
23

Paper accepted for 7th International Conference on Emerging Nuclear Energy Systems
(ICENES'93), Makuhari, Japan, 20-24 September 1993

MEASUREMENTS OF FUSION NEUTRON MULTIPLICATION
IN SPHERICAL BERYLLIUM SHELLS

H. Giese, F. Kappler, R. Tayama1, U. von Mollendorff
Kemforschungszentrum Karlsruhe GmbH
P.O.B. 3640, 76021 Karlsruhe, Germany

Fax: +49 7247 82 4874
'Permanent address: Hitachi Eng. Co., Hitachi, Japan

A. Alevra, H. Klein
Physikalisch-Technische Bundesanstalt

P.O.B. 3345, 3S023 Braunschweig, Germany
Fax: +49 531 592 9292

XA9642729
Abstract

New results of spherical-shell transmission measurements with I4-MeV neutrons on pure
beryllium shells up to 17 cm thick are reported. The spectral flux above 3 MeV was meas-
ured using a liquid scintillation detector. At 17 cm thickness, also the total neutron multi-
plication was measured using a Bonner sphere system. The results agree well with calcu-
lations using beryllium nuclear data from the EFF-1 or the ENDF/B-VI library.

Introduction

Beryllium is one of the materials favored for multiplying neutrons in the blanket of a
deuterium-tritium fusion reactor. Such multiplication by a factor of the order of 1.5 is re-
quired for tritium breeding self-sufficiency. However, important discrepancies exist among
the beryllium nuclear data evaluations of Ref.Cl] and Ref.[23, that have been used in the
EFF-1 and the ENDF/B-VI libraries respectively. This concerns both the Be<n,2n) cross
section at energies from threshold to 14.8 MeV, which primarily governs the multiplication,
and the secondary energy and angular distributions of neutrons after collisions with berylli-
um, which govern the transport in the bulk material.

A spherical shell transmission experiment C3] on pure Beryllium is attractive as a
"benchmark" in these circumstances. It can be treated in 1-dimensional transport calcu-
lations so that many different codes can be used. e.g., codes that utilize double-differential
emission cross sections (DDX). The quantity measured by neutron detectors outside the
sphere can either be the total fluence, yielding the total leakage multiplication (leakage
neutrons per source neutron) or the spectral fluence, yielding partial leakage mujtiplications
(leakage neutrons in specified energy windows per source neutron). Total fluence can be
measured with better precision, and the total multiplication is near to the quantity of prac-
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tical interest to the blanket designer; however, compensation effects may make the total:
fluence insensitive to erroneous nuclear data[X 5] . Spectral fluence measurements, on the
other hand, are more complex and less precise but they allow more specific conclusions
about nuclear data to be drawn.

Several earlier experiments of either kind have been reported. Those on total leakage
multiplicationC6 — 10] show controversial results, at least at beryllium thicknesses beyond
one mean free path which for 14 MeV neutrons amounts to about 5.5 cm. The earlier ex-
periments on spectral fluence are not fully conclusive because of experimental difficulties
[11] or limitation to a rather thin beryllium shellC 12U-

The Karlsruhe Neutron Transmission Experiment (KANT), performed on a set of spher-
ical beryllium shells up to 17 cm thick, comprises both spectral and total fluence measure-
ments.

Experiment

General

Details of KANT have been described earlier[l3]. The neutron source is a conventional
neutron generator employing a deuteron beam and a titanium-tritium target. Spherical be-
ryllium shells of different thicknesses can be mounted so that the target is at their center. A
cut of the target chamber is shown in Fig. 1.

In contrast with the former description, the target was at ground potential in all meas-
urements reported here. The neutron pulse parameters were 0.3 fis width at 160 [is repetition
period for the spectrum measurements and 30 ps width at 1 ins period for the total fluence
measurements. The neutron source strength was measured by registering the a particles as-
sociated with the neutrons produced in the T(d,n)*He reaction with a silicon surface barrier
detector at 120° on the right of the deuteron beam direction (see Fig. 1). All counting rates
were low enough to keep dead-time induced counting losses below about 1%.

Neutron spectrometry

Spectrometry of neutrons emerging from the spherical shell (or from the bare target cham-
ber) is accomplished in the slow range (thermal to 100 keV) by a time-of-flight technique and
in the fast range (50 keV to 15 MeV) by unfolding ti>e pulse height spectra from various
proton-recoil detectors, namely, several different proportional counter tubes up to about 6
MeV and a liquid scintillation detector for the 3 to 15 MeV range. All detectors are abso-
lutely calibrated in efficiency to yield fluences and thus multiplication values.

As far as spectrometry is concerned, the present paper presents specifically the sdntillator
results. This detector consists of a standard BA-1 eel] of 5 cm height and 5 cm diameter
containing NE-213 liquid scintillator. It is coupled via -5 cm long light guide to an XP2020
photomultiplier. For the separation of neutron and photon induced signals a commercially
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available system (Canberra Mod. 2160A) developed by Sperr et al.Cl4] was employed which
is easier to adjust than the zero-crossing system used in former measurements. The resol-
ution parameters of the detector were determined by careful measurements of various y
sources as described by Dietze and Klein[l5]. Its neutron response was calculated by the
NRESP7 code[ 16]. The FANTI code[ 17] is used for spectrum unfoldingC 18]. Scintillator
results are reported below for the beryllium shell thicknesses of 5, 10 and 17 cm. The de-
tector was positioned at 60° on the right of the deuteiron beam, i.e. horizontally towards the
right in Fig. 1, at a distance of 180 cm from the center.

Total fluence measurement

In addition to the spectral fluence measurements the total neutron leakage was deter-
mined using the PTB Bonner sphere (BS) spectrometer (see Ref.[l9] and references cited
therein). The BS set denoted "C", used in the present experiment, consists of 11 polyethylene
moderators with diameters of 7.6 cm (3") to 38.1 cm (15") and a spherical He-3 proportional
counter as central detector for the thermalized neutrons. In addition, the He-3 counter was
employed as bare and Cd-covered detector. The complete response matrix required for the
unfolding procedure has been determined by adjusting discrete-ordinate calculations to cali-
bration data obtained for thermal neutrons and monoenergetic neutrons be\rond 1 keV
Cl9]. The BS measurements were performed at the same emission angle used for the scin-
tillation detector but at a distance of 144.5 cm. The 13 experimental net counting rates were
unfolded using the slightly modified PTB version of the SAND-II codeC20] and the Monte
Carlo simulated spectral fluence as a-priori information. The resulting spectral neutron flu-
ence covers the entire energy range. Since the neutron source was investigated both bare
and covered with the Be shell the total multiplication factor can be extracted from the total
neutron fluences. At first, however, corrections have to be made to account for the aniso-
tropic neutron emission of either assembly (see "Calculations" section). A more detailed
description of the BS measurements will be given elsewhereC2l].

Room-return background

For every single measurement, the background of neutrons scattered from the walls etc.
and from the air was measured separately using a cylindrical or approximated-conical shad-
ow shield between the neutron emitter (the target chamber with or without a surrounding
beryllium shell) and the detector. All shadow shields consisted of 20 cm of steel on the side
towards the emitter, followed by 20 cm of hydrogenous plastic and, in case of a detector
sensitive to thermal neutrons, 1 mm of cadmium sheet. They were assembled from cylindrical
slabs of various diameters to match the sizes of emitter and detector.

Calculations

The calculations used to obtain expected leakage spectra and multiplications for this ex-
periment were described earlier in some
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1-dimensional S(N) calculations

The I-dimensional S(N) transport results from the ANTRA-l code C22] are repeated in
Table 1 for comparison. This code can utilize both the EFF-l and the ENDF/B-VI nuclear
data libraries (see Introduction). It does not rely on truncated Legendre expansions to de-
scribe angular distributions but uses DDX data in a direct numerical way which is more
appropriate for a nucleus like beryllium.

3-dimensional Monte-Carlo calculations

The 3-dimensional Monte-Carlo results were newly calculatedC233 using now version 4.2
of the MCNP code. They take into account the slight anisotropy, both in neutron energy
and yield, of the source reaction T(d,n). Other deviations from spherical symmetry are
caused by the radial channels in the beryllium shells and, more importantly, by the distrib-
ution of matter in the target chamber (Fig. 1). As a result, the fluence at the detector differs
from the fluence averaged over a concentric spherical surface around the source by an ani-
sotropy factor which depends on the beryllium thickness and on the neutron energy window
considered. The factor can be obtained in the MCNP calculations by comparing "point es-
timator" and "leakage" outputs. Corresponding to the definition of leakage multiplication
given above, both the measured fluences and the ones calculated as "point estimators" at the
detector have been corrected by the inverse of this factor to make them comparable to "An"
fluences or 1-dimensional calculation results. At the measurement position the anisotropy
factor amounted to 1.139 for the bare target chamber and 1.043 for the assembly with the
17 cm thick beryllium shell (for details see Ref-C2l3)-

The Monte Carlo calculations also show a neutron leakage from the bare target chamber
which exceeds the source strength by a factor of 1.062. This is obviously due to neutron
multiplication within the chamber, mainly by (n,2n) reactions on copper. Since the leakage
multiplication of a beryllium shell is the leakage per source neutron, not per neutron entering
the beryllium, only the bare-chamber fluence measured with the Bonner sphere system was
corrected for the chamber multiplication, so as to obtain the number of source neutrons.
The chamber multiplication is contained, therefore, in all leakage multiplication results given
below. Leakage multiplication is not an absolute characteristic of a given spherical shell but
depends, in every possible definition, to some extent on the particular experimental ar-
rangement.

Results

Fig. 2 shows experimental and MCNP calculated spectra above 0.1 MeV. The exper-
imental points below 3 MeV are the counter tube da:a published earlier[4]. An expanded
plot of the data above 3 MeV for the thickest beryllium sphere is shown in Fie. 3. The dis-
crepancies around 10 MeV may be due to the inadequate calculational treatment and nu-
clear data used in the MCNP calculation for the inelastic scattering from copper, the main
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constituent of the target chamber (Fig. 1). An improvement could likely be obtained with
double differential Cu(n,n') data taking into account pre-equilibrium neutron emission.

The spectral fluence of leakage neutrons obtained by unfolding the net BS data is shown
in Fig. A. The MCNP result used as a-priori information was only slightly modified by the
SAND code to achieve compatibility with the measured data.

Table 1 gives results for the 3-15 MeV leakage energy window at three beryllium shell
thicknesses and the total leakage multiplication (thermal-15 MeV) for the 17 cm thick shell.
The estimated experimental uncertainties (one standard deviation) are +6% for the window
(scintillator) data and ±7% for the total (BS) data. All the calculation/experiment ratios in-
dicate excellent agreement, except the ANTRA-1 results for total leakage. The latter devi-
ation is attributable to the neglect of upscattering at thermal energies in that calculation.

The calculated leakages for the 3-15 MeV window do not show any significant effect of
the choice of the beryllium nuclear data set as it was found for the 0.3-3 MeV window^].
This might be explained, e.g., by mutual compensation of differences in the (n,2n) and the
elastic scattering cross sections. A similar compensation effect between the (n,2n) cross sec-
tion and the energy and angular distributions of neutrons emitted from beryllium is believed
to explain why even the calculated total leakage multiplications are so close to each other
[5].

Conclusion

Measurements were made of the partial leakage multiplication above 3 MeV from
spherical beryllium shells of 5, 10 and 17 cm thickness fed with 14 MeV neutrons, as well
as the total leakage multiplication from the 17 cm shell.

Calculations of these partial leakage multiplications using beryllium nuclear data from
either the EFF-1 or the ENDF/B-VI library agree well with the measurements and with each
other, in spite of the differences existing between those nuclear data evaluations.

The same can be concluded for the total leakage result. In this case a very similar finding
was reported by Smith et al.ClO].
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Table 1
Leakage multiplication results and calculation/experiment ratios. B-VI stands for

ENDF/B-VI

Beryllium Shell

Thick-
ness

•

5cm

10cm

17cm

Out-
side
Dia.

30cm

30cm

44cm

Inside
Dia.

20cm

10cm

10cm

Energy
Range

3 -
15MeV

3 -
15MeV

3 -
15McV

therm.
-15McV

Leakage Neutrons per Source Neutron

Exper-
iment

0.715

0.582

0.382

1.65

Calculation

MCNP

EFF-1

0.710

0.579

0.385

1.689

AN-
TRA

EFF-1

0.699

0.555

0.395 .

1.857

AN-
TRA

B-VI

0.697

0.552

0.392

1.793

Calculation/Experiment

MCNP

EFF-1

0.99

0.99

1.01

1.02

AN-
TRA

EFF-1

0.98

0.95

1.03

1.13

AN-
TRA

B-VI

0.97

0.95

1.03

1.09

. * •• •'--':•?•

' '}'£i
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: Betyliium
:5 cm:

Figure I
Horizontal cut through target chamber (MCNP calculational model)
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Figure 2
Leakage neutron spectra (neutrons per source neutron and unit lethargy) from 5, 10 and

17 cm thick beryllium shells (left to right) in energy range above 0.1 MeV.
Line without symbols: MCNP-4.2 calculation
Cross symbols: Scintillation detector
Other symbols: Proton recoil proportional counters
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Figure 3
Expanded part of spectrum from 17 cm shell. Unit and symbols as in Fig. 2

10 10" eV

Figure 4
Normalized spectral neutron fluence from the 17 cm thick beryllium siell, presented as

lethargy £, x <I>£ versus neutron energy E*, as unfolded from BS data (thick dash-dotted line),
using the MCNP calculation (thin line) as a-priori information.


