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INTRODUCTION
Radiation protection for practices should be based on justification of exposure, optimization
of protection and dose limitations. The 96/29 European Union directive [1] clearly requires
that operational protection of exposed workers shall be based on prior evaluation to identify
the nature and magnitude of the radiological risk to exposed workers and implementation of
optimization of radiation protection in all working conditions. Operational protection of
exposed workers requires the implementation of measures at workplaces.

The ICRP60 publication (1991)[2] defines and recommends the use of the effective dose E for
radiological protections purposes. This quantity can not be directly measured; the operational
quantities ambient dose equivalent: H* and personal dose equivalent: Hp as defined in the
ICRU 51 report  (1993)[3] are recommended to estimate the effective dose E. These
operational quantities are related, through calculated conversion coefficients “h�”, to the
measurable function fluence � by:

H* =  � h*� (�) �� d�  (1a)
Hp = � hp� (�, �) ��,� d� d� (1b).

�� (��,� ) is the distribution of the fluence with respect to energy (energy � and direction �);
h*� or hp�  are the fluence to operational quantity conversion coefficients as defined by the
ICRU 57[4] report (1998) 

NEUTRON DOSE EVALUATION PROBLEMS.
There are several problems associated to neutron dose evaluation. The neutron fields found in
nuclear industry and medical applications span a wide energy range from thermal (0.01 eV) to
more than 10 MeV. Conversion coefficients have very strong energy dependence (fig. 1). The
determination of the ambient dose equivalent H*(10) may thus be problematic in the energy
region where h*� varies steeply (figure 1 shows the typical fluence and dose equivalent
energy dependence). No commercial ambient dosemeters are able to cover such a wide range.
Their response as a function of energy, which covers restricted range, has to be adapted to the
neutron spectrum encountered in workplaces. Their calibration must be performed on an
appropriate source whose energy matches the workplace energy. A priori determination of the



neutron energy spectrum must be carried out at workplaces in order to match instruments to
measuring conditions.

Figure 1: Fluence to dose equivalent conversion coefficients h*� and hp�, superposed to a
typical fluence energy distribution 

The ambient dose equivalent H*(10) is an isotropic function independent of the angle which,
if correctly measured, approximates with accepted accuracy the protection quantity E. The
personal dose equivalent Hp(10), on the other hand, is a directional function which depends
not only on energy but also on angle of the radiation field. The coefficients hp� (�, �) is
calculate [4] only between angles of 0° to 75°, for these reasons Hp(10) accurately
approximate E only in certain field geometry This problem will be illustrated in the second
example of workplace characterization. The passive devices commonly used to evaluate
personal dose equivalent cover limited energy regions ; only one electronic operational
dosemeter[5], commercially available, promises uniform response function from thermal to
14MeV. No personal dosemeter is capable to estimate correctly the posterior-anterior or
lateral irradiation. Correction coefficients to the dosemetres reading may be applied if the
energy and angular distributions of the neutron field can be evaluated. This is not an easy
task: calculations are needed, and new experimental devices measuring neutron fluence as a
function of energy and angle are in a development stage and should be tested in realistic
situations. In addition actual workplace conditions may be very tough for measurements. High
temperature, humidity, acoustic noise, electromagnetic interference, reduced space to install
devices, wide radiating sources, production constraints which reduce time available for
measurements etc. All these factors must to be considered.

In the following paragraphs, after a brief description of measurement devices, we will present
3 measurements campaigns performed to characterize neutrons fields in workplaces and we
will point out the improvement they have brought for neutron radiation protection.
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These campaigns were performed by the Laboratory of researches in external dosimetry
(LRDE) of the French Institute for radiation protection and nuclear safety (IRSN) in
collaboration with the radiation protection services responsible for these workplaces.

NEUTRON FIELD CHARACTERIZATION INSTRUMENTS
Various specialized instruments are needed for neutron field characterization. Detectors with
different but overlapping energy response should be used in order to cover all the energy
range and give redundant information for better understanding and consistency checks. The
spectrometers we have in our laboratory for workplace characterization are a Bonner sphere
system (BSS )[6], a Rotating Neutron Spectrometer (ROSPEC)[7] and a NE213[8]
scintillation counter. The Bonner sphere system consists of a set of 12 polyethylene spheres of
different diameters. Neutrons are moderated in the spheres and detected by a 3He-filled
cylindrical proportional counter. Energy range covered by the BSS ranges from thermal to 20
MeV. The ROSPEC consists of four spherical gas proportional counters. Three counters with
same diameter are filled with pure hydrogen at different pressures. The fourth bigger counter
is filled with a mixture of argon and methane. Gas pressure and diameters were selected to
cover four energy segments within 50 keV to 4.5 MeV, with generous overlap between
adjacent energy segments. The neutrons are detected by measurement of the recoiling protons
produced in the gas proportional counters. The NE213 probe is composed of a small size
liquid scintillator cell sealed to a photomultiplier. Pulse shape discrimination permits the
relatively slow-decay pulses due to neutron interactions (proton recoils) to be distinguished
from faster pulses associated with gamma ray interactions(Compton scattering). The energy
range covered by the NE213 probe is 4 MeV to 16 MeV. Ambient dosemeters are also used
for neutrons, like the Harwell N91,the Cramal 21 and the Berthold EGG LB6411, and for
gammas like Scintomat 6134A, Babyline 31 and Befic 6150 AD6.

FIELD CHARACTERIZATION AROUND A SPENT FUEL CONTAINER
An extensive campaign was carried out during the decontamination process of a spent fuel
container and around the container on the transport truck. Measurements were performed at
the EDF (Electricité de France) power plant of Dampierre in collaboration with the local
radiation protection service. As regards the EDF radiation protection service, the aim was to
control if radiation protection was correctly performed at the workplaces where workers
receive most of the doses from neutrons. This was done by characterizing neutron field in
fluence and ambient dose equivalent; by evaluating the performance of their ambient and
personal dosemeters and by improving radiation protection procedures and instrumentation.
Apart from the EDF requirements, our laboratory took the opportunity of testing in real
workplace conditions prototypes of electronic personal dosemeters. The evaluation of the
response of some ambient dosemeters commercially available for neutrons and some personal
electronic dosemeters for photons, previously tested in laboratory conditions, was also
performed [9]. A detailed description of the campaign and its results can be found in
references [10 and 11]. In this contribution, we will report on results of spectra measured in
few selected points and on ambient dosemeters testing. The sixteen experimental points,
chosen in agreement with EDF, are shown in figures 2(a) and 3(a). Most of the measurements
were performed outside the EDF normal working hours (night and week end) to avoid
interference with production time schedule. A first set of measurements was performed, with



the BSS, in the decontamination hall of the fuel building. The ROSPEC and the NE213 were
not used because of the high temperature, humidity and acoustic noise present in the hall.
Figure 2(b) shows 3 spectra that have a different thermal over fast neutrons ratio due to the
variation of the container’s shielding materials at the 3 measured points and due to
backscattering contribution which was also different at these points. Point A is more
irradiating (as expected from previous EDF measurements). The major contribution to the
dose equivalent comes from neutron in energy range from 10 to 500 keV. The measured ratio
between the ambient dose equivalent rate for neutrons and the ambient dose equivalent rates
for gammas varies from 1 to 4 
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Fig 2 Spent fuel container in the decontamination hall position (a). Labels A,B etc are the
measured points and  (b)BSS spectra at three of the measurement points 

After the decontamination procedure, the fuel container, which was positioned vertically in
the hall, was lied down horizontally on the transport truck inside the fuel building. Before
leaving the building, two shielding end caps were positioned. Due to the short time available
for measurements, only a limited 3 spheres evaluation of the dose equivalent rate was possible
at the two extremities of the container, before and after those shielding ends caps were
positioned. The addition of this shielding reduces the dose equivalent (gamma plus neutron)
by a factor 5.5 at one extremity, and a factor 10 at the other. At the truck driver’s place, the



dose equivalent rate was than too low to be measurable. After the decontamination procedure,
the truck was parked in a hall outside the fuel building. 
Figure 3(b) shows the results obtained around the container on the truck in the parking hall.
We note that effect of the end caps shielding is to thermalise the spectrum and reduce the dose
equivalent (point M fig. 2). The spectrum at point D in fig. 3(b) is similar to the spectrum at
point A in fig. 2(b) and shows no reduction on the fast neutron contribution since no
additional shielding was added at this point. 

During the campaign, measurements were performed with three ambient dosemeters that were
previously calibrated on a AmBe source. Strong disagreements were observed on results of
different instruments. This is due to the fact that the AmBe source spectrum covers a different
energy range than the one measured at this EDF fuel container. Better agreement between
instruments is observed when they are calibrated with a Cf +D2O moderated source. The
calibration source choice must be adapted to the spectrum to be measured. In the case of the
spent fuel container, the choice of AmBe as calibration source has led to a dispersion of a
factor of two of the ambient dosemeters results. 
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Fig 3 Spent fuel container on the truck in the parking hall (a). Labels C,D etc are the
measured points and  (b)BSS spectra at 3 of the measurement points



The results of all these measurements have given EDF new hints to optimize the workers
exposure during decontamination phases, to adapt the instrumentation and to verify that the
transport container was properly shielded. 

PLUTONIUM REPROCESSING WORKPLACES CHARACTERIZATION 
The second example of field characterization was performed at a Pu reprocessing power plant.
Spectrometry measurements were required to determine calibration factors, complying with
ICRU 51[3] and ICRU 57[4], for personal thermoluminescent albedo dosemeters PGP-DIN.
This neutron dosemeter has a response function strongly dependent on neutron energy;
furthermore different geometrical condition of radiation fields are found at reprocessing plants
hence their calibration must be carried out directly at the workplaces. Measurements were
realized in a plutonium storage area and in front of a glove boxe where plutonium was
reprocessed by fluoration. Monte Carlo (MCNP4B)[12] simulated spectra were compared
with experimental results. The input neutron source introduced in the (MCNP4B) code was a
PuF4 spectrum with a mean energy at 1.5 MeV. obtained with the code SOURCES 4[13] .

This campaign was carried out at the CEA of Valduc in collaboration with the local radiation
protection service and (MCNP4B) calculation were performed by the laboratory “Laboratoire
de Microanalyses Nucléaires” of the University of Franche-Comté. A complete report can be
found in reference [14]. We describe here some relevant aspects of the experiment. Figure 4
shows the schematic geometrical configuration of the radiation field at the 2 workplaces. In
the case of the glove box the radiation field sources can be considered as point like and the
dosemeters are irradiated in front. I this case both H*(10) and Hp(10) give reliable evaluations
of the effective dose E. In the case of the Pu storage, neutrons arrive on the detectors at
different angles, so Hp(10), which takes into account only the forward direction, gives a
poorer evaluation of E than H*(10). For that reason, personal dosemeters must be calibrated
using spectrometry results. A spectrometer suited to measure not only energy but also
radiating field direction would have greatly improved effective dose evaluations in this
particular case. Spectrometry was performed with the BSS and the ROSPEC complemented
by the NE213 at the storage place, and only with 
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Fig 5 Measured and simulated spectra at point 1 and 2 in the Pu storage room

walls and on internal structures, which are different in the two geometrical configurations.
The MCNP4B code overestimates the fluence spectrum, probably because of discontinuities
in the plutonium sources composition and backscattering that are not taken into account.

H*(10) was also measured with three ambient dosemeters previously calibrated on an AmBe
source. This source being well adapted for Pu type spectra, no major deviations were

observed on results in this case. The average value of the dose equivalent rate 
o
H  (10)* for

neutrons and for photons are reported in table 1 for the three measured points.

Table 1 Measured average value of the dose equivalent rate
o
H  (10)* (µSv/h) for neutron and

gamma

Pu storage point 1
�Sv/h

Pu storage point 2
�Sv/h

Pu glove box
�Sv/h

<
o
H  (10)* n> 74 � 7 141 � 13 93 � 8

<
o
H  (10)* �>   7 � 1   17 � 2 18 � 2

<
o
H (10)*)n>/<

o
H  (10)* �> 11 � 1     8 � 1   5 � 1

The second workplace characterized was at the glove box. The CEA radiation protection
service required us to verify the efficiency of a protective shielding. Figure 6 shows the
comparison of spectra measured with the ROSPEC & NE213 and the prediction of the
MCNP4B calculations that are, in this simpler case, in better agreement. The biological
protective shielding reduces neutron dose equivalent rate by a factor two.
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Fig 6 Comparison of measured (ROSPEC) and simulated spectra (MCNP) in front of the Pu
glove box before and after the addition of the protective shielding.  °

Calibration coefficients of personal dosemeters were determined correcting the PGP-DIN
results taking into account the ambient dose equivalent measured with the spectrometers at the
assessed workplaces. Coefficient values were 1.3 for the glove box (forward directional field),
and 3 for the storage room (multidirectional field). 

CONCLUSIONS AND PERSPECTIVES 
Spectrometry is nowadays an essential tool to improve radiation protection of workers at
workplaces were relevant neutron field are present. The two examples reported have shown
the difficulties to measure dose equivalent for neutron in real working conditions. Knowledge
of the neutron sources composition and energy and of the geometry of neutron fields have to
be taken into account to correctly measure fluence and dose equivalent energy distributions.
Spectrometry results at workplaces may help users to adapt radiation protection instruments to
their working conditions and to choose calibration sources and procedure. Spectrometric
method applied for nuclear industry measurements may be used also in other domains such as
medical application for better patient treatment planning. Individual monitoring for neutron is
still a very difficult task that needs more research work to improve the instrumentation and the
evaluation of operational qualities and fluence to personal dose equivalent conversion factors 

Spectrometry for dose assessment in mixed neutron-photon fields will be an essential part of
the EVIDOS project supported by the European Union. The project will evaluate different
methods for individual dosimetry in mixed neutron-photon workplaces in nuclear industry, by
determining personal dosemeter capabilities and limitations and by establishing methods to
derive sufficiently accurate values of personal dose equivalent from spectrometers, area



monitors, routine personal dosemeters and, in particular, new electronic personal dosemeters.
Characterization of several work places of nuclear industry in 4 European countries is
foreseen using classical spectrometer and prototypes devices that will allows measuring
energy and angular distribution of the neutron field. 

We would like to tanks P.Hartmann, of EDF, P.Crovisier of the CEA Valduc and J.E. Groetz
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