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ABSTRACT

Neutron total cross sections of elemental beryllium were measured from 1 to
> 10 MeV with good precisian. Differential neutron elastic scattering cross
sections were Measured fro* 4.5 to 10 NeV at energy intervals of * 0.5 MeV,
and for * 100 angular steps distributed between 18* and 160* at each incident
energy. Concurrently, differential cross sections for the emission of a
discrete inelastic-neutron group corresponding to an excited level at
2.43 ± 0.06 NeV were determined over the saae incident-energy and angular
range. Angle-integrated elastic-scattering cross sections were deduced froa
the observed differential values to accuracies of 2.5%, and angle-integrated
inelastic-scattering cross sections were established to accuracies of < 10%.
The experimental results are coapared with values given in ENDF/B-V, with
attention to discrepancies and implications. Qualitative reaction mechanisms
are suggested.
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I. INTRODUCTION

For aany years beryl H U B has been used as a neutron Multiplier in
fission-energy systems, and recently it has been a prominent candidate for
enhancing the neutron economy of fusion-energy systems.1 The latter
application has been a matter of recent debate, as the results of some
integral experiments indicate Multiplication considerably less than is
predicted by calculations using accepted evaluated basic—data sets.2*""
Integral tests can identify overall shortcomings in the fundamental
underlying data and/or in its calculational use, but they cannot define
microscopic-data problems which may be due to errors in the basic cross
sections, the neutron-emission spectra, or both. The definition of these
specific issues and their resolution is a Microscopic data problem. Despite
these uncertainties and the strong interest in beryllium as a neutron
multiplier in fusion systems, there have been very few careful experimental
studies of the scattering and emission of fast neutrons from beryllium.
Drake et al.' have Measured scattered neutrons and emitted neutron spectra at
three energies between * 6-14 MeV. Hogue et al.7 have measured elastic and
inelastic scattering cross sections at nine energies between * 7-15 MeV.
There have been several studies near 14 MeV, illustrated by the work of
Takahashi et al.* Very little is known between the (n,2n) threshold {* 1.85
MeV) and 10 MeV, an energy region which will be fairly well-populated in any
fusion-blanket containing appreciable amounts of beryllium, and this energy
region certainly is a consideration in the interpretation of data from the
usual integral tests. The excited level structure of *Be is reasonably known
to about 34 MeV as the result of a number of charged-particle and neutron
investigations.' There are low-lying levels of both positive and negative
parity. Despite this understanding, the reaction mechanism for neutron
interaction with beryllium up to 10-14 MeV is not clear. In particular, the
strongly inhibited excitation of low-lying positive parity states through the
neutron inelastic-scattering process is not explained.

The present work was undertaken in an effort to improve the experimental
understanding of the neutron interaction with beryl H U M in the 1-10 MeV
range, and then to test the validity of evaluated nuclear data files
currently used in applications. Concurrently, it was hoped to obtain
experimental information that would give some guidance as to the fundamental
reaction mechanisms involved. Section II deals briefly with the experimental
Methods used in the Measurements, Section III presents the experimental
reaults, and Section IV discusses them in the context of ENDF/B-V. Section
IV also considers the qualitative nature of the reaction mechanism governing
the inelastic-scattering processes. A topical siuraary is given in the final
Section.

II. EXPERIMENTAL METHODS

The experimental methods employed in the present neutron total and
scattering cross-section Measurements have been extensively described
elsewhere;IC"»* thus, they are outlined very briefly here.

The measurement samples were cylinders of high-purity elemental
beryllium (300X 'Be). For the total cross-section measurements, the



cylinder* were 2 cm in diameter and 1 CM thick, stacked to produce several
thicknesses, thereby giving a range of neutron transmissions with a minimua
value of « 25%. The neutron beam was incident on the axis of the stacked
cylinders. The scattering sample was a cylinder 2 ca in diaaeter and 2 ca
long, with neutrons incident upon the lateral surface. All the cylinders
were carefully machined froa aetal ingots, and the densities calculated froa
weight and dimension aeasureaents were consistent with those given in the
literature.

The neutron source used in the total-cross-section aeasureaents was the
*Be(d,n)l*B reaction (E. = 7.0 MeV).1* This reaction provided an intense

d
white source of neutrons extending froa below i MeV to well above 11 MeV.
The scattering measurements used the D(d,n)*He source, with the deuterium gas
contained in a cell — 2.5 cm long at a pressure providing neutron energy
spreads at the sample of * 200 keV. The mean neutron energy of the
monoenergetic D(d,n)*He source was determined to * ± 10 keV by means of
controlling the energy of the incident deuteron beam. Throughout the
measurements, the neutron sources were pulsed with burst durations of — 1
nsec. The burst repetition rate in the scattering measurements was 2 MHz,
and either that or a lower rate was used in the total cross-section
measurements.

The total cross sections were deduced from the measured transmission of
the neutrons through the measurement samples.1* The neutron energy was
determined using fast-timing techniques, and a number of sample thicknesses
were concurrently studied, using the rotating sample technique described in
Ref. 10. A variety of neutron flight paths were used, ranging froa « S i to
* 10 m. Considerable attention was given to background control, and this was
verified by concurrent measurements of the well-known carbon total cross
section, with results in good agreement with those given in the literature.1'

The neutron scattering measurements were made using the Argonne 10-angle
scattering apparatus.lt~14'1* Measurements were made concurrently at ten
scattering angles using flight paths of » 500 cm. The scattered neutrons
were observed with liquid-scintillation detectors whose relative energy
responses were calibrated using the neutrons emitted froa the fission of
***Cf, as described in Ref. 19. The absolute scales of the ten-detector
response functions were determined by observing neutrons scattered from the
well-known hydrogen standard.1' All of the scattering measurements were
corrected for multiple-event, beam-attenuation and angular-resolution
perturbations using Monte-Carlo procedures."

III. EXPERIMENTAL RESULTS

A. Neutron Total Cross Sections

In the energy range of the present work (* 1-tO MeV), the beryllium
total cross section behaves rather smoothly with energy, with only a single
large and broad resonance situated at - 2.7 MeV. In this situation, there is
no motivation for seeking very fine experimental resolutions, and, thus,
instrument scales were selected so that time resolutions of nominally * 3



nsec were obtained. Coabined with the flight paths cited above, these
provided energy resolutions considerably better than any known structure in
the cross section. The neutron energy scale was determined froa the aeasured
neutron flight tiaes and flight paths, and verified by the identification of
a nuaber of proainent resonances in the neutron total cross section of
carbon.17 The *Be(d,n) source is extreaely intense, particularly for neutron
energies < 6 NeV.l* As a consequence, counting statistics were very good up
to at least 7 MeV. In order to avoid deadtiae distortions due to the high
response rates, randoa signals were inserted into the aeasureaent systea in
such a aanner as to give a reliable aeasure of deadtiaes. The geoaetry was
very good; thus, inscattering corrections were negligible. In addition, the
berylliua total cross sections were aeasured at selected energies using
conventional aonoenergetic-source techniques in order to verify the white-
source results with a different aethod where background control is better
assured. The aeasureaents were aade in a concurrent aanner with several
saaple thicknesses providing transaissions ranging froa * 25-75%. Results
obtained with the different saaple thicknesses were coabined to obtain the
results shown in Fig. 1. Since the resolutions were better than the physical
structure, self-shielding effects should be negligible. The statistical
accuracies associated with the individual datua points range froa less than
IX to several percent. Identifiable systeaatic uncertainties (e.g., saaple
densities) should be considerably saaller.

Figure 1 shows the coaparable cross sections given in ENDF/B-V.*1 The
agreeaent between the present experiaental results and the evaluation is
generally very good, even through the « 2.7 NeV resonance area where the
coaparison is sensitive to the exact energy scales. However, in the
* 3.2-4.5 MeV region, the present results are noticeably larger than the
values of ENDF/B-V, by up to « 4-5%, which is considerably beyond the known
experiaental uncertainties. It seeas that the ENDF/B-V total cross sections
are essentially based upon the work of Schwartz et a l . " That set of
aeasureaents is very detailed, and the stated uncertainties are saall.
However, there are two other relatively recent, coaprehensive sets of
berylliua total cross section data, those of Auchaapaugh et al.** and Foster
and Glasgow.*4 These two data sets, in the above-cited 3.2-4.5 MeV region of
discrepancy, are in good agreeaent with one another, and with the present
results. Thus, in the 3.2-4.5 NeV region, three reasonably conteaporary sets
of data are consistent with one another, and they are significantly larger
than the experiaental values of Ref. 22 or the ENDF/B-V evaluation. In this
aodified fora, the evaluation is believed to be accurate to at least « 1.5%
froa 1-10 NeV. This uncertainty estiaate is supported by an independent
coaprehensive statistical evaluation by one of the present authors (MS), to
be reported elswhere.** Interestingly, the latter evaluation tends to follow
ENDF/B-V in the 3.2-4.5 MeV region of discrepancy. This happens because the
large aaount of data (with cited good precisions) froa Ref. 22 doainated the
statistical evaluation procedures. Such a consequence is illustrative of the
problea of using statistical evaluation aethods to treat discrepant data
sets, particularly where the systeaatic uncertainties are essentially unknown
or are underestiaated, as apparently has happened in this case. Judgeaent
remains an inherent part of the evaluation process.



En(MeV)

Fig. 1. Neutron total cross sections of berylliuM. The present experimental values
are noted by "+H symbols. The light curve lm ENDF/B-V,11 and the heavy curve ENDF/B-V,
•odified as suggested in the text.



8. Neutron Elastic-Scattering Cross Sections

The elastic-scattering aeasureaents were >ade at angles distributed
between « 18° and 160°, Iron incident energies of 4.5 to 10.0 HeV at
increments of * 0.5 MeV. Incident-neutron energy spreads varied fro* * 200
keV at 4.5 MeV to «* 100 keV at 10 MeV. Scattered-neutron energy resolutions
were aore than sufficient to resolve the elastic-scattered component froa
inelastically scattered contributions due to the excitation of known states
in 'Be.* The observed elastically scattered tiae-of-flight peak was very
proainent at all scattering angles and energies, and it was not noticeably
perturbed by any other neutron contributions. The target, 'Be, is light;
therefore, neutrons eaitted froa the saaple after aultiple elastic collisions
can be significantly degraded in energy. The consequence is a saall "tail"
on the proainent elastically scattered peaks observed in the aeasureaents.
Monte-Carlo correction procedures siaulated this perturbation and provided
appropriate correction factors. At each aeasureaent period, between twenty
and forty differential cross sections were deterained at a given incident
energy, and there were at least four aeasureaent periods for every incident
energy, distributed over several years. The aeasured results at each
incident energy were coabined into a single distribution containing •» 100
differential cross sections. The ainiaua nuaber was * 75 differential
values, and the aaxiaua over 150. To a very large degree, the results froa
the different aeasureaent periods are independent; thus, their coabination
provides a realistic aeasure of statistical and systeaatic uncertainties that
is not available froa single aeasureaents. The only known coaaon systeaatic
factors between the results obtained at different tiaes are associated with
the saaple density, which was carefully deterained to fractional-percent
accuracies, and with the Monte-Carlo aultiple-scattering correction
procedures,20 which have been carefully developed and tested over a nuaber of
years. The berylliua aeasureaents were generally aade concurrently with
other scattering aeasureaents, particularly scattering froa carbon. The
resulting differential elastic- and inelastic-scattering cross sections of
carbon were in good agreeaent with those reported in the literature,17 both
in cross-section aagnitude and scattered-neutron energy scale.

The experiaental elastic-scattering results are suaaarized in Fig. 2.
There are over a thousand datua values shown in these distributions. A aore
detailed illustration of a representative distribution is given in Fig. 3.
In this example, one can see that the results obtained froa the various
aeasureaent periods, four in this case, are consistent within the respective
experiaental uncertainties. The latter are attributed to several sources.
There are statistical uncertainties due to counting the scattered particles,
both froa the berylliua saaple and the hydrogen standard, including
foregrounds and backgrounds. They were propagated through the data-reduction
procedures and are relatively saall (froa fractional percent to several
percent), as the scattered-neutron intensities were good in these
aeasureaents and the elastic-scattering cross sections of berylliua are
relatively large at all aeasureaent angles. The uncertainties in the H(n,n)
scattering standard are very saall (a percent or less) at the energies of the
present experiments. The relative aeasureaent angles were very carefully
determined using conventional optical instruaents, and their uncertainty has
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Fig. 2. Differential elastic-scattering cross sections of berylliua.
The present Measured values are indicated by "+" synbols, and the curves
indicate the results of a P. fit of Eq. 1 to the Measured values. The

o
results are shown in the laboratory coordinate systea.
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Fig. 3. A detailed illustration of the elastic scattering of 7.14 MeV
neutrons fro* beryllium. The present experimental values are indicated by
"0" symbols, and the curve shows the P. fit of Eq. 1 to the measured values.

o
The results are given in the laboratory coordinate system.



a negligible effect on the Measured results. The normalizations of the
relative angular scales were determined by observing the elastic scattering
of neutrons from a heavy target (usually niobium) both left and right of the
apparent 0° line, at angles where the respective elastic-scattering cross
section of niobiun (or similar sample) is rapidly changing with angle. It is
believed that this procedure determined the zero point of the angular system
to within several tenths of a degree. Moreover, these angular calibrations
were repeated at each measurement period, and the variations should be random
with time. The effect of angle uncertainty was incorporated in the
experimental error estimate but was not large, as the beryllium distributions
are not as angular dependent as those of a heavier target.

The Monte-Carlo calculations used to correct the measured values for
multiple-event, neutron attentuatlon and angular-resolution effects were
pursued through three iterations with a large number of histories (typically
5 x 10* or 1 x 10 7), resulting in calculational statistical uncertainties of
less than 1%. Moreover, the beryllium elastic distributions are not nearly
as anisotropic as those of a heavier target and, thus, the Monte-Carlo
corrections are more easily carried out to good statistical accuracy. As in
all observations, there may be unidentified sources of uncertainty. It was
assumed that the latter unidentified contributions amounted to 1.5 mb/sr.
The neutrons scattered from the beryllium and the hydrogen standard appear at
different energies. Accordingly, the results depend upon the knowledge of
the relative energy sensitivities of the individual detectors. The
uncertainties in these relative sensitivities are difficult to quantify but
are believed to be small (on the order of several percent), and they should
be randomly distributed from one measurement to the next. The various
uncertainty components were combined in quadrature. Finally, it was
subjectively assumed that the minimum overall uncertainty associated with a
differential value is « 3* (reflecting possible unidentified systematic
uncertainties associated with the detector calibrations), and that became the
maximum uncertainty limit in many cases. The measured values are consistent
with these uncertainty estimates, as shown in Fig. 3, and one should again
remember that this typical example consists of the accumulation of data from
four independent measurement periods.

The angle-integrated elastic-scattering cross sections were deduced from
the present measurements by least-square fitting the measured values with
Legendre-polynomial expansions given by

do

where P. is the i Legendre polynomial, and n was taken to be 6 or 8. The

results obtained with n equal to 6 or 6 agreed to within better than 1%. The
value n - 8 was used to obtain the cross sections shown in Fig. 4. The
uncertainties associated with the angle-integrated elastic-scattering cross
sections were believed to be ** 2.5k. That value was arrived at by fitting
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Fig. 4. Comparison of the angle-integrated elastic-scattering results implied by the
present work (t) and by the •easureaeitis of Hogue et al. (X) / with the values given in
ENDF/B-V (curve).



the experimental results of each measurement period with Eq. 1 and comparing
the resulting angle-integrated cross section values. There were enough
independent measurement periods to give a reasonable sample of the
uncertainty in the angle-integrated values. Uncertainties obtained fro* the
least-squares fitting procedure alone were generally smaller; thus, the 2.5*
estimate is believed to be conservative.

There are some other comparable elastic-scattering measurements reported
in the literature. Perhaps the better and more comprehensive of these is the
work by Hogue et al.* These authors report four values in the present
measurement range, and their work extends to higher energies (to « 15 MeV).
Hogue et al. give their experimental results as coefficients of a Legendre-
polynomial expansion in the center-of-mass system. When the present results
are converted to the center-of-mass system and refitted with Legendre-
polynomial expansions, coefficients very similar to those given by Hogue et
al. are obtained. Furthermore, the graphical distributions given by Hogue et
al. look very similar to the present experimental results. The resulting
angle-integrated elastic-scattering results are compared in Fig. 4. The
agreement between the present work and that of Hogue et al. is remarkably
good. All of the values are consistent within the respective uncertainties,
and for three of the four comparable energies, the agreement is nearly exact
(far better than should be expected from the respective uncertainties).
Drake et al.* have reported elastic scattering results at * 6, 10, and 14
NeV. Their angle-integrated elastic-scattering results are in very good
agreement with those of the present work, but their uncertainties exceed 10*.
Figure 4 also compares the present results, and those of Hogue et al., with
the elastic-scattering cross section given in the evaluation of ENDF/B-V."
The measured and evaluated results are somewhat different in both shape and
magnitude. The implication of these differences will be discussed in Sec.
IV, below.

C. Neutron Inelastic Scattering

There are seven levels in *Be that are energetically available for
inelastic scattering at the energies of the present experiments;' 1.69 NeV

(l/2+), 2.429 NeV (5/2), 2.8 NeV (l/2~), 3.05 NeV (5/2+), 4.70 NeV (3/2+).

6.76 MeV (7/2"), and 7.94 NeV (l/2~). The latter three were not examined, as
the respective levels are broad and the resulting inelastically-scattered
neutrons have relatively low energies. As a consequence, the emitted
neutrons are lost in a continuum spectrum of neutrons emitted in (n,2n) and
other breakup reactions. The observed time of-flight spectra in the region
of the first four levels consisted of a broad "hump" of emitted neutrons on
which was superimposed a well-resolved and prominent discrete inelastic-
neutron group corresponding to an observed excitation of 2.43 ± 0.06 MeV.
The underlying "hump" was angular dependent, and, at higher energy, was
peaked in the forward direction. At all but the most forward scattering
angles, the experimental resolution was sufficient to observe neutrons
resulting from the inelastic excitation of the 1.69 MeV level, oven given its
rather broad width of r * 210 keV.* Early photo-emulsion studies" at
incident energies of * 3 NeV qualitatively indicate some inelastic neutrons
due to the excitation of the 1.69 NeV level, but there was no evidence for
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such a contribution in the present Measurements. If such a component is
present, it must have a very saall cross section. The second level at 2.429
MeV is reported' to have a rather narrow width and closely corresponds to the
very proainent inelastic-scattering group observed in the present
•easureaents. The 2.8 MeV level Is very broad' (r w 1.1 MeV). In the
present experiments, it would be impossible to distinguish any corresponding
inelastically scattered neutrons from the general broad continuum
distribution cited above. The 3.05 MeV level is also comparatively broad
(r •> 300 keV), and is centered only about 600 keV above the 2.429 level.
This relatively close spacing and broad width make it difficult to resolve it
fro* the contribution due to the proainent 2.429 MeV level. Inelastic
excitation of the 3.05 MeV has been reported,* but at intensities auch below
that due to the 2.429 MeV level. In the present work there was soae
indication of a weak inelastic contribution due to the excitation of the 3.06
MeV level, particularly at the larger scattering angles. However, it was of
very low intensity and not well defined.

In view of the above situation, the present aeasureaents gave eaphasis
to deteraining the inelastic-scattering cross section due to the excitation
of the 2.429 MeV level. It was assuaed that the continuua eaission
contribution underlying the proainent experiaental peak, including possible
artifacts due to the 3.06 MeV level, could be subtracted by linearly
extrapolating between the two shoulders of the proainent peak. Subjective
judgeaents were involved in the determination of the shoulder points to be
used in the extrapolation, particularly with respect to the lower-energy side
of the peak. At different tiaes, these judgeaents were independently aade by
two of the authors (MS and AS), with results that were relatively consistent.
The objective was always to obtain the contribution attributable to the 2.429
MeV level as free froa other coaponents as possible.

The experiaental inelastic-scattering results, obtained usjing the above
procedures, are suaaarized in Fig. 5, and a detailed drawing of one of these
distributions is shown in Fig. 6. Each distribution contained a ainiaua of
approximately forty points, and the aaxiaua number exceeded one hundred.
Each illustrated distribution is the combination of the results of three or
aore aeasureaents taken over a several-year period with, as for the elastic-
scattering cited above, different instrumental arrangements. The results
obtained during the different aeasureaent periods should be essentially
independent, and, thus, reproducibility is an indication of uncertainty. The
uncertainties attributed to the individual datum points varied a great deal,
depending upon the particular energy, angle, and experimental conditions,
with the components outlined above in the context of elastic scattering.
However, a minimum systematic uncertainty of 10* was assigned to all the
aeasured values as a subjective estiaate of uncertainties involved in the
above-outlined continuua-subtraction and -suaming procedures. At large
scattering angles and lower energies, the experiaental uncertainties can
considerably exceed this minimum value. This increase is due to counting
statistics and to the saae ainiaua uncertainty of 1.5 ab/sr, as accepted for
the elastic-scattering aeasureaents. As is illustrated in Fig. 6, the data
are consistent to well within the uncertainty estiaates.
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Fig. 5. Neutron differential cross sections for the excitation of the
2.429 MeV level in 'Be. The present Measured values are indicated by "0"
symbols, and the results of fitting Eq. 1 to the data are represented by the
curves. The data are given in the laboratory coordinate system.
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Fig. 6. Differential cross sections for the excitation of the 2.429 MeV level in 'Be
by 7.5 NeV incident neutrons. The Measured values are indicated by "0", and the result of
a fit of Eq. 1 to the data is represented by the curve. The quantities are given in the
laboratory coordinate system.



The ancle-integrated cross sections for the excitation of the 2.429 MeV
level were deduced froa the Measured differential values by again least-
square fitting Eq. 1 to the Measured differential quantities, using a value
of n » 6. The results of the fitting were descriptive of the Measured
values, as shown by the curves in Fig. 5. The deduced angle-integrated
value* are shown in Fig. 7. Their estimated uncertainties are 10k,
reflecting the .• above-Mentioned subjective estimates used in the suMMing
procedures. Statistical and other error sources are generally Much SMaller,
and the angle-integrated values obtained froM results of different
Measurement periods are generally consistent to well within the 10% estimate.
Figure 7 also shows the results reported by Hogue et al.7 and by Drake et
al.* The latter values are soMewhat larger than the present results, or
those of Ref. 7, but have uncertainties of 20-30%. The results of Hoque et
al. are systeMatically larger than the present results, but are only slightly
beyond the respective experimental uncertainties, if that. The results of
Ref. 7 explicitly include any possible contribution from the 3.06 and 1.69
MeV levels. Therefore, the cross sections should be somewhat larger than
those of the present work (by an SMOunt reflecting the two possible
additional contributions), which sought to define the inelastic-scattering
due to the excitation of the 2.429 MeV level alone. It is interesting that
the energy-dependent shapes of the present data and those of Hogue et al. are
very siMilar, even to the small discontinuity in the region of 10 MeV.
Figure 7 also shows the comparable inelastic cross section as given in
ENDF/B-V.11 It is much larger than the present Measured values, or those of
Hogue et al., by a factor of up to nearly two. This discrepancy is discussed
in Sec. IV, below.

IV. DISCUSSION

The present total cross section measurements, and an evaluation by one
of the authors (MS),** support the ENDF/B-V11 total cross sections over a
very large portion of the region of the present scattering measurements
(« 5-10 MeV). The evaluation, and a detailed inspection of the general total
cross section data base, indicate that the uncertainties to be associated
with the ENDF/B-V total cross sections are, conservatively, * 1.5* or less
from * 5-10 MeV. Therefore, the ENDF/B-V total cross sections, with
uncertainties ot 1.5k, were assuMed for the following discussion. The
nuMerical values at the energies of the present scattering MeasureMents are
given in Table 1. The same table gives the corresponding angle-integrated
elastic-scattering cross sections deduced by Legendre-polynoMial fitting the
present data, as described in Sec. III-B. The RMS difference between the
Measured elastic-scattering cross sections and those given in ENDF/B-V is
* 4k, with a systematic trend for the evaluated quantities to be 3-5* larger
in the middle of the energy range, and nearly the same amount smaller at the
upper and lower extremes of the energy range. The differences, while not
large, are probably real, as they are approximately twice the experiMental
uncertainties and are systematic with energy. The nonelastic cross sections
(o « a - a .) implied by the Measured elastic-scattering cross sections

and the total cross sections are also given in Table 1. Of course, they are
different froa those implied by ENDF/B-V by amounts reflecting the above-
cited differences in the elastic-scattering cross sections.
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Table 1. Comparative Neaeured and Evaluated Neutron Croaa Sectlona of Berylliua

Reaction

o T(b)"'
b

oel(b) Bxp.c

EHDF/B-Vd

°nonel(b»e B x P C

ENDF/B-V

°lnel(b)f *»*

ENDF/B-V

a .-<j. ,(b)g Exp.c
nonel inel F

ENDF/B-V

X Difference11

4.5

1.9454

(1.5*)

1.370

(2.5*)

1.330

0.5754

(7.8*)

0.6154

0.260

(10*)

0.316

0.3154

(16*)

0.2994

(-5.3*)

5.0

1.8888

(1.5*)

1.300

(2.5X5

1.267

0.5886

(7.3*)

0.6219

0.256

(10*)

0.354

0.3326

(15*)

0.26*3

(-24*)

Incident Neutron Energy In

5.5

1.8680

(1.5*)

1.215

(2.5*)

1.240

0.6530

(6.3*)

0.6280

0.278

(10*)

0.389

0.3750

{13*)

0.2386

(-57*)

5.9

1.8528

(1.5*)

1.200

(2.5*)

1.224

0.6526

(6.3*)

0.6286

0.263

(10*)

0.413

0.3896

(12*)

0.2156

(-81*)

6.5

1.8286

(1.5*)

1.150

(2.5*)

1.235

0.6786

(5.9*)

0.6236

0.260

(10*)

0.443

0.4186

(U*)

0.1806

(-131*)

7.14

1.7969

(1.5*)

1.120

(2.5*)

1.186

0.6769

(5.8*)

0.6109

0.260

(10*)

0.4S0

0.4169

(11*)

0.1609

(-159*)

MeV

7.5

1.7757

(1.5*)

1.100

(2.5*)

1.170

0.6757

(5.6*)

0.6057

0.235

(10*)

0.450

0.4407

(11*)

0.1557

(-183*)

6.03

1.7532

(1.5*)

1.145

(2.5*)

1.150

0.6082

(6.4*)

0.6032

0.224

(10*)

0.446

0.3642

(12*)

0.1582

(-143*)

8.4

1.7361

(1.5*)

1.155

(2.5*)

1.138

0.5811

(6.7*)

0.5961

0.218

(10*)

0.434

0.3631

(12*)

0.1640

(-121*)

9.06

1.7114

(1.5*)

1.150

(2.5*)

1.120

0.5614

(6.9*)

0.5914

0.184

(10*)

0.392

0.3774

(11*)

0.1993

(-89*)

9.C

1.6882

(1.5*)

1.145

(2.5*)

1.100

0.5432

(7.0*)

0.58B2

0.164

(10*)

0384

0.3792

(U*)
0.2046

(-85*)

10.0

1.6651

(1.5*)

1.140

(2.5*)

1.080

0.5251

(7.2*)

0.5851

0.197

(10*)

0.375

0.3281

(13*)

0.2101

(-56*)

Taken fro* ENDF/B-V aaauaing 1.5* uncertainty. See text for detail*.

cNeaaureaent crosa aectiona determined in preaent experiment*, aa
relevant.

nonel T el

loel *Bx " 2-43 NeV) • retaining partial croaa aectiona,

(n,2n), etc.

Uncertainties in percent are given in brackets.

dElaatic croaa aectiona of ENDF/B-V.

Inelastic croaa section for excitation of 2.43

NeV level only.

"Defined aa (BNDF - EXP)/ENDF In percent.



Table 1 gives the Inelastic-scattering cross sections for the excitation
of the 2.429 MeV level (a, ) deduced froa the present aeasureaents, as

described in Sec. III-C. The respective uncertainties are doainated by the
systeaatic 10* uncertainties conservatively attributed to the suaaing
procedures outlined in Sec. III-C. The table also gives what seea to be the
coaparable values froa ENOF/B-V. The latter are larger than those deduced
froa the aeasured values by factors ranging froa * 1.2 to aore than 2. These
are large differences in cross sections that are a substantive fraction of
the total nonelastic cross section, and well beyond the uncertainties of the
present experiaental results. The situation does not substantively change if
one considers the alternate experiaental results of Hogue et al.7 These
differences are also clearly evident in Fig. 7. The experiaental
aeasureaents also iaply the totality of partial nonelastic cross sections,
exclusive of the inelastic cross sections for the explicit excitation of the
2.429 MeV level (o * a . - a. , ) . Those partial cross sections

include a nuaber of reaction channels, in particular contributions to the
(n,2n) reactions. The corresponding experiaentally deduced quantities are
given in Table 1. The uncertainties are in the range 11-16*. The coaparable
ENOF/B-V values systeaatically vary froa reasonable agreeaent at the lowest
energies (* 5*, the low-energy value aust be taken with caution due to the a

discrepancy noted above) to very large differences at the higher energies,
with the experiaentally deduced values aore than a factor of 2.5 larger at
soae energies, and, generally, approxiaately a factor of 2 larger over a
aajor portion of the energy range. Moreover, the experiaentally deduced
cross sections are large, * 20% of the total cross section. Clearly, the
present aeasureaents suggest soae rather significant discrepancies with the
ENDF/O-V partial cross sections, and these aay be reflected in integral
energy-transfer aechanisas. The iaplication cf these differences Bay be
considerable in soae applications, but the details will depend on the exact
nature of the other partial cross sections, particularly the continuua
neutron-eaission processes.

As noted in Section III-C, above, the inelastic-neutron excitation of

the first excited state at 1.69 MeV (1/2 ) is very weak and was not observed

in the present aeasureaents. The next positive parity state (3.05 MeV, 5/2 )
is also very weakly excited, while, at the saae tiae, scattering to the odd

parity states is proainent (ground state, 3/2", and 2.429 MeV, 5/2", level).
This suggests a possible shape "co-existence" in the 'Be nucleus. The
Nilsson diagraa for the lightest nuclei suggests that the last neutron in the

ground-state (JU > 3/2~) configuration of *Be should lie in the 1101 3/2

orbit (steaaing froa the lP3/2 state of the spherical potential), and, to be

energetically favorable, should tend to push the nucleus towards a spherical

shape. The fJrst-excited state (J * 1/2 ) should, on the other hand, have

its final neutron in the 1220 1/2J orbital (froa the l&5/2 state), which, to

favor energy, will tend to push the nuclear shape towards large prolate
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deformation. The very low excitaion of this state (1.69 MeV) certainly
favors this interpretation, and its large width (r « 200 keV) also indicates
the large deformation preceding breakup into the two a-particles underlying
the *Be core structure. Most of the higher states appear to be interpretable
as rotational bands, with these first two states as band heads. Thus, the

second excited state (2.429 MeV, 5/2 ) appears to be the first rotational

level built upon the ground state, while the 5/2* state at 3.05 MeV, and

probably the 3/2 state at 4.7 MeV, could be Members of a decoupled band
based upon the 1.69 MeV state. If such interpretations are correct, the
rotational moment-of-inertia parameters of the bands are, respectively,
•fc*/2I « 0.5 MeV and 0.34 MeV, again indicating a much greater deformation for
the 1.69 MeV state than for the ground state.

The interaction of an incident neutron in the zero to several-MeV range
w.'.th the 'Be ground state will develop through states that can be described
as a single-particle neutron orbiting in the field of the near-spherical

*Be 3/2 core. The relevant single-particle orbits will be those Nilsson
orbits developing from the spherical 2s ._ and Id .„ states, and, to a much

less extent, from the ld5/2 state. The predominant total J values concerned

are 1 and 2 , to a lesser extent 0 and 3 , and to a small degree 4 . These
states have little similarity to the configurations required to give a
significant reduced neutron width for emission to the first-excited state of

•Be. For f = o", 1~, and 2~ states, the J101 3/2J and jlOl 1/2] orbitals

(both lying much lower than the s and d orbitals) are required, and for the

J* = 0~ and 1~ states alone, the |330 1/21 orbit stemming from the H~7/2

spherical state will be involved. Because of the large deformation expected
for the 'Be excited core, this last orbit can be expected to lie in the same
energy region as the 2s and Id orbitals. This alone could favor relatively
strong mixing of "initial" and "final" configurations. However, against such
mixing, one could expect the rather large difference in core deformation to
provide a decisive hindrance factor. Thus, one expects the states strongly
excited by neutron absorption in *Be to have weak reduced widths for neutron
reemission to the first excited state. In contrast, the configurations
involved in neutron emission to the second excited state are expected to be
mixed strongly, through rotational coupling, with those invoked in the
initial neutron absorption mechanism.

V. SUMMARY

The present neutron total-cross-section measurements support the
ENDF/B-V*1 evaluation from 1-10+ MeV, excepting a local region between
approximately 3.2 and 4.5 MeV where the present experimental values, and
those in the literature, suggest that the evaluated total cross sections
should be increased by up to * 5%. The present measurements give new
definition to the differential and angle-integrated elastic- and inelastic-
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scattering cross sections over the incident energy range 4.5-10 MeV. The
experimental elastic-scattering results differ modestly from those given in
ENOF/B-V. They have been used in upgrading the evaluated elastic-scattering
cross sections of the proposed ENDF/B-VI, as illustrated by the comparisons
of Fig. 8.*' The cross sections for the inelastic-neutron excitation of the
2.429 NeV level Mere determined with results that disagree with those
apparently given in ENDF/B-V by up to a factor of approximately two. These
are large differences in a cross section that is a significant part of the
total cross section. The experimental results imply that the remainder of
the nonelastic cross section, exclusive of the excitation of the 2.429 NeV
level, are very different from those given in ENDF/B-V (by a factor of two or
more) over the large majority of the the 4.5-10 NeV measured energy range.
Such differences can be a serious concern in a diversity of applications to
fusion- and fission-energy systems which rely upon neutron multiplication in
beryllium for viability. The details of this concern depend upon the
character of the various partial cross sections and the associated emission
spectra, which are not well known. The quantitative nature of the nuclear
processes governing the interaction of fast neutrons with *Be are not well
understood. It is suggested that, qualitatively, the processes leading to
the excitation of the ground and low-lying states are governed by two
rotational bands based upon the negative-parity ground state and the
positive-parity first-excited (1.69 NeV) state, in a manner that strongly
inhibits inelastic-neutron excitation of the positive-parity levels. The
concepts are consistent with the observed results, and with the collective
model of Nilsson.

The interaction of fast-neutrons with *Be remains somewhat of an enigma
from both fundamental and applied points of view. Integral studies are
useful t" test the overall processes, but they will not provide sufficient
information to resolve the microscopic physical questions raised above. They
are necessary but not sufficient criteria for testing or validating the
underlying physical processes. What is needed for applied and fundamental
understanding are detailed microscopic experimental and theoretical studies
directed toward a comprehensive understanding of the interaction of fast
neutrons with 'Be. In particular, these should include precise studies of
discrete neutron inelastic scattering and of continuum neutron-emission
processes using the best contemporary techniques, extending well beyond the
limited objectives of the present work and the information available in the
literature. It is indeed remarkable that so little reliable neutron
information is available for a nucleus of such interest for important
applications.



Center of Mass Cosine

Fig. 8. Illustrative use of the present experimental results to upgrade
the proposed ENDF/B-VI *Be evaluation." The present elastic-scattering
results are indicated by vertical bars, the evaluation by the curves.
Incident-neutron energies are 5.5 and 8.4 NeV. The data shown are in the
center-of-uss systea.
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