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ABSTRACT A few neutron field spectrometry techniques are presented, namely those having 
impact on neutron dosimetry and using active detectors: spectrometry using 
recoil-proton techniques (liquid scintillation spectrometer and proportional counter) 
or 3He-filled proportional counters, as well as spectrometry using moderator tech- 
niques (Bonner spheres). Results obtained with these techniques are shown and com- 
pared. It is concluded that in most cases, at least wheu radiation protection appli- 
cations aione are of interest, it is sufficient to use a Bonner sphere spectrometer. 

RÉSUMÉ Spectrométrie des neutrons. 
Quelques techniques de spectrométrie des neutrons sont présentées, notamment celles 
qui peuvent être utilisées pour la dosimétrie des neutrons et mettent en œuvre des 
détecteurs actifs: des techniques de spectrométrie par protons de recul (scintilla- 
teurs liquides ou compteurs proportionnels), des compteurs proportionnels rem- 
plis de 3He et la technique des modérateurs sphériques (sphères de Bonner). Des 
résultats obtenus avec ces techniques sont présentés. La comparaison de ces résul- 
tats montre que dans la plupart des cas, ou du moins dans les cas où I’interêt se 
borne à des applications en radioprotection, l’utilisation seule d’un spectromètre 
multisphères est suffisante. 

Introduction 

Neutrons with which we are concerned, either those from natural sources or those 
produced by human activities, cover a wide energy range extending from 1 meV 
(or less) to hundreds of MeV (or more). As examples, three neutron spectra are 
shown in Figure 1, measured a) within the containment of a pressurised water reac- 
tor (Alevra, 1995), b) near a transport cask filled with spent nuclear fuel elements 
(Alevra, 1995), and c) at CERN, behind a thick concrete shielding, a neutron field 
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adequate to simulate the spectral distribution of the neutrons induced by cosmic 
rays in the atmosphere (Alevra et al., 1994). Each of the three spectra was nor- 
malised such that the spectral fluence equals unity at its maximum value. 

1. 
Tu 
I 
E 
O 

\ 

61 * 
W 

h 

10-3 10-1 101 103 105 10' 109 

N e u t r o n  Energy  / e V  

Fig. 1. - Neutron spectra describing Iwo neutron fields at workplaces (a and b) and a high-energy 
calibration fieldproduced ai CERN (c). 

Dishibutions spectrales de Ia fluence neutronique correspondant à deux champs de rayon- 
nement rencontrés aux postes de travail (a et b) et à un champ d'étnlonnages à hautes éner- 
gies produit au CERN (c) . 

It may be that, for a particular application, the neutron energy range is 
restricted to one or two orders of magnitude, but as concerns radiation protection, 
the instrumentation used for neutron dosimetry should cover the energies shown 
in Figure 1. 

Most of the survey instruments used in neutron dosimetry (with the exception 
of the tissue-equivalent proportional counters: TEPC) are based on the following 
equation describing the dose equivalent (DE) (Schuhmacher et al., 1995; Alberts 
et al., 1996; Klein, 1997): 

where H is DE, @,JE)  is the spectral neutron fluence of the neutron field consid- 
ered, and h,(E) is the fluence-to-dose-equivalent conversion factor for neutrons 
of energy E. The reading, M,, of an instrument "d" (TEPCs excepted) in the same 
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neutron field is given by a similar relationship: 

Md = IRd (E> @E (a dE (2) 

where Rd(E) is the fluence response of the instrument “d“ to neutrons of energy E. 

Provided the fluence response has the same energy dependence as the conversion 
factor, i.e. 

q E )  -- h,(O (3) 

the instrument, after being calibrated in a well-known neutron field, is able to indi- 
cate correctly the value of the dose equivalent in any neutron field. 
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Fig. 2. - Two fluence-to-dose-equivalent conversion funcîions mostly used at present. 

Deux des fonctions de conversion de la fluence en équivalent de dose les plus urilisées aujour- 
d’hui 

Two fluence-to-doseequivalent conversion factors as a function of energy are shown 
in Figure 2: conversion to the maximum DE, HMADE, according to the recommenda- 
tions of ICRp21 (ICW, 1973) and conversion to the ambient DE, H*(10), following 
the recommendations of ICRF74 (Siebert and Schuhmacher, 1995; ICW, 1997). 

On account of the very “special” shapes of these conversion functions, none of 
them can be accurately reproduced by the fluence responses of the existing neu- 
tron dosemeters. Most of the instruments encounter difficulties at energies between 
100 eV and 100 keV, where over- or underestimations by up to a factor of five are 
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rather the normal case. At energies higher than 10 MeV, large DE underestimation 
is generally observed (except for moderator instruments with inner metallic 
shells). 

Taking into account that "real" instrumentation for neutron dosimetry can sat- 
isfy equation (3) only approximately, in cases where an accuracy higher than that 
achievable by these instruments is required one has to return to equation (1) and 
determine DE via the determination of the spectral neutron fluence QE(E). 

The following chapters give a brief description of some of the instruments and 
methods used in neutron spectrometry. The description will be restricted to those 
instruments which use active detectors (i.e. no activation techniques, no TLDs) and 
have impact on neutron field dosimetry. This also means that these instruments rnust 
beportable, or at least transportable. They m u t  cover as wide a neutron energy range 
as possible, should have an isotropic or nearly isotropic response, and be able to pro- 
duce reliable results even under extreme environmental conditions as regards tem- 
perature (up to 45+.50"C), humidity (25% to 95%), acoustic noise level and electro- 
magnetic interference. The neutron spectrometers should be insensitive to gamma 
rays, or at least able to distinguish effectively between neutron- and photon-induced 
events, and maintain their accuracy in intense neutron fields (a few mSv/h) but also 
under conditions of very low exposure to neutrons (a few nSvih) (Klein, 1997). 

Nuclear data base for neutron spectrometry 

For neutron detection and spectrometry such interactions with matter should be applied, 
which produce charged particles able to induce in the instrumentation, through ioni- 
sation, electrical signals which, if possible, remind in some way of the energy of the 
detected neutron. The probability (neutron cross section) of the interaction chosen should 
be high in order to ensure good efficiency of the instrument and good discrimination 
of parasitic effects. Also, the energy dependence of the cross section should be smooth. 
When calculated responses of the instrument are used, their accuracy is limited by the 
uncertainties of the cross sections implied. In Figures 3 and 4 various neutron cross 
sections are shown as a function of energy, for those interactions which are most fre- 
quently used for neutron detection, most of them also in neutron spectrometry. 

It should be pointed out that if 6Li or 3He nuclei are involved, the correspond- 
ing cross sections continue to increase when the energy decreases below 1 keV, fol- 
lowing the l/dË law. This means that at 100 meV they are by a factor of 100 (at 
1 meV by a factor of lûûû) higher than at 1 keV, and this makes them suitable for 
the detection of low-energy (thermal) neutrons. In the very important region from 1 
keV to 20 MeV, the n-p scattering cross section not only dominates the others in abso- 
lute value, but also is the best known cross section, with an accuracy better than 
? 0.5% for the total cross section. 
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Fig. 3. - Neutron cross sections of a few interactions used in neutron detection and, to some extent, 
in spectromehy. 
Sections e f iaces  neutroniques de quelques interactions utilisées pour la détection des new 
irons et, dans une certaine mesure, en spectroméh'e. 
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Fis. 4. - Cross sections of various interaction processes of neutrons wiîh carbon nuclei as a func- 
tion of neutron energy. For comparison, the n-p scaftering cross section is also given. 
Sections e f iaces  des différents processus d'interaction des neuirons avec les noyaux de 
carbone en fonction de Pénergie des neutrons. Pour comparaison, la section e f i a c e  de la 
dimsion n-p est aussi présentée. 
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The much more complex interactions of the neutrons with carbon nuclei, for 
which the cross sections are shown in Figure 4, must be taken into account in instru- 
ments using organic (gas, liquid, solid) compounds of hydrogen for neutron detec- 
tion. Other materials (Al, Cu, Fe, etc.) contained in the detector structure must also 
be taken into account. 

3. Recoil-proton spectrometry 

Monoenergetic neutrons colliding with hydrogen nuclei produce recoil protons (elas- 
tic scattering) whose energy distribution is nearly rectangular (in practice, the finite 
resolution of the detector smoothes the rectangle, while wall effects, i.e. partial energy 
deposition in the detector, push some of the proton events towards lower energies), 
the protons at the upper edge having an energy equal to the energy of the colliding 
neutrons. In this way the energy of the incident neutrons is memorised in the pulse 
height spectrum of the recoil protons, provided that the quantity of matter in the detec- 
tor is large enough to ensure the complete energy dissipation of these protons (edge 
effects excepted). For the spectrometry of high-energy neutrons of up to 20 MeV or 
even higher, solid or liquid detectors (Verbinski et al., 1968) (scintiliators) are needed; 
for energies below about 5 MeV, gas-filled ($, CH4) proportional counters are suc- 
cessfully used (Ing et al., 1997); with a 4He gas füling using the n-cx scattering (Birch, 
1988; Weyrauch et al., 1998), neutron energies up to 15 MeV become accessible. 

The pulse-height spectrum of a recoil-proton spectrometer is given by a rela- 
tionship similar to equation (2): 

“E 

i = l  
M ( k )  = C Ri (k)  QE (E,) AE, (k = 1,2, ...& (4) 

where the integral is replaced by a sum in which the spectral fluence is described 
by a finite number, nE, of energy groups (bins), the pulse-height spectrum being 
obtained in nç channels of a multichannel analyser. The fluence response, Ri(k), is 
the pulse-height spectrum corresponding to the recoil protons produced by neu- 
trons of energy Ei. Equation (4) can be written also in matrix form: 

M = R-@ ( 5 )  

in which M and @ are vectors with nC and nE components, respectively, and R is 
the nc . nE rectangular response matrix of the spectrometer. 

Equation (5) describes a system of nc linear equations with nE unknowns. In 
the case nc,= nE, the solution, @, can basically be obtained by simple matrix inver- 
sion. In t h s  case the solution is “unique” but some components of the fluence 
vector may have nonphysical negative values. 
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In most cases, an over-detemtined system of equations, nc > nE, is used and 
the solution is obtained by minimising (least-squares method (Perey, 1997; 
Matzke, 1997; Alevra et al., 1990; Mc Elroy et al., 1967)) the value of chi-squared: 

x2 = (M - R * <D)T . - C' . (M - R. <D) (6) 
where the superscript indicates transposition, and C is the covariance matrix of 
the measured vector M. The solution is obtained as: 

Q> = (ET. c-' . R).' . KT * Ç' . M (7) 
which again may have nonphysical negative values in some energy bins, but non- 
linear least-squares procedures (e.g. Mc Elroy et al., 1967) and others which avoid 
negative spectral fluence values are available (see Matzke, 1997; 1994, and refer- 
ences @erein). 

It is obvious that the quality of the spectrometer depends, on the one hand, on 
the quality of the multichannel spectrum, M ,  i.e. stability of the instrumentation, 
good separation from noise and photon-induced events, etc., and, on the other hand, 
on the accuracy of the response matrix, R, used, î.e. on the capability of the sof- 
ware (codes and cross-section data) employed to simulate responses in agreement 
with the experiment, and on the quality of the experiment itself (adequate calibra- 
tion facilities). Last, but not least, a realistic covariance matrix of the measurements 
and of the response matrix should be available. 

The NE 213 Liquid Scintillation Specîrometer 

A simplified sectional view of a scintillation spectrometer is given in Figure 5.  The 
cylindrical scintillator, covered with a light reflector and protected by an aluminium 

lightguide 
scintillator 

n/ y - --- - - -  - - - - 
. - .. 

Fis. 5. - Simplifed sectional view of a scintillation spectrometer. 

Vue simplifiée d'une coupe d'un spectromètre à scintillation. 
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case, is coupled to a fast photomultiplier through a light guide. The photomulti- 
plier mounting case ensures an efficient protection against external light and mag- 
netic fields, including the earth’s. A light-emitting diode (LED) placed in the light 
guide produces reference pulses which are stored in a narrow Peak above the pulse- 
height range of the recoil protons and used to stabilise the gain of the whole 
system (acting on the dynode voltage). 

Pulse Shape / channels 

P 

.K-T 4zc%2 
960- 

l 
Fig. 6. - Perspective view and contour-line plot of a two-parameter pulse-height dismebution regis- 

tered with an NE 213 scintillation spectrometer in a mixed neutron-photon field. The 10 
contour lines extend from 0.005% to 99% of the mm’mum Channel content in a geometnc 
sequence. Each line diffes from its neighbour by a factor of 3. The perspective view is eut 
at a level corresponding to the 5th contour Iine from the bottom. 
Vue en trois dimensions et projection en courbes de niveau d’une distribution biparamé- 
trique de l’amplitude des impulsions enregistrée avec un spectromètre à scintillateur NE 
213 dans un champ mirte neutron-gamma. Les 10 courbes de niveau vont de 0,005 % à 99 % 
du contenu maximal des canaux. Chaque courbe differe de sa voisine d’un facteur 3. La 
vue en trois dimensions est tronquée au niveau de la 5e courbe de niveau. 

Although composed of small atomic number elements, the scintillator has a quite 
high sensitivity to photons which induce chiefly Compton electrons. Fortunately, 
as the electrons’ velocities are much higher (and therefore the stopping powers are 
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much lower) than those of the recoil protons, the shapes of the light pulses induced 
by the two kinds of particles are different. This feature is used in an n-y (i.e. pro- 
ton-electron) discrimination technique (Adams and White, 1978) which produces 
for each event a supplementary pulse as a measure for the puise shape. The scin- 
tillation events are submitted to a biparametnc analysis, one parameter being the 
pulse height proportional to the light output, the other the pulse shape. An exam- 
ple of such biparametric (Knauf et al., 1997) spectrum obtained in a mixed neu- 
tron-photon field is shown in Figure 6. Pulses induced by neutrons are collected 
in the left branch of the distribution, those from photons in the right branch. The 
two kinds of pulses are well separated, except for the region of very low pulse heights. 

In order to discriminate between neutron- and photon-induced events, a pulse- 
height threshold is used, which usually corresponds to recoil proton energies of a 
few hundreds of keV. When the pulses from each branch are integrated over the pulse 
shape in each pulse-height Channel above the threshold, two separate pulse-height 
spectra (M vectors) are obtained which are induced by neutrons and photons. 

The upper part of Figure 7 shows the pulse-height spectrum measured with an 
NE 213 scintillator (2" x 2 " ~ )  in a @'Co-photon field. The lower plot in this figure shows 
the gamma spectrum denved using the MIEKE code (Matzke, 1994) for unfolding. 

5104 , 
measured 
refolded using the result below 

O 7  
Channel 

5 1 . 5 - 1 O 6 y  n 

2.106 Unfolded fluence (MIEKE result) 
9.105 

6.1 O5 

3.1 05 
O $ O 0.2 0.4 0.6 0.8 1 1.2 1.4 

Photon energy l MeV 

Fis. 7. - the pulse-height spectrum measured with an NE 213 scintillator in a @Cophotonj?eld (his- 
togram in the upperplot) and the gamma spectrum (lowerplot) derived using the MIEKE 
code for unfolding. The dotted curve in the upper plot was oblained by folding the obtai- 
ned gamma specirum with the cakulated gamma response mairix. 

Distribution de l'amplitude des impulsions mesurée avec un spectromètre à scintiliaîeur 
NE 213 dans un champ photonque produit par une source de %O (histogramme du haut), 
et spectre de la jluence des photons (figure du bas) obtenu en utilisant le code MIEKEpour 
la déconvolution. La courbe pointillée sur la figure du haut a été obtenue en convoluant le 
spectre des photons obtenu avec la matrice de réponse calculée. 
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The dotted curve in the upper plot was obtained by folding the obtained gamma 
spectrum with the calculated gamma response matrix. 

Monte Car10 codes are used to calculate the fluence response matrix of the NE 2 13 
scintillator to neutrons (Dietze and Klein, 1982a; Dickens, 1988; Bahr et al., 1998) 
and to photons (Dietze and Klein, 1982b; Büermann et al., 1993; Novotny, 1997). The 
vaiidiiy of these calculated responses is tested by comparison with the expriment. As 
an example, Figure 8 shows fluence response functions for four neutron energies, cal- 
culated with the NRESP code (Dietze and Klein, 1982a) and compared with measured 
responses (Schmidt and Chenwei, 1997) using monoenergetic neutrons (windows in 
time-of-fiight spectra) of the same energies. Agreement is excellent. 

nI (chl - PH lchl - 

Fil lchl - PH lrhl - 
Fig. 8. - Calculatedfluence responses of an N E  213 scintülation detector to monoenergetic neutrons 

of various energies, compared with measurements (Schmidt and Chen Wei, 1997). 
Comparaison des réponses en terme de fluence d'un détecteur à scinîiilaîeur NE 213 caku- 
lées et mesurées pour des neutrons monocinétiques de différentes énergies (Schmidt and 
Chenwei, 1997). 

Figure 9 shows pulse-height (middle plots) and time-of-flight (TOF) (upper plots) 
spectra obtained with an NE 213 scintillation spectrometer for two different neutron 
sources (Antunes et al., 1986). The neutron fluence spectra (lower plots) were obtained 
from the scintillation pulse-height spectra using the FERDOR unfolding code 
(Burrus and Drischler, 1965) (histogram) or derived from the TOF spectra (smooth 
lines). The spectra presented in the left plot are due to neutrons produced by 1 1 MeV 
deuterons in a deuterium gas target. The larger half-width obtained for the "14 MeV" 
peak (neutrons from the D(d,n) reaction) is due to a smoothing procedure applied 
with FERDOR, in order to prevent oscillations and negative fluence values from 
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entering in the end result. More recently developed unfolding codes (Matzke, 1994; 
Tichy, 1988; 1993) may produce a similar half-width as that of the TOF result. The 
agreement achieved at lower energies where the D(d,np) neutrons are displayed is 
remarkable. The agreement in the lower right plot displaying the neutrons induced by 
1 1 MeV deuterons in a thick beryilium target is excellent as well. Even the smail peak 
at about 700 keV could be made evident. This was possible by efficient TOF 
n-y discrimination which aiiowed a detection threshold as low as 300 keV. 

100 rn 3C-a 400 Ch 500 100 rn 3C-a 400 Ch 500 

L 4 L 

JE l0 
1 2  

> m I 

\ 

$102 

O 5 10 15 20 O 5 10 15 20 
lol 

E / MeV -c E / MeV - 
Fig. 9. - ïïïe-of-jüght, I(Q, (upperpkm) and scinfülaLionpuise-height, Z(L), (middiepiokv) spectra mea- 

sured wüh an NE 213 scinhïlation spectromete5 and the neuironfluence spechz, Qh(E), (lower 
plots) derivedfrom the time-of-jüght spectra (smooth üne) or obtairied by unfokiing the pulse- 
height spectra (histogram). The neutrons were produced by I I  MeV deuterons in a deuterium 
gas target (lefî) or a thick beryllium target (right) (Antunes et a l ,  1986). 
Disûibulions du temps de vol, I(T), (figures du haut) et de l'amplihrde de scintillation, l(L), (figures 
i&rmédiaires) mesurées avec un spectrodbe à scùuiüateur NE 213, et distrün&ans spectrales 
de la f i ence  de neutrons, @JE), m e s  en bas) déduites des aYstrib&ns du temps de vol Fgnes 
continues), ou obtenues en déconvolunnt les distribuîions d'ampütude (histogrammes). Les neu- 
trons ont été produils par des deutérons de I I  MeV& une cible gazeuse de deutérium Cfigures 
de gauche), ou dnns une cible épaisse de beryUium (figures de droite) (Antunes et al, 1986). 
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The accuracy at present achieved in the fluence determination with an NE 213 
scintillation spectrometer (e.g. 2" x 2" 0) covenng the energy range 1 MeV to 
20 MeV may be % 3%. The limitation at low energies is due to the necessity 
to discriminate noise and to avoid the mixture of photon-induced events in the neu- 
tron spectrum. The upper limit of 20 MeV is not binding at all. The physical limit 
depends on the size of the detector (with a scintillator 4" in length (Nolte et al., 
1993) the 100 MeV limit is exceeded), but for energies exceeding 20 MeV the accu- 
racy of the results suffers sensibly, due to increasing number of open reaction chan- 
nels and higher uncertainties of the cross section data. 

The Spherical Proton-Recoil Proportional Counter (SPRPC) 
Figure 10 shows the sectional view of a spherical proportional counter, namely of 
the Benjamin or SP2 type (Benjamin et al., 1968), which, through its special anode 
geometry (design of the wire supports), allows both a sufficiently constant gas mul- 
tiplication in the whole spherical volume and a nearly isotropie response to k achieved. 

Fig. 10, - Secîional view of an SP2 type sphericalproportwnal counter (D = 40 mm, T = 0.5 mm). 
Vue en coupe d'un compteurproportionnel sphérique de type SP2 (D = 40 mm, T = 0,5 mm). 

Taking into account not only the Wall effects but also the remaining nonuni- 
formity of the electric field, the Monte Car10 calculations of the fluence responses 
of a hydrogen-filled PC produce a fluence response matrix in good agreement with 
the experiment (Weise et al., 1991; Knauf et al., 1998). 

The use of various gas filiings (H2 or CH, or mixtures with other gases) at var- 
ious pressures (also in counters of different diameters), and, in addition, the modi- 
fication of the gas multiplication (through the high-voltage supply) or the gain of 
the electronics allow various energy bands to be covered in the measurements (Ing 
et al., 1997; Knauf et al., 1997). Usually the SPRPCs are operated such that al1 neigh- 
bouring bands partly overlap and altogether cover the energy range from about 
50 keV to about 2 ( 5 )  MeV (ensuring in this way also overlap with the NE 21 3 energy 
range). If n-y discrimination is applied (Bennet, 1962), the accessible energy range 
can be extended to lower energies of at least 10 keV. 

An example of a neutron spectrum obtained with a CH,-filled SPWC measuring 
bon-filtered neutrons (Knauf et al., 1997) is shown in the upper part of Figure 1 1. 
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Fig. 11. - Speclml neutron fluence unfoldedfrom an SPRPC measuremenl of Von-jZieredreactor neu- 
trons. The lower plot shows the calcuiated transmission function of the Von j ü k r  (Knauf 
et al., 1997). 
Distribution spectrale de Influence neutronique déconvoluée à partir des mesures faites 
en exposant un compteur proportionnel sphérique à protons de recul, à des neutrons pro- 
duits par un réacieur nucléaire et ayant traversé un filtre de fec La partie inférieure de 
In figure présente le résultnt du calcul de In fonction de transmission du fiure de fer. 

For comparison, the calculated transmission function of the iron filter (672 mm 
long) is plotted in the lower part of the figure. 

Another example is given in Figure 12, presenting results of measurements per- 
formed in the vicinity of a mockup of a transport cask filled axially with 252Cf sources 
instead of spent nuclear fuel (Knauf et al., 1997). The full-line histogram includes four 
different measurements unfolded by rneans of the UNFANA code (Weise, 1995): 
1) the energy range above 1 MeV, well covered by the scintillation spectrometer with 
n-ydiscrimination (simulîaneously, the photon spectrum from about 250 keV to 8 MeV 
could be determined); 2) the segment from 100 keV to 1350 keV where a CH,-filled 
counter (275 P a )  is used without n-ydiscrimination; in the energy segments 3) (from 
50 keV to 450 keV) and 4) (from 10 keV to 100 keV) the H,-filled counter (196 kPa, 
98% 5 and 2% CH, as quenching gas) is used, but in segment 4 boîh higher gas ampli- 
fication and n-y discrimination are used. The arrows indicate the energies at which the 
results obtained in the four mentioned segments have merged. The dotted histogram 
in Figure 12 is the result of MCNP calculations (Bematt et al., 1995) for exactly the 
same geometry as used in the measurements. 
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Fig. 12. - The spectral neutron fruence raie (in lethargy represenlation) oblained with recoil-pro- 
ton spectrometry in the vicinily of a mockup of a transport cask filled axially wüh rszCf 
sources. The dotted histogram shows the MCNP calculated spectrum (Bernatt et al., 1995). 
Débit de  fluence spectrale des neutrons (représentation en “léthargie”) obtenu en 
utilisant la spectroméh‘e à protons de recul près d’un modèle réduit d’un container de 
transport rempli le long de son axe avec des sources de zs2CJ L’histogramme en pointillé 
représente le spectre calculé avec MCNP (Bernait et al., 1995). 

It should be borne in mind that the pulse-height spectrum in a segment has to be 
corrected for pulses caused by neutrons in the regions above, an effect referred to in 
the literature as downscatten’ng. For this reason the data analysis is canied out top- 
down, i.e. the measurement in a higher region is evaluated prior to that in the adja- 
cent lower region. This also means that recoil-proton spectrometry cannot produce 
reliable results in a limited energy range if neutrons of higher energies are present 
in the field under investigation and their spectral fluence is not sufficiently weii known. 

The accuracy aîtained in the fluence determination with SPRPC spectrometers 
is about * 5% (Weyrauch and Knauf, 1992), but recent developments give rise to the 
hope that, at least under favourable experimental conditions, one could come close 
to a performance of 2 3%. 

Spectrometry with a 3He-filled proportional counter 

This kind of spectrometer employs for neutron detection the reaction 

3He + n + p + T + 764 keV (8) 

in which the entire energy of the neutron is preserved in the sum of the kinetic ener- 
gies of the resulting charged particles, i.e. proton and triton. If the size of the counter 
is large enough and the 3He pressure also (a few hundreds of Wa), both proton and 
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triton dissipate their whole energy in the counter gas ( ie .  the contribution of wall effects 
is low), producing for monoenergetic incident neutrons of energy En afill-energy peak 
in the resulting pulse-height spectrum, which corresponds to an energy En + 764 keV. 
Thermal neutrons, for which the reaction concemed has a very high cross section (a 
few thousands of barn), produce a peak corresponding to an energy of 764 keV and a 
half width of about 20 keV. With such a resolution in pulse-height, peaks due to monoen- 
ergetic neutrons with energies above 25 keV can be distinguished from the t h e m l  
peak, provided that the contribution of the thermal neutrons in the pulse-height spec- 
trum is not dominant. In order to reduce drastically the influence of the thermal neu- 
trons, the counter is shielded with cadmium. Even with such precautions, in many neu- 
tron fields encountered the contribution of the epithermal neutrons, for whch the reaction 
cross section is still very high, is dominant in the pulse-height spectrum, making the 
extraction of reiiable spectromeiric information impossible. Othenvise, under favourable 
conditions, the energy range from 50 (25) keV to about 2 MeV can be analysed. Such 
favourable conditions were met at the iron filter installed at the PTB reactor. Figure 13 
shows the pulse-height spectrum (broad peaks), in  energy units, above the thermal peak 
(i.e. the given abscissa values correspond to the peak energy minus 764 keV) and the 
unfolded energy spectrum (narrow peaks) (Matzke, 1997). The unfolding takes into 
account the response of the counter as a function of energy, i.e. the dependence on neu- 
tron energy of the reaction cross section and of the counter resolution. In the lower 
part of the Figure 13, the calculated transmission function of the iron filter is again 
given for comparison. 

calculated transmission 

Neutron energy /MeV 

Fig. 13. - the pulse-height spectrum (broadpeaks) and the unfolded spectrum (narrow peaks) obtai- 
ned with a 'He-filled proportional counter at the iron filter of the PTB reactor, compared 
wilh the calculated transmission of the ironfilter (lowerplot) (Matzke, 1997). 
Dktribution de l'amplitude des impukwns (pics larges) et spectre déconvolué @ics étroits), 
obtenues avec un compteur proportionnel rempli d'3He placé à proximüé du jZîre de fer  
du réacteur du PTB. Comparaison avec le résultat du calcul de la fonction de transmis- 
sion du f i e  de fer  (partie inférieure de la figure) (Matzke, 1997). 
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The Bonner sphere (multisphere) spectrometer (BSS) 
Detectors containing 6Li, 'OB or 3He have a very high eficiency (up to 100%) for 
the detection of thermal neutrons. In order to make them sensitive to higher-energy 
neutrons, they are usually covered by some moderator rich in hydrogen nuclei. This 
procedure is nearly as old as the neutron physics, and in the year 1960 the use of 
spherical polyethylene moderators (PE, (C2H4),,) of various sizes was proposed 
(Bramblett et aZ., 1960) in order to extract spectrometric information from mea- 
surements performed with such instruments. 

Originally, the thermal neutron-sensitive detector (central detector, CD) used was 
a small 6LiI scintillator which is still in use in various laboratories. This CD has the 
disadvantage to be quite sensitive to photons on account of its high mass density and 
high concentration in iodine, an element with high atomic number. At the beginning 
of the seventies, French researchers (Bricka et al., 1973; Bruxerolle, 197 1; Caizergues 
and Poulot, 1972; Mourgues, 1975; 1984; Zaborowski, 1981) replaced the 6LiI scin- 
tillator by a small ?He-filled proportional counter which is much less sensitive to pho- 
tons but has a quite low gas amplification, with consequences for the discrimination 
of noise. Distinct improvement in this measurement technique has k e n  achieved by 
use of a spherical(32 mm diameter) 3He-filled (usually 200 kPa) proportional coun- 
ter of type SP9 (Centronic Ltd., UK) (Thomas P.M. et al., 1984; Alevra et aL, 1992a; 
Thomas D.J. et al., 1994; Thomas D.J., 1992; Wiegel et al., 1994). 

zoo 400 600 800 1000 

r H A N N t L 
Fig. 14. - Pulse-height spectrum obhined using an SP9 counter in a mixed neutron-photon field. 

Distribution de l'amplitude des impulsions obtenue avec un compteur SP9 dans un champ 
mixte neutron-gamma. 

The advantages of such a detector can be seen in Figure 14 which shows a pulse- 
height spectrum obtained in a mixed neutron-photon field. The full-energy peak, 
corresponding to an energy of 764 keV (see Eq. (8)), is followed by a pulse-height 
distribution in lower channels due to Wall effects which are considerable in such 
a small counter. Nevertheless, the lowest pulse height induced by a neutron cor- 
responds to a quarter of the full energy (the proton fully escaped, the triton fully 
inside), which is high enough to allow an efficient discrimination of the neutron 
events from noise and photon-induced pulses. 
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Fig. 15. - Theflueme response matrix of the PTB "C" Bonner sphere spectrometer: 

La matrice de réponse en fluence du spectromètre à sphères de Bonner (SSB) PTB Y?'. 

Figure 15 presents the fluence response matrix (see Eqs. (2) and (4-7)) of the 
PTB "C" Bonner sphere spectrometer. For neutron energies from 1 meV to 20 MeV, 
this matnx is based on expenmental data obtained at various energies (see the expe- 
rimental points and their uncertainties) (Alevra et al., 1992; Thomas D.J. et al., 
1994) and calculated responses (Thomas D.J. et al., 1992; Wiegel et al., 1994) which 
were adjusted to fit the experimental data. For energies between 20 MeV and about 
300 MeV, experimental data for 55 MeV quasi-monoenergetic neutrons (Alevra 
and Schrewe, 1997) were combined with calculated responses (Aroua et al., 1992). 
Finally, the data were supplemented up to 1 GeV using empincal extrapolations. 

The PTB BSS consists of 14 detectors, i.e. the SP9 counter used "bare" or under 
a cadmium shielding, or placed at the centre of 12 polyethylene spheres with dia- 
meters ranging from 7.62 cm (3")  to 45.72 cm (18"). From measurements with this 
detector system in a certain neutron field, up to 14 count rates can be obtained 
(Eq. (2)), which can be used to solve equation (5) and to find the spectral neutron 
fluence Q> (Eq. (7)). Figure 16 shows the components of the vectors M (readings of 
spheres with different diameters) obtained in neutron fields whose neutron spectra 
are given in Figure 1. 

The spectrum a, rich in thermal neutrons, produces high count rates in the bare 
counter (diameter: O) and in the smallest spheres. In contrast to this, the spectrum 
c, rich in high-energy neutrons, induces high count rates in the large spheres. The 
smoothness of the curves in Figure 16 indicates stable measurements, with small 
uncertainties (statistical or of another kind). 
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Fis. 16, - The relative readings of the BSS in three neutronfields whose neutron spectra are shown 
in Figure 1. 

Compîages normalisés du SSB obtenus dans les bois champs neutroniques dont les spectres 
sont présentés sur la Figure 1. 

Solving equation (9, in spite of the reduced number of components of the vec- 
tor M (few-Channel unfolding), one looks for a solution, @, described by a rather 
large number of energy groups. In this case the system of linear equations descri- 
bed by equation ( 5 )  is underdetermined, and the solution is not unique. Due to the 
fact that responses of spheres of similar diameter have quite similar shapes (the cor- 
responding equations in the system are not truly linear independent), the amount of 
details (number of parameters) which can be used to describe a spechum is rather small 
(3 using 4 spheres, 4 using 8 spheres, as indicated in reference Alevra et al., 1992b). 
When the number of spheres in the system is increased (for example to 14), the situa- 
tion will not improve substantially. The information obtained from measurements is 
in this case redundunt, but the redundancy can be useful in some problematic measu- 
rements. In order to chose, from a multitude of possibilities, a solution which is not 
only statistically compatible with the measured rates but also physically meaningful, 
the careful selection of a priori information (e.g. guess spectra) is recommended. 

The check of the solution spectmm for compatibility with the measurements is 
mandatory. An example of such a check is given in Figure 17. When the solution 
spectrum is folded with the fluence response matrix (Eqs. (2) or ( S ) ) ,  the calculated 
readings, C,, are obtained, and in addition, the ratios rd = Md / C,, where M, are 
the measured readings. The deviations of the r, values from unity should be com- 
parable with their uncertainties, resulting in a reduced chi-squared value near unity. 

Although the poor energy resolution of the BSS does not allow a detailed des- 
cription of the spectral fluence to be given, a well-characterised set of spheres allows 
the integral neutron fluence to be detennined (Alevra, 1994) within f 4%, and, due 
to some freedom in describing the spectral shape, the neutron dose equivalent within 
+15% or even better (Alevra et al., 1997). For illustration, an exercise presented in 
reference (Alevra et al., 1997) is reproduced here. The exercise uses the BS readings 

322 RADIOPROTECTION - VOL. 34 - No 3 (1999) 

Article published by EDP Sciences and available at http://www.edpsciences.org/radiopro

http://www.edpsciences.org/radiopro


NEUTRON SPECTROMETRY 

D 1 . 1  u 

I <rb> = 9.999E-Oli 0 . 4 7  X ; x! = 0 . 3 1  ; 

! 

O 2 4 6 8 10 12 14 16 18 

Sphere D i a r n e t e r  / 2.54 cm 

Fig. 17. - The ratios (r,) of measured (M,) to cnlculated (C,) readings of the detectors used to mea- 
sure the spectrum c from figure 1. 

Les rapports (r,) entre les vaieurs mesurées (M,) et calculées (C,) des comptuges des détec- 
teurs utilisés afin de mesurer le spectre c de In figure 1. 

obtained with good accuracy in a neutron field at the Czech nuclear power plant 
in Dukovany. The solution space was checked by generating a large number (22627) 
of reasonable spectra which uniformly fil1 a space where also valid solutions could 
be found. 188 spectra satisfying the chi-squared criterion 

where x: = x2 i (nD-l) is the reduced chi-squared and nD is the number of detec- 
torsispheres used in measurement, were retained as valid. The frequency distribu- 
tions of the integral fluence and dose-equivalent values deduced from these solu- 
tions are shown in Figure 18. 

The frequency analysis was made in 41 channels of 1 % width, covering the rela- 
tive deviations from -20.5% to + 20.5% with respect to the solution adopted as the 
hest one (lowest chi-squared). When the frequency distributions obtained are 
approximated with Gaussians, the resulting standard deviations are -+ 0.9% for the 
fluence and rt 4% for the dose equivalent, in whch the uncertainties of the measu- 
red count rates and of the individual fluence responses (uncorrelated) have been consi- 
dered. Adding quadratically the correlated uncertainty of the whole response matrix, 
estimated at rt 3%, uncertainties of ? 3.1% for the integral fluence and k 5 for the 
dose equivalent are obtained. 

Details of spectral distribution can be obtained on the b a i s  of adequate a priori 
information (taken from calculations or measurements with higher energy resolution), 
but even in cases where no a priori information is available, skilful unfolding will 
produce a solution which, although smoothing the details, will reproduce quite well 
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Fig. 18. - The ’Lfrequency ” dishibutions of the integralfluence and dose-equivalent values due to 
“all” valid solutions, relative to the values of the “best” solution. 
Dism‘butions de la “jréquence” des valeurs intégrales de la fluence et de l’équivalent de 
dose dues à “toutes” les solutions valables, normalisées par rapport aux valeurs de la 
“meiueure” solution. 

the general shape of the neutron spectrum. As examples, Figure 19 shows two sets 
of solution spectra obtained from measurements in a point at 2 m distance from the 
lid of a mockup of a transport cask Iilled axially with 252Cf sources (Alevra et al., 
1995). The measurements were performed in two places, free in air above ground, 
and in a Salt mine. 

le-’ qc1-1  191 113’ 195 10’ 1oq 

N e u t r o n  E n e r g y  //I 17’4 

Fie. 19. - Two neutron spectra measured with the BSS in the viciniiy of a mockup of a transport 
caskfilled axially with 2szCf sources. For details see text. 
Deux spectres de neutrons mesurés avec le SSB près d’un modèle réduit d’un container 
de transport rempli le long de son axe avec des sources de zszCf: Voir texte pour les détails. 
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The smooth dot-dashed spectra were obtained from the BS readings without 
using any a priori information, but trying a large variety of guess spectra. The 
thin histograms follow from Monte Car10 calculations (Bematt et al., 1995; Bemati 
and Mattes, 1995) for the same geometries as used in measurements. The thick 
histograms resulted from the unfolding of the BS readings using the calculated 
spectra as a priori information. The agreement between the three variants of solu- 
tion is satisfactory in shape and excellent in integral results. In this series of mea- 
surements, the good agreement between BSS results and calculations is fully 
supported by measurements with SPRPCs (see Fig. 12). 

It is interesting to compare results obtained with various types of neutron spec- 
trometers. Only a few examples will be given here. Figure 20 presents results of 
measurements carried out in a repository for PuO, samples (Knauf et al., 1989). 
A detailed description of the neutron spectral fluence is obtained with SPRPCc 
in the energy interval from 50 keV to 1.2 MeV and with a scintillation spectro- 
meter for energies above 1.2 MeV. The smooth neutron spectmm obtained with 
the BSS, independently from the other two results, is in good agreement with them 
and completes the information on the investigated field for al1 energies down to 
the thermal region. 

I 
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Fis. 20. - The neutron spectral fluence rate obtained with a BSS in a reposiîory for PuO, compa- 
red wiîh high-resolution proton recoil resulîs. 
Le débit de fluence specîrale des neutrons obtenu avec un SSB dans une casemate de sioc- 
kage de PuO, comparé avec résuiîats obtenus avec les technques à protons de recul 
présentant une haute résolution. 
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Fig. 21. - The neutron spectral fruence rate of a realistic calibration field obtained at CEN 

Cadarache (IPSN) using three different neutron speciromeby techniques (Figure taken 
from Chartier and Posny, 1995). 
Débil de fluence spectrale des neutrons mesuré dans un champ neutronique réaliste, uti- 
lisépour l'étalonnage des dosimèîres, obtenu au CEN Cadarache (IPSN) en mettant en œuwe 
trois techniques spectrométriques différentes (Figure issue de Chartier and Posny, 1995). 

A neutron spectrum obtained by combining results from proton-recoil spec- 
trometry and BS spectrometq is shown in Figure 2 1 .  This spectcum is a CEA-France 
result (Chartier and Posny, 1995) describing one of the realistic neutron calibra- 
tion fields produced at CEN Cadarache (Chartier et al., 1992). The BS result alone 
(not shown here) covers the whole energy range of interest and is in full agree- 
ment with proton-recoil spectometry. 

In an international intercomparison organised at CEN Cadarache, which offe- 
red another realistic neutron calibration field, nine European laboratories took part 
with BSSs. In Figure 22 the corresponding nine proposed neutron spectra are com- 
pared (Thomas et al., 1997) with MCNP calculations. Most of the participating 
laboratories presented results which were in good agreement with one another and 
with the calculation. 

An important feature of the BSS, at least when an SP9 counter is used as CD 
and the neutron events can be clearly distinguished from the parasitic ones, is the 
capability to perform reliable measurements in neutron fields with very low fluence 
rates (e.g. the neutron natural background induced by the cosmic radiation at ground 
level, or even inside buildings with thick concrete shieldings). In order to estimate 
the limits in low-level measurements, the instrumental background (i.e. the count 
rates in the absence of neutrons) was measured in the "Asse" salt mine at a depth 
of 850 m below the earth's surface (Aleva et al., 1997; Krauf and Wittstock, 1997). 
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Fig, 22. - Companion of the speclml results, as originaüy sub& by the participan& in the Gxianzhe 
intercomparison, wüh one another and with the MCNP cakulation (Fig. 1 in Thomas D.J. 
et al., 1997). 
Distriùulions specîrales de lo fruence mesurées par les participants à l'intercomparaison 
de Cadarache. Comparaison avec les résultats du calcul MCNP (Fis. 1 dans Thomas 
et aL, 1997). 

Figure 23 shows pulse-height spectra obtained with two SP9 counters (named "A" 
and "D") placed inside BSs. The two spectra were collected during 19760 min and 
38 O00 min, respectively, which explains, taking into account the adverse environ- 
mental conditions, the huge contribution of parasitic pulses. Nevertheless, the full- 
energy Peak due to neutrons, which should be located at about Channel 420, does 
not appear at all. The white pulse-height distributions which are seen above chan- 
ne1 300 do not contain any parasitic contribution and describe the instrumental back- 
ground due only to the SP9 counters (without electronic noise). 
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Fig. 23. - Pulse-height spectra (made distinguishuble by smoothing) showing the instrumental back- 
ground of two SP9 counters ("A" dot-dashed, "D" dashed, thick smooth curves), com- 
pared with the pulse-height spectrum obtained with the "A" detector (thin full-line his- 
@gram) during a measurement of the cosmic-ray induced neutron natural background 
on the PTB area. 
Disiributions de l'ampiiiude des impulsions (lissées pour une meilleure lisibilité du gra- 
phique) montrant le "bruit de fond instrumental" de deux compteurs SP9 ("A" trait et 
point, "D" trait, courbes lissées épaisses), comparées avec le spectre d'amplitude obtenu 
avec le détecteur "A" (histogramme a ligne continue mince)pendant une mesure du fond 
naturel de neutrons induit par le rayonnement cosmique au niveau du sol au PTB. 

For comparison, the pulse-height spectrum collected with the "A" detector (thin 
full-line histogram) during 29138 min in a measurement of the cosmic-ray induced 
natural background on the PTB area is also given in Figure 23. By evaluating the 
pulse-height distributions above Channel 500, mean values of (5.56 f 0.17) x 10-5 
counts/(channel.min) for the "D" detector in Asse, (7.72 k 0.85) x 10-6 counts/(chan- 
nel.min) for the "A" detector in Asse and (9.91 k 0.81) x 10-6 counts/(channel.min) 
for the "A" detector during the natural background measurement (slightly higher 
than the instrumental background, due to events induced by not fully thermalised 
neutrons) were obtained. The contribution of the instrumental background of the 
"A" detector (obtained by extrapolating its pulse-height spectrum to lower chan- 
nels and integrating) to count rates due to the natural background (integral fluence 
of about 1.5 x 10-' cm-'s-') is only 1.2% of the total neutron-induced events (8.4% 
for detector "D"). Most of the SP9 counters investigated show instrumental back- 
ground values similar to those of the "A" counter and are adequate for measurements 
in very weak neutron fields up to integral fluence values of about 104 crn-'s-' (in the 
best case). 
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Fig. 24. - High-energy neutron spectra measured with the PTB "C" BSS. For the ruztural background 
and aircraft spectra (FAI-FRA and SELFAI)  the fluence rates are given per minute, for  
the two CERN spectra the fluence rates are given per monitor (PIC) pulse. FLUKA cal- 
cularions of the CERN spectra (Roesler and Stevenson, 1993) are indicated by symbols. 
Spectres de neutrons de hautes énergies mesurés avec le SSB PTB "C". Pour le spectre 
du fond naturel et ceux mesurés en avion à haute altirude (FAI-FRA et SELFAI)  les débits 
de fluence spectrale sont donnés par minute, pour les deux spectres de CERN les débits 
de fluence sont donnés par impulsion de moniteur (PIC). Les spectres de CERN calculés 
avec FLUKA (Roesler and Stevenson, 1993) sont représentés par des symboles. 

The spectral distribution of the cosmic-ray induced neutron natural background 
measured on the PTB area in Braunschweig (Alevra et ul., 1997) is shown in 
Figure24. For companson, two neutron spectra are given which were measured in 
high-energy calibration fields produced at CERN, one behind concrete shielding, 
the other behind iron shielding. The CERN spectra are also compared with FLUKA 
calculations (Roesler and Stevenson, 1993), indicating "reasonable" agreement espe- 
cially for the concrete shielding geometry. A large series of measurements could 
be recently performed in aircraft (Schrewe et al., 1999), due to the fact that eight 
BSs were used simultaneously, each detector being assisted by a miniaturised, bat- 
tery-powered, electronic analog processor (Ciobanu and Alevra, 1997). Two of the 
spectra, measured at 10 km altitude, are shown in the upper part of Figure 24. The 
FAI-FRA (70" N geomagnetic latitude) and SEL-FA1 (36"N geomagnetic latitude) spec- 
tra were measured during fiights from Fairbanks to Frankfurt and Seoul to Fairbanks, 
respectively. From a comparison of the shapes of the spectra in Figure 24 it may be 
concluded that the CERN-concrete field is adequate for the calibration of dosimetric 
instrumentation used for monitoring the exposure to cosmic-ray-induced neutrons. 
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Conclusions 

Neutron field spectrometry using "portable" instruments is at present able to deter- 
mine the neutron fluence with accuracies within a few percent (in the energy range 
5 20 MeV) and to produce reference data for other instruments (e.g. neutron doseme- 
ters). High energy resolutions can be attained by some spectrometers in rather lim- 
ited energy ranges; in the cases where a detailed description of the neutron spectral 
distribution is not necessary (mostly in dosimetric applications), the moderator tech- 
niques (Bonner spheres) ensure good reliability and cover the huge energy range 
from thermal to a few hundreds of MeV. Due to a very low instrumental background, 
the BSs are able to measure reliably low neutron fluence rates. This feature 
recommends them (even reduced to a set of two or three detectors) also for use as 
survey instruments. 
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