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EVALUATED DATA FOR n + 9Be REACTIONS

by

P. G. Young and L. Stewart

ABSTRACT

A new evaluation of neutron-induced reactions on 9Be
has been completed for the energy range 10" eV to 20 MeV.
Particular emphasis is placed on accurately representing
new measurements of secondary neutron-emission spectra
and scattering data between 6 and 15 MeV. Additionally,
adjustments to the total, (n,Y), and (n,t) cross sections
in previous ENDF/B evaluations have been made, and covari-
ance data files that contain error correlations for the
cross sections and emission spectra are included in the
evaluation. The data are available in ENDF/B format from
the ENDF/A library at the National Nuclear Data Center at
Brookhaven National Laboratory and from the Radiation
Shielding Information Center at Oak Ridge National
Laboratory.

I. INTRODUCTION

The main purpose of this work is to provide an evaluated data set for neu-
tron-induced reactions on 9Be that accurately represents new measurements of
neutron-emission spectra (Dr77) and elastic and inelastic scattering (Ho78a) for
incident energies in the 6-15 MeV range. Additionally, the neutron total cross
section was updated to better represent both older and more recent measurements
(Fo67, Sc71, Au77), and the (n,t) cross section was modified on the basis of
existing data (Wy58, My6l). Finally, a set of data covariances was developed
that not only permits description of the cross-~section uncertainties but also

provides correlated errors for the secondary neutron energy distributions.




The standard.formats* for both Version IV and V of ENDF/B do not provide suf-
ficient flexibility to accurately represent energy-angle correlations of neutron-
emission spectra from light-element reactions. The deficiencies in the formats
are discussed in detail by Howerton and Perkins (Ho78b). These limitations can be
overcome in a straightforward manner for light-element reactions that involve
only one emitted neutron by representing continuum-neutron emission as a sum of
discrete inelastic scatterings to groups of levels (or excitation energy bins)
in the residual nucleus. This method, which is sometimes referred to as the
pseudo-level technique, has been used successfully for 6Li, 10B, 14N, 160, and
27Al evaluations in ENDF/B-V (St76, Yo79).

For the present evaluation, we have extended the use of excitation energy
bins to include secondary neutron emission from the 9Be(n,2n) reaction. While
there is no particular difficulty in applying this technique for (n,2n) reac-
tions, bookkeeping in processing the data is slightly more complicated, and
ENDF/B procedures have customarily required a separate representation of (n,2n)
reactions. Therefore, because of the ENDF/B procedural restriction, this evalu-
ation is not part of the official ENDF/B data set but is available from the
ENDF/A library maintained at Brookhaven National Laboratory and from the Radia-
tion Shielding Information Center at Oak Ridge National Laboratory.

The evaluated cross sections for each of the possible reaction types are
discussed and compared to experiment and ENDF/B-V (Ho78c) in Sec. II. Sec. III
includes a summary of the elastic and inelastic angular distribution evaluations,
again with detailed comparisons to experiment and ENDF/B-V. The (n,2n) emis-
sion spectra are described in detail in Sec. IV, and the gamma-ray production
data are summarized in Sec. V. The covariance data file provided with the eval-
uation is discussed in Sec. VI. Finally, a brief summary and concluding remarks

are given in Sec. VII.

IT. NEUTRON CROSS SECTIONS

The thresholds and Q-values (Wa77) for the possible neutron reactions below

20 MeV are given in Table I. Data are not included in the evaluation for the

8
9Be(n,np) Li, 9Be(n,nd)7Li, and 9Be(n,nt)6Li reactions because the (unmeasured)

*
It is always possible to represent energy-angle correlations precisely by the

use of File 6 in ENDF/B. However, the use of File 6 has been avoided because of
its complexity and because standard ENDF/B processing codes do not presently
handle it.




TABLE I

Q-VALUES AND THRESHOLDS FOR 9
NEUTRON-INDUCED REACTIONS WITH “Be

Q Threshold
Reaction (MeV) MeV) o
9Be(n,Y)loBe 6.812 1.749
9Be(n,2n)20t - 1.573 1.749
'9Be(n,p)9Li -12.824 14.259
9Be(n,d)aLi ~14.663 16.304
9Be(n,t)7Li -10.439 11.607
9Be(n,a)6He - 0.6025 0.6699
9Be(n,np)8Li -16.888 18.778
9Be(n,nd)7Li -16.696 18.565
9Be(n,nt)6Li ~-17.689 19.669
9Be(n,na)SHe - 2.463 2.739

cross sections are expected to be very small. The 9Be(n,na)SHe reaction is com-
bined into the 9Be(n,2n)20L data, since 5He decays immediately into a neutron

and an alpha particle.

A. Total Cross Section

In the energy region below 0.5 MeV, the present evaluation was essentially
taken from ENDF/B-IV (Ho74). The values near thermal neutron energies and below
are slightly lower than ENDF/B-IV (and V) since this evaluation is based on more
recent experimental data for the (n,Y) cross section (see Sec. II. G below). The
results in the range 1-400 keV are compared to the available experimental data
and to ENDF/B-V (Ho78c) in Fig. 1. There is very little difference between the
two evaluations, and both agree reasonably with experiment. Above 0.5 MeV, the
present evaluation is based mainly on the experimental data of Auchampaugh et al.
(Au79) and Schwartz et al. (Sc71). The results from 0.4 to 2 MeV are compared to
experiment and ENDF/B-V in Fig. 2; from 2 to 6 MeV in Fig. 33 and from 6 to 20
MeV in Fig. 4. The differences between the present evaluation and ENDF/B-V are

relatively minor except for limited energy regions, particularly near 16 MeV.




B. (n,2n) Cross Section

The (n,2n) reaction on 9Be leads to 8Be, which immediately breaks up into
two alpha particles. Although the neutron emission spectrum is continuous in
energy, a well-defined peak is observed (Dr77, Ho78a) corresponding to a cluster
of levels near an excitation energy of 2.43 MeV in 9Be. Accordingly, the (n,2n)
reaction was represented in the evaluation as a continuum plus a single broad
level at Ex = 2.43 MeV. As discussed in Sec. IV, the data are given in excita-
tion energy bins using ENDF/B reaction types MT=51-83, with an LR flag of 16
to indicate that the reactions are in fact (n,2n) rather than (n,n'). The clus-
ter of real levels is included in MT=52.

The neutron emission cross section corresponding to the cluster of levels
near 2.43 MeV is illustrated in Fig. 5. The spread in the experimental data is
somewhat large, possibly because the various measurements had different detector
resolutions, and continuum components had to be subtracted from the observed peaks
(e.g., see Dr77). 1In the present evaluation, emphasis was placed on represent-
ing the total (n,2n) cross-section measurements as accurately as possible and,
at the same time, maintaining reasonable agreement with the Drake et al, (Dr77)
measurements of the continuum component of the emission spectra. The integrated
or total (n,2n) cross section is shown in Fig. 6 with the available experimental
data. The evaluated curve was taken from ENDF/B-IV, which is the same as ENDF/
B-V. The evaluation emphasizes the data of Bloser et al. (B172) and Holmberg et

al. (Ho69) and is in good agreement with the more recent Drake measurement.

C. (n,p) Cross Section

9
The Be(n,p)gLi reaction cross section was taken from ENDF/B-IV, which is
also the same as ENDF/B-V. As shown in Fig. 7, the evaluated curve is based on

the single measurement of Alburger (Al63) near 15.5 MeV, with a rough extrapola-
tion to 20 MeV.

D. (n,d) Cross Section

9 8
The evaluated "Be(n,d) Li cross section is based upon the experimental data
of Scobel et al. (Sc69) and is shown in Fig. 8. Again, the evaluation was taken
from ENDF/B-IV and is the same as ENDF/B-V.




E. (n,t) Cross Section

The 9Be(n,t)7Li cross—-section evaluation is based upon the measurements of
Wyman et al. (Wy58) and Myachkova and Perelygin (My6l) near 14 MeV. The results
are shown in Fig. 9. The total (n,t) cross section is the sum of (n,to) and
(n,tl), which are also included in the evaluation. The (n,tl) evaluation is
based upon the experimental data of Dietrich et al. (Di75), although both the
(n,to) and (n,tl) cross sections were adjusted somewhat to agree with the total
(n,t) cross-section measurements (Wy58, My6l) given in Fig. 9. The ENDF/B-V

(n,t) evaluation is based upon the present work.

F. (n,a) Cross Section

The 9Be(n,a)6He cross—section data are shown in Fig. 10. The evaluation is
taken from ENDF/B-IV (same as ENDF/B-V) and is based mainly on the experimental
data of Stelson et al. (St57), Bass et al. (Ba6l), Battat and Ribe (Ba53), Paik
et al. (Pa67), and Myachkova et al. (My6l).

G. (n,y) Cross Section

The 9Be(n,Y)loBe cross section for thermal neutrons (0.0253 eV) is taken
from the measurement of Jurney (Ju74), which gives a value of 7.6 + 0.8 mb. The
cross section is assumed to follow a 1/v energy dependence from 10_'5 to 100 eV.
Because no experimental data are available at energies other than thermal, the
cross section is extrapolated logarithmically to a value of 0.1 mb at 1 keV and
is held constant at this value to 20 MeV.

H. Nonelastic Cross Section

The nonelastic cross section for the present evaluation is compared with
ENDF/B-V and available experimental data in Fig, 11. The present results were
obtained by summing the cross sections from the various nonelastic reactions,

and they correspond closely to the ENDF/B-V evaluation.

I. Elastic Cross Section

The evaluated elastic cross section was obtained at all energies by sub-
tracting the evaluated nonelastic results from the total cross section. Below
1.75 MeV, the only nonelastic process is the very small (n,y) reaction so the

elastic is essentially equal to the total cross section at those energies.




Below 10 keV, the elastic was constrained to equal a constant 6 b, in agreement
with ENDF/B-V.

The results from 20 keV to 2 MeV are compared to direct elastic measurements
and to ENDF/B-V in Fig. 12. Similar comparisons are given in Fig. 13 for the en-
ergy range up to 20 MeV. The results are consistent within experimental accura-
cies with the new data of Drake et al. (Dr77) and Hogue et al. (Ho78a), although

the evaluation is systematically lower than the latter (mean deviation = -3%).

III. NEUTRON ANGULAR DISTRIBUTIONS

A. Elastic Scattering

The elastic scattering angular distributions were evaluated by fitting all
available measurements in terms of Legendre expansions and passing smooth curves
through the resulting energy-dependent coefficients. Measurements at a total
of 160 neutron energies were included in the analysis. Below 50 keV, the dis-
tributions were assumed isotropic. Above 15 MeV, the Legendre coefficients were
obtained from optical-model calculations using the parameters of Wilmore and
Hodgson (Wi64). In order to match the coefficients determined from experimental
data near 14 MeV, it was necessary to renormalize some of the calculated coeffi-
cients slightly.

The evaluated £ = 1 and & = 2 coefficients at energies below 1.5 MeV are
compared to those extracted from experimental data in Fig. 1l4. Similarly, the
2 = 1-4 coefficients for 1-20 MeV are presented in Fig. 15, and the & = 5-8 coef-
ficients are given in Fig. 16. In the energy range 7-15 MeV, the evaluation is
based entirely on the experimental data of Hogue et al. (Ho78a). These results
are consistent with the recent measurements of Drake et al. (Dr77). Coefficients
from the latter measurement are not shown at 10.1 and 14.2 MeV because that ex-
periment was directed mainly at measuring the emission spectrum down to as low
an energy as possible, and not enough angles were included for reliable Legendre
fitting of the elastic data at the higher energies.

Comparisons of the present evaluation with experimental angular distribu-
tions and with ENDF/B-V are given in Figs. 17-33. The two evaluations are in
good agreement below 2 MeV, but differences of 20% or more occur at some angles

for the higher neutron energies.




B. Inelastic Scattering

As with elastic scattering, the angular distributions for inelastic scatter-
ing to the cluster of states near Ex(gBe) = 2.43 MeV (MT=52) are represented
with Legendre coefficients obtained by fitting the available experimental results.
The Legendre coefficients for £ = 1-4 are compared to experiment in Fig. 34.
Angular distributions calculated from the evaluation are shown with the measure-

ments in Figs. 35-38.

IV. NEUTRON EMISSION SPECTRA

Because of problems associated with accurately representing energy-angle
correlations in the emitted neutron spectra, the (n,2n) data are given as exci-
tation cross sections and angular distributions for a series of excitiation energy
bins in the evaluation. That is, cfoss sections and secondary angular distribu-
tions for populating particular ranges of excitation energies in the residual nu-
cleus are tabulated as functions of incident-neutron energy. 1In the parlance of
the ENDF/B format, the data are given in Files 3 and 4 using reaction types
MT=51-83, each with an LR flag of 16 to indicate that the reactions are (n,2n)
rather than (n,n'). Except for MT=52, which represents the cluster of real
levels near Ex(gBe) = 2.43 MeV, the excitation energy bins for all MT sections
have a width of 0.5 MeV.

The excitation cross sections and associated angular distributions were de-
termined from the experimental data of Drake et al. (Dr77) at 5.9, 10.1, and 14.2
MeV. Neutron emission spectra down to an emission energy of 400 keV were meas-
ured at seven or eight angles for each incident energy. In the evaluation, smooth
interpolations and extrapolations of the data were made to other energies. The
sum of the excitation cross sections was constrained to equal the total (n,2n)
cross section shown in Fig. 6. Anisotropic, forward-peaked angular distributions
were required to fit most of the experimental data, with the most pronounced ef-
fects occurring for the lowest excitation energy bins. The angular data are in-
cluded as tabulated distributions in File 4.

The emission spectra calculated from the evaluated results and from ENDF/B-V
are compared to the experimental data in Figs. 39-44. Only the continuum or
smooth portions of the experimental emission spectra are shown in the figures;
that is, the peaks in the measured spectra due to inelastic scattering to levels

near Ex(gBe) = 2.43 MeV have been removed (see Fig. 5). The calculated curves




show the total (n,2n) emission spectrum and only exclude the elastic scattering
peak.

The results in Figs. 39-44 show that the present technique of grouping the
data in excitation energy bins represents the experimental spectra far more accu-
rately than does ENDF/B-V. The large discrepancies between experiment and the
ENDF/B~V curves result in part from the special format that was used to repre-
sent the data, as described by Howerton and Perkins (Ho78b). In that format,
the 9Be(n,n')9Be* neutrons (or first neutrons) are given as four discrete inelas-
tic scattering lines with zero width. The second neutrons that result after neu-
tron emission from the 9Be* states are then described in four sets of continuous
energy spectra, each of which has its own angular distribution. The requirement
of zero width for the discrete first neutrons, the use of just four levels, and
the inability to incorporate energy-angle correlations in the second-neutron
continuous spectra are too restrictive to adequately describe the experimental
results.

An additional problem with ENDF/B-V is the particular choice of 9Be discrete
states that were included (Ex = 1.68, 2.43, 6.76, and 11.28 MeV). The new meas-
urements (Dr77, Ho78a) show no evidence for the Ex = 1,68 MeV state, which appears
as the highest energy peak in the dashed curves in Figs. 39-44. 1In additionm,
Anderson and his coworkers at Livermore (Ba64, An70) have searched for the iso-
baric analogue state in 9B that would be implied by the existence of the 1.68-MeV
state in 9Be. Although they employed three different reaction mechanisms and
covered a wide range in incident energies with detectors at several different re-
action angles, they observed an upper limit of about 100u b/sr for the produc-
tion of an "Vv1.7-MeV state in 9B. Therefore, for the present evaluation we have
concluded that even if the 1.68-MeV state exists, its excitation cross section is
negligible, and the corresponding emission spectrum is given by the weak contin-
uum measured by Drake et al. (Dr77).

Finally, it should be mentioned that simpl} broadening the discrete first
neutron peaks in the ENDF/B-V spectra is still not sufficient to produce agree-
ment with experiment. Calculations which include finite widths for the discrete
states using level widths compiled by Ajzenberg-Selove (Aj74) are compared to the
Drake measurements in Fig. 45. While the discrepancies with experiment are some-
what reduced, the ENDF/B-V results still differ substantially from the measured

spectra.




V. GAMMA-RAY PRODUCTION DATA

The only reactions that result in gamma-ray production of any consequence

9Be(n,Y)loBe and the 9Be(n,tY)7Li pro-

cesses. In the latter reaction, 0.4776-MeV gamma rays from deexcitation of the

9
when neutrons interact with “Be are the

first excited state in 7Li occur. These data are represented in the evaluation
with a multiplicity of one relative to the 9Be(n,tl) cross section.

The gamma-ray production evaluation for the 9Be(n,Y)loBe reaction is based
on the spectrum measurements of Jurney (Ju74). The decay scheme used for the
evaluation is shown in Fig. 46. Intensities are given in photons/100 neutron
captures, and the capturing state for the thermal neutron measurement is repre-
sented by the dashed line at the top. Minor adjustments were made in the meas-
ured intensities to exactly conserve energy, and two unobserved transitions
(dashed lines) were added for the same reason. The gamma-ray energies in the
evaluation have been corrected for recoil of the residual nuclei. A total gamma-
ray multiplicity of 1.5811 was used in the evaluation.

For the evaluation, all gamma rays from both the (n,ty) and the (n,Yv) reac-

tions were assumed isotropic in the laboratory system.

VI. COVARIANCES

Correlated error information is included in the evaluation for all neutron
cross—-section types. The energy-correlated errors are generally composed of
short-range and long-range components, which are based on quoted experimental un-
certainties, scatter of the various measurements, and the particular choice of
measurements used in different energy ranges covered by the evaluation. All er-
ror data are given explicitly except for elastic scattering, which can be de-
rived from the other reactions by subtracting the total and nonelastic error ma-
trices in the same manner that the elastic cross section was obtained.

Correlations across reaction type are included in the excitation energy bins
used to describe the (n,2n) reaction, that is, in MT=51-83. Because these data
are based mainly on the Drake et al. (Dr77) measurement, the systematic uncer-
tainties in that experiment were used to infer the MT=51-83 correlations. The
elastic scattering error matrix is also correlated with the other reactions from
which it is derived. .

Standard deviations obtained from the variances of the error matrices are

included for a selection of incident neutron energies in Table II. 1In order to
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TABLE II

EVALUATED STANDARD DEVIATIONS IN PERCENT

E

L H
(MeV) (MeV) Total Elastic (n,Y) (n,2n) (n,p) (n,d) (n,t) (n,q)
1.0-11 1.0-4 3 3 11
1.0-4 1.0-3 3 3 25
1.0-3 0.25 3 3 50
0.25 0.5 4 4 60
0.5 0.7 4 4 70 80
0.7 0.9 4 4 80 50
0.9 1.1 4 4 90 41
1.1 1.3 4 4 100 31
1.3 1.5 4 4 110 21
1.5 2.0 4 4 120 12
2.0 2.3 4 4 130 10
2.3 2.6 5 5 140 25 10
2.6 3.0 5 6 150 25 10
3.0 3.4 4 6 160 17 10
3.4 3.7 6 9 170 17 10
3.7 4.0 6 11 180 17 10
4.0 4.4 6 10 190 11 10
4.4 5.0 4 8 200 11 12
5.0 5.5 4 8 200 10 12
5.5 6.5 4 8 200 10 12
6.5 7.5 4 8 200 8 12
7.5 8.5 4 9 200 11 15
8.5 9.5 4 8 200 9 20
9.5 10.5 4 9 200 11 30
10.5 11.5 4 8 200 9 30
11.5 12.5 4 10 200 13 50 30
12.5 13.5 4 9 200 10 50 20
13.5 14.5 4 10 100 13 100 50 15
14.5 15.5 4 9 50 11 50 50 20
15.5 16.5 4 11 50 16 50 50 50 30
16.5 18.0 4 10 100 14 100 12 50 40
18.0 20.0 4 15 100 25 100 12 50 50
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keep the size of the error files to a minimum, rather coarse groupings were used
for the evaluated error data. As a result, the matching of the standard devia-
tions in Table II with those inferred from the experimental data base is somewhat
approximate.

The standard deviations for elastic scattering in Table II, which were de-
rived entirely from the other reaction types in the evaluation, vary from 8-10%
over the energy range 7-15 MeV. The quoted experimental errors for the measure-
ments of Hogue et al. (Ho78a) vary from 3-6% over the same energy range. We
therefore conclude that a more detailed error analysis for the evaluation would
probably result In somewhat smaller variances overall, and in this sense the

present covarlances are conservative.

VII. SUMMARY

Use of excitation energy bins in the present evaluation to represent all
(n,2n) reactions for 9Be has resulted in a more accurate description of neutron-
emission spectra than is available in the ENDF/B-V (Ho78c) evaluation. Adjust-
ments have been made in the total, elastic, (n,Y), and (n,t) cross sections to
better conform with recent experimental data. A Legendre analysis of elastic
and discrete inelastic angular distributions that were incorporated in the eval-
uation results in improved agreement with experiment above En = 2 MeV. Finally,
evaluated covariance data are provided in a form that includes correlated errors
in the secondary neutron-energy distributions.

Hendricks (He78) has validated a version of the present evaluation for neu-
tron energies in the fission spectrum region by calculating 9Be—reflected uranium
and plutonium critical assemblies, as well as reactivity contributions from 9Be
to the GODIVA (bare uranium) and JEZEBEL (bare plutonium) critical assemblies.
Using the Sn code ONETRAN (Hi75), Hendricks also finds that the present evalua-
tion describes the Livermore pulsed-sphere experiments (Wo72) better than ENDF/
B~IV. 1In the latter measurements, time-of-flight neutron-emission spectra were
measured from 9Be spheres that were pulsed at the center with 14-MeV neutrons.
The calculation of these experiments is therefore sensitive to the representation

of neutron-—-emission spectra from (n,2n) reactions used in the evaluations.
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Measured and evaluated total cross sections from 1 to 400 keV.
The dashed curve is ENDF/B-V, and the solid curve is the pres-
ent evaluation.
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Measured and evaluated elastic angular distributions from 0.81

to 0.90 MeV.

The solid curve is the present evaluation, and

the dashed curve is ENDF/B-V.
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Measured and evaluated elastic angular distributions from 2.44
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Measured and evaluated elastic angular distributions from 3.46
to 3.75 MeV. The solid curve is the present evaluation, and
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Measured and evaluated elastic angular distributions from 4.10
to 6.00 MeV. The solid curve is the present evaluation, and
the dashed curve is ENDF/B-V.
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Measured and evaluated elastic angular distributions from 6.97
to 8.96 MeV. The solid curve is the present evaluation, and
the dashed curve is ENDF/B-V.
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Fig. 32.
Measured and evaluated elastic angular distributions from 9.96
to 12.04 MeV., The solid curve is the present evaluation, and
the dashed curve is ENDF/B-V.
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Measured and evaluated elastic angular distributions from 12.94
to 14.94 MeV. The solid curve is the present evaluation, and
the dashed curve is ENDF/B-V.
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Fig. 44,
Measured and evaluated neutron-emission spectra at 80, 100,

125, and 145° induced by 14.2-MeV neutrons.
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Schematic diagram of gamma~-ray transitions following radiative
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and gamma-ray intensities are given in photons per 100 neutron
captures,
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