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Analysis of EURADOS neutron intercomparison results according to new ISO standards criteria
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One of the most important actions undertaken within EURADOS Working Group (WG) 2 is the organization of self-sustained programs of personal dosemeter intercomparisons (ICs). Indeed, WG 2 promotes actions to harmonize individual monitoring throughout Europe. Actions started in 2008, concerning whole-body photon dosemeters, are performed on a regular two-year basis. Some extremity IC exercises have been performed in the meanwhile. As far as neutron dosimetry is concerned, the first intercomparison exercise held by WG 2 was in 2012 (2)(3) [START_REF] Chevallier | EURADOS IC2012n: Further Information Derived from a EURADOS International Comparison of Neutron Personal Dosemeters[END_REF] . It was decided to perform such exercise on a five-year basis to reach a compromise between the need, imposed by national regulation, for the IMSs to participate in such exercises, and financial considerations since neutron irradiations are expensive. There is also the practical issue of the non-negligible impact of the mobilization of the few available neutron facilities. Consequently, the second EURADOS ICn exercise occurred in 2017 [START_REF] Mayer | EURADOS intercomparison 2017 for neutron dosemeters[END_REF] [START_REF] Mayer | Results of the EURADOS 2017 intercomparison for whole body neutron dosemeters (IC2017n)[END_REF] and another one is in progress in 2022.

Overview of the IC2012 and IC2017n exercises

These two exercises had very similar scopes. They focused on the neutron personal dosemeters, either passive or active, routinely used in individual monitoring of exposed workers, as provided by IMSs, and intended to measure neutron personal dose equivalent Hp (10). 31 IMSs participated in 2012 (vs 32 in 2017), with full results for 32 systems (vs 33 in 2017).

The main difference between the two exercises was prompted by the fact, raised during the process of IC2012n, that some IMSs could report results only if they had some a priori information about the neutron fields. This is part of their routine process. So, in 2012, a two-step procedure was used. Initially, very little information on the radiation fields was provided by the Organization Group (OG), and all IMSs submitted their results. In a second step, additional information on the radiation field was given so that the IMSs could choose the proper calibration factor to be applied. All IMSs were allowed to modify their results with justification to be agreed by the OG. In order to cope with problems introduced by this approach, the IC2017n exercise was performed via another process (one-step procedure): the participants had to state clearly during the registration process whether they required additional a priori field information according to their system and routine procedure of analysis. This fact was clearly stated in the participation certificate. To all the other participants, only very general information about the fields was provided. Another difference between the two exercises was the irradiation plan. Table 1 gives the similarities and differences of both irradiation plans. One can note that the lowest dose tested, in both exercises, was 0.3 mSv with a bare Cf-252 source.

Choice of the performance criteria

The basic principle of a dosimetry intercomparison is to expose dosemeters to accurately known doses in reference fields and to evaluate the responses. To evaluate the intrinsic quality of the response of a dosimetry system and to quantify the difference between systems, criteria are needed to determine what can be considered an acceptable under-response or an acceptable over-response. To perform a fair and accurate analysis of the results it is more appropriate to conduct it on the basis of procedures and criteria agreed by the scientific community.

During the IC2012n exercise, there were no applicable performance standards for the proficiency test for neutron personal dosemeters. The standard covering intercomparison exercises is ISO 14146 which gives test procedures, and also criteria, to be used for the periodic verification of the performance of dosimetry services supplying personal dosemeters [START_REF]Radiation protection -Criteria and performance limits for the periodic evaluation of dosimetry services 2[END_REF] . Unfortunately, in 2012, the scope of this document did not include neutron dosemeters, but only photon dosemeters. The need for criteria for neutron intercomparisons was emphasized by the EURADOS IC2012n organization group in their conclusions (2) .

There exist several organizations setting up procedures, type tests and criteria at an international level such as ISO (International Organization for Standardization) and IEC (International Electro technical Commission). At a national level, standards are available from organizations such as: DIN (Deutsches Institut für Normung, D) or ANSI (American National Standard Institute). Other organizations such as ICRU (International Commission on Radiation Units and Measurements) and ICRP (International Commission on Radiological Protection) also give guidelines and recommendations. These documents are used for reference by IMSs. Moreover, in many countries, the regulatory body relies on these international or national documents to fix the requirements for the performance of individual dosemeters. Nevertheless, standards are in constant evolution, being regularly revised and updated. At an international level, the standards which are relevant for personal dosimetry are of two kinds: those related to the realization and use of reference radiation fields, and standards giving the requirements and recommendations for testing the performance of personal dosemeters. There are not many standards dealing specifically with personal neutron dosimetry. Two exist at a national level:

 American standard ANSI/HPS N13.11-2009 [START_REF]11-2009[END_REF] defines the general criteria and testing requirements for establishing personal dosimetry performance, and ANSI/HPS N13.52-1999 (8) gives specific requirements and recommendations for neutron dosemeters. However, only tests with un-moderated

Cf-252 and D2O-moderated Cf-252 neutron sources are considered in these standards.

 The German standard for neutron dosimetry, DIN 6802 (9)(10)(11) is specific for dosimetry systems using the albedo technique and does not provide criteria for the performance of personal dosemeters, which are instead provided in guidelines by the German authority SSK (12) . International guidelines such as ICRU Report 66 [START_REF]Determination of Operational Dose Equivalent Quantities for Neutrons[END_REF] , cover the operational dose equivalent quantities for neutrons. However, none of these documents provides criteria for the performance of individual monitoring measurements for neutrons. They focus on describing concepts, neutron fields' characterization, experimental measurements, etc. That is the same for ICRP Publication 75 [START_REF]ICRP Publication n°75, General Principles for the Radiation Protection of Workers[END_REF] which gives recommendations for radiation protection of workers for any radiation field.

Only two documents at international level deal specifically with personal neutron dosimetry: IEC Standard 61526 (15) dealing with active personal dosemeters, and ISO Standard 21909 (16) concerning passive neutron dosemeters. They give performance limits depending on the irradiation quality (energy and angle) in IEC 61526 and depending on the considered techniques in ISO 21909 (thermoluminescence albedo dosemeters / solid state nuclear track etch detectors for instance) in the 2005 publication (available for IC2012n before being revised for a publication in 2021 (18) [START_REF] Chevallier | Revision of the 21909 standard on passive personal neutron dosemeters[END_REF] ). Moreover, both documents give type tests and performance criteria for the characterization of neutron personal dosemeter, but not performance criteria for proficiency testing, which is a very different way to test a dosimetry system. While standards on dosimeter type testing aim to test a mean behaviour of the dosimetry system with several dosemeters per irradiation configuration and cover a large range of irradiation qualities, the philosophy of proficiency testing is to check, on a regular basis, the performance of a dosemeter by sampling configurations, usually simulating the most commonly occurring conditions in routine applications (sometimes referred as to "simulated workplace conditions"). Moreover, in the ISO 14146 standard there is an approval criterion, added to the performance limit, that is fulfilled if the number of the outliers upon the whole number of the irradiated dosemeters does not exceed a defined limit (3) .

Chosen limits for the IC2012n exercise

For IC2012n the criterion for deciding on under-and over-reading was a factor of 2 limit as shown in eq. (1):

0.5 ≤ ≤ 2 (1) 
where Href is the irradiated dose, defined as the conventional quantity value of the dose to which the dosemeters are irradiated, and Hmeas is the measured personal dose equivalent.

This slightly arbitrary choice was considered by the OG as a reasonable approach to deciding whether the neutron dosimetry was sufficiently reliable. It is in agreement with ICRP Publication 75, which reads under §251: "The Commission has noted that [….] in the workplace, where the energy spectrum and orientation of the radiation field are generally not well known, […] the overall uncertainty at the 95% confidence level in the estimation of the effective dose around the relevant dose limit may well be a factor of 1.5 in either direction for photons and may be substantially greater for neutrons of uncertain energy and for electrons."

The limits, based on ICRP Publication 75 recommendations, are in accordance with the criteria chosen in former intercomparison exercises (cf. Figure 1) and are similar, in terms of order of magnitude, to the criteria of IEC 61526 and ISO 21909.

Chosen limits for the IC2017n exercise

Fortunately, ISO Standard 14146 was updated in 2018 (3) , to include neutron dosimetry. The IC2017n exercise could thus be analysed in accordance with this new document. The performance criterion for the neutron dosemeter response, R, is expressed in terms of limits defined by a trumpet curve given by eq. ( 2):

0,5 • 1 - . / , / , ≤ 𝑅 = ≤ 2 (2)
where H0 is defined as the "lower dose limit", which is the "dose below which irradiations should not be performed", according to the definition in the ISO document.

Comparison of the criteria

Equation (2) shows that the higher acceptance level for the performance limit is always the same whatever the considered dose for the different tested configurations during an intercomparison exercise. An over-estimation of maximum +100% of the reference value is accepted. This upper limit is the same as the one chosen for IC2012n.

But the lower limit given by ISO 14146 depends on the values of both Href and H0, which was chosen by the OG to be 100 µSv.

The lower limits are then the ones shown in Table 2. Moreover, in ISO 14146, an approval criterion is associated with the performance limits: "The criteria stated in 7.1 are valid for a coverage interval with a coverage probability of 95 %. A maximum of one tenth of the dosemeters irradiated may exceed the limits." This approval criterion has implications for the results of IC2012n. It is thus of interest to reanalyse the results of IC2012n and IC2017n to quantify any modifications in the number of systems that would satisfy the approval criteria following these changes in the lower limit. The expected impact is a priori foreseen for the irradiation conditions with the lowest level of dose in both exercises: Cf-252 at 0° of incidence at 300 µSv.

RE-ANALYSIS OF IC2012N AND IC2017N

Table 3 gives the percentage of systems satisfying the chosen criteria for IC2012n (maximum of two outliers) according to the chosen limits (factor 2) versus the ISO 14146 (2018) ones. The main difference is for albedo dosemeters. This change is not due to results at the low dose configuration of 0.3 mSv, as initially expected. The change in the criteria induce changes to the number of outliers for the 250 keV irradiation quality. Table 4 gives the percentage of systems satisfying the criteria for IC2017n (maximum of two outliers) according to the chosen limits (or approval for ISO 14146). The main change is for the track etch dosemeters: only one system changed its status in regard of this performance criterion. And again, it is not for the low dose configuration at 0.3 mSv, but for the quite challenging workplace field: D2O-moderated Cf-252 behind a shadow block, at 1 mSv (cf. Figure 2).

CONCLUSION

In 2012, for the first neutron intercomparison organized for many years, there was no available performance criterion for proficiency testing for neutron individual dosimeters. ISO Standard 14146 "Radiological protection -Criteria and performance limits for the periodic evaluation of dosimetry services" was revised in 2018 so that criteria were available for IC1017n. The impact of the change of the criteria on the analysis of the two intercomparison exercises was expected to be for the configuration at the lowest dose tested (300 µSv) where there is the higher modification in the criteria chosen for IC2012n and IC2017n. However, looking in detail the data reveals that there was no change in the analysis for this configuration. Indeed, this low dose irradiation was performed with a bare Cf-252 source, which is a source commonly used by IMSs as a calibration neutron field. The impact in the change of the criteria appears to be for more challenging configurations such as 250 keV or simulated-workplace fields. This conclusion underlines the fact that the key issue for neutron dosemeters remains the energy and angle dependence of the response. This issue has also had to be addressed in the revision of the ISO Standard 21909. Indeed, notwithstanding the revision of ISO Standard 14146, ISO Standard 21909 has been further revised since 2012. This document gives type-tests and performance criteria for passive neutron dosemeters (17)(18) . During this revision process, it was agreed among the ISO experts that some systems will not be able to fulfil the requirements in term of energy and angular responses, as some systems present a wide variation in their energy response. The fact that some types of dosemeters need a priori information of the neutron field at which they are exposed to is specific to neutron dosimetry. To cope with this problem, a second part was written giving some methodologies and criteria for the qualification of personal dosimetry systems in workplaces (18) [START_REF] Chevallier | Revision of the 21909 standard on passive personal neutron dosemeters[END_REF] . As far as intercomparison exercises are concerned, this issue was raised during the first intercomparison exercise in 2012 and explains the need for the specific two-step procedure. Finally, the energy and angle dependence of the response is definitely the most challenging issue for neutron dosimetry systems. The hardest configurations to measure are the workplace fields. This is quite a paradox as workplace fields are the most representative of the ones the workers are exposed to routinely. This underlines one main difficulty of neutron dosimetry i.e., that the neutron calibration fields are not representative of the field encountered in routine at workplaces. Neutron dosimetry remains then the most challenging personal dosimetry.

Table 1. Irradiation plans for IC2012n and IC2017n exercises (2) [START_REF] Mayer | EURADOS intercomparison 2017 for neutron dosemeters[END_REF] .

Irradiation quality IC2012n IC2017n

Bare Figure 2. Responses of all dosimetry systems (Albedos on the top, and track etch detectors on the bottom) for the workplace field: 252-Cf (D2O) behind shadow block @ 1 mSv, tested during the IC2017n exercise [START_REF] Mayer | EURADOS intercomparison 2017 for neutron dosemeters[END_REF] .

Figure 1 .

 1 Figure 1. Synthesis of criteria considered to quantify neutron personal dosimetry reliability (2) .

Table 2 .

 2 Low limit criteria according to the ISO 14146 for the doses for the IC2012n and IC2017n.

	252 Cf source at 0°	0.3 mSv	0.3 mSv
		3 mSv	1.5 mSv
		15 mSv	12 mSv
	250 keV mono-energetic neutrons, at 0° 1 mSv	-
	Bare 252 Cf source at 45°	2 mSv	-
	Bare 252 Cf source at 0° + additional photons	-	1.5 mSv
	(+ 1 mSv photons)		
	241 Am-Be at 0°	-	1.5 mSv
	252 Cf(D2O) moderated source, at 0°	3 mSv 1.2 mSv
	Bare 252 Cf source + shadow cone, at 0°	2 mSv	-
	252 Cf (D2O) moderated source behind a	-	1 mSv
	shadow block, at 0°		

Table 3 .

 3 Percentage of systems satisfying the approval criteria for IC2012n. The category 'other' consists in neutron dosimetry systems based on fission track detection or electronic ones based on silicon diodes.

		All	Track etch	Albedo Others
	Limits [0,5;2]	34%	47%	17%	33%
	ISO 14146 Limits (H0=100µSv)	44%	53%	33%	33%

Table 4 .

 4 Percentage of systems satisfying the approval criteria for IC2017n.

		All	Track	Albedo
			etch	
	Limits [0,5;2]	42%	44%	40%
	ISO 14146 Limits	45%	50%	40%
	(H0=100µSv)