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Selecting the instruments to determine the operational quantities in the neutron fields produced by particle accelerators
involves a combination of aspects, which is peculiar to these environments: the energy distribution of the neutron field, the
continuous or pulsed time structure of the beam, the presence of other radiations to which the neutron instruments could have
significant response and the large variability in the dose rate, which can be observed when moving from areas near the beam
line to free-access areas. The use of spectrometric techniques in support of traditional instruments is highly recommended to
improve the accuracy of dosimetric evaluations. The multi-sphere or Bonner Sphere Spectrometer (BSS) is certainly the most
used device, due to characteristics such as the wide energy range, large variety of active and passive detectors suited for differ-
ent workplaces, good photon discrimination and the simple signal management. Disadvantages are the poor energy resolution,
weight and need to sequentially irradiate the spheres, leading to usually long measurement sessions. Moreover, complex
unfolding analyses are needed to obtain the neutron spectra. This work is an overview of the BSS for area monitoring in
particle accelerators.

INTRODUCTION

Particle accelerators represent a very important
environment for the development of the radiation
protection field. It is at accelerators ‘that the science
and technology of radiation dosimetry are at their
most sophisticated’(1) and neutron dosimetry is cer-
tainly behind much of this complexity(2). While the
dosimetry of photons is simplified by the convention
that the quality factor is 1 for all energies(3), the
determination of the operational quantities for neu-
trons is more complex, because the spectrum of
neutron-induced secondary particles in tissue is
complex and difficult to mimic with instruments,
relying on nuclear reactions generally different from
those occurring in tissue. The degree of complexity is
increased by the large variability of neutron energies
in particle accelerator workplaces, spanning from
thermal neutrons (1028 MeV) to hundreds or thou-
sands of MeV.

At electron accelerators, the photoneutrons
(� MeV), produced by the giant dipole resonance
(GDR) interaction, is the dominating component(4).
Nevertheless, if the energy of the primary particle
exceeds the thresholds for the quasi-deuteron
(�25 MeV) or photo-pion (200 MeV) effects, higher
energy neutron components are produced in the
intervals between 10 and 100 MeV (pseudo-deuteron
effect) or E .100 MeV (photo-pion effect). Owing
to its penetration capability, the latter component
and its secondary field of lower energy neutrons and
photons dominate the radiation environment behind
thick concrete shields. As shown in Figure 1, the
near-target field is dominated by GDR neutrons,

while the spectrum behind thick concrete shield pre-
sents an important high-energy component that
tends to accumulate in the 102 MeV region, corre-
sponding to the minimum cross section for most
materials.

For proton facilities with energy above �10 MeV,
neutrons usually constitute the main hazard in areas
accessible to workers. The neutron-producing mech-
anisms are diverse: (p,n) reactions dominate the low-
energy range (Ep , 200 MeV), whereas a number of
neutron-producing reactions become possible in the
intermediate energy region (200 MeV , Ep , 1
GeV). Here the neutron production occurs via evap-
oration (1 , En , 10 MeV) or hadronic cascade
(En . 10 MeV). An increased number of reactions
produces high-energy neutrons when Ep . 1 GeV. A
more detailed characterisation of workplace spectra
at proton accelerators is given in ref. (5).

A common point to high-energy electron or
hadron facilities is that if primary particles have
enough energy to trigger the nuclear cascade, the
neutron spectra produced in shielded areas are very
similar. This is shown in Figure 2, where the neutron
spectra produced behind the lateral shield of an elec-
tron facility and a hadron facility are compared. In
the electron case, the 3-GeV beam hits a Cu target
and the lateral concrete shield is 50 cm thick. The
hadron case is the CERF(6) (CERN-EU high-energy
reference field facility), where a 120-GeV proton
beam impinges on a thick copper target and the
concrete shield is 80 cm thick.

Ideally, the fluence response of an instrument
(reading per unit incident fluence) as a function of
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the neutron energy should be proportional to the
fluence-to-ambient dose equivalent conversion coef-
ficients established by ICRP and ICRU(7, 8), but the
variation of these coefficients with neutron energy is
as large as a factor of 40 from 1 keV to 1 MeV. A
consequence is that the performance of neutron-
measuring instruments as a function of the energy is
usually poor, leading to over- or under-estimations if
the instrument is used in a field having an energy
distribution different from that of the calibration
field.

As far as the area monitoring is concerned, instru-
ments with reasonably flat dose equivalent response
have been developed(9), but only within a restricted
energy sub-interval. Commonly employed rem-

counters, based on a thermal detector in the centre
of a moderating sphere, usually show satisfactory
energy response in the mega-electronvolt region (cor-
responding to the energy of the calibration sources),
but their performance at intermediate energies and
.20 MeV is poor. To enhance their high-energy
response, heavy metal layers have been included in
the moderator(10 – 12) (extended range rem-counter),
but even this modification does not guarantee that
the fluence response is fully proportional to the rel-
evant conversion coefficient (see Figure 3). Once
again, the application of workplace-specific correc-
tion factors is required if the workplace spectrum
differs significantly from the calibration spectrum.
TEPC-based instruments, which infer the total
H*(10) on the basis of measured microdosimetric
spectra, have been also used in high-energy neutron
fields with satisfactory results(13). A recent inter-
comparison of survey instruments was organised at
the GSI in the framework of the CONRAD project
(COordinated Network for RAdiation Dosimetry,
funded by the European Commission within its 6th
Framework Programme). Here, extended range rem-
counters and TEPC instruments were exposed in the
field produced behind a thick concrete shield by a
400-MeV/nucleon carbon beam hitting a graphite
target. Both types of instruments were able to deter-
mine the neutron component of H*(10) with an
accuracy in the order of 10 % or better(14).

A variety of passive detection techniques, widely
used in personal dosimetry(15, 16), have also been
employed in survey instruments. For the high-energy
neutron fields encountered at particle accelerators,
thermoluminescence dosimeter (TLD) pairs or
nuclear track detectors have been used in the centre
of an extended range sphere (passive LINUS).
Recently, single moderator multidetector passive

Figure 3. Energy dependence of the fluence response of the
LINUS spherical counter (courtesy M. Silari) compared
with the fluence-to-ambient dose equivalent conversion

coefficient.

Figure 1. Neutron spectra normalizsed to the unit fluence
(unit spectra) at 908 from a copper target irradiated with
3 -GeV electrons, in the target area and behind a 50-cm
thick concrete shielding (data simulated with FLUKA and

interpolated with continuous functions).

Figure 2. Unit neutron spectra behind lateral concrete
shields for different facilities: a 3-GeV electron beam on a
copper target (courtesy M. Pelliccioni) and the CERF (120

120-GeV protons on copper target)—concrete top.
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instruments with spectrometric capabilities from
thermal to 20 MeV have been developed(17, 18). They
are promising for radiation monitoring purposes,
but further studies are needed to extend the response
to higher energy and to provide real-time readings.

There are exhaustive reviews of neutron dosimetry
techniques(16) and their application in accelerator-
based workplaces(4), and all of them recommend the
use of spectrometry techniques(19) to support work-
place neutron dosimetry for the following reasons:

(1) For evaluating the suitability of a given instru-
ment, or its response as a function of the energy,
for a specific workplace and to determine work-
place-specific correction factors(20).

(2) For identifying relevant points of the installation
where the neutron field can be fully characterised
through spectrometry and/or calculation, and
that can be employed as simulated workplace
neutron fields(21, 22) for the calibration of survey
instruments and dosemeters to be used in the
installation.

(3) Although the operational quantities were
designed to provide a conservative estimation of
the effective dose, there are neutron energies and
irradiation geometries where the differences are
significant, leading to relevant over- or under-
estimation of the effective dose(23). Consequently,
even if the operational quantities are correctly
estimated, spectrometric information may be
needed in some circumstances, e.g. when
exposures approach the limits.

If the neutron spectrum is known, H*(10) in work-
places may be derived by the following calculation:

H�ð10Þ ¼
ðEmax

Emin

dE� FðEÞ � h�wðEÞ ð1Þ

where F(E) is the energy distribution of the neutron
fluence and h*

f(E) is the fluence-to-ambient dose
equivalent conversion coefficient.

The Bonner sphere spectrometer (BSS) is certainly
the most used spectrometer for radiation protection
applications due to a number of advantages:

– The wide energy range: to date, the BSS is the
only system that is able to cover the whole range
of energies encountered in particle accelerators(24).
A set of five to six well-chosen polyethylene
spheres with diameter ranging from 2 in. to 12 in.
is adequate for neutron energies up to 20 MeV(25).
If higher energy components have to be measured,
extended range spheres are added(26, 27).

– Different types of thermal neutron detectors can
be used as the central sensor of the BSS. At
INFN-LNF the same set of spheres, including

three extended range spheres, has been used with
a 6LiI(Eu) scintillator(28, 29), TLD pairs(30, 31)

and gold(30, 32) or dysprosium activation
foils(33, 34) for measurements in particle accelera-
tors under different conditions of intensity, time
structure and intensity of the photon fields. An
appropriate choice of the thermal detector may
allow the BSS to work correctly even in the pres-
ence of very intense photon fields as in electron
accelerators.

– The acquisition system is usually simple and is
based on a spectrometric or counting chain for
active counters. For passive detectors, like acti-
vation foils, TLD pairs or nuclear track detec-
tors, the detector has to be removed from the
sphere after the irradiation, and then analysed.
The analysis may take place ‘in situ’ for acti-
vation foils, if portable counting systems
(NaI(Tl) or beta counters) are available.

– The isotropy of the response, helping in the
determination of the fluence and of H*(10).

– Accuracy: in the above-mentioned CONRAD
inter-comparison(35), where .40 % of the
neutron component of H*(10) was due to neu-
trons .20 MeV, three different BSSs with
extended range (ERBSS) having different
thermal neutron detector, response matrix, cali-
bration and unfolding codes provided very con-
sistent results in terms of fluence and ambient
dose equivalent.

A limitation is the poor energy resolution due to the
shape of the response functions that are character-
ised by similarities and overlapping. Particularly, the
best energy resolution is in the interval between 0.1
and 20 MeV, corresponding to the maximum degree
of differentiation of the response functions, whereas
poor resolution is found in the intermediate energy
region and .20 MeV(36), where all response func-
tions tend to have similar slopes. As a general rule,
neutron spectra having a smooth and continuous
shape can be well described by a BSS, while the
fluence associated with narrow peaks or fine struc-
tures will be spread over a larger energy interval.

The weight and the large volume entailed by a set
of spheres are further limitations. In addition, the
spheres need to be sequentially irradiated, usually
leading to long measurement sessions. Furthermore,
monitoring instruments working in parallel with the
BSS are needed when the field varies over time.

Provided that a well-established and validated
response matrix is available, usually derived from
Monte Carlo simulations, the most complex aspect
of the spectrometry task is the unfolding process,
due to the non-uniqueness of the mathematical sol-
ution. This requires the introduction of a certain
amount of ‘a priori’ information, which has to be
taken into account in the unfolding process.
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An experimental difficulty, especially for large
spheres, is the need to irradiate the spectrometer uni-
formly, which is the condition under which the
response functions are calculated. This condition is
fulfilled with point sources at large distances. In col-
limated fields, beam-scanning techniques have to be
implemented, or a response matrix specially calcu-
lated for a partial irradiation condition has to be
used(34). It should be noted that the ‘uniform
irradiation condition’ does not necessarily imply an
aligned expanded field: any angular distribution is
allowed, since the sphere response is isotropic.

Besides the measurement problems due to the
variability of the neutron energy in workplaces, rel-
evant aspects of accelerator-based workplaces are
the time structure, which is frequently sharply
pulsed, the large variability in the dose rate, which
can be observed when moving from areas near the
beam line to free access areas and the presence of
other radiations to which the neutron instruments
could have significant response. All these aspects
may have an impact on the response of survey
instruments and of the BSS.

Because exhaustive literature on the BSS and its
use in radiation protection is available(24, 25, 37), this
work will treat only a limited number of aspects that
are of particular interest in particle accelerator
monitoring, particularly, the choice of the thermal
neutron detector in relation to the field intensity and
the time structure, the response matrix, the choice of
the moderating spheres, the uncertainties and the
unfolding procedures.

THE RESPONSE OF THE BSS

The response function of a sphere, defined as the
reading per unit fluence as a function of the monoe-
nergetic neutron energy, under uniform irradiation
condition, is usually derived by Monte Carlo simu-
lations. The simulation is frequently done with a par-
allel field having the same diameter as the sphere.
The calculated response will be adequate for
measurements in fields with any directional distri-
bution, provided that the irradiation of the sphere is
uniform. Various transport codes are suited to calcu-
late the response matrix of a BSS. A recent compu-
tational exercise(38) organised in the framework of
the CONRAD project demonstrated that the
MCNP family is used in the majority of the cases.
FLUKA(39, 40) and GEANT 4(41) have also been
used, obtaining comparable results. Accurate (within
few per cent) response function calculations can be
done from thermal to 20-MeV neutrons, because the
cross-sectional libraries are well established in this
energy range. Above 150 MeV the simulation codes
employ models, due to the limited amount of
measured data available. However, experiments
with spallation targets(42), the recent CONRAD

comparison(43) and BSS validation experiments per-
formed at the CERF facility(44), suggest that such
models may be regarded as accurate enough for
these purposes.

The number of monoenergetic energies needed to
accurately simulate a sphere must be consistent with
the complexity of the response function. Fine struc-
tures such as narrow resonances should be resolved
by reducing the width of the energy intervals: this is
the case with designs including cadmium layers. In
the absence of such structures, the response of a
sphere can be accurately simulated using a 50–100
bin energy structure. Dimensions and densities of
the materials constituting the BSS should be accu-
rately measured and implemented in the simulation
model. The importance of an accurate knowledge of
the polyethylene density is shown in ref. (37), where
the relative change in the sphere response due to
changes in the polyethylene density, (dR/R)/(dr/r),
is calculated as a function of the neutron energy and
the sphere diameter. This quotient can be as high as
6 and increases in energy regions where the sphere
response is poor.

The accuracy of the response matrix can be evalu-
ated through irradiations in monoenergetic or
broad-spectrum reference fields (,20 MeV) as those
recommended by ISO 8529-1(45). For the ith sphere
exposed in the qth reference field, the ratio ri,q
between the delivered and the measured fluence is
an indication of the accuracy of the response of that
sphere in the energy range covered by that field.
Considering a series of reference fields covering the
interval from thermal to 20 MeV neutrons and the
associated values of ri,q, their average is expected to
be around 1.00 and their standard deviation in the
order of few per cent (3 % is a typical value for well-
established BSS)(46, 47). The accuracy of extended
range spheres(44) may be evaluated using high-energy
fields as those available at the CERF facility or the
quasi-monoenergetic high-energy fields produced at
TSL (Uppsala, Sweden) or at iThemba Labs (South
Africa).

ACTIVE DETECTORS

Ref. (37) constitutes an excellent review of the
general use of active counters. Popular active coun-
ters for BSSs are the 4 mm�4 mm cylindrical
6LiI(Eu) scintillator and different types of 3He-filled
proportional counters. The 6LiI(Eu) is very small,
allowing one to use small spheres as the 2 in. and
2.5 in. but it is sensitive to photons, due to the high
density and high atomic number of iodine. This can
be corrected if the signal is acquired on a spectro-
metric chain, since the neutron peak has a nearly
Gaussian shape and the photon background is an
exponentially decreasing continuous function. 3He-
filled proportional counters have significantly lower
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photon sensitivity and higher neutron efficiency. The
cylindrical (10 mm�9 mm) 3He-filled (8 kPa) pro-
portional counter, type 05NH1, has twice the effi-
ciency of 6LiI(Eu). It is currently in use at UAB
(Spain) and IRSN (France). The spherical (diameter
3.2 cm) 3He-filled (200 kPa) proportional counter,
type SP9 by Centronic Ltd. (UK), is a factor 10
more sensitive than 6LiI(Eu). It is used at PTB,
NPL, Helmholtz Zentrum München among other
laboratories. For high-energy neutron fields, Vylet(48)

used a 12.7�12.7 cm2 organic scintillator, which is
very convenient in the energy region .20 MeV due
to the 12C(n,2n)11C activation of carbon (threshold
18 MeV).

An aspect that can be of interest for measure-
ments around particle accelerators is the perform-
ance of these counters in pulsed fields. Often the
primary beam is delivered in macro-pulses with a
repetition rate in the order of 100 Hz and duration
of microseconds to milliseconds. Each macro-pulse
may comprise a micro-structure formed by pulses
with a duration of approximate nanoseconds. Since
the intrinsic dead-time of active counters (few ms)
may be comparable with the duration of the macro-
pulses, one could expect that a counter be unable to
detect more than one neutron per macro-pulse. This
is true if the counter is exposed without a surround-
ing moderator (‘bare’ configuration). Actually the
counter performance improves if a sphere is used,
because the arrival of thermalised neutrons at the
central detector is spread over a time interval in the
order of tens to hundreds of microseconds according
to an exponential function (die-away effect). This is
mainly due to the diffusion time of thermal neutrons
in polyethylene, since the slowing down time from
the initial energy to the thermal domain is relatively
negligible. Consequently the die-away time constant
Td is only a function of the sphere diameter and its
value ranges from about 30–140 ms when the sphere
diameter increases from 2’ to 12’ and for a polyethy-
lene density of 0.95 g cm23(49).

If a 7’ sphere (Td�50 ms) is exposed in a neutron
beam with a macro-pulse duration of 100 ms and
repetition rate of 100 Hz, the ‘arrival’ rate at the
central detector can be calculated and compared
with the ‘delivery’ rate (i.e. the rate that a detector
with zero dead-time and zero die-away time would
indicate during the time interval where the beam is
‘on’). This is done in Figure 4.

If the delivery rate is 5�104 s21 and the detector
dead-time is 5 ms, only 80 % of the events would be
counted if Td¼0. In a more realistic case, with
Td�50 ms, 88 % of the events is counted. It should
be underlined that the simplified example presented
above does not take into account that neutrons are
also moderated in the materials surrounding the
measurement system and adopts a pure non-paraly-
sable model for the response of the counter.

However, it suggests that the knowledge of the beam
time structure and of the die-away constant of the
spheres can help in estimating the count loss in a
given irradiation condition.

PASSIVE DETECTORS

BSSs equipped with passive detectors such as TLD
pairs, nuclear track detectors or activation foils are
used in accelerator workplaces, presenting some of
the following characteristics: high intensity, pulsed
time structure, intense photon component and large
electromagnetic noise.

TLD pairs (6LiF/7LiF) are available in different
formats with different thermal neutron sensitivity(50).
Since the neutron signal is obtained by difference,
their use is not recommended in fields with a large
photon component. Here the photon signal may
account for a large fraction of the thermolumines-
cent signal, and small uncertainties in the TL read-
ings could lead to a large uncertainty in the
determination of the neutron signal. TLD pairs have
been used in medical electron LINACs in off-axis
areas(30, 51) and around high-energy particle accel-
erators, where their results were comparable with
those obtained with a 6Li(Eu) scintillator(31).

Photon-insensitive nuclear track detectors with
adequate converters can be highly sensitive to
thermal neutrons(39). However, the etching and
analysis procedure is time consuming and can be
affected by saturation effects.

The passive detectors most suited for high-inten-
sity fields are certainly the activation foils, due to

Figure 4. Comparison between the ‘delivery’ rate and the
‘arrival’ for a 7’ sphere (Td�50 ms) exposed in a pulsed
neutron beam with pulse duration of 100 ms. The repetition
rate is lower than ,2 kHz in order to neglect the
interference between pulses. The units in the Y axis are

arbitrary.
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their insensitivity to photons, to the good knowledge
of the cross sections and to the possibility to
perform very precise measurements even with porta-
ble counters. Gold, indium and dysprosium foils
have been used in BSS, but gold foils are probably
the most popular. The Au-BSS exploits the reaction
197Au(n,g)198Au and the beta and gamma emission
from 198Au (T1/2¼2.7 d; Ebmax¼0.96 MeV,
Eg¼0.41 MeV). BSSs equipped with gold foils have
been used at NPL(52), UAB(53), IRSN(54), INFN(32)

and in the USA(55), mainly to determine neutron
spectra in medical LINACs. Esposito et al. used
gold foils and TLD pairs in the same set of spheres
in a medical LINAC, with fully comparable
results(30). The response function for activation foil-
based BSS is extended to the saturation specific
activity per unit fluence rate as a function of neutron
energy, and the typical value for gold is 0.4 cm2 g21

for the 8 in. sphere at 1 MeV. For a passive
BSS using gold foils with diameter of 1.5 cm and
thickness of 0.1 mm, the minimum detectable
fluence rate was found to be in the order of 103–104

cm22 s21(56), depending on the neutron spectrum,
exposure time, exposure to counting delay and
counting time. Increasing the foil thickness and
diameter can lower this figure, but this would also
increase self-absorption and anisotropy effects. The
anisotropy of the activation foils, evidenced for the
small spheres, is a potential source of uncertainty.
The degree of anisotropy may be investigated by
simulations or, experimentally, using a directional
thermal beam(52): at NPL a 9 % difference was
found, for the 2.5 in. sphere, from the response with
the foil parallel to the beam and the response with
the foil normal to the beam. The foils were discs
with a 2.3 cm diameter and 0.05 mm thickness.
Differences ,3 % were found by MCNP calculation
for foils with a 1.5 cm diameter and 0.1 mm thick-
ness(53). Gold foils are practically insensitive to
photons, provided that corrections are made for the
following effects:

† the photons of the 196Au (356 keV at 88 %, 333
keV at 23 % and 426 keV at 6.7 %) generated by
the 197Au(g,n)196Au reactions (threshold photon
energy of 8.07 MeV);

† the photon-induced neutrons in polyethylene
(threshold photon energy 18 MeV);

† the photon-induced neutrons in the metal of
extended range spheres (threshold �8–10 MeV).

The calibration of the Au-BSS is usually done with
a bare 252Cf source in a low-scatter room.

Due to the usually simple geometry, the response
matrix of a Au-BSS can be accurately simulated with
Monte Carlo codes. Its overall uncertainty, estimable
on the basis of irradiations in quasi-monoenergetic
neutron fields, can be as low as 3 %(56).

Indium foils are also used(57), exploiting the reac-
tion 115In(n,g)116mIn and the beta and gamma emis-
sion from 116mIn (T1/2¼54 m; Ebmax¼0.6 MeV–1.0
MeV; Eg¼0.4–1.3 MeV). The counting rate is much
higher than for gold foils, but the very short half-life
may constitute a serious limitation for operational
measurements.

Dysprosium foils probably provide the optimal
compromise for operational measurements. The
exploited isotope is 164Dy (28.2 % abundance in
natural dysprosium). 165Dy is a beta and gamma
emitter with Ebmax¼1.3 MeV and T1/2¼2.334
h. The cross section is significantly higher than for
gold (�2700 barn at thermal energy, to be com-
pared with the 98.8 barn of 197Au). The Dy-BSS in
use at INFN(33) is based on foils with a 1.2 cm
diameter and 0.1 mm thickness that are analysed
with a portable beta counter. The impact of parasitic
(n,g) and (g,n) reactions on the beta counting has
been investigated in different neutron fields, includ-
ing high-energy fields, and no significant pertur-
bations have been found in practice.

This system has been used to measure the neutron
spectra from a spallation source(34) and a fusion
based generator (R. Bedogni et al., submitted for
publication). In the latter experiment, the Dy-BSS
has been compared with the active 6LiI(Eu)-based
BSS, with fully consistent results.

Since activation foils are sensitive to the fluence
rate and its time variations, the impact of pulsed
beam time structures on their response should be
evaluated. Ideally, the half-life of the activation
product should be large enough to ‘ignore’ the time
structure of the pulsed beams. In this case, the satur-
ation activity may be calculated under the hypoth-
esis that the total neutron fluence is delivered at a
constant rate; see the following equation:

An ¼ Asat
Ton

Ton þ Toff
1� 2�nðTonþToff Þ=T1=2

h i
ð2Þ

An is the foil activity after the nth pulse; Asat the sat-
uration activity corresponding to the fluence rate in
the ‘on’ period; Ton the pulse duration; Toff the time
interval between two pulses; T1/2 the half-life.

In reality, the activation is discrete and the activity
increases as in the following equation:

An ¼An�1 þ ðAsat � An�1Þ � ð1� 2�Ton=T1=2Þ

� 2�Toff =T1=2

ð3Þ

The continuous irradiation approximation tends to
under-estimate the exact calculation.
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CHOOSING THE SPHERES

The unfolding problem in Bonner sphere spec-
trometry is under-determined, because the number
of mathematical functions that could reproduce a
given set of measured sphere counts is theoretically
infinite. In principle, the spectrometric information
increases as the number of spheres increases, but the
amount of added information decreases for each
added sphere, because the response functions are not
completely independent. Indeed, they present over-
lapping and similarities.

The information contained in a set of BSS
measurements can be condensed in a curve repre-
senting the sphere reading as a function of the
sphere diameter. For workplace spectra with a
maximum energy of 20 MeV and for polyethylene
spheres, this curve can be fitted with a smooth, non-
oscillating, cubic spline interpolation(37). The fact
that a few well-chosen spheres (five to six) are
enough to fully describe the curve means that the
totality of the spectrometric information obtainable
with this technique is provided by this minimum set
of spheres. Clearly, since the measurements are
affected by uncertainties, more spheres are rec-
ommended to produce more stable results. This also
explains why the importance of the pre-information,
in the form of a detailed a priori spectrum or a pre-
defined parameterisation of the spectral components,
is always very high and has very little dependence

on the number of spheres (provided the minimum
set is achieved).

The situation is even worse in the high-energy
domain (.20 MeV), because the responses of all
known designs of extended-range spheres have the
same shape, as shown in Figure 5. Thus, the spectral
information obtainable in the high-energy domain is
quite uncertain(58). It is therefore advisable, more
than increasing the number of spheres, to investigate
new detectors characterised by different shapes in
the high-energy response.

Fission detectors or fission radiators, some of
them being characterised by a threshold in the
fission cross section, may help solve this problem.
This can be evidenced with the following theoretical
exercise. The high-energy spectrum shown in
Figure 5 was folded with two response matrices:

(1) Eight polyethylene spheresþthree extended
range spheres (the set which response matrix is
reported in Figure 5);

(2) Seven polyethylene spheresþfour idealised detec-
tors with step-wise response at 30, 45, 60 and 70
MeV.

The corresponding sets of sphere readings were
unfolded using the FRUIT parametric unfolding
code(59). This code includes a statistics tool that
derives, for each of the parameters describing the
final spectrum, a probability distribution from which

Figure 5. Typical response matrix of a BSS with extended range spheres superposed to a typical neutron spectrum of a
high-energy field (in equi-lethargy representation). The response matrix refers to the INFN-LNF ERBSS.
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the uncertainty on that parameter can be estimated.
The distribution is calculated by automatically
unfolding a large number of sphere reading sets,
obtained by applying a Gaussian perturbation to the
original set of sphere readings. The amplitude of
this perturbation is a quadratic combination of the
counting uncertainties, the response matrix overall
uncertainty and any other source of uncertainty that
may randomly affect the sphere readings. After the
unfolding, the value of each parameter (among
other spectrum-integrated quantities) is collected in
a distribution.

In the ‘high-energy hadron’ model, FRUIT
describes the high-energy peak with an evaporation-
like curve, fully described by only two parameters:
the fraction of fluence and the peak temperature.
This model was found to be accurate enough to fit
the high-energy spectra encountered behind thick
shielding in high-energy particle accelerators. The
peak temperature multiplied by 2 gives the peak
position. Figure 6 shows the distributions for the
peak temperature obtained in cases (1) and (2).

As expected, the presence of step-wise response
functions implies a better determination of the peak
temperature. This was estimated to be 52 MeV with
a standard deviation of 6 % for the standard ERBSS
and 51 MeV (s.d. 2 %) for the idealised response
matrix.

UNFOLDING

A very important aspect of operational measure-
ments with the BSS is a consistent estimation of the
uncertainties affecting the BSS counts and the use of
an unfolding algorithm that allows taking uncertain-
ties into account. The propagation of uncertainties
in the unfolding process is not direct and is per-
formed by very few of the available codes, as those

based on the Bayesian approach(60), MAXED(61)

and FRUIT(59).
In the unfolding process, very small variations in

the input data may produce large changes in the
resulting spectrum, requiring the adoption of specific
experimental procedures to reduce uncertainties to
the maximum extent. As an example, if measure-
ments with an activation foil-based BSS are done in
an accelerator, the estimation of the saturation factor
on the basis of the instantaneous beam intensity,
rather than considering an average intensity, will
improve the accuracy of the BSS data. The neutron
field should be monitored in terms of time variabil-
ity but also in terms of direction and energy varia-
bility. The uncertainty due to small instabilities in
the energy distribution of the field may be evaluated
by exposing at least two monitor instruments having
very different energy dependence of the response,
such as an extended-range and a 3’ sphere. Monitor
instruments placed at different angles with respect to
the reference line-of-flight may be useful to estimate
the uncertainty due to small instabilities in the direc-
tion distribution of the field(28). An important source
of uncertainty is the response matrix, the overall
uncertainty of which should be estimated in well-
known neutron fields (see the section The response
of the BSS). Besides the uncertainties due to the
simulation model (dimensions, densities, compo-
sitions, cross sections), there are other factors that
may affect the response of a BSS. As an example, if
measurements in collimated beams are performed,
the response matrix should be corrected to consider
the beam dimension. An example of such a correc-
tion is shown in ref. (34).

The anisotropy of the central detector, especially
in an activation foil-based BSS, may constitute a
source of uncertainty. If the direction distribution of
the field is known, appropriate corrections can be
applied to the response matrix. Otherwise, an
additional uncertainty should be associated with the
reading of the small spheres.

A potential source of systematic errors is the
decrease with time of the efficiency of the central
detector. 3He or 6LiI(Eu) detectors are stable, but
small variation in the order of a fraction of % per
year can be expected. Very simple devices can be
used to check this parameter, such as a polyethylene
moderator where the detector and a small neutron
source are allocated in fixed geometry. The dead-
time and the photon sensitivity of the counter
should also be known.

Provided that the response matrix is well known
and all major sources of uncertainty are controlled,
the unfolding is the most complex step of the spec-
trometry task.

The topic of unfolding is treated in detail else-
where(59 – 63). A number of unfolding codes have
characteristics that make them hard to use in

Figure 6. Probability distribution for the high-energy
temperature (assuming an evaporation-like model for the

high-energy peak).
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operational radiation protection monitoring. These
are the complexity of the codes, the need for a very
expert user and the need for realistic a priori infor-
mation, such as a ‘default spectrum’ as close as
possible to the expected spectrum.

A way to eliminate the need for a detailed a priori
spectrum is the parametric approach, used in
FRUIT and in the Bayesian methods. The para-
metric approach eliminates the non-physical sol-
utions by modelling the neutron spectrum as a
superposition of elementary spectra parameterised in
terms of a small number (about 10) of physically
meaningful parameters.

As an example (referred to FRUIT), besides the
sphere response functions, the counts and related
uncertainties, the user is only asked to introduce
qualitative information on the type of ‘radiation
environment’, on the basis of a check-box input
section. The available models are fission, evapor-
ation, narrow-spectrum (suited for mono-chromatic
fields) and, for high-energy particle accelerators,
‘high-energy hadron’ and ‘high-energy electron’
accelerators. While the ‘hadron’ model is mostly
suited for shielded areas, being the high-energy peak
fitted with an evaporation-like curve, the ‘electron’
model implements specific functions to reproduce
the mid-energy neutrons from quasi-deuteron effect
and high-energy neutrons from photo-pion
production(64).

No ‘default spectrum’ is asked of the user. The
code randomly generates a default spectrum, needed
to start the iterative procedure, on the basis of the
radiation environment selected by the user. Taking
advantage of a ‘flexible tolerance’ convergence
mechanism, results do not depend on the numerical
values of this spectrum. Other aspects are as follows:

† The user intervenes to control the convergence
procedure. The code is not intended as a ‘black
box’.

† User friendliness and visual operation. The
quantities involved in the unfolding process and
their variation are continuously displayed: the
plot of the spectrum, the measured and unfolded
Bonner sphere counts, the parameters, the toler-
ances and the dosimetric quantities.

† The code includes a statistics tool that derives,
for each of the parameters describing the final
spectrum, a probability distribution from which
the uncertainty on that parameter can be esti-
mated. This analysis is done for the parameters,
the fluence (and fractions of fluence in given
energy intervals) and the ambient dose equival-
ent. Uncertainties are also derived for the
numerical values of the spectrum. Uncertainties
of input quantities (sphere counts, response
matrix and other sources that may randomly

affect the sphere counts) are used to perform
these analyses.

The mentioned CONRAD inter-comparison(35)

allowed comparing different BSSs (all using
extended-range spheres) and different unfolding
codes in a high-energy problem. The codes were
FRUIT, the Bayesian method used to produce a
guess spectrum for MAXED, MAXED and a vari-
ation of SAND called MSANDB (65).

The systems provided integral results with a very
low dispersion (,6 % for H*(10) and ,3 % for F),
while the uncertainties provided by each group were
,5 % for F and ,10 % for H*(10). Good agree-
ment was found in the overall shape of the spectra,
with the largest differences observed in the high-
energy peak. This was expected due to the low resol-
ution of the ERBSS in this region. However, some
difference could be attributed to the different
unfolding codes (with different ways to introduce
pre-information) and to different validation of the
BSS.

CONCLUSIONS

The use of neutron spectrometry techniques is
increasing, not only in research applications, but also
in routine radiation protection of neutron-producing
facilities.

Workplace neutron fields are very different in
terms of energy range (from thermal up to hundreds
of MeV), intensity, time structure, presence of
photon radiation and electromagnetic noise. To date,
Bonner Sphere Spectrometry is the technique that
best covers such a variety of workplaces. Features
such as the response over a broad energy interval
(up to hundreds MeV when metal-loaded spheres
are used) and the availability of active and passive
detectors, with different neutron response and
gamma discrimination characteristics, make this
spectrometer still irreplaceable.

The use of the BSS (ERBSS for high-energy facili-
ties) is rather well harmonised and different BSSs
with different unfolding codes and pre-information
are able to give the same integral values (within
limited spread) and comparable spectra in a work-
place field. However, there are aspects requiring
further analysis, such as the use of unfolding codes
(and the influence of the pre-information) and how
different can be the results of BSSs having different
experimental validation. Open problems of the high-
energy region are the following:

(1) The simulation codes rely on models to describe
the high-energy region, and these models have
been partially verified with experiments. On the
other hand, the response matrices of the ERBSS
are calculated using the same codes, thus
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producing a correlation between the BSS results
and the simulated spectra.

(2) The limited availability of high-energy reference
fields(66) and the difficulty in obtaining accurate
spectrometric measurements over the whole
energy range.

(3) With the current design of extended range
spheres, only limited information may be
obtained on the high-energy component of the
field. New designs with different shape of the
high-energy response would be highly
valuable.

Passive BSSs or ERBSSs play an important role in
the characterisation of fields with high-intensity,
pulsed-time structure or large photon background.
This is the case of radiotherapy facilities based on
electrons or hadrons, nuclear reactors, research or
industrial particle accelerators (with special attention
to the increasing number of beams devoted to chip
irradiation and material studies), and new laser-
based acceleration techniques.

Activation-foil based systems have been well
characterised by different groups and constitute a
mature technique. A problem is their experimental
validation, due to the limited availability of reference
fields with adequate intensity. As done in the past
for active BSSs, an inter-comparison campaign for
passive systems using different configurations or acti-
vation foils would be very important to harmonise
their use and evaluate the response matrices calcu-
lated in each group.
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