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ABSTRACT Neutron dosimetry is of practical relevance in a wide energy range of at least
ten orders of magnitude. However, the dose quantities used in radiation protec-
tion are not directly measurable. This is mainly due to the variable quality of
neutron radiation, expressed by radiation weighting factors (in the effective
dose) or quality factors (in the dose equivalent). In spite of considerable pro-
gress in neutron dosimetry there is no dosemeter which is capable of measuring
neutron doses independently of the neutron spectrum with adequate accuracy.
A review is given of dose quantities, calibration methods and procedures to
determine the dose at workplaces with instrumentation of limited capability.
The properties of these instruments including area dosemeters, individual dose-
meters and spectrometers are reviewed and increasing demands discussed. As a
conclusion, there is a need for further research, development and exploration of
workplace conditions.

RESUME En dosimétrie des neutrons, les situations pratiques rencontrées couvrent un
large domaine d’énergie s’étendant sur plus de 10 décades. En outre, les gran-
deurs dosimétriques utilisées en radioprotection ne sont pas directement acces-
sibles a la mesure. Ce dernier point est principalement dii a la variation de la
“qualité” du rayonnement neutronique, exprimé au moyen des facteurs de pon-
dération radiologiques (pour le calcul de la dose efficace) et des facteurs de qua-
lité (pour le calcul de P’équivalent de dose). En dépit des progres considérables
réalisés dans le domaine de la dosimétrie des neutrons, il n’y a pas encore
aujourd’hui de dosimétre susceptible de mesurer la dose due aux neutrons avec
une précision acceptable quel que soit le spectre en énergie. Cet article présente
les grandeurs dosimétriques utilisées en radioprotection. 1l traite également des
méthodes et des procédures d’étalonnages adaptées a la détermination de la
dose aux postes de travail avec les appareils actuels dont les performances sont
limitées. Les propriétés de ces instruments, incluant les dosimétres de zone, les
dosimetres individuels et les ensembles de spectrométrie, sont décrites et les
améliorations nécessaires exposées. En conclusion, la situation actuelle requiert
des recherches complémentaires pour le développement des techniques de dosi-
métrie et ’étude des postes de travail.
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1. Introduction

Practically the neutron fields in the nature are due to high-energy cosmic
rays and are of practical relevance only in high-flying (= 10 km) air- or space-
craft. In addition, man-made neutron fields are found in the controlled areas of
nuclear fission reactors, i.e. power plants and research reactors, of fusion expe-
riments and experimental fusion power reactors, and of particle accelerators
for medical and industrial applications as well as for basic research in nuclear,
high-energy particle and condensed matter physics. Finally, neutron fields are
found near transport casks and intermediate repositories of highly radioactive
waste, for instance as a result of (&, n) nuclear reactions. Due to their high
penetrability as uncharged particles, neutrons often account for a substantial
fraction of the total dose behind radiation shielding.

In spite of the comparatively low number of exposed persons, large expen-
diture is required for a sound neutron dosimetry for radiation protection pur-
poses. Complications arise from the complicated nuclear, i.e. nuclide-specific
interaction with matter which includes the complex multi-resonance energy-
dependent structure and the fact that neutrons with energies as low as a few
meV are captured and produce high-energy gamma rays with energies of up to
several MeV. Neutron energies between some meV (in nuclear reactors) and
some 100 MeV (in aircraft and behind the biological shielding of high-energy
accelerators) are therefore of practical relevance and cover an energy range of
at least ten orders of magnitude in which appropriate dosimetric instrumenta-
tion is needed. Additional complications arise from the energy-dependent qua-
lity factors and radiation weighting factors which require additional spectral
information that goes beyond the mere measurement of the absorbed dose.
This can usually be obtained by means of neutron spectrometry and/or trans-
port calculations (e.g. Monte Carlo techniques). Finally, neutron fields are
inevitably mixed neutron-photon fields and therefore require the application of
special dosimetric techniques.

The correct application of these special techniques alone — without regard
to any further research or development — obviously requires a minimum stan-
dard of expertise to be maintained.

2. Deose quantities and requirements on dosemeters

2.1 Operational dose quantities, conversion factors and calibration

A detailed discussion of dose quantities can be found elsewhere [44-45, 74-
75, 81]. Operational dose quantities used in radiation protection, such as the
ambient dose equivalent H*(10) for area monitoring or the personal dose equi-
valent H(10) for individual monitoring [44] are based on the dose equivalent
(DE):

H=]Q(L)D,dL=0QD 1)
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Figure 1 shows the quality factor Q(L) according to ICRP 60 [5] and the
dose distribution D;(L) in equation (1) as a function of the linear energy
transfer L for the example of the ambient dose equivalent H*(10). Generally,
this quantity is not directly measurable, ie. no primary standards are available
for this quantity. Therefore, it is derived from the (measurable) neutron
fluence and the calculated fluence-to-ambient dose equivalent conversion func-
tion given by:

h*o(E) = H*(10)/® (2)
where @ is the fluence of monoenergetic incident neutrons with energy E in an
expanded and aligned field (Fig. 2). The DFE response of an area monitor in
such a field is defined as:

Ry(E) = MIH*(10) = Rey(E)lh*o(E) with Re(E) = M/® (3)
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Fig. 1 - Plot of the functions Q(L) and Dy, of the integrand of equation (1) for the case of
H*(10). In order to retain equal area mapping and considering the relation
Dy, dL = Dy, L d(log L), Dy L is plotted as the ordinate for neutron energies of
19.9 and 9.9 MeV and for thermal neutrons.

Représentation du facteur de qualité Q et de la distribution en dose Dy en fonc-
tion du transfert linéique d’énergie (L) entrant dans le calcul de H*(10) a partir
de Péquation (1). En utilisant la relation Dy, dL. = Dy, L d(log L), la fonction
Dy L est portée en ordonnée pour les distributions en dose (pour les énergies de
neutrons de 19,9 et de 9,9 MeV et pour les neutrons thermiques) afin d’obtenir des
surfaces proportionnelles a la dose absorbée.

Here, M is the reading of the monitor and Rg(FE) the fluence response. If
Rp+(E) is constant under all conditions, ie. if M is proportional to H*(10) inde-
pendently of the neutron energy and direction of incidence, then the device is
an ideal area dosemeter. Its fluence response Rg(E) should then be proportio-
nal to h*o(E). In practice, however, such ideal dosemeters do not yet exist.
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Like the ambient dose equivalent the personal dose equivalent H,(10) is not
directly measurable and therefore also derived from the neutron fll)uence and
the calculated fluence-to-dose conversion function h,q = Hy(10)/® which, in
this case, depends on the incident neutron energy and ﬂlght dP rection ¢ in rela-
tion to the normal of the phantom front surface. The energy and direction-
dependent DE response of an individual monitor is, in analogy to equation 3,
given by:

RHP(E, a) = M/H,(10) = Re(E, @)/hyo(E, @) (4)

In this equation, the reading M of the individual monitor refers to a condi-
tion where the individual monitor is fixed on the front surface of the slab phan-
tom so that here the responses depend not only on the energy but also on the

direction a. Figure 2 shows the neutron fluence-to-personal DE conversion
function hpe(E, @).
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Fig. 2 — Fluence-to-ambient dose equivalent (thick line) and fluence-to-personal dose
equivalent conversion factors as a function of incident neutron energy and (for the
personal dose equivalent) of the angle of incidence, o, with respect to the normal

of the front surface, as calculated in [76]. From top to bottom: o. = 0, 15, 30, 45,
60 and 75°.

Coefficients de conversion de la fluence vers ’équivalent de dose ambiant (trait
épais) et de la fluence vers I’équivalent de dose individuel en fonction de Iénergie
des neutrons incidents et, pour P’équivalent de dose individuel, en fonction de

P’angle d’incidence () par rapport a la normale a la face avant du fantéme [76].
(o= 0, 15, 30, 45, 60 et 75°).

In a standard laboratory, the calibration, i.e. the determination of Ry of
area and personal dosemeters in terms of ICRU operational quantities requires
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the use of reference neutron radiations which are, among other quantities, cha-
racterised in terms of the spectral fluence, ®g= d®/E.

For the experimental investigation of the “unwanted” energy dependence of
Ry(E), monoenergetic neutron reference fields are of special interest.
Considering the example of an area monitor, in a first step, Rp(E) is determi-
ned by measuring the readings M and the corresponding fluence ( in various
monoenergetic neutron fields, often at energies specified by an ISO standard
[46]. In a second step, h*g is used to determine Ry(E) according to equa-
tion (3).

Since the DE responses Ry of realistic neutron dosemeters turn out to be
definitely energy-dependent, the dosemeters indicate the “true dose” only for
the neutron spectrum in which they have been calibrated. Neutron reference
fields whose spectra resemble the neutron spectra at workplaces have therefore
received considerable interest (see Sect. 3). for example, the DE response of an
area monitor for such broad spectral distributions is given by the relations:

Ry« = M/H*(10) and H*(10) = @ | h*o(E) [®/P) dE (5)

In order to evaluate Ryx«, the reading M and the corresponding fluence ® =
J @ dE have to be measured. In addition, the shape of the spectrum, @ g/®,
must be known from measurements and/or calculations.

In general, it is necessary and by no means trivial to achieve calibration
conditions at irradiation facilities which correspond to the definition of the
quantities, e.g. well-known spectral and directional distributions, and the condi-
tion of an expanded and aligned field.

There is a strong need for a link between the computational approach of
dosimetric concepts and their application in the laboratory. This is achieved by
the set of ISO standards [46-47] dealing with reference neutron radiations for
radiation protection dosimetry. In particular, they give guidance on several
complementary topics such as the characteristics of reference radiations and
the methods of their production, the physical quantities and specifications of
the radiation fields including appropriate conversion factors. Procedures and
calibration phantoms for personal dosemeter calibrations are recommended.
Furthermore, they include recommendations which ensure that the calibration
factor is a unique property of an instrument, implying the corrections of its rea-
ding for extraneous effects and corrections for unwanted contributions of back-
ground radiation before the appropriate fluence-to-dose equivalent conversion
factors are applied. In addition, the uncertainties involved in the successive
steps of the calibration procedures are considered and numerically estimated.

2.2 Practical measurements in general neutron fields

In general, the calibration on the basis of equation (5) is only valid for the
neutron spectrum specified in this equation. This conclusion is arrived at if one
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looks, for example, at a personal dosemeter (reading M, on the phantom) in an
expanded but otherwise general neutron field with a directional and spectral
fluence distribution given by:

®r = d?PI(dE dQ) (6)
where Q indicates the flight direction of the incident neutrons. The reading is:
M = [ Ry(E, Q) - O dE dQ (7)

whereas: |
H(10) = [ hyo(E, Q) - @pq dE dQ (8)

Equations (7, 8) show that Rsz M/H(10) generally depends on ®gq,

unless Rg(E, Q) is proportional to hpg(e, €2) for all energies and directions, i.e.
unless one has what has been termed an “ideal dosemeter” (see Sect. 2.1). In
fact, such a dosemeter would measure Hp(IO) in any unknown neutron field.
Presently, however, no neutron dosemeter can satisfy with sufficient accuracy
the requirements on energy and angle dependence in general neutron fields.
To improve the rather limited capabilities of realistic neutron dosemeters, two
methods can be used.

One method is based on determining the spectral neutron fluence at a given
working environment and calibrating the neutron monitors in an identical or at
least quite similar field, as it has been discussed with equation 5 (see also
Sect. 3). This method results in more or less complicated spectrum measure-
ments and a periodic verification of the spectrum in the working environment
is necessary. : '

The other method is based on the use of a combination of sensors, with dif-
ferent energies and angle dependences of their responses, worn on one or seve-
ral locations on the body. A detailed discussion of this method has been given
[77] and a short outline is given below.

As in equation (7) the reading of the i-th of I sensors, M., is given by:
Mi = [[ RGI(E, Q) @ o dE dQ (9)

The basic idea of this method is to simply combine the I sensors such that:

1
hoo (E:Q) = D uiRy'(E.Q) (10)
i=1

The u; are constants which can be arbitrarily fitted in order to satisfy equa-
tion (10). If such a set of coefficients u; can be found, then it follows from
equations (8, 9) that:

|
H,(10)= ) u;M’ (11)

i=1
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for general neutron fields, ie. H p(10) 1s obtained from a linear combination of
the sensor readings. The u; may be considered as a set of generalized calibra-
tion constants.

Furthermore, by the combination of monitors worn on the chest and the
back, the usual deficiency of single monitors (i.e. they are almost “blind” if
radiation is incident on the back) can be remedied [48]. Analogous but even
simpler considerations can obviously be made for area monitors for which only
the energy dependence needs to be taken into account, because they should
have an isotropic response.

2.3 Mixed neutron-photon fields

A two-sensor system is sometimes used for dosimetry in mixed neutron-
photon fields. Usually a predominantly neutron-sensitive monitor (“rem coun-
ter”; 6LiF-TL-sensor) is combined with a predominantly photon-sensitive one
(GM counter; 7LiF-TL-sensor). The readings of these two sensors or instru-
ments can be written as a set of the two following equations (i = 1, 2):

Mi= (Rpy,) Hy + (Ryp ) - Hy (12)

Provided the four DE responses R are known, this system of equations can
be solved with respect to the neutron and photon doses H, and H, . For this
purpose, neutron responses of photon dosemeters have been measured for
ionization chambers [40] and Geiger-Miiller counters [51]. Another method
uses the spectrometric properties of tissue-equivalent proportlonal counters,
(see Sect. 4).

3. Neutron spectra in working environments

3.1 Neutron spectrometers

Neutron fields are fully specified by the direction-dependent spectral neu-
tron fluence @gq. Any desired dose equivalent quantity H can then be calcula-
ted by the generalized equation (8), i.e.:

H =l hg (E, Q) ®rg dE dO | (13)

using the corresponding fluence-to-dose equivalent conversion factors hg(E,
Q). A (trans)portable neutron spectrometer which has a reasonable angular
resolution can, however, hardly be realized because massive neutron collima-
tors would be required. Neutron spectrometers for use in radiation protection
practice are therefore generally designed so that their fluence response is inde-
pendent of the direction of incidence. The measured spectral neutron fluence
can therefore only be used to derive a quantity such as the ambient dose equi-
valent.
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The result of a spectrometric measurement is generally a set of readings M
from a number of I different sensors (i = 1, 2, ..., I), similar to equations (9):

zRq, O£, AE; (14)

where the fluence response matrix Rgi(E;) has been determined by calculations
and/or calibration measurements. The djes1red neutron spectrum <I>E, divided

into energy intervals AEj, is then derived by unfolding equation (14) In addi-
tion to the requ1rement of a well-known response matrix, Rg/(E;), further
requirements on a neutron spectrometer are: the capability to d1scr1m1nate
photons and to cover a wide energy range from thermal to at least 20MeV.
Bonner sphere (BSS) and proton recoil (PRS) spectrometers are best suited for
this purpose as was been demonstrated more than 20 years ago [25, 29, 50].
Since then considerable progress has been achieved in determining the res-
ponse functions and analysing the measured data.

A BSS consists of a set of / moderating spheres with a central thermal neu-
tron detector, each furnishing a reading M‘. The central detector may be either
an active detector, e.g. an Lil-scintillator, a BF3- or 3He-filled proportional
counter or a passive insert such as an Au-activation foil or a TLD chip. The
diameters of the polyethylene spheres generally used range from 5.08 cm (27)
to 45.72 cm (18”). The response matrix can be determined by experimental
calibration [5] and Monte Carlo simulation [58, 82]. Various least-squares algo-
rithms such as SAND [57], STAY’SL [63] or MIEKE [59] may be used to
unfold the spectral neutron fluence from about 5 to 15 measured data. A reso-
lution of 5 energy bins per one order of magnitude is desired over the whole
energy range of up to at least 9 orders of magnitude. However, since the
system of equation (14) is highly underdetermined, some a priori information is
required in order to select the physically adequate solutions. But even if seve-
ral possible solutions are taken into account, the derived integral quantities, i.e.
neutron fluence and ambient dose equivalent, do not scatter by more than 10%
and 15%, respectively [6].

The requirement of a better energy resolution is most important in the
energy range between 10 keV and 1 MeV, where the fluence-to-dose equiva-
lent conversion factors increase rapidly (Fig. 2). If this energy range notably
contributes to the total dose, a PRS should be used in addition to improve the
energy resolution. Here, the I channels of the pulse height spectrum can be
regarded as the readings Mi. When spherical or cylindrical proportional coun-
ters filled with hydrogen or methane gas at various pressures are used, the
spectral neutron fluence can be determined with excellent energy resolution in
an energy range from 10-50 keV to 2-5 MeV [31]. The range of low energy
limits can only be realized if photon-induced events are discriminated by means
of pulse shape analysis [19], while the higher-energy limit requires rather large
volume detectors filled with a mixture of hydrogen or methane and range-
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reducing inert gases, such as Ar or Kr. The fluence response matrix can be cal-
culated taking wall and electrostatic effects into account [80].

When neutrons with energies higher than 2 MeV are present, an organic
scintillation detector, for instance NE 213, should be used to complement the
PRS. Since neutrons are generally encountered in mixed fields, neutron and
photon-induced events must be separated by pulse shape analysis. The fluence
response matrix for neutrons and photons can be calculated with high accuracy
~if the light output functions for secondary charged particles and the pulse
height resolution function have iteratively been determined [41]. Instead of an
organic scintillator, a 4He filled proportional counter can be used in order to
take high energy neutrons into account [20].

In the case of pulse height spectra, least-squares algorithms similar to those
for few-channel unfolding are applied in order to evaluate the spectral neutron
fluence from the measured pulse height spectrum. The resuits are unique since
the fluence response matrices are generally well conditioned.

Figure 3 shows spectrum measurements in front of safes with PuO, samples
using BSS, PRS and an NE 213 scintillation detector [52]. Figure 3a shows a set
of equivalent solutions from the BSS measurements. The superior energy reso-
lution of the PRS and the NE 213 is demonstrated in Figure 3b. The peak
structure of the spectral fluence evaluated reflects the (@, n) reactions on the
oxygen of the sample and the resonance absorption of the shielding influencing
the fission-like spectrum. The smooth spectrum obtained with the BSS (Fig. 3a)
yielded, however, the same integral fluence and ambient dose equivalent for
energies higher than 50 keV and, in addition, accounted for the non-negligible
contribution of thermal and intermediate-energy neutrons.

3.2 Measurements in working environments

Recently, neutron spectrometers have increasingly been applied to deter-
mine the spectral fluences at working places, e.g. in nuclear power plants [21],
in fuel (re)processing plants [18], and in the environment of transport contai-
ners for spent fuel elements [68]. A great variety of neutron spectra has been
encountered ranging from the original “hard” fission neutron spectrum to
almost completely moderated “soft” spectra consisting of a thermal part and a
1/E distribution ending with some hundred keV neutrons [12]. Neutron spectra
recently measured with well-specified spectrometers have been compiled in a
catalogue which also contains all relevant dose-to-fluence conversion functions
and the response functions of personal and area dosemeters [78]. A versatile
handling program allows fluence-averaged conversion factors to be calculated
to characterize the hardness of the spectrum and to compare the expected rea-
ding of a monitor with the true dose quantity. From these investigations it
became obvious that field-dependent calibration factors should be applied in
most of the monitors used in radiation protection practice.
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Spectral neutron fluence rate (in a “lethargy representation”, see Fig. 1) encoun-
tered in front of safes with PuO, samples: a) as measured with a Bonner sphere
spectrometer (BSS); b) comparison of a selected BSS result with the partial spec-
tra obtained with a liquid scintillation detector (NE213) and hydrogen-filled
proportional counters (PC) in the overlapping energy region (from [52]).

Débit de fluence de spectres neutrons (représentation en “léthargie”, cf. Fig. 1)
rencontrés auprés de chdteaux contenant des échantillons de PuQO, : a) mesuré
avec la méthode des sphéres de Bonner (BSS) ; b) comparaison entre un des résul-
tats précédents (BSS) et les spectres obtenus avec un scintillateur liquide (NE213)
et des compteurs proportionnels remplis d’hydrogéne (PC) pour la gamme déner-
gie commune [52].
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3.3 Realistic neutron calibration fields

Since reliable spectrometry requires much effort and is seriously hampered,
for example, by extreme environmental conditions such as high temperature
and humidity, acoustic noise and electromagnetic interferences and safety regu-
lations in nuclear power plants, field calibrations cannot always be carried out.
Neutron spectra typically encountered in practice are therefore simulated in
calibration laboratories. Calibration is carried out using equation (5). On the
basis of a 252Cf source, either a pure fission spectrum or a D,0-moderated
spectrum can be realized according to ISO recommendations [46]. If such mea-
surements are carried out behind shadow objects, the scattered background
neutrons also form realistic calibration fields [7].

Appropriate calibration fields can also be realized with moderating assem-
blies surrounding an accelerator-based neutron source as demonstrated at the
14 MeV neutron generator of IPSN/CEA in Cadarache. Monte-Carlo simula-
tions of the neutron leakage spectrum were used to optimize the configuration
[30] and, later on, these simulations were fully confirmed by spectrometry [68]
(Fig. 4). These fields were successfully used for comparison exercises with dif-
ferent kinds of spectrometers, TEPC’s and dosemeters performed under the
auspices of the European radiation dosimetry group EURADOS.

3.4 Limitations of neutron spectrometers

While the uncertainty level of neutron spectrometry in the energy range below
20 MeV seems to be acceptable for radiation protection practice, and even com-
mercial neutron spectrometers are available in this energy range [11, 69], a problem
remains to be solved in the spectrometry of neutrons with energies up to several
hundred MeV. These are encountered behind massive concrete and/or iron shiel-
ding of high-energy accelerators and in aircrafts flying at altitudes of 10 to 15 km.

The response of moderating spheres decreases when the neutron energy
increases beyond 20 MeV, and the energy dependence is rather similar for com-
monly used spheres [13]. The spectral fluence of high-energy neutrons can, therefore,
be determined only by means of a BSS if a priori reliable information is available, at
least on the shape of the spectrum, e.g. by Monte Carlo simulations as provided for
the high-energy calibration fields at CERN [8, 14], or if the BSS is extended by
detectors with completely different fluence response functions. Examples are fission
counters containing 232Th and 209Bi [14, 33] or double-moderator assemblies with
inner metal shells taking advantage of the energy dependence of (n, xn) — reactions
in order to increase the fluence response at high neutron energies [22]. Even organic
scintillators 10 cm in length can only be applied for neutron energies smaller than
about 100 MeV due to the wall effects which strongly increase with the recoil proton
energy [61]. The major drawback of all high-energy neutron detectors is, however,
that the fluence response functions cannot be calculated as reliably as for neutron
energies below 20 MeV because the relevant cross sections are little known. For the
same reason and because experimental methods are presently not yet satisfactorily
developed, calibration fields cannot be easily specified [61].
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A realistic neutron calibration field: a) moderator assembly at the 14 MeV gene-
rator of CEA in Cadarache [30]; b) comparison of the spectral neutron fluence in
the calibration zone as calculated with the MCNP code and measured with
Bonner spheres, hydrogen-filled proportional counters and an NE213 scintilla-
tion detector (from [68]).

Spectre réaliste de neutrons pour ’étalonnage : a) assemblage modérateur placé
devant une source de neutrons de 14 MeV au CE Cadarache (IPSN-SDOS) [30] ;
b) comparaison des spectres de fluence de neutrons dans la zone d’étalonnage cal-
culé avec le code MCNP et mesuré avec les sphéres de Bonner, les compteurs pro-
portionnels remplis d’hydrogéne et un scintillateur NE213 [68].
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4. Area monitoring

4.1 General

. Neutron area monitors are intended to measure the ambient dose equivalent,
H*(10), particularly at workplaces, in order to characterise a workplace and to
provide data for additional radiation protection measures (e.g. shielding), to
define controlled areas, to survey such areas and, occasionally, to warn people if
a certain level of ambient dose equivalent rate is exceeded. Most of the area
monitors used for these purposes are active devices; only for long-term measure-
ments, e.g. in the environment of nuclear installations, can passive methods be
applied. Neutron monitors used in daily routine must be practical, economical,
easy to read and to install and sensitive to low neutron dose equivalent rates.

4.2 “Adjusted-fluence” meters

Most active devices used in present practice are based on the moderator
principle: a detector for slow neutrons (e.g. a 3He or BF; proportional counter
or a SLil scintillator) is surrounded by a hydrogenous moderating material (e.g.
polyethylene) which is designed in such a way that the DE response of the
monitor to H*(10) is as independent of the neutron energy as possible.
However, the classical rem counters (with cylindrical moderator according to
Andersson and Braun [9] or with a spherical moderator according to Leake
[53]) still show a relative overresponse at intermediate energies and a drop of
the response above 10 MeV (Fig. 5). Recent modifications of this type of rem
counter aim at a better DE response at higher energies [22] or at a less energy-
dependent DE response in the range below 1 MeV [27].

The large energy dependence of the DE response of devices based on one
detector has led to the development of instruments with more than one detec-
tor with different moderators and thus different energy dependences. Typical
examples of such developments are the “Dineutron” [60] with two relatively
small spheres (diameters: 10.7 cm and 6.3 ¢cm) or the “single-sphere albedo
technique” [28] which makes use of three 3He counters at different positions in
and on the same spherical polyethylene moderator. The rough spectrometric
information gained from the readings of the two or three detectors can be used
to reduce the energy dependence of a fitted DE response in the energy range
up to 20 MeV, resulting in an improved measurement of ambient dose equiva-
lent in unknown neutron fields.

A different detection principle applicable in area monitoring, the superhea-
ted-drop detector, SDD, was recently investigated [32]. It is based on energy
transfer to the superheated drops by charged particles. Like most of the mode-
rator-type dosemeters described above, it is insensitive to photon radiation; the
energy dependence of the DE response between the lower threshold of about
100 keV and 15 MeV is within a factor of two (Fig. 5). A similar response for
thermal neutrons is achieved via the exoenergetic 35Cl(n, p) 35S reaction in the
drops themselves.
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Fig. 5 - Dose equivalent response, Ry, for the new H*(10) according to ICRP 60 [45, 74,
75] as a function of the neutron energy for a thin-walled (BIO) and a thick-
walled TEPC area monitor (KFA), a rem counter (Leake) and an SDD. For
TEPCs and rem counter the data represent re-evaluations [71] - for the new
H*(10) and for a calibration in a D,0-moderated 252Cf field — of results from an
intercomparison [1]. The SDD data [32] have been renormalized setting Ry = 1
at E, = 2.5 MeV.

Réponse en équivalent de dose, Ry, pour la nouvelle valeur de la grandeur
H*(10) (CIPR 60) (45, 74-75) en fonction de l’énergie des neutrons pour un
CPET a paroie fine (BIO), un CPET a paroie épaisse (KFA), un rem meétre
(Leake) et un détecteur a bulles type SDD. Pour les CPET et le rem métre, les
valeurs proviennent d’une réévaluation [71] des résultats d’une intercomparaison
[1], basé sur un étalonnage au 252Cf(D,0). Les résultats du détecteur a bulles
[32] ont été renormalisé a la valeur Ry = 1 a 2,5 MeV.

4.3 “Weighted-dose” meters

All detectors described hitherto measure essentially a weighted neutron
fluence with a response tailored to give a dose equivalent reading independent
of energy. Two other types of detectors, the tissue-equivalent proportional
counter (TEPC) developed as a byproduct of microdosimetric research and the
recombination chamber (RC), work on totally different principles. They mea-
sure the absorbed dose in tissue-equivalent material and use additional measu-
rement parameters to evaluate an average quality factor and, as a product of
these quantities, the dose equivalent.
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Fig. 6 — a) absorbed dose, yD,, as a function of lineal energy, y, measured with the
HANDI TEPC-type area monitor on board of civil aircraft [73] in arbitrary
units; b) dose equivalent, y.h(y), for the same measurement. In this representation
(i.e. multiplication by y) equal areas under the curves correspond to equal values
of absorbed dose or dose equivalent, see Fig. 1.

a) spectre microdosimétrique en dose absorbée, yD,, en fonction de Pénergie
linéale, y, mesurée avec le dosimétre de zone HANDI (dérivé d’un CPET) a bord
d’avion civil [73] unités arbitraires) ; b) spectre microdosimétrique en équivalent
de dose y.h(y) pour la méme mesure que a). Pour ces tracés (c’est-a-dire en mul-
tipliant par y), la surface sous la courbe est proportionnelle a la dose absorbée ou
Péquivalent de dose (cf. Fig. 1).

An overview of the status of TEPC area monitors was given recently [71].
The TEPC consists of a tissue-equivalent plastic material filled with a tissue-
equivalent counting gas at very low pressure. Charged particles (secondary par-
ticles produced in the detector wall or charged particles from the external pri-
mary field) crossing the sensitive volume can be measured as single ionization
events. The frequency distribution of these events in relation to the “lineal
energy” y = £€// (€ energy deposited in the volume, / mean chord length of the
volume) allows to derive a dose equivalent reading of the TEPC in analogy to
equation (1) to be derived:

Hrgpc =1 q(y) D, dy (15)

where g(y) is an approximation of Q(L) and y is assumed to be a good
approximation of the linear energy transfer L. Figure 6 shows typical spectra of
D, and h(y) = q(y)D, measured on board of high-flying aircraft. Events with
y > 10 keV/um are mamly attributed to neutrons. Due to limits of the approxi-
mation y = L and the different scattering properties of a TEPC as compared
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with the phantom used in the definition of H*(10), the DE response is not
independent of the energy (Fig. S). This effect depends in detail on the TEPC
geometry, the wall thickness in particular.

The RC is a high-pressure ionisation chamber operated in the non-satura-
ted mode. In this mode a low collecting voltage allows the measured current to
be influenced by the initial recombination of ions. This effect depends on the L
of a charged particle such that the quality factor Q can be approximated by an
empirical relation based on the ratio of the non-saturated to the saturated ion
current [37].

Area monitors of the first category, i.e. the adjusted fluence meters, are sen-
sitive to neutrons only, hence additional photon-sensitive detectors are needed
in order to determine the total dose equivalent (see Sect. 2.3). Those of the
second category, the dosemeters, are sensitive to all kinds of radiation, hence
they measure the total dose equivalent. Within certain limits, the TEPC and
the RC allow photon (low L) and neutron (high L) doses in mixed radiation
fields to be separated.

4.4 Comparison

For the energy range for which experimental data are available (Fig. 5), the
ratio of the maximum to the minimum of Ry is 17 for the Leake rem counter,
5 for BIO, 7 for KFA and 5 for SDD. Results for the RC, evaluated for the old
H*(10) (i.e. Q(L) according to ICRP 26) and for similar energies, show a varia-
tion of up to a factor of 5 [37]. The fact that experimental data do not exist for
the energy range between thermal neutrons and 10 keV limits the conclusions
with regard to the dosimetric properties in unknown radiation fields. The rele-
vance of this statement is, however, limited by the fact that there are few work-
places with a large fraction of dose equivalent in this energy region. For neu-
tron energies above 20 MeV, only few Ry data are available, mainly because
calibration fields for higher-energy neutrons have become available only
recently [72]. For the TEPC systems, measurements of Ry at 19 MeV [73] and
estimates of Ry up to 60 MeV [72] confirm the.expected low energy depen-
dence at higher energies.

The sensitivities of the various instruments are sufficiently high to measure
a dose equivalent rate of 0.5 uSv/h which has been proposed as a “minimum
detection threshold” for an area monitor [66]. For the TEPCs, however, sensors
with volumes larger than 300 cm3 are required [71].

Moderator-type instruments have proved to be rather robust, reproducible
and easy to operate. They have been frequently used for many years, in parti-
cular at fission reactors. Except for the modified version [22], moderator-type
area monitors are not suited for radiation fields which contain a significant
fraction of neutrons with energies above 10 MeV, for example, at particle acce-
lerators, in aircrafts and spacecrafts. The SSD and the RC have been employed
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in practice in a few radiation fields. TEPC area monitors should still be regar-
ded as prototypes because many of their technical properties are yet unknown
despite their well-known dosimetric properties. Many applications of TEPC
systems, in particular as reference dosemeters in unknown radiation fields,
have been reported in the past years (see references in [71]). They underline
the need for dosemeters which allow additional information on the radiation
field to be obtained (average quality factor, average photon and neutron
energy) for the characterization of workplaces.

5. Individual monitdring

5.1 General

Routine individual monitoring of workers exposed to mixed neutron-
photon radiation fields with a considerable dose contributed by neutrons
requires personal neutron dosemeters. A personal dosemeter should ideally
show a DE response independent of neutron energy. Such a dosemeter has not
been available up to now, but there are some new developments in this direc-
tion combining different detection techniques; they will be discussed below.
The introduction by the ICRU of new operational quantities for individual
monitoring (see [81] and Sect.2) for which the fluence-to-dose equivalent
conversion factors vary also with the angular distribution of radiation incidence
(Fig. 2), influences the design of personal dosemeters as well.

5.2 Passive personal dosemeters

For economical reasons, most personal neutron dosemeters used routinely
are of the passive type. They are worn for a period of one to three months and
should show no fading of the radiation-induced signal during this time. A
reliable automatic read-out procedure should be available. Desirable is the
possibility of repeated read-out and a large linear dose range to make a safe
estimate possible in the case of an accident. All these requirements must be
satisfied with small, light-weight and robust dosemeters.

The most important detection methods in routine use discussed below are
nuclear photographic emulsions, thermoluminescence albedo detectors (TLD),
etched-track detectors and, for special applications, bubble dosemeters [35-36,
38-39].

Nuclear emulsions can primarily detect recoil protons produced by neutron
scattering by hydrogen contained in the emulsion and in the surrounding plas-
tic material. The smallest detectable track length, given by 3 to 4 developed
silver grains, corresponds to protons with 0.5 MeV energy. Since neutrons with
energies of 1 MeV produce recoil protons with a mean energy of 0.5 MeV, the
nuclear emulsion has a high energy threshold for neutrons at about 0.5 to
1 MeV. Such dosemeters are therefore not very useful at power reactor plants,
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where the main contribution to the dose is by neutrons with energies below
1 MeV. However, they are still useful near high-energy accelerators [23] after
the technique has been improved [42]. The fading problem has been partly
solved by sealing the films under dry nitrogen atmosphere in an aluminised
plastic pouch. Fading has thus been reduced, but it is still as high as 20% for a
usual wearing period of one month. Further problems arise with a fogging of
the films by photon doses of some mSv, which makes track counting impos-
sible, and by protons of 0.6 MeV produced by thermal neutrons via the
14N(n,p) reaction. These problems can, however, be overcome by appropriately
shielding the film with Pb and Cd layers. The tracks must be counted visually
using a microscope; the lower dose limit lies at 0.4 mSv.

Thermoluminescence detector materials detect thermal and epithermal neu-
trons in most cases via the 9Li(n, a)-reaction. Intermediate and fast neutrons
are detected in neutron dosemeters by measuring the thermalized neutrons
backscattered from the body, i.e. albedo neutrons. Since the albedo DE res-
ponse decreases by two orders of magnitude in the neutron energy region bet-
ween 10 keV and some MeV, the dosemeters must, in principle, be calibrated
in the radiation field where they are used. In the various neutron fields of prac-
tical relevance in radiation surveillance, calibration factors differing by a factor
of 25 (!) must be used [64]. In order to obtain a “field calibration”, additional
spectral information is utilized such as the ratio of the readings of two Bonner
spheres (with diameters of, for example, 7.6 and 22.9 cm, the 3”/9” ratio) or by
relating the readings of two opposite albedo dosemeters on a 30 cm diameter
sphere to the “rem-counter” reading measured by TLD chips in the center of
the same sphere. TLDs are also sensitive to photon irradiation. This contribu-
tion can be subtracted by a TLD detector which is only photon sensitive (in
most cases TLD material with 7Li only). However, in fields with high-energy
neutrons, where the reading due to neutrons is low, this subtraction procedure
can result in large uncertainties. The lower dose limit depends on the working
area in which the dosemeter is worn and can be as low as 0.02 mSv in fields
with chiefly thermal and intermediate neutrons. Automatic TLD readers make
a fast and cheap evaluation possible. The main problem with TLD albedo
dosemeters is the determination of the correct calibration factor. In Germany,
where one of the most advanced TLD-systems is used [64], four different appli-
cation areas are defined, in each one the calibration factor still varies by a
factor 2 to 3. This variation can be reduced either by determining the spectrum
(Sect.3) or, particularly in areas with high energy neutrons, by using as an addi-
tional spectral information a relation which has been found to be the ratio of
the readings of the albedo detector and an additional sensor for thermal neu-
trons from the external field.

Among etched-track detectors, the plastic CR-39 has gained in importance
in neutron dosimetry. It can detect protons with energies as low as 50 keV and
is photon-insensitive. The DE response depends on the etching techniques
used and the hydrogen-containing radiators in front of the detector. Both the
energy and angle dependence of CR-39 etched-track detectors have been
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investigated in several EURADOS-CENDOS experiments (see for example
[2]). For normally incident neutrons DE response functions have been achie-
ved which are constant within a factor of 2 in the neutron energy range from
144 keV to 15 MeV. The angle dependence of the response of CR-39 doseme-
ters is, however, stronger than that of the personal dose equivalent H,(10) (see
Fig. 2), especially for neutron energies between about 100 and 200 keV. The
use of cylindrically shaped track detectors or a detector system of several CR-
39 pieces mounted on wedges can, in principle, solve this problem, but issuing
and evaluating of these systems may be too much time-consuming. The low
energy threshold at about 100 keV neutron energy makes it possible to use
CR-39 dosemeters at workplaces with appreciable doses of high-energy neu-
trons and near reactors. In reactors, however, slow neutrons (thermal to
0.5 eV) may contribute between 2% and 61% to the dose [12, 67]. The inter-
pretation of dosemeter readings therefore requires additional information on
the working environment. Although CR-39 dosemeters have been introduced
in routine surveillance in several countries, their advantage is questioned by
others [2] because of high background variations. A low dose limit of 0.1 to
0.2 mSv can be achieved [2-3]. Higher values as a result of a fluctuation of the
CR-39 track background are possibly due to a—partlcles emitted from radon
and 1its daughter products. A careful handling using radon-tightly packed CR-
39 detectors is therefore necessary [3].

Bubble or superheated drop dosemeters have been given increasing atten-
tion as they are very sensitive to neutrons, insensitive to photons and allow
immediate read-out. They can be evaluated, for example, visually by counting
the bubbles fixed in the gel [43] or by measuring the vapour volume [10]. The
lower energy threshold can be varied in the neutron energy range of interest,
from 10 keV to 10 MeV [65], by using different materials. Despite their sensi-
tivity to neutrons (lower dose limit: 0.05 mSv), the sensitivity to temperature
and shock impedes their being introduced into individual routine monitoring.
They may be useful, however, as an additional “active” dosemeters for limited
periods of time and special applications.

Considerable improvements of the energy dependence of the DE response
may be expected when more than one detector is used (Sect. 2, Eqs 9-11). A
track detector/TLD albedo combination dosemeter has been proposed [54]
whose DE response is almost flat except for an overresponse in the interme-
diate energy region. This is acceptable since this energy region contributes only
a few percent to the dose equivalent at most workplaces. Another combination
dosemeter which has been proposed recently consists of TLDs with two bubble
detectors (with different thresholds at 100 keV and 1.5 MeV) [26].

An approach using a single detection technique combined with different
converter and/or radiator foils is based on a CR-39 detector [55, 62, 79]. The DE
response of one of the most recent designs inserted into an albedo capsule is
shown in Figure 7 [56]. Three different parts of the CR-39 track detector are
covered by different converters, two of which are boron-loaded. Using a posi-
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tion-related read-out of the track densities after electro-chemical etching and
applying simple arithmetic procedures, a “spectrometer” has been designed
which separately indicates dose equivalents due to thermal, intermediate and fast
neutrons. It still shows some energy dependence within each energy group and
an angle dependence of the response similar to that of other types. Its advantage,
however, is the increased spectral information which allows arithmetic optimisa-
tion of the response according to the fluence-to-dose equivalent conversion func-
tions actually prevailing. Further, exceptional exposures due to unwanted radon
background can be reanalyzed by a second dose reading procedure [56].
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Fig. 7 - Measured dose-equivalent response of a neutron individual dosemeter/spectrome-
ter based on a single CR-39 track detector [56]. The responses have been norma-
lised to unity for thermal, 24 keV and 2.5 MeV neutrons.

Réponse en équivalent de dose mesurée avec un dosimétre-spectrométre individuel
utilisant un seul détecteur solide de traces de type CR39 [56]. Les résponses ont
été normalisées a Punité pour les neutrons thermiques ainsi que pour les neutrons
de 24 keV et de 2,5 MeV,

5.3 Active personal dosemeters

All the dosemeters referred to above are passive detectors (except, to a cer-
tain extent, super-heated drop detectors). Work in controlled areas at elevated
dose rate levels shows the necessity of carrying out real time measurements to
warn people when a certain level of personal dose equivalent is exceeded.
Electronic devices will be able to fulfill this requirement.

Beside a few more investigations in the field of electronic dosemeters,
which pursued different courses and cannot be referred to here, the methods
presented below seem to be the most promising.ones for the nineties to speed
up personal dosimetry.
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Many devices based on silicon diodes have been extensively described. Such
neutron-sensitive instruments contain two detectors to correct for the sensiti-
vity to photons or for the lack of sensitivity for neutron energies under
500 keV. Roughly speaking, two methods are applied. In the first one [15], a
silicon diode covered with a boron-loaded polyethylene converter measures
neutrons and photons, whereas the second silicon diode is bare and measures
only photons. Neutron information is derived from the difference between the
two diode signals. This method needs two identical silicon diodes which are not
easily available. This dosemeter has a low sensitivity for low-energy neutrons
and a high sensitivity for photons. The lower energy threshold of such doseme-
ters for fast neutrons in realistic conditions is estimated to be about 500 keV
[16]. An attempt has been done to optimise the first method by using two
diodes located on the opposite side on the same silicon substrate, but the
results obtained are quite the same as with two separated diodes [34]. This
example shows the interdependence of microelectronics and dosimetric investi-
gations. However, in any case, the cost of commercial dosemeters is an impor-
tant parameter to be kept in mind. In the second method, the first diode, cove-
ring the range of thermal and low-energy neutron, consists of a 10B silicon
junction with polyethylene converter and moderator while the other silicon
diode is meant to detect fast neutrons and is covered only by a polyethylene
radiator. An electronic threshold on the pulse height suppresses the photon
pulses. There are two features inherent to this second method: a dip in sensiti-
vity at neutron energies around 1 MeV and an increase for low-energy neutons
around few keV [4]. The dose equivalent responses are given in Table I.

The deficiencies of two-diode systems can be corrected, at least partially, by
using a single silicon diode covered with a boron-loaded polypropylene radia-
tor and carrying out a rise time pulse analysis [17]. Photon-to-neutron discrimi-
nation is based on a rise time pulse rejection threshold (Fig. 8). This type of
dosemeter is able to combine fast neutron and albedo dosemeter characteristics
through sensitivity to thermal and fast neutrons. At this stage of the studies,
photon rejection and neutron sensitivity need a compromise solution. As
hydrogenous converters are used, the angle dependence of the response of
diode dosemeters is close to that of etched-track detectors with plane geome-
try.

Using a static random access memory, Schroder [70] measured L-distribu-
tions resulting from mixed (neutron-photon) fields. The voltage across the
diode generates a funneling effect because the electrons move faster than the
holes. The L-spectra from neutrons show a shape comparable to that of spec-
tra measured with TEPCs. The difference in pulse height distributions which
are generated by neutrons and photons should allow electronic discrimination
between them. The problems arise from large angles of incidence causing the
device to measure the total energy of the particle rather than simply L, and
from the difference in composition between tissue and silicon.

Kadachi [49] processes the pulse-height spectra obtained by a PIN pho-
todiode detector with a computer code. The detector is covered with a 2 mm

RADIOPROTECTION - VOL. 31 - N° 1 (1996) 57



W.G. ALBERTS et al

thick hydrogenous converter to determine the microdosimetric spectra.
Microdosimetric distributions for photons are almost similar to those obtained
with TEPCs, but a marked difference in shape is found in the case of mixed
fields. The results of this study indicate that PIN diodes could be used in micro-
dosimetry if the difference in the composition of tissue and silicon was kept in
mind.
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Fig. 8 - Rise time spectrum obtained in a silicon diode with an AmBe neutron source.

Spectre des temps de montée obtenu avec un détecteur a diode en silicium en face
d’une source de neutrons de type AmBe.

The streamer detector is based on the same principle as the diode detector;
a gas streamer chamber is used instead of the silicon diode to detect secondary
charged particles [16]. The converter is a polyethylene boron-loaded film sur-
rounding the gas volume. A larger surface of exchange between the converter
and the sensitive gas volume leads to a higher sensitivity to neutrons. The
detector is less sensitive to gamma rays. A neutron to photon ratio, in terms of
counts, of 200 can be achieved. Neutron to photon discrimination is accompli-
shed by an electronic threshold on pulse height. The dose equivalent response
of such a dosemeter to monoenergetic neutrons shows an increase by a factor
of 5 between 73 keV and 2.5 MeV (Tab. I).
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TABLE 1

Normalised neutron response in terms of H,(10)
Réponse en équivalent de dose individuel normalisé a Punité a 2,5 MeV

Streamer chambers and diode detectors are capable of providing informa-
tion on dose equivalents, however, additional information on mean quality fac-
tors and absorbed doses may be needed. TEPCs are able to furnish these three
quantities using the microdosimetric method (see Sect. 4.3). The application of
TEPCs to personal dosimetry meets great difficulties, mainly because of the
low sensitivity when classical (spherical or cylindrical) geometries with small
volumes are concerned. This has led to a completely different design based on
a multicellular geometry [24] by which the radiating surface of the cathode has
been enlarged. Two flat cathodes have been used into which many channels
were machined. However, an alpha calibration source cannot be used with this
counter, and proton edge calibration is not possible in current low dose rate
situations. Only external references such as cobalt gamma rays or neutron
sources are therefore used. The results are comparable to those obtained with
usual TEPCs for area monitoring. The energy dependence of the response
reveals an underresponse at low energies (E < 1 MeV) due to microdosimetric
assumptions (e.g. y = L, see Sect.4.3) and the lack of small events in this geo-
metry. The sensitivities obtained are fully compatible with the requirements in
individual monitoring. The most important problems for both sealed counters,
streamer chamber and TEPC are the gas ageing effects. Work is in progress to
reduce these parasitic effects.

6. Conclusions

The International commission on radiological protection (ICRP) recom-
mends a decrease in the mean annual exposure limits by a factor of 2.5 and an
increase in the radiation weighting factors for neutrons [45]. Both recommen-
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dations require the development of instruments of increased sensitivity [66]. In
addition, during the past decade, the neutron energy range of practical rele-
vance in radiation protection has been extended towards higher energies, i.e.
100 MeV and even more. In this energy region, secondary protons and possibly
other particles contribute to the long-range component of the radiation field, in
addition to the “conventional” neutron-gamma components at neutron ener-
gies < 20 MeV.

In addition to developments in the “conventional” range, the future instru-
mentation in dosimetry and spectrometry should also take the requirements of
increased sensitivity and/or extended energies into account. Experimental
research must be complemented by a further development of the methods and
of the data base for numerical dosimetry. Improved area monitoring, possibly
including spectrometric capabilities, must be combined with optimum indivi-
dual monitoring which means the use of active, directly readable compact ins-
truments.

Finally, it is of great practical importance that dosimetry research for radia-
tion protection purposes be targeted towards application in realistic, operatio-
nal situations and that approaches be made with a view to enabling the trans-
fer of research level methods to routine applications.

All these aspects demonstrate the need for further research and develop-
ment work and a closer investigation of workplaces. B
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