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NUCLEAR DATA AND MEASUREMENTS SERIES

The Nuclear Data and Measurements Series presents results of
studies in the field of microscopic nuclear data. The primary
objective is the dissemination of information in the comprehensive
form required for nuclear technology applications. This Series is
devoted to: a) measured microscopic nuclear parameters, b
experimental techniques and facilities employed in measurements, c
the analysis, correlation and interpretation of nuclear data, and d
the evaluation of nuclear data. Contributions to this Series are
reviewed to assure technical competence and, unless otherwise stated,
the contents can be formally referenced. This Series does not
supplant formal journal publication, but it does provide the more
extensive information required for technological applications (e.g.,
tabulated numerical data) in a timely manner.
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THE -THICK- TARGET 9Be(d,n% NEUTRON SPECTRA

FOR DEUTERON ENERGIES BETVEEN 2.6
AND 7.0-MeV*
by
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rgonne, Illinois 60439

ABSTRACT

The measurement of the zero deg. neutron spectra and yields from
deuterons incident on thick beryllium metal targets is described.
2350 and 2380 fission ion chambers were used as neutron detectors to
span the neutron energy range above 0.05-MeV with a time resolution of
< 3 nanosec. Measurements were made for incident deuteron energies
from 2.6 to 7.0-MeV, at 0.4-MeV intervals, using time-of-flight
techniques with flight paths of 2.7 and 6.8 meters. The results are
presented in graphical form and in tables.

*This work was supported by the U. S. Department of Energy,
Energy Research Programs, under Contract W-31-109-Eng-38.
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I. INTRODUCTION

The availability of high-intensity, broad-spectrum sources of
fast neutrons is of increasing importance for uses as diverse as
radiotherapy and materials-damage studies. If their spectral shapes
are well determined, and if they can be pulsed, such sources are also
useful for measuring the energy-dependent efficiency of many neutron
detectors. Integral measurements in high-intensity neutron fields
with well-characterized spectra provide a convenient method of quickly
testing nuclear-reaction data, and can provide very useful information
on the production of some long-lived isotopes that could not otherwise
be obtained. Also, it has been shown that if measurements are made in
several different spectra, then differential cross information can be

obtained.1

Deuterons with energies of several MeV incident on a thick
beryllium target are particularly favored for such intense sources.
The target material is beryllium metal which can be machined into
convenient shapes, is stable, and is capable of withstanding beam
currents of 50-100 pamp with elementary target designs and cooling.
The maximum {-value of the principal reaction, 9Be(d,n)!°B, is fair%y
large and positive (+4.36-MeV). The reaction may proceed to a number
of excited states in 1!9B which tends to smooth and broaden the
spectrum and enhance the total-neutron yield. In addition, there are
several multi-body reaction channels such as (d,2n), (d,pn) and
(d,p2n) with negative (-values. If the deuteron enmergy is above their
thresholds, these reactions may enhance the low-energy neutron yield.
Low- energy neutrons are of particular interest in radiotherapy because
of their increased-biological effectiveness.

For our purposes, the important use of such a source is the
production and testing of neutron-reaction data. Furthermore, the
dependence of the spectrum shape on the incident deuteron energy opens
the possibility of tailoring (within limits) the spectra for specific
problems. There have been several measurements of the neutron spectra
from deuteron bombardment of both thin and thick beryllium targets as
well as of some angular distributions (refs. 2-9). However, many of
these measurements were made at deuteron energies well above our
region of interest. Also, most of these measurements used hydrogenous
scintillators as neutron detectors and did not cover that part of the
neutron spectra below 1 - 2 MeV. Consequently, we have undertaken a
systematic study of the Be(d,n) thick-target spectra and their angular
distributions as a function of incident-deuteron energy. Measurements
of the spectrum and angular distribution at 7-MeV have been reported

earlier.7 In this report, we give the results of measurements of the
zero deg. neutron spectra for deuteron energies of 2.6- to 7.0-MeV in
0.4-MeV steps. They cover the full neutron-energy range above about
50- keV, but the emphasis is on the lower energies.

IT. EXPERIMENTAL METHOD

The neutron spectra were measured by fairly conventional
time-of-flight techniques using 235U and 238U fission ion chambers as

1



neutron detectors. All spectrum measurements were made at zero deg.
with flight paths of approximately 2.7 and 7 m. A phototube with a
small plastic scintillator attached was placed about 1 meter
downstream from the neutron detector. This measured the time spectrum
of the target gamma rays which were used to monitor the quality of the
pulsed beam. Most of the measurements were made with pulse repetition
times of 500 and 1000 nanosec. A few measurements were made at 2000
nanosec. Spectra were recorded in 512 channels for all repetition
times.

Although the time resolution of hydrogenous scintillators is less
and the neutron detection efficiency is usually much greater, fission
detectors do have some definite advantages: First, they are
insensitive to gamma rays. Second, the 235U detector has no
low-energy limit for neutron detection. Third, the energy dependence
of the fission detectors is determined primarily by the 235U and 238U
fission cross sections. If better data is available in the future,
the results can be easily corrected. However, these cross sections
are believed to be rather well determined so any uncertainty from this
error source is small. A corollary feature is the good stability of
the detector efficiency and its low sensitivity to threshold levels.
The low efficiency of the fission detectors is a definite problem, and
time considerations limited flight paths to < 7 meters. This
limitation on the flight path combined with the poorer time resolution
did limit the quality of the spectra obtained in this measurement to
some extent.

III. APPARATUS

1. Neutron Source: Deuterons, accelerated by the Argonne Tandem
Dynamitron Accelerator, strike a thick (~ 0.75 mm) beryllium
metal target and produce neutrons by Be(d,xn) reactions. The
incident deuteron energy, ranging from 2.6 to 7.0-MeV, is
controlled by a 90-deg. analyzing magnet and slit feed-back
system, calibrated by methods described in ref. 10. For an
unbunched deuteron beam, energy control of # 1 keV is readily
achieved. However, the buncher imposes an energy spread of ~ 10
keV. Deuteron beam pulses 20 - 30 ns wide are bunched by a
double klystron buncher to produce pulse widths of < 2 nanosec at
the target. Pulse repetition times of 0.500 to 16.00 psec (2 to
0.0625 MHz) are available.

A measurement of the total-deuteron charge incident on the
beryllium target accompanied all spectra. In order to reduce the
leakage current, all the water cooling lines were disconnected
and only air cooling was used. For these conditions, the leakage
current correction was ~ 0.05 pamp.

All the spectrum measurements were made at zero degrees,
using the shielded neutron-irradiation cavity described 1in
ref. 11 to contain the neutron source. The cavity is formed by a
concrete block of various sizes stacked to produce walls > 1 m
thick. The interior is lined with about 20 cm of polyethylene
block, a 0.5 mm thick layer of cadmium sheet and, finally, with a

2
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2 cm thick layer of plywood. The interior dimensions are about
1.4 m X 1.6 m X 1.9 m. The beryllium target, located near the
center of the cavity, is viewed by a collimator going through the
cavity wall on the zero deg. beam line. At this point, the
concrete wall is 1.5 m thick. The neutron detector is placed
outside the cavity. The minimum target-detector distance is
2.6 m.

The target assembly, shown in Fig. 1, is similar to the one
described in ref. 11. It consists of a 25.4 mm dia. by 0.75 mm
thick beryllium metal disk mounted in a copper block. The
thickness of copper behind the disk is 0.75 mm. A tantalum
aperture confines the deuteron beam to the center of the
beryllium disk. There is a lot of material in this assembly, but
most of it is in the outer regions which are not viewed by the
collimator. Scattering calculations show an in-scattering effect
of about 3%. To some extent, this will be spread over the entire
spectrum so the effect on the shape is small.

Neutron Detector: The neutron detector wused for the
time-of-flight measurements is an ion chamber, similar to the one
described in ref. 12, containing thin deposits of 235U or 238y,
It is a low-mass, three-electrode chamber with an electrode
separation of ~ 0.6 cm, and with the outer electrodes at ground

potential. The center electrode is biased at + 400 V and
supplies the signal. The detector is operated as a flow chamber,
using high-purity methane at one atmosphere. The three

electrodes are formed from four platinum disks, 70 mm dia. by
0.13 mm thick, with U30g deposits on one side. The disks are
arranged so there are U0 deposits on the four-interior
electrode surfaces for a total thickness of ~ 2 mg U/cm2. These
deposits are 50.8 mm dia. and are either 235U (0.9 % 234y, 93.3 ¥
2357, 0.3 % 236U and 5.5 % 238U) or 2380 (natural uranium).
Additional information on these deposits, designated U-235-7J,-P,
-S, -T, U-238-K, -L, -¥ and -0, is given in ref. 13.

The detector used for the absolute neutron yield
determination had only two electrodes and contained a single 25.4
mm dia. 2350 deposit. The deposits used, U-235 SST-1 and SST- 5,

had accurately known weights and isotopic compositionslg.

The detector is operated as a current chamber, and the fast
rise of the current pulse is used to provide good timin
characteristics. Reference 14 provides a thorough discussion o
this type of ion chamber operation. A schematic diagram of the
detector system is shown in Fig. 2. The detector signal provides
the START pulse to the Time-to-Amplitude converter. The beam
pulse passing through a pick-up tube in the beam line near the
target provides the STOP pulse. The system provides simultaneous
pulse-height and time data. The time spread of the deuteron
pulse at the beryllium target is believed to be < 2 nanosec and
the time resolution of the gamma-detector signal for prompt
gamma-rays emitted from the beryllium target is ~ 2 nanosec.
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The measured time resolution of the fission detector for
monoenergetic neutrons from the 7Li(p,n) and D(d,n) reactions is
~ 3 nanosec and this is the time spread used to construct Fig. 3.
The energy resolution over 7 m at the maximum neutron energy
(11.4 MeV§ is only ~ 0.5 MeV which limits the quality of the
spectra at the highest energies. At the lower energies, the
resolution is quite adequate. Even with the shortest flight path
(2.66 m) the resolution at 2 MeV neutron energy is ~ 0.1 MeV.

The uranium deposits are quite thick13 but the separation
between the alphas and the fissions is fairly good. A typical
pulse height spectrum is shown in Fig. 4. The sharp peak near
channel 230 is an artifact introduced by the limited-dynamic
range of the Linear-Gate Stretcher. The cut-off near channel 20
corresponds to the discriminator 1level of the Constant
Fraction-Discriminator.

IV. TREATMENT OF THE DATA

Data processing for the spectral measurements involves the
following steps: The neutron energy scale, based on the time
calibration and the zero-time location, is determined for each
measured spectrum. Measurements taken at the same deuteron energy and
flight path are combined. The constant background and spectrum
wraparound is subtracted and the net number of counts is determined.
The analyzer time spectra are converted to energy spectra, grouped
into suitable energy bins then divided by the relative detector
efficiency. The relative-zero degree neutron yield was obtained by
dividing each measurement at 2.66 m by the integrated deuteron beam
current. Absolute neutron yields at a single energy were made using
2350 deposits whose masses were accurately determined.

1. Neutron FEnergy Scale. The determination of the energy scale
requires a knowledge of the time calibration of the detector
system, the distance from the neutron source to the effective
center of the detector, and the energy of at least ome point in
the time spectrum. For the present measurement, the first two
requirements were readily met. The time calibration is based on
frequency measurements with an EGEG Model 462 Time Calibrator.
The distance was measured directly with a metal tape.

The third requirement is somewhat more involved. One of the
usual calibration points is excluded as the neutron detector is
not sensitive to gammas.  However, certain features of the
neutron spectra from the 9%Be(d,n)!°B reaction can be used to
establish known energy points. One of these is the location of
the maximum-neutron energy, (Ceo), which is the result of a
transition to the 19B ground state. Other important transitions
are to a group of three closely-spaced levels at 5.11-, 5.16- and

5.18-HeV and to a single level at 5.92-MeV!®.  The high

probability of exciting these particular levels produce prominent
"edges" in the spectra which are designated Cei. A good example
of the association of these "edges" and levels is illustrated in

7



1000 TTTTITISIS IR TN I NIReTRaNIRaIRaTRRRNTAsuCURNINRNINEAVORRINURNTSURIRUCUURTNRRRINRAT,

- O =

é g 889 E4=7.0 V E

3 G — = =7.0 Me 2

o 8003 DV [=6.802 m g

= = -

2

= M -

5 6007 s 2

~ b= N2 -

|~U—) = g o -

pd = -

5 400E -

O - =

© E S

200 3 -

O :”I”IIIH””IIIII“HUIIIIIIIIH Hll””ll|l””llll||||||||I|H||H|l””l|”|| IIIHIIIHHH}_

300 320 340 360 380 400
CHANNEL NO.

Fig. 5. A comparison of features of the thick-target Be(d,n)
spectrum with energy levels in "B

0.7 [ | | [ | 1 i I

0.6 LiF
Transmission ~ oo
0.5

0.4

0.3

TRANSMISSION

0.2

0.1

NN IRNEESRNENENEEEREERIRRENENEEE]
5 e O O B O A

0.0 T T TT] T T T T T TT] T T 1
6 8 2 4
0.1 1

NEUTRON ENERGY IN MeV

Fig 6. A comparison of the measured transmission of a LiF
sample and its container with the one calculated using ENDF/B-VI
cross sections.

>
-]
[+ ]
~N
»



Fig. 2 of ref. 8 where neutron-emission spectra, measured at
19 meters, for 7.5-MeV deuterons incident on thin and thick
beryllium targets are compared. In the present measurement,
the shorter flight paths and poorer time resolution of the
detector tends to smooth some of the "edges". Still, the
spectrum end-point and the more prominent edges can usually
be located, and when the effect of the time resolution is
taken into account, the centroid of the resonance can be
accurately located. Figure 5 illustrates the correlation of
some features of a spectrum from this measurement with
levels in 10B. A typical precision for the t=0 channel
location is ~ 0.3 ns.

The §-value for the reaction,
2f + 9Be = n + 1B + Qi, (1)
leading to the i-th excited state in 1B is calculated using the
level information from ref. 15 and mass information from ref. 16.

The laboratory energy Ei1i of a neutron emitted at O deg. and
associated with a transition to that state is

E13(00) = Ery + B¢ + 2.0(Er1Ec)? ®cos(00), (2)

where .
Eri = [Edlbe/(ld + Mpe) + Qi]‘bio/(ln + ¥p1o), (3)
Ec = Eq¥gln/ (Mg + Mpe)/(Mn + Fblo)- (4)

E. is the energy of the neutron due to the motion of the
center of mass, Er; is the neutron energy in the center of mass
and the M; refer to the rest masses of the particles. At the
energies encountered in the present measurement, the error in Ep;
due to relativistic effects will be < 0.1 % so non-relativistic
forms may be used. However, at the neutron energies of the
present measurement, a non-relativistic conversion to neutron
velocity may have a significant error so a relativistic
calculation is used. The neutron velocity, vni, associated with
each Eji is

Vai = (1 - Mi/(Mq + E14)%)°°° ()

where ¢ is the velocity of light and M, and Ey; are in the same
units. The t=0 point, C,, is given by

Co = Cei + D/(VniTn), (6)

where D is the source-detector distance and Tn is the time per
channel.



The energy scale is confirmed by locating the 260-keV
lithium resonance17, the 98-keV fluorine resonance18 and the 430-

and 1265-keV resonances in boronlg. A1l these resonances have
fairly low energies so their location is rather insensitive to
the t=0 location. Even at 2.66 m, a shift of 1 ns corresponds to
only ~ 7 keV at 1270 keV. However, the overall agreement does
give confidence in the energy scale. The positions of the boron
resonances were measured using a B4C sample of undetermined
thickness and served only to locate the resonance positions. The
lithium and fluorine resonances were measured with a LiF sample
of known thickness so the transmissions were calculated. Figure
6 compares the transmission measured over a 2.66 m flight path

with that calculated using ENDF/B-VI cross sections??.

Combining Measurements. The spectrum at each energy is based on
a number of measurements taken under a variety of conditions and
it is necessary to combine them to produce the final spectrum.
The analyzer spectra are summed in their regions of overlap for
measurements taken at the same deuteron energy with the same
detector and over the same flight path. The summing procedure
assumes that the spectrum is constant across the width of a
single-analyzer channel and accounts for differemnces in the
time- per- channel (T¢) and the t=0 position (Co). In order to add
the spectrum X, to spectrum X;, the positions in X; corresponding
to the edges of channel I in X, are determined. The upper edge
corresponds to

Coui = Co2 -(Co1-I) Tc1/Tc2. (7)
The lower edge corresponds to
C2di = Coz2 - (Cor-I+1) Teyr/Tc2. (8)
The Co; and Coy are the t=0 points in X; and X;. Define also
Iy = 6(C2ui), (9)
Ig = 6(C24qi), (10)

where G(x) is the greatest integer in x. In order to add X; to
X; the number in channel I of X; is increased as

X2 (1) = X;(I)+X2 (Ty+1) (Coui-Tu)+X2(Ig+1-C2114)+S, (11)
where
Iy
S =+ ) X(Ly) for Iy (Ig+2) > 0
I3+2 (12)
S=0 for I,-(Ig+2) < 0

10
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This continues for all I in X; where I, and I4 are within the
range of X2.

The above procedure can only be used in the region where the
spectra overlap. It was also necessary to combine spectra
outside the overlap region. For example, the 2-MHz measurements
only cover the neutron-energy region above ~ 0.25-MeV. Lower
energies, down to ~ 0.050-MeV are covered by the 1-Mhz measure-
ments. The 0.050 - 0.25-MeV region of the 1-MHz data is combined
with the 2-MHz data through their energy spectra. The energy-bin
structure of the two spectra are adjusted so they are similar in
the vicinity of 0.25-MeV and the spectra are then normalized.
The final spectrum uses the 1-MHz data below 0.25-MeV and the
2-MHz data above that emergy.

The measurements with the 235U detector at 2.66 m and with
the 238U detector at 6.75 m are also combined through the energy
spectra. The energy bin structure of the spectra are adjusted so
they are similar in the vicinity of 2.5-MeV neutron energy and
the two spectra are normalized so that their integrals above
2.5-MeV are equal. The final spectra uses the 235U measurement
at 2.66 m below 2.5-MeV and the 238U measurement above 2.5-MeV.

Background corrections: Since the detector is at zero deg. and
the collimator looks down the flight tube, neutrons produced at
the beam-pulse-pick-off tube, slits and cold trap will be
detected. However, the thick beryllium target is such a prolific
neutron source that these secondary sources should be negligible.
In order to see if these neutrons are a significant problem, the
neutron spectrum of a tantalum target is compared with that of a
beryllium target. The results are shown in Fig. 7. As expected,
the yield of the tantalum target plus any secondary neutron
sources is no more than 1% of the beryllium target yield.

The principle correction to the data is due to the spectrum
wraparound. In principal, the neutron spectrum can extend to
near zero energy and the 2350 chamber will detect these neutrons
with increasing efficiency for lower energies. Thus, the primary
spectrum sits on the tails of the spectra from earlier beam
pulses. TFigure 8 shows plots of spectra measured with 500 and
1000 nanosec periods that are normalized to the integrated
deuteron current. The short period spectrum appears to sit very
nicely on the tail of the previous pulse.

The low-energy parts of these spectra are very similar for
all deuteron energies, and for times longer than about 300
nanosec, are described very well by ~

-Ct

N(t) = A + Be (13)

Time distributions were measured with the 235U detector for

a target-detector distance of 2.7 m and a pulse-repetition rate
of 1 MHz at several incident deuteron energies. The spectra were

12
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fit by the above equation with the results shown in Fig. 9. The
value of C is essentially independent of deuteron energy and has
an average value of 0.00783 + 0.00034 ns-!. The value of C
should be inversely proportional to the target- detector
separation distance, and measurements at 3.7 m confirmed this.
The values of A and B scatter widely, but do decrease with
deuteron energy. The curves through the data are the results of
fits to the data, with the restriction that B go to zero at zero
deuteron energy.

The wraparound correction is based on_eq. (13) and the
values of A, B and C given by the curves in Fig. 9. The values
of A and B vere scaled as necessary so that the N(t) fit the
observed neutron yield above the high-energy end of the spectrum.
In Fig. 8, this is the region between 500 and 550 nanosec.
(Note that the time, t, is referenced to t=0 for the previous
neutron pulse.) Figure 8 also shows that the wraparound
correction for the 1-XHz measurements is smaller as the time
dependent term has almost disappeared when the next neutron pulse
occurs. However, going to 1-MHz doubles the time required for
the measurement so 2-¥hz is used for most of the work above
0.25-MeV.

Only the B term in eq. (13) is due to spectrum wraparound.
Much of the constant term is produced by room return neutrons and
by leakage through the cavity walls. At 7-MeV deuteron energy,
measurements of the background were made with the collimator
plugged and also with the detector moved to one side of the
collimator opening. The results of the two measurements, also
shown in Fig. 9, are in agreement but are much less than the
value of A determined by the fit to the spectra. However, they
are fairly consistent with the lower energy values.

The possibility that there were a significant number of
low-energy neutrons streaming through the collimator was also
considered. However a measurement made through a collimator at
about 80 deg. to the beam axis that looked at a point in the
source cavity about 15 cm downstream from the target showed no
difference in the count rate with the collimator open and
plugged.

Although the wraparound correction is a significant one, it
is not enormous over most of the spectrum. At 0.060-MeV neutron
energy and 1-MHz, it is typically 50% ,but it decreases rapidly
with increasing neutron energy. At 0.25-HeV and 2 Mhz, the
correction is 10 - 15 %, but over much of the spectrum it is no
more than 17.

Conversion of Time Spectra to Energy Spectra. The convention
employed in this work assumes that the analyzer channel number C;j
is associated with the upper edge of channel j. However, G,
refers to the location of the zero-time point within a channel.
Thus, the maximum velocity of a neutron detected in channel j is

14



D
Vi =TG- G) (14)

The corresponding laboratory neutron energy is

B = Ma((1 - v;2/e?)"0"5 - 1). (15)

The number of counts in the jth analyzer channel, N(C;j), is
converted to counts per unit energy, N(E;j), by

N(E;) = N(Cj)/(E; - Ej-1). (16)

Source Yield. The measurement of the source yield was made with
a fission chamber containing a 235U deposit of known isotopic
composition and weight in a known geometry. The total fissions
are corrected for losses below the discriminator setting, losses
in the deposits, transmission through any intervening material
and for scattering into the deposits. This corrected fission
count is related to the neutron yield and spectrum and to the
fission cross section by

Y; - 2IInFGNJ J P(E,8)(E)sin(8)dBdE (17)
o o

where I, is the number of neutrons/sr/pcoulomb at 0 deg., F is
the integrated deuteron current in pcoulomb, G is the geometry

factor, N is the atoms U/cm?, P(E,B8) is the normalized energy and
angle dependent neutron spectrum and ¢(E) is the fission cross
section. If 0, is small, then P(E,8) becomes essentially
independent of 8 and eq. (12) becomes

Y =21 I, FGNA <o (18)

here f is the solid angle in sr and <¢> is the fission cross
section averaged over the zero deg. spectrum.

Relative yield measurements with the 235U detector were made
at 2.6 m where 8, was only 0.5 deg. Absolute measurements were
made inside the source cavity at 7-MeV deuteron energy using 2350
deposits of known weight and isotopic composition. In order to
reduce the error due to the uncertainty in the solid angle,
several distances were used and 8, ranged from 3 to 5.5 deg.
Equation (18) should still be valid. The relative measurements
are normalized to this value.

Figure 10 shows the time correlation of fission events for
a 235 detector inside the cavity. The time- independent
background is due to neutrons which have lost most of their
energy by multiple scattering in the cavity walls and structure.
The peak is due to neutrons which come directly from the neutron
source. The time correlation of the fissions with the deuteron

15
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beam pulse permits a clear separation of the two groups.

The fission counts in the peak were corrected for 1osses19
below the discriminator setting, losses in the deposit and
for scattering and transmission in the source and detector
structures.

V. BRESULTS

The total zero deg. neutron yield is shown in Fig. 11. The data
points shown are the results of relative measurements that are
normalized to the absolute measurement at 7.0-MeV deuteron energy as

described in Section IV-5. This gives 4.66 x 10°
is in fair agreement with the results of Lone et al® and Veaver et

neutrons/sr/uC which

a12.The curve is a 3rd-order polynomial that fits the data. The yield
between 2.6- and 7.0-MeV deuteron energy is given by

2 3
Ya(Eq) = 107 x (-0.3819 + 0.1740Eq - 0.00137Eq + 0.01131 Ba)  (19)
where Y, is in units of neutrons/sr/uC and Eg is in MeV.

The total-systematic error in the neutron yield is 4.0%. The
principal contributors are geometry factor, 0.6 %, uranium sample
veight, 0.5 %, detector efficiency corrections, 0.5 %, scattering and
transmission corrections, 1.1 %, room return background correction,
1.0 ;, deuteron charge measurement, 2.0 % and 235U cross section,
3.0 4.

Figure 12 summarizes the spectral distributions and yields
observed at zero deg. from the thick-target Be(d,n) reaction at
deuteron energies of 2.6 to 7.0-MeV. For deuteron energies of 5.8-
through 7.0-MeV, the spectra above 2.5-MeV neutron energy are based on
measurements with the 238U detector at 6.75 m. For neutron energies
below 2.5-MeV, and for all other deuteron enmergies, they are derived
from measurements with the 235U detector at 2.66 m. Most of these
measurements were made with a time/channel of ~ 0.9 nanosec. At the
highest energies, each energy bin corresponds to a single analyzer
channel, or about a third of the actual energy resolution. At the
lover energies, each energy bin corresponds to a sum over many
analyzer channels. The bin structure is not consistent at all
deuteron energies. In Appendix A these results are given as
individual graphs and Tables.

The spectra presented here are the spectra of neutrons emitted at
zero deg. for this particular source assembly. The only correction
applied to the data that affects the shape of the spectra is the
removal of the background discussed in Section IV-3. They have not
been corrected for in-scattering by the target assembly or for
transmission through the target assembly and the neutron detector
wall. The transmission factor for the 235U detector, averaged over
the 7-MeV spectrum is 0.964. The energy dependence of the total cross
sections causes more lower-energy neutrons to be removed than

18
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higher-energy ones. The in-scattering factor for the source assembly
minus the beryllium-metal disk when the 235U detector is used is
1.027. About half is inelastic scattering, so this effect tends to
add neutrons to the lower-energy region. The two effects are of
similar magnitude and tend to cancel. Complete cancellation of the
effect of the spectrum shape is unlikely as the energy dependence of
the total cross sections is not very strong. There may also be some
scattering from the collimator, although earlier tests in different
experimental set-ups with mono-energetic neutron sources did not show
a significant effect. The spectra from the present source assembly
should not be greatly different from the true-reaction spectra.
However, it is conceivable that the spectra from another assembly
could differ significantly.

At all deuteron energies, most of the neutron yield appears to be
due to stripping reactions leading to levels in 1°B around 5.2- and
5.9-MeV excitation. (See Fig. 5.) The higher-energy portions of the
spectra are due to reactions leading to lower-lying levels in 10B.
Below ~ 0.6-MeV, all the spectra show a similar behavior and decrease
linearly with In(Ey). Above 5.4-MeV deuteron energy, all spectra show
a well defined peak at ~ 0.8-MeV. This phenomena was observed earlier

by Lone et al 4.5 who attributed it to the excitation of the 2.43-MeV
level in ®Be by an inelastic process followed by the decay of that
level to 8Be by neutron emission.

Crametz, Knitter and Smith6 have reported a detailed measurement
of the 7-MeV Be(d,n) spectrum which has often been used for nuclear

data studies. Smith et a1l have used the code STAYSL to adjust the
spectrum to give the most consistent results with a set of
well-determined dosimetry reactions. These spectra, normalized to
1.0, are compared with the present result in Fig. 13. A better
comparison is shown in Fig. 14, where the ratio to the present 7-MeV
measurement is shown. Below 6-MeV, both ratios are near 1.0 but they
diverge above 7-MeV. The principal effect of the adjustment with
STAYSL was to reduce the yield in this region, and the adjusted
spectrum was in much better agreement with the present measurement.
There is a prominent spike in the ratios between 6- and 7-MeV.
Inspection of the spectra in Fig. 13 shows obvious differences which
may be due in part to such things as small differences in energy
resolution and energy scale. Also, the 2380 fission-cross section is
changing rapidly in that region.

The average-neutron energy is computed for all spectra and is
found to be linear with Ey as shown in Fig. 15. For the
deuteron-energy range of these measurements, the average neutron
energy, <En>, can be estimated from the following expression:

<En> = (1.210 + 0.277E4)MeV (20)
These average energies are in fair agreement with those reported by

Lone et a15, although systematically about 0.2-MeV larger.
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APPENDIX A
YIELD AND ENERGY DISTRIBUTION TABLES

The yield and energy distributions for zero deg. neutron emission
from the thick-target Be(d,n) reaction as a function of the incident
deuteron energy is given in the form

N(Ed,En,O) = Yn(Ed,O) P(Ed,En,O)

where Yn(Eq,0) is the total zero deg. yield in neutrons/sr/uC as a
function of the incident deuteron energy. P(E4,En,0) is the
normalized distribution in neutron energy at zero deg. Y,(E4,0) is
listed in Table A-I. It is calculated from a polynomial fit to the
experimental data using eq. (19) and is illustrated in Fig. 11.
P(E4,En,0) is listed in Tables A-II through A-XIII and is illustrated
by Figs. A-1 through A-12.

In Tables A-II through A-XII the energy columns give the energy
of the upper edge of the energy bin with the exception of the first
entry which gives the energy o% the lower edge of the first bin. The
yield columns give the normalized yield/MeV. The error columns
include only the statistical counting errors.

Table A-I. Y,(Eq,0), the zero deg. neutron yield
from the Be(d,n) reaction as neutrons/sr/uC.” The
estimated systematic error is 4.0 Y.

Eq Yo (Eq,0)
MeV n/sr/uC

.262 x 10°
435
.641
-883
167
495
873
-305
-796
349
1968
660

= OO OV OTUT i W OO W N
OCANOPBODNDBDEDOD
FRWWNNH R R OO
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Table A-II. The normalized zero deg. neutron emission spectrum for 7.0-
MeV deuterons on a thick Beryllium metal target.

Upper Yield Stat Upper Yield Stat Upper Yield Stat
Edge per Err Edge per Err Edge per Err
MeV MeV / MeV MeV h MeV MeV [/

.0594 ---- --- 3.1680 .1887 1.7 6.9078 .0140 4.3
.0999 .0725 2.5 3.3087 .1814 1.8 7.0568 .0152 4.0
L1505 .0792 2.7 3.4590 .1780 1.7 7.2108 .0150 3.9
.2001 .0891 2.9 3.6197 .1688 1.7 7.3698 .0146 3.9
.2497  .1047 2.4 3.7625 .1637 1.8 7.5342 .0148 3.7
.3002  .1191 2.0 3.9138 .1584 1.8 7.7042 .0145 3.7
.3502 .1223 2.1 4.1079 .1507 1.6 7.8800 .0120 3.9
.3997 .1301 2.0 4.2808 .1496 1.7 8.0620 .0130 3.7
.4495  .1274 2.1 4.4272 .1400 1.9 8.2504 .0135 3.6
.4996  .1398 2.0 4.5812 .1363 1.9 8.4454 .0128 3.7
.5473 .1323 2.1 4.7021 .1301 2.1 8.5456 .0133 4.3
.5981  .1368 2.0 4.8279 .1300 2.1 8.6476 .0136 4.3
.6468 .1391 2.1 4.9588 .1295 2.0 8.7514 .0118 4.4
.6964 .1416 2.0 5.0490 .1231 2.4 8.8571 .0130 4.4
.7700  .1586 1.6 5.1418 .1200 2.3 8.9647 .0125 4.3
.8487  .2056 1.4 5.2371 .1094 2.4 9.0743 .0127 4.3
.9239  .1921 1.4 5.3351 .0986 2.5 9.1860 .0109 4.4
1.0005 .1791 1.4 5.4359 .0914 2.6 9.2997 .0103 4.6
1.0973 .1808 1.3 5.5396 .0922 2.5 9.4156 .0094 4.7
1.1970 .1874 1.2 5.6463 .0908 2.5 9.5337 .0086 4.9
1.2976  .1902 1.2 5.7008 .0962 3.0 9.6540 .0083 5.0
1.3963  .1931 1.2 5.7561 .0880 3.0 9.7766 .0078 5.1
1.5407 .1957 1.0 5.8122 .0914 3.0 9.9016 .0079 5.1
1.6887 .2043 .9 5.8692 .0898 2.9 10.0290 .0068 5.2
1.8365 .2024 .9 5.9856 .0834 2.4 10.1590 .0064 5.4
1.9793 .2073 .9 6.0452 .0678 3.1 10.2910 .0069 5.4
2.1393 .2076 .9 6.1056 .0550 3.3 10.4260 .0059 5.4
2.2881  .2065 .9 6.1670 .0383 3.7 10.5640 .0054 5.7
2.4185 .2060 .9 6.2292 .0283 4.2 10.7050 .0051 5.8
2.6001 .1996 2.2 6.2925 .0167 5.0 10.8480 .0043 6.1
2.7223 .1974 1.8 6.3567 .0146 5.8 10.9950 .0032 6.8
2.8149  .1953 2.1 6.4219 .0173 5.6 11.1440 .0023 7.9
2.9124 .1993 2.0 6.4881 .0145 5.5 11.2960 .0016 9.2
3.0150 .1955 2.0 6.6236 .0144 4.5 11.4520 .0011 10.9
3.1680  .1887 1.7 6.7635 .0147 4.3 11.6110 .0004 14.5
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Table A-III. The normalized zero deg. neutron emission spectrum for 6.6-
MeV deuterons on a thick Beryllium metal target.

Upper Yield Stat Upper Yield Stat Upper Yield Stat
Edge per Err Edge per Err Edge per Err
MeV MeV / MeV MeV A NeV MeV //

.0490 ---- --- 2.6555 .2125 1.8 7.1685 .0162 4.0
.0750  .0417 3.0 2.8226 .2105 1.6 7.3129 .0149 4.0
.1249  .0664 2.9 2.9122 .2073 2.1 7.4617 .0125 4.3
.1742 .0850 3.2 3.0061 .2021 2.1 7.6151 .0118 4.4
.2246  .0942 3.3 3.1660 .1879 1.7 T7.7734 .0130 4.3
.2750  .1119 3.2 3.3168 .1739 1.8 7.9366 .0135 4.0
.3265 .1215 3.2 3.4547 .1784 1.9 8.1050 .0138 3.9
.3743 .1322 2.7 3.6268 .1731 1.7 8.2789 .0153 3.7
.4260 .1246 2.6 3.7578 .1745 1.9 8.4585 .0146 3.6
.4737  .1367 2.6 3.8960 .1593 1.9 8.6441 .0152 3.6
.5263  .1419 2.5 4.0420 .1550 1.9 8.8358 .0151 3.5
.5757  .1468 2.5 4.1648 .1555 2.0 8.9341 .0122 4.4
.6233  .1440 2.6 4.2933 .1494 2.0 9.0340 .0136 4.5
6769  .1424 2.5 4.4278 .1383 2.0 9.1357 .0120 4.5
L7261  .1525 2.5 4.5688 .1480 1.9 9.2390 .0104 4.8
L7745 .1692 2.4 4.7167  .1403 1.9 9.3442 .0107 4.9
.8279  .2012 2.1 4.8324 .1339 2.2 9.4511 .0096 4.9
.8870 .2064 2.0 4.9934 .1143 2.0 9.5599 .0088 5.1
.9527  .1952 1.9 5.1626 .1079 2.1 9.6707 .0090 5.2
1.0260 .1839 1.8 5.2504 .0993 2.7 9.7833 .0088 5.2
1.1080 .1863 1.7 5.3406 .1079 2.6 9.8980 .0076 5.3
1.2004 .2034 1.6 5.4331 .1016 2.6 10.0150 .0077 5.5
1.3048 .2005 1.5 5.5280 .1052 2.6 10.1330 .0078 5.4
1.3923 .1923 1.6 5.6254 .0953 2.6 10.2540 .0071 5.4
1.5060 .2017 1.4 5.7254 .0731 2.8 10.3780 .0059 5.8
1.5960 .2019 1.5 5.8282 .0309 3.8 10.5030 .0051 6.2
1.6943 .2035 1.4 5.9337 .0188 5.2 10.6310 .0050 6.4
1.8020 .2110 1.3 6.0422 .0187 5.3 10.7610 .0049 6.4
1.8957 .2112 1.4 6.1536 .0178 5.2 10.8930 .0041 6.7
1.9969 .2080 1.3 6.2682 .0149 5.4 11.0280 .0032 7.4
2.1065 .2140 1.3 6.3860 .0141 5.3 11.1650 .0019 8.7
2.1948 .2217 1.3 6.5072 .0159 4.9 11.3050 .0008 11.7
2.2887 .2187 1.3 6.6319 .0155 4.6 11.4480 .0003 17.8
2.3887 .2193 1.3 6.7603 .0164 4.4 11.5940 .0001 26.9
2.4591  .2147 1.4 6.8924 .0153 4.3 11.7420 .0000 38.7
2.5323 .2202 2.3 7.1685 .0162 4.0
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Table A-IV. The normalized zero deg. neutron emission spectrum for 6.2-
MeV deuterons on a thick Beryllium metal target.

Upper Yield Stat Upper Yield Stat Upper Yield Stat
Edge per Err  Edge per Err  Edge per  Err
MeV MeV /) MeV MeV /A MeV MeV A

.0487 —--- --- 2.5562  .2231 1.7 6.7343 .0191 4.6
0749 .0363 3.6 2.7139 .2079 1.5 6.8656 .0185 3.6
-1246  .0684 3.6 2.7983  .1967 2.0 7.0009 0151 3.7
-1750  .0895 4.0 2.8867 .1890 2.0 7.1402 0126 4.0
.2238  .1082 4.1 2.9793 .1956 1.9 7.2837  .0119 4.2
2739 .1135 4.1 3.0371 .1880 2.4 7.4316  .0133 3.9
3251 L1177 4.1 3.1577  .2027 1.7 7.5841  .0134 3.8
-3690  .1424 2.7 3.3079 .1857 1.6 7.7413  .0156 3.5
4196 .1427 2.5 3.4452 .1910 1.6 7.9035 .0155 3.4
-4662  .1445 2.6 3.6166 .1703 1.5 8.0709 .0162 3.3
9175 .1450 2.5 3.7470 .1648 1.8 8.2437  .0172 3.1
5657  .1540 2.6 3.9131 .1626 1.6 8.4221  .0160 3.1
-6119 1515 2.6 4.0300 .1642 1.8 8.6065 .0161 3.1
.6641  .1505 2.5 4.1522 .1609 1.8 8.7969  .0150 3.1
7119 1558 2.6 4.2801 .1611 1.7 8.8046  .0128 4.0
-7588 1763 2.4 4.4141 .1461 1.8 8.9938  .0125 4.1
-8106  .2097 2.1 4.5544 .1339 1.8 9.0948  .0125 4.1
8679  .2169 2.0 4.7016 .1248 1.8 9.1975  .0116 4.2
9314 .2127 1.9 4.8167 .1225 2.0 9.3019  .0122 4.9
1.0022  .1963 1.8 4.9769 .1246 1.8 9.4081  .0113 4.1
1.0814  .1994 1.7 5.1453 .1256 1.7 9.5162  .0111 4.9
1.1703  .2001 1.6 5.2327 .1212 2.9 9.6261  .0107 4.2
1.2707  .2066 1.5 5.3224 .0936 2.4 9.7380  .0091 4.4
1.3548  .2076 1.6 5.4144 .0501 3.0 9.8519  .0088 4.6
1.4638  .2109 1.4 5.5088 .0267 4.9 9.9678  .0071 4.8
1.5500  .2151 1.5 5.6057 .0172 5.3 10.0860  .0067 5.9
1.6440 .2115 1.4 5.7052  .0184 5.3 10.2060 -0058 5.4
1.7469  .2219 1.3 5.8074 .0187 5.2 10.3280  .0053 5.6
1.8363  .2219 1.4 5.9124 .0176 5.0 10.4520  .0047 5.9
1.9327  .2311 1.3 6.0202 .0184 4.9 10.5790  .0029 6.7
2.0370  .2341 1.3 6.1311 .01590 4.9 10.7080  .0019 8.3
2.1209  .2255 1.4 6.2450 .0170 4.7 10.8400  .0014 9.7
2.2100 .2306 1.3 6.3622 .0177 4.4 10.9740  .0011 10.9
2.3049  .2252 1.3 6.4827 .0173 4.2 11.1100  .0065 13.5
2.3716  .2272 1.5 6.6700 .0174 3.4 11.2490  .0001 21.2
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Table A-V. The normalized zero deg. neutron emission spectrum for 5.8-
MeV deuterons on a thick Beryllium metal target.

Upper Yield Stat Upper Yield Stat Upper  Yield Stat
Edge per Err  Edge per Err  Edge per Err
MeV ¥eV pA MeV MeV A MeV Mev yA

.0548 So-- --- 0 2.4615 .2266 1.1 7.0009 .0145 4.5
0749 .0743 5.5 2.5562 .2167 1.9 7.1402 0153 4.4
0999 .1090 4.9 2.7139 .2163 1.7 7.2837 0160 4.2
1249 .1067 5.1 2.7983 .2336 2.1 7.4316 .0162 4.0
.1504  .1018 5.4 2.8867 .2132 2.2 7.53841  .0181 3.8
1749 .1140 5.4 2.9793  .2035 2.2 7.7413 .0199 3.6
-2003  .1207 5.2 3.0371 .1890 2.8 7.9035 .0187 3.5
.2489  .1133 4.0 3.1577 .1898 2.0 8.0709 .0186 3.5
.2740  .1069 5.7 3.3079 .1963 1.8 8.2437 .0163 3.6
2996  .1344 5.3 3.4452 .1798 1.9 8.4221 0159 3.7
.3497  .1357 3.8 3.6166 .1891 1.7 8.6065 .0173 3.5
3972 .1376 3.9 3.7470 .1827 1.9 8.7969 .0140 3.6
4489 .1427 3.7 3.9131 .1802 1.7 8.8946 .0135 4.6
.4963  .1494 3.8 4.0300 .1609 2.1 8.9938 .0148 4.5
5517 .1531 3.4 4.1522  .1450 2.2 9.0948 .0149 4.4
6485  .1602 2.7 4.2801 .1415 2.1 9.1975 0124 4.5
.6966  .1610 2.3 4.4141  .1497 2.0 9.3019 0127 4.7
-7480  .1743 2.1 4.5544 .1431 2.0 9.4081 .0089 5.0
7978 .1043 2.0 4.7016 .1610 1.9 9.5162 .0064 5.9
.8527  .2270 1.8 4.8167 .1425 2.2 9.6261 .0064 6.3
-8955  .2107 2.0 4.9769 .0621 2.6 9.7380 .0044 6.9
9710 .2127 1.6 5.1453 .0212 4.6 9.8519 .0048 7.4

1.0018  .2059 2.2 5.2327 .0177 6.8 9.9678 .0052 7.0

1.0796  .2128 1.5 5.3224 .0205 6.3 10.0860 .0036 7.4

1.1669  .2158 1.4 5.4144 0183 6.4 10.2060 .0013 9.7

1.2503  .2193 1.4 5.5088 .0197 6.2 10.3280 .0004 15.8

1.3270  .2185 1.5 5.6057 .0216 5.8 10.4520 .0002 24.0

1.4109  .2241 1.4 5.7052 .0214 5.6 10.5790 .0002 27.2

1.5030  .2273 1.3 5.8074 .0188 5.7

1.6044  .2327 1.2 5.9124 .0226 5.4

1.6932  .2342 1.2 6.0202 .0219 5.2

1.7896  .2388 1.2 6.1311 .0259 4.7

1.8944  .2490 1.1 6.2450 .0240 4.4

2.0087 .2428 1.1 6.3622 .0248 4.3

2.1337  .2437 1.0 6.4827 .0206 4.3

2.2353  .2362 1.1 6.6700 .0155 4.0

2.3443 .2349 1.1 6.7343 .0124 6.2

2.4615 .2266 1.1 6.8656 .0149 4.8
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Table A-VI. The normalized zero deg. neutron emission spectrum for 5.4-
¥eV deuterons on a thick Beryllium metal target.

Upper Yield Stat Upper VYield Stat Upper Yield Stat
Edge per Err  Edge per Err  Edge per Err
¥eV MeV A MeV MeV / NeV MeV %

.0579 ---- --- 2.0786 .2415 2.0 4.5472 .0576 2.6
-1004  .0497 3.1 2.1954 .2504 1.5 4.6394 .0325 3.4
-1499  .0860 3.6 2.2896 .2505 1.7 4.7346 .0255 4.2
-2010  .1061 3.8 2.4607 .2392 1.3 4.8327 .0217 4.6
2502 .1212 3.9 2.5345 .2354 1.8 4.9339 .0229 4.6
.2833  .1214 4.9 2.6117 .2266 1.8 5.0383 .0223 4.5
.2947  .1351 4.6 2.6926 .2195 1.8 5.1460 .0236 4.5
-3340  .1558 3.5 2.7772 .2185 1.8 5.2573  .0256 4.3
3732 .1539 3.6 2.8659 .2206 1.7 5.3723 .0263 4.1
-4122 1617 3.6 2.9589 .2156 1.7 5.4910 .0266 4.0
-4491 (1537 3.7 3.0071 .2130 2.1 5.6138 .0276 3.9
.4880  .1727 3.5 3.0565 .2213 2.1 5.7407 .0285 3.8
5250  .1691 3.7 3.1072 .2185 2.0 5.8720 .0276 3.7
-5624  .1736 3.6 3.1591 .2186 2.0 6.0079 -0259 3.7
-6173  .1701 3.1 3.2123 .2209 2.0 6.1486 .0251 3.6
6754  .1801 2.9 3.2669 .2198 2.0 6.2943 0217 3.7
7304 .1853 2.9 3.3229 .2197 1.9 6.4453 -0199 3.7
.7858  .2044 2.8 3.3803 .2176 1.9 6.6018 .0197 3.6
-8552-  .2288 2.4 3.4393 .2103 1.9 6.7640 .0207 3.4
9257 .2201 2.4 3.4998 .2070 1.9 6.9324 .0221 3.2
-9961  .2213 2.3 3.5619 .2023 1.9 7.1071 .0216 3.0
1.0644  .2277 2.3 3.6257 .1835 2.0 7.2886 .0220 2.9
1.1631  .2352 1.9 3.6913 .1723 2.0 7.4772 .0221 2.8
1.2628  .2402 1.8 3.7586 .1681 2.0 7.6732 .0202 2.8
1.3610 .2329 1.9 3.8278 .1653 2.0 7.8770 .0187 2.8
1.4546  .2400 1.9 3.8989 .1729 2.0 8.0892 .0199 2.7
1.5582  .2404 1.7 3.9721 .1743 1.9 8.3100 0174 2.7
1.6532  .2494 1.8 4.0473 .1770 1.9 8.5401 .0153 2.8
1.7356  .2599 1.8 4.1247 .1750 1.9 8.7799 .0144 2.9
1.8477  .2521 1.6 4.2043 .1656 1.9 9.0301 .0102 3.1
1.9453  .2518 1.7 4.2863 .1529 1.9 9.2911 .0071 3.6
2.0237  .2509 1.8 4.3707 .1315 2.0 9.5637 .0035 4.5
2.0786  .2415 2.0 4.4576 .0995 2.2 9.8485 .0019 6.0
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Table A-VII. The normalized zero deg. neutron emission spectrum for 5.0-
MeV deuterons on a thick Beryllium metal target.

Upper Yield Stat Upper Yield Stat Upper Yield Stat
Edge per Err  Edge per Err  Edge per Err
MeV MeV /A MeV MeV [ MeV MeV %

.0496 ---- --- 1.9428  .2589 1.6 4.5258  .0246 4.5
.0746  .0489 3.2 2.0479 .2674 1.5 4.6172 .0231 4.5
-1000  .0920 3.8 2.1324 .2722 1.6 4.7114 .0232 4.5
1248 .0995 4.1 2.2223 .2567 1.6 4.8085 .0226 4.4
-1501  .1076 4.3 2.3180 .2527 1.6 4.9086 .0223 4.4
1754 .1242 4.2 2.4200 .2491 1.5 5.0119 .0229 4.4
1993 .1209 4.5 2.4918 .2510 1.7 5.1186 .0267 4.1
.2225  .1343 4.5 2.5669 .2469 1.7 5.2287  .0257 4.0
2742 .1394 3.1 2.6454 .2371 1.7 5.3424  .0277 3.9
-3243  .1406 3.1 2.7276 .2364 1.7 5.4598  .0306 3.7
3741 .1451 3.1 2.8137 .2372 1.6 5.5812  .0291 3.6
.4258  .1620 3.0 2.9039 .2454 1.6 5.7067 .0271 3.6
4765 .1575 3.1 2.9985 .2445 1.5 5.8365 .0246 3.7
-5259  .1640 3.1 3.0476 .2437 1.9 5.9708 .0250 3.7
5753 .1691 3.1 3.0979 .2430 1.8 6.1098 .0266 3.5
.6228  .1850 3.0 3.1494 .2313 1.8 6.2537  .0259 3.3
6764 1711 2.9 3.2023 .2246 1.9 6.4028 .0243 3.3
-7255  .2006 2.8 3.2564 .2108 1.9 6.5573  .0248 3.1
7739 .2026 2.8 3.3120 .2030 1.9 6.7175  .0241 3.0
-8272  .2277 2.6 3.3690 .1944 1.9 6.8837 .0230 2.9
-8709  .2325 2.7 3.4275 .2063 1.9 7.0561 .0208 2.9
.9264  .2358 2.4 3.4876 .1988 1.9 7.2351 .0224 2.8
9783 .2339 2.4 3.5492  .1881 1.9 7.4211 .0219 2.7
1.0250  .2345 2.5 3.6125 .1953 1.9 7.6144 .0219 2.7
1.0751  .2415 2.4 3.6775 .1974 1.8 7.8153  .0216 2.6
1.1290  .2475 2.3 3.7443 .2031 1.8 8.0244 .0216 2.5
1.1870  .2445 2.2 3.8129 .2020 1.8 8.2420 .0200 2.5
1.2497  .2432 2.1 3.8835 .1931 1.8 8.4686 .0180 2.5
1.3316  .2366 1.9 3.9560 .1812 1.8 8.7048 .0153 2.7
1.4062  .2438 1.9 4.0305 .1555 1.9 8.9510 .0114 2.9
1.4872  .2501 1.8 4.1072 .1175 2.1 9.2079  .0076 3.4
1.5756  .2539 1.7 4.1861 .0826 2.4 9.4761 .0045 4.1
1.6719  .2568 1.6 4.2674 .0472 2.9 9.7562  .0024 5.2
1.7555  .2611 1.7 4.3510 .0283 3.7 10.0490 .0008 7.2
1.8456  .2584 1.6 4.4371 .0236 4.4 10.3550 .0003 10.2
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Table A-VIII. The normalized zero deg. neutron emission spectrum for 4.6-
HeV deuterons on a thick Beryllium metal target.

Upper Yield Stat Upper Yield Stat Upper  Yield Stat
Edge per Err  Edge per Err  Edge per Err
MeV MeV /A MeV MeV % MeV MeV /A

.0599 —oo- == 1.9453  .2928 1.5 4.3707 .0248 4.6
0899 .0315 3.0 2.0237 .2932 1.6 4.4576  .0263 4.4
1205 .0702 4.3 2.0786 .2068 1.8 4.5472  .0256 4.3
1497 .0923 4.9 2.1954 .2975 1.4 4.6394 .0275 4.2
1793 1044 5.1 2.2806 .2980 1.5 4.7346 .0288 4.1
-2093  .0921 5.6 2.4607 .3013 1.1 4.8327 .0301 3.9
-2282  .1266 6.5 2.5345 .3036 1.6 4.9339 .0318 3.8
.2669  .1286 4.7 2.6117 .2076 1.5 5.0383 .0331 3.7
2947 1587 4.1 2.6926 .2882 1.5 5.1460  .0280 3.7
3340 .1506 3.4 2.7772 .2733 1.5 5.2573  .0276 3.9
3732 .1687 3.3 2.8659 .2494 1.§ 5.3723  .0246 3.9
-4122 1729 3.3 2.9589 .2289 1.6 5.4910  .0242 4.0
-4491 1789 3.3 3.0071 .2255 2.0 5.6138  .0276 3.8
-4880  .1805 3.3 3.0565 .2318 1.9 5.7407  .0292 3.6
9250  .1840 3.4 3.1072 .2387 1.9 5.8720  .0311 3.4
-5624 1806 3.4 3.1591 .2390 1.8 6.0079  .0310 3.3
6173 .1902 2.8 3.2123 .2290 1.8 6.1486 .0334 3.1
6754 .2059 2.6 3.2669 .2342 1.8 6.2043  .0330 3.0
-7304  .2110 2.6 3.3229 .2327 1.8 6.4453  .0322 2.8
7858  .2169 2.6 3.3803 .2441 1.8 6.6018 .0298 2.8
-8552  .2362 2.2 3.4393 .2398 1.7 6.7640 .0267 2.8
9257 .2470 2.1 3.4998 .2274 1.8 6.9324  .0248 2.8
-9961  .2502 2.1 3.5619 .2019 1.8 7.1071  .0249 2.7
1.0644  .2522 2.1 3.6257 .1515 2.0 7.2886  .0265 2.6
1.1631  .2436 1.8 3.6913 .0959 2.3 7.4772 0264 2.5
1.2628  .2531 1.7 3.7586 .0526 3 0 7.6732 .0253 2.4
1.3610  .2637 1.7 3.8278 .0319 3 8 7.8770 .0218 2.5
1.4546  .2709 1.7 3.8989 .0256 4.5 8.0892 .0187 2.6
1.5582  .2887 1.5 3.9721 .0268 4.7 8.3100 .0156 2.7
1.6532  .2839 1.6 4.0473 .0245 4.7 8.5401  .0109 3.0
1.7356  .2921 1.6 4.1247 .0222 4 8 8.7799  .0065 3.6
1.8477  .2865 1.4 4.2043 .0240 4 8 9.0301 .0028 4.8
1.9453  .2928 1.5 4.2863 .0231 4.7 9.2911  .0008 7.1
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Table A-IX. The normalized zero deg. neutron emission spectrum for 4.2-
MeV deuterons on a thick Beryllium metal target.

Upper Yield Stat Upper Yield Stat Upper Yield Stat
Edge per Err  Edge per Err  Edge per Err
MeV MeV / MeV MeV /A MeV MeV //

.0100 ~oooo --- 1.8479 3079 1.4 4.6752 .0349 3.9
-0339  .0117 99.0 1.9698 .3300 1.3 4.7704 .0346 3.8
-0499  .0234 2.9 2.1042 .3365 1.2 4.8685 .0300 3.9
-0798  .0606 4.5 2.2219 .3502 1.3 4.9697  .0270 4.1
1198 0922 4.7 2.3497 .3323 1.3 5.0741 0242 4.2
-1595  .1236 4.9 2.4889 .3138 1.2 5.1819  .0243 4.3
-2046  .1443 4.6 2.6017 .2747 1.4 5.2931  .0241 4.2
-2497  .1380 4.5 2.7222 .2760 1.4 5.4080 .0263 4.1
-3000  .1437 3.2 2.8514 .2790 1.3 5.5266 .0288 3.9
-3494  .1462 3.2 2.9427 .2816 1.5 5.6492  .0299 3.7
-4001  .1713 3.0 3.0384 .2894 1.5 5.7760  .0322 3.5
4512 .1741 3.0 3.1389 .2890 1.4 5.9071  .0328 3.4
4996  .1796 3.1 3.2445 .2646 1.4 6.0427  .0347 3.2
-6008  .1991 2.1 3.3556 .1833 1.6 6.1831  .0337 3.1
6511 .2112 2.8 3.4132 .0840 2.5 6.3284 .0318 3.0
6971 .2148 2.9 3.4724 .0440 3.4 6.4790  .0308 3.0
-7481 2170 2.8 3.5331 .0374 4.2 6.6350 .0280 2.9
7983 .2293 2.7 3.5955 .0304 4.6 6.7967  .0274 2.9
-8466  .2350 2.7 3.6595 .0246 5.0 6.9645 .0269 2.8
-8993  .2414 2.5 3.7252 .0256 5.1 7.1385  .0278 2.7
9571 2517 2.4 3.7928 .0230 5.2 7.3192  .0270 2.6
1.0206 .2446 2.2 3.8622 .0206 5.4 7.5069  .0261 2.5
1.0908  .2459 2.1 3.9335 .0220 5.4 7.7019  .0246 2.5
1.1684  .2619 2.0 4.0068 .0258 5.0 7.9047  .0209 2.6
1.2546  .2695 1.8 4.0822 .0288 4.7 8.1156  .0154 2.8
1.3363  .2666 1.9 4.1597 .0287 4.5 8.3352  .0123 3.1
1.4263  .2718 1.8 4.2395 .0270 4.5 8.5638 .0084 3.5
1.5257  .2853 1.6 4.3216 .0273 4.5 8.8020 .0039 4.4
1.6358  .2945 1.5 4.4061 .0291 4.4 9.0503 .0013 6.4
1.7370  .3052 1.5 4.4932 .0296 4.2 9.3094  .0003 9.9
1.8479  .3079 1.4 4.5828 .0307 4.1 9.5798  .0002 12.5
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Table A-X. The normalized zero deg. neutron emission spectrum for 3.8
MeV deuterons on a thick Beryllium metal target.

Upper Yield Stat Upper Yield Stat Upper Yield Stat
Edge per Err Edge per Err  Edge per Err
MeV MeV [/ MeV MeV / MeV MeV A

.0372 me-- o= 1.7392  .3794 1.5 4.1676 .0318 3.2
.0498 .0328 6.5 1.8046 .3754 1.5 4.2476 .0359 3.7
.0748  .0447 6.1 1.8738 .3907 1.4 4.3300 .0370 3.6
.1001  .0808 6.7 1.9221 .3860 1.6 4.4147 .0346 3.6
.1248 .0881 7.0 1.9724 .4043 1.5 4.5020 .0293 3.8
.1498 .1163 6.7 2.0246 .3851 1.5 4.5919 .0273 3.9
.1832 .1266 5.8 2.0790 .3621 1.5 4.6846 .0230 4.1
.2498  .1437 4.3 2.1356 .3346 1.6 4.7801 .0213 4.3
.3002  .1527 2.9 2.1946 .3253 1.6 4.8785 .0212 4.3
.3496 .1647 2.9 2.2560 .3286 1.5 4.9800 .0237 4.2
.4003 .1744 2.8 2.3200 .3384 1.5 5.0848 .0250 4.0
.4487 .1889 2.8 2.3868 .3389 1.5 5.1929 .0272 3.8
.4999  .2017 2.6 2.4566 .3436 1.4 5.3044 .0307 3.6
.5490  .2045 2.7 2.5294 .3523 1.4 5.4197 .0334 3.4
.6013  .2292 2.5 2.6055 .3516 1.3 5.5387  .0357 3.2
.6516 .2242 2.5 2.6852 .3508 1.3 5.6617 .0383 3.0
.6976 .2329 2.6 2.7685 .3521 1.3 5.7889 .0377 3.0
.7487 .2438 2.4 2.8558 .3355 1.3 5.9205 .0405 2.9
.7990 .2466 2.4 2.9473 .2432 1.4 6.0565 .0398 2.7
.8473  .2600 2.4 3.0433 .0915 2.0 6.1974 .0361 2.7
.9001 .2551 2.3 3.1441 .0375 3.3 6.3433 .0354 2.7
.9493  .2546 2.3 3.1964 .0291 4.7 6.4943 .0357 2.6
1.0028 .2674 2.1 3.2500 .0312 4.7 6.6509 .0323 2.5
1.0609 .2688 2.0 3.3049 .0258 4.8 6.8132 .0317 2.5
1.1241 .2733 1.9 3.3613 .0243 5.1 6.9816 .0322 2.4
1.1813  .2827 2.0 3.4191 .0199 5.3 7.1563 .0299 2.3
1.2430 .3073 1.8 3.4784 .0229 5.3 7.3377 .0264 2.3
1.3096 .3131 1.7 3.5393 .0230 5.1 7.5261 .0223 2.4
1.3668 .3125 1.8 3.6018 .0274 4.9 7.7219 .0176 2.6
1.4278 .3131 1.8 3.6660 .0272 4.6 7.9254 .0138 2.8
1.4931  .3227 1.7 3.7319 .0262 4.6 8.1372 .0094 3.2
1.5629 .3386 1.6 3.7996 .0291 4.5 8.3576 .0053 3.9
1.6186 .3633 1.7 3.8692 .0317 4.2 8.5872 .0022 5.2
1.6772 .3796 1.6 3.9407 .0338 4.0 8.8264 .0006 7.8
1.7392 .3794 1.5 4.0142 .0324 4.0 9.0757 .0001 11.6
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Yable A-XI. The normalized zero deg. neutron emission spectrum for 3.4-
geV deuterons on a thick Beryllium metal target. '

Upper Yield Stat Upper Yield Stat Upper Yield Stat
Edge per Err  Edge per Err Edge per Err
XeV NeV . eV . ) HeV "

0354  ---- --- 1.4931 4317 1.7 4.3300 .0206 6.3
"0497 .0827 .0 1.5997 .4512 1.6 4.4147 .0180 6.8
0748 0416 6.0 1.6975 .4033 1.7 4.5020 .0229 6.5
"0096  .0823 7.4 1.8046 .3822 1.7 4.5919 .0264 5.9
1951 1063 7.7 1.9983  .4115 1.3 4.6846 .0269 5.6
"0149  .1233 8.0 2.1070  .4227 1.6 4.7801 .0283 5.4
"1681 1306 9.2 2.1946 .4434 1.7 4.8785 .0310 5.2
"2498 1525 5.6 2.2877 .4328 1.6 4.9800 .0330 5.0
"3002 .1771 3.8 2.3868 .4578 1.5 5.0848 .0369 4.7
"3406 .1827 3.8 2.4926 .3726 1.6 5.1920 .0417 4.4
"4003  .2074 3.6 2.5670 .1943 2.3 5.3044 .0445 4.1
"4487 .2040 3.7 2.6449 .0702 3.5 5.4197 .0453 4.0
‘4999 2108 3.6 2.7264 .0335 5.3 5.5387 .0447 3.9
2400 .2235 3.6 2.8117 .0308 5.8 5.6617 .0442 3.9
‘8013  .2418 3.4 2.9010 .0236 6.3 5.7889 .0463 3.8
‘6516  .2568 3.3 2.9948 .0214 6.6 5.9205 .0470 3.7
‘6076  .2450 3.5 3.1964 .0196 5.2 6.0565 .0464 3.6
2487  .2705 3.2 3.3049 .0265 5.8 6.1974 .0460 3.4
"7000 .2808 3.2 3.4191 .0306 5.3 6.3433 .0447 3.3
‘8473 .2891 3.2 3.5393 .0326 5.0 6.4943 .0404 3.3
‘9001 .2966 3.0 3.6660 .0328 4.9 6.6509 .0379 3.3
‘9493  .3068 3.0 3.7319 .0370 5.6 6.8132 .0345 3.2
170028 .3216 2.7 3.7996 .0414 5.3 6.9816 .0297 3.3
1 6600 .3047 2.7 3.8692 .0424 5.1 7.1563 .0255 3.4
11352 .3356 2.3 3.9407 .0411 5.0 7.3377 .0188 3.7
12054 .3672 2.2 4.0142 .0381 5.1 7.5261 .0126 4.2
1 2958 .3752 2.0 4.0898 .0323 5.3 7.7219  .0084 5.0
1 3968 .4068 1.8 4.1676 .0291 5.6 7.9254 .0043 6.1
173931 L4317 1.7 4.2476  .0260 5.9 8.1372 .0018 8.4
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Table A-XII. The normalized zero deg. neutron emission spectrum for 3.0-
MeV deuterons on a thick Beryllium metal target.

Upper Yield Stat Upper Yield Stat Upper Yield Stat
Edge per Err Edge per Err Edge per Err
MeV MeV A MeV MeV h MeV MeV A

.0474 —e-- --- 1.8788 .5575 1.5 3.7040 .0433 4.2
0743 .0210 3.8 1.9277 .5554 1.5 3.7715  .0333 4.4
1249 .0694 4.3 1.9786 .5771 1.5 3.8409 .0274 4.8
1742 .1302 4.3 2.0316 .5800 1.4 3.9122 .0221 5.2
9946  .1424 4.3 2.0867 .5505 1.4 3.9855 .0194 5.6
9750 .1650 4.2 2.1441  .4470 1.5 4.0610 .0217 5.6
2016 .1958 3.2 2.2039 .2302 1.9 4.1385 .0225 5.3
3338 .2103 3.1 2.2347 .0968 3.3 4.2184 .0214 5.3
3771 .2227 3.0 2.2662 .0581 4.3 4.3005 .0236 5.1
4191  .2454 3.0 2.2984 .0444 5.2 4.3851 .0237 5.0
.4598  .2597 3.0 2.3312 .0423 5.6 4.4722 .0277 4.7
4999  .2597 3.0 2.3648 .0423 5.6 4.5620 .0275 4.5
5382 .2826 3.0 2.3991 .0365 5.7 4.6545 .0327 4.3
5811  .2792 2.8 2.4341 .0344 5.9 4.7498 .0334 4.0
6201 .3104 2.8 2.4700 .0324 6.1 4.8482 .0364 3.9
6581 .3028 2.8 2.5066 .0307 6.2 4.9496 .0394 3.7
6998  .3112 2.7 2.5440 .0308 6.2 5.0542 .0416 3.5
7336 .3264 2.9 2.5823 .0175 6.8 5.1622 .0464 3.4
7764  .3357 2.5 2.6215 .0154 8.0 5.2737 .0494 3.2
8161 .3212 2.7 2.6616 .0189 7.8 5.3889  .0531 3.0
8515 .3457 2.7 2.7025 .0204 7.2 5.5079 .0544 2.9
8893  .3762 2.5 2.7445 .0152 7.5 5.6309 .0574 2.8
0297 .3890 2.4 2.7874 .0128 8.2 5.7581  .0552 2.8
9729  .4002 2.2 2.8314 .0141 8.3 5.8897 .0552 2.8
1.0192 .3947 2.1 2.8764 .0173 7.7 6.0258 .0581 2.6
1.0793 .4152 1.9 2.9225 .0175 7.3 6.1667 .0580 2.5
1.1335 .4232 1.9 2.9697 .01%0 7.1 6.3127 .0571 2.4
1.1919  .4277 1.8 3.0180 .0219 6.7 6.4639 .0521 2.4
1.2549  .4451 1.7 3.0676 .0266 6.1 6.6207 .0457 2.4
1.3230 .4097 1.7 3.1183 .0289 5.7 6.7832 .0361 2.5
1.3816 .3976 1.8 3.1704 .0283 5.6 6.9519 .0303 2.6
1.4442  .4191 1.7 3.2238 .0282 5.5 7.1269 .0240 2.8
1.5112  .4547 1.6 3.2785 .0289 5.5 7.3087 .0179 3.1
1.5829 .4684 1.5 3.3347 .0333 5.2 7.4975 .0128 3.4
1.6401 .4884 1.6 3.3923 .0372 4.8 7.6938 .0069 4.1
1.7005 .4931 1.5 3.4514 .0404 4.6 7.8980 .0029 5.6
1.7642 .5021 1.5 3.5121 .0423 4.4 8.1104 .0010 8.0
1.8317 .5418 1.4 3.5743 .0407 4.3 8.3315 .0004 10.9
1.8788 .5575 1.5 3.6383 .0412 4.3 8.5619  .0001 12.5
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Fig. A-12. The normalized spectrum of neutrons emitted at 0 deg. with respect
to 2.6 MeV deuterons incident on a thick Be—metal target.
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Table A-XIII. The normalized zero deg. neutron emission spectrum for 2.6-
HeV deuterons on a thick Beryllium metal target.

Upper  Yield Stat Upper Yield Stat Upper Yield Stat
Edge per Err  Edge per Err Edge per Err
MeV MeV T MeV MeV b MeV HeV %

.2085 ---- --- 2.0128 .0599 5.8 3.7921 .0231 7.4
.2525  .2054 4.0 2.0672 .0461 6.1 3.8621 .0268 6.9
2965 .2535 3.7 2.1237 .0398 6.5 3.9340 .0267 6.6
3398 .2646 3.7 2.1827 .0254 7.7 4.0079 .0277 6.5
3843  .3036 3.4 2.2441 .0270 7.7 4.0840 .0336 6.1
.4276  .3278 3.4 2.3082 .0292 7.3 4.1622 .0311 5.9
.4695  .3308 3.4 2.3412 .0177 10.0 4.2428 .0366 5.7
.5110  .3919 3.2 2.3750 .0140 11.4 4.3256 .0403 5.3
5506 .3715 3.4 2.4095 .0170 11.4 4.4110 .0468 4.9
5949 .3966 3.1 2.4448 .0166 10.9 4.4989  .0460 4.7
.6353  .3851 3.2 2.4809 .0118 11.7 4.5895 .0461 4.6
.6748  .4132 3.1 2.5177 .0138 12.1 4.6828 .0447 4.6
L7181 .4202 3.0 2.5554 .0174 11.0 4.7790 .0465 4.6
.7533  .4524 3.2 2.5940 .0166 10.5 4.8782 .0500 4.4
L7979 .4619 2.8 2.6334 .0191 10.2 4.9806 .0551 4.2
8392 .4463 2.9 2.6737 .0204 9.6 5.0862 .0554 4.0
8762 .4151 3.1 2.7150 .0164 9.9 5.1953 .0665 3.8
9157 .4237 3.0 2.7573 .0172 10.2 5.3079 .0733 3.5
9579 .4489 2.8 2.8005 .0177 9.9 5.4242 .0766 3.3
1.0031  .4335 2.7 2.8448 .0271 8.8 5.5444 .0830 3.2
1.0516  .4603 2.6 2.8901 .0225 8.3 5.6686 .0878 3.0
1.1146  .4720 2.2 2.9365 .0267 8.3 5.7971 .0892 2.9
1.1715  .5127 2.2 2.9840 .0364 7.3 5.9300 .0941 2.8
1.2329  .5657 2.0 3.0327 .0436 6.4 6.0676 .0852 2.8
1.2993  .5637 2.0 3.0827 .0366 6.4 6.2100 .0752 2.8
1.3711  .6064 1.8 3.1338 .0441 6.3 6.3575 .0626 2.9
1.4330 .6524 1.8 3.1863 .0419 6.0 6.5104 .0490 3.1
1.4991  .7096 1.7 3.2400 .0455 5.9 6.6688 .0343 3.4
1.5700 .7399 1.6 3.2952 .0439 5.8 6.8332 .0317 3.6
1.6460  .7547 1.5 3.3518 .0305. 6.3 7.0037 .0192 4.0
1.7067  .7076 1.7 3.4098 .0275 7.0 7.1807 .0101 5.0
1.7708  .3605 2.1 3.4694 .0222 7.5 7.3646 .0029 7.1
1.8386  .0815 3.9 3.5306 .0177 8.2 7.5556  .0006 12.1
1.9104  .0583 5.2 3.5934 .0182 8.5 7.7542  .0001 17.9
1.9606  .0520 6.2 3.6578 .0197 8.2 7.9608  .0000 15.7
2.0128  .0599 5.8 3.7241 .0218 7.8 8.1758 .0001 15.6
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