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DOUBLE-DIFFERENTIAL BERYLLIUM NEUTRON CROSS SECTIONS

AT INCIDENT NEUTRON ENERGIES OF 6.9, 10.1, AND 14.2MeV

Darrell M.

by

Drake, George F. Auchampaugh, Edward D. Arthur,
Charles E. Ragan, and Pbillip G. Young

ABSTRACI’

We measured beryllium neutron-production cross sections using the time-
of-flight technique at incident neutron energies of 5.9, 10.1, and 14.2MeV,—--—

>~, /-’
_ and at laboratory angles of 25°, 27.5°, 30°, 35°, 45°,60°, 80”, 100°, 110°, 125°,

and 146°. The differential elastic and Inelastic cross sections are presented.
‘= ~o-

:= ~
Inelastic 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 ‘Be. Comparison of our
z!~ emission energy spectra with calculations using the ENDF/B-IV beryllium
$E$j
e= op— cross sections shows that the ENDF/B cross sections strongly-- —1z-

s= g ov6reniphasize the low-lying states in ‘Be.

~eg—,
~m.=

.—— ——_— ___ .— ____ ____-
—

L INTRODUCTION

Beryllium has been proposed as a major con-
stituent of controlled fusion reactors because of ita
unique characteristic of emitting two neutrons for
each inelastic neutron interaction. These neutrons
can be used to produce tritium, one of the major fuel
components of the reactor, Calculating the tritium
breeding rate in proposed reactor vessel walls re-
quires detailed knowledge of the energies and
angular distributions of the neutrons emitted from
beryllium under bombardment by energetic
neutrons. Almost no such information is available
for beryllium, especially for the (n,2n) 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.

II. EXPERIMENTAL DETAILS

A. Neutron Sources, General

To measure differential continuum cross sections,
such as that for the beryllium (n,2n) reaction, with
monoenergetic neutrons, it is desirable to choose a
neutron source with a 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 reactions 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 the 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 neutrons in the incident
neutron energy region of interest, are strongly prefer-
red.

Several charged particle reactions are commonly
used at the Los Alamos Scientific Laboratory
(LASL) Van de Graaff accelerators to produce near-
ly monoenergetic neutron beams in the energy range
studied. These are 2H(d,n)3He, 3H(p,n)3He,
1H(t,n)3 He, 2H(t,n)4He, and 3H(d,n)4He. The

2H(d,n)3He and 3H(p,n)3He,first two reactions,
have three-body breakup thresholds at 4.45- and
8.34-MeV incident particle energy, which corres-
pond to primary neutron energies of 7.70 and 7.57
MeV, respectively. In addition, the breakup
background from the 2H(d,n)3He reaction is much
greaterthan that from the 3H(p,n)3He reaction. The
1H(t,n)3He reaction, because of the large center-of-
mass energy, produces no breakup neutrons in the
energy range of concern in this report, Furthermore,
the primary neutron yield at O“ can be as much as 40

3H(p,n)3He reaction fortimes that of the
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
reactions, associated backgrounds, and the influence
of entmnce foil and beam stop materials, see Ref. 1.)
We also took data Usingthe 3H(p,n)3He reaction to
confirm our 1H(t,n) 3He reaction data. The choice of
whether to use the 3H(d,n)4He or the inverse
reaction to produce 14-MeV neutrons was based on
experimental considerations and will be discussed in
more detail in Sec. ILC.

B. 6- and 10-MeV Neutron Sources

The tandem Van de Graaff was used to produce
5.9- and 10.1-MeV neutrons with the 1H(t,n)3He
and 3H(p,n)3He reactions, The charged particle
beam was bunched to a 1,5-ns pulse width by a
klystron bunching system with a 1.25-MHz fre-
quency.

The entrance foils to the target cell were either 5-
or 10- mg/cm2 molybdenum. The cell was filled to
approximately 2.72 atm (40 psia) with either

2

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

The scattering samples were placed about 164mm
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 angle was changed by rotating the
neutron detector about the center of the sample.

C. 14.2-MeV Neutron Source

Monoenergetic 14-MeV neutrons can be produced
by the 2H(t,n)4He or the inverse, 3H(d,n)4He,
reaction. We chose the 2H(t,n)4He reaction because
there is somewhat less energy spread in the 80°
neutron flux and because a cell filled with deuterium
is less hazardous than one filled with tntium. The
triton beam was chopped in the terminal of the ver-
tical Van de Graaff accelerator to a pulse width of 10
ns 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.2 The beam
passed through a 10-mg/cm2 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 A 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 beam axis. The detector was moved
forward or backward as the angles were changed to
keep the flight path constant at 2.77 m,

D. Samples

The beryllium, carbon, and polyethylene scatter-
ing samples were machined into right circular
cylinders, 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 perti-
cle beam for the 5.9- and 10.1-MeV measurements

,

.
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and parallel to the beam for the 14,2-MeV measure-
ments.

E. Neutron Detector

The neutron detector consisted of a 100-mm-diam
by approximately 76-mm-thick Ne-213 liquid scin-
tillator directly coupled to an RCA-8864
phot.amultiplier.4 We noticed an improvement in
the discrimination against gamma rays by
eliminating the usual W-Lucite coupling plate and
placing the NE-213 scintillator in direct contact
with the photomultiplier tube. The detector was
placed in a large container made of copper,
polyethylene, berated polyethylene, and lead and
was shielded horn the direct neutron source by a
brass or tungsten shadow bar.

We set the detector bias near the pulse-height
minimum between the 26- and 59-keV 241Am
gamma rays, which corresponds to a neutron energy
of about 300 keV. The 241Amsource was mounted in
a 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 end Goulding6 was used to distinguish
between neutron and gamma-ray pulses. This circuit
had a pulse-height dynamic range of about 250:1,
which permitted the entire secondary neutron
energy range from 0.3 MeV to 16.7 MeV to be
covered with one bias setting,

A plutonium-beryllium neutron source 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
l/8-ns time channels by an EG&G No. TDC-1OO
time digitizer. The digitizer was started by a pulse
from a constant fraction discriminator that was fed
by the anode pulse from the photomultiplier. The
stop pulse originated from a beam sensor near the
target. The data were stored in an XDS-930 com-
puter in l/2-ns time bins and transferredto magnetic
tape for analysis on a CDC-7600 computer.

III. DATA REDUCTION

A. General

The number of neutrons detected with an ef-
ficiency c(E’) per MeV that are scattxmedfrom a
sample of beryllium into a solid angle !2 is given by

A(E’)=C(E’)-B(E’)= $(E) M~(E; E’ ,Q)nfk(E’) *,

(1)

where @(E) is the number of neutrons of energy E in-
cident on the sample, n is the areal atom density of
the sample, M, is 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 E’, and C(E’) is the total number
of neutrons detected. A similar expression can be
written for a hydrogen sample with the same dimen-
sions

(kJv(E)
IAH(E) . t)(E) tf~(Ii; E, Sl)n% ~ E(E) , (2)

where the sum extends over all channels that define
the area of the hydrogen elastic peak. Solving for
o(E) in Eq. (2) and substituting it into Eq.(1)
results in the following expression for the double-
differential cross section

*= ~(~) J~@’) - ~@’)L
Erel(E’)~~(E;~’,O)

The differential cross section is

(3)

obtained by in-
tegrating Eq. (3) over the emission neutron energy
E’. Because we are taking a ratio of two measure-
ments, both using the same detector, only the
relative efficiency of the detector is required for
determining the cross section.

Polyethylene samples were used to obtain the
hydrogen data. At small angles and high incident
neutron energies the hydrogen elastic peak was not
completely resolved from the carbon elastic and in-
elastic peaks. Therefore, data were taken with a
carbon sample 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).

3



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)3He, 3H(p,n)3He, 3H(d,n)4He,
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 Paulsen6
were used for the charged particle 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 12C(n,n’3a) reaction in the carbon of
the scintillatnr and is visible only as a consequence
of the low bias on our detector,

C. Multiple Scattering Correction

Multiple scattering corrections were calculated
with the LASL Monte Carlo code MCN.6 The
geometry used in the calculations was an unshielded
detector without a shadow bar and an isotropic
mono energetic neutron source. The scattered
neutrons were tallied by energy and angle according
to the type of reaction that created them: elastic, in-
elastic, elastic-elastic, elastic-inelastic, inelastic-
inelastic, and the sum of all five processes. The
calculations using MCN with various fictitious sam-

i
O.I-IL 1 , 1 , 1 , , , , ,

10 0.0
NEUTRONENERGY(MoV)

Fig. 1.
ReZutive efficiency of the neutron detector vs
energy. Reactions used to obtain this curve
were 3H(p,n)3He (V), lH(n,n)lH (8 ),
3H(d, n)4He (e), and 2H(d, n)3He (A). The

l!?increase in e “ciency at approximately 16 MeV
is from the C(n, n’,3a) reaction in the carbon
of the liquid scintillator.

ple densitie8 showed that spectra computed with a
sample of 0.01 or less of normal density were not
measurably distorted by the multiple 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 Bpectrafor each
angle multiplied by the atom density ratio for the
two samples, Tables of M, were generated for
incident neutrons of energies5.9, 10.1, and 14.2MeV
and for up to 20 values of emergent neutron energies.
These tables were linearly interpolated to obtain the
values of Maused in computing the cross sections.

D. Background Sources

For the 5.9- and 10.1-MeV measurements the four
sources of neutron background that need to be con-
sidered, particularly in the continuum region, are (1)
breakup neutrons in the gas, which can be ignored
for the lH(t,n)3He reaction, (2) neutrons from the
charged particle reactions in the 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. Atypical set of these four spectra for 10.1-
MeV incident neutrons from the 1H(t,n)3He
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 the shadow bar into the sample and
then rescatter into the detector. Monte Carlo
calculations show that the effect of the shadow bar
on the spectrum is negligible.

For the 3H(p,n)3He 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)3He reaction is
also lower, giving poorer statistic on this data.

.

.

.
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Fig. 2.

Time-of-flight spectra for 10.l-MeV incident
neutrons on beqyllium for a laboratory scatter-
ing angle of 60°. The source reaction is
lH(t n)3He and the four spectra are: sample
in - ~as in (o), sample in - gas out (A), sample
out - gas in (4), and sample out - gas out (m ).

Therefore, only the elastic cross sections were deter-
mined from the data obtained using the 3H(p,n)3 He
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
background was caused by less than ideal shielding
of the detector from the direct 14-MeV neutrons. For
this reason, only sample-in and sample-out data
were taken at each angle for these measurements.

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 channel subtraction of the ap-
propriate background spectra as outlined above,
computed the relativistic energy and the relative ef-
ficiency for each channel, corrected for multiple
scattering, and tabulated the cross section with
statistical error (in mb/MeV. sr) in both the
laboratory and the center-of-mass systems.

IV. RESULTS

The double-differential cross 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 fist maximum below the elastic
peak probably includes a contribution from the 1.68-
MeV 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 6.9-MeV neutrons we see no
branching to the 1.68-MeV state. The broadening at
the base of the elastic peak for 6.9-MeV neutrons at
an angle of 126° is due to improper bunching of the
charged particle beam,

The differential elastic and inelastic cross sections
corresponding to the 1.69-, 2.43-, 2,8-, and 3,06-MeV
states in ‘Be (hereafter referred to collectively as the
“2.43-MeV” state) for 6.9-, 10,1-, and 14.2-MeV inci-
dent neutrons are given in Table L 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 13T0,13T0,
and llYo, 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 neutrona 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?40.

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 inelastic reaction it is
usually considered two because no gamma-ray emis-
sion from the excited states in ‘Be has been observed
even at 14 MeV.9 Inelastic scattering leaves the ‘Be
nucleus in a state which preferentially decays by
neutron emission.

The angle-integrated cross sections are given in
Table V. These elastic and inelastic cross sections
were obtained by using Wick’s1° inec@itY
[ u(O”) > (kd4r)2, where k is the center-of-mass
wave number and c7Tis the total cross section ] to
extrapolate the elastic distribution to 0° and by us-
ing reasonable extrapolations to 0° and 180° for the

5
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Fig. 3.
Double-differential cross sections for (a) 5,9-
MeV, (b) 10. l-MeV, and (c) 14.2-MeV incident
neutrorw on beqyllium. The cross sectiorw are
given in the laboratory eystem. The arrows in-
dicate the positione of the low-lying states in
‘Be which may contribute to the observed
ma;ima in the cross sections at the indicated
energies. In Fig. 3(a) the low-energy shoulder
on the elostic peak at e L = 125° h due to poor
bunching of the churged particle beam.
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AEn
(MeV)

0.4- 0.5
0.5 -0.6
0.6 -0.7
0.7 -0.8
0.8- 0.9
0.9- 1.0
1.0-1.25

1.25 -1.5
1.5-1.75

1.75 -2.0

(?L

25°
27.5°

30°
35°
45”
60°
80°

100°
110°
125”
145°

TABLE I

BERYLLIUM DIFFERENTIAL NEUTRON CROSS SECTIONS

5.9 MeV
Inelastic

(“2.43 -MeV”
Elastic state)
(mbfsr) (mblsr)

443 * 57 80+13

320*42 65*11

180 *23 57 * 10
75 * 10 42i7

23 * 3.1 32*5
26 ~ 3.4 28 f 4.8

32 *4.o 30*502
31 *4.O 28 ~ 4.7

10.1 MeV
Inelastic

(“2.43-MeV”
Elastic state)
(mblsr) (mb/sr)

480 *62 68* 14

285 * 37 49 * 10

151*2O 43*9

40*5 35*7

15 *2.O 26 + 5.2

24i 3.1 22 * 4.4

15 *2.O 26 * 5.2

14.2 MeV
Inelastic

(“2.43 -MeV”
Elastic state)
(mblsr) (mb/sr)

388 *43
335 * 37
234*26

119*13
31.1 * 3.4 18.4 * 5.5
11.5 * 1.3 14.2 * 4.6
23.0 * 2.5 13.8 *4.1

9.5 * 1.1 9.9 * 3.0

TABLE 11

BERYLLIUM DOUBLE-DIFFERENTIAL CONTINUUM CROSS SE(XIONS FOR En = 5.9 McV
(mb/sr/MeV)

e=

25°

108 * 16
93 * 14
83*12

69?9-
53*7

43*5

39*5
36*4
32*4

29.5 * 3.5

35°

103 * 15
88? 13
72 * 10
67*9
56*7

44?5
35*4
31*4
2723
24* 2.9

45°

99* 15

82 k 12
69 i 10
fj4*8

50*7
40*5
33~4

25.6 * 3.1
23 * 2.7
22 i 2.6

60°

82+ 12

69* 10
49*7
43*6
36*4

36*4
26* 3.1

21 *2.5
18*2.1
17*2.O

80°

70* 11
53*8
33*4

30?4
27*3
27 * 3.2

18.7 * 2.2
15 ~ 1.8
15 + 1.8

100°

45*7
37*6
22 ~ 2.8

19.2 * 2.5
19.0 * 2.5
15.5 * 1.9
12.3 f 1.5

11 * 1.3

110°

42*6
38*6
19* 3.0

17* 2.2
16* 2.1
14 f 1.8

11 *1.4
12* 1.4

125°

34?5
29? 4.3
18* 2.3
17* 2.2
19* 2.5

14* 1.7
11 *1.3
10* 1.2

inelastic distributions. The n,2n cross sections are V. DISCUSSION
computed aesuming that all inelastic processes emit
two neutrons. The n,a and the n,t cross sectionOare
taken from the ENDF/B-IV beryllium cross-section
library.11

A. Self-Consistency Checks

The cross sections were checked for self-
consistency in the following ways. The multiple scat-
tering correction were checked by taking data with

7



TABLE 111

BERYLLIUM DOUBLE-DIFFERENTIAL CONTINUUM CROSS SECTIONS FOR Em= 10.1 McV..
(mb/srfMeV)

AIZn
(MeV)

0.4- 0.5
0.5 -0.6
0.6- 0.7
0.7- 0.8
0.8- 0.9

0.9- 1.0
1.0-1.25

1.25 -1.5
1.5-1.75

1.75 -2.0
2.0- 2.5
2.5 -3.0

3.0- 4.0
4.0- 5.0

5.0- 6.0

AEn
(MeV)

0.4- 0.5
0.5-0.6
0.6- 0.7
0.7- 0.8
0.8- 0.9
0.9- 1.0
1.0-1.25

1.2s-1.50
1.50- 1.7s
1.75-2.0
2.0- 2s
2.5-3.0
3.0- 4.0
4.0- 5.0
5.0- 6.0
6.0- 7.0
7.0- 8.0
8.0- 9.0

t7L

25”

61* 12
63 * 9.5

63 * 6.9
61* 79
57* 6.8

51 * 6.1
42* 4.6
32* 3.5
26* 2.9
22* 2.4
22 * 2.4
25 * 2.7
20* 2.2
13* 1.4

11 * 1.2

35°

63 * 12
68* 10
&j* 8.6

61 * 7.9
51 *6.1

42* 5.0
33 * 3.6

27* 3.0
24 k 2.6

21*2.3
18 * 2.0
19*2.1

14.4 * 1.6
9.1 * 1.0

45° 60° J30° 100° 125°

55* 10
58* 8.7
54* 7.0
50* 6.5
44* 5.3
37* 4.4
29* 3.2

25 * 2.7
22* 2.4
17* 1.9
15 * 1.7

11* 1.2
7.3 k 0.8
5.5 i 0.6

47*7.5
48* 7.2
48* 6.2
44& 5.7

39* 4.3

34* 3.7

27* 3.0

21 *2.3
18* 2.0
16*108

14* 1.5
12* 1.3

7.5 i 0.8

5.6 * 0.6

36* 5.8
34* 5.1
29* 4.6

26* 3.4
23 *2.8

21 * 2.3
18* 2.0
16* 1.8
14* 1.5
12* 1.3

9.5 * 1.0
6.8 * 0.7
4.5 * 0.5

24* 4.6
27* 5.7

28* 5.3
28* 3.6
25 * 3.2

20* 2.2
17* 2.4
13 *1.4
11 *1.2

8.9 * 1.0

6.2 * 0.7
4.4 * 0.5
3.3 * 0.4

TABLEIV

BERYLLIUM LX3UBLE-DIFFERENTIALCONTINUUMCROSSSECHONSFOR Em= 14.2MeV
(ntb/sr/MeV)

23~&5
24& 5.0
23 k 3.7

22* 4.0
20*3.O
19* 2.3
15 * 1.7
13* 1.4
10* 1.1

8.0 * 0.9
5.3 * 0.6
3.7 * 0.4
2.2 * 0.3
16*2

27.5°

35* 10
59*9
58i8
51*6
44*5
42*5
37*4
30* 3.3
23* 2.5
20* 2.2
19* 1.3
18* 2.0
15* 1.7

11.3* 1.2
9.7 * 1.1

10.7* 1.2
10.7* 1.2
10.7* 1.2

35°

55*9
53*8
48*6
45*5
42*5
39*4
32*4
26* 2.9
20* 2.2
20* 2.2

18.5* 2.2
14.5* 1.7
11.0* 1.3

80*1.o
8.1* 1.0
9.2* 1.1
9.oi 1.1
8.0i 1.0

45°

44*8
46*7
45*6
44*5
40*S
36*4
29* 3.2
25* 2.8
20* 2.2
18* 2.0

16.5* 1.8
13.5* 1.5
10.2* 1.1
7.4k 0.8
7.8i 0.9
8.7* 0.6
8.0* 0.9

60°

44*7
46*6
39*5
37* 4.4
31* 3.7
30* 3.3
24* 2.6
21* 2.3
17* 1.9
14* 1.5
13* 1.4

10.5t .1.2
8.0* 0.9
5.6i 0.6
6.3 * 0.7
7.0i 0.8
5.2* 0.6

80°

29* 4.4

33 *4.3

32 t 4.5
29* 3.8

27* 3.5

24 t 2.6

18.5 * 1.9
15.5 * 1.6
13.0* 1.3
11.5 * 1.2
9.0t 1.0
7.0i 0.8
4.8* 0.5
4.6* 0.5
6.4* 0.7
6.4* 0.7
4.5* 0.5

100°

23 f 3.5
22* 3.1
21* 2.3
20* 2.4
20t 2.4
18i 2.0

14.5* 1.5
)3.5 * 1.4
10.0* 1.1
8.3i 0.9
6.3k 0.7
5.0* 0.6
4.1* 0.4
4.6* 0.5
4.3 * 0.s
4.2i 0.5
2.9+ 0.3

125°

17.5* 3.3
20.0* 3.2
19.5&2.7
16.5i 2.3
16.0* 2.1
15.5* 1.9
13.5* 1.5
12.0* 1.3
8.5* 0.9
6.4* 0.8
5,2f 0.6
4.2* 0.5
3.9* 0.4
3.7* 0.4
2.6 * 0.3
2.2* 0.3

145°

23 i 3.9
22* 3.7
19i2.8
18* 2.5
17* 2.2
16f 2.1
13* 1.4
11* 1.2

8.7* 1.0
7.5* 0.9
5.6* 0.6
4.0* 0.s
4.4* 0.s
4.1* 0.5
2.0 * 0.2

?
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Incident

Neutron
Energy

(MeV)

5.9
10.1
14.2

TABLE V

BERYLLIUM ANGLE-INTEGRATED NEUTRC)N CROSS SECTIONS

~lnel(n,n’)

Oel(n,n)
(2.43-MeV @lnel(n,n’ )

state) (continuum) 0(n,2n) o(n,ct)a o(n,t) O(total)
(rob) (rob) (rob) (rob) (rob) (rob) (rob)

1146 * 149 470 *80 654 *94 562 * 62 50 0 1758* 161
1021 * 133 341 *68 764*115 552?67 20 0 1593 * 149

995 * 109 199 ? 64 967 * 145 583&80 10 18 1606 i_ 135

aENDF/B-IV. * 1

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
elastic cross sections obtained with the lH(t,n)3He
and 3H(p,n)3He reactions at 5.9 and 10.1 MeV
agreed to better than 4%. The statistics on the con-
tinuum 3H(p,n)3He data were very poor, and
therefore no meaniful comparison could be made
with the 1H(t,n)3He data.

Instead of normalizing the elastic data to the n,p
cross section using the neutrons scattered from
polyethylene, the detector was rotated to 0° to
measure the relative neutron flux directly. This al-
lowed the elastic cross section at forward angles to be
calculated without relying on the scattering horn
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 agreement to 3%.

B. Data Comparison

In Fig. 4 the present differential elastic cross sec-
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).11 They are
plotted as a function of the cosine of the laboratory
scattering angle. The total errorsare plotted for each
data point. The data agree with the evaluated cross
sections within the experimental errors.

Our angle-integrated cross sections are compared
in Table VI with the ENDF/B-IV cross sections and
with a recent measurement of the n,2n cross sections
by Veeser.12The agreement among the three sets of

n,2n cross sections is good considering that all 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 our n,2n cross sections.

The paucity of neutron energy distribution data
on beryllium at the incident energiesand angles con-
sidered in this report, except perhaps at approx-
imately 14 MeV, makes it difficult to make extensive
comparisons. At 14 MeV there are two sete of
data—that of Prud’homme et al.13 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 Hermsdorf et al.14 who
covered the secondary neutron energy range from 2
to 14MeV at angles of 52.9°, 77.7°,89.8°, and 131.1°
for 14.6-MeV neutrons, 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 comparison. This comparison is shown in Fig. 5 for
Pmd’homme’s 45° and 90° data (dashed line),
Hermsdorf’s 89.8° and 131.1° data (dash-dot line),
and our data (solid line). Our data are higher at
forward angles and lower than Hermsdorf’s data at
back angles, However, all three sets 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-IV 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
calculated from models for the emission of the first

9
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Fig. 4.
Comparison of the present differential ekstic cross section (.) and the ENDFIB IV differen-
tial elastic cross section (A) for (a) 5.9-MeV, (b) 10. l-MeV, and (c) 14.2-MeV incident
neutrons on beryUium. The Zaborato~ cross sections are plotted as a function of the cosine of
the laborato~ scattering angle, The total errors are platted, See text for more detaila on the
errors,

.

P

.

.

10



COMPARISON OF

TABLE VI

BERYLLIUM NEUTRON CROSS SECTIONS

Incident

Neutron

Energy

(MeV)

Oel(n,n) o(n,2n) O(total)

present ENDF/B-IVa present ENDF/B-IVa Veeserb present ENDF/B-IVa

(rob) (rob) - (rob)

1146 * 149 1180 562 ? 62
1021 * 133 1070 552?67

995 * 109 925 583?80

(rob) (rob) (rob) (rob)

560 576*41 1758 * 161 1817
555 1593 * 161 1660

510 482 * 39 1606* 135 1478

5.9
10.1
14.2

(14.7 MeV)

‘Reference 11.
preference 12.

L____________________ 4

OL=1319

-1 .- —.= ------ 1

lo~
7

NEUTRON EN:RGV (M:V)

Fig. 5.
Comparison of betyllium double-differential
cross sections for approximately 14-MeV
neutrons at Zuboratory angles of 45°, 90°, and
1310: our data (14,2 MeV) solid line,

13 (14.7 MeV) dashed line,Prud’homme et al.
4 (14.6 MeV) dash-dotand Hermsdorf et al.

line.

and second neutrons, assuming that the inelastic
reaction emits two neutrons. The energy resolution
of our experiment was folded into the8e spectra,
Three spectra are compared with our data at
laboratory angles of 80° (5.9 MeV), 45” (10,1 MeV),
and 125° (14.2 MeV) in Fig. 6. The ENDF/B-IV data
are represented by the short and long dash lines and
our data by the solid lines. The calculations made at
other angles show the same characteristic-that the
low-lying states in 9Be are overemphasized in the
ENDF/B-IV cross-section library.

At the other extreme is a purely statistical phase
space calculation that completely ignores the ex-
cited states of a nucleus. Such a phase space calcula-
tion is sometimes useful in predicting the energy dis-
tribution of the particles 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 8Be nucleus for our incident neutron energies
and angles. Some of these results are plotted in Fig.
6 (dashed lines). An arbitrary normalization factor
has been applied to these curves for ease of com-
parison with our data. Clearly the phase space
calculation oversimplifies the neutron production
mechanism in beryllium by failing to account for the
maxima in the cross sections that correspond to
transitions to states in ‘Be.

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

11
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Comparison of be@um double-differential crom sections for a lubomto~ angk of (a) 60°,
(b) 45°, and (c) 125° and an incident neutron energy of (a) 6.9, (b)10.1, and (c) 14.2MeV. Our
data are plotted as a solid line, the ENDFIB data aa a short and long dazh line, and the un-
normalized four-body phase space calculation CMa dashed line.
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strong need for supporting measurements that deter-

mine such spectra. This need is particularly impor-

tant when the material is a prime component in the

structure of any fusion reactor design.
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