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ABSTRACT

Spectra of neutrons with energies »800 keV which are emitted from a
metallic beryllium target that is thick enough to completely stop 7-MeV
incident deuterons are measured using organic scintillators and the pulse-beam
time-of-flight method. Data are acquired for twenty different emission angles
in the laboratory over the range 0-155 deg. The resulting information on the
energy/angle detail of neutron emission is then employed in calculations which
are performed in order to examine certain effects of the anisotropic neutron
production on typical measurements of integral fast-neutron reaction cross

sections.

*This work supported by the U.S. Department of Energy.
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I. INTRODUCTION

For several years there has been considerable attention paid to various
properties of the intense neutron sources provided by proton, deutron and
alpha-particle bombardment of thick, light—element targets. The motivation
for these studies arises from the various applications for these neutron
sources in radiotherapy, radiation-damage research and neutron cross—section
determination applications. The literature on this subject is too extensive
to review here in its entirety, but the reader can capture the essential
flavor of this area of endeavor from Refs. 1-7.

In the present work attention is focused specifically on the 9Be(d,n)loB
reaction, and on its applications for neutron-induced reaction-cross-section
data development and testing. The underlying concepts involved have been
described in the literature, e.g., in Refs. 8-11. A very careful determina-
tion of the 9Be(d,n)loB thick-target spectrum at Eq4 = 7 MeV, for zero deg
neutron-emission angle, has been made by Crametz et al. [12]. This particular
neutron field has been reproduced at Argonne National Laboratory and used to
obtain neutron—activation-reaction data for a number of elements. After
analyzing these data closely, it was concluded that knowledge of the spectrum
shape at zero deg alone is not sufficient to permit an accurate quantitative
analysis and interpretation of these experimental results. For example, in
order to perform neutron multiple-~scattering calculations, and to deduce
corrections for neutron absorption and non-uniform irradiation of samples
which extend for several degrees beyond the zero-degree direction, it is
necessary to have detailed information on the neutron spectrum away from zero
deg. A search of the literature revealed that while some neutron-emission
spectral data are avallable for laboratory angles other than zero deg, the
existing data base is yet relatively sparse, and, in particular, no such
information is available for Ej = 7 MeV. The objectives of the present
investigation are thus: 1) to measure the neutron-emission spectrum away from
zero deg for the Eq4 = 7 MeV 9Be(d,n)loB source reaction, and ii) to examine
some of the effects of anistropy on the analysis and interpretation of neutron-
induced reation data measured in this neutron field under conditions commonly
encountered in our laboratory.

Neutron emission from the 9Be(d,n)loB reaction is affected by the direct-
reaction deuteron-stripping process. This process was first observed experi-
mentally by Helmholz et al. [13], and the main features were explained theore-
tically by Serber {14] using a semi-empirical model. Subsequently, more
sophisticated quantum-mechanical theories involving the Born Approximation,
and more recently the Distorted-Wave Born Approximation (DWBA), have been
proposed (e.g., see Refs. 15-16). The theory of Serber [14] continues to be
used for predicting the general features of neutron emission, particularly for
high-incident-deuteron-energy applications where so many nuclear levels, both
bound and unbound, are involved that it is impractical to try to consider
their individual properties. However, at lower energies, e.g., at the 7-MeV
incident energy investigated in the present work, the detailed properties of
individual levels are important and must be considered. In measurements



involving thin targets, e.g., certain of those performed by Weaver et al. [2],
the effects of transitions leading to specific low-lying levels in 10B can be
seen in spectra acquired with resolutions adequate to distinguish these
individual neutron groups. However, the main concern here is with the neutron
yield from targets which are thick enough to stop the incident deuterons
(~250um for 7-MeV deuterons on beryllium metal [17]). Under these conditions,
most of the detall corresponding to individual transitions is washed out. 1In
general, one expects the neutron yield to be relatively forward-peaked for
(d,n) reactions (e.g., see Refs. 15-16). However, the specific angular
position of the maximum depends upon the angular momentum transfer for the
reaction process. In £ = O transitions, the peak yield is around zero deg.
For transitions involving £ > 0, the angular distribution maxima will generally
occur at angles away from zero deg. According to the information compiled b
Ajzenberg—Selove [18], the 9Be(d,n)loB transitions to individual levels in !YB
proceed via £ = 1 for all of the levels below ~6 MeV excitation, except for
the Ey, = 4.77-MeV level (£ > 2) and the Ey = 5.11 MeV level (£ = 0).

Thus, it is to be expected that the higher-energy portions of neutron-
emission spectra from this reaction would tend toward maximum yields at
emission angles other than zero deg. Since this had indeed been shown to

be the case for E4 = 3.00, 8.84. 9.97, 10.97, 11.99, 14.05, 16.07, 18.09,
19.00 and 20.00 MeV by Weaver [1], there was no reason to believe that matters
would be different at Eq = 7 MeV in the present investigation. The present
concern, then, 18 simply a quantitative one.

The experimental procedure used in the present spectral measurements is
described in Section II. The analysis of the measured data is discussed in
Section III. Final results and errors are discussed in Section IV. Findings
from certain calculations performed to test the impact of anisotropy in some
typical nuclear-reaction cross section studies are presented in Section V.
Finally, some conclusions from the present investigation are discussed in
Section VI.

II. EXPERIMENTAL PROCEDURE

Pulsed-beam, time-of-flight spectroscopy (TOF) is the method used in the
present experiment. The Argonne National Laboratory Fast-Neutron Generator
(FNG) facility [19] was employed to produce pulsed and bunched deuteron beams
with nominally ~2 nanosec time resolutions for gamma rays. A ten-angle TOF
detector facility [20] was also used in this experiment because it provided
both hardware and electronic components which could be easily adapted for the
present investigation. However, only three of the ten available shielded-
detector assemblies were actually active during this experiment. Detector
No. 1 (D;j) was free to move between 0° and 155° in the laboratory, and it
was used to acquire all the primary spectral data. Detectors No. 5 (D5) and
No. 8 (Dg) were placed at 61.5° and 107.5°, respectively. They were used
to record secondary spectra for relative neutron fluence monitoring purposes.



All inactive detector assemblies were left in close proximity to the monitors
D5 and Dg, thereby enhancing the shielding. The deuteron beam from the PNG
accelerator was directed to a special low-mass beryllium target assembly,
designed and constructed explicitly for this experiment. It was situated at
the center of rotation of the detector array so that it could be viewed with-
out obstruction by each active detector. This experimental setup is shown
schematically in Fig. 1.

The beryllium target apparatus is shown schematically in Fig. 2. It has
a low-mass design so as to minimize neutron absorption and scattering. The
side walls of the assembly are 0.05-cm-thick stainless steel. The end caps
where the beryllium target wafers are situated are also 0.05-cm-thick and they
are made either of stainless steel or tantalum. The flanges are fabricated of
somewhat thicker stock, but no detector viewed any of these flanges. It is
estimated that an upper limit for the net neutron scattering and absorption
effects is <3%Z. The relative variation from one angle to another is smaller,
so no attempt was made to correct the data for target perturbations. Most
measurements were performed with the beryllium target wafer situated perpen-—
dicular to the incident deuteron beam (Be 90). Use was made in measurements
near 90° of a special target cap which places a beryllium wafer at 45° to the
deuteron beam (Be 45), thus avoiding possibly-significant neutron spectrum
perturbation by the target. The beryllium target wafers were 0.05-cm thick
disks (more than thick enough to stop 7-MeV deuterons). Other target caps
containing tantalum beam stops were employed for background measurements.
The deuteron beam on target had to be reduced to quite a low level for this
experiment (discussed below). This was accomplished by means of a tantaluum
aperture. Insulator rings were employed so that the target and aperture
currents could be monitored independently.

Only one detector was used to measure the primary 9Be(d,n)loB spectra in
order to avoid the difficulty of having to accurately intercalibrate ten
separate detectors for measurements over the wide neutron-energy range (0.8 -
12 MeV) required for this experiment. This detector was a 2.54-cm—diam by
0.635-cm-thick NE-102A plastic scintillator button (no gamma-ray discrimina-
tion was possible). The distance from the beryllium target to the center of
the scintillator was measured to be 503.2 * 0.2 cm. This distance varied by
<0.2 cm over the angular range 0-155°. The two monitor detectors were 12.7 cm
diam x 2.0-cm-thick NE-213 liquid scintillators. Gamma-ray discrimination
circuitry for these channels permitted a rather substantial degree of suppres-
sion of the gamma-ray events recorded by the monitors. The monitor detectors
were also situated ~5 m from the beryllium target. Since the efficiencies of
the monitor detectors far exceeded that of the primary detector, it proved
worthwhile to reduce the fluence incident upon them by plugging the monitor-
detector collimators (Dg and Dg in Fig. 1) with ~15-cm-thick lucite plugs.
While this distorted the spectra seen by the monitors, it did not affect their
usefulness for relative target-neutron fluence determination from run to
run.

The experimental data were recorded using an on-line computer. In this
experiment it was not intended to measure absolute neutron spectra, but only
relative spectra from angle to angle. It was decided to rely upon the
absolutely-normalized results of Crametz et al. {12] at zero deg to provide the
overall normalization. All the present measurements were yield determinations
relative to zero deg. Since the primary-detector data and monitor data were



simultaneously recorded, computer deadtime effects cancelled. The monitor-
detector environments were largely independent of the angular position of the
primary detector. Thus, there were really only two possible considerations
concerning normalization of the data: 1) stability of the individual
detectors, and 11) variation of the efficiency within any one detector due to
count-rate—dependent deadtime of its corresponding analog circuitry. Since
the geometries of the monitor detectors were fixed for all measurements, it
was easy to trace their stability by examining the ratio of the yields, or by
consideration of the ratio of individual monitor detector yields to the
recorded integrated target and aperture deuteron beam currents from run to
run. For the mobile primary detector reliance was placed on repetition of
measurements at various angles, especially at zero deg, to determine the
stability of the effective intrinsic detector efficiency.

It was learned early in this investigation that the neutron yield from
a thick beryllium target for typical FNG pulsed-beams (~1-5 MA average current)
was much too large to allow the intended experiment to be performed. Thus,
various measurements were made to determine acceptable beam conditions.
Target currents had to be low enough so that deadtimes in the analog circuitry
for all of the individual detector channels were acceptably small. At the
same time, the beam intensity at the beam pickoff loop had to be large enough
to yield a reliable timing signal. Ultimately, by carefully adjusting the
operating parameters of the FNG and the beam—defining slit opening, it was
possible to obtain satisfactory results using a target aperture of 0.08 cm
diam, with beam currents ~0.015-0.060 uA on target and ~0.050-0.160 uA on the
aperture. The aperture was kept clean, and all the other beam-defining slits
near the target were opened in order to minimize the effects of background
neutrons from extraneous sources other than the beryllium target itself.

Calibration of the deuteron-beam energy was based upon magnetic analysis
and threshold measurements for the 7Li(p,n) Be and 11B(p,n)”C reactions [21].
These measurements were made on another beam line which contains precision
magnetic beam analysis apparatus. The stability of the beam energy on target
for the beam line actually used to acquire the present data was monitored by
measuring the accelerator terminal potential. The uncertainty in this process
was the main source of error in controlling the beam energy. Overall it was
concluded that the deuteron-beam energy remained in the range 7.00 * 0.03 MeV
for the entire experiment.

An accurate frequency meter and a series of delay cables were used to
deduce the time-per—channel calibration for the recorded spectra. A prompt
gamma-ray peak was present in all spectra (even in the monitor spectra since
gamma-ray suppression was not complete). These peaks provided convenient
calibration points for use in determination of the neutron-energy scale. A
second useful calibration mark was obtained by observing the resonance absorp-
tion dip at 2078.1 * 0.3 keV in carbon [22]. This was observed for all
spectra from the monitor detectors (D5 and Dg) since the lucite plugs
contain carbon. For the primary detector (D;), the 2078.1-keV resonance dip
was observed periodically using a 4~cm-thick graphite block placed in front of
the collimator. These measurements established the energy scale and monitored
the stability of the TOF system.



Production runs were typically of 30-60 minutes in duration. Spectral
data were taken at the following laboratory angles for D;: 0°, 2.5°, 5°,
7.5°, 10°, 15°, 20°, 30°, 45°, 53°, 68°, 75°, 83°, 90°, 100°, 110°, 120°,
130°, 141° and 155°. These angles were determined to better than 0.5° on an
absolute basis. Measurements were performed more than once for most of these
angles, and background spectra were obtained using tantalum targets over the
entire angular range. Comparisons were made between the spectra recorded
using the two different beryllium target caps, Be 90 and Be 45, at 0°, 75°,
90° and 110°. The differences were negligible at 0°, 75° and 110°. At 90°,
the target Be 90 yielded fewer events (< 10X difference) per unit of neutron
fluence than did Be 45. The possibility for substantial absorption loss from
target Be 90 near the 90°-emission angle is inherent to the basic design (see
Fig. 2).

Based on the prompt gamma-ray peaks, the overall timing resolution was
£2 nanosec for gamma rays. From an observation of monocenergetic 7Li(p,n)7Be
neutrons, it was concluded that there was relatively little collimator in-
scattering of the neutrons, but that the timing resolution for neutron detec-
tion was somewhat worse than for gamma rays, with resolutions ~3 nanosec quite
typical.

ITI. DATA ANALYSIS

Analysis of the measured TOF spectra involved the following essential
steps: 1) determination of the energy scale, ii) removal of background, 1ii)
relative normalization of the accumulated results, iv) conversion from time
spectra to energy spectra, and v) adjustment for detector efficiency and
absolute normalization of all the data based on the results of Crametz et al.
[12] at zero deg. At each stage of the analysis, data tests were performed in
order to check on the stability of the individual detector efficiency calibra-
tions and on the TOF calibrationm.

The locations of the prompt gamma-ray peaks and 2078.1-keV carbon
resonance dips (where applicable) were deduced using computer algorithms.
These positions were stable throughout the experiment to within ~1-2 channels.
Since the time calibration for this experiment was 0.993 * 0.003 nanosec/ch for
all spectra, this stability of the TOF calibration exceeded the resolution of
the measurements. The neutron energy scale for this experiment was derived
from the measured flight path, time-per-channel and position of the prompt
gamma-ray peak in each spectrum. Non-relativistic analysis was used since
relativistic effects were found to amount to <0.2 nanosec (~50 keV at 12-MeV
neutron energy), an amount far smaller than the time resolution of the experi-
ment. Energy calibration check points were the 2078.1-keV carbon resonance
dip, the sharp discontinuity in the zero-degree neutron spectrum at ~6.2 MeV,
and the endpoint of the spectrum [12]. Since the Q-value for the 9Be(d,n)loB
reaction is 4.361 MeV [23], the endpoint at zero deg is ~l11.4 MeV. The
energy-scale calibration derived for this experiement was consistent with
these three check points within the experimental resolution.



The available tantalum-target data were normalized to the corresponding
beryllium-target data using the integrated target currents for each run. The
ratio of target to aperture current was consistent to within ~20% for most of
the runs, and the relative yield of all background events to all 9Be(d,n)loB
events was relatively small. For detector Dj, they amounted to ~0.2-4%,
depending on angle, as shown in Fig. 3. After subtracting the background, as
deduced from the tantalum target data, it was observed that a relatively small
and apparently time-uncorrelated, residual background was still present in
each spectrum. The magnitude of this background was estimated by averaging
the content of several channels in regions of the spectra which were clearly
devoid of direct 9Be(d,n)loB neutron events. These backgrounds were then
subtracted from the TOF spectra. The final corrected spectra were uniformly
“"clean” in appearance, indicating that the remaining events were essentially
all due to unscattered neutrons from 9Be(d,n)loB. Based on the energy cali-
bration discussed above, it was concluded that the energy cutoff point in the
primary detector D; was ~800 keV for most of the recorded data.

All spectra were summed over the regions of significant fast-neutron
yield in order to test the experimental data for consistency. The ratios of
events in the monitor detectors Dg and Dg varied by S 1%, indicating
that these detectors were very stable over the course of the experiment. It
was decided to employ the sum of the background-corrected fast-neutron yields
from these detectors as the parameter for relative normalization of the
primary detector D; data. Ratios of the total yield of D; to this monitor
parameter were calculated and plotted versus the laboratory angle of Dy.

This provided two important pieces of information: 1) early in the course of
the experiment there occured a sudden significant change in the efficiency of
D) (between two runs), and ii) other than this single anomalous experi-
mental event, the stability of detector D; was very good, as indicated by

the smooth variation and reproducibility of the raw-event yield versus angle.
Fortunately, the two sets of data, separated by the anomalous efficiency shift
mentioned above, each included one or more zero-deg beryllium—-target runs.
Therefore, these two sets could be analyzed independently of each other.
Ratios of the summed raw counts for detectors Dg and Dg to the integrated
target currents were generally consistent to within *5%, thus indicating that
the overall deadtime for the electronics system was not very large. This is
congsistent with the fact that the count rates for processed fast-neutron
events were not excessive: detector D} (< 400 cps), detector Ds (< 130

cps), and detector Dg (< 80 cps).

Corrected detector D; TOF spectra, normalized as described above were
next converted to energy-group form by summing events in selected groups of
adjacent channels and dividing these sums by the corresponding energy interval
represented in the sum. The choice of group limits was dictated by two
considerations: 1) each group was to represent no less than ~200-keV width,
and 1i) each group had to include no fewer than three TOF-spectrum channels
(consistent with the experimental resolution). The first group (~800-1000
keV) included 44 channels, while all groups above ~5.2 MeV consisted of
exactly 3 channels. The energy group structure is given in Table 1. Two
major steps remained to be discussed for the data analysis procedure:



1) adjustment of the energy-group spectra for the neutron-energy-dependent
efficiency of detector D;, and 11) absolute normalization of all spectra.
The required analysis is discussed in the following paragraph.

An efficiency curve for detector D; was not directly determined. Instead,
an effective efficiency curve was deduced by dividing the present Zero-deg
spectra by the spectrum reported by Crametz et al. [12], after converting the
latter to dimensions of n.sx:"l.keV'l.l.IC"l and casting it into a group
format consistent with the present experiment. The resulting efficiency curve
was very reasonable in shape. Smooth eyeguides were drawn through the ex-
tracted efficiency values in order to avoid the effects of a few anomalous
points (especially ~6.2 MeV where the 9Be(d,n)loB spectrum exhibits a sharp
discontinuity with energy at zero deg). The reasonableness of the shape of
the derived efficlency curve was confirmed by calculations performed with code
CARLO-BLACK [24]. These calculations were based on the known geometry of
detector D) and the observed neutron cutoff in the TOF spectra. A compari-
son of the calculated and experimentally-derived shapes is shown in Fig.4.

IV. EXPERIMENTAL RESULTS AND ERRORS

The final results of the present experiment are listed in Table 1 and are
also plotted in Fig. 5. Although more than one measurement was made at each
angle, corresponding spectra were found to be very similar for all the angles
and were thus merged to provide a single spectrum per angle, with correspond-
ing reduction of the random error.

The manner of presentation of data in Table 1 and Fig. 5 provides little
insight into the angular distribution properties of the emitted neutrons. In
order to shed light on this facet of the experimental results, sums were made
over contiguous energy ranges of ~2-MeV width for each of the spectra, and
the results are plotted in Fig. 6 vs. laboratory emission angle. Also, the
total neutron yield above ~800 keV is plotted vs. angle in that figure. The
total neutron yield above ~800 keV is clearly forward-peaked, as is that for
each of the indicated energy bands below ~6.9 MeV, excluding a small dip in
the yield near zero deg. However, the yield above ~6.9 MeV is clearly not
forward-peaked, and strong evidence is seen for 2>0 stripping processes, as
discussed in Section I.

The experimental errors for the results given in Table 1 involve several
components of both a random and systematic nature. The errors in the recorded
spectral counts were carefully propagated through the entire data analysis
process, from recorded TOF spectra to final energy-group results, using methods
described in Ref. 25. These errors are given explicitly in Table 1, and they
range from 0.3% to 95.8%, with the errors for most groups being smaller than
5%. The smallest errors are found in the lower energy-group regions and the
largest ones near the high-energy end points of the spectra. These errors are
mostly uncorrelated from group to group and can be treated as random. Because



of the rather involved approach used to deduce the effective efficiency

for the primary detector D; in this experiment, there are several related
systematic error sources to be considered. First, there is uncertainty in the
process of comparing the zero—-deg results from the present experiment with the
spectrum of Crametz et al. {12]. Recall from Section III that this involved
casting the spectrum of Crametz et al. [12] into the present energy—-group
format, dividing corresponding spectra, and then sketching eyeguides through
the resulting values. It is estimated that the uncertainty in this procedure
18: Ep < 1.5 MeV (5%), 1.5 < Eq < 3.8 MeV (2%), 3.8 < En < 5.7 MeV

(3%), 5.7 € Ep < 8 MeV (4%), 8 < Ep < 10.5 MeV (5%), and E » 10.5 MeV

(7%). The correlation between the errors in adjacent energy regions is
thought to be < 50%, while it is probably negligible for non-adjacent

regions. For applications in which the present results are to be used in an
absolutely-normalized sense, the uncertainties in the zero-deg results of
Crametz et al. [12] must be added. These uncertainties are discussed at
length in Refs. 12 and 26, so the details will not be repeated here. The main
elements of this uncertainty are: overall normalization (3-4%), relative
uncertainty in the spectrum shape due to detector calibration (2-5%), and
statistical errors (1-9%Z). Note, however, that the uncertainties in the
reference spectrum of Crametz et al. [12] need not be considered in a number
of applications where the relative ylelds from energy group to energy group
and angle to angle are required for the analysis of corrections, e.g., as
described in Section V. Neutron scattering and absorption not only add and
remove events from the spectra, but they also lead to energy redistribution.
As discussed in Section II, the present experimental apparatus was designed to
be of low mass so that the effect could be neglected. It is difficult to
calculate rigorously. The effect is conservatively estimated as being smaller
than 3%, so an error of 3% is assumed. There are likely to be strong correl-
ations between the errors in adjacent energy groups and for adjacent angles,
but no attempt was made to estimate them. The uncertainty involved in normal-
izing the various experimental runs to each other by means of the monitor data
appears to be ~1% and 1t 1is random. No attempt was made to estimate errors
which could be attributed to uncertainties in the experimental angles or in
the deuteron- and neutron-energy scales.

V. SOME EFFECTS OF ANISOTROPIC NEUTRON EMISSION

The efféects of anisotropic emission of neutrons from a near-point source,
such as the one under present considerationm, depend upon the application in
question. To illustrate some possibilities, this section presents examples
in which the impact upon the measurement of activation cross sections is
treated. The experiment envisioned is that in which two reactions, an unknown
reaction and a monitor reaction, are involved. The measured quantity is a
ratio, though ultimately one seeks an integral cross section for the unknown
reaction in the 7-MeV 9Be(d,n)!OB thick-target neutron field, 1s based upon
calculations involving the monitor-reaction cross section which is presumed to
be known.



The experimental geometry involves two sample disks which occupy nearly
the same spatial position perpendicular to the incident-deuteron beam line
(zero-deg neutron emission angle). Corrections to the measured ratio data
are required for two reasons: 1) the samples have a finite extent, with
sample material intercepting target neutrons over the angular range zero to
Opax (i.e., total angle subtended by the sample 1s 2€p,4), and ii) neu-
trons scattered from the target structures can affect the measured cross-
section ratio.

First, consider the "finite" geometry effect. Simulated cross-section
calculations were performed using the neutron-emission data from Table 1, for
the reactions 58Ni(n,p)SBCo, 27Al(n,p)”Mg, 63Cu(n,a)SOCo, 60Ni(n,p)GOCo and
27Al(n,a)z"Na, and for a hypothetical “flat” (no energy dependence) cross
section, relative to the fast-neutron fission of 238y, ENDF/B-V 527] eval-
uvated cross sections were used for all the reactions except for 6 Cu(n,a)GOCo,
which was derived instead from the work of Winkler et al. [28]. Comparison
was made between the calculated results obtained using the presently-measured
neutron-emission data and those obtained assuming isotropic neutron emission.
Several geometries were considered, as summarized in Table 2. It is seen that
the effects of anisotropic neutron emission can be very substantial for typi-
cal experimental geometries, with the greatest impact on the ratios occuring
when the reaction thresholds involved are substantially different.

A very practical and specific application of the data provided by the
present investigation involves a re-examination of the experiment of Liskien
et al. [10]. In this experiment, a 2-cm-diam x 0.5 cm—thick Al-Cu alloy
sample was irradiated at a distance of 8 cm from the Ej = 7 MeV 9Be(d,n)loB
thick—taréet neutron source in order to measure the integral ratio of
63Cu(n,a) 0Co—to—27A.1(n,a)2"Na. These investigators obtained the value 0.539
+ 0.009 for this ratio. No correction for anistropic neutron emission was
applied in their analysis. In this experiment Opax =7.1° (1.e., ~14°
subtended), and it has been determined as a result of the present work that
their reported value should be increased by ~9.4% to account for neutron
anistropy. When this is done, the corrected value of 0.589 is in excellent
agreement with the calculated value of 0.587 reported in their paper.

In practice, a target assembly with mass as low as that indicated in
Fig. 2 cannot be used in typical activation experiments because it could not
adequately dissipate the beam power (which typically approaches 100 watt).
Consequently, neutron scattering from more massive beryllium target assemblies
is a practical concern for such neutron activation experiments. To investi-
gate this effect, the neutron scattering from a beryllium target imbedded in a
copper beam stop, 7.0-cm in diam x 0.2-cm thick with a 2.0-cm~diam recess to
0.05-cm thickness in the vicinity of the beam spot, was investigated using
Monte-Carlo calculations. The above-mentioned reactions were considered
and the results given in Table 3 were obtained. As shown in Fig. 6, the
9Be(d,n)loB thick-target reaction at Ej = 7 MeV 1s generally forward-peaked,
and this often leads to a substantial (and fortunate) reduction in the
required scattering corrections, relative to the corresponding situation for
isotropic emission. '
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VI. CONCLUSIONS

The results of the gresent experiment indicate that the neutron emission
from the 7-MeV 9Be(d,n)l B thick-target reaction is indeed quite anisotropic.
The observed anisotropy is consistent with the data of Weaver et al. {1,2] at
both higher and lower deuteron energies. Although the neutron emission tends
to be forward-peaked, the higher-energy portion of the spectrum (»6.9 MeV) is
strongly influenced by £>0 (d,n)-stripping and thus does not peak at zero deg.

The effect of this anisotropy on integral-reaction cross—section measure-
ments can be substantial whenever the irradiated samples subtend significant
solid angles relative to the source. Corrections can (and should) be applied
under such circumstances. On the other hand, the generally-forward peaked
nature of the neutron emission suggests that the effects of neutron scattering
by target structures can be minimized by appropriate design.
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Neutron Flux in neutrons/(sr . keV . microC) with Random Error in %

Group Energy Range (keV) 20 deg 30 deg 45 deg
1 798. 1 1002, @ Q. 6385%E+06 i.@ Q. S4LETIE+DE .8 2. 41 REIE+DE .3
] 1022. 2 18@3.7 3. 64678E+06 .7 Q. SZ73I7E+0E .E Q. 2336SE+Q6 .7
3 12037 141€. 2 2. 6312 7E+26 .6 Q. 43382E+Q6 .6 | v 358z3E+2¢ L&
4 1416. @ 1620. @ 0. 6464 1E+06 .6 @. 4751 1E+26 .6 Q. S484QE+QE .6
S 1620. @ 1816. 7 Q. 6431 1E+R6 .6 Q. 4E45BE+D6 .6 @, SZEEDE+QE .E
€ 1816.7 ce19.8 Q. 63575E+RE .6 @. 45632E+06 ) Q. 31813E+06 3
7 2019.8 gzes. 2 2. 62E7AE+QE . € Q. 4363 T7E+DE .6 Q. 30QESE+QE .6
a8 zeee. & £435.8 2. S9EB4E+TE .E B. 4051 7E+R26 LS Q. Z7REZE+RE L€
2 2435.8 2634.3 Q. 5687 7E+Q6 .6 2. 38688E+26 .6 Q. 27173E+26 .6
1@ 2634.3 z831.8 2. 54485E+06 .6 @. 37188E+26 .6 @. SSA73E+B6 .7
11 z831.8 Z052.5 2. 52535E+26 .6 Q. 34857E+06 .6 Q. E3351E+QE .6
Z 3052, 5 3267.4 Q. 48B6RE+06 .7 Q. 3ZT44E+26 .6 Q. 21734E+26 .7
13 3267.4 3470, 8 Q. 46285E+06 .7 Q2. 3DSSRE+D6 .6 Q. ZQ14EE+D6E .7
14 3470. & 369Z. 4 Q. 42354E+26 .7 Q. 285RQE+26 .6 Q. 19ZE9E+06 .7
1S 3692. 4 3894, 4 @. 41296E+26 .8 Q. 27 393E+06 .7 Q. 1782RE+RE .8
16 3894. 4 4113.4 Q. 4@163E+@6 .8 Q. 262 18E+06 .7 @. 1647QE+QE .8
17 4113. 4 4302, 2 0. 37363E+26 .8 9. 2511 8E+26 .8 Q. 14ZQ6GE+DE .3
i 432QE. 2 4504, 3 2. 36868E+06 .8 8. 2279E+26 .8 2. 133S3E+06 .9
19 4524, 3 4723.9 @. 33148E+26 .9 2. 2QRS2E+Q6E .8 D. 12105E+Q6 i.@
ze 4720, 3 4953. Q. 32S14E+Q6 .9 0. 19234E+06 .8 Q. 12573E+06 L.@
21 4953, S203.9 @. 27898E+26 .9 Q. 1S2A6 1E+26 .9 Q. 121E68E+06 1. @
ee S2@3.9 S404,3 Q. 2Q834E+QE 1.8 Q. 1267SE+26 1.1 Q. 123Q3E+BE 1.1
o) 54Q4. 3 S&16. 6 2. 19@395E+26 1.2 2. 1299QE+26 1.1 Q. FBEBL4E+DS 1.1
24 5616.6 S5841.5 @. 19345E+06 1.8 @. 1364RE+26 1.@ @. BEESZE+RS 1.8
25 5841.5 6260. 3 Q. 1849QE+26 1.2 2. 12S548E+26 1.1 2. 8439SE+Q5 1.8
26 608@. 3 6333.9 Q. 13868E+06 1.4 @. 11523E+26 1.1 R. B3Z71E+2S 1.8
27 6333.9 EERZ. 8 ?. 1Z6Q7E+QE 1.4 Q. 11767E+Q6 1.1 @. 83632E+25 1.2
c8 €6€Q@3.8 6831. 4 @. 12884E+26 1.4 @. 12334E+26 1.@ Q. BE917E+2S 1.1
29 6831. 4 7198.1 Q. 13877E+26 1.3 2. 131Q3E+QE i.@ Q. 856a5E+25 1.1
39 7198.1 75&85.8 2. 1S267E+26 i.& Q. 14178E+Q6 .9 Q. 78413E+05 1.1
31 7525. 8 7876.3 Q. 15831E+26 1.1 2. 14481E+26 .9 Q. 7637 4E+DS 1.1
32 7876.3 8zSz. @ Q. 16359E+06 1.1 Q. 1531 7E+26 .8 Q. 739S54E+2S i.1
33 8252. 0 8655, 1 0. 1807 4E+Q6 i.2 2. 153A3ZE+26 .8 Q. E8ATEE+05 1.1
34 8655. 1 9Q88. 6 0. 18463E+06 1.@ @. 1S796E+26 .8 3. SSS4RE+QS 1.&
35 2088. 6 9555. 4 Q. 17258E+R6E 1.2 Q. 1452 7E+RE .8 ?. 45865E+25 1.2
35 3555. 4 1S9, 2 @. 1471 8E+26 1.@ Q. 1Z254E+026 .8 Q. 37E2SE+QS 1.4
37 12253, 2 12622, 8 Q. 1297 1E+26 1.1 2. 12QE65E+Q6 .9 Q. ZT4HIVE+QS 1.6
38 126R3. 8 11194, @ Q. 7S432E+@S 1.3 2. S57073E+QS 1.1 Q. 768 1E+Q4 3.1
39 11194.2 11834. 8 Q. 2Q762E+QS 2.5 2. 12875E+25 & @. 9556 IE+03 17.2

panuljuaoy :1 STQEL

91



Neutron Flux in neutrons/(sr . keV

. microC) with Random Errvor in %

Group

Energy Range (keV)

53 deg

68 deg

75 deg
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Neutron Flux in neutrons/(sr . keV . microC) with Random Error in %

Group Energy Range (keV) 83 deg 90 deg 100 deg
1 738, i 10, @ @. 23648E+Q¢ Z. R Q. 2343SE+QE Z.0 Q. ZAIZIZ+QAE L
& 1822, @ 1203.7 @. 26A3RE+2E L5 Q. ESL44EE+RE LS Q. ZEEL4TE+RE L5
3 1203, 7 i416. @ @. S432EE+RE 1.3 Q. 2E34QE+QE 1.3 Q. ED7LT7EQE 3
4 1416.0 160, @ Q. ESEV4E+RE 1.& Q.21 1SZE+RE P.3 Q. i B883ZE+QE Lh
5 1620, @ 1816.7 2. 2@348E+QE 1.8 @. 13351 7Z+Q& 1.3 Q. 171875426 A
€ 1816.7 2019.8 @. 2@727E+Q6E 1.8 Q. 18S76E+26 1.3 B. LE4ZBE+RE .o
7 2019.8 ez 2 2. 18536E+2¢6 1.2 . 17552 +@¢, e 3 Q. 15108E+2¢ )
& coEe. & 2435.8 Q. 1711RE+R6 lL.& B. |SE74F+0€F, i 2. 1 4QBSE+GE S
E 2435.8 ZE34.3 Q. 1S684E+R6 1.3 Q. 147Q4E+RE 1.3 @. i ZQ7BE+QE .4
1@ 2634.3 £831.8 @. 14632E+26 1.3 B. 13734E+Q6 .G Q. 11 74QE+06E .5
11 z831.8 05,5 Q. 13222E+26 1.3 @. 12446E+06 1.3 @. 1B444F+QE .5
1z 3052.5 3267. 4 @. 1218ZE+RE 1.4 Q. 1A796E+RE et 2. 93359E+25 .E
= 32e7.4 3470, 2 @. 1071 7E+Q@E 1.5 Q. 93S4QE+QS .5 B. 77S5TQE+25 .8
1a 3470, & 2692. 4 Q. 96 786E+2S 1.5 Q. BRAS79E+0S e 6 . E367ZE+2S .9
1S 3692. 4 2894, 4 2. 82066E+05 1.8 Q. £37S6E+RS 1.9 D. ES7ESE+RS .Q
16 3894. 4 4113.4 B. 69324E+05 1.9 Q. 685ACE+0S 1.8 0. 6421 5E+@25 .S
17 4113. 4 4302, 2 Q. 71 495E+05 2.0 2. 6932 7E+2S 2.2 2. GAIIZE+DS .1
be 4302. 2 4504, 3 @. 71378E+@5 c. @ Q. 6638 1E+25 R @. SE[SQSE+RS .
19 4504, 3 4720, 3 @, 67573E+05 2.2 2. 6O81QE+RS = R. SEREEE+RS .z
ce 47£0.9 4953.6 0. 6487QE+QS E.@ 3. S3E96E+02S &l Q. S4174E+QS .1
2: 4953, 6 523,93 0. SS857E+@5 Z.1 3. S278EE+DS Z. 2 2. 5S934E+0S .2
2 Sc@3. 9 S4Q4, 3 Q. 5381 1E+25 2.4 3. S56736E+25 &3 Q. S5595E+Q5 .3
23 5494, 3 5616. € 0. S4497E+@S 2.3 @. SSASIE+DS 2.3 d. SZ34RE+DS .3
24 5616.6 S841.5 0. S4330E+05 .3 Q. SZBEZE+RS S 2. 4513RE+0S 4
25 5841.5 628Q. 3 2. S 444E 425 2.3 Q. 467435 +25 2.4 2. 44 154E+D5 .5
26 6080. 3 £333.9 Q. 45174E+25 &4 Q. 43574E+25 &k Q. 4E3ISE+QS A
a7 6333.9 G6ER3. 8 Q. 4C684E+QS 2.5 Q. 3I9Z8NE+QS Z.9 Q. 3954ZE+DS .S
28 6ER3.8 €E891. 4 Q. 39734E+05 ) Q. Z8478E+Q5 i Q. 36856E+0S .5
<9 6831.4 7i98.1 @. 36@91E+25 2. € 2. 36R91E+205 2.5 2. IBINZE+@S .7
3 7198.1 7525.8 @. 3367RE+QS ] @. 3192PE+25 E.7 2. CER4SE+QS 8
31 7525.8 7876. 3 Q. 29343E+25 2.7 @. 27 EBIE+QS .8 2. ZE194E+05 L7
32 7876.3 8zse. @ 2. SE42EE+2S .8 Q. B44BE+ES oG Q. SQBICE+RS . ]
33 8es5e. 0 8655. 1 Q. 237915+05 Z.8 Q. 1858CE+25 3.8 2. 148202E+25 S}
34 8655. 1 3Q88. 6 @, 1731SE+@5 3.8 Q. 121 74E+25 3.5 Q. 44 134E+Q4 .7
39 088. 6 9555. 4 Q. IEEQEE+Q4 4.5 Q. P4EZZE+R4 2.9 B. 14906E+Q3 7.9
36 9555. 4 12853, 2 2. 14255E+¢24 1.3 - -—
37 12053, 2 12€023. 8 2. 14325E+23 83.3 —_— _—
38 126@3.8 11194, 2 -—— —_— —_—
39 11134. 0 11834, 8 - — N—
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Neutron Flux in neutrons/(sr . keV , microC) with Random Error in %

Group Energy Range (keV) 110 deg 120 deg 130 deg
: 732. 1 1202, @ Q. 13631E+26 1.6 Q. 193T4E+2E 1.6 Q. iB1335+0Q6 T4
z 1222, 0 1203.7 C. EEQZEEFBE sel 2. EQ87ZE+DE [ 2. 1983BE+0E L7
3 L1223, 1416.@ 2. 19133=+R& @ Q. 1774 4E+2€ 1.1 2. 1641 EE+0E 1.6
4 1416.0 162@. 2 0. 1772SE+RE L@ Q. 159EEE+EE wel 2. 15529E+06 s
5 1620, 2 1816. 7 2. 1551 2E+Q6 i.@ . 14755E+26 sal 2. 13347E+2E 1.6
3 1816.7 2e19.8 Q. 14396E+R6 i.@ . L364CE+QE i.1 Q. L{3BQ3E+RE 1.6
7 2219.8 ez 2 2. 138Q4E+06 1.2 @. 12T723E+2E 1.1 Q2. 11846E+26 L6
& ZeEe.® 2435.8 2. 1253 1E+06 [ Q. 11 243E+026 Ped 2. 10Z 1 RE+06 L LE
e Z6435.8 £634.3 Q. 11632E+06 1.1 Q. 137 1E+26 1.1 @. 9= 766E+25 1.8
ie ZE34. 3 £831.8 Q. 1268SE+QE6 1.1 Q. 331 19E+05 L. E 2. PBI7EE+DS 1.8
1: za3:1.8 2052.5 @. 93299E+05 1.1 9. AZ642E+05 1.8 Q. E7142E+25 (.9
12 25,5 3Z67.4 3. BRZIDE+QS 1.2 Q. 6IESCE+RS A Q. 574308E+05 .
1z IZET. 4L 3472, 2 2. 62 123E+DS 1.4 Q. 5S7EB6E+DS 1.5 Q. 54157E+25 &z
14 3470.2 ZE92. 4 Q. 6ARIBE+QS 1.4 2. S6195E+05 1.4 D. 49RIE+RS g.&
is 3692. 4 894, 4 @. 61823E+@5 1.4 Q. SISEZE+2S 1.6 Q. 4ESBEE+QS .4
16 3834. 4 4113. 4 Q. S62B1E+0S 1.4 Q. 486E9E+RDS 1.6 . 4QBE4E+DS 2.5
i7 4113. 4 430z, 2 @. 49851E+Q5 1.7 Q. 4373RE+0S 1.8 2. SR8B9E+DS 2.5
16 43202, 2 4504.3 | . 0. 4936FE+05 1.6 2. S3Q46E+RS 1.6 0. 58943E+05 WL
19 SQ4.3 472@.9 Q. 55118E+05 1.5 Q. SE2QAE+RS 1.5 Q. 5941 8E+25 z.2
=@ 472@.9 4953, € Q. SE7SSE+RS 1.5 Q. 61398E+25 1.4 0. EC47EE+TS Eaol
<M 4953. 6 Sz03. 9 Q. 6@S84E+25 1.4 Q. 5977 1E+25 1. 4 . S9873E+05 z. @
Ze S2¢3. 9 54Q04.3 Q. SEBL4L4E+RS 1.6 Q. SE4Z3E+0S 1.7 Q. S6E471E+2S A
22 S494.3 5616. € Q. 5141 7E+05 1.7 Q. S24435+25 i.7 R. S3258E+25 Z. 4
24 5616.6 5841.5 . S2318E+Q5 1.7 2. 4976RE+RS 1.7 Q. 47S43E+2S -
2 5841.5 £282. 3 D, 4EDTLE+DS 1.7 Q. 4EDEDE+RS i.8 2. 4441 6E+0S 2.6
26 6282.3 £333.9 @. 41731iE+BS LT D, 4ESISE+RS 1.6 0. 2E499E+05 Z.8
27 £333.9 6603. 8 Q. ZEIDSE+DS 1.8 Q. T4STIE+2S Z.Q Q. 3IS751E+25 .7
28 EE@3. 8 €£891. 4 3. 31 363IE+RT Z.@ Q. 31 742E+QS &l Q. 3471 1E+05 &8
23 6891. 4 71398. 1 Q. 3VRS1E+0S .0 Q. 3VBEEE+DS z.@ Q. IC4BEE+QS z.8
3e 7158. 1 7525. 8 0. EE714E4+05 Z.1 Q. ZBS7RE+RS Z.0 Q. 2E127E+RS 3.@
31 7525. 8 7876. 3 @B. 237S6E+RS 2.1 2. 25109=+25 Z.1 Q. 19337E+05 3.5
iz 7876.3 8zsz. @ Q. 18753E+@5 E. b 2. 15833IE+QS ) Q. 3REESE+QL g,
33 8252.0 8ES5. 1 Q. 856775 +04 3.5 Q. E6354T+04 7. @. 31QQSE+a3 cQ. 5
34 8655. 1 2288.6 Q. SZEQ1IE+Q3 E3.4 Q. 48ZELE+R3 ES. 4 _—
-] 9288. 6 9555. 4 S @. 1811 1E+@3 a8z.8 _—
36 9555. 4 10259, 2 —— —_— _—
3 1Q253. 2 10623, _— —— —-—
38 12603. 8 11194, 2 _— —— _—
32 11194. 2 11834.8 —_— —_— ———
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Neutron Flux in neutrons/(sr . keV

. microC) with Random Error in %

Group

Energy Range (keV)

141 deg

155 deg
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For blank entries no

results are reported,
but it can be assumed
that the yields are
either exactly zero
on the basis of ener-
getics, or are so
small that they are
consistent with zero
within the experimen-
tal uncertainties.
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Table 2: Effect of Anisotropic Neutron Emission from the Eqg = 7 MeV 9Be(d,n)loB Thick-Target
Reaction on Calculated Integral Neutron-Induced Reaction Cross Sectionsd

Reaction Opax:  ~0° 2.5° 5° 7.5° 10° 15° 20° 30° 45° 60°
Flat o 1.00  1.00 1.009 1.019 1.027 1.045  1.062 1.077 1.057  1.007
S8Ni(n,p)>8cCo 1.00  1.00 0.998  0.999  0.999  0.997  0.996  0.994 0.999 1.021
27p3(n,p)2 Mg 1.00  0.987 0.959 0.928 0.889 0.806  0.738 0.663 0.645 0.690
63Cu(n,a)®%Co 1.00  0.968  0.911  0.846  0.774  0.641  0.551  0.466  0.452 0.503
60Ni(n,p)®Co 1.00 0.971  0.916  0.852  0.782  0.651  0.560  0.474 0.457  0.506
2751(n,a)2"Na 1.00  0.948  0.863  0.768  0.673  0.519  0.428  0.351 0.343 0.397

aThe simulated experiment involves measurement of the integral-cross-section ratio for each of the
indicated reactions to fast-neutron fission of 238y, The values in the tables are ratios of the
calculated results obtained using the presently-measured neutron-emission data to what is obtained
when isotropic emission is assumed.
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Table 3: Calculated Neutron Scattering from a Hypothetical Beryllium Target
Assembly for the Eq = 7 MeV ’Be(d,n)108 Thick-Target Reactiona

Scattering Correction (%)

Reaction Anisotropicb Isotrogic
Flat ¢ 1.6 4.6
238y(n, ) 1.1 3.1
58Ni(n,p)58co 1.0 2.2
27Al(n,p)27Mg 0.9 1.7
63Cu(n,a)sOCo 1.0 1.5
50Ni(n,p)%co 0.9 1.3
27A1(n,a)24Ng 0.8 1.1

8Beryllium target is centered in a copper beam stop which is 7.0 cm in diam
and O.2-cm thick, with a 2.0-cm-diam recess to 0.05-cm thickness in the
vicinity of the beam spot. Scattering from the Beryllium is neglected.

bAnisotrdpy is consistent with the results of the present experiment.
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FIGURE CAPTIONS

Figure 1: Schematic diagram of the experimental arrangement employed for the
9Be(d,n)lOB thick-target spectrum measurements at Eq = 7 MeV.
Three detectors were employed. The primary detector (D)) was
free to move in the range 0-155°. The two secondary monitor
detectors (D5 and Dg) were placed at 61.5° and 107.5°, respec~
tively. Detector D; was a small (2.54~cm diam x 0.635~cm thick)
NE-102A plastic scintillator. It generally viewed the beryllium
target through an open collimator. Detectors D5 and Dg were larger
(12.7-cm diam x 2.0-cm thick) NE-213 liquid scintillators. They
each viewed the beryllium target through collimators which were
blocked with lucite plugs to reduce the neutron fluences at these
monitors. Inactive detector assemblies were placed around D5 and
Dg to improve the shielding.

Figure 2: Schematic diagram of the beryllium target assembly used in the
present work. An aperture (A) served to reduce the deuteron beam
(d) intensity on the beryllium target (T) to manageable levels.
The target components are assembled with insulators (I) so that
the beam currents on the target and the aperture can be monitored
separately. The walls of the target assembly (excluding flanges)
are 0.05-cm thick to minimize neutron absorption and scattering.
Two different target caps are used. Be 90 is used for measure-
ments at forward and backward angles while Be 45 is used for
measurements near 90°. The beryllium targets are 0.05 cm thick
wafers of metallic beryllium which are fastened to the target
end caps with electrically-conducting epoxy. These end caps are
fabricated from 0.05-cm—thick stainless steel or tantalum.

Figure 3: Ratio of fast-neutron events from tantalum targets to those
from beryllium targets bombarded with 7-MeV deuterons vs.
laboratory angle.

Figure 4: Comparison of the experimental (-) efficiency shape and the cal-
culated (---) efficiency shape for detector D;, as discussed
in Section 3. The normalization of the calculated curve was
adjusted graphically to minimize the differences between the two
curves. Neither curve is shown on an absolute scale.

Figure 5: Energy-group neutron spectra for the 9Be(d,n)loB thick target reac-—
tion at Eq = 7 MeV. The plots correspond to the results in Table 1.
Although the absolute neutron yields in n.sr-!.kev-l.uc-! are not
indicated, a consistent normalization is used for plotting the
results for each of the laboratory angles.
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Figure 6: Laboratory-angle distributions of emitted neutrons, summed over

the indicated neutron-energy ranges. These angular distributions
are absolutely-normalized.
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