. Friesenhahn, “Neutron
Capture Cross Sections of Tungsten and Rhenium,” Gulf General Atomic, Inc.
report GA-8835.

Los Alamos Physics and Cryogenics Groups, Nucl. Phys. 12, 291 (1959).

J. E. Brolley, Jr., T. M. Putnam, L. Rosen, and L. Stewart, Phys. Rev.
159, 777 (1967).

B. Antolkovic, G. Paic, P. Tomas, and R. Rendic, Phys. Rev. , 777 (1967).

L. Rosen and W. Leland, Private communication

‘He[n,plT

+ MACKLIN .ORNL 1963

&o~~ + GIBBONS.ORNL 1966

30

1(

s

e

‘i

‘He[n,PIT

CURVE l/V FROM

‘%eh,p)T = S327b at 00253 eV

TABULAR VALUES FROM
_ld22w~

lorv 20 267,9 269.9

50eV 2.0 1198 121.0

100,V 2,0 8L 73 86.73

500eV 2.0 3789 3989

lkeV 20 2679 28.79

1.7keV - 20S5 —

1 3He[n.p)aSl/v

I
I
1 3t!+[n,pl Experimental
1

I

I

1

USE l/v –-+ — USE EXPERIMENTAL—

t’

—

6

51 ! I 1 I 1 ! I I

I 2 3 It 5 6789

NEUTRON ENERGY (keV)

(1967).

Fig. 1.

The (n,p) and total cross
sections for 3He from 1 to
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through the experimental
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SDMMARY 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 D075). By making use of the charge sym-
metry of nuclear forces, p-4He data were included in the analysis along with
the available n-4He 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 i 2% at all energies. As all gamma-ray production cross
sections are essentially zero for 4He, gamma ray files (MF=12-16) are deliber-
ately excluded from the evaluation.

11. 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=l. 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-4He data but also very precise p-4He data. All
the available n–4He and p-4He data below 20 MeV were considered
in the analysis. Since the previous evaluation was completed in
1968, several n-4He elastic scattering measurements have been
done, The most significant of these are the low energy neutron
cross sectionsof Rorer (R069), the RPI total cross section meas-
urement (G073), which cover the range En= 0.7-30 MeV, and the
relative angular distributions of Morgan (M068). A complete list
of references for the n-4He data used is given below. The p-4He
data was selected to satisfy very stringent statistical criteria
and we believe the possible errors of the predicted values for the
p-4He scattering to be less than 1.0%. A simple model for the
charge differences between the n-4He and p-“He systems was as–
sumed and the n-4He and p-4He 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

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
‘Li(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 10-5 eV to 20 MeV.

11. STANDARDS DATA

The 6Li(n,a) cross section is regarded as a stan~ard below En=lOO 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 ‘Li(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

6Li elastic angular distributions and polarizations,shapes of the n- 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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Measurement References

n-GLi OT Harvey, 0RNL4

6Li(n,a) integrated cross section Lamaze, NBS21

“He(t,t)4He differential cross section Jarmie, LASL3S

4He(?,t)”He analyzing power Hardekopf, LASL36

3-Li-6
MAT 1305

Approximate

Precision

0.5-1%

1–2% (relative)

0.4-1%

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.%; in both figures, the
Version IV evaluation is represented by the dashed curves. The good agreement
with Lamaze’s new 6Li(n,u) integrated cross section measurement21 is particu-
larly encouraging, since these are close to the values most consistent with
the accurate new t + a measurements .35$3G 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 ~ thesepre cise new data in the analysis has reduced
the uncertainty of the new Li(n,a) 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 10-12 cm.

Resonance parameters not given.

File 3. Neutron Cross Sections

The 2200 m/s cross sections are as follows:

MT=l Sigma = 936.64 b
MT=2 Sigma = 0.71046 b
MT=102 Sigma = 0.03850 b
MT=105 Sigma = 935.89 b

MT=l . 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 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=l, 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 6Li, 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 contribution’s is normalized to an assumed energy-angle
integrated continuum cross section which approximates the dif-
ference of Hopki& 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,nl)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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MT=102. (n,Y) Cross Sections

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

MT=1030 (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. 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 o. 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. MT=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

MT=24 . (n,2n) Energy

Energy Distributions

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) ‘He

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

probability of unity.

M’T=105. (n,t) 4He

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 ‘He.

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 propagation.

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 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 energies above 1.05 MeV.
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SUMMARY DOCUMENTATION

by

FOR 7Li

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 11 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.

11. 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=l. Total Cross Section

Below 100 keV, based on
and radiative capture
with an expression of
constant and an-v has

analysis of available total cross section
measurements (Hu58, Hu60, H058, and H059)
the form aT = On,n + On,y, where On,n =
a l/V energy dependence. The analysis

resulted in CJn__~’=1.05 b and CSn,y= 0.036 b

100 - 500 keV, based on available experimental
H058, and H059).

at thermal.

data (Hu58, HY60,
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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 G071, slightly normalized to improve agreement with F071,
Br58, C052, 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

o- 100 keV, see MT=l summary.

0.1 - 20 MeV, based on experimental data of Ar63, Ba63B, B059, Gr59,
La61, T056, Wi56, and W062.

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=l cross section. Experimental nonelastic measurements
that were considered include C059, G059, Mc63, and Ri53.

MT=4. Inelastic Cross Section

Sum of MT=51 and 91.

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

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)~ Cross Section

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

MT=51. (n,n’~) Cross Section

Threshold - 20 MeV, the energ -~ depende nt cross section to the 478-
keV first-excited state of Li, 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 smoath
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-a breakup is based mainly on the
experimental data of Ba63B, R062, 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 rnb (Hu60) with l/V
energy dependence until the cross section falls to 10 pb.

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

MT=104 ● (n,d) Cross Section

Threshold - 20 MeV, smooth curve through the experimental data of
Ba53, Ba63B, and Mi61.

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 (A169). 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.
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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.

Ffc=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 A. 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 W. 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

7Li is the only known gamma emitter.The first level in 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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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 1°B (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 1°B(n,y)llB 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 1°B(n,u)7Li and 1°B n a y)7Li reactions are neutron standards at ener-(,1
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 llB 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 UT (SP73) and Sealock’s 1°B(n,c%l)
angular distributions (Se76) to the data set that was analyzed for Version IV.

In addition, we have replaced Friesenhahn’s integrated (n,al) cross section with
the recent measurements of Schrack et al. (both with GeLi and NaI detectors) at
NBS (sc76), and have deleted Friesenhahn’s total (n$a) cross section from the
data set. The resulting fit to the (n a) and (n,cty) data is shown in Figs. 1

ltB(n,a) cross section has changed negli-and 2, respectively. The integrated
gibly from the Version IV results at energies below 200 keV. At higher ener-
gies, however, the (n,c%)cross section has dropped significantly in response
to the new NBS data. Unfortunately, the rest of the data in the analysis do
not seem particularly sensitive to such changes in the (n,ct)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=l 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=780 Sigma = 244.25 b
MT=781 Sigma = 3592.3 b

MT=l . Total Cross Section

O to 1 MeV, calculated from R-matrix parameters obtained by fitting
simultaneously data from the reactions 1°B(n,n), 1°B(n,cXO), and
1°B(n,ctl). Total neutron cross–section measurements included in
the fit are those of B052, Di67, and Sp73.

1 to 20 MeV, smooth curve through measurements of Di67, B052, TS62,
F061, C052, and C054, constrained to match R-matrix fit at 1 MeV.

MT=2. Elastic Scattering Cross Section

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

1 to 7 MeV, smooth curve through measurements of La71, P070, and
H069, constrained to be
section measurements.

7 to 14 MeV, smooth curve
Va70, and Va65.

consistent with total and reaction cross

through measurements of H069, C069, Te62,

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.
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MT=51-61. Inelastic Cross Sections To Discrete States

MT=51 Q=-O.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,n’) measurements of P070, C069,
H069, 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 18.0 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’l. Cross section distributed among the bands with an
evaporation model using a nuclear temperature given by

T = 0.9728 ~ (units MeV), taken from Ir67.

MT=102 , (n,y) Cross Section

O to 1 MeV, assumed l/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=1040 (n,d) Cross Section

Threshold to 20 MeV, based on ‘Be(d,n) 1°B measurements of Si65 and
Ba60, and the (n,d) measurement of Va65.

MT=107 . (n,a) Cross Section

O to 20 MeV, sum of MT=780 and 781.

MT=113. (n,t2a) Cross Section

O to 2.3 MeV, based on a single-level fit to the resonance meas-
ured at 2 MeV by Da61, assuming L=O incoming neutrons and L-2
outgoing tritons.

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

O to 20 MeV, crudely estimated from the calculations of P070 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 1°B from La66.

MT=780. (n,aO) Cross Section

O to 1 MeV, calculated from the R-matrix parameters described
MT= 1, Experimental (n,ctn)data input to the fit were those

for
of

Ma68 and Da61. In addit;on, 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 to 20 MeV. Da61 measurement above approximately 2 MeV
was renormalized by factor of 1.4.

MT=781. (n,al) Cross Section

O to 1 MeV, calculated from the R-matrix parameters described for
MT”l* Experimental (n,al) data included in the fit are those of
SC76. In addition, the absolute differential cross-section meas-
urements of Se76 were included @ 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 renormalized by a factor of 1.4.

File 4. Neutron Angular Distributions

MT=2 . Elastic Angular Distributions

o

1

to 1 MeV, calculated from the R-matrix parameters described for
MF=3, MT=l. 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.

to 14 MeV, smoothed representation of Legendre coefficients de-
rived from the measurements of La71, Ha73, P070, H069, C069, Va69,
and Va65, constrained to match the R-matrix calculations at En=l
MeV.

14 to 20 MeV, optical model extrapolation

MT=51-85. Inelastic Angular Distributions

Threshold to 20 MeV, assumed isotropic in

of 14-MeV data.

center-of-mass.
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File 12. Gamma Ray Multiplicities

MT=102. Capture Gamma Rays

O 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 over
the entire energy range.

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

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

File 13. Gamma-Ray Production Cross Sections

MT=4. (n,ny) Cross Sections

1°B decay schemeThreshold to 20 MeV, obtained from MT=51-61 using
deduced from La66, A166, Se66A, and Se66B.

MT=103. (n,py) Cross Sections

Threshold to 20 MeV, obtained from MT=701-703 using 1°B decay

scheme deduced from La66.

File 14. Gamma Ray Angular Distributions

M’P4. (n,ny) Angular Distributions

Threshold to 20 MeV, assumed isotropic.

MT=102 . (n,y) Angular Distributions

O to 20 MeV, assumed isotropic.

MT=103. (n,py) Angular Distributions

Threshold to 20 MeV, assumed isotropic.

MT=781. (n,aly) Angular Distribution

O 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
propagation.
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MT=2, 780, 781. (n,n) (n,aO), and (n,al) Covariances.

O to 1 MeV, relative covariances among these three reactions are
entered explicitly using NI-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=l, 107. Total and (n,a) Covariances.

O 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,nl)
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. suMMARY

The lqN evaluation for ENDF/B-V (MAT 1275) is the same as Version IV except
for updating of the covariance 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 range 10-5 eV to 20 MeV.

11. 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, 16,
51-82, 102-108, 700-704, 720-723, 740-741, and 780-790 were
thinned using a 2.5% thinning criterion. Similarly, in MF=4
the MT=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 2.5X 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 IU/S cross sections are as follows:

63

MT=l 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
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MT=l. Total Cross Section

ZerO to 1 ev, UT = 9.957 + 0.3013/fi (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 Bi62 with energy
scales adjusted to match, normalized separately to join time-
of-flight data smoothly at 0.5 MeV.

0.5 MeV to 20 MeV, from Ca70, He70 , and F071 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 from
the evaluated total, although direct elastic measurements of F055,
F066, B057, 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 B068.

MT=4 . Total Inelastic Cross Section

Sum of MT=51-82 cross sections

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

Based upon data of Fe60, Br61, B065, and Pr60, estimated t 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, 0r69, C169, BU69,
Ny69, C068, and extensive measurements of Di73.

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 0.25 MeV, l/V from 75 mb (t iO%) at thermal (Ju63).

0.25 to 1 NeV. Transition region.

1 to 20 MeV. Deduced from 14N(P,Y) 150 data of Ku70, assuming
charge independence. Energy scale adjusted to match foot hills
of (p$Y) giant resonance to resonance clusters observed in 15N
compound nucleus.

MT=1030 (n,p) Cross Section

Sum of MT=700-7040

MT=104. (n,d) Cross Section

Sumof MT=72@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,2a) Cross Section

Based on Li52, M067, and Hauser-Feshbach calculation.

MT=700. (n,p) Cross Section to 14C Ground State

Zero to 4 MeV, from data of J050 and Ga59.

4 to 13 MeV, from inverse reaction data of W067.

13 to 20 MeV, smooth extrapolation.

MT=701-704, (n,p) Cross Sections to l“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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MT=703 Q=-6.385 EP7.012 MeV

704 -6.711 7.337

Threshold to 15 MeV, from (n,py) data of 0r69, Di69, C169, Bu69,
and Ny69.

15 to 20 MeV, smooth extrapolations.

MT=720. (n,d) Cross Section to 13C Ground State.

Threshold to 15 MeV, from inverse cross section data of Ch61, Be63
near threshold and direct data of Mi68, Fe67, Ca57, and Za63 at
14 MeV.

15 to 20 MeV, smooth extrapolations.

MT=721-723 (n$d) Cross Section to Excited 13C Levels

MT=721 Q=-8.411 MeV Ex=3.086 MeV
722 -9,009 3.6.84
723 -9.179 3.854

Threshold to 15 MeV, direct data of Fe67, Za63, Ca57 and (n,dy)
data of 0r69 and Di69 below 13 MeV.

15 to 20 MeV, smooth extrapolations.

12C Ground and 4.439 MeV-ExcitedMT=740-741. (n,t) Cross Sections to
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 llB States

MT=780 Q=-O.157 MeV E=O.000 MeV
781 -2.282 2.124
782 -4.602 4.444
783 -5.176 5.019
784 -6.900 6.743
785 -6.950 6.793
786 -7.453 7.296
787 -8.153 7.996
788 -8.723 8.566
789 -9.082 8.925
790 -9.342 9.185

Threshold to 6 MeV, from direct data of J050, G&59, and SC66.

6 to 15 MeV, used above direct data, together with (n,~) data of
Ha59, Di69, 0r69, Ny69, and BU69. Near 14 MeV, direct (n,ct)data
of Li52, Ba68, Le68, and Ma68 were also used.

I
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15 to 20 MeV, smooth extrapolations.

File 4. Secondary Neutron Angular Distributions

MT=2 . Elastic Angular Distributions

Zero to 8 MeV, based upon resonance theory analysis of data of
FoSS, F066, B057, 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.

FTR51 to 62. Angular Distributions for Inelastic Scattering

Above 7 MeV taken from proton data of D064, Ha70, and Od60 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 Th67, J069, Gr68, and M062. 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 14N(P,Y)lS0 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, Aj70). However,
MF104, 105 include contributions from (n,npy) and (n,ndy).

MT=4. (n,ny) Cross Section

From data of Ha59, Di69, 0r69, C!.69,Bu69, Ny69, C068, and Di73.

MT=103. (n,py) Cross Section

From data of Di69, 0r69, BU69, Ny69, and C269.

MT=104. (n,dy) + (n,npy) Cross Section

From data of Di69, 0r69, Bu69, NY69, and c169.

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,wy) Cross Section

From (n,a) data of Ga59, SC66 and (n,ccy)data of Ha59, Di69, NY69,
0r69, and BU69.

File 14. Photon Angular Distributions

Data on 9 strongest lines frcm inelastic scattering and particle
reactions taken from M064.

MT=4 ● Inelastic Scattering to l“N

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 l“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 isotropic except 3.85-MeV gamma ray.
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MT=105 . (n,ndy) and (n,ty) Angular Distributions

All isotropic.

MT=107. (n,uy) Angular Distributions

All isotropic.

File 33. Neutron Cross Section Corvariances

MT=1,2,4,102, 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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SUMMARY DOCUMENTATION FOR
15N

by

E. D. Arthur, P. G. Young, and G. M. Hale
Los Alamos Scientific Laboratory

Los Alamos, New Mexico

I. suMMARY

The 15N 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 (1975) and LA-6164-PR
(1975).

11. ENDF/B-V FILES

File 1. 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 0.8 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
Si62 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.OE-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 15N. 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 non-elastic cross sections as well as neutron, gamma-
ray, and charged-particle spectra was done with the statistical
model code, GNASH. This newly developed code (Y077) is based
largely on the statistical model formalism of Uh71. Again, neutron
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transmission coefficients were based on the optical model par–
ameters of Wilmore and Hodgson. Transmission coefficients were

“He, with the appropriategenerated for protons, deuterons, and
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
~. 2 Sigma = 4.418 b
MT= 102 Sigma = 24.0E-06 b

MT’l. Total Cross Section

From 1.OE-05 eV to 5.4 MeV total cross section values are 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 Cross 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

MT=51 Q=-5.27 MeV
52 -5.299
53 -6.324
54 -7.155

MT=91. (n,n) To Continuum

Section to Discrete States

MT=55 Q=-7.301 MeV
56 -7.566
57 -8.313

Continuum defined to begin at 0.1 MeV above last 15N discrete level
included in calculation, i.e. , continuum begins at 8.413 MeV.

MT=102 . (n$y) Cross Section

Zero to 0.010 MeV, l/V from

6 to 20 MeV calculated from

24.OE-06 b at thermal

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 l/V dependence ends to region where calculated values begin.

MT=103. (n,p) Cross Section

Sum of MT=700,701, and 718 cross sections.

MT=104 . (n,d) Cross Section

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

MT=105 . (n,t) Cross Section

Sum of MT=740, 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=O . 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 14C 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 14C

Continuum defined to begin at 6.681 MeV, just above second excited
level in 14C0

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

MT=740 Q=-9.902 MeV EX=O . 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,cl)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,a) 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.

MT=22 . Angular Distribution of Neutrons from (n,nct)

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 (y077).

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), (n,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 15C, all isotropic
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MT=104. (n,dy) to 14C, all isotropic

MT=105 . (n,ty) to 13C, all isotropic

MT=107 . (n,cry)to 12B, all isotropic

FKC=16. (n,2ny) to 14N, all isotropic

File 15. Energy Distribution of Secondary Photons

MT=4, 16, 103, 104, 105, 107. Generated using statistical model code
GNASH (Y077).
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SUMMARY DOCUMENTATION FOR 160

by

P. G. Young, D. G. Foster, Jr., and G. M. Hale
Los Alamos Scientific Laboratory

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 En=10 MeV and 500 kev above En=lo
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 2.5% and that the maximum excursion at any angle be less
than 5%.

File 2. Resonance Parameters

MT=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=l 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 160(n,n) 16., 160(n,c%O)13C

Isc(ao,ao) 13C at

energies below En=5.7 MeV. Data for tot;l are smoothed compos-
ite of SC71 and normalized Ci68, with inserts of Ci68, normalized
composite F073, and normalized F061 for narrow structure. F073

and F061 energy scales adjusted to match Ci68. Resolution cor-

rections applied simultaneously to total and (n,aO) to give same
width and consistent heights to peaks. Level scheme is based

on J073. 0.44-MeV resonance from normalized data of 0k55. In-
serts from the smoothed composite are used over some narrow re-
sonances, and over regions where it appears to better represent

160(n,Y) capture cross sectionthe experimental cross section.
has been added at low energies, and the n-leO 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=l. 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, Ki72,
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. Inelastic Cross Section to Discrete States

MT=51 Q=-6.052 MeV MT=58 Q=-10.354 MeV MT=65 Q=-11.63 MeV
52 -6.131 59 -10.952 66 -12.053
53 -6.917 60 -11.080 67 -12.442
54 -7.119 61 -11.096 68 -12.528
55 -8.872 62 -11.26 69 -12.795
56 -9.597 63 -11.44 70 -12.967
57 -9.847 64 -11.521
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Threshold to 20 MeV, MT=52-55, 59,and 60 are based mainly on (n,ny)
data of Di70, 0r70, Dr70, Bu71, Ny69, C!2.69,and En64 below 15 MeV
and were extrapolated to 20 MeV with compound nucleus reaction
theory calculations. The remaining MT 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, Ki72 and with
elastic measurements of Ne72, Ki72, and Bu73. Integral data from
sphere transmission measurements (w072) 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 l@=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 Li52, Da68, and B066
below 17 MeV. The remaining MT numbers above MP66 are flagged
as being proton emitters.

MT=102 . (n$y) Cross Section

l/V variation from 178 pb 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 B066, 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 Li52 at 14 MeV.

MT=107 . (n,ti)Cross Section

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

0.0 to 5.7 MeV, essentially calculated from R-matrix fit described
under MT=l. Energy scale of Ba72 adjusted to match Ci68 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-matrix fit and applied. Level scheme
based on J073.

5.7 to 20 MeV, based on data of Da63, Da68, Si68, 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 MeV, used (n,ct)data of Da63 and (n,ay) data of
Di70, 0r70, C169, Ny69, 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-l).
Measured angular distributions input to the fit were those of
Ch61, F058, F070, Hi58, Hu62, J067, Ki72, La60, Li66, Ma62, and
Ph61 .

5.7 to 14 MeV, smooth curve through coefficients derived from fits
to elastic data of 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
14-MeV
and 52

File 7. Thermal

Provided by

File 12. Photon

for MT=51-55 above 10 MeV which are based on fits-of the
measurements of Ba63 and Mc66. Note that the sum MT-51
is consistent with isotropy at 8.56 MeV (Ki72).

Scattering Low Data

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

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, CL69, 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.

IGO at 6.052 MeV is assumedNote that the first excited level of
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 0r70.

MT=1036 (n,py) Cross Sections

Threshold to 20 MeV, based on crude division of M17=3,MT=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,
Cg69, Ny69, En64, Bu71, and (n$a) data of Da63.

15 to 20 MeV, based on data of Si68.

File 14. Gamma Ray Angular Distributions

MT=40 (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

Assumed isotropic.

MT=103. (n,py) Angular

Assumed isotropic.

MT=1070 (n,ay) Angular

Assumed isotropic.

Distributions

Distributions

Distributions
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I
File 33. Neutron Cross Section Covariances

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

Covariances are based upon estimates of the
experimental measurements and theoretical

uncertainty in the
calculations used in.

the evaluation. Format updated for Version-V. For more details,

see separate summary documentation for covariances.
I
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SUMMARY DOCUMENTATION FOR 27Ak

by

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

Los Alamos, New Mexico

I. SUMMARY

The ENDF/B-IV evaluation for 27AI was carried over for Version V as MAT131~.
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

m=151. Effective scattering radius = 0.32752 x 10-12 cm.

Resonance parameters not

File 3. Neutron Cross Sections

The 2200 m/s cross sections

MT=l o = 1.580 b
MT=2 u = 1.348 b
MT=102 a = 0.232 b

~.1. Total Cross Section

given.

are:

Below 4.6 keV: l/V fit to Me52 and Hi50 (normalized to Me52),
using thermal capture 0 of 232 mb (G071) and resulting in a
total of 1.580 b.

4.6 - 189 keV: From Ga65 normalized to Me52 via Hi59
energies and to Pe72 at high energies,

209 - 475 keV: From Pe72 with energy scale corrected
Ci68 at higher energies.

at low

to match

84



13-M-27
MAT 1313

.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, F071, AR66, and Pe60 normalized
to 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 H069, St59, Ki70,
St65, C058, C059, 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 H069, Ki70, Be56, and Mi68.

9 to 16 MeV: Based on nonelastic measurements of Ba58, Ta55, Gr55,
Ph52, Ma57, De61, Ff156, Ch67, and on the difference between MT=l
and MT=2 data of St59, St65, C058, C059, and Be58.

16 to 20 MeV: Difference between MT=l and MT=2.

MT=4. Inelastic Cross Section

Threshold to 5 MeV: Sum of MT=51-63.

5 to 9 MeV: Based on (n,n’) data of Th63, T067, the evaluated
(n,n’) data of Di71 which includes consideration of several other
measurements, and the (n,ny) data of Di71, 0r71, and Di73.

9 to 20 MeV: The difference between MT=l 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-
27A~ decay 50 perlation assuming that highly excited states in

cent by neutron emission.
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MT=51 - 63. Inelastic Cross Section to Discrete

MT=51 Q=-O.843 MeV MT=56 Q=-3.001 MeV MP60
52 -1.013 57 -3.678 61

53 -2.210 58 -3.956 62

54 -2.732 59 -4.055 63

55 -2.980

Threshold to 5 MeV: Based on the (n,n’) data

13-ti-27
MAT 1313

States

Q=-4.409 MeV
-4.508
-4.580
-4.811

of T062, Wi63, Ts61,

and the (n,ny) data of Ch68, Ma65, -Di71, 0r71, and Di730

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 B065A.

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 E~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: l/V from thermal value of 232 mb (G071).

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 Ca62.

MT= 103. (n,p) Cross Section (see Y072 for more details)

Threshold to 4 MeV: Based on the measurements of He54 and Gr67,
extrapolated from 3 MeV to threshold with an L=O penetrability
function for the outgoing p + 27Mg channel.

4 to 20 MeV: Smooth curve through the measurements of He54, Gr67,
Ca62, Ba66, and Ma60.

I
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MT=104 . (n,d) Cross Section

Threshold to 20 MeV: Smooth curve through single datum of GI.61.

MT=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 Y072 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=O 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, T062, 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, T062,
Wi63, Mi68, Ta70, Gf172, St65, B065A, 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=1020 (n,y) Capture Multiplicities

The 26A!Zdecay scheme for excitation by radiative capture with
thermal neutrons from Ha69 was 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 Rs70 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,ny) Cross Sections

Threshold to 5 MeV, based on the (n,n’) data of T062, Wi63, Ts61,
and the (n,ny) data of Ch68, Ma65, Di71, 0r71, and Di73.

5 to 20 MeV. Mainly from (n,ny) data of Di73, 0r71, and Di71, Dr73,
Pe64, Be66, CR69, En67, B065, 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, B065, 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 Isotropic.

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 Di73.

88



13-U-27
MAT 1313

File 33. Neutron Cross Section Covariances

Based on revised version of Table 6 in LA-4726. Errors are given
only for MT=l, 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=O in MT=2 and MT=4.
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I. SUMMARY

The I*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 10-5 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 t 1.0 b at E=O.

2200 m/s Cross Sections (barns)
CALC MEAS (Ref. 2)

CAP E 20.7 t 0.5
SCAT 11.6

Resolved Resonance parameters
- 100 eV from fit to capture
4.16 eY frcm 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

-t
Atomics International
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MT=1510 (B) Unresolved Resonances Evaluation

74-1}’-182
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Potential scattering cross section = 8.5 t 1.0 b at~=O.
Total cross section = 8.85 b at~=100 keV (calculated).

Unresolved resonance parameters from automated optimized fit to
the evaluated measured capture cross section.

AV L=O level spacing (En=O) = 57.45 eV, energy dep. from Ref. 5.
AV Capture level width = 0.0901 eV, energy independent

L=O Strength function = 1.8E-4 , energy independent

L=l Strength function = O.272E-4 , energy independent

L=2 Strength function = 0.0

Average capture cross section uncertainty at energy E

~ ~;v) Uncertainty (%)
15

90 10
10 10

4.5 17
Resonance integral (capture) 596 b calculation, 590 t 10 b measure-

ment (Ref. 6).

File 3. Neutron Cross Sections

MT=l. 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 Glasgowg (2.5-15 MeV). Genieral references for the
total cross section are Goldberg et al.2 and Devaney and Foster.l”
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 Listerll
between 300 keV and 1.5 MeV. Between 1 MeV and 9 MeV the eval-

uated curve lies above 2PLUS-COWUC results. At 4.3 MeV the
cross section is some 15% lower than the experimental data point

12 for natural tungsten.of Kinney and Perey 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 Pearlstein14 and W. D. Lu et al.ls
were used to deduce the n,2n cross section. The evaluated curve
at 14.~7MeV is in agreement with Dilg et al.16 and Druzhinin
et al.

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

The n,3n cross sections were deduced using the semi-empirical
techniques of S. Pearlstein14 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 alla for la6W (see MAT 1131).
The curve has been shifted in en;; y by the difference in the

iwreaction Q for this isotope and , 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

I.’hecross sections were calculated using 2PLUS-COMNUC. They have
been r~~ormalized via a least squares fit to data of D. Lister
et al. with a 10% uncertainty in the adjusted curve.

MT=52-58, 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 renormalized 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 COMNUC 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.18 for 186W (see MAT 1131). The curve
has been shifted in energy ;; pass through the data point re-
ported by M. Lindner et al. (3.5 t 0.35mb at14.1 MeV).

MTx=107. (n,a) Cross Section

The n,a cross section evaluation is based upon data of A. Rubino
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 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. 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 i.s 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
~l~isskopf 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 Jurney35 and from
1 eV to 1000 eV on calculations by Yost et al.36 At higher energies
the multiplicit;~s are based on an analysis of natural W measure-
ments (Dickens, ~=1-20 MeV) using stati~;ical calculations
similar to those described by Troubetzkoy, 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 K MF=3, MT=51-58, mainly using the
level decay scheme of Way. The cross sections for continuum
gamma rays are based on a statistical theory analysis of the
Dickens38 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
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File 15. Gamma Ray Energy Distributions

MT=4. Ener~ 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 Dickens3e measurements with natural W. The theory
was used as described above (MF=la 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 Jume?{35 and from 1 eV to 1000 eV on
calculations by Yost et al. At higher energies the spectra are
based on statistical ~;lculations using parameters obtained by
analyzing the Dickens measurement for #=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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