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INTRODUCTION

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

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

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

This edition includes documentation for materials found on ENDF/B
Version V tapes 501 to 516 (General Purpose File) excluding tape 504. ENDF/B-V
also includes tapes containing partial evaluations for the Special Purpose
Actinide (521, 522), Dosimetry (531), Activation (532), Gas Production (533),
and Fission Product (541-546) files. The materials found on these tapes are
documented elsewhere,

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

National Nuclear Data Center
Brookhaven National Laboratory
Upton, New York 11973
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SUMMARY DOCUMENTATION FOR ‘H

by
L. Stewart, R. J, LaBauve, and P. G. Young
Los Alamcs Scientific Laboratory
Los Alames, New Mexico

I,  SUMMARY

The !H evaluation for ENDF/B-V (MAT 1301) is basically the same as the Ver-~
sion IV evaluation. Changes include the addition of correlated error data in
MF=33 and different interpolatlon rules for MT=1 and 2 in MF=3, The evaluation
covers the energy range 10-° eV to 20 MeV, and documentation is provided in
LA-4574 (1971) and LA-6518-MS (1976).

II. STANDARDS DATA

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

. 'I'he extensive theoretical analysis of fast-neutron measurements by Hopkins
and Breit! was used to generate the scattering cross section and angular dis-
tributions of the neutrons for the ENDF/B -V file.? The code and the Yale phase
shifts® were obtained from Hopkins" in order to obtain the data on a fine-energy
grid. Pointwise angular distributions were produced to improve the precision
over that obtained from the published Legendre coefficients.* The phase shifts
were also used to extend the energy range down below 200 keV as reprasented in
the original paper.:

At 100 eV, the elastic cross section calculated from the phase shifte is
20,449 barns, in excellent agreement with the thermal value of 20.442 derived by
Davls and Barschall.S: Therefore, for the present evaluation, the free-atom
scattering cross section is assumed to be constant below 100 eV and equal to the
vzlue calculated from the Yale phase shifts at 100 eV giving a thermal cross
section of 20.449 b,

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

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

T-1=-1
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Unfortunately, few absclute values of the angular dependence of the neutrons .
(or recoll protons) exist and even the relative measurements are often restricted

to less than half of the angular range. The experiment of 0da® at 3.1 MeV is
not atypical of the earlier distributions which, as shown in Fig. 4, does not
agree with the phase-shift predictions. Near 14 MeV, the T(d,n) neutron source
has been employed in many experiments to determine the angular distributions. A
composite of these measurements is compared with ENDF/B~V in Fig. 5A. Note that
most of the experiments are in reasonable agreement on a relative scale, but 10%
discrepancies frequently appear among the data sets. The measurements of Cam—
bou® average more than 5% lower than the predicted curve and differences of 5%
or more are occasionally apparent among the data of a single set. Figure 5B
gshows the measurements of Galonsky10 at 17.9 MeV compared with the evaluatien.
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 meither isotropic below 10 MeV nor sym—
metric about 90° above 10 MeV as assumed in earlier evaluations. In this eval-
uvation, the angular distribution at 100 keV is assumed to be isotropic since the
calculated 180°/0° ratio is very nearly unity, that is, 1.0011. At 500 keV, this
ratio approaches 1.005, Therefore, the pointwise normalized probabilities as a
function of the center-of-mass scattering angle are provided at the following
energles: 10-° ev (isotropic), 100 keV (isotropic), 500 keV, and at 1-MeV in-
tervals from 1 to 20 MeV.

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

It should be pointed out that errors involved in using hydrogen as a stan-
dard depend upon the experimental techniques employed and therefore may be sig-
nificantly larger than the errors placed on the standard cross section. The
elastic angular distribution measurements of neutrons scattered by hydrogen,
which are available today, seem to indicate that (@) is difficult to measure
with the precision ascribed to the reference standard. 1If this is the case,
then the magnitude of the errors in the 0(0) measurements might be indicative of
error assignments which should be made on hydrogen flux monitors. That is, it
is difficult to assume that hydrogen scattering can be implemented as a standard
with much higher precision than it can be measured. Even though better agree-
ment with many past measurements can be reached by renormalizing the absolute
scales, such action may not always be warranted.

At this time, no attempt has been made tc 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 30-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
employilng hydrogen as a cross—section standard, depending upon the experimental
technique. :

1=1-2
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. I11. ENDF/B-V FILES
File 1. General Information
MI'=451. Descriptive data,
File 2. Resonance Parameters
MI=151. Effective scattering radius = 1.27565 x 107'? cm.
Resonance parameters not given.
File 3. Neutron Cross Sections
MT=1. Total Cross Sections
The totai cross sections are obtained by adding the elastic scat-
tering and radiative capture cross sections at all energies,
1.0E-05 eV to 20 MeV.
MP=2, Elastic Scattering
Standard - see discussion in Sec. II.
MIr=102, Rédiative Capture

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

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

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

MI=253, Gamma, from 1,0E-05 eV to 20 MeV. (Provided by BNL}.
File 4. Neutron Angular Distributions
MT=2. Neutron elastic scattering angular distributions in the center
of mass system, given as normalized peintwise probabilities.
See Sec. II above.
File 7. Ihermal Neutron Scattering Law Data
MT=4. 0.00001 to 5 eV free gas sigma = 20.449 barns.
File 12. Gamma Ray Multipliecities
MI=102, Radiative Capture Multiplicities.

Multiplicity 1s unity at all neutron energies. LP=2 is now
implemented; therefore, all gamma energies must be calculated.

. ‘ 1-1-3
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File 1l4. Gamma Ray Angular Distributions

MI=102. Radiative capture angular distribution
Agsumed isotropic at all neutron energies.
File 33, Correlated Errors
Mr=1l. Covariance matrix derived from MI=2, 102.

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

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

by

L. Stewart and A. Horsley+
Los Alamos Scientific Laboratory
Los Alamos, New Mexico

I. SUMMARY

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

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

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

File 3. Neutron Cross Sections

MI=1l. Total Cross Section

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

ergiles.
MI=2, Elastic Cross Sections

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

. _-rAtom:l,c Weapons Research Establishment, Aldermaston, U.K.
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essentially equal to the total cross section below the n,2n
threshold 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. (n,2n) Cross fection

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

MT=102. Radiative Capture Cross Sectiomn
The thermal cross section is 506 microbarns which was extrapolated
as 1/V up to 1 keV. Curve was drawn above this energy to include
measurements on the inverse reaction by Bosch.® The 14 MeV value
is a factor of 3 lower than Cerineo.’ See LA-3271 for graphical
results. :
File 4, Neutron Angular Distributions

MT=2. Elastic Angular Distributions

Taken from n-D and p-D scattering. Agreement is good with wvan Oers
analysis.® See LA~3271.

MI=16, (n,2n) Angular Distributions

Calculated by code of Young® assuming phase space argument, therefore .
ignoring the observations of the virtual deuteron, See LA-3271
for comparisons with n-D and p~D breakup spectra.
File 5. Neutron Energy Distributions
MI=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 gammas emitted at all energies. Employed the LP=2
flag to comnserve energy.

File 14, Gamma Ray Angular Distributions$s
Mr=102. (n,y) Angular Distribution

Assumed isotropic.
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I. SUMMARY

The ENDF/B-V evaluation for JH (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-% eV to 20 MeV and is documented in
LA-3270 (1965).

I1. ENDF/B-V FILES
File 1. General Information
MI-451. Descriptive data,

File 2. Resonance Parameters

MT=151., Effective scattering radius = 0.32164 x l[)'12 cm. Resonance
parameters not given.

File 3. Neutron Cross Sections

MT=1. Total Cross Sections

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

MI=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~323 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).

1=3-1
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File 4. Neutron Angular Distributions

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

Only one measurement exists, that of Mather and Pain (Ref. 14) at
14.1 MeV. Estimates of this cross section were therefore made
from systematics and the p-He® reaction studies of Rosen and
Leland (Ref. 9) and of Anderson (Ref. 153).

MI=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.
MI=102. (n,Y) Cross Section (not included}
The measured cross section is less than or equal to §.7 microbarns
at thermal (the sign of the Q-value is uncertain). This cross

section is therefore assumed zero at all energies.

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

MI=252. Average Logarithmetic Energy Change Per Collision, From
1,0E-05 eV to 20 MeV

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

MI=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,<n) 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

1-3-2

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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I.  SUMMARY

The *He evaluation for ENDF/B-V (MAT=1146) was carried over intact from
Version IV. The evaluated data cover the energy range 10-° eV to 20 MeV, and
documentation for the standards portion of the data is given in LA-6318-MS
{1976).

‘I1. STANDARDS DATA

The *He(n,p)T cross section (MF=3; MI=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-1IT file! in 1971. No changes have been recommended for this filej;
therefore, the present evaluation was carried cver from both Versions III and
IV of ENDF/B.

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

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

From 10C keV to 1 MeV, additicnal experiments are available. The evalua-
tion is heavily weighted by the data of Refs. 3 and 4 and the cross sections of
Perry et al.> as given in Fig. 3. Note that these three measurements are in
good agreement among themselves but are higher than the measurements of Batchelor
et al,” and of Sayres et al.” On the other hand, Sayres et al. measure an
elastic cross section much higher than reported by Seagrave et al.? (noted on .
the same figure).

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

. 2-.3-1
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Finally, Lopez et al.'’ measured the relative ratic of the counting rates
between ‘He and BF3: proportional cowmters from 218 eV to 521 keV. To provide a
comparison between these two standard cross sectioms, the Lopez ratios were
normalized at 218 eV to the Version IV ratios. Then, by using the present eval-
uation for the 3He(n,p) cross section to convert the Lopez  ratio measurements to
198 cross sections, reasonable agreement with Version V 10B(n o} is obtained.

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

i Although the thermal (n,p)} cross section is known to better than 1%, the
energy at which this cross section deviates from 1/V is not well established.

It should also be emphasized that experiments have not been carried out from

1l eV to a few keV, therebg placing severe restrictions upon the accuracy ac-
companying the use of the “He(n,p)T cross-section standard. The 10% error esti-
mates on the ORNL experimental data are directly related to the uncertainties in
the analysis of the target samples employed. Certainly, further absolute meas-
urements are needed on this cross-section standard, especially above ~ 100 eV.

I11. ENDF/B-V FILES
File 1. General Information
MT=451, Descriptive data,
File 2. Resonance Parameters
MT=151, Scattering length = 0,2821E-12 cm.
File 3. Neutron Cross Sections
MI=1. Total Cross Sections

From 0.00001 eV to 10.8 keV MT1 taken as sum MT2 + MT103. From
10.8 keV to 2C.0 MeV MI1l evaluated using experimental data from
Ref. 11.

MT=2, Elastic Scattering Cross Sections

From 0.00001 eV to 10.8 keV MI2 taken as constant = 1.0 b. From
10.8 keV to 20.0 MeV MT2=MT1-MT103-MT1l04 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. 1II above.
MI=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).

2-3-2
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MT=251. Average Value of Cosine Of Elastic Scattering Angle, Labora-
‘ tory System. '

Obtained from data MF=4, MI=2,

MI=252. Values Of Average Logarithmic Energy Decrement
Obtained from data MF=4, MI=2,

MT=253. Values Of Gamma

Obtained from data MF=4, MI=2,

File 4. Neutron Angular Distributions

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

Evaluated from experimental data from Refs. 7, B, 1ll-14 covering
incident energies as follows:

INCIDENT ENERGY REFERENCES

1.E~5 eV (Isotropic)

0.5 MeV {(Isctropic)

1.0 Mev 8

2.0 MeV 8

2.6 Mev 11

3.5 Mev 8

5.0 MeV 11

6.0 MeV 8, 12 (from p+t elastic scattering)
8.0 MeV 7, 12 (from p+t elastic scattering)
14.5 MeV 12, 13 (from p+t elastic scattering)
17.5 MeV 7
20.0 MeV 11 (from p+t elastic scattering)
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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-° eV to 20
MeV and is based at all energies on an extensive R-matrix analysis, which is
described in NEANDC (J) 38L (reference Do753). By making use of the charge sym-
metry of nuclear forces, p-"He data were included in the analysis along with
the available n-“He measurements of cross sections, angular distributions, and
polarizations. Because of the extent of the data base used and the careful
"analysis it was given, the cross sections and angular distributions are thought
to be accurate to about * 2% at all energies, As all gamma-ray production cross
sections are essentially zero for “He, gamma ray files (MF=12-16) are deliber-
ately excluded from the evaluation,

II. ENDF/B-V FILES
File 1. General Information
MI=451. Descriptive data.
File 2. Resonance Parameters
MT=151. Effective scattering radius = 0.24579 x 107'% cm,

Resonance parameters not given,

File 3. Neutron Cross Sections

The 2200 m/s cross sections are as follows:

MI=1 Sigma
MI=2 Sigma

0.75916 b
0.75%16 b .

-

MI=1. Total Cross Section

See discussion under MT=2 below.

2-4-1
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MT=2. Elastic Scattering Cross Section

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

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

File 4. Neutron Angular Distributions
MI=2. Elastic Scattering Angular Distributions.

Obtained from the R-matrix analysis described above under MF=3,
MI=2, Legendre polynomial representation used in the cm system.
See Figs. 5-11 for data.
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SUMMARY DOCUMENTATION FOR °Li

by

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

I. SUMMARY

The previous evaluation for 5.1 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, tritom angular distributicns from the
6Li(n,t)"l—le reaction were included below 1 MeV, and radiocactive decay data were
added to Files B and 9. Except for the covariance and (n,t) angular distribu-
tion files, the evaluation covers the neutron energy range of 10-5 eV to 20 Mev.

II. STANDARDS DATA

The ®Li(n,0) cross section is regarded as a standard below Ep=100 keV.
The Version V cross sections for °Li below 1 MeV were obtained from multi-
channel, multilevel R-matrix amnalyses of reactions in the Li system, similar
to those from which the Version IV evaluation were taken. New data have be-
come available since Version IV was released and most of this new experimental
information has been incorporated into the Version V analysis.

For Version IV, the 6Li(n,cx) cross section was determined mainly by fit-
ting the Harwell total cross section (reference 3 below), since this was pre-
sumably the most accurately known data included In the analysis. However, in
addition to the Harwell total, the data base for the analysis included the
shapes of the n-%1i elastic angular distributions and polarizations, ®Li(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:

3-6=1
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Approximate
Measurement References Precision |,
n-5L1 Op Harvey, ORNL" 0.5-1%
¢1i(n,a) integrated cross section : Lamaze, NBs?? 1-27% (relative)
I"I-Ie(t,t)"'He differential cross section Jarmie, LasL?® 0.4-1%
l'He(-tp,t)"He analyzing power ' Hardekopf, LASL®® 1%

Fits to the (n,0) data included in the Version V analysis are shown in
Figs. 1 and 2. In Fig. 1, the data are plotted as O-VE;; in both figures, the
Version IV evaluation is represented by the dashed curves. The %ood agreement
with Lamaze's new 6Li(n,o;) integrated cross section measurement?’® is particu-
larly encouraging, since these are close to the values most consistent with
the accurate new t + O measurements. °?»°® On the other hand, a shape differ-
ence pérsists between the fit and measurements of the total cross section in
the region of the precursor dip and at the peak of the 245-keV resonance. How-
ever, we feel that includin§ these precise new data in the analysis has reduced
the uncertainty of the new °Li(n,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 1072 em.
Resonance parameters not given.
File 3, Neutron Cross Sections
The 2200 m/s cross sections are as follows:

MT=1 Sigma = 936.64 b
MT=2 Sigma = 0.71046 b
MT=102 Sigma = 0.03850 b
MT=105 Sigma = 935.89 b

MT=1. Total Cross Section

Below 1 MeV, the values are taken from an R-matrix analysis by
Hale, Dodder, Witte (described in Ref. 2) which takes into
account data from all reactions possible in L1 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 enmergy. In this region, the total exceeds
the sum of the measured partial cross sections by as much as
200-300 wb. This difference was distributed between the elastic
and total (n,n')d cross sections.

MT=2. Elastic Cross Section

Below 3 MeV, the values are taken from the R-matrix analysis cited
for MT=1, which includes the elastic measurements of Refs. 9 and
10. These calculations were matched smoothly in the 3-5 MeV
region to a curve which lies about 50 mb above Batchelor (Ref. 28)
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 MI=81.
MT=24, (n,2n)o 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 ®Li, binned in
0.5-MeV intervals. The energy-angle spectra are determined by
a 3-body phase-space calculation, assumlng isotropic center-of-
mass distributions. At each energy, the sum of the continuum-
level contributions is normalized to an assumed energy-angle
integrated continuum cross section which approximates the dif-
ference of Hopkins measurement (Ref. 13) and the contribution
from the first and second levels in °Li. The steep rise of the
pseudo-level cross sections from their thresholds and the use of
fixed bin widths over finite angles produces anomalous structure
in the individual cross sections which is especially apparent
near the thresholds. Some effort has been made to smooth out
these effects, but they remain to some extent.

MI=53. (n,n;)d Discrete Level Cross Sections

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

MT=57. (n,ny}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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MI=102. (n,Yy) Cross Sections

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

MT=103. (n,p) Cross Sections

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

MT=105. {n,t) Cross Sections

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

File 4., Neutron Secondary Angular . Distributions
MI=2. Elastic Angular Distributions
Legendre coefficients determined as follows:

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

MT=24. {(n,2n) Angular Distributions

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

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

Obtained by transforming distributions that are isotropic in the
3-body center-of-mass system to equivalent 2-body distributions
in the laboratory system. MI=53 and 57 are treated as real levels
and assumed to be isotropic in the two~body reference system.
Data available indicate departure from isotropy for the first
real level (MT=53) and this anisotropy will be included in a
later update.
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MT=105. (n,t) Angular Distributions
Legendre coefficients obtained from the R-matrix analysis of Ref.
2 are supplied at energies below 1 MeV. The analysis takes into
account {(n,t) angular distributlon measurements from Refs. 23
and 30. :
5. Neutron Secondary Energy Distributions
MT=24., (n,2n) Energy Distributions
Laboratory distributions obtained by integrating over angle the 4-
body phase-space spectra that result from transforming isotropic
center—-of-mass distributions to the laboratory system.
8. Radicactive Nuclide Production

MI=103. (n,p) °He

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

MT=105. (n,t) *He

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

9., Radicactive Nuclide Multiplicities

———————

Mr=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.

12, Gamma-Ray Multiplicities

File

MT=57. (n,nz) 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=102Z photons. .
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File 14. Gamma-Ray Angular Distributions
MT=57. (n,n2)} ¥ Angular Distributions.

The gamma is assumed isotropic.

MT=102. (n,Y) Angular Distributions

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

File 33, Cross Section Covariances

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

MI=1. Total

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

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

Relative covariances among these two cross sections are entered
explicitly as NI-type sub-subsections in the LB=5 (direct) re-
presentation. Although values for the 0.95-1.05 MeV bin are re-
peated in a 1.05-20 MeV bin, the covariances are not intended
for use at energies above 1.05 MeV,
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SUMMARY DOCUMENTATION FOR 'Li

by

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

I. SUMMARY

The ‘Li 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 Versiom II of
ENDF/B. The total cross section above 0.5 MeV was re-evaluated by Foster as
- described below and photon production data added by LaBauve and Stewart for
Version IV of ENDF/B., The evaluation covers the energy range from 10-% eV to
20 MeV. Covariance data are not included in the file but will be available in
a new evaluation forthcoming from LASL,

II. ENDF/B-V FILES
File 1. General Information
MT=451, Descriptive data.
File 2. Resonance Parameters
MT=151. Effective scattering radius = 0.28906 x 107? cm.
Resonarice parameters not given.
*File 3. WNeutron Cross Sections
MI=1, Total Cross Section
Below 100 keV, based on analysis of available total cross section
and radiative capture measurements (Hu38, Hu60, Ho58, and Ho59}
with an expression of the form Op = Oy o + Op,y, where Op n =,
constant and On,y has a 1/V energy dependence, The analysis

resulted in On,n = 1.05 b and n,y = 0.036 b at thermal.

100 - 500 keV, based on available experimental data (Hu38, Hy60,
Ho58, and Ho59).
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0.5 - 20 MeV, analysis by Foster (LASL) used. Evaluation from 0.5
to 1,3 MeV based on measurements of Me70. Above 1.3 MeV, based
on Go71, slightly normalized to improve agreement with Fo7l,
Br58, Co52, and Pe60. Accuracy is approximately 2% at 0.5 MeV
and 1% above 1 MeV. Polynomial smoothing was used throughout.

MT=2, Elastic Cross Section
0 - 100 keV, see MI=1 summary.

0.1 - 20 MeV, based on experimental data of Ar63, Ba63B, Bo39, Gr59,
Laél, To56, Wis6, and Weé2.

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 MI=1 cross section, Experimental nonelastic measurements
that were considered include Co59, Go59, Mc63, and Ri53.

MT=4. Inelastic Cross Section
Sum of MT=51 and 91.
MT=16. (n,2n} Cross Section

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,

MI=24. (n,2nd)a Cross Section

Threshold - 20 MeV, the total (n,2n) cross section is divided into
(n,2n)®L1 and (n,2nd)u components assuming that the latter re-
action will dominate as the neutron energy increases above its
threshold (9.98 MeV).

MI=51. (n,n'Y) Cross Section

Threshold - 20 MeV, the energg—dependent 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 Bab3B, and Fr55 below 4 MeV and Be62 near 14 MeV, with a smooth
interpolation between and extrapolation to 20 MeV,

MT=%l1., (n,n't)o Cross Section

Threshold - 20 MeV, the cross section to discrete and continuum
states in 'Li unstable to t-u breakup is based mainly on the
experimental data of Ba63B, Ro62, and Th54, together with the
results of Brown et al., and Osborne (see Hu58, Hu60).
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MI=102. (n,Y) Cross Section

Below 150 keV, based on thermal value of 36 mb (Hué0) with 1/V
energy dependence until the cross section falls to 10 ub,

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

MI=104. (n,d) Cross Section

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

MI=251. Average Cosine of Scattering Angle
Derived from evaluated files.

MI=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 (AL69). See Pebd for evaluation decails.

MT=16. {(n,2n) Angular Distributions

Tabular data (isotropic) in the laboratory system. See Peb4 for
evaluation details.

MI=24. (n,2nd)a Angular Distributions

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

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

Tabular data (isotropilc) in the cm system. See Pebd for evaluation
details. ' '

MT=91. (n,n't)e Angular Distributions

Tabular data (anisotropic) in the laboratory system. See Pebd
for evaluation details.
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File 5. Neutron Energy Distributions

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

MT=16. (n,2n) Energy Distribution
Energy range is 8.3 to 20 MeV. Distribution approximated by ENDF/B

law 9, with theta {(MeV) equal to 0.21 vYE. This corresponds to
an average theta of 0.7 MeV in the 8.3 to 15 MeV energy interval.

MT=24, (n,2nd)0 Energy Distribution
Energy range is 10 to 20 MeV. Distribution_approximated by ENDF/B

law 9, with theta (MeV) equal to 0.1133 YE. 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 = (.70 MeV
E = B.0 MeV. Theta = 2.80 MeV
E 5.0

=1 MeV. Theta = 5.35 MeV

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

File 12, Gamma-Ray Multiplicities
MT=51. {(n,n'y) Multiplicity

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

MT=102. (m,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 tramsitions.
File 14. Gamma-Ray Angular Distributions
MT=51. {n,n'y) Angular‘Distributions
Assumed isotropic at all energies.

MI=102. (n,Y) Angular Distributions

Assumed isotropic at all energies.
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Beryllium-9

DATA SUMMARY AND GENERAL COMMENTS

The experimental data for ABeg are
Qummarized in UCRL-50400, Vol. 3.
The evaluated data for Be9 are shown
graphically in UCRL~50400, Vol. 15,
Part B. The listings for the ECSIL
data references are given in UCRL-
50400, Vol. 2.

done by $. T. Perkins and R. J.

This evaluation was

Howerton.

There are no measurements for the
{n,np), (n,nd), (n,2t) and (n,nt)
reactions; since the thresholds for
these reactions are_very high, their
cross sections are considered negli-
gible. Also, since He5 is unstable
(it decays to a neutron and an alpha
- particle with a gound-state half-l1ife
of about 2 X 10”21 s), the (n,nu)
decay mode is a component of the
(n,2n) reaction; therefore, it does
not have to be considered separately.
The inelastic scattering reaction is
also a component of the (n,2n)}
reaction, since the Beg* recoil
nucleus always decays to a neutron

and two alpha particles.

TOTAL CROSS SECTION

Experimental values of the total
cross section are shown graphically
on pages 1-58 to 1-70 of UCRL-530400,
Vol. 7, Part A, Rev, l; some tabular

valueg are given on page 1-73.

ELASTIC SCATTERING CROSS SECTION

Experimental values of the elastic

. crosgs section are shown graphically

on pages 1-71 and 1-72 of UCRL-50400,
Vol., 7, Part A, Rev. l; some tabular
values are given on page 1-73. The
free—atom cross section is used for
all energies less than the usual
upper limit set by the molecular
binding energy {(about 10 eV).
Actually, this cross section only
represents the nuclear part of the
cross section for a stationary target.
It should be strongly emphasized that
these numbers are meaningless in the
absence of a proper thermal treatmenﬁ,
either by the processing code or by
the neutronics code that uses these
numbers, _

From 0.0001 eV to (.01 MeV, the
elastic scattering cross section was
set equal to 6 barms. From 0.01 MeV
to the (n,u) threshold at 0.67 MeV,
the elastic cross section is essen-—
tially equal to the total cross sec-—
tion, because the {(n,Y) cross section
is negligible. The total cross sec-
tion used here was based on the data
of ECSIL Refs. 50-63, 54-92, 62-720,
62-772, and 54~1002.

Above the (n,a) threshold, the

scattering cross section was assumed

to be the difference between the

total and nonelastic cross sections,

bh-9-1
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with the nonelastic cross section set

equal to the sum of its parts.' From
0.67 to 2 MeV, the evaluated total
cross section was based on the
previously mentioned references as
well as Refs, 51~72, 51-336, and 59%-
1642.
results of Ref. 68-3088 for the 2.7~

Above 2 MeV, we relied con the

MeV resonance and Ref. 67-750 for the
energy region up to 15 MeV. The
extension to 20 MeV was based on data

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

ELASTIC SCATTERING ANGULAR
DISTRIBUTIONS

For energies less than 7 MeV,
experimental differential scattering
data are given in Refs. 55-121,
56-151, 57-231, 55-296, 59-500,
60-571, 58-945, 64-1643, 60-1645,
61-1646, and 64-1647.
elastic scattering angular distribu-

tions are shown in UCRL-50400, Vol.

Experimental

19. These data were used to determine
the normalized probabilities. Below
the (n,2n) threshold, the gscattering
consists of only elastic scattering,
since there is no inelastic scatter-
ing. We took into account the change
in shape of the angular distribution’
in going through the scattering
resonances. At 14 MeV, the elastic
angular distributions were based on
the results of Refs. 59-402, 66—
2585, and 68-3106,

pelation was made to 20 MeV. The

A smooth extra-

B9y

results at all incident energies are

consistent with Wick's limit.

n,2n CROSS SECTION

The total (n,2n) cross section is
based on the (n,2n) cross Sections'
and nonelastic-minus-absorption cross
sections listed by Perkins in AN-1443
(1965).
ments have been augmented by the more
recent (n,2n) data of Refs. 69-763
and 72-3320.
ments of Refs. 68-2595 and 73-3321

were also taken into account. The

The cross section measure-

The nonelastic measure-

20-MeV point was obtained by
# Interpolating nonelastic cross
sections between the 1l4-MeV value
and the value at 25.5 MeV (see
Ref. 58-356)
e Subtracting the other partial

nonelastic reaction cross sec-
tions from the interpolated
nonelastic cross section.

There have been two recent meas-—
urements on the partial cross sections
involved in the Be(n, 2n) breakup
(D. M. Drake et al., Nucl. Sei. Eng.
63, 401 [1977]; and F. 0. Purser,
private communication from Triangle
Univ, Nuel. Lab. [1976]). Both
references indicated that from about
6 to 12 MeV, the cross section for

excitation of the 2.43-MeV level in

-Be is substantially lower (up to a

factor of two) than was thought pre-
viously. 1In addition, the cross

section for excitation of the 1.68-




MeV level has essentially disappeared
at 6 MeV. This implies a relatively
large cross section for excitation
of the 4.7-MeV level when the incident
neutron energy lies between 6 MeV and
the threshold for excitation of the
6.76-MeV level.

The total (n,2n) cross section is
subdivided into five partial reac-
tions, each of which is described by

the following time-sequential decay:
9 9% :
Be (n,nl) + Be (Wg)(nz)
*
+ pe® Wy

where the Wi's are the level excita-

. tion energies, and ny and n, are the
first and second emitted neutrons.
The five decay channels are shown

below.

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

1.68 =—— 0 100
2.43 ? 0 8-1/3%
2.94 91-2/3%
4,70 ————> 2,94 100
6.76 ———>0 100
11.28 —=11.4 100

The above branching ratios were
measured by Perkins [see AN-1443
(1965)], except for the Beg* (9.1
MeV) transition which has been re-

9% 9%
placed by Be (11.28 MeV) and Be

" are wide.

4-Be-9
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(4.70) decay. The latter measure-
ments are based on the results of

C. L. Cocke and P. R. Christensen

- [see Nucl. Phys. Alll, 623 (1968)].

Most of the levels in both nuclei
The center-of-mass widths
used in the evaluation are given

below.

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

Wys MeV Tys MeV
1.68 0.21
2.43 0
4.70 0.74
6.76 2

11.28 0.575

Wgs Mev Tg> MeV
0 , 0
2.94 1.56

11.4 7

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

ENERGY AND ANGULAR DISTRIBUTIONS FROM
THE n,2n REACTION

The five partial (n,2n) reactions
include one narrow level and four
wide levels. 1In each of these, the
first neutron is described as the
result of an inelastic scattering
event. The experimental center-of-
mass angular distribution of the

. . 9%
first neutron from the narrow Be
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level (2.43 MeV) is described in a

P. Legendre expansion. The neutrons

fgom the other levels are assumed to
be isotropic in theilr center-of-mass
systems. The energy-angle correlation
for first neutrons is preserved.

The description of the second
neutron from each partial reaction
neglects the energy-angle correlation.
This is a valid approximation for
this reaction, as has been discussed
by S. T. Perkins in Nucl. Sci. Eng.
31, 156 (1968). All wide levels
were described by single-level
dispersion theory. After the the-

oretical level distributions were
" obtained for Beg* and Bes*
integrated, using the equations in
AN-1443 (1965), to obtain the Legendre
moments of the transference function,
GR(E,E'), for the second neutron.
The integration scheme uses excita-
tion energy bins of equal probability;
calculations were performed at the
average excitation energy within each
bin. (This mode of integration
appeared to be the most economical
one to use in this case.) This inte-
gration scheme intreoduces some dis-
continuities into the output spectra,
particularly at low incident neutron
energies. Since an increase in the
number of bins did not appear to be
economically feasible, these results
were smoothed with a smoothing
algorithm. The effective threshold

values for the 6.76- and 11.28-MeV

4-9-6

» they were

level excitations were assumed to be

at incident neutron energies of 7 and

12 MeV, respectively. This allows a

. better incorporation of the wide-

level effects. 1In these calculatious,

" the center-of-mass angular distribu-

tion of the recoiling Beg* nucleus

had to be consistent with the descrip-
tion of the first neutron mentioned
above. The subsequent decay breakup
and a neutron) was assumed

*
to be isotropie in the (Be8 »T)

8%
(into Be

center-of-mass system.

The angular distributions for
second neutrons in the laboratory
frame-of-reference were obtained from

a Py Legendre expansion of the trans~

ference function. The Legendre

moments from the P_ Legendre expansion

9
were integrated over the energy of

the second neutron in order to obtain
the Legendre coefficients of the lab-
system angular distributions, whiéh

then led directly to the angular dis-

tributions themselves.

n,p CROSS SECTION

This cross section was estimated
from the known threshold value and
the single measurement at 15,5 MeV

(Ref. 63-913).

n,d CROSS SECTION

This cross section is based on the
known threshold value and the measured
data between 16.5 and 18.8 MeV (Ref.
69-3101).




n,t CROSS SECTION

The cross section for the (n,t)
reaction is divided into (n;to) and
(n,tl) components, which proceed
through the ground state and the
0.477-MeV level of LiT*, respectively.
The total (n,t) cross section near
14 MeV was determined from Refs.
58-496 and 61-650.

the variation of the cross section

Except for noting

with energy, the results of Ref. 58-
494 were neglected, due to the large
uncertainties in these results.

The (n,tl) cross section was based
on results from F. 5. Dietrich et al.,
Nuel. Sei. Eng. 61, 267 (1976). The
(n,to) cross section was drawn
smoothly from zero at threshold to a
value at 14 MeV that is the differ-
ence between the total (n,t) cross
section and the (n,tl) cross section;
above 14 MeV, the (n,to) CTOSS sec—

tion decreases smoothly.

n,o CROSS SECTION

For neutron energies less than
8.6 MeV, the n,n cross section was
based on the measurements reported in
Refs. 58-494, 57-160, and 61-733.
It was then smoothly joined to the
three values given at 14 MeV (Refs.
61-650, 53-86, and 67-2367) and
extrapolated to 20 MeV. Note that
the measured cross section only ap-

plies to the production of the 6He

ground state, which beta decays to

4-.Be-9
MAT 1304

6 6He decays

Li; for higher states,
into an alpha particle and two neu-

trons.

n,Y CROSS SECTION

The n,Y cross section was assumed
to be inversely proportional to
incident neutron speed below 100 eV,
with a 2200-m/s cross section of
9.5 mbarns. It was extrapclated
linearly on a log-log basis to 0.1
mbarn at 1 keV, and then held con-

stant at this value up to 20 MeV.

PHOTON PRODUCTION CROSS SECTIONS
AND SPECTRA

Gamma rays in Be9 are produced by
the‘(n,Y) and (n,t) reactions. At
thermal neutron energy, Ref. 70-2415
lists the gamma-ray energies as
0.8535, 2.59, 3.368, 3.444, 5.958,
and 6.81 MeV, and it gives the cor-
responding (n,XYy) cross sections. '
The photon spectrum was assumed to
be independent of incident neutron
energy., The multiplicity M(EO),
however, varies with the incident

as follows:

neutron energy,EO

= : +
M(Eg) = M(O)(E__ +Q )/Q .
where M(0) is the multiplicity at
thermal energies, Qn y is the Q-value
»
for the (n,y) reaction, and Ec—m‘is

the center-of-mass energy:
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By using this recipe, we conserve fact equal -to this cross section
energy. As the incident neutron ' (since its multiplicity is
energy increases, there are undoubt- unity).
edly higher levels of Bel® that The angular distribution of gamma
are also excited. However, these rays from the (n,tl) reaction is
higher levels and their transi- isotropic, as reported in Ref. 59-
tions have been only partially 605. The angular distribution of the
identified. The component relevant capture gamma rays is assumed to be
to the (n,tl) cross section is in isotropic.

4-9-8
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SUMMARY DOCUMENTATION FOR 1UB

by

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

I. SUMMARY

All cross sections beéelow a neutron energy of 1.5 MeV except the (n,p) and
(n,t) reactions were revised for the Version V evaluation of 198 (MAT 1305).
The data above 1.5 MeV were carried over from ENDF/B-IV. OQther changes to the
file include the addition of evaluated cross sections and secondary gamma-ray
spectra from the 1%8(n,Y)'!B 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~° eV to 20 MeV. Partial documentation is pro-
vided in LA-6472-PR (1976) and LA-65318-MS (1976).

II. STANDARDS DATA

The 10B(n.u)-"Li and 1°B(n,0L1Y)7Li reactions are neutron standards at ener-
gies below 100 keV., The major reactions below 1 MeV were obtained for the Ver-
sion V evaluation from multichannel, multilevel R-matrix analyses of reactions
in the !B 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 Op (Sp73) and Sealock's 1°B(n,a1)
angular distributions (Se76) to the data set that was analyzed for Version IV.
In addition, we have replaced Friesenhahn's integrated (n,0;) cross section with
the recent measurements of Schrack et al. (both with GelLi and Nal detectors) at
NBS (Sc76), and have deleted Friesenhahn's total (n,0) cross section from the
data set. The resulting fit to the (nau) and (n,o Y) data is shown in Figs. 1
and 2, respectively, The integrated ! B(n,a) cross section has changed negli-
gibly from the Version IV results at energies below 200 keV. At higher ener-
gies, however, the (n,a) 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,2) cross section, with
the result that our calculated cross section must be considered quite uncertain
at energles above ~ 300 keV.

5-10-1
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III. ENDF/B-V FILES

File 1. General Information
MI=451. Descriptive data.
File 2. Resonance Parameters
MI=451., Effective scattering radius = (0.40238 x 1071'% cm.
Resonance parameters not included.
File 3. Neutron Cross Sections

The 2200 m/s cross sections are as follows:

MT=1 Sigma = 3839.1 b
MI=2 Sigma = 2.0344 b
MT=102 Sigma = 0.5 b
MI=103 Sigma = 0.000566 b
Mi=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=1. Total Cross Section

0 to 1 MeV, calculated from R-matrix parameters obtained by fitting
simultaneously data from the reactions *°B(n,n), 1°B(n,a0), and
loB(n,al). Total neutron cross—-section measurements included in
the fit are those of Bo52, Di67, and Sp73.

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

=2. Elastic Scattering Cross Section
0 to 1 MeV, calculated from the R=matrix parameters described for
MI=1. Experimental elastic scattering data included in the fit
are those of As70 and La7l.
1 to 7 MeV, smooth curve through measurements of La7l, Po70, and
Ho69, constrained to be consistent with total and reaction cross

section measurements.

7 to 14 MeV, smooth curve through measurements of Ho69, Cob69, Teb2,
Va?70, and Vab5.

14 to 20 MeV, optical model extrapolation from 14-MeV data.
MT=4, 1Inelastic Cross Section

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

5-10-2
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MT=51-61., 1Inelastic Cross Sections To Discrete States

MT=51" Q=-0,717 MeV MT=55 Q=-4.774 MeV MI=59 Q=-5.923 MeV

82  -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 Po70, Co69,
Ho69, and Va70, and the (n,xY) measurements of Da56, Dab0, and
Ne70 using a gamma-ray decay scheme deduced from Lab6, Al66,
SebbA, and Se6tb6B. Hauser-Feshbach calculations were used to
estimate shapes and relative magnitudes where experimental data
were lacking.

MI=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 Eyx=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 MI=2, 51-61, 103, 104, 107, and 113 from
MT=1. Cross section distributed among the bands with an
evaporation model using a nuclear temperature given by
T = 0.9728 /E, (units MeV), taken from Ir67.

MT=102. (n,Y) Cross Section
0 to 1 MeV, assumed 1/V dependence with thermal wvalue of 0,5 barn.
1 to 20 MeV, assumed negligible, set equal to zero.

Mr=103. (n,p) Cross Section
Thresheold to 20 MeV, sum of MI=700-703.

MT=104. (m,d) Cross Section

Threshold to 20 MeV, based on 9Be(d,n)”B measurements of Si65 and
Bab0, and the (n,d) measurement of Vaé5.

MT=107. (n,a) Cross Section
0 to 20 MeV, sum of MI=780 and 781.
Mr=113. (n,t20) Cross Section
0 to 2.3 MeV, based on a single~level fir to the resonance meas-
ured at 2 MeV by Daél, assuming L=0 incoming neutrons and L=2

outgoing tritons.

2.3 to 20 MeV, smooth curve through measurements of Fr56 and Wy58,
following general shape of Da6l measurement from 4 to 9 MeV,

5-10-3
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MT=700-703. (n,p) Cross Section to Discrete Levels

0 to 20 MeV, crudely estimated from the calculations of Po70 and
the {n,xr) measurements of Ne70. Cross section for MI=700 as-
sumed identical to MT=113 below 1 MeV. Gamma-ray decay scheme
for 98 from La66.

MT=780. (m,ap) Cross Section

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

1 to 20 MeV, based on Dabl measurements, with smooth extrapolation
from 8 to 20 MeV. Da6bl measurement above approximately 2 MeV
was renormalized by factor of 1l.4.

Mr=781. (n,a1) Cross Section

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

1l to 20 MeV, smooth curve through measurements of Da6l and Ne70,
with smooth extrapolation from 15 to 20 MeV. The Da6l data above
approximately 2 MeV were renormalized by a factor of 1.4.

File 4., Neutron Angular Distributicns
MI=2. Elastic Angular Distributions

0 to 1 MeV, calculated from the R~-matrix parameters described for
MF=3, MT=1., Experimental angular distributions input to the fit
for both the elastic scattering cross section and polarization
were obtained from the measurements ¢f La7l. Assignments for
resonances above the neutron threshold are based on La7l,

1 to 14 MeV, smoothed representation of Legendre coefficients de-
‘rived from the measurements of La7l, Ha73, Po70, Ho69, Co69, Vab9,

and Va65, constrained to match the R-matrix calculations at E,=1
MeV.

14 to 20 MeV, optical model extrapolation of 14-MeV data.
MI=51-85. Inelastic Angular Distributions

Threshold to 20 MeV, assumed isotropic in center—of-mass.

5-10-4
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File 12. Gamma Ray Multiplicities

MT=102. Capture Gamma Rays
0 to 20 MeV, capture spectra and transition probabilities derived
from the thermal data of Th67, after slight changes in the
probabilities and rencrmalization 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.
MI=781. 0,4776-MeV Photon from the (n,0]) Reaction
0 to 20 Hev,_multiplicity of 1,0 at all energies.
File 13. Gamma-Ray Production Cross Sections

MT=4, (n,nY) Cross Sections

Threshold to 20 MeV, obtained from MI=51-61 using 10g decay scheme
deduced from La66, Al66, Seb6A, and Seb6B.

MT=103. (n,pY) Cross Sections

Threshold to 20 MeV, obtained from MT=701-703 using '°B decay
scheme deduced from Lab6,.

File 1l4. Gamma Ray Angular Distributions
MT=4. (n,nY) Angular Distributions
Threshold teo 20 MeV, assumed isotropic.
MT=102. {n,Y) Angular Distributions
0 to 20 MeV, assumed isotropic.
MT=103. {(n,pY) Angular Distributions
Threshold to 20 MeV, assumed isotropic.
"MI=78l. (m,01Y) Angular Distribution
0 to 20 MeV, assumed isotropic.
File 33. Cross-Section Covariances
The relative covariances for the most important reactions open below
1 MeV are given in File 33. These are calculated directly from the

covariances of the R-matrix parameters, using first—-order error
propogation.

5=10=5
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M1=2, 780, 781. (m,n) (n,0ag), and (n,a;) Covariances.

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

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

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

0 to 1 MeV, for compactness, these covariances are constructed
from those described above, using NC-~type sub-subsections. The
constructed covariances for the totazl cross section therefore
neglect contributions from the (n,y), (n,p), {n,t), and (n,n7)
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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Fig. 1.

Experimental and evaluated data for the YWp(n,n) Li reaction from 1 keV to 1 MeV.
References for

The solid curve is ENDF/B-V and the dashed curve is ENDF/B-IV.

experimental data are given in LA-6518-MS.
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MAT 1160
Eval—-Sep7l1 C.Cowan
Dist-May74 Rev-Nov7i
Extended to 20 MeV for ENDF/B Version-IV
* * % * * * *
Boron-11 Translated from UKAEA Data File (MAT No 49)
* * * * * *
Data modified Sept 1971 to conform to ENDF/B-II1 format
* * * * * %

Revisions to the UKAEA data were made in Sept 1971 by C.Cowan from
GE and on temporary assignment at BNL. Revisions include,

1) Total and elastic reactions between 0.5 and 2.5 MeV were re-
normalized based upon recommended resonance parameters and
smocth cross sections from BNL-325

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

5-11=-1
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Summary Documentation
Carbon Evaluation
ENDF/B-V ~ MAT 1306

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

August 1978

New Evaluation for Version V:
1. Total and elastic scattering from thermal to 4.81 MeV.
2. Elastic angular distribution: thermal to 4.81 MeV,

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

4, Activation file for (n,p).
Gas production file.

6. Uncertainty file.

Adopted from ENDF/B-IV (by F. G. Perey and C. Y. Fu):
1. (n,a) below 15 MeV and (n,y) below 1 MeV,
2. Angular distributions of secondary neutrons 4-51.
3. Multiplicity of capture gamma-rays 12-102.
4. All other cross sections and distributions below 8.5 MeV
except (n,Y), (n,o), and (n,t).

Adopted from French evaluationl which is an extensive revision of ENDF/B-IV:
1, (n,Y) above 1 MeV, (n,a), and (n,t).

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

3. All other cross sections above 8.5 MeV except (n,0),

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

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

below:

File 3, MT=1. Total

1.E-5 eV to 4.81 MeV — sum of Filé 3 MT=2 and File 3 MT=102.

4.81 MeV to 20 Mev,2™*
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File

File

35, MT=2. Elastic Scattering

1.E-5 eV to 4.8]1 MeV — R-matrix analysis with d:a.ta.z_27

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

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

R-matrix analysis, A thermal total cross section of 4,746 + 0,25%
evaluated by Lubitz28 was also used in the R-matrix fit,

4,81 MeV to 8 MeV.26’27’29

8 MeV to 14 Mev.29_'31

14 MeV to 20 MeV.32

3, MT=3. Nonelastic

File

1.E-5 eV to 4.81 MeV. Same as File 3 MT=102.
4.81 MeV to 20 MeV — File 3 MT=1 minus File 3 MT=2,

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

File

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

6.32 MeV to 8.796 MeV — File 3 MT=3 minus File 3 MT=102 minus
File 3 MT=107.

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

gamma-ray data of Morgan gg_gl.33

3, MT=52-91. (n,n') and (n,n'30)} Lumped Together

File

MT=52 to 55: real levels with physical widths given in File 4.
MT=56 to 58: pseudo levels with 0.25-MeV half width of rectangular
distribution given in File 4.

MT=91: a small evaporation component with T=0.3 to reproduce
threshold effect and the decay of the 2.43-MeV level of 9Be.
Distribution of secondary neutrons agrees with Refs. 34 and 35.

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

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

3, MI=102, Capture

1.,E-5 eV to 1 MeV — 1/V with 3.36 mb at thermal.
1 MeV to 20 MeV — derived from (y,n) cross section of Ref. 38.
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File 3, MI=103. (n,p)
See Ref. 39.

File 3, MT=104. (n,d) .
Derived from (d,n) of Ref. 40.

File 3, MT=107. ({n,c)
See Refs. 41-46.

File 3, MT=203.. Proton Production
Same as File 3, MT=103.

File 3, MT=204. Deuteron Production
Same as File 3, MT=104.

File 3, MT=207. Alpha Production
Sum of File 3, MT=52 to File 3, MT=91, multiplied by 3,
and added to File 3, MT=107.

File 3, MT=251. Mu Bar
Derived from File 4, MT=2 with code SAD.

File 3, MT=252. C(hi
See File 3, MT=251.

File 3, MT=253. (Gamma
See File 3, MT=251.

File 4, MT=2. Angular Distribution of Elastically Scattered Neutrons
Same data and analysis as in File 3, MT=2, Legendre coefficients

in center-of-mass with transformation matrix given.

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

Same data sources as in File 4, MT=2.
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File

4, MI=52. Inelastic Scattering to 7.653-MeV Level

File

See Ref, 47.

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

File

See Ref, 47.

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

5, MT=891. Evaperation Spectrum with T=0.3 MeV.

File

File

This is a small component of (n,n'3e) and is used mainly for the

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

the correct threshold effect.35

File

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

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

File

Same as File 3, MT=103.

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

File

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

File

Same as File 3, MT=51.

14, MT=51. Angular Distribution of 4.439-MeV gamma rays.>>*>0 >®

File

14, MT=102. Angular Distribution of Capture gamma rays.

File

Isotropic in center-of-mass.

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

Covariance data are given for MF=33, MT=1, 2, 3, 51-68, 91, 102, 103,
104, and 107. Derived sections (NC subsections) reflect exactly the way

the cross-section files were generated.

For MT=1, MT=2 above 2 MeV, MT=51, and MT=107, covariances were
determined from *20 error bands. The error bands were extended and -
enlarged to cover energy regions lacking experimental data. In general,
10ng range covariances reflect systematic errors common to all data sets.
Medium range covarinaces reflect differences in energy coverage by different
data sets and differences in the experimental methods within the same data
set. Short range covariances reflect structures in the cross sections
and/or threshold effecfs. Statistical errors are, in principle, nonexistent

in the evaluated cross sections.

For MT=2 bhelow 2 MeV, covariances were evaluated individually for each
of six data sets. These six data sets and their covariances were averaged by
least squares (Bayes theorem). The resulting covariances were further mbdi—
fied by considering the effects of the R-matrix fit which included thermal
data, data above 2 MeV, and polarization data. Uncertainties (not covari-
ances) in the angular distributions were also evaluated and are reported

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

MT=52-68 are either discrete levels or bands of continuum levels to
represent the secondary neutron distributions in {(n,n3a) reactions with
correct energy-angle kinematics. A 20% fully correlated uncertainty is givén
to each level or band of levels. This may require improvement in the next

round of evaluation.
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SUMMARY DOCUMENTATION FOR ~ N

by

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

Los Alamos, New Mexico

The "N 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-
uvation is given in LA-4725 (1972), and revisions are described in LA-5375-PR
(1973)., The evaluation covers the energy range 10~° eV to 20 MevV.

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, 16,

51-82, 102-108, 700-704, 720-723, 740-741, and 780-790 were
thinned using 2 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 2.5% and
that the maximum excursion at any angle be less than 5%,

File 2. Resonance Parameters

MT=151. Effective Scattering Radius = 0,89014 x 10-1% cm,

Fesonance parameters not given,

File 3. Neutron Cross Sections

The 2200 m/s cross sections are as follows:

MI=1
MI=2
MT=3

Sigma
Sigma
Sigma

MI= 102 Sigma
M= 103 Sigma

11.851 barns
9.957 barns
1.894 barns
0.075 barns
1,819 barns

T-14-1



T=N-14
MAT 1275

MT=1, Total Cross Section

Zero to 1 eV, Op = 9,957 + 0.3013/VE (b), from absorption of 1.894
b at 2200 m/s and Me49 data above 1 eV.

1l eV to 10 keV, from data of Me49,

10 keV to 0.5 MeV, from Hi52, Bi59, Huél, 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 Ca’70, He70, and Fo7l 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 17 above (.75 MeV, but may
rise to 5% in eV region.

MI=2, Elastic Scattering Cross Section
Zero to 10 MeV, subtracted evaluated non-elastlic cross section from
the evaluated total, although direct elastic measurements of Fo55,

Fo66, Bo57, Chél, Ba67, Phél, and Ne70 were considered,

10 to 12 MeV, Transition regiom.

12 to 20 MeV, Based upon data of Ch6l, Ba67, Ne70, Ba63, and Bo68.
MT=4, Total Inelastic Cross Section

Sum of MT=51-82 cross sections
MI=16, (n,2n) Cross Sectiomn

Based upon data of Fe6t0, Brél, Bo65, and Pré0, estimated * 30 per
cent error.

MI=51-62. 1Inelastic Cross Section to Discrete States

MT=51 Q=-2.313 MeV MI=55 Q=-5.691 MeV MI=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 -B8.489

Threshold to 15 MeV, from (n,nY) data of Di69, 0r69, Cl6%9, Bub9,
Ny69, Co68, and extensive measurements of Di73,

Above 15 MeV, smooth extrapolations.
MI=63-82 Inelastic Cross Section to Groups of Discrete States

Cross section is grouped into excitation energy bins of 0.5 MeV
Ny width centered above Q-values between -9.25 MeV and -18.75 MeV.

T=1422
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The integra:ed crogs section over these B&nds was ﬁdjusted such
that the difference between tht total and non~elastic cross
gections agreed with elastic data (see MTI=2), The division of the
¢ross section among the bands is based on Hauser-Feshbach and
nuclear temperature calculations., Note that (n,np)} and (u,nc)
reactions are included with the discrete and binned inelastic
data through use of LR flags (LR=28 and 22, respectively).

MT=102. Radiative Captureée

Zero to 0.25 MeV, 1/V from 75 mb (* 1i0%) at thermal (Ju63).

0.25 to 1 MeV., Transition regicn.

1 to 20 MeV. Deduced from '*N(p,Y)!%0 data of Ku70, assuming
charge independence. Energv scale adjusted to match foot hills
of (p,Y) giant resonance to resonance clusters observed in 15y
compound nucleus.

MT=103. (n,p) Cross Section
Sum of MI=700-704,
MT=104, (r.,d) Cross Section
Sum of MI=720-723,
MI=105. {(n,t) Cross Section
Sum of MT=740-741.
MI=107. (n,0) Cross Section
Sum of MI=780-790,
MT=108. (n,20) Cross Section
Based on Li52, Mo67, and Hauser-Feshbach calculation,
MI=700. (a,p) Cross Section to '*C Ground State

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

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

13 to 20 MeV, smooth extrapolatiom.

MI=701-704, {(n,p) Cross Sections to 14c Excited States

MI=701 Q=-5,468 MeV Ex=6,.095 MeV (6.58, 6.89-MeV level excitation
cross sections are also included)

MI=702 Qe-6.102 MeV Ex=6,728 MaV

7=14-3



T-N-14
MAT 1275

7=-14-4

MI=703 Q=-6,385 Ex=7,012 MeV
704 -6.711 7.337

Threshold to 15 MeV, from" (n.pY) data of 0r69, Di69, 0269 Bub9,
and Nye69,

15 to 20 MeV, smooth extrapolations.
Mr=720. (n,d) Cross Section to“’C Ground State.
Threshold to 15 MeV, from inverse cross section data of Ch6l, Bebt3
near threshold and direct data of M168, Fe67, Ca57, and Zaf3 at
14 Mev.
15 to 20 MeV, smooth extrapolations.
MT=721-723 (n,d) Cross Section to Excited 13¢ Levels
MI=721 Q=-8,41]1 MeV Ex=3.086 MeV
722 -9.009 © 3.684
723 -9.179 3.854

Threshold to 15 MeV, direct data of Fet7, Zat3, Ca57 and {n,dy)
data of 0r69 and D169 below 13 MeV.

15 to 20 MeV, smooth exttapolations.

MT=740-741, (n,t) Cross Sections to '2C Ground and 4.439 MeV-Excited
State.

Threshold to 15 MeV, direct data of Ga59, Sc66, Re67, and Fe6€7.
15 to 20 MeV, smooth extrapolations.
MT=780-790, (n,a) Cross Section to Discrete 1lg states

MI=780 Q=~0.157 MeV Ex=0,000 MeV

781 -2.282 - 2,124
782 -4,.602 4,444
783 -5.176 5.019
184 -6.900 6.743
785 -6,950 6.793
786 ~7.453 7.296
787 -8.153 7.996
788 -8.723 B.566
789 ~-9.082 8.925
790 -9,342 9.185

Threshold to 6 MeV, from direct data of Jo50, Gz39, ard Sc66.

6 to 15 MeV, used above direct data, together with (n,xy) data of
Ha59, D169, Or69, Ny69, and Bu69., Near 14 MeV, direct (n,a) date
of 1152, Ba6B8, Leb8, and Ma68 were also used.
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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
Fo55, Fob6, Bo57, Ch6l, and Ba67, using parameters from total and
partial cross section analyses and Aj70.
8 to 15 MeV, based upon data of Ch6l, Ba6t7, Re70, and Bab3,
15 to 20 MeV, based upon optical model calculation.
MI=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 reasomable cm distribution,
the strong forward peaking of the transformation will dominate.
Normalized for trapezoidal integration.
MT=51 to 62. Angular Distributions for Inelastic Scattering
Above 7 MeV taken from proton data of Dob4, Ha70, and 0460 as-
suming charge symmetry, and neutron data of Ba63. Threshold
shapes modeled after Hauser-Feshbach calculations.
MI=63-82. Angular Distributions for Inelastic Scattering
Assumed isotropic in cm at all energies.
File 5. Energy Distribution of Secondary Neutrons

MP=16,. Spectrum of (n,Zn) Secondary Neutromns

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, Jo69, Gr68, and Mo62. LP flags were used to

designate primary gamma rays.

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

1 to 20 MeV, deduced from 1%N¢p,Y)'%0 data of Ku70, who observed
no significant transitions except to ground state.

7-14-5



T-N-14
MAT 1275

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,
MT=104, 105 include contributions from {(n,npy) and (n,ndy).

MT=4, {n,nY) Cross Section |
From data of Ha39, Di69, 0r69, CL6%, Bu6%, Ny69, Cob68, and Di73.
MT=103. (n,pY) Cross Section
From data of D169, Or69, Bué9, Ny69, and CL69,
MT=104. {(n,dy) + (n,npY) Cross Section
From data of D169, Or62, Bu69, Nyb69, and CR69.
MT=105, (n,ty) + (n,ndy) Cross Section

{n,tY) estimated from (n,t) as discussed under MF=3 MT=74],
(n,dny) estimated from MT=63-82. ’

MI=107, (n,axy) Cross Section

From (n,a) data of Gab9, Sc6é6 and (n,qy) data of Ha59, Di69, Nyé9,
0r69, and Buéd,

File 14. Photon Apgular Distributions

T-14-06

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

MI=4. Inelastic Scattering to i

The 1,63~ and 4,91-MeV gamma are given as anisotropic, 4ll remain-
ing gamma rays are isotropic.

MT=102, (n,Y) Angular Distributioms
Zero to Q.4 MeV, all photons are isotropic.

0.4 to 20 MeV, anisotropic distribution for the single ground state
transition is based upon 1"N(p,,'\rca)”’O data by Ku70,

MI=103. (n,pY) Angular Distributions
All isotropic.
MI=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
Al]l isotropic.
MIr=107. (n,0Y) Angular Distributions

All isotropic.

File 33. Neutron Cross Section Corvariances

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

II. 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 Ze7l for neutron energies from 0.8 to 5.4 MeV. As a starting
point we used the level scheme reported in Ze7l. Also used in
the R-matrix analysis were the elastic angular distributions of
5162 end Ze7l in the energy range from 1.9 to 3.64 MeV. The
parameters of the R-matrix analysis were then used to generate
cross sections and to determine Legendre coefficients in the
range from 1,.0E-05 to 5.4 MeV., In the energy region from 6 to 20
MeV we used two statistical model codes to generate cross sections.
With the first, COMNUC, we computed the angular distributions of
elastically scattered neutrons. The Legendre coefficients ob-
tained were then joined smoothly with those from the R-matrix
analysis. We also obtained angular distributions of neutrons
leading to the first seven excited states of 1SN, To generate
neutron transmission coefficients for this part of the analysis,
we used the global optical model parameters of Wilmore and Hodgson
as reported by Pe74, and adjusted them to give good agreement with
the measured total cross section. The generation of capture, in-
elastic, and nomrelastic cross sections as well as neutron, gamma-—
ray, and charged-particle spectra was done with the statistical
model code, GNASH. This newly developed code (Yo77) is based
largely on the statistical model formalism of Uh71. Again, neutron
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transmission coefficients were based on the optical model par-
ameters of Wilmore and Hodgson. Transmission coefficients were
generated for protons, deuterons, and “He, with the appropriate
global forms reported in Pe74. For tritons we used the global
parameters for ‘He reported in Pe74 since these were consistent
with triton optical model parameters for individual light nuclei
as compiled by Pe’74. The Gilbert-Camercon 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 (CR71) and assumed a 10%
preequilibrium fractiom.

2. Resonance Parameters

MI=151. Effective scattering radius = 0.592916 x 10™!? cnm
Resonance parameters not given.

3. Neutron Cross Sections

The 2200 m/s Cross Sections are:

MI= 1 Sigma = 4.41B5 b
MT= 2 Sigma = 4,418 b
MT= 102 Sigma = 24.0E~06 b

MT=1l. Total Cross Section
From 1.0E-05 eV to 5.4 MeV total cross section values are based
on the R-matrix analysis described above. F¥rom 5.5 to 20 MeV,

the evaluated cross section is based on the smoothed results of
Ze7l. ‘

MI=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,nd) Cross Section
Based on smoothed results of statistical model caleculation.

MT=28. ({(n,np) Cross Section

Based on smoothed results of statistical model calculation.
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MT=51-57. 1Inelastic Cross Section to Discrete States

Mr=51 Q=-5.27 MeV MTI=55 Q=-7.301 MeV
52 -5.299 56 -7.566
53 -6.324 57 -8.313
54 -7,155 ‘

MT=91. (n,n) To Continuum

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

MTI=102. (n,y) Cross Section
Zero to 0.010 MeV, 1/V from 24.0E-06 b at thermal
6 to 20 MeV calculated from statistical model with Axel

(Ax62) giant dipole resonance approximation for gamma-ray
transmission coefficients.

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

MT=103. {n,p) Cross Section

Sum of MT=700,701, and 718 cross sections.
MI=104. (n,d) Cross Section

Sum of MIr=720, 721, 722, and 738 cross sectiomns.
MT=105. (n,t) Cross Section

Sum of MT=740, 741, and 758 cross sections,
MT=107. (n,a) Cross Section

Sum of MT=?80—735 and 798 cross sections.

MT=700, 701. (n,p} Cross Section to 15¢ Ground and First Excited
States '

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

MT=738. (n,p) Teo Continuum States of 1°C

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

MT=720~722. (n,d) Cross Section to lée Ground, First, and Second
Excited States
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MT=720 Q=-7.984 MeV EX=0. MeV
721 -14.079 6,095
722 -14,567 =6.583

MT=738. {(n,d) To Continuum States of lhe
Continuum defined to begin at 6.681 MeV, just above second excited

level in !“C.

MT=740-742, (n,t) Cross Section to ‘3C Ground, First and Second
Excited States

MT=740 Q=-9.902 MeV  EX=0. MeV
761 . ~12.992 3.09
742 -13.586 3.684

MT=758, (n,t) To Continuum States of '3C

Continuum begins at 3,784 MeV, above second excited level in '3c.

MI=780-785. (n,0) Cross Sections to >2B Ground and First Five Excited
Excited States

MT=780 Q=-7.623 MeV  EX=0. 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 '*B

Co?ginuum begins at 3.49 MeV, just above fifth excited state in
B.

File 4. Secondary Neutron and Charged Particle Angular Distributions
MT=2, Elastic Angular Distributions

Zero to 5.4 MeV, based on results obtalned 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 ﬁeutrons from (n,na)

Reaction assumed isotropic In the laboratory system,
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MT=28. Angular Distribution of Neutrons f;om (n,np) Reaction
Assumed isotropic in the laboratory system.

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

MT=718. Angular Distribution of Protoﬁs 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 Tritous from (n,t) Reaction
Assumed isotropic in the laboratory system.

MI=798. Angular Distribution of Alphas from (n,a) Reactionm
Assumed isotropic in the laboratory system.

MT=799. Angular Distribution of Alphas from (n,nx)
Assumed isotropic in the laboratory system.

File 5. Energy Distribution of Secondary Neutrons and Charged Particles

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

MI=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, FPhoton Angular Distributions
MT=4. (n,n'Y) to 18y, all isotropic

MT=103. (u,pY) to 18g, all isotropic
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MT=104. {(n,dYy) to "¢, all isotropic
MT=105. (n,tY) to '3c, all isotropic
MT=107. (n,%y) to !B, all isotropic

MT=16. (n,2ny) to '“N, all isotropic

File 15. Energy Distribution of Secondary Photons

MT=4, 16, 103, 104, 105, 107. Generated using statistical model code
GNASH (Yo77).
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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 !®0 (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-% eV to 20 MeV and is partially documented in LA-57359-PR

(1974).. See also LA-3375~PR (1973) and LA-4780 (1972).

II. ENDF/B-V FILES
File 1. General Information
MI=451. Descriptive Data,

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

In a similar manner, the MI=2 Legendre coefficients in MF=4 were
thinmmed 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 107'? cm.
Resonance parameters not included.
File 3, Neutron Cross Sections

The 2200 m/s cross sections are as follows:
MT=] Sigma = 3,7483 b
Be16~1
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3.7481 b
0.1780 mwd

MT=2 Sigma
MI=102 Sigma

MI=1l, 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 IGO(n,n)IBO, 15O(n,ao)lsc, 13C(o¢0,a0)”c at
energies below E,=5.7 MeV. Data for total are smoothed compos-—
ite of $c71 and normalized Ci68, with inserts of Ci68, normalized
composite Fo73, and normalized Fobl for narrow structure. Fo?73
and Fobl energy scales adjusted to match Ci68. Resolution cor-
rections applied simultaneously to total and (n,dp) to give same
width and consistent heights to peaks. Level scheme is based
on Jo73. 0,44-MeV resonance from ncrmalized data of Ok55. In-
serts from the swmoothed composite are used over some narrow re-
sonances, and over regions where it appears to better represent
the experimental cross sectiom. 16O(n,Y) capture cross section
has been added at low energies, and the n-1%0 total cross section
added in the vicinity of the n-'®0 minimum at Ep=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 MI=4, 102, 103, 104,
and 107 from MI=1, However, adjustments were made to certain re-
action channels, particularly MI=51, to enhance agreement with
the elastic measurements of Ph6l, Ch6l, and especially Ne72, Ki72,
and Bu73.

11 to 14 MeV, smooth curve drawn so as to agree with l4-MeV measure-
ments of Bab3, Mch6, and Beb7.

14 to 20 MeV, optical model extrapolation using parameters from fit
of 14-MeV data of Bab63, adjusted to give correct total cross sec~
tions up to 20 MeV,

MI=4, 1Inelastic Cross Section

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

MI=51-70. Inelastic Cross Section to Discrete States

MT=51 Q=-6,052 MeV MI=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, MI=52-55, 5%,and 60 are based mainly on {n,ny)
data of Di70, 0r70, Dr70, Bu7l, Ny6%, CR69, and Enb4 below 15 MeV
and were extrapolated to 20 MeV with compound nucleus reaction
theory calculations. The remaining MI numbers are based on
compound nucleus calculations normalized to give an MI=3 in agree-
ment with elastic data of Bab2, 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, Ki7Z, and Bu73.  Integral data from
sphere transmission measurements (Wo72) were also factored into
deriving some of the l4-MeV data,

MT=71-89. 1Inelastic Cross Section to Groups of Discrete States

Data combined into 0.3-MeV wide excitation energy bins centered
apbout (-values between -13,15 MeV (MT=71) and -18.55 MeV (MI=89),
This representation was used in lieu of MF=5, MI=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. MI=56-58, 6l1-66, 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 Bo6b
below 17 MeV. The remaining MT numbers above MT=66 are flagged
as being proton emitters.

MT=102, (n,Y) Cross Section
1/V variation from 178 ub at 2200 m/s, from Jub4.
MI=103. (n,p) Cross Section

Threshold teo 15 MeV, used evaluation of 5165, raised 3 per cent
above 12 MeV.

15 to 20 MeV, based on experimental data of Bo6t6, Seb2, 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,&) Cross Section

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

0.0 to 5.7 MeV, essentially calculated from R-matrix fit described
under MI=l. Energy scale of Ba72 adjusted to match C168 total
cross section and resclution 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 Jo73.

5.7 to 20 MeV, based on data of Da63, Dab8, Si68, Ba73, and com-
posite of Mcb66A, Ma68, and Leb68 at 14 MeV.

MI=781-783. (n,a) Cross Section to Excited Levels of !3¢C

Threshold teo 15 MeV, used (n,a) data of Daé3 and (n,xy} dats of
Dpi70, 0r70, Cl69, Ny69, Enb4, and Bu7l,.

15 to 20 MeV, based on data of 5168,
File 4. Neutron Angular Distributions
MT=2, Elastic Angular Distributions
0.0 to 5.7 MeV, calculated from R-matrix fit (see MF=3, MI=]),
Measured angular distributions input to the fit were those of

Chél, Fo58, Fo70, Hi58, Hué2, Jo67, Ki72, Lab0, Li66, Mab2, and
Phél.

5.7 to 14 MeV, smooth curve through coefficients derived from fits
to elastic data of Ph6l, Ne72, Ch6l, Ba63, Beb7, Mc66, Ki72, and
Bu73, :

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

MT=51-89, 1Inelastic Angular Distributions

Threshold to 20 MeV, assumed igotropic in center-of-mass system

except for MI=51-55 above 10 MeV which are based on fits of the

14-MeV measurements of Bab63 and Mc66. Note that the sum MI=51
and 52 is consistent with isotropy at 8.56 MeV (Ki72).

File 7. Thermal Scattering Low Data

Provided by D. Finch (SRL). Constrained to match MF=3, MI=2 data.
File 12. Photon Multiplicities

MI=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,nyY) Cross Sections
Thresheold te 15 MeV, based méinly on data of Di70, 0Or70, Dr70,
Lu70, Bu69, Ny69, CR69, and Ené4, Data generated from MF=3
MT=51-60 using an ‘%0 decay scheme from A370.

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

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

Mr=22. (n,nty) 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 1l4-MeV data of Cl169, and 0Or70.
MT=103. (n,py) Cross Sections

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

MIr=107. (n,2Y) Cross Sectioms

Threshold to 15 MeV, based mainly on (m,xy) data of Di70, 0r70,
CL69, Ny69, Enb4, Bu7l, and (n,a) data of Dab3.

15 to 20 MeV, based on data of $i68.
File 14. Gamma Ray Angular Distributions
Mr=4, (n,ny) Angular Distributions
Assumed isotropic except for the 6,131~MeV gamma, which is based
on the angular distribution measurement of Dr70, Lu70, Bu7l, and
Di70, and the 6.917-MeV gamma, which is based on the two-angle
measurements of Di70.
MI=22. (n,noy) Angular Distributions
Assumed isotropic.
MI=103. (u,pY) Angular Distributions
Assumed isotropic.

MT=107. (n,o0y) Angular Distributions

Assumed isotropic.
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File 33. Neutron Cross Section Covariances
MT=1, 2, 4, 103, 107, Smooth Cross Section

Covariances are based upon estimates of the uncertainty in the
experimental measurements and theoretical calculations used in
the evaluation, Format updated for Version~V. For more details,
see separate summary documentation for covariances.
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EVALUATION OF THE NEUTRON CROSS SECTIONS FOR 170 for ENDF/B-V.

The dearth of experimental data associated with l70 necessitated the
use of nuclear model codes to calculate neutron cross sections and the utili-
zation of systematics and "rule of thumb" to deduce some of the parameters
needed as input to the nuclear model codes. The only available experimental
data concerning neutron induced reactions are the coherent scattering ampli-
tude, the thermal (n,a) c¢ross section, a 14.1 MeV (n,p) delayed neutron yield,
and a preliminary total cross section measurement in the MeV region. The
codes, systematics, and estimates used are outlined in the sections to follow.

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

Thermal Cross Sections and Resonance Integral

(L

The coherent scattering amplitude of 5.78 fm indicates an elastic
scattering cross section whose lower limit is 3.74 barms, and for lack of any
knowledge of incoherent scattering, is adopted as the total elastic scattering

cross section.

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

possibly a capture cross section.

TABLE I
ENDF/B Description of 170 MAT 1317

FILE (MF) DESCRIPTICON

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

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

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

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

5 Secondary neutron energy distributions for the inelastic
continuum, {(n,2n), (n,n'p) and (n,n'a) reactions.
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On the basis of the quoted errors we have selected the Hanna(z) (n,a)
measurement for this evaluation. It is in agreement with the values listed
in both BNL-325(3) and the Chart of the-Nuclides (4l Hanna implies, through
rather rough estimates, that the capture cross section should be greater than
or equal to the (n,0) cross section; i.e., approximately half the absorption
cross section. His evidence is unsubstantiated, however. A recent calculation
by S. Mughabghab indicates a value of 3.8 mb, which was adopted for the present
evaluation. This value was calculated using m%g?ods outlined in BNL-NCS-25086(5)

and 1s based upon the theory of Lane and Lynn .

The radiative capture resonance integral was calculated with INTER(7) using
a cutoff energy of 0.5 eV,
Energy Dependent Absorption Cross Section
18

There is cemsiderable structure above En=150 keV indicated in the 0

compound nucleus as shown both in Energy Levels of Light Nuclei(s) and lac(a,n)
(3 {10

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

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

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

Resonance Parameters

(3)

There are resonance parameters for two energies listed in BNL-325 ’
but these are deduced from (a,n) experiments and only total T and spins are
measured. This is not enough information to do a resonance profile. The
described cross sections will, therefore, be construed as average cross sections

in the energy ranges that have known structure.

Total Cross Section

From 10“5 eV to 100 keV the total cross section is defined to be the sum
of the elastic cross section (a constant value of 3.74 barns) and the absorp-
tion cross section, a l/v term whose value at thermal is 238.8 mb. For the MeV

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

inhouse version of ABACUS (lll The calcqlated cross section was plotted on a

(12)

preliminary experimental curve supplied by Auchampaugh and was equal to
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the average values of the experiment. This procedure provided confidence in
the calculation and subsequent use of ABACUS generated transmission

coefficients.

Elastic Cross Section

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

section from the total cross section.

Non-Elastic Processes

The non-elastic cross section is defined here to consist of the (n,n'),
(n,v), (n,2n), (n,a), (n,p), (n,d), (n,dp) and the (n,da) cross sections.
The above cross sections were derived from statistical model calculations with

the nuclear model codes COMNUC(13) and MODNEW (14X

COMNUC uses Hauser-Feshbach theory and width fluctuation corrections to
calculate the compound nucleus contributions to the cross sections. The

(15)

optical model parameters were those of Wilmore-Hodgson as listed in Perey
and Perey(16) with the added correction to the square term in Vo of 0.00118E2
MeV. A drawback to the use of the in-house version of COMNUC is that only the

incident particle is allowed emission from the compound nucleus.

MODNEW was employed to calculate the n-particle cross sections. This
code uses Hauser-Feshbach theory without width fluctuations but has four exit
channels, n,p, «, and d, beside the competing y~channel. Back shifted Fermi
gas parameters used in MODNEW, i.e., those of Vonach and Hill (lTh did not
give satisfactory results for isotopes in the mass range of A=17 and the code

(18) (19).

was subsequently modified to adopt the parameters of Gilbert and Cameron

Inelastic Scattering Cross Section

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

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

COMNUC input included 20 discrete energy levels for l80 and a continuum

cutoff of 6.9 MeV was employed. Since this version of COMNUC does not account
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for n-particle competition the 17O(n,cx) reaction (exoergic) was subtracted
from the total inelastic and where threshold reactions became important the

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

The input for MODNEW is more complicated since MODNEW has four exit
channels and will handle up to & compound nuclei. Thus, the input must include

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

Cross Sections for N-Particle Reaction

The (n,a) cross section calculations (exoergic) from MODNEW shows a
relative maximum of 150 mb at~2.5 MeV and another of 275 mb at~12 MeV. This
structure, while unexpected, was also produced with the Los Alamos version
of COMNUC by E. Arthur (20%
supported by inverse cross section calculations using experimental results

from the (a,n) reaction. In the nuclear transition 170+n->-14C+0. the following

(21),

The magnitude of the (n,n) cross section was

relationship holds

(210+1)(21n*1)Pi ola,a) = (2Ic+1)(21u+l)P§ o(a,n)

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

from Bair, et al. (9, were substituted in the equation, and for EnnuB MeV . (the

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

The calculated (m,p), (n,d), (n,2n), (n,na) and (n,ﬂp) all behaved as
expected. The only experimental data available is a cross section for the
delayed neutron yield for 17O(n,p)UN at 14.1 MeV (22)- The value o
(activation) = 21.5 # 1.7 mb is a lower limit for the 17O(n,p) cross’section

and lends support to the calculated value of o p(114.1 MeV) ¢ 40 mb,
]

Capture Cross Section

The capture cross section was calculated with COMNUC and adjusted to
account for competitive reactions. rf; 1 eV was deduced from the extrapolation
of systematics for odd A, FT as a function of A, as shown by Mughabghab 3) on
page xxiii of BNL~325, and by investigation of FY for nearby nuclei. The
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average level spacing, <D>, was determined by inference through investigation

of nearby nuclei and from Babba (231gand was chosen to be 100 keV., The adopted
27T - T

value of <7 ¥ was therefore, 0.63 x 10 4._ This choice of ZHFI was given some
<D> < D>

support by the resulting calculated 14 MeV capture cross section of 0.1 mb.

This is near the expected value deduced from the systematics of Bergqvist (24),

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

Angular Distribution of Secondary Neutrons

(11) code was used to generate the transmission coefficlents
(14)- Also calculated with ABACUS were the differential

- The ABACUS-2
for use with MODNEW
elastic scattering cross sections. CHAD(ZS) was used to fit the differential

elastic cross sections to a polyromial of the form

N
do(E,u) = s Z , (20+1) £, (E)P, ()
af 4n
=0

Assuming do(E,u)/dﬁ may be represented linearly between points, the legendre
coefficients fJL (E) can be computed analytically. These coefficients appear

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

The parameters |, £ and Y were generated using DUMMYS(ZG) with the
differential elastic angular distributions calculated with ABACUS. These

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

The inelastic angular distributions appear in the file as isotropic in

the center—-of-mass system,

Energy Distribution of Secondary Neutroms

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

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

—_ ?
F(EE)~E e B /T
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The nuclear temperature t is given by equation 13, but the pairing energies
given by Gilbert and Cameron were replaced with those of Cook, et al (27).
For deformed nuclei the level density parameter "a" was obtained frem the

equation afA = 0.009175+0.120 MeV-l. Bere 8 = S(Z)+S(N) is a shell correction.

All continuum inelastic temperatures were calculated from the above formula.

The first neutron in the (n,2n) reaction was calculated as above with
E being replaced by E + Q of the reaction. The temperature of the second
neutron was calculated for the A - 1 nucleus with E being replaced by E + Q - E.

Here E is the average energy of the first neutron boiled off.
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Changes from ENDF/B-IV MAT 1277 were made in sections MF=2/151,
MF=3/1,2,3,4,51,52,102,107, MF=13/4,102, MF=15/102, and files MF=8,9
and 33 were added.

A complete evaluation is given for the neutron and photon production
cross sections of fluorine from 0.00001 eV to 20 MeV. All data available
on the CSISRS data tape [CS76] as of September 1976 were examined; in
addition, other data, not vet in CSISRS, were used. Little or no data
were available for some important cross sections. In particular, no
elastic nor inelastic scattering data exist from 4 to 14 MeV. The results
of nuclear model calculations were used where applicable. As gamma-ray
branching ratios are mostly known, (n,x} and (n,xy) cross section data
were examined together. In the present case, the better known (m,xy)
cross sections enhanced the reliability of the predic%ed (n,x) data, par-
ticularly inelastic scattering. Activation files (MF=8,9) and uncertainty
files (MF=33) have been added for all important reactions. The following

.

files and sections are provided,

File 1. General Information

Section 451. Descriptive Data

File 2. Resonance Parameters

Section 151. General Designation for Resonance Integrals
Effective scattering length was changed from 5.64 Fermi [MU73]

to 5.36 Fermi, which is correct for free atoms.
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File 3. Neutron Cross Sections

Section 1. Total Interaction
1.0E-5 to 5 eV: sum of free atom scattering cross section
of 3.61 b [MU73] and the capture cross section.
5 eV - 20 MeV: re-evaluated based on data of Larson et al.
[LA76].

Section 2. Elastic Scattering
Derived by subtracting the nonelastic from the total.

Section 3. Nonelastic Interaction
Sum of the (n,y) and the (n,x) cross sections. The (n,x)
cross sections were obtained from optical model and Hauser-
Feshbach calculations up to 12 MeV. Above 12 MeV the calcu-
lated (n,x) cross section was shifted upward somewhat as
called for by subsequent (n,2n), (m,nay) and (n,npY) analyses.
Both the shifted and the calculated results are within experi-
mental errors. This éross section was used as a constraint
for all subsequent calculations.

Section 4. Total Inelastic Scattering

Derived by summing sections 51 through 71 and section 91.
Direct interaction contributions are included in six discrete
levels. (n,na) cross sections are included in sections 61 to
71 and section 91; (n,np} is included in section 91 in order
to simplify the representation of the angular and energy dis-
tributions of the secondary neutrons.
Section 16. (n,2n) Reaction
Curve drawn through the available data [CS76] up to 15.5 MeV.
Data are abundant and generally consistent. Theé calculation
agrees well with the data. Above 15.5 MeV, calculated
{{n,2n) + (n,2nx)] cross section was used to avoid the
necessity of splitting the secondary neutron distributions.
Section 22. (n,na) Reaction
Includes calculated (n,an) cross section only. The (n,na)

cross section is included elsewhere.
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Section 28. (n,np) Reaction
Includes calculated (n,pn) cross section only
The (n,np) cross section is included elsewhere.
Sections 51-71. Inelastic to lowest 21 Excited States
Hauser-Feshbach and DWBA calculations fitting the (n,n'y)
data [DI74] guided evaluation of these cross sections.
Sections 61 to 71 are dominantly (n,na) cross sections,
Data of Morgan and Dickens [MO75] for the first two excited
states up to 1.5 MeV were used.
Section 91. Inelastic to the Continuum
Statistical model calculation splitting the Hauser-Feshbach
[(n,n') + (n,nx}] cross section into (n,n'y), {(n,np), (n,nu)
and (n,2n) cross sections. The first three cross sections
were lumped together for this section,
Section 102Z. Radiative Capture
The capture cross sections up to 1.8 MeV were computed from a
set of evaluated parameters for 19 resonances [BL68, GAS9,
MA65, MA73, MU73, NY71] using the single level Breit-Wigner
formula. The 15-keV resonance used in ENDF/B-1V was removed,
based on data of MA73. The gamma width of the 270-keV s-wave
resonance was adjusted to yield a thermal cross section of
9.5 millibarns [MU73]. All other resonances wefe assumed to
be p-waves. Above 1.8 MeV the capture cross section is very
small and was assumed to decrease linearly with energy.
Section 103. (n,p) Reaction
Curve drawn through the available data. Resonances are present.
Calculation agrees with the gross structure up to 16 MeV.
Sections 104, 105. (n,d), (n,t) Reactions
Curves drawn through 14-MeV data.
Section 107. {(n,a) Reaction
The curve is drawn through the available data. Resonances are
present, but the calculation agrees with the gross structure up
to 12 MeV. The region below 4 MeV has been better defined than
* ENDF/B-IV by adding extra points.
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File

4. Angular Distributions of Secondary Neutrons

File

All distributions are represented by Legendre coefficients in the

center-of-mass frame.

Section 2. Elastic Scattering
0.00001 eV to 10 keV: isotropic
10 keV to 3 MeV: based on measurements made at 7 energies [CS76]
3 MeV to 20 MeV: based on optical model calculations fitting
14-MeV data

Sections 16, 22, 28 and 91. Isotropic

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

DWBA calculations. Results agree with very limited data.

5. Energy Distributions of Secondary Neutrons

File

Section 16. (n,2n) Reaction
Tabulated from calculations. See File 3, Section 91.

Sections 22, 28 and 91. Tabulated from calculations.

13, Gamma-Ray Production Cross Section

9-19-4

Section 3. Nonelastic Interaction
From Dickens [DI74]. Includes (n,xy) cross sections for neutrons
from 1.26 to 20 MeV and gamma rays from 0.7 to 10 MeV,
Calculation agrees well with these data except near tertiary
reaction thresholds. '

Section 4. Total Inelastic Scattering
110- and 197-keV gamma-ray cross sections were taken from MO75
from threshold to 20 Mev.

Section 102. Radiative Capture
Product of capture cross section and gamma-ray multiplicities
evaluated for different neutron energy ranges. See File 15.
The 15-keV resonance included in ENDF/B-1V was removed.

Section 107. (n,a) Reaction
Calculated 120.6-, 297.0- and 397.3-keV gamma rays.
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File 14. Angular Distributions of Secondary Gamma Rays

All sections are assumed isotropic.

File 15. Energy Distributions of Secondary Gamma Rays

Section 3. Nonelastic Interaction
From Dickens [DI74].

Section 102. Radiative Capture
The decay scheme of F-20 proposed by Spilling [SP68] was used
as a basis for constructing the capture gamma-ray spectra.
The thermal-capture gamma-ray spectrum was constructed by
averaging the primary intensities measured by Spilling [SP68]
and by Hardell [HA69]. The primary intensities for the 27-keV
and the 49-keV resonances measured by Bergqvist et al. [BE67]
were used in constructing a gamma-ray spectrum for each resonance
respectively. The average primary intensities of these two
resonances were used for all other p-wave resonances. These
averages were further averaged with their thermal-capture
counterparts for the remaining neutron energies. Total energy
available was naturally conserved. The 10-keV distributien
present in ENDF/B-1V was removed, and the energy of the 19-keV
distribution was changed to 15 keV for ENDF/B-V, These changes

reflect the removal of the 15-keV resonance.
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The present work supersedes the ENDF/B-IV, MAT 1156 evaluation by
Paik, Pitterle and Perey, done in 1971 [PI72]. In almost all sections,
substantial revisions have been incorporated, based on recent data and
model calculations. The resolved resonance region has been extended and
new high resolution total and capture data were used to obtain the reso-
nance parameters., Neutron and photon production data are given from
1.0E-5 eV to 20 MeV, Extensive multistep Hauser-Feshbach calculations
were done to fill in data gaps and provide consistency checks for the

various cross sections.

File 2, MT=151., Resonance Parameters

The resolved resonance region now includes the region from 600 eV
to 500 keV (éxtended from 160 keV in ENDE/B-TIV)., - Eighteen resonances
are included in this range, and in addition, five lafge resonances -above
500 keV are included for the contribution of their tails in the resolved
resonance region. The resonance parameters were obtained by using a
multilevel Breit-Wigner code [deS78] to fit data of Seltzer and Firk
[SE74] for the 2.81-keV resonance, and data of Larson et al. [LA76] and
Musgrove et al. [MU77] for the higher energy resonances. The scattering

radius was taken from the resonance parameter fit.

File 3, MI=1, Total Cross Section

From 1.0E-5 to 600 eV the total cross section is based on data of
Hodgson et al. [HO52], Joki et al. [JO55], Lynn et al. [LY58] and Rahn
et al. [RA73], and the addition of a 1/v capture cross section. From
600 eV to 500 keV, a background cross section is given to supplement the

cross section generated from the resonance parameters. It is less than
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10% of the total cross section. The region around the 300-keV minimum,
important for shielding problems, has been carefully done. The thick
sample measurements of Brown et al. [BR75) were utilized in this region,
in addition to data of Larson et al. [LA76]. From 500 keV to 20 MeV the
evaluation is based on data of Larson et al. [LA76]. The data of Cier-
jacks et al. [Cl68], Foster and Glasgow [FO71], and Stoler et al. [ST71]

were also utilized for comparison purposes.

File 3, MT=2. Elastic Scattering Cross Section

In the energy region from 1.0E-5 eV to 600 eV, this file results
from subtraction of the nonelastic cross section from the total. From
600 eV to 500 keV it contains the background file which must be added to
the elastic scattering cross Section generated from the resonance
parameters. From 500 keV to 20 MeV, the elastic is again generated by

subtracting the nonelastic from the total.

File 3, MI'=3. Nonelastic Cross Section

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

103, and 107,

File 3, MT=4. Total Inelastic Cross Section

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

MT=91.

File 3, MI=16. n,Z2n Cross Section

From threshold to 16.5 MeV the evaluation is based mainly on déta of
Liskien and Paulsen [L165]. Above 16.5 MeV the evaluation is guided by
the data of Paulsen [PA65]. The n,2n evaluation was influenced by calcu-
lated results which picked out these data sets from among discrepant

measurements,

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

Inelastic scattering to the 440-keV level (MT=51) is the largest
contributor to this section. A number of data sets were available,

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




11-Na-23
MAT 1311

normalization problems were evident. From threshold up to 2.4 MeV the
high resolution excitation function data of Larson and Morgan [LA78] were
used, but rencrmalized down by 8% (within the estimated 10% uncertainty)
to be in agreecment with energy averaged cross sections of other measure-
ments. Data considered for the energy averaging included that of Smith
[SM70,SM77], Fasoli et al, [FA69], Freeman and Montague [FR58], Lind and
Day [LI61], Towle and Gilboy [T062], and Chien and Smith [CH66]. The
high resolution data of Perey et al. [PE71], used in ENDF/B-1V, were not
used due to a different energy averaged structure than the other sets of
data. From 2.4 to 20 MeV, the evaluation is based on data of Donati

et al. [DO77), but shifted down in energy by 125 keV above 1 MeV, Fasoli
et al. [FA69], Lind and Day [LI61], Perey and Kinney [PE70], Dickens
[DI73], and Crawley and Garvey [CR68}.

MT=52-55 were changed, based on data of Donati et al. [D077],
Dickens [DI73], and Perey and Kinney [PE70}. MT=56, 59, 60, 61, 62, and
63 were changed, based on data of Dickens [DI73], Perey and Kinney [PE70]
and calculated results for these levels. MI=57, 58, 64-68 were thinned,
but otherwise unchanged from ENDF/B-IV. Cross sections for all levels
except MT=51 are set to zero above approximately 12 MeV. Cross sections

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

File 3, MT=91. Continuum Inelastic

The continuum cross section was estimated by subtracting the sum of
MT=51-68 from the calculated total inelastic cross section (less the n,2n
component as it is explicitly included in MI=16). Since the consistent
calculations were able to reproduce the cross sections to the individual
n,n' levels, as well as the total (n,p) and (n,o), this was felt to be
an acceptable procedure. However, this should be investigated in more

detail for the next update.

FFile 3, MI=102. Capture Cross Section

The thermal capture cross section of 0.527 b [RY70] is consistent
with FY = 0.353 eV for the 2.81-keV resonance. This capture width is in
agreement with recent measurements of llacklin [MA76] and Wilson et al.
[WI77]. Thus from 1.0E-5 eV to 600 eV, the capture cross section is cal-
culated from the above FY using a Breit-Wigner shape. This joins on at
11-23-3
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600 eV to the capture cross section calculated from the FY resonance
parameters in MF=2, MT=151. These resonance parameters are used up to
500 keV. From 500 keV to 20 MeV the evaluation is based on data of
Menlove [ME67a].

File 3, MI=103. (n,p) Cross Section
From threshold to 5.75 MeV the data of Williamson [WI6l] were used,

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

9 to 10 MeV the data of Williamson were used {Wl6l]. MNo data are avail-
able from 10 to 14 MeV. Between 14 and 20 MeV a number of (n,py) activa-
tion measurements exist, but do not include the (n,pn) component of the
(n,px) reaction. Thus from 10 to 20 MeV the evaluation is based on calcu-
lated results, which split (n,px) into {m,pY)}+(n,pn). The calculation
reproduces the {n,py) component, and the complete {(n,px) reaction is given

in this file.

MF=3, MT=107. (n,0) Reaction
The evaluated cross section is based on data of Bass et al. [BA66]

and Williamson [WI61} from theshold to 9 MeV. From 12 to 20 MeV z number

of (n,xy) activation measurements are available. However, at these ener-
gies the n,a reaction consists of an {(n,an) and a (n,oy) component. The
evaluation 1s based on an estimate of the total n,a reaction above 12 MeV,

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

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

These files were inserted at Brookhaven National Laboratory.

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

Isotropic angular distributions were used from 1.0E-5 eV to 30 keV.
From 30 keV to 300 keV, the data of Lane and Monohan [LA60] were used.
The data of Chien and Smith [CH66] were used from 300 to 550 keV. Recent
high resolution data of Kinney and Perey [KI76], taken in l-keV steps,
were smoothed and used from 550 keV to 2 MeV. From 2 MeV to 14 MeV, data
of various authors [CO71,FA69,FA73,KU72,PE70,P072,T062] were fit with a
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Legendre series and used; from 14 to 20 MeV the angular distributions were
calculated using optical model parameters obtained from fitting the pre-

viously referenced lower energy data.

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

All angular distributions are isotropic. Experimental evidence shows

no significant anisotropy for the low lying inelastic levels [DO77,PE70].

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

This distribution is given as an evaporation shape, with an estimated
energy dependent temperature based on the relation 8 = 0.2(E—Eth) [PI68]

where Et is the threshold energy. This energy distribution could be

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

" MF=5, MT=91, Continuum Neutron Energy Distribution

This distribution is given as an evaporation shape, with an energy
dependent temperature. At 14.6 MeV, the temperature is chosen to repro-
duce the neutron production data of Hermsdorf et al. [HE75], and scaled
approximately as vE [P168] for other energies. This energy distribution
could be better predicted from calculation, and should be loocked at in

future work.

MF=7, MT=4. Free Gas Law
Taken from ENDF/B-I1I, based on data of Hockenbury et al. [HO69].

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

Data are provided for decay of the reaction products 22Na, 2"Na,
23Ne, and 20F. These data are taken from Endt and Van der Leun [EN73].

MF=9, MTI=16,102,103,107, Multiplicities for Decay

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

This file was carried over from ENDF/B-1V, since no new data were
available which would change the previous evaluation. The low energy
neutron capture is dominated by the 2.8l1-keV resonance. There are no
data which indicate that the gamma-ray spectrum observed at thermal
should not apply to the 2.81-keV resonance [WI77]. A single gamma-ray
spectrum has thus been used to describe capture over the entire energy
range. The multiplicities were derived from a decay scheme based on
consistent thermal capture data of Greenwood et al. [GR66] and Nichol

et al. [NI69], which are in agreement with Wilson et al. [WI77].

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

These cross sections are derived from a recent (n,xy) measurement by .
Larson and Morgan [LA78]. The data were acquired in neutron bins ranging
from 300 keV wide at 400 keV to 3 MeV wide at 14 MeV. Gamma rays of
energies between 350 keV and 10.5 MeV were measured. Calculated gamma-
ray spectra are in good agreement with the measured results. Below En = 14
MeV, the cross section for gamma rays with energy < EY:350 keV is very small. .

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

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

agreement with observed results [D077].

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

The energy distributions are derived from the (n,xY) measurement
of Larson and Morgan [LA78}. The gamma rays were binned in 176 bins
ranging in size from 15 keV at 350 keV to 140 keV at 9.4 MeV. The
spectra were smoothed to reduce the number of bins, and are in good

agreement with the calculated spectra.

File 32, MT=151. Resonance Parameter Uncertainties

Uncertainties in the resonance parameters are based on uncertainties
resulting from the least squares multilevel fitting code [deS78], and
capture areas. In cases where Fn Ry Fy’ correlations between the parameters

are estimated,
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File 33, MT=1,2,3,4,16,51-68,91,102,103,107. Uncertainty Files

Uncertainties in the cross sections are estimated from the spread
in the available data, and estimated uncertainties in calculated results
based on reasonable parameter variations. Short- and long-range correla-

tions are given.
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Oak Ridge, Tennessee
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The present evaluation supersedes the LNDF/B-IV, MAT 1280 evaluation
by M. K. Drake and M. P. Fricke [DR74]. New data have been incorporated
for the total cross section (MF=3/MT=1}, inelastic scattering to the first
excited level in ?*Mg(3/53) and the photon production cross sections
(13/3, 15/3). In addition, all MF=3 data were thinned to 1%, greatly
reducing the number of points, and shortened formats were used for MF=4
_ data. The remainder of the evaluation is taken from ENDF/B-1V., The
evaluation contains neutron and gamma-ray production cross sections for
natural magnesium. Energy and angular distributions are given for all
secondary neutrons and gamma rays produced by neutron interactions. Cuteoff

date for new material was December 1977.

File 2 (Resonance Parameters)

Resonance parameters were not considered necessary. An effective

scattering radius of 0.5E-12 <m is given.

File 3 (Neutron Cross Sections)

File 3, MT=1 [Total Cross Section)
From 1.0E-5 eV to 10 eV, ENDF/B-IV results were used, which were

based mainly on the data of Newson et al. [NE59]. From 10 eV to 10 keV,
and over the 83-keV resonance, the data of Singh et al. [SI74} were used.
In the region from 10 to 500 keV (where the Singh et al. measurement
stopped), the data of Singh et al. and Larson et al. [LA78] were in good
agreement, but the Larson data had much higher resolution. Thus, the
latter data were used from 10 keV to 20 MeV, except over the 83-keV
resonance, where the sample in the Larson measurement was too thick to

observe the peak cross section.
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File 3, MP=2 {Elastic Scattering Cross Section)

The elastic scattering cross section was obtained everywhere by
subtracting the non-elastic cross section from the evaluated total cross
section. This cross section was compared to the results from the available
experimental data [KI70, TH62, ST65, CL64, KO64]. These measurements were
typically made at low energy resolution and therefore the results represent
averages over the structure in the elastic Scattering cross section. There
was fairly good agreement between the measured and evaluated data, with the
exception that the evaluated data were slightly higher than the results
obtained by Kinney and Perey [KI7(] for neutron energies between 4 and

8.5 MeV.

File 3, MI=3 (Non-Elastic Cross Section)

The non-elastic cross section was taken as the sum of (MF/MT = 3/4,
3/16, 3/22, 3/28, 3/102, 3/103, and 3/107.

File 3, MT=51-91 (Inelastic Scattering Cross Section)

The inelastic scattering cross section for magnesium has been given
as the total inelastic scattering cross section, level excitation cross
sections for the first 40 levels, and a continuum portion. The cross
sections for the element were obtained by combining the evaluated cross
sections for the individual isotopes.

The level excitation cross sections for the first level in 2%Mg,
Q = -1.37 MeV, were based on a measurement of the excitation function for
this level by Dickens [DI74] et al. up to 4.3 MeV. Between 4.3 and 9 MeV,
the experimental data of Kinney and Perey [KI70], Thomson, et al. [TH62],
Broder, et al [BR64], and Mathur, et al. [MA65] were used. Near 14 MeV, the
data of Clarke and Cross [CL64] and Stelson, et al. [ST65] were used. linter.
polation and extrapolation of data to higher energies was done using
calculated results from the HELENE and JUPITOR codes.

The excitation functions for the 4.12 and 4.23 levels in 2L*Mg‘were

based on caleculations The sum of these two levels—wes—eensistent—with
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All other level excitation functions were based on calculations and

results agreed with the limited experimental data [BR64, EN65, MA65].

File 3, MT=16 [(n,Zn) Cross Section)]

The (n,2n) cross section for the element was obtained from the (n,2n)

cross sections for the individual isotopes. The (n,2n) cross section for
2%Mg was based on a measurement made by Arnold [AR65]. The (n,2n) cross
sections for “"Mg and 26Mg were based on statistical model calculations

made by Pearlstein [PE64].

File 3, MT=103,28 [(n,p) and (n,n-p} Cross Sections]

The (n,p) and the {n,n-p) cross sections for the element were obtained
from the cross sections for the individual isotopes. Almost no experi-
mental data were available for the (n,n-p) reaction; therefore these cross
sections were evaluated to be consistent with the (n,p) cross sections for
the individual isotopes, '

EEMEF Between 5.0 and 12 MeV the (n,p} cross section was based on measure-
ments by Butler and Santry [BU63] and by Liskien and Paulsen [LI66]. In
the energy region of over-lap for these two measurements, 6 to 8 MeV,
their results were in good agreement. Numerous sets of experimental
results were available for the energy region from 12 to 14 MeV and the
data werenot in good agreement (£30%). In this energy region, the data
measured by Ferguson and Albergotti were used [FE67]. Considerable
structure had been observed in the (n,p) cross section and the recommended
data were evaluated to have the same structure as seen in the total and
{n,p) cross section. Between 14 and 15 MeV, the structure as observed by
Paulsen and Liskien [PA65] were used. The magnitude was based on this

and other measurements [BA69, IM&64, PA67]. Above 15 MeV, the (n,p} cross
section decreased fairly rapidly and the recommended data were based on
measurements by Imhof [IM64] and Paulsen and Liskien [PA65].

No experimental data were available for the (n,n-p) reaction. The
recommended values were based on semi-theoretical arguments. The sum of
the (n,p) and (n,n-p) was assumed to have the same energy dependence as
the non-elastic cross section. The threshold for the (n,n-p) reaction

was at 12.2 MeV., The recommended (n,n-p)} cross section was taken to be
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zero at 12.6 and reach a maximum value of 90 mb at 20 MeV. The resulting
cross section was very uncertain.

EEMEF No experimental results were available for neutron energies less
than 13 MeV. The recommended data were based on several sets of experi-
mental data sets that were available for the energy region from 13 to 17
MeV. The shape of the recommended cross section was taken from the mea-
surement by Bormann [BO66]. The cross section at 14.5 MeV was an average
of the results by Bormann [BO66], Pasquarelli [PA67], and Prasd and
Sarkar [PR66]. From the effective threshold at 4.5 MeV to 13 MeV the
recommended cross section was assumed to have the same shape as calculated
from a statistical model and was normalized to the experimental data at
13 MeV. The same procedure was used to obtain the (n,n-p) cross section
as for 2'Mg,

Eﬁyg; Almost no experimental data were available for the {n,p) and
(n,n-p) reactions. Very crude estimates of these cross sections were
made. These estimates were based on statistical model calculations and

the experimental data measured by Nurmia and Fink [NUS8] and Allan [AL61]}.

File 3, MT=107,22 [(n,a) and (n,n-a) Cross Sections]

These cross sections were evaluated in the same manner as the (n,p)

and (n,n-p) cross sections. However, far less experimental data were
available. The (n,a) cross section for the element Qas tied almost
exclusively to the experimental data for 2®Mg. Experimental data measured
by Bormann [BO66], Prasd and Sarkar [PR66], and Pasquarelli [PA67] were
used to define the ZGMg(n,a) cross section for the energy range from 13
to 17 MeV. Statistical model calculations were used to obtain the cross
section for this isotope from its effective threshold at about 7.5 MeV u;
to 13 MeV and above 17 MeV. From 2.1 to 3.0 MeV the inverse cross
section, NE-22(oa,n-zero)Mg-25, as measured by Ashery [AS69], was used t.
determine the “°Mg(n,0) cross section. Above 3 MeV, statistical model
calculations were used to predict the shape of the cross section. The
magnitude of the 2°Mg(n,o) cross section at 14.5 MeV was based on the
evaluated ?®Mg(n,a) cross section at this energy and a calculated ratio

for 25Mg/26Mg [GA64]. Since there were no useable experimental data for




12-Mg-0
MAT 1312

24Mg, the evaluated cross section for this isotope was based on a statis-
tical model calculation, normalized to a calculated ratio [GA64].

As a result of calculated comparisons to the LLL pulsed-sphere
measurements [HO73], the inelastic scattering was increased by 150 mb
at 14 MeV incident energy, and in a systematic way, everywhere between 8
and 20 MeV. Since the (n,d) cross section was the most uncertain, it was
decreased by the amount that the inelastic cross section was increased,
to preserve the non-elastic cross section.

The (n,na) cross section for the isotope was obtained in the same
manner as the (n,n-p) c¢ross section. The (n,a) and (n,nd) cross sections
are very uncertain due to the lack of experimental data and the reliance

on nuclear model calculations.

File 3, MT=102 (The Radiative Capture Cross Section)

The radiative capture cross section was taken to be the same as that
evaluated by Drake [DR67] for neutron energies less than 500 kevV. This
was based on a thermal cross section of 0.063 barns and was 1/V up to 1.0
keV. Between 1.0 keV and 500 keV, the capture cross section for the
element was calculated from the evaluated resonance parameters for the
isotopes [DR67]. Above 500 keV, the cross section was taken to be 1/E
up to about 3 MeV where direct capture mechanisms predominate. Above 5
MeV, the capture cross section was taken to be relétively constant ‘and
the recommended cross section at 14 MeV was based on experimental results

obtained by Cvelbar [CV69].

File 4 (Angular Distributions of Secondary Neutrons)

File 4, MT=2 [Elastic Scattering (MT=2) Legendre Coefficient Representation

The angular distribution of elastically scattered neutrons was assumed
te be isotropic up to 25 keV. Just above 25 keV several p-wave resonances
have been observed and the angular distributions are peaked in the backward
direction. Between 25 and 300 keV, the recommended angular distributions
were based on a measurement made by Langsdorf, et al. [LAS6]. Between 0.3
and 1.0 MeV, the distributions were based on measurements by Langsdorf
[LA56], Cox [C066], and Korzh [KO64]. Between 2,0 and 4.0 MeV, the data
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measured by Thomson [TH62] were used. Between 5 and 8.5 MeV, the ORNL
[KI70] measurements were used. Near 14 MeV, the experimental data
measured by Stelson, et al, [ST65}, Clarke and Cross [CL64], and Berko,
et al. [BE58] were used. Between 8.5 and 14 MeV and above 15 MeV, the
recommended angular distributions were obtained from deformed nucleus

model calculations.

File 4, MT=5i-91 (Angular Distribution of Inelastically Scattered Neutrons)

The angular distributions for neutrons that lead to the 1.37-MeV
level in 2L*Mg were based on the experimental data of Thomson, et al.
[TH62] for points at 2.84, 3.79, and 4.76 MeV, data of Kinney and Perey
{KI70] at 5.44 and 7.55 MeV, data of Stelson, et al. [ST65] and Clarke
and Cross [CL&4] at 14 MeV. The angular distribution for all other inci-
dent energy points was based on HELENE and JUPITOR calculations. The

- distribution data for the 4.12- and 4.23-MeV levels in 2%Mg were based
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on calculations. - The angular distributions for all other levels and the

continuum were assumed to be isotropic in the ¢m system,

File 4, MT=16, 28, 22 [(n,2n), (n,n-p), and (n,na) Angular Distributions]

Neutrons from these reactions were assumed to be isotropic in the

cm system.

File 5, MT=81, 16 (Energy Distributions for Inelastic Scattering and

n,2n Reactions)

Secondary neutron energy distributions for inelastic scattering to
the continuum are based on a statistical model calculation below 10 MeV.
Above 10 MeV, an evaporation spectrum was used, with a temperature chosen
to reproduce the LLL pulsed-sphere measurements. An effective nuclear

temperature was used for each isotope for the second neutron.

File 12, MT=102 (Radiative Capture Gamma-Ray Multiplicities)

The multiplicities for gamma rays from radiative capture have been
based on the data measured by Orphan, et al. [OR70] at thermal neutron

energies. The data measured by Bird, et al. [BI71] have been used to
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describe the gamma ray