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Abstract: The impact of the additional high energy measuring channel on the unfolded neutron spectra
is demonstrated on the high energy neutron spectra measured in CERN/EC Reference Fields and at the
mountain Zugspitze. Spectral shapes are obtained without any structured a-priori information during
the unfolding.

1. Introduction

The Bonner Sphere Spectrometer (BSS) [1] is the device commonly used in neutron spectrometry for
an energy range between thermal neutrons and some MeV. It consists of several polyethylene moder-
ating spheres with diameters varying from 2 inch to 18 inch and a detector for thermal neutrons placed
in the centre of the spheres. The thickness of the moderator should be large enough to slow the incident
neutrons down to thermal energies in a such way that the maximum of thermal fluence rate occurs at
the place of the thermal detector. The response functions in the energy range below 20 MeV are well
established by calculations and experiment [2-5]. However, for neutron energy above tens of MeV the
responses of the usual Bonner spheres are rather low even for the large sphere due to decreasing (n,p)
cross sections with increasing neutron energy. The thick moderator of large spheres also increases the
neutron absorption which decreases the number of thermal and epithermal neutrons reaching the de-
tector material. This is the reason why the classical Bonner sphere spectrometer does not provide suffi-
cient information in the high energy part of the neutron spectra to be measured.

To increase the sensitivity to high energy neutrons, high Z material such as Pb or Cu, exhibiting a high
(n,xn) reaction cross section, can be added to the polyethylene sphere. This idea was already used by
modifying a commercial REM counter [6], and theoretically studied in the case of multisphere spec-
trometer [7,8] but not experimentally tested.

This paper describes the effect of the additional high energy measuring channel on the unfolded neu-
tron spectra on the basis of experiments performed at the CERN/EC Reference Fields Facility and in
the altitude of 2660 m bellow the summit of the mountain Zugspitze.

2. Bonner Sphere Spectrometer

The BSS under study included 13 spheres with the diameters: 2.5, 3, 3.5, 4, 5, 6, 7, 8, 9, 10, 11, 12 and
15 inch, and the bare spherical 3He detector. The spherical proportional counter (SP90 of Centronics
Ltd) of 32 mm inner diameter, filled with 3He gas of the nominal pressure of 172 kPa and of 100 kPa
krypton was used as thermal neutron detector. In addition, two spheres of 9 inch diameter were built
where the polyethylene between 3 and 4 inch diameter in the first one (9_1"), and between 5 and 7 inch
in the second one (9_2"), was replaced by a lead shell. This lead layer has no significant effect at ener-
gies below 10 MeV, while the response is increased above 10 MeV by (n,xn') nuclear processes. The
location and shell thickness of the lead converter was optimized with consideration of increasing the
response to high energy neutrons using the Monte Carlo calculations. The methods and results of opti-
mization is described in detail in [9].

The responses of 9 inch spheres with lead converter in the energy range from 10"3 eV to 1 GeV were
calculated using the MCNP Monte Carlo code [10] and the LAHET code [11]. Calculational proce-
dures have been already described in detail in earlier publications [12,13]. We give here only a brief
summary of the main characteristics. The responses of the BSS were calculated as the number of ab-
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sorptions due to the reactions 3He(n,p)3H (Q=0.765
MeV) per incident neutron fluence. The helium number
density was taken to be 4.25 1019 cm"3 at 293 K, and the
krypton atoms were neglected. The counter wall was
assumed to be a simple 0.5 mm thick stainless steel
shell. The density of the polyethylene spheres was 0.95
g.cm"3. The BSS was virtually uniformly irradiated by a
broad parallel beam of the monoenergetic neutrons
starting on the surface of a disk source centred on and
perpendicular to the axis of the central detector. The
space between source and Bonner spheres was assumed
to be vacuum.

The response functions for 9 inch spheres with and
without lead converter are shown in Figure 1. It can be
clearly seen that lead enhances the response to high en-
ergy neutrons. The response increases by a factor 13 for
the 9_1" sphere at 800 MeV and even by a factor 43 for
the 9_2" sphere.

Figure 1. Response functions of 9 inch sphere and
9 inch spheres with different lead converter.
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3. Experimental procedure at the high energy
accelerator facility

The experiments were performed in 1995 at the CERN/EC Reference Field Facility at the SPS-Super
Proton Synchrotron at CERN, Geneva. The neutron radiation fields were created by beam of high en-
ergy protons with momentum of 205 GeV/c incident on 50 cm long copper target surrounded by a mas-
sive shielding. The measuring positions were on the roof behind the 40 cm thick iron shield (top iron
6), 80 cm thick concrete shield (top concrete 6), and on the side of shielding behind 160 cm thick con-
crete shield (side concrete 2).

The set of the 15-channel BSS, including the 9 inch sphere with 0.5 inch thick lead shell (9_1"), was
employed. Each sphere (channel) was irradiated separately at a distance of 25 cm between the centre of
the spheres and the surface of the shield. Pulse height spectra for each spectrometer channel were col-
lected in a MCA. Spectral resolution and discrimination against any background was sufficient, and
hence simple integration above the lower threshold could be applied without further corrections. The
statistical uncertainty for the reading of each channel was typically better than 0.5%, the uncertainty
due to the discriminator setting estimated less than 0.2%. All integral counts were normalised to the
pressure and temperature corrected reading of a Precision Ion Chamber (PIC) which served as the pre-
cise reference monitor.

4. Unfolded spectra

The data obtained during the experiment at CERN/EC were used to test the impact of the additional
measuring channel using the 9 inch sphere with lead on the unfolding procedure. The neutron spectra
were unfolded from experimental data using the BON95 code [14], based on the method of parametri-
sation of neutron spectra. The neutron spectrum is described by a superposition of a thermal Maxwel-
lian peak, an E"b tail of epithermal neutrons, where b is a parameter, an 1/E tail of intermediate neu-
trons, and a Maxwellian peak of fast neutrons. For the high energy neutron component, the high energy
cascade peak with the most probable energy of 100 MeV is added. The solution obtained from the
parametrisation is used further as a-priori information in the iterative procedure of the method of di-
rectional divergence described in [15]. In the case of initial guess spectrum read from the input, only
the iterative procedure is performed.
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As the second unfolding code we Figure 2. Neutron energy spectra obtained from the measurements
have used the SAND II [16] code
which calculates a count rate
vector from a first guess spec-
trum and improves the solution
by an iterative process.

The neutron spectra were un-
folded from the experimental
data using 120-group response
matrix HEMA96 [13] (10 groups
per order of magnitude) for neu-
tron energies from 10'9 to 103

MeV. The start spectrum with
fast neutron peak at 3 MeV and
high energy peak at 100 MeV
was used as the first estimated
spectrum in the SAND II iterative
unfolding. The resulting neutron
spectra of the CERN/EC refer-
ence field facility in the position
top concrete are shown in Figure
2 in comparison with theoretical
spectra calculated by the FLUKA
Monte Carlo code [17]. From the
comparison with the FLUKA cal-
culations it can be concluded that
there is a good agreement (within
the limits of the estimated uncer-
tainties) for spectra unfolded us-
ing two different unfolding pro-
cedures. The shapes of both
spectra are rather similar. While
the evaporation peak from SAND
II is a little higher than from
BON95, the thermal peak is
lower and shifted to 10"7 MeV
neutron energy. Unfortunately,
the FLUKA calculations in [17]
do not cover the thermal neu-
trons.

During the unfolding work it ap-
peared that even without 15 inch
sphere, the correct spectral shape
was developed. This is not ob-
served when the high energy
channel is omitted. The compari-
son of neutron spectra unfolded
by the BON95 code using the
high energy channel is shown in
Figure 3. It can be seen that the

by two unfolding procedures in the comparison with FLUKA
calculations (BON95 spectrum with upper and lower confi-
dence limits)
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Figure 3. Comparison of experimentally determined spectra using
usual BSS and BSS extended by 9 inch sphere with lead.
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high energy channel of BSS with 9_1" sphere (with lead) improved essentially the high energy cascade
peak at 100 MeV. The use of the 15" sphere (and greater) in the set of BSS can be omitted, if the 9"
sphere with lead is applied.

It is also shown that the usual BSS is not able to give correct information about the height of the high
energy peak. Without any a-priori information about the 100 MeV peak in the guess spectrum even the
position of cascade peak cannot be exactly estimated.

5. Experimental procedure at mountain altitudes

The measurements were done in spring 1997 at the Schneefernerhaus laboratory at the Zugspitze in the
altitude of 2660 m. The BSS employed consisted of the same set of 13 homogenous polyethylene
spheres as during the CERN/CE experiment. In addition, both the 9" diameter spheres with lead layer
(9_1" and 9_2") were used.

In Figure 4 one of the experimentally F i g u r e 4 N e u t r o n s p e c t r a d e r i v e d b y unfoiding from experimental
determined spectra of the neutron com-
ponent of the cosmic rays are presented
using the BON95 unfolding code with
different start spectra. In order to avoid
the influence of start spectrum we have
taken only a simple 1/E distribution as
guess spectrum for the iterative proce-
dure. If the count rates vector of the
BSS with lead spheres was applied, the
unfolded spectra developed the ther-
mal, and fast evaporation peak, and the
high energy cascade peak at the correct
position of the energy scale. However,
omitting the count rates of 9" spheres
with lead, the cascade peak was not de-
veloped. In Figure 4 the neutron spec-
trum obtained using 3 MeV and 100
MeV peaks in guess start spectrum is
presented for comparison, too.

6. Conclusions

haus below the summit of the Zugspitze.
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The substitution of lead for polyethyl-
ene in 9" diameter spheres increases substantially their response for high energy neutrons. These
spheres with lead converter can be used as additional high energy channel in BSS and improve the ac-
curacy of measured neutron spectra up to some hundreds of MeV. It is shown that the spectral shape is
developed even without any structured a-priori information in the unfolding procedure.
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