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DOUBLE-DIFFERENTIAL BERYLLIUM NEUTRON CROSS SECTIONS
AT INCIDENT NEUTRON ENERGIES OF 5.9, 10.1, AND 14.2 MeV

by

Darrell M. Drake, George F. Auchampaugh, Edward D. Arthur,
Charles E. Ragan, end Phillip G. Young

ABSTRACT

We measured beryllium neutron-production cross sections using the time-
of-flight technique at incident neutron energies of 5.9, 10.1, and 14.2 MeV,
and at laboratory angles of 25°, 27.5°, 30°, 35°, 45°, 60°, £0°, 100", 110°, 125°,
and 145°. The differential elastic and inelastic cross sections are presented.
Inslastic is defined here as those reactions that proceed through the states at
1.69-, 2.43-, 2.8-, and 3.06-MeV excitation energy in IBe. Comparison of our
emission energy spectra with calculations using the ENDF/B-IV beryllium
cross sections shows that the ENDF/B cross eections strongly

overemphasize the low-lying states in "Be.

I. INTRODUCTION

Beryilium has been proposed as 8 meajor con-
stituent of controlled fusion reactors because of its
unique characteristic of emitting two neutrons for
each inelastic neutron interactio.. These neutrons
can be used to produck tritium, one of the major fuel
components of the reactor. Calculating the tritium
hreeding rate in proposed :eactor vessel walls re-
quires detailed knowledge of the energies und
sngular distributions of the neutrons emitted from
beryllium under bombardment by enecgetic
neutrons. Almost no such information is ava.lable
for beryllium, especially for the (n,Cn) reaction.
Therefore, we measured the energies and angular
distributions of the neutron emission spectra from
beryllium at incident neutron energies of 5.9, 10.1,
and 14.2 MeV.

NCTICE

1I. EXPERIMENTAL DETAILS
A. Neutron Sources, General

To measure differential continuum cross sections,
such as that for the beryllium (n,2n) reaction, with
monoenergetic reutrons, it is desirable to choost a
neutron source with s high yield of monoenergetic
neutrons compared with background neutrons and
with a background spectrum that can be measured.
For gas targets the neutron background is produced
primarily by charged particle reactione in the
entrance foil and beam stop materials, and to a les-
ser extent by three-body breakup reactions in the
gas. The background associated with the entrance
foil and the beam stop materials can in principle be
measured by removing the gas from the target cell
and by measuring the resultant neutron flux.
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However, neutrons produced in three-body breakup
and subsequently scattered from tl.= sample cannot
be distinguished from those that are emitted by the
scattering sample in reactions with the primary
neutron beam. Therefore, source reactions that do
not produce breakup rneutrons in the inciden:
neutron energy region of interest, are strongly prefer-
red.

Several charged particle reactions are commonly
used at the Lra Alamos Scientific Laboratory
{LASL) Van de Grasff accelerators to produce neez-
ly monoenergetic neutron beams in the eneryy range
studied. These are *H(d,n)*He, JH(p,n)‘:’He,
'H(t,n)’He, *H(t,n)*He, and *H(d,n)*He. The
first two reactions, 2H(d,n)*He and *H(p,n)*He,
have three-body breakup thresholds at 4.45- and
8.34-MeV incident particle energy., which corres-
pand to primary neutron energies of 7.70 and 7.57
MeV, reapectively. In addition, the breskup
background from the *H(d,n)*He reacticn is much
greater than that from the *H{p,n)’He reaction. The
'Ht,n1*He reaction, because of the large center-of-
mass energy, broducea no breakup neutrons in the
energv range of concern in this report. Furthermore,
the primary neutron yield at 0° can be as much as 40
times that of the “Hip,n)*He reaction for
comparable resolution and incident beam current.
Thus, in this experiment, being able to accelerate
tritons and protons is a significant advantage. (For
more details about monoenergetic neutron source
reactinns, assoviated backgrounds, and the influence
of ep' -1 e foil and beam stop materials, see Ref. 1.)
We also took data ueing the *Hip.r1’He reaction to
confirm our ' H(t,n)*He reaction data. The choice of
whether to use the *H(d,n)*He or the inverse
reaction to produce 14-MeV neurrons was based on
experimentai considerations and will be discussed in
more detail in Sec. [I.C.

B. 6- and 10-MeV Neutron Sources

The tandem Van de Graaff was used to produce
5.9- and 10.1-MeY neutrons with the ‘Hir.n}*He
end “Hip.ny’He reactions. The charged particle
beam was bunched to a 1.5-ns pulse width by &
klystron bunching system with a 1.25-MHz fre-
guency.

The entrance foils to the target cell were either 5-
or 10- mg/em”™ molybdenum. The cell was filled to
approximately 2,72 atm (40 psia; with either

hydrogen or tritium gas. For both source reactions a
gold beam stop was used. The calculated reutron
energy spread from straggling of the tritons in the
gan and from kinematic broadening was £ 120 keV
for 6-MeV neutrons and & 90 keV for 10-MeV
neutrons. The energy apread for protons was sub-
stantially less,

The scattering samples were placed about 164 min
in front of the target cell at 0° to the charged particle
beam direction. The distance from: the neutron
detector to the center of the sample was 2.70 m. The
scattering arigle was changed by rotating the
neutron detestor about the center of the sample.

C. 14.2-MeV Neutron Source

Monoenergetic 14-MeV neutrons can be produced
by the “H(t.n)*He or the inverse, *Hid,n)*He,
reaction. We chose the “H(t,n)*He reaction bacause
there i somewhat less energy spread in the 90°
neutron fux and because a cell filled with deuterium
ia less hazardoua than one filled with tritium. The
triton beam was chopped in the terminal of the ver.
tical Van de Graaff accelerator 1o & pulse width of 10
s at a frequency of 2 MHz and, after being ac-
celerated to 2.5 MeV, was compressed to a pulse
width of 1 ns by a Mobley buncher.® The beam
passed through & 10-mg/em® molybdenum foil and
was stopped by the deuterium gas in the target cell.

The samples were placed in the plane perpen-
dicular to the beam, where the average neutron
energy was 14.2 MeV and the average kinematic
energy spread was about £ 300 keV. The samples
and detector were located about 150 mm above the
horizontal beam plane, (See Fig. 1, Ref. 3.) The scat-
tering angle was changed by rotating the sample
about the bearn axis. The detector was moved
forward vr backward as the angles were changed to
keep the flight path constant at 2.77 m.

D. Samples

The beryllium, carbon, and potyethylene scatter.
ing samples were machined into right circular
evlinders, 32.-mm long by 32.mm o.d.. with inside
diameters of 0.5, 19.3, and 28.8 mm. The cylindrical
axis was oriented perpendicular to the charged parti-
cle beam for the 5.9- and 10.1-MeV measurements



and parallel to the beam for the 14.2-MeV measure-
ments.

E. Neutron Detector

‘The neutron detector consiated of a 100-mm-diam
by approximately 76-mm-thick Ne-213 liquid scin-
tillator  directly coupled to an RCA-8854
photomultiplier.® We noticed an improvement in
the Jiscrimination against gamma rays by
eliminating the usual UV-Lucite coupling plate and
placing the NE.213 scintillator in direct contact
with the photomultiplier tube. The detector was
placed in & large container made of copper,
polvethylene, borated polyethylene, and lead and
was shielded from the direct neutron sousce by a
brasa or tungsten shadow bar.

We set the detector bias near the pulse-height
minimum between the 26- and 59-keV *'Am
gamma rays, which corresponds to & neutron energy
of about 300 keV. The ! Am source was mounted in
8 lead container near the side of the detector and
could be remotely positioned, thereby allowing us to
check the bias periodically.

A standard pulse-shape discrimination (PSD? cir-
cuit based upon the zero-crossover technique of
Alexander and Goulding” was used to distinguish
betw=*n neutron and gamma-ray pulses. This circuit
had a pulse-height dynamic range of about 250:1,
which permitted the entie secondary neutron
enerey range from 0.3 MeV to 167 MeV to be
covered with one bias aetling.

A piutonium-bervilium neutron svurce was
periodically placed at a standard position near the
neutron detector to check the stability of the PSD
circuit. The drift in the PSD bias was negligible.

F. Electronics

The time-of-flight information was digitized into
1/8-ns time channels by an EG&G No. TDC-100
time digitizer. The digitizer was started by a pulse
from 8 constant fraction discriminator that was fed
by the anode pulse from the photomuitiplier. The
stop pulse originated from a beam sensor near the
target. The data were stored in an XDS-936 com-
puter in 1/2-na time bins and transferred to magnetic
tape for analysis on a CDC-7600 computer.

I11. DATA REGUCTION
A. General

The number of neutrons detected with an ef-
ficiency ¢«(E') per MeV that are scattered from a
sample of beryllium into a solid angie Q is given by

dzctgl)
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where »(E} is the number of neutrons of energy E in-
cident on the sample, n is the ereal atom density of
the sample, M. iz the correction for multiple
scattering of neutrons of energy E into neutrons of
energy E' and solid angle Q, B(E’} is the neutron
background detected at the time corresponding to a
neutron of energy £, and C(E’) is tha total number
of neutrons detected. A similar expression can be
written for a hydrogen sample with the same dimen-
810Ns
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where the sum extende over all channeis tiiat define

the area of the hydrogen elastic peak. Solving for

&(E) in BEg. (21 and substituting it into Eq.(1)

results in the following expression for the double-
differential cross section
¢
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The differential cross section is obtained by in-
tegrating [£q. (3} over the etmission neutron energy
E‘ Because we are taking a ratic of two measure-
men¢s, both using the same detector, only the
relative efficiency of the detector is required for
determining the croas sectior.

Polyethylene samples were used to obtain the
hydrogen data. At smell angles ard high in-ident
neutron energies the hydrogen elastic peak wae not
completely resolved from the carbon elastic and in-
elastic peaks. Therefore, data were taken with a
carbon sampie and used to correct the area of the
hydrogen elastic peak. Many sets of polyethylene-
carbon data were taken at each incident energy and
for various angles to determine the constant K(E).



B. Relative Neutron Efficiency

The relative neutron efficiency of our detector was
measured from 0.3 to 20 MeV using neutrons from
the reactions 2H(d,n)®He, 3H(p,n)*He, *H(d,n)*He,
and by elastically scattering neutrons from
hydrogen. An efficiency plot is shown in Fig. 1. The
various reactions used in each energy range are also
indicated. The evaluations of Liskien and Paulsen®
were used for the charged particie cross sections, and
the hydrogen differential cross section’ was taken
from the ENDF/B-IV cross-section library. The peak
at approximately 15 MeV in the efficiency curve is
caused by the *C(n,n'3a) reaction in the carbon of
the scintillator and is visible only as a co::-squence
of the low bias on our detector.

C. Multiple Scattering Correction

Multiple scattering corrections were calculated
with the LASL Monte Carlo code MCN.® The
geometry used in the calculations was an unshielded
detector without a shadow bar and an isotropic
monoenergetic neutron source. The scattered
neutrons were tallied by energy and angle according
to the type of reaction that created them: elastic, in-
elastic, eiastic-elastic, elastic-inelastic, inelastic-
inelastic, and the sum of all five processes. The
calculations using MCN with verious fictitious sam-
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Fig. 1.

Relative efficiency of *he neutron detector vs
energy. Reacti=ns used to obtain this curve
were '3H(p,nj'ry;'~1e (w), IH(n.n)’H (m ),
IH(d,n)*He (o), and 2H(d,n)’He (a). The
increase in e Jiciency at approximately 15 MeV
is from the 120¢n,n',3a) reaction in the carbon
of the liquid scintillator.

ple densities showed that spectra computed with a
sample of 0.01 or less of normal density were not
measurably diztorted by the muitiple neutron scat-
tering processes. Therefore, to get M, we ran MCN
with a normal density sample and then repeated the
calculation with a sample of one-hundredth normal
density. The multiple scattering correction was ob-
tained by taking a ratio of these two spectra for each
angle multiplied by the atom density ratio for the
two samples. Tables of M, were generated for
incident neutrons of energies 5.9, 10.1, and 14.2 MeV
and for up to 20 values of emergent neutron energies.
These tables were linearly interpolated to obtain the
values of M, used in computing the cross sections.

D. Background Source:

For the 5.9- and 10.1-MeV measuremenis the four
sources of neutron background that need to be con-
sidered, pa-ticularly in the continuum region, are (1)
breakup rieutrons in the gas, which can be ignored
for the 'H(t,n)’He reaction, (2) neutrons from the
charged particle reactions in vhe foil and beam stop,
(3) neutrons that scatter off the shadow bar into the
sample and then rescatter into the detector, and (4)
neutrons that scatter from the shield surrounding
the detector. By taking the following four spectra at
each incident energy and angle, most of the sources
of background can be removed from the data. These
are spectra with either hydrogen or tritium in the
cell and the sample (a) in and (b) out, and spectra
with either the hydrogen gas removed or the tritium
gas replaced with helium gas and the sample (c) in
or (d) out. A typical set of these four apectra for 10.1-
MeV incident neutrons from the 'H(t,n)’He
reaction at a 60° laboratory scattering angle is shown
in Fig. 2. The spectra are combined by subtracting
(b) from (a) and (d) from (c), and then subtracting
the resulting two spectra, The final spectrum,
however, still contains a background from neutrons
that scatter off *he shadow bar into the sample and
then rescatter into the detector. Monte Carlo
calculations show that the eifect of the shadow bar
on the spectrum is negligible.

For the 3H(p,n):;l'le reaction, the spectrum has an
additional background from: the tritium breakup
process, which is present only in the continuum
region. The yield from the 3H(p,n):’He reaction is
also lower, giving poorer statistice on this data.
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Time-of-flight specira for 10.1-MeV incident
neutrons on beryllium for a laboratory scatter-
ing angle of 60° The source reaction s
Itt,n)'He and the four spectra are: sample
in - gas in (e), sample in - gos out (»), sample
out - gas in (), and sample out - gas out (@ ).

Therefore. only the elastic cross sections were deter-
mined trom the data obtained using the :‘H(p.n)xHe
reaction. The values were in good agreement with
those obtained from the inverse reaction.

For the 14-MeV measurements, relatively few
neutrons were produced by the low-energy tritons in
the entrance foil, and the main source of neutron
beckground was caused by less than ideal shielding
of the detecior from the direct 14-MeV neutrons. For
this resson, only sample-in and sample-out data
were taken at each angle for these measuremenis.

E. Data Code

A FORTRAN code was written to reduce the raw
spectra to cross sections using Eq. (3). This code per.
formed a channel by channre} subtraction of the ap-
propriate background spectra as outlined above,
computed the relativistic energy and the relative ef-
ficiency for each channel, corrected for roultiple
scattering, and tabulated the cross section with
statistical error (in mb/MeV.sr) in both the
laboratory and the center-of-mass systama.

IV. RESULTS

The double-differential crcas sections for 5.9-,
10.1-, and 14.2-MeV incident neutron energies are
shown in Fig. 3. These cross sections are given in the

laboratory system. The errors represent the
statistical uncertainty of each data point. The
energies of the low-lying levels in Be are indicated
with arrows. The first maximum below the elastic
peak probably includes a contribution from the 1.68-
MV state in ?Be. However, our energy resolution,
except for the measurement at 5.9 MeV, is not suf-
ficient to separate this contribution from that of
other states nearby. For 5.9-MeV neutrons we see no
brar.zhing to the 1.68-MeV state. The broadening at
the base of the elastic peak for 5.9-MeV neutrons at
an angle of 125° is due to improper bunching of the
charged particle beam.

The differential elustic and inelastic croes sections
corresponding to the 1.69-, 2.43-, 2.8-, and 3.06-MeV
states in °Be (hereater riferred to collectivily as the
“2.43-MeV" state) for 5.9-, 10.1-, and 14.2-MeV inci-
dent neutrons are given in Table I. These cross sec-
tions were obtained by integrating the appropriate
peaks in the energy distribution curves in Fig. 3. The
errors given in Table I on each cross section repre-
sent a quadrature of the statistical and systematic
errors. The systematic errors used at the three
energies for the elastic cross sections were 13%, 13%,
and 11%, respectively. These included uncertainties
in the normalization constant (K), efficiency, multi-
ple scattering, and, for the inelastic cross sections,
an uncertainty in the definition of the peak area.

The cross sections for neutrons emitted to states
above the '2.43-MeV"' state, referred to as double-
differential continuum cross sections, are given in
Tables II-IV. For these cross sections the systematic
uncertainty varied with energy and angle but
averaged about 11%.

The cross sections presented in Tables I-IV are
neutron production cross sections and therefore
should be divided by the number of neutrons emit-
ted in the reaction. For the elastic reaction this
number is one, and for the inelaatic reaction it is
usually considered two because no gamma-ray emis-
sion from the excited states in ?Be has heen observed
even &. 14 MeV.? Inelastic scattering leaves the 'Be
nucleus in a state which preferentially decays by
neutron emission,

The angle-integrated cross sections are given in
Tabie V. These elastic and inelastic cross sections
were obtained by using Wick’s!0 inequality
| ¢(0°) > (ka/4r)?, where k is the center-of-mass
wave number and o7 is the total cross section | to
extrapoiate the elastic distribution to 0° and by us-
ing reasonable extrapolationa to 0° and 180° for the

5
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TABLE |

BERYLLIUM DIFFERENTIAL NEUTRON CROSS SECTIONS

n 5.9 MeV 10.1 MeV 14.2 MeV
Inelastdc Inelastdc Inelastic
(“2.43-MeV” ("2.43-MeV" ("2.43-MeV"
Elastic state) Elastc state) Elasdc state)
OL (mb/sr) (mb/sr) (mblsr)__ (mb/sr) (snb/sr) (mb/sr)
25° 433257 80213 480 * 62 68 14
27.5° 388 £ 43
30 335 %37
35 320 £ 42 6511 285 * 37 49 £ 10 234+ 26
45° 180t 23 57 10 151 % 20 43%9 11913
60° 75 £10 42+7 40t5 357 31.1+3.4 18455
80° 2331 32%5 15220 26%5.2 11.5+1.3 142246
100° 26t 3.4 28t48 2431 22t4.4 23.0%2.5 13.8 ¢ 4.1
110° 32490 30%5.2
125° 31130 2847 151 2.0 26£5.2 9.5+1.1 9.9%3.0
145° 5.7%0.7 7.9%24
TABLE If

BERYLLIUM DOUBLE-DIFFERENTIAL CONTINUUM CROSS SECTIONS FORE, = 5.9 MeV

(mb/sr/MeV)
0L

AE,

(MeV) 25° 35° 45° 60° 80° 100° 110° 125°
0.4-05 108 * 16 103+ 15 99+ 15 82%12 70+ 11 45+ 7 426 34+ 5
05 - 0.6 93 % 14 88+ 13 82%12 69+10 53+8 376 386 29+4.3
0.6-0.7 B3%12 72+ 10 6910 49:7 33t4 2228 19%30 1823
0.7-08 69+ 9 67*9 6448 43%6 304 19.2+25  17%£22 17%2.2
08-09 5147 567 50t 7 364 27+3 19.0£25 1621 19%25
09-1.0 435 4445 40+ 5 36+ 4 27£32  15.5+19 14t18 1417
1.0-1.25 39t5 354 334 26+3.1 18722 12315 1it14 11213
1.25-1.5 3624 3124 256+3.1 21%25§ 15 1.8 11213 12314 10212
1.5-1.75 324 2742 23+27 18t2.1 15+ 1.8

1.75- 2.0 295+ 3.5 24£29 22226 17120

inelastic distributions. The n,2n cross sections are
computed assuming that 8.l inelastic processes emit
two neutrons. The n,a and the n,t cross sections are
taken from the ENDF/B-IV beryllium cross-section
library.}!

V. DISCUSSION

A. Self-Consistency Checks

The cross sections were checked for self-
conaistency in the following ways. The multiple scat-
tering corrections were checked by teking date with



TABLE IH

BERYLLIUM DOUBLE-D«FFERENTIAL CONTINUUM CROSS SECTIONS FOR E_ = 10.1 MeV

(mb/sr/MeV)
fy

AE,

(MeV) 25° 35 45° 60° S0° 100° 125°
0.14-0.5 6112 63112 55t 10 47175 3658 24t 46 2326.5
0.5-0.6 63195 68110 58+8.7 481 7.2 3451 27+57 2450
0.6-0.7 6316.9 66+ 8.6 541 7.0 48 £ 6.2 29+ 4.6 28+53 231¢3.7
0.7-08 6179 6179 50+ 6.5 4457 26+ 3.4 28+ 3.6 22+30
0.8-0.9 57+ 6.8 51%6.1 44%53 43 23x28 1532 20t 3.0
0v-10 51+6.1 4250 3744 3437 21+23 20£222 19223
1.0-1.25 42%46 33+36 29+32 27+3.0 18+ 2.0 17424 15¢1.7

1.25-1.5 32+35 27430 25%2.7 21%23 16+ 1.8 13214 13+ 1.4
1.5-1.75 26 %29 2426 22+24 18£20 14%15 11+1.2 10t
1.75-2.0 22+24 21+23 17219 1618 1213 B89*1.0 80109

2.0-2.5 22+24 1820 15+1.7 1415 95+10 62+07 5306

2.5-3.0 25+2.7 19+2.1 1112 12+1.3 68%0.7 44105 1.7t04

3.0-4.0 20+2.2 144+16 7.3t08 7.5£08 452105 3.3:04 22103

4.0-5.0 i3 1.4 9.111.0 55+06 5606 1612

5.0- 6.0 1121.2

TABLE IV
BERYLLIUM DOUBLE-DIFFERENTIAL CONTINUUM CROSS SECTIONS FOR E,, » 14.2 McV
{mbisr/MeV)
0[.
AE,
(MeV) 21.5° 35° 35" 60° 80° 100° 125° 143°
04-05 §s 10 559 4+ 8 44 %7 29244 23235 17513.3 13%39
0.5-0.6 $919 53¢8 46% 7 4626 33213 22+3.1 200232 22%37
0.6-0.7 s8t8 4816 4516 39t 32£45 21423 195227 19%28
0.7-C8 Si%6 4545 4425 317t 4.4 2938 20224 165%t2.3 18:25
08-09 44t 5 4215 40+t S 31%3.7 27%35s 20224 160+ 2.1 1722
09-10 42t5 ig+4 3614 3ctiz 24226 18120 15519 162 2.1
1.0-1.25 374 324 29£3.2 24126 185t19 145215 13.5%15 13214
1.25 - 1.50 3033 26t29 25¢28 21£23  155%1.5 135t14 120%1.3 1tt12
1.50-1.75 23$25 20£22 022 17219 13.0t13 100%l.1 85209 87110
1.7 - 2.0 20£2.2 26t2.2 18t2.0 14215 11512 83209 64108 7.5209
2.0-2.5 1911.3 18.5 2.2 165218 13214 290z 1.0 $.310.7 $2%06 5606
25-3.0 18120 145117 135215 105t 1.2 7008 €006 42105 40105
3.0-4.0 15817 11.0£13 10211 80109 48105 41104 3904 4.4%0S$
4.0-5.0 11.3$1.2 80110 74208 56206 46105 461905 37404 41108
5.0-6.0 9711 81%10 78%09 63207 64107 43£03 25203 2002
6.0-7.0 107¢1.2 %241.1 8.7%0.6 7.0t 08 64107 42105 22103

7.0-8.0 107412 96¢1.1 80109 52106 45105 29403

8.0-9.0 157112 80110



TABLE V

BERYLLIUM ANGLEINTEGRATED NEUTRON CROSS SECTIONS

fncident Dinellna’}

Neutron (2.43-MeV Ginel(nn’)
Energy Opin.n) state) {contiguum) a(n,2n) o(n,a)¢ o(n,t) a(toral)
tMey) (}3;!))' ~ unb) 1mb) (mb) {mb) (mb) (mb)
59 1146 ¢ 149 1700 ¢ KO 634294 562 * 62 ¢ 0 1758 = 161
10} 1021+ 133 341 r OB 764 2115 352+ 67 20 G 1593 * 149
142 995« 109 199 * 64 967 *+ 145 583 % BO 10 18 1606 * 135

ApNpp Ry !

samples of different inner radii. The elastic and in-
elastic cross sections obtained agreed to within 3%
and the continuum cross sections to within 10, The
elustic cross sections obtained with the 'H(t,n)*He
and 'Hip.n)*He reactions at 5.9 and 10.1 MeV
agreed tn better than 477. The s1atistics on the con-
tinuum ‘H(p.n)'He deta were very poor, and
therefure no meaniful comparison could be made
with the 'H(t,n)*He data.

Instead of normalizing the elastic data to the n,p
cross section using the neutrons scattered from
polvethvlene, the detector was rotated to 0° to
measure the relative neutron flux cirectly. This al-
lowed the elastic cross section ai forward angles to be
caiculated without relving on the scattering from
polyethylene or on the relative efficiency shape.
Comparison of the cross sections computed this way
with the cross sections computed by using the n,p
cross section showed agreemernst te 37,

B. Data Comparison

In Fig. 4 the present differential elastic cross cec-
tions {circles) for 5.9-, 10.1-, and 14.2-MeV incident
neutron energies are compared with the ENDF/B-IV
beryllium cross sections (triangles).“ They are
plotted as a function of the cosine of the laboratory
scattering angle. The total errors are plotted for each
data point. The data agree with the evaluated cross
sections within the experimental errors,

Our angle-integrated croes sections are compared
in Table VI with the ENDF/B-IV cross sections and
with a recent measurement of the n,2n cross gections
by Veeser.'? The agreement among the three sets of

n,2n cross sections is good considering that ali n,2n
cross sections were measured by the integral techni-
que, which counts both neutrons in a large liquid
scintillator tank, whereas we measured the energy-
angular distributions separately and integrated
them to obtain cur n,2n cross sections.

The paucity of neutron energy diatribution data
on beryllium at the incident energies and angles con-
sidered in this report, except perheps at approx-
imately 14 MeV, makes it difficult t» make extensive
comparisons. At 14 Me% there are two sets of
data—that of Prud’homme et al.!®> who measured
energy-angular distributions for 14.7-MeV incident
neutrons from 0.5 to 7 MeV at scattering angles of
45° and 90°, and that of Hermadorf et al.'* who
covered the secondary neutron energy range from 2
to 14 MeV at angles of 52.9°, 77.7°, 89.8°, and 131.1°
for 14.6-MeV neutrans. If we ignore the slight dif-
ferences in the incident neutron energies between
our data and these two sets of data and linearly in-
terpolate angle in our data tables, we can then make
a comparicon. This comparison is shown in Fig. 5 for
Pric homme's 45° and 90° data (dashed line),
Hermsdorf’s 89.8° and 131.1° data (dash-dot linej,
and our data (solid line). Our data are highe: at
forward angles and lower than Hermedorfe data at
back angles. However, all three seis are in good
agreement at 90°.

For 5.9 and 10.1 MeV there are essentially no con-
tinuum energy distribution data. Because most fu-
sion reactor calculations use the ENDF/B-1V library
cross sections, we thought it instructive to generate
energy distributions from these files at 5.9, 10.1, and
14.2 MeV. The ENDF/B-IV distributions are
calrulated from models for the emission of the first
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Fig. 4.
Comparison of the present differential elastic cross section (o) and the ENDF/B IV differen-
tial elastic cross section (a) for (a) 5.9-MeV, (b) 10.1-MeV, and (c) 14.2-MeV incident
neutrons on beryllium. The laboratory cross sections are plotted as a function of the cosine of
the laboratory scattering angle. The total errors are plotted. See text for more details on the

errors.

10



TABLE VI

COMPARISON OF BERYLLIUM NEUTRON CROSS SECTIONS

Incident

Ncutron Oy (n,n) o(n,2n) attotal)
Energy present ENDF/D-1VE present ENDE/BIV®  Veeser® present ENDF/B-IV?
(MeV) {mb) {mb) {mb) (mb) (mb) (mb) (mb)
5.9 1146 £ 149 1180 562 62 560 576 =41 1758 £ 161 1817
1G.1 1021 133 1070 552+ 67 555 1593 161 1660
14.2 995 + 109 925 583+ 80 510 482 £ 39 1696+ 135 1478
(14.7 MeV)
ARclerence 11.
Reference 12,
‘é[; T T T ' | T 3 and second neutrons, assuming that the inelastic
Enu 14 Mev ] reaction emits two neutrons. The energy resolution
] of our experiment was folded into these spectra.
’ fra8 1 Three spectra are compared with our dats at
A laboracory angles of 80° (5.9 MeV), 45° (10.1 MeV),
1ol ] and 125° (14.2 MeV) in Fig. 6. The ENDF/B-IV data
f ‘\— a3 are represented by the short and long dash lines and
______________ ; our data by the solid lines. The calculations made at
E ] other angles show the same characteristic—that the
i low-lying states in %Be are overemphasized in the
r g re0° ENDF/B-IV cross-section library.

=)

DIFFERENTIAL CONTINUUM CROSS SECTION (rb/sr-MeV)
=3
H"TT'V'VT

0 } 2 3 4 5 6 7
NEUTRON ENERGY (Mev)

Fig. 5.
Comparison of beryllium double-differential
cross sections for approximately i4-MeV
neutrons at laboratory angles of 45°, 90°, and
131°: our data (14.2 MeV) solid line,
Prud’homme et al.’? (14.7 MeV) dashed line,
and Hermsdorf et al.® (14.6 MeV) dash-dat

line.

At the other exireme is a purely statistical phase
gpace calculation that completely ignores the ex-
cited states of & nucleus. Such a phase space calcula-
tion is sometimes useful in predicting the energy dis-
tribution of the particies from a three- or more-body
final state configuration. We calculated the relative
neutron energy distribution for the three-body final
state configuration consisting of two neutrons and
the ®Be nucleus for our incident neutron energies
and angles. Some of these results are piotted ia Fig.
6 (dashed lines). An arbitrary normalization factor
has been applied to these curves for ease of com-
parison with our data. Cleerly the phase space
calculation oversimplifies the neutren production
mechanism in beryliium by failing to account for the
maxima in the cross sections that correspond to
transitions to states in °Be.

The ENDE/B-IV results and phase space caicula-
tions show the difficulties inherent in calculating
emitted spectra from models and emphasize the

11
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strong need for supporting measurements that detee-
mine such spectra. This need is particularly impor-
tant when the material is a prime component in the
structure of any fusior. reactor design.
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