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ABSTRACT 

 
In some stray neutron fields, like those found in practices involving the handling of radionuclide sources, the 

neutron calibration factor for albedo neutron dosemeter can vary widely compared to the factor for bare sources. 

This is the case for well logging, which is the area with the largest number of workers exposed to neutrons in 

Brazil. The companies employ routinely 
241

Am–Be neutron sources. The albedo response variation is mainly 

due to the presence of scattered and moderated neutrons. This paper studies the response variation of the two-

component TLD albedo neutron dosemeter used in the neutron individual monitoring service of Instituto de 

Radioproteção e Dosimetria, in different radionuclide neutron source beams. The neutron spectra were 

evaluated applying a Bonner sphere spectrometer with a
 6

LiI(Eu) detector in the Brazilian National Metrology 

Neutron Laboratory. Standard neutron sources of 
241

Am–Be and 
252

Cf were employed, besides 
238

Pu–Be. 

Measurements were also made with scattered and moderated neutron beams, including 
252

Cf(D2O) reference 

spectrum, 
241

Am–Be moderated with paraffin and silicone and a thermal neutron flux facility. New neutron 

calibration factors, as a function of the incident to albedo neutron ratio, were proposed for use in the albedo 

algorithm for occupational fields where the primary neutron beam is one of those studied sources. 

 

 

1. INTRODUCTION 

 

The response of albedo neutron dosemeters varies strongly with neutron energy, falling 

sharply above some hundreds of keV. As the major part of the energy of the neutrons emitted 

by radionuclide sources is higher than 100 keV, the response sensitivity of albedo dosemeters 

is low. Normally this kind of source is that used for routine calibration. But, after scattering 

and moderation such as for example in stray neutron fields found in practices involving the 

handling of radionuclide sources, the response can increase considerably. This is the case for 

well logging, which is the area with the largest number of workers exposed to neutrons in 

Brazil, who routinely employ 
241

Am–Be neutron sources. In this case the neutron calibration 

factor (NCF) of this kind of dosemeter can vary widely, depending on the material between 

the source and the dosemeter. These are among the reasons why ISO has introduced the 

12789 Series of Standards, where the simulated workplace neutron fields are introduced and 

their use to calibrate neutron dosemeters is recommended [1]. The variation of the albedo 
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dosemeter response at different occupational neutron fields can vary more than two orders of 

magnitude [2]. 

 

The Thermoluminescent Dosimetry Laboratory (LDT) of the Instituto de Radioproteção e 

Dosimetria (IRD) has run a monthly neutron individual monitoring service since 1983. 

Nowadays, a home-made two-component TLD albedo neutron dosemeter is in use, measuring 

the operational quantity personal dose equivalent, HP(10). The IRD TLD albedo neutron 

dosemeter is worn in an adjustable belt. It consists of a black plastic holder, an incident 

neutron boron loaded shield, a polyethylene moderator body and two pairs of 
6
LiF:Mg,Ti - 

7
LiF:Mg,Ti Harshaw TLD (TLD600-TLD700), as can be seen in Fig. 1. One pair of TLDs 

measures the incident thermal neutron component, and the other, the albedo one. The ratio 

between incident neutron and albedo neutron measurements gives some information about 

the degree of moderation of the actual neutron spectrum. This information can be used to 

make a correction in its NCF [2]. 

 

 

 
 

Figure 1:  IRD TLD albedo dosemeter design. 

 

IRD albedo neutron dosemeter has been successfully characterized in the ISO 21909 standard 

[3], and these results have been published in Martins et al. [4]. However, in order to improve 

the knowledge of the response of the IRD albedo neutron dosemeter, it is necessary to know 

its performance better in occupational neutron fields. The aim of this paper is to study the 

response variation of the IRD two-component TLD albedo neutron dosemeter (readings of 

incident and albedo neutron component) in some scattered and moderated fields from neutron 

radionuclide sources in order to improve the albedo dosemeter algorithm. 

 

 

2. MATERIALS AND METHODS 

 

IRD albedo neutron dosemeters were irradiated in the Low Scattering Room (LSR) of the 

IRD Neutron Laboratory (LN), which is one of the laboratories that form the Brazilian 

National Metrology Laboratory of Ionizing Radiation (LNMRI). The LSR is a building 

7 m × 18 m and 6 m in height specific for neutron irradiation. The floor is made of concrete 

and the walls of galvanized steel and Styrofoam™ plates in layers: steel-foam-steel. The 

ceiling is made of aluminium tiles with foam lining. Above the floor level there is an elevated 

platform (irradiation platform) made of aluminium at about 2 m height. 

 

Radionuclide neutron sources of 
241

Am–Be, 
238

Pu–Be and 
252

Cf were employed in this work. 

The emission rate of these neutron sources are evaluated in the primary standard Manganese 

Sulphate Bath system of LN, with correction for encapsulation and geometric factors. 

Exposures were also made with scattered and moderated neutron beams and at the LN 
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thermal neutron flux facility (neutron moderation from four 
241

Am–Be sources, in a facility 

built with blocks of graphite and paraffin) [5]. In short, ten different neutron fields were used: 

 Bare 
241

Am–Be; 

 241
Am–Be moderated by a paraffin cylinder of the 4 cm of thickness (

241
Am–Be + 

Paraffin); 

 241
Am–Be moderated by a silicone cylinder of the 4 cm of thickness (

241
Am–Be + 

Silicone); 

 Scattered 
241

Am–Be; 

 LN thermal neutron flux facility; 

 Bare 
252

Cf; 

 Scattered 
252

Cf; 

 252
Cf moderated by a 15 cm D2O sphere (

252
Cf(D2O)); 

 Bare 
238

Pu–Be; 

 Scattered 
238

Pu–Be. 

 

The spectra at the dosemeters position were evaluated using a Bonner sphere spectrometer 

(BSS). The BSS is composed by a 
6
LiI(Eu) detector inside 6 polyethylene spheres with 

diameters of 5.08 cm (2”), 7.62 cm (3”), 10.16 cm (5”), 17.78 cm (8”), 25.54 cm (10”) and 

30.48 cm (12”). Measurements with a bare detector were also performed (without sphere). 

For unfolding the spectra, the software Bonner sphere Unfolding Made Simple (BUMS) was 

used [6]. This software BUMS has an interface in HTML and is built on the framework of the 

BUNKI code developed by Johnson and Lowry at the Naval Research Laboratory [7]. This 

unfolding software can also calculate values of operational quantities at the point of 

measurement, using the ISO 12789-2 fluence-to-personal dose equivalent conversion 

coefficients for monoenergetic neutrons [8]. Calibration of the BSS system has been 

performed using the measurements for a bare neutron field, from a traceable 
252

Cf source. 

Table 1 summarizes the characteristics of the neutron spectra used at LSR/LN for the IRD 

albedo dosemeter irradiation. It is shown the fluence average energy, EΦ, and the neutron 

fluence-to-personal dose equivalent conversion coefficients at normal incidence, hP(10,0°), 

both calculated by BUMS software. Fig. 2 shows these available spectra. 

 

 

Table 1:  Characteristics of the neutron spectra used at LSR/LN for the IRD albedo 

dosemeter irradiation 

 

Neutron spectrum 
EΦ                   

(MeV) 
hP(10,0°) 
(pSv.cm²) 

Bare 
241

Am–Be 3.80 ± 0.32 403 ± 48 
241

Am–Be + Paraffin  2.46 ± 0.21 325 ± 39 
241

Am–Be + Silicone  3.24 ± 0.28 327 ± 38 
Scattered 

241
Am–Be 1.93 ± 0.16 311 ± 36 

LN thermal neutron flux 0.20 ± 0.02 48 ± 6  
Bare 

252
Cf 1.90 ± 0.16 395 ± 45 

Scattered 
252

Cf 0.98 ± 0.08 274 ± 33 
252

Cf(D2O) 0.59 ± 0.05 125 ± 11 
Bare 

238
Pu–Be 3.42 ± 0.29 409 ± 49 

Scattered 
238

Pu–Be 1.51 ± 0.13 275 ± 33 
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Figure 2:  Neutrons spectra used at LBE/LN for the IRD albedo dosemeter irradiation. 
 

 

All irradiations were performed with 4 albedo dosemeters attached to the front face of an ISO 

water slab phantom at normal incidence, as recommended by ISO 8529-3 [9]. Fig. 3 shows 

the experimental setup. 
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Figure 3:  IRD Albedo dosemeters irradiation on ISO water slab phantom. 

 

The TLD readings were normalized to free air kerma of 
137

Cs (in mGy), following the routine 

LDT procedures. The incident neutron component (i) is calculated as the difference of the 

readings of TLD600 and TLD700 which measures the incident thermal neutron component. 

The albedo neutron component, named apparent neutron dose (a), is calculated as the 

difference of the TLD600 and TLD700 readings at the albedo position of the dosemeter. The 

neutron apparent dose is the albedo dose normalized to photon dose. The ratio between both 

components (i/a) is calculated. 

 

The NCF, in mSv/mGy, were calculated as the ratio between the HP(10) dose value, evaluated 

using the BSS, divided by the neutron apparent dose. NCF converts the neutron apparent dose 

value to neutron HP(10). 

 

 

3. RESULTS 

 

Table 2 presents, for all spectra studied, the results obtained for NCF and the range of 

measured i/a ratio. From Table 2, one can conclude that the values of the ratio i/a can be used 

for a more appropriate choice of NCF value in a moderated radionuclide neutron source 

spectrum. This can lead to a better evaluation of the neutron dose using the albedo dosemeter. 

Based on these data, a proposal was made to adjust the IRD albedo dosemeter algorithm, 

knowing the primary radionuclide neutron source in the occupational neutron field. Table 3 

shows the values of NCF to be used, depending on the range of the ratio i/a measured with 

the IRD albedo dosemeter for each tested source. This information will be useful in assessing 

the neutron occupational dose if the primary neutron beam consists of 
241

Am–Be or 
252

Cf. 
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Table 2:  NCF and ratios i/a for the neutron spectra 

 

Neutron spectrum i/a NCF 

Bare 
241

Am–Be 0.05 ± 0.04 1.89 ± 0.36 
241

Am–Be + Paraffin 0.15 ± 0.03 1.23 ± 0.25 
241

Am–Be + Silicone 0.32 ± 0.04 1.02 ± 0.17 
Scattered 

241
Am–Be 0.15 ± 0.06 1.36 ± 0.42 

LN thermal neutron flux 2.13 ± 0.48  0.15 ± 0.03 
Bare 

252
Cf 0.06 ± 0.02 1.23 ± 0.21 

Scattered 
252

Cf 0.13 ± 0.04 1.25 ± 0.24 
252

Cf(D2O) 0.14 ± 0.02 0.21 ± 0.04 
Bare 

238
Pu–Be 0.05 ± 0.03 1.70 ± 0.29 

Scattered 
238

Pu–Be
 

0.15 ± 0.08 1.47 ± 0.38 

 

 

Table 3:  NCF values according to the range of the ratio i/a 

 

Neutron source i/a NCF 

241
Am–Be 

< 0.1 

0.1 < i/a < 0.2 

0.2 < i/a < 1 

> 1 

1.9 

1.3 

1.0 

0.4 

252
Cf 

< 0.1 

> 0.1 

1.3 

0.8 

238
Pu–Be 

< 0.1 

> 0.1 

1.6 

1.0 

multiple sources 

< 0.1 

0.1< i/a < 1 

> 1 

1.6 

1.0 

0.4 

 

 

4. CONCLUSION 

 

Albedo NCF and i/a ratio values, for the IRD albedo neutron dosemeter, were obtained for 

some neutron fields. From these results, a proposal was made to improve the IRD albedo 

neutron dosemeter algorithm. Knowing the primary radionuclide neutron source, the NCF 

will be chosen depending on the measured i/a values. 

 

This dosemeter is worn by all the staff of LN and a conservative NCF value of 1.5 mSv/mGy 

was used. As their i/a ratios range normally from 0.2 to 0.6, a more realistic NCF value of 

1.0 mSv/mGy will be used from now on. The same algorithm is suitable for all radionuclide 

neutron occupational exposures. 
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The calibration in other neutron beams is necessary to provide more knowledge of the 

response of this dosemeter. However, it requires a great effort to characterize neutron fields. 

Therefore mathematical simulation is becoming more and more important for neutron 

dosimetry. Future work in this area will use mathematical simulation additionally of 

measurement techniques. 

 

 

ACKNOWLEDGMENTS 

 

The presenting author is grateful to Neutron Laboratory of the Brazilian National Metrology 

Laboratory of Ionizing Radiation of the IRD for availability for the irradiations and to CNPq 

for sponsoring the project. 

 

 

REFERENCES 

 

1. R. Bedogni, C. Domingo, A. Esposito, A. Gentile, M. J. García-Fusté, M. de-San-Pedro, 

L. Tana, F. d’Errico, R. Ciolini, A. Di Fulvio, “Calibration of PADC-based neutron area 

dosemeter in the neutron field produced in the treatment room of a medical LINAC”, 

Radiat. Meas., 50, pp.78-81 (2013). 

2. E. Piesch, “Calibration techniques for personnel dosemeters in stray neutron fields”, 

Radiat. Prot. Dosim., 10, pp. 159-173 (1985). 

3. International Organization for Standardization. Passive personal neutron dosemeters – 

Performance and test requirements, ISO 21909, Geneva, Switzerland (2005). 

4. M. M. Martins, C.L.P. Mauricio, W.W. Pereira, A.X. da Silva, “Characterization of a two-

component thermoluminescent albedo dosemeter according to ISO 21909”, Radiat. 

Meas., 46, pp. 555-560 (2011). 

5. A. Astuto, A. P. Salgado, S. P. Leite, K. C. S. Patrão, E. S. Fonseca, W. W. Pereira, R. T. 

Lopes, “Thermal neutron calibration channel at LNMRI/IRD”, Radiat. Prot. Dosim., 161, 

pp.185-189 (2014). 

6. J. Sweezy, N. Hertel and K. Veinot, “BUMS - Bonner sphere unfolding made simple: an 

HTML based multisphere neutron spectrometer unfolding package”, Nucl. Instrum. Meth. 

A, 476, pp.263-269 (2002). 

7. A. K. Lowry, and L. T. Johnson, “Modifications to recursion unfolding algorithms to find 

more appropriate neutron spectra”, Health Phys., 47, pp. 587-593 (1984). 

8. International Organization for Standardization. Reference Radiation Fields ─ Simulated 

workplace neutron fields ─ Part 2: Calibration fundamentals related to the basis 

quantities, ISO 12789-2, Geneva, Switzerland (2008). 

9. International Organization for Standardization. Reference Neutron Radiations ─ Part 3: 

Calibration of area and personal dosimeters and determination of their response as a 

function of neutron energy and angle of incidence, ISO 8529-3, Geneva, Switzerland 

(1998). 


