
NUCLEAR
INSTRUMENTS

METHODS
North-Holland

	

1 PHYSICS
RESEARCH

SectionA

Nuclear Instruments and Methods in Physics Research A321 (1992) 312-316

Evaluation and test of the response matrix of a multisphere neutron
spectrometer in a

	

e energy range
Part III . Validation
A. Aroua a, M. Grecescu a, P. Lerch a, S. Prêtre h and J .-F. Valley `'
" Institute for Applied Radiophysics, CFI-1015 Lausanne, Switzerland
Swiss Nuclear Safety Inspectorate, CH-5232 Vlligen-HSK, Switzerland

Received 30 March 1992

A multisphere neutron spectrometer has been tested in well known neutron fields (two thermal beams and sources of
americium-beryllium, californium and californium moderated with heavy water). The spectral distribution of the thermal neutron
beams has been considered when comparing the measured sensitivity of the system to that established by calculation . These two
values were found to be in good agreement. There is also a good agreement between the measured spectra and the ISO standards
and between the measured and the reference dosimetric values for the three neutron sources used . The deviations on the dose
equivalent are 0.4% for americium-beryllium, 3% for californium and S17c for californium moderated with heavy water. These
satisfactory results contribute to the validation of the spectrometric system for thermal, intermediate and high energies .

1. Introduction

A neutron spectrometer of the Bonner spheres type,
has been developped at the Institute for Radiation
Physics in Lausanne and calibrated with thermal and
monoenergetic neutrons [1]. Its response matrix has
been established by calculation using the one-dimen-
sional particle transport code ANISN and adjustment
to the calibration data [2]. The spectrometer has been
used in a large measurements campaign in a variety of
neutron fields inside four Swiss nuclear power plants
[3] and around particle accelerators [4].

Before using the spectrometer for the charact,--riza-
tion of unknown neutron fields, its global performance
has been tested in known neutron spectra . This test
includes the measurements undertaken in a previous
work in two reference thermal neutron beams [1] and
those performed in the field of three reference neutron
sources at the Paul Scherrer Institute (PSI) in Wilren-
lingen (Switzerland). This paper describes the experi-
mental conditions for the measurements at PSI, and
presents the main results of the spectrometer's test .
The aim of this test has been to validate both the
spectrometer's response matrix and the unfolding pro-
cedure.

* This work has been supported by the Swiss Nuclear Safety
Inspectorate .

2. Material and methods

2.1 . The thermal netitron beams

The thermal neutron beam of the Centre for Nu-
clear Studies (CEN) in Cadarache (France) is pro-
duced by 12 calibrated americium-beryllium sources
(592 GBq each) disposed around the central cavity of
the SIGMA reference pile . The thermal neutron refer-
ence beam of the PTB research reactor is produced by
placing a beryllium scatterer in the primary beam . The
two facilities are briefly described in a previous publi-
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Fig . 1 . Thermal neutron .spectra at CEN (Cadarache) and
PTB (Braunschweig).



cation [1]. Fig . 1 presents the spectral distribution of
the sub-cadmium neutrons for the two thermal beams
and shows that the two spectra have different shapes
and mean energies .

2.2. The reference neutron sources

The irradiation hall at PSI is 13.24 m long, 6.70 m
wide and 3.41 m high . It is provided with a 2.50 m deep
pit that extends over more than half its area . The pit is
covered with a grid which reduces the contribution of
the radiation scattered by the floor. The reference
neutron sources are americium-beryllium (Am-Be),
californium-252 (Cf) and californium-252 moderated
with a 0 = 30 cm sphere filled with heavy water
(Cf(D,O)). The emission of the Cf source is 3.52 x
10"K ± 2.5% n/s in 4Tr sr (10/11/1986) ; that of the
Am-Be source is 9.15 x 10+6 n/s in 4 ,rr sr. The Cf
source presents an anisotropy of 1 .01 in the horizontal
plane . Concerning the Cf(D,O), the neutron loss in the
sphere due to the moderation by heavy water and the
capture in cadmium, is estimated at 11 % for the mod-
erating sphere used .

The measurement point for the Bonner spheres is
situated at a height of 1 .42 m relative to the grid . This
corresponds to the height of the sources in the irradia-
tion position . The reference dosimetric values at the
measurement points are established using an Anders-
son-Braun rem-meter calibrated at PTB with neuiron
sources of the same type [5] .

2.3. Evaluation of the scattered radiation
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In spite of the large dimensions of the irradiation
hall and the presence of a very low scattering floor, the
contribution of the scattered radiation can not be ne-
glected . Its evaluation has been undertaken by the
shadow cone technique [6]. The shadow cone used is 50

Table 1
Difference between calculated and measured values of thermal neutrons sensitivity in CMZ , both at CEN' (Cadarache) and PTB
(Braunschweig)

cm long and has a half angle a of 5.143°. For a correct
use, it is recommended [6] that the cone shadows
completely the instrument under investigation . The
cone should not cover a solid angle greater than twice
that subtended by the instrument, in order to avoid
overshadowing problems . These considerations allowed
the choice of an optimum source-detector distance of
190 cm. This provides a total shadowing of the biggest
sphere used, but leads to an overshadowing of the
small ones. Fortunately this is not so important in our
case, since the measured spectra are quite hard and
are determined mainly by the high diameter spheres
indications . The source-cone distance was 3 cm for the
Cf source and 5 cm for the Am-Be one. These values
are optimized and situated in a region where the
source-cone distance is not critical [5]. In the case of
Cf(D,O) the moderating sphere dimensions (0 = 30
cm) prevented the use of the shadow cone. It has been
replaced by a block of boron-loaded paraffin with the
dimensions 40 x 60 x 30 cm-; placed at 56.5 em from
the centre of the sphere .

2.4. The unfolding of neutron spectra

The results obtained by the Bonner spheres are
unfolded by a version of the code SAND [7] using a
640 energy groups structure. The unfolding code pro-
vides, in addition to the neutron spectrum and the
total neutron fluente, different dosimetric quantities
such as :

- D� and H� using conversion factors given in
ICRP publication 21 [8] ;

- D* (10), H* (10), Qm = H~ (10)/D,* (10) and
the effective dose equivalent, using conversion factors
given in ICRP publication 51 [9] ;

- Hn (10), Q., = H~ (10)/D~ (10) using new con-
version factors based on the recent recommendations
of ICRP publication 60 [10] .
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Sphere
diameter
[in .]

Neutron
At CEN
Measured

sensitivity [cm `]

Computed DeviationM
At PTB
Measured Computed DeviationM

2 0.18 0.18 < 1 0.110 0.116 5
2.5 0.16 0.16 < 1 0.097 0.099 2
3 0.14 0.15 7 0.084 0.087 4
4.2 0.096 0.102 6 0.057 0.057 < 1

5 0.072 0.076 5 0.043 0.043 < 1

6 0.048 0.053 10 0.030 0.029 -4
8 _ _ 0.0126 0.0120 5
9 - - - 0.083 0.0083 < 1



Our version of SAND has given satisfactory spectro-
metric and dosimetric results in a recent European
intercomparison of unfolding computer codes [11] . A
detailed test of SAND and its comparison with two
other codes will be given in a separate paper [12] .

3. Results

3.1. The reference thermal neutron beams

The measured sensitivities of the Bonner spheres at
thermal energies are compared to those obtained by
convolution of the thermal neutron spectra (fig . 1) with
the spheres' adjusted response functions. Concerning
the results at PTB, this approach required an extrapo-
lation of the response functions from the mean energy
of the last thermal group to the low energy limit of the
thermal spectrum. A linear extrapolation in a log-log
scale ha` oeen performed . The results of the compari-
son between measurements and calculation for both
CEN and PTB thermal neutron beams are presented
in table 1 . The mean adjustment factor adopted for the
establishment of the response matrix (common multi-
plying factor for the energy response functions of all
the spheres [2]) leads to a good agreement between
measurements and calculation for thermal neutrons .
The thermal beams can be considered as monoener-
getic of equivalent energies 0.06 eV and 0.028 eV for
CEN and PTB respectively. The deviati6n between
measurements and calculation is reasonably low if these
values are considered (< 10% for all the measure-
ments) .

3.2. The reference neutron fields
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The spectrometric results are presented in figs . 2
and 3 . Fig . 2 shows a comparison between the count
rates measured by the spheres and those obtained by
convolution of the spheres' response functions with the
neutron spectra associated with the three sources . The
standard spectra are those recommended by ISO [13] .
The measurements and the calculation are in good
agreement if we consider the experimental errors and
those associated with the response matrix . For small
and intermediate spheres and for Am-Be and Cf
sources the measured count rates are slightly greater
than the values established by calculation . This high
contribution of intermediate energies neutrons in the
measured spectra can be attributed to the overshadow-
ing of the small and intermediate spheres during the
measurement .

Fig . 3 presents the experimental neutron spectra
unfolded by the program SAND in comparison with
the ISO standard spectra . A satisfactory agreement has
been obtained for the fast-neutron sources, taking into
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Fig . 2. Comparison of the count rates measured by Bonner
spheres and those calculated from the ISO standard neutron
spectra for Am-Be, 252 Cf, and DSO-moderated 252Cf sources.
The standard error on the experimental data is comparable to

the size of the graphic symbols.

account the low energy resolution of the Bonner
spheres system . For the Cf(D,O) source the agreement
is pôorer . due to the fact that the correction of scat-
tered radiation has beer, performed by a large paraffin
block instead of a shadow cone .

Table 2 presents the dosimetric results correspond-
ing to pure spectra (corrected for scattered radiation)
obtained by Bonner spheres and compaies them to the
reference values . The results are in good agreement,
the deviations on the dose equivalent being 0.4% for
Am-Be, 3% for Cf and 817 for the Cf(D,O) source .
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Table 2
Neutron dose equivalent rate at 190 cm from the source
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Fig . 3 . Comparison between the experimental neutron spectra
(scatter subtracted) and the ISO standard spectra for Am-Be,

252Cf, and 1320-moderated 252Cf sources .

The origin of the larger deviation for the moderated Cf
source has been explained before .

Our result for Cf can be compared with the work
reported recently [14] where four multisphere spec-
trometers have been evaluated. 'The intercomparison
of the systems was performed in seven reference neu-
tron fields of different hardness . The dosimetric results

reported for Cf show deviations from reference values
of -2.4% to -5.7%. The authors showed that these
deviations can reach aboui 30% in the case of soft
reference neutron spectra and attributed this to the
uncertainty on the response matrix used and to the
insufficient energy resolution of the system, especially
in the intermediate energy range .

The results presented in fig. 3 and table 2 represent
a validation of the performance of the Bonner spheres
system concerning:

- the response matrix (both shape and absolute
value) for the energy range considered in this test ;

- the unfolding procedure [both differential (spec-
tral) and integral (fluente, dose equivalent) results].

Due to the complex interdependence of these fac-
tors, the experimental assessment does not allow to
draw quantitative conclusions about the individual in-
fluence of each of them on the final result . However,
the good agreement between the experimental results
and the reference values (both spectral and dosimetric
ones) is interpreted as a global validation of the sys-
tem's performance .

4. Conclusion

A multisphere neutron spectrometer has been tested
in well known neutron fields. The overall results ob-
tained with the thermal neutron beams are satisfactory .
For the Am-Be, Cf and Cf(D,O) sources, the neutron
spectra unfolded from the spheres' measurements agree
well with ISO standards and the deviation of the dose
equivalent rates from the reference values is low. The
work presented in this paper allowed a good evaluation
of the spectrometric system and increased the confi-
dence in the accuracy of its response matrix and in the
unfolding method for thermal, intermediate and high
energies .

Acknowledgements

The authors are grateful to the Swiss Nuclear Safety
Inspectorate for its financial support, and to Mr . Ch.
Wernli and Dr . K . Gmür at PSI for their cooperation
in the irradiation .

References

3'15

Source Reference vaiue Bonner spheres [1] A . Aroua, M. Grecescu, P . Lerch, S . Prêtre. J .-F. Valley
[pSvh -1 ] [WSvh -1 ] and V. Vylet, this issue, Nucl . Instr . and Meth. A321

Am-Be 27.3 27.4 (1992) 298 .
[2] A . Aroua, M. Grecescu, M . Lanfranchi, P. Lerch, S.Cf 450 465 Prêtre and J.-F. Valley. this issue . Nucl . Instr . and Meth.Cf(D20) 68 63 A321 (1992) 305 .



316

[3] A. Aroua, D. Azi .. ._, M . Boschung, F. Cartier, M. Gre-
cescu, S . Prêtre, J .-F . Valley and Ch. Wernli, ISBN
2-88444-001-1, Institut de Radiophysique Appliquée
(IRA), Paul Scherrer Institute (PSI) and the Swiss Nu-
clear Safety Inspectorate (HSK), Switzerland (1991).

[4] A . Aroua, M. Grecescu, P. Lerch, S . Prêtre and J.-F .
Valley, to be published in Z . Medizinische Phys . (1992).

[5] K . Gmür, Paul Scherrer Institut, Private Communication
(1989) .

[6] IAEA, IAEA Technical Reports Series No. 285, Vienna
(1988). ,

[7] W.N. McElroy, S . Berg, T . Crockett and R . Hawkins,
Rep . AF'JVL-TR-67-41, Vols . I-IV, U.S . Air Force
Weapons Lab ., Kirtland, AFB. New Mexico (1967) .

[8] ICRP, Publication 21, Data for Protection Against Ioniz-
ing Radiation from External Source, International Com-
mission on Radiological Protection (Pergamon, Oxford,
1973).

A. Aroua et al. / Response matrix ofa neutron spectrometer, part III

[9] ICRP, Publication 51, Data for Use in Protection Against
External Radiation, International Commission on Radio-
logical Protection, (Pergamon, Oxford, 1987).

[10] ICRP, Publication 60, Recommendations of the Inerna-
tional Commission on Radiological Protection, Interna-
tional Commission on Radiological Protection (Per-
gamon, Oxford, 1991) .

[11] A.V . Alevra, B.R.L . Siebert, A . Aroua, M . Buxerolle, M.
Grecescu, M . Matzke, M . Mourgues, C.A . Perks, H .
Schraube, D.J . Thomas and H.L . Zaborowski, Labor-
bericht PTB-7.22-90-1, Braunschweig (1990) .

[12] A . Aroua, M. Grecescu, P . Lerch, S. Prêtre and J.-F .
Valley, to be published in Radiat, Prot. Dosim . (1992).

[13] International Standard ISO 8529 (1989) .
[14] Z . Prouza, G.I . Britivich, P. Carny, J . Hermanska, A.

Hrabovcova, V.N. Lebedev, D . Nikodemova, Ja.N .
Rastsvetalov and A . Rimpler, Radiat . Prot . Dosim . 37 (4)
0990241 .


