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Spectrum of Neutrons Emitted from a Thick Beryllium
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ABSTRACT

The spectrum of neutrons emitted from a thick beryllium target
bombarded with 7 MeV deuterons is measured at 25 reaction angles

o
distributed between 0o and 158 , and over the neutron energy
range = < 0.8 to > 11.0 MeV. The spectrum is determined relative

to the standard 202Cf prompt-fission-neutron-spectrum using fast
time-of-flight techniques. The results are presented as
angle-energy differential distributions and as relative numerical
group cross sections suitable for establishing a reference field
for applied studies.

*
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1. INTRODUCTION

The exothermic gBe(d,n)lOB reaction is a prolific source of

neutrons at relatively low incident-deuteron energies. 1 Using
thick beryllium targets, intense continuum neutron spectra

consisting of direct (stripping12 o) and compound-nucleus
processes are obtained. The resulting neutron field is strongly
angular dependent, with the higher-energy portions of the energy
distributions tending to follow & =1 and 2 stripping
distributions. The spectra are similar to those encountered in
fusion-energy-system blankets, and thus the spectra are favorable
for studying radiation damage, dosimetry, activity production,
and integral neutronic performance in fusion-energy systems. The
source has been used for integral tests of differential
data16'17, and the determination of differential data using
unfolding techniques has been proposedla. particularly for the
determination of very small cross sections resulting in
long-lived activities that are a concern in fusion-energy
development. Furthermore, the reaction is of interest for

medical purposes.19 A wide range of incident-deuteron energies
has been used, but energies of = 7.0 MeV are within the
capabilities of a number of modest accelerators and yet still
result in the production of very intense neutron fields.

Many of the above applications require a precise knowledge
of the neutron spectrum at a variety of angles and incident
deuteron energies, resulting from the bombardment of thick
beryllium targets. Most important are the yield and spectrum at
very-forward reaction angles, but other angles are a
consideration in a number of applications. There have been
several measurements of the spectra at a 7.0 MeV

’

incident-deuteron energy1 2, with emphasis on the zero-degree
reaction angle. These measurements are not entirely independent,
as common detector sensitivies were involved, and the angular

detail is not appropriate for some integral investigations.20

The present investigations were undertaken to provide a more
detailed knowledge of the neutron spectrum resulting from the
bombardment of a thick beryllium target with 7.0 MeV deuterons,
with particular attention to independent detector calibrations.
The measurements were made in explicit support of the cooperative
University of Illinois/Argonne National Laboratory studies of the
macroscopic interaction of fast neutrons with bulk materials of
importance in fusion-energy and other applications.



II. EXPERIMENTAL METHODS

The measurements were made using the time-of-flight
technique and the 10-angle detection apparatus long used at the

Argonne Fast Neutron Generator for neutron-scattering studies.ZJ
The unusual experimental problems were: a very large neutron and
v-ray source intensity (rapidly changing with angle), a range of
neutron energies extending over more than an order of magnitude,
and a reference standard that was many orders of magnitude less
intense than the primary source. The apparatus is designed to
optimize sensitivity as it is primarily used for
neutron-scattering studies where the interest is in a relatively
weak secondary source due to scattering from a small sample.

The energy of the 7.0 MeV incident deuteron beam was
determined to = % 50 keV using a time-isochronous magnet system.
The beam was focused into a several mm diameter spot on a = 1.5
cm diameter metallic beryllium target suffficiently thick to stop
all of the incident deuterons. The beryllium target was mounted
on a thin-wall (= 0.125 mm thick) stainless-steel tube lined with
a tantalum foil thick enough to stop back-gscattered deuterons.
The chemical purity of the beryllium target was greater than 99%.
Alternate targets of high-purity tantalum were used for
background determinations.

The deuteron beam was pulsed at a repetition rate of 3.906
kHz, with a burst duration of = 1 nsec. The time scale of
interest was 1000 nsec following each burst, divided into = 2
nsec time bins. The very low pulse-repetition rate resulted in
average beam currents of a few nano--amps., and a commensurate
reduction in source intensity. Backgrounds determined with the
alternate tantalum targets were appropriately normalized to the
foreground by integrating the beam current and subtracted from
the foregrounds. Metering pulsed nano-amp currents with high
accuracy is not trivial and some uncertainties were present;
however., they made little difference as the backgrounds were very
small. Electronic systems counted the number of pulses striking
the target so as to guard against undue beam fluctuations.

Ten detectors, placed within a massive shield, were
concurrently used. The flight paths from the source to the
detectors were defined by precision coilimators, and were
nominally 3 m long. The exact lengths were determined to within
several mm. The ten detectors were located over an arc extending



from 0° to 1580 in reaction angle. Three separate settings of
the collimator system were used, resulting in 25 separate angular
measurements at each measurement period (26 angles were measured
but one was redundant). The angles were believed known to better

than 0.5°.

The detectors were 12.7 cm diameter, 2 cm thick,
organic-liquid scintillators. Fast logic units determined the
time of response of each detector. These responses were combined
and processed by slower logic using a digital computer. The dead
time of the system was governed by the slower logic. Despite the
low pulse rates and small deuteron-beam currents, the dead times
were large (= 30%). Values of this magnitude can be a very
serious concern using a conventional single-deteclor system.
However, two of the detectors of the 10-angle system were left

fixed in angle at 148o and 1580. respectively. In that region
the spectrum does not change rapidly with angle. These two
detectors not only determined the spectrum at the respective
angles, but also served as monitors to correct for changes in
dead times incurred by moving the other eight detectors. Within
a given angular setting of the system the dead times cancelled
since they were governed by the same circuitry,. Pulse-shape
discrimination techniques were used to reduce the 7-ray responses
of the detectors. However, the source was directly observed by
the detectors and it was a prolific v-ray emitter. Therefore,
even though the v-ray suppression circuitry was very effective, a
large number of 7-rays were still observed and they contributed
to the dead-time effects.

The time zero was determined to =~ 1.5 nsec by observing the
7-rays from the target. The time scale of the measurement system
was calibrated to a small fraction of a percent using precision
delay lines. The reproducibility of the time calibration over a
number of months was good.

The relative neutron-detection efficiency of each detector
was determined by observing the standard fission-neutron spectrum

resulting from 252Cf fission22 in the manner described in ref.

23. The calibrations were independently repeated at each
measurement period, and a variety of detector bias points were
used. The lowest-energy detector sensitivity was = 300 to 500

keV. The 2520f calibration method was effective from the

detector thresholds to x~ 10.0 MeV. At higher energies the 252Cf

becomes less reliable, and an extrapolation from the lower-energy



sensitivity values was used. The resuits were reasonable

consistent with the predictions of Monte-Carlo calculatlonu24,
and calibration uncertainties above 10.0 MeV are pot very
important as there are few source neutrons in that region apd
other sources of uncertainty are dominant factors.

[II. EXPERIMENTAL RESULTS

The measurements were made in six chronological perjogg

with four independent 2520f detector calibrations. At each

measurement period three settings of the 10-angle detector sygtem
were used, resulting in 25 spectra distributed in reaction angle

between 0° and 158°. The angular settings were the same for all
six measurement periods. The first set of measurements was of a
preliminary nature, and was not used in constructing the fjpal

results. In one measurement set a detector was observed to
drift, and those results obtained with that detector yere
abandoned. The results obtained in five accepted measurement

sets were normalized to the same o° yield, integrating the 0°
spectra over the energy region 1.5 to 3.0 MeV. In this energy
region, and at this angle, the yield is both large and relatively
energy independent. The normalized spectra were combined, angle
by angle, propagating the respective statistical uncertaintjes.
A representative set of time spectra. obtained in a glven
measurement period, are shown in Fig. 1. The various 8pectra,
when normalized as described above, agreed to within 4 few
percent. The spectra are characterized by broad energy-dependent

shapes, upon which are superimposed some fine structure. The
latter is relatively consistent from set to set. The
measurements extended down to = 0.5 MeV. However, below x g.g

MeV the detector sensitivities were rapidly changing with energy.
Thus the low-energy values were less reliable, and therefore the
spectra were truncated to a minimum energy of 0.8 Mev. The
structure was particularly prominent below this cutoff energy,
but it was not clear to what, if any., extent the fluctuatjiopg
were due to changing detector sensitivities and/or gma]}
times-scale effects. No corrections were made for the effect of
the air in the = 5 m flight paths as the same flight paths were

used for the 252Cf detector calibrations and thus the effectsg due

to air scattering should cancel out. The individual detyctor
calibrations did show some small fluctuations that could pe
associated with resonances in oxygen or nitrogen.

The composite time spectra were converted to energy spectra
using the known time scales, flight paths and v-ray positiogns.
The conversion was not relativistic as relativistic effects are



small in regions of appreciable intensity. The resulting energy
spectra reflected the fine structure evident in the time spectra.
However, the structure remained of relatively small magnitude and
thus was not of interest in the integral studies for which the
spectra were primarily intended. Therefore, the energy spectra
were averaged in energy. A "fine" average was constructed using
100 keV averaging intervals to 6.0 MeV, 200 keV from 6.0 to 10.0
. MeV, and 300 keV at higher energies. The resulting averaged
spectra are shown in Fig. 2, and the numerical values are listed

in the appendix. A "coarse” average, having twice the
energy-averaging increments of the "fine" average cited above, is
shown in Fig. 3. Residual fluctuations persist in the "fine"

average, and can be followed over a number of angles where the
results were obtained with entirely different detectors having
independent calibrations.

The present results are qualitatively consistent with those
of ref. 2, as illustrated by the comparisons of Fig. 4. There
are systematic differences of a few percent, particularly in the
3.0 to 5.0 MeV region. The results of ref. 2 were obtained with
a single detector whose sensitivity was calibrated using the
earlier work of ref. 1. Thus it appears that the detector
calibrations of the present work are somewhat different from that
of ref. 1. A number of detectors with independent calibrations
were used in the present work and the discrepancies with respect
to the results of ref. 1 persisted in each. The present results
give a good definition of the relative angular distribution of
the neutrons at each energy, with values very similar to those of
ref. 2. Both sets of results show the influence of stripping
reactions at higher energies where &€ = 1 and = 2 angular-momentum

transfer leads to‘angular distributions peaking at = 15° rather

than 00.

Uncertainties associated with the present results are very
complex, making quantitative specification very difficult or
impossible. The listing of the appendix gives only statistical
uncertainties. These are generally very small in regions of
appreciable yield. Systematic uncertainties due to detector
calibrations and time uncertainties are probably considerably
larger. Some guidance is given by the reproducibility of the
independent measurements. This reproducibility suggests that the
total uncertainties are several percent in the regions of large
vield, increasing to 10% or more in regions of low yield. There
are also uncertainties due to the measurement resolution
function, which is qualitatively represented by the "fine"
averaging procedures outline above. No corrections were made for
the resolution functions, but their effects would probably be



small as the results obtained with "fine” and “"coarse” averages
are relatively consistent with one another, and with those of
ref. 2, in regions where the energy dependence of yield is
rapidly changing. Resolution effects may be more of a concern at
higher energies (e.g., >~ 6.0 MeV).

1V. SUMMARY COMMENT

The present experimeantal results improve the knowledge of
the neutron field resulting from the bombardment of thick
beryllium targets with 7.0 MeV deuterons. The results are of
particular value for integral tests of differential neutron data
and for integral macroscopic studies in support of fusion-energy
development.
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FIGURE CAPTIONS

Fig. 1. Illustrative time spectra resulting from the bombardment
of a thick beryllium target with 7.0 MeV deuterons. Angles are
numerically given in degrees.

Fig. 2. Energy spectra resulting from the bombardment of a thick
beryllium target with 7.0 MeV deuterons. Angles are numerically
given in degrees. The data have been averaged by 100 keV to 6.0
MeV, by 200 keV from 6.0 to 10.0 MeV, and by 300 keV at higher
energies.

Fig. 3. Energy spectra resulting from the bombardment of a thick
beryllium target with 7.0 MeV deuterons. Angles are numerically
given in degrees. Data have been averaged by 200 keV to 6.0 MeV,
by 400 keV from 6.0 to 10.0 MeV, and by 600 keV above 10.0 MeV.

Fig. 4. Illustrative comparisons of the present results (as per
Fig. 2, data points) with those of ref. 2 (curves). Reaction
angles (in degrees) are cited in each section of the figure.
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APPENDIX

Tabulation of experimental results. The values given are
those of the "fine" average defined in the text and illustrated
in Fig. 2. The three columns at each angle refer to i) energy

(MeV), ii) relative yield, and iii) statistical uncertainty in
the relative yield.
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0.30049€-02
0.23850€-02
0.13271€-02
0.65164E-03
0.15237€-03
0.24941€-03
0. 13322e-03

0.19577E-03
0.14529€-03
0.13908E-03
0.12744E-03
0.15309€-03
0.13721E-03
0.13449€E-03
0.12822€-03
0.12853E-03
0.12890E-03
0.12053E-03
0.11010e-03
0.11679E-03
0. 14483E-03
0.10655E-03
0.12448E-03
0.12797e-03
0.13118e-03
6. 127 126-03
0.12818€-03
0.12435€-03
0.12220€E-03
0.13607€-03
0.15938E-03
0.11465€-03
0.13916E-03
0.10755€~-03
0.11970E-03
0.22483E-03
0.98985E-04
0.10891E-03
0.19942€-03
0.91978E-04
0.85463E-04
0.79314E-04
0.662346E-04
0.73121E-04
0.70160E-04%
0.67887€-04
0.64795€-04
0.76669E-04
0.56249€-04
0.49712e-04
0.36392E-04
0.28811£-04%
0.2627 1E-04
0.15150€-04
0. 10642€-06

0.86423€+00 0.29250E-01 0.14509€-03
0.98333E+00 0.250576-01 0.20358E-03
0.10675E¢01 0.25355€-01 0.14950€-03
0.114726+01 0.23522€-01 0.14130E-03
0.12662E+01 0.22576€-01 0.10969E-03
0.13860E+01 0.20574E-01 0.18310E-03

0.26800€+01
0.27864E+01
0.28950£+01
0.30057E+01
0.31167E+01
0.31960E+01
0.32920€+01
0.33930E+01
0.34930E+01
0.35717E+01
0.36943E+01
0.38029E+01
.39067€+01
.60300E+01
.G0617€+01
.41860€+01
.62780E+01
.43780E+01
.G4820E+01
.G5880E+01
.46980E+01
.48080E+01
.49200E+01
.50067E+01
.51000E+01
.51900E+01
.53040€+01
.54350E+01
.54800E+01
.55840€E+01
.57250E+01
.57700E+01
.58840E+01
.60460E+01
.62160€E+01
.64300E+01
.66420E+01
.68320E+01
.70360E+01
.72400E+01
.73933E+01
.75940E+01

.78320€E+01
0.80740€+01
0.83200E+01
0.833900€+01
0.86040E+01
0.83900E+01
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0 13688E-01

0. 857025 -0
0.83513-0
0.84036E-0
0.82578E-02

.
0
0.
0
0.
0.
0.
0.
0.
0

18284€-03

.13637€-03

12658E-03

. 11151E-03

15054€-03
12710E-03
12940€-03
11964E-03
12274€-03
11938€-03

0.79348E-02 0.11399€-03

0.73499£-02
0.72404E-02
0.71174€-02
0.72790€E-02
0.30176E-02
0.85117E-02
0.88682€-02
0.89750E-02
0.88172e-02
0.89950E-02
0.90490€-02
0.86903E-02
0.87350E-02
0.82190€-02
0.78832E-02
0.79104E-02
0.73568E-02
0.71554E~-02
0.70516€-02
0.66621E-02
0.63452€-02
0.61630E-02
0.55423€E-02
0.50161E-02
0.46263E-02
0.43988E-02
0.42274€-02
0.40858E-02
0.37614€-02
0.30839E-02
0.28412E-02
0.20459€-02
0.82822E-03
0.35219e-03
0.13136E-03
0.15117€-03
0.13351E-03

"0. 10364E-03
0.11085E-03
0.13961E-03
0.10357€-03
0.12126E-03
0.12442E-03
0. 12590E-03
0.12388E-03
0.12113e-03
0.12050€-03
0.11921€-03
0.12874€-03
0.15120€-03
0.10918€-03
0.13156€E-03
0.10585E-03
0.11175e-03
0.22045E-03
0.
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
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. 10420€E-03
.20418E-03
.87877E-04
.82310E-04
.76691E-04
.62427E-04
.70215~-04
.68114E-04
.65450E-04
.62962E~-04
.69707E-04
.53165E-04
.44937E-0%
.27173E-04
. 19023€-04
.22293€-04
. 10802€-04
.97832e-05
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.25833E+01
.26890E+01
.27890E+01
.29219E+01
.30429€+01
.31800€E+01
. 32620E+01
+33410E+01
. 34460E+01
.35416E+01
.36650E+01
.376420E+01
.38620€+01
.39386E+01
.40480E+01
.41380E+01
.62320€E+01
.63320E+01
.G4320E+01
.45380E+01
.66620€+01
.47580E+01
.G8600E+01
.69440E+01
.50100E+01
.51220€E+01
.52520€E+01
.53700E+01
.54000E+01
.55220€E+01
.56600E+01
.56900E+01
.58220E+01
.59700E+01
.61014E+01
.63160E+01
.64920E+01
.66820E+01
.68760E+01
.70760E+01
.72920E+01
.75160E+01
.77660E+01
.79700E+01
.80100E+01
.82460E+01

0.12565€-01
0.11204€-01
0.95762e-02
0.89119E-02
0.84089E-02
0.78104E-02
0.76861E-02
0.72478E-02
0.69000€E-02
0.73316E-02
0.70232€-02
0.67660E-02
0.65383E-02
0.69370E-02
0.75776€-02
0.84790E-02
0.91961€-02
0.96943€-02
0.91276€-02
0.89043E-02
0.88470€-02
0.88480€-02
0.86532E-02
0.85427€-02
0.84476E-02
0.82757€-02
0.80358€e-02
0.79176E-02
0.79562E-02
0.76248E-02
0.71816E-02
0.72120E-02
0.66073e-02
0.61122e-02
0.59854E-02
0.57681e-02
0.54494€-02
0.52727€-02
0.47083E-02
0.39758E-02
0.32208E-02
0.20505€-02
0.69279E-03
0.19281E-03
0.11525€-03
0.13112e-03

0.13355E-03
0.10125€-03
0.92384€-04
0.80828€-04
0.76454E-04
0.10293E-03
0.95859€-04
0.83966E-04
0.87304E-04
0.81069€-04
0.90338E-04
0.82458E-04
0.87843E-04
0.74115e-04
0.92170E-04
0.95349E-04
0.98870€-04
0.99364E-04
0.96832E-04
0.92599€-04
0.90867E-04
0.89491E-04
0.
0
0
0
0
Y
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
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11663€-03

.87196E-04
. 12928E-03
.83628E-04
.81652E-04
. 10569E-03
. 12296E-03
.77308E-0%
.98641E-04
. 11397€-03
.70801E-04
.89726E-04
.55238E-04
.63750E-04
.60976E-04
.59401€-04
.55516E-04
.50717E-04
.44480E-04
.35057€-04
.20350€-04
. 12928€-04
.11401E-04
.86602€-05
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0.14493E+01
0.155G4E+01
0.16668E+01
0.17930E+01
0.18833E+01
0.19550E+01
0.20133E+01
0.21352E+01
0.22547E+01
0.23520E+01
0.24520E+01
0.25600£+01
0.26530E+01
0.27510E+01
0.28560E+01
0.29050E+01
0.30388E+01
0.31520€+01
0.32600E+01
0.33830E401
0.34800€E+01
0.35540E+01
6.36100E+01
0.37450E+01
0.38586E+01
0.39580E+01
0.40850E+01
0.41050E+401
0.42380E+01
0.43320E+01
0.44320E+01
0.45380E+01
0.46480E+01
0.47620E+01
0.48780E+01
0.49900E+01
0.50100€+01
0.51220€+01
0.52520E+01
0.53800€+01
0.54000E401
0.55320E+01
0.56720E+01
0.58260E+01
0.59700£+01
0.61086E+01
0.63220E+01
0.64960E+01
0.66860E+01
0.68820E+01
0.70860E+01
0.72960E+01
0.75160E+01
0.77500E+01
0.79800E+01
0.80200E+01
0.82500E+01

0.20488E-01 0.

0.18723€-01
0.17899€-01
0.16957€-01
0.15137€-01
0.14838E-01
0.15330E-01
0. 13445E-01
0.12786€E-01
0.12678E-01
0.12019€-01
0.10815€-01
0.92536E-02
0.87604E-02
0.84257€-02
0.84798E-02
0.77198E-02
0.72581€-02
0.63853E-02
0.67597€-02
0.69680€-02
0.67534E-02
0.68254E-02
0.65231E-02
0.63137E-02
0.76720E-02
0.33108€-02
6.88637E-02
0.88728E-02
0.87045E-02
0.84215€-02
0.82668E-02
0.81092€-02
0.80138€-02
0.79350€-02
0.76063E-02
0.77666€E-02
0.77381€-02
0.79856€E-02
0.76973E-02
0.76679E-02
0.70642E-02
0.65516E-02
0.63824E-02
0.60751E-02
0.59383E-02
0.55898E-02
0.52716E-02
0.41545E-02
0.31240E-02
0.23770E-02
0.98698E-03
0.17272€-03
0.13720€-03
0.13078€-03
0.95422E-04
0.10379e-03

12511e-03
0.11693e-03
0.10067€-03
0.11189E-03
0.15883E-03
0.97901E-04
0.16856€-03
0.89692€-04
0.96070E-04
0.11296€-03
0.86546E-04
0.97955€-04
0.87414E-04
0.83569€-04
0.80133E-04
0.11900€-03
0.70786€-04
0.83835€-04
0.70400E-04
0.66542E-04
0.12842€-03
0.75127€-04
0.94587€-04
0.69202E-04
0.71399€-04
0.89035€-04
0.88131E-04
0.10045€-03
0.93833E-04
0.91161€-04
0.83541E-04
0.86201E-04
0.84227€-04
0.82501E-04
0.81488E-04
0.10547€-03
0.11878€-03
0.78652€-04
0.78653E-04
0.10205€-03
0.11377€-03
0.72597€-04
0.69276E-04
0.67285E-04
0.86948E-04
0.53252E-04
0.61107E-04
0.58440E-04
0.51243E-04
0.44194E-04
0.38074E-04
0.23697E-04
0.98688E-05
0.88870E-05
0.11884E-04
0.11090€E-0%
0.74644E-05
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