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EURADOS Intercomparison 2012 for neutron dosemeters

Abstract

EURADOQOS, within the work performed bWorking Group 2- Harmonization of Individial
Monitoring in Europe has started a seffustained programme of regular intercomparisons and has
successfully executed three intercomparisons for whole body photon dosemgtdC2008, 1C2010,
IC2012 and one intercomparison for extremity dosemeters for photon and beta fields (1C2009). In
2012 the EURADOS intercomparison 1C2012n was launched for persoealron dosemeters
routinely used to measure personal dose equivale#,(10),in individual monitoring. No systems
under development were allowedo participate.

IC2012n was carried out by a EURADOS nominated Organization Groupc@&¥ting of Marie

Anne Chevallier (IRSN, F), Rodolfo €3uarez (IAEA, UNienna), Marés LuszikBhadra (PTB, D),
Sabine Mayer (PSI, CH), David J. Thomas (NPL, UK), Rick Tanner (PHE, UK), Filip Vani@iBre (SCK
B) led by a Coordinator, Elena Fantuzzi (ENEA, ).

31 participants registered for the comparison, with 34 dosimetry systemdotal 816 dosemeters
were irradiated in selected neutron fields on an ISO slab phantom. The irradiations were performed
at 2 European accredited laboratories which are both National Primary Metrology Laboratories for
ionizing radiation: NPL (National Phgal Laboratory, UK) and PTB (Physikalid@thnische
Bundesanstalt, D). All irradiations were carried out according to the irradiation plan developed by
the OG.

The overall results show that most, although not all, dosimetric systems perform acceptablly wel
(within a factor of 2) for irradiations with a bare radionuclide souré®Qf at 0°), whilst more than
half of the systems underestimate the reference value for irradiations from-nommal angles of
incidence irradiations ¥°Cf at 45°) or for simulate workplace fields £°Cf(O) or %°°Cf source
behind a shadow cone). The performance for 250 keV m@&mergetic neutron irradiations varies
mainly reflecting the detection principle on which the dosimetric systems are based. A few
participants reported por results for all irradiation fields, some reported poor results only for some
fields.

A meeting was held during the I2Neutron and lon Dosimetry Symposium (NEUD®DS held in
June 2013 inAix-en-Provence, F) taallow the participants todiscuss generhaspects of this
intercomparison and specific systems problemsth the OG

The intercomparison results can assist participants in showing compliance with their quality
management systers. They allow comparisons of individual results with those of other
participants and, if required, help in developing action plans for improvithgir systems.

IC2012n was the first EURADOS organized intercomparison exercise for neutron dosemeters. It is
an important action because international neutron dosimetry intercompéasons have been
performed only every 8L0 years.







EURADOS Intercomparison 2012 for Neutron Dosemeters

1 Introduction

The European Radiation Dosimetry GroeURADOfhas supportedworking groupsinvestigating
harmonisation of individual monitoring in Europe and these have shown[1,23] that
intercomparison (IC) exerciseare a fundamental prerequisite for harmonisation of dividual
monitoring services (IMSs). Consequently, EURANQBking Group 2 (WG2Y/armonisation of
Individual Monitoring in Europerecommended periodic performance tests or IC exercises within
the European Union (EU) and Switzerland to assist with theeotiye of harmonisation. It was
believed that ICs would: stimulate IMSs to improve the quality of their results, provide information
on IMS quality throughout the EU, and assist with harmonisation of IMS quality control standards.
Further support was provled by the response to questionnaires sent to IMSs in the EU and non EU
countries which showed very strong interest in participating in the proposed programme of
periodic ICs.

The regular participation of IMSn intercomparison exercises is now considered an essential tool
for validating the performance of the dosimetry systems. Participation is a requiremimt
accreditation in compliance with ISO/IEC 1708 and in some countries is now considered an
essantial criterion for the approval ofin IMS by the national authorities. Participation is strongly
_btggch gl rfec pcacl rjw s fdehnicat Reco®@msepdations for A mk k
Monitoring Individuals Occupationally Exposed to External Radjatigs). However, regular
performance tests or intercomparisons are carried out only in a few European countries. EURADOS
as part ofthe work performed by WG2 has started a selustained programme of regular
intercomparisonsand has successfully executetiree intercomparisons for whole body photon
dosemeters (IC2008, IC20HNd IC2013 and one intercomparison for extremity dosemeters for
photon and beta fields (IC2009Results have been published as EURADOS Report for IC2008 and
IC20096,7] whilst reportson IC2010 and 2012 are in progress.

In 2012, as a next step in the programme, EURADOS initiated two intercomparisons, 1C2012ph for
whole body photon dosemeters, and 1C2012n for neutron personal dosemeters provided by IMSs
to measure personal dose equivalent}(10) for exposed workeris neutron fields

1.1 Gaps and challenges in neutron personal dosimetry

There are a number of factors that make it both harder and more expensive to conduct a neutron
personal dosemeter intercomparison than one for photon dosemeteiThese challenges need to
be addressed to avoid skewing the intercomparison in favour of one type of dosemeter, whilst
ensuring that it provides an adequate test and does not become prohibitively expensive.

Reference neutron fields are detailed in 1S629 parts 1 to 38, 9, 10] and simulated workplace
fields are described in ISO 12789 parts 1 anld 2 12]. These are a mixture of radionuclide source
and acceleratogenerated fields. Ideally, the intercomparison would have been restricted to fields
from these standards, but field availability and dose rate had to be considered. Generation of fields
using accelerators is more difficult for neutrons than photons, because the accelefatilities are
more expensive, but also because thin targets are needed to generate monoenergetic neutrons
and it is important that these are not damaged during an irradiation. This latter consideration
limits the beam current and hence the fluence/dose rates thedn be generated. This contrasts
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strongly with xray fields that can be used for photon intercomparisons. The problem for neutrons,
however, isexacerbatedwhen simulated workplace fields are generated, because the dewn
scattering in energy, which is padf the process of producing the field, lowers the dose rate and
there is inevitableneutron capture that further lowers the fluence rate. Consequently, inclusion of
accelerator based simulated workplace fields would require too much accelerator time for
inclusion in an intercomparison on the scale of IC201&rd the cost would be prohibitive.

These difficulties in generating the fields and the cost associated with the exposures limit the
number of different fields that can be included. The choice of thdmdds is problematic because

of the contrasting characteristics of neutron workplace and reference fields and the deficiencies of
different detector types. Some of these issues are expanded upon below.

The response of personal neutron dosemeters in a wmdce field depends strongly on the
neutron spectrum in the environment where it is used, and also on the orientation of the
dosemeter to the directions of the incident neuvns. This is often informatiorwhich is not
available, and these dependencies makeutron personal dosimetry difficult and prone to large
uncertainties. Although a small number of simulated workplace fields are available in calibration
laboratories, and monoenergetic neutrons are available for determining dosemeter response
characterigics, the majority of routine neutron calibrations are performed in the more readily
available radionuclide neutron sources fields such #%\m-Be and?%?Cf. This is, however, not
universally true. Some dosemeters are calibrated via a measurement, usar@us neutron
monitoring instruments, of the dose equivalent in the area where they aetually used, and
others use calibration factors which are dependent on information about the energy distribution
in the area where they are employed (fiellependent calibration factors). These methods lack the
rigour of reference field determination and strictly rely on determination of personal dose
equivalent in the workplacewhich isa difficult problem fL3]. They also rely on the field remaining
stable.

Lack of lrmonisation due to variations in calibration procedures and the question of the
suitability of dosemeters for use in neutron fields other than their calibration fields, were amongst
the motivations behind the present exercise. It was hence important tktia fields chosen should
provide a test of these factors.

When high-energy accelerator facilities are excluded, terrestrial workplaces are exposed to
neutrons that range in energy from 10MeV to 20 MeV; i.e. over 10 orders of magnitude. The
source neutras are primarily from fission anda( n) reactions with most of the neutrons having
energies in the range -b MeV, though because of the stochastic nature of these reactions some
neutrons will have lower energies and the maximum will be up to 20 Mé&dditionally, fusion
reactions for energy generation are characterized by 2.5 MeV and 15 MeV neuyfan®, D) and
(D, T) respectivelyand high-energy photons can also produce neutrons vig () reactions. Some
accelerators may produce neutrons with meh higher energies, but those fields are outside the
scope of this intercomparison as are those produced by cosmic ray interactions in the atmosphere.

Workers are rarely exposed to the bare source; instead the neutiorthe workplace fieldshave

lost erergy via several or many scatters, so they have a very broad range of energies. Typically the
energy distribution features a thermalized peak&(< 0.4 eV), a smaller intermediate energy
component (0.4 eV <& < 10 keV) and a residual fast distributio# (> 10 keV). Examples of
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workplace fields (Figurel) show these three distinct components; the examples given are for
mainly @, n) neutrons from fuel rods and fission in a research reactor as measured during the
EVIDOS project1fl]. Ideally an intercomparisn would test dosemeters across this range of
energies, though the intermediate energy range is less dosimetrically important.

Thermal Intarmediate Fast
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w \ ~=Fuel Cyde
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Figure 1: Workplace energy distributions measured at a research reactor, a fuel
fabrication plant and near a fuel flask during the EVIDOS project [14]. The fluence is
normalized to a total of 1 and then each bin is normalized to its logarithmic energy
width.

The fluence to personal dose equivalent conversion coefficients vary sthpmgth neutron energy
(Figure2) because of the differences between the interactions that dominate for different energy
regions:dose deposition byfast neutronsis mainly by elastic scattering whereas capture reactions
dominate dose deposition for lower energies. Consequently, the conversion coefficients are
relatively constantfor lower energiesbut they rise by a factor of aboui0 between 10 keV an@0
MeV.Devising adosemeterwith a response thathanges by this factorover this energyrangeis
one of the main problems in neutron personal dosimetry and also a factor in the difficulty in
designing a neutron intercomparisonThe rapid increase in the conversion coefficient occurs
becausefast neutrons begin to deposit dose equivalent via elastic scattg on hydrogen, but the
energy deposited is smaland hence difficult to measurewhich is a problem for all types of
personal dosemeterAdditionally, in mixed fields the energy deposition by photons is similar in
magnitude, albeit with lower,), so sparation of the photon and neutron signals is problematic.

It also follows from the conversion coefficients that much higher fluences will be required to test
adequately the response below the fast threshollbw-energy dose rates can be very low. The
conversion coefficients also fall, in general, with increasing angle of incidence so irradiations
performed at higher angles will need to be longer to ensure that the dose is high enotmh
produce a measurable signal in the dosemeter
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Figure 2: Fluence topersonal dose equivalent conversion coefficienig neutron
energy and angle of incidence [ICRU57, ICRP74].

The main types of neutron personal dosemeter in use atehed track devices and luminescent
albedo detectors (mainly TLD but also OSWhilst these passive designs were expected to form
the bulk of the dosemeters submitted, the intercomparison was also open to active dosemeters
These3 different types ofdosemeters have very different deficiencies in their response, which will
make diferent fields tougher for them in the intercomparison:

> Etched track dosemeters do not have an intrinsic detection mechanism below their fast
neutron threshold, which falls somewhere in the energy range from 50 keV to 1 MeV.
Capture reactions from converts or dopants can extend the energy range down to
thermal energies, but 10 mm of tissue equivalent moderator are required to achieve good
response up to the fast thresholfil5]. Above 50 keV the detector must rely on detection
of elastically scattered hydmen nuclei and have a rapidly increasing fluence response.
Above a few MeV other recoils can also become important, because recoils of carbon and
oxygen can have sufficient energy for detectioithis proves difficult for most systems
causing them to miss &rucial energy range in terms of dose in some fields. For these
detectors, fields of 144 keV (an 1SO recommended calibration energy) or lower would
prove very difficult, depending on the precise processing and read methods employed.
However, 250 keV neutns can produce relatively large tracks so they ought to be above
the energy range of greatest difficultyThe use of electrochemical etching or high
magnification can make the tracks from lower energy neutrons readable.

» TLDand OSlalbedo dosemeters deteichelow the fast neutron region with relatively flat
dose equivalent response. In the fast energy range the fluence response drops slowly, but
it needs to rise rapidly to give good fast neutron response. It cannot do this because elastic
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scattering reactims do not deposit as much dose as capture reactions, so the dosemeters
rely on algorithms or special calibrations to determine the component of personal dose
equivalent due to fast neutrons. Consequently, fields with few neutrons with intermediate
or thermal energy cause severe problems for albedo systeAlbedo dosemeters are not
suitable for monoenergetic fields.These dosemeters would perform best in well
characterizedradiation fields.

» Electronic dosemeters may have a thermal/intermediate energy coneerlf they do not
then they will only respond above their fast neutron energy threshold, which is
determined largely by the need for photon discrimination: in principle, electronic
dosemeters can detect lower energy recoil protorsmilar to track detecbrs, but the
pulses are not distinguishable from those of photons.

* One other, but rarely used, approach to neutron personal dosimeivgs usedby one
service in the present exercise and this involvethe use of fissile material and the
detection of fissionfragments in etched track material.

The photon component of reference neutron fields is not always known with high accuracy. This is
irrelevant for the track detectors, but is an issue for the albedo and electronic dosemeters, but in
different ways:albedo dosemeters rely on subtraction to remove the photon background, which
statistically impairs the result in a strong photon field; electronic dosemeters must exclude photon
pulses from their reading, which is harder if pulse pilp becomes an issue.

The inclusion of angles of incidence other than normal to the reference direction of the dosemeter
can also be subjective depending on the type of dosemeters. The best designs of albedo
dosemeter should have good angle dependence of response for forwandlas,although 90° can

be problematic. Track detectors and electronic devices should also perform well for higher angles
of incidence for energies below their fast threshold, if they have a thermal neutron converter.
Above the fast neutron threshold theiangle dependence of response is not so godoy track
detectorsthe dose equivalent response falls with increasing angle of incidersiace the recoil
protons can not be detected above aritical angle, which depends on their energy and the
etching procedure

It was necessary to balance the cost against the rigour and fairness of the test. These
considerations led to the fields selectddiescribed in paragraph 2.4hich would provide tests of
normal calibration conditions plus limited workplace type situations.

1.2 Overview and history of IC for neutron dosemeters worldwide, need for and
framework

Individual monitoring of workers occupationally exposed to external radiation shall be conedct

to verify compliance with the requirements for protection and safety laid down in both the
International [16] and the European Basic Safety Standarfls’/] in accordance with the
fundamental principles of justification of activities and optimization of gextion, which shall be
applied for all exposure situation$18]. The equipment employed is required to be tested at
appropriate intervals with reference to national or international standards published, for example,
by the International ElectrotechnicaCommission (IEC) and the International Organization for
Standardization (ISO). Apart from standards, several documents of relevance deal with individual
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monitoring for radiation protection purposes. They are the outcome of deliberations of a group of
experts or a commission, who, as a result of their competence and experience, can make highly
regarded recommendations in the field of interest. Publications of the International Commission
on Radiological Protection (ICRP) and reports from the Internationan@ission on Radiation
Units and Measurements (ICRU) belong to this category, along with guides from international
organizations such as the European Commission (E8T)and the International Atomic Energy
Agency (IAEA)L9].

In general, standards and docuemts of relevance are not mandatory, and some national
framework of guidance is needed. European Union (EU) legislation is in the form of European
Council Directives and Regulationg/hereradiation protection is concerned, Directives are issued
under the Euratom Treaty, requiring member states to implement their provisions nationally for
the benefit of the EU as a whole. Regulations directly implement EU policy in member states
without the need for member states to enact their own legislatiomirectives need to be
transposed into national legislation but mber Satesare leftwith a certain amount of discretion

as to the exact methods of implementatiomAlthough individual monitoring services in Europe
may face different legal or regulatory frameworkasd widely differing national requirements for
dosemeter performance it isstill desirable to achieve a reasonable degree of harmonization in
individual monitoring practice.

Accreditation is becomingmore and more important in Europe and to comply with EN/ISEC
17025requirements [4] IMSneed to take part in intercomparison exercises on a regular basis. On

rfc mrfcp f_I b CA%q rcafl ga_|j pcamkkcl b_rgmlg d
importance to participate in intercomparison exercisesln this context, it is essential to make
intercomparison exercises available to the IMS community.

1.2.1 Previous Intercomparisons for Neutrons
EURADOS Performance Test 1999

The first performance test for wholbody neutron personal dosimeters broadly represettitee of

those in use in the EU member states and Switzerland was organized by EURADOS in 1999 and
aimed at enabling assessment of criteria for the acceptability of routine dosimstwices[20].

The radiation fields were chosen to investigate the energydaangle dependence of different
types of personaldosemeters as well as their responses to realistic spectra simulating, as far as
possible, the conditions at workplaces by combining several different energies and angles of
incidence. Participants were vwited by the EURADOS Action Group on harmonization and
dosimetric quality assurance in individual monitoring for external radiatid?articipation was on a
voluntary basis, without a fee being charged. In all, 17 services from 10 EU member states agreed
to take part in the neutron performance test, supplying dosimetersrh four different categories:
albedo dosemetess, nuclear track detector (NTBRsed highenergy neutron dogmeters multi-
element dosemetes with one detector type(usually track etch or TLD) as well msilti-element
dosemeters with at least two differentdetector types.

Irradiations were performed at the Institut de Radioprotection et de Sdreté Nucléaire (IRSN) in
Cadarache, France, and included a b&PféCf sourceat angles of 0°, 30° and 60°, a graphite
thermalized?**Am-°Be field (Sigma facility) as well as the accelerdiased CANEL+ facility, which
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delivers a broad spectrum from thermal to 10 MeV and is simulated in detail by MCNP Monte Carlo
computations. Thedosemetels were mounted at the central area of the front face of an ISO water
slab phantom (3@m x 30cm x 15cm), which was placed on a rotating stage. Results were found
to be very dependent on the dosemeter type and the dose calculation algorithm. M/iast
neutron fields were generally measured well, particular problems were noted in the determination
of intermediate energy fields, illustrating the importance of such radiation qualities for calibration
purposes. Of particular concern from a radiatignotection point of view was the large number of
results underestimating thet,(10)referencevalue, which lead to the conclusion that a factor of 1.5
on the response is too tight a criterion to be applied to neutrafosemeter performance. No
individual monitoring service had all results within a factor of 1.5, with three services being
narrowly outside andatotal of seven out of 17 within approximately a factor of(for more details
seereference 20)The intercomparison identified problems at higher gtes of incidence (60°) and
low dose values (0.1 mSv).

IAEA Intercomparison 2003/04

The occupational radiation protection programmeof the IAEA initiated and funded an
international intercomparison exercise of personal neutralosemeters to assess the capdities

of dosimetry services to measure the quantity personal dose equivaléff10), in mixed neutron
gamma fields[21].In addition the programme aimed @ assist IAEA member states in achieving
appropriate accuracy requirements in individual monitoring and, where needed, providing
guidelines on improvements rather than simply conducting a performance test. The
intercomparison consisted of two phases and fosed on passivedosemetels determining
neutron and gammaray components either separately or in terms of total personal dose
equivalent. Out of the 35 participants nominated originally, 32 actually providdasemeters for
Phase | and 30 for Phase I, imdihg the following systems: 17 albedo TLBosemetes for
neutrons and gamma, 8 mukelementdosemeteis with one or more detector types, comprising a
combination of NTDs, TLDs and radiophotoluminescence (RPL) glass detectors for neutrons and
gamma, respedvely, as well as 1 superheated emulsion detector for neutrons. The remaining four
participants did not provide any information on theosemetertype.

Irradiations were performed at the IRSN in Cadarache, France, and the Physikbéisbhische
Bundesansté (PTB), Braunschweig, Germany. Phase |, conducted in 2003, comprised-tesype
intercomparison, in whichdosemeteis were exposed to selected calibration fields of both
radiation types as well as mixed neutregpamma fields. Thermal and accelerator prockd
monoenergetic neutrons of 70, 144 and 5@&&V as well as 1.2 and\ieV were used to investigate

the energy dependence of th@losemeterresponse. The angular dependence was studied using
2Cf at angles of 0°, 4%fnhd 60°. Further irradiations includeéAm-Be,only photon irradiations
(W-250 Xrays and ®°Co) and mixed neutrorgamma irradiations £Cf with ®°Co and 565keV
neutrons with ®°Co). The results were intended to improve the dosimetric procedures of
participating laboratories. For Phase I, fiemed in 2004, mixed neutrosgamma fields were
selected, which may be considered to be characteristic for workplaces in nuclear industry, using
mixtures of radiation fields from the CANEL+ assembly, ,@-Bhoderated 2*°Cf source with and
without shadow cone, W250 Xrays,**Csand 6.6 MeV gamma raysThe exercise revealed clear
deficiencies in the methodology used by several laboratories and necessitated a detailed analysis
of the existing discrepancies. If a factor @t5 was considered as a criterion for the overall
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uncertainty in the estimation of effective dose for photons, and a factor of 2 for neutrons, nearly
50% of the participants achieved satisfactory resuliefined asnot more than one outliers for
total H,(10). 20% of the participating services, however, achieved very poor results with more than
50% outliers, particularly for scattered neutrons and mixed neutron/gamma fields. There was no
indication that a certain type oflosemeterperformed better than anoher: the results seemed to

be mostly influenced by the experience and skills of the laboratory. This observation called for
training in the area of mixed neutroiphoton dosimetry.

In conclusion it is clear that personal neutron dosimetry still has sigo#nt problems. Exercises
such as 1C2012n are important for informing thadiation protection community about the
present state of the art, and for providing the dosimetry services with opportunities to
demonstrate the capabilities of their dosemeters amhy recent improvements they have made.
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2 Outline of the EURADOS Intercomparison 2012n

The scope of the intercomparison is to providedividual Monitoring Services(IMS$ for external
dosimetry with the opportunity to test their performance, to compare their results with other B1S
and to show compliance with their ownquality management systemand at the same time to
provide reference calibration traceable to Accreditelaboratories Participation was on a
voluntary bass. A participation feewas charged to cover the expensef®r the IC, mainly due to
irradiation costs.

The individual results are the property of the participants only, therefore the procedure
establishedfor the selfsustained EURADOS intercomparison programme has beerupein such
a wayasto assure data integrity and confidentiality.

The EURADOS Intercomparison 2012 for wHobely neutron dosemetess acceped both active
and passive device® total of 31 individual monitoring servicegarticipated from within the EU

but alsofrom Japan and the United States. Only routinely usddsemeters were acceptedThe
irradiation plan was defined by the Organization Group based on a combination of calibration and
simulated workplace radiation fields at different levels of dose.

The resultavere provided to the participants in the Certificate of Participation with the certificates
of the calibrationgiven by the Irradiation_Laboratories together with the signed cgpof the results
provided by the participants (prior to know the reference values) as annexes.

?q dmp _jj CSP?BMQ glrcpamkn_pggmlg _ n_prgagn_|
the resultsand to allow the participants todiscuss general asms of the intercomparison and

specific systems problemsvith the OG Preliminay considerations @ the results have been

published in[22]. Further andmore detailed discussion is given in this dedicated EURADOS report

which will be provided to eactparticipant.

The organizational structure for the EURADOS programme forsgtained ICs for IMS, was laid
down in the report of Working Group 2 (WG2) Subgroup 2 which was presented to the EURADOS
Council at the annual meeting 200[23]. The report provided extensive plans for a sslistained
programme of intercomparisons for Individual Monitoring Services with specifitetailed
proposals forthe technical and organization procedureand financial aspectsThe main features

of the report are alsopresentedin [24]. The proposed plan was put into practice starting with
EURADOSC2008 and was kept, essentially unaltered, for the followi@g including 1C2012n.

2.1 Organization Group

For each IC an Organization Group (OG) is appointedneyE URADOS Council with the mandate

to execute the IC. This group prepares, manages and controls all planning and operational details
of the IC. This includes all material and data transfer between the participating IMS and the
irradiation laboratories that pexdrm the irradiations. For efficiency, the OG is limited to a relatively
small number of persons which aldmelps incontrolling confidentiality becausethe information is
handled by a very limited number of persons.

For 1C2012n the OG was formed by thethors of this report, with ENEA (Italy) acting as the
coordinating institute. The exchange of data and information with the participants (e.g.
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application forms, instructions, results and dose reports, etc.) and the distribution of the
dosemeters betweenthe participants and the irradiation laboratories were performed solely by
the OG Coordinator.

2.2 Scope

IC2012n was set up for comparison of neutron dosemeters used to measure the personal dose
equivalent, H,(10) as provided by Individual Monitoring ServicgtMS) for exposed workers.
Routine passiveor active dosemetersvere accepted, the lattewere returned to the participants

for readout. No systems under researeimd developmentwere allowed. The irradiations have
been restricted to neutrons, no additicsd photon irradiations were included over and above the
photons associated with the neutroproduction mechanism.

The radiation fields werestandard calibration fieldsand simulated workplace fieldsvith energy
range from thermal to several MeV with diffent dose values and anglesf incidence on the
dosemeters

The 1C2012n allowedMSs to test their performance and at the same time to provide reference
calibration traceable to Accredited Laboratories.

2.3 Project set-up and phases

Forall EURADOS I@cluding IC2012n toofour main phases can be defined, i.e.:

1) preparation

2) participant applications

3) execution

4) reporting
In the preparation phaséghe OG decided on the scope, the irradiation plan, a provisional budget
and the time schedule. After these details had been established, a suitable irradiation ileciad
to be identified. This was achieved by approaching a limited number of instituter formal
guotations. These quotes were evaluated for quality and availability. All of the institutes selected
from the shortlist fulfilled the minimum quality criteria (ISO 17025 accreditation and also
availability). The EURADOS Council decided, iroatance with the protocol contained in the OG
proposal, to take an option fortwo irradiation laboratoriesthat could provide appropriate
radiation fieldswith good characterization.Terms and conditions for the participants were then
established with limis set for maximum and minimum number of participan&ccording to the
established participation fee As a sufficient number of applicationsvere receivedfrom the
participants, he EURADOS Council approvdte budget and gave formal approval to the OG to
proceed with 1C2012n.

During the application phasethe IC exercise was formally announced on the EURADOS website
and participantswere able tosend their application form to a dedicated email address in the
EURADOS domain which was forwarded to the Cooatar. The Organization Group then met and
evaluated the status of all the applications. Once it became established that the minimum number
of participants had been reached to make the IC financially viable, the decision was made to
confirm the purchase ordr for the irradiations and to continue to the next phase.
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To clarify the scope of the IC to the candidate participants, the following information was given at
the application phase:

"The irradiations will be restricted to neutrons, no additional photomadiations will be
included over and above the photons associated with the neutrproduction
mechanism. The irradiations will be performed in European accredited irradiation facilities
in terms of H(10).

The range of energies used in the intercomparisavill extend from thermal to several
MeV, with different dose values and angles used.

Because prénformation on the neutron spectrum is often used to correct the bare results
of neutron personal dosemeters, some basic simplified information on the spectroin
the irradiating field will be provided beforehand to the participants.”

This information was provided to give the candidate participants the opportunity to decide
whether this IC would be suitable for their dosimetry systems.

At the start of the execution phaseall candidate participantswere sert a confirmation of
participation, preliminary information and a set of instructions to deliver the dosemeters to the
coordinator. At this stage, lhe participants were requested teubmit the participationfee.

All participants wereaska to prepare their dosemeters according to their normal procedures, and
to provide the identification codes of the dosemeters to the coordinator using an electronic form
(provided by the coordinator). The participants had to dispatch the dosemeters to the
coordinating laboratory (ENEA, Italy) following the guidelines before the set deadline.

The coordinabr received and registered all dosemeters. The dosemeters were forwarded to the
two irradiation laboratories intwo separate shipments. For each participatthe appropriate
number of dosemeters were delivered to each of thevo irradiation laboratories plus2
background dosemeters and 4 spare dosemeters.

Following exposurethe irradiation laboratory returned the dosemeters to the coordinator who
returned themto the participants.

In the reporting phase the participants received instructions on reporting their results including
an Excelkheet for digital transfer of the results.

Four of the participants using albedo dosemeters needed information on the r#dia field in
order to provide results according to their routine procedure. To allow for this, and to ensure the
procedure was kept equal and fair to every IMS, an approach was adopted where the participants
were asked to provide the results in 2 stepsthvidifferent levels of information provided at each
step. In this respect 1C2012n differed from the ICs for photons. The information provided was:

»  Step lwith verylittle information on the radiation fields provided by the OG
»  Sep lI: with information on the radiation fields though it was up to the IMS to choose the
proper calibration factor to be applied.

Participants were allowed to change their results between the first and the second step only
according to their routine procedure, which lthto be descibed and justified in their result file,
and duly signed.
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In the step | the following information onthe radiation fields was provided to the participants

§Bmgckcrcpqg ucpc gpp_bg_rcb gl epmsng ugrf
source, moneenemetic fields or workplace fields.Some of the fields contained

significant contributions from slow and intermediate energy neutron8lo additional

gamma component was added to the field over and above that associated with the

neutron production, No _information on dose, radiation quality. or the angle of the

glagbeclr p_bg_rgml uvugjj "¢ egtcl _r rfgqg qr_

The information on radiation fields provided to the participantat stepllis reported inTable 1.

Tablel Radiation field information provided tdhe participants in stepl.

Irradiation conditions Information provided
Bare®**Cf source at 0°, 45° Bare radionuclide source
250 keV moneenergetic neutrons at 0° 250 keV moneenergetic neutrons

#2Cf (DO moderated) at 0°
Radionuclide source with significant moderate

and
neutron fluence component

Bare?*?Cf behind ashadow cone

Some of the participants remarked, fa few of their results, that the radiation field was not
applicable or that they were aware that their dosimetric procedure wag appropriate for certain
radiation fields

After the dose evaluation was provided by the IMSs, the reported dose val@eswere compared
with the reference dosesO |, given by the irradiation laboratories by calculating theesponse
valueR
" 0O
0
The response values were reported back to all participants individually, with the request to check
and to either confirm or comment on the results.

The final results were considered to be the ones providedtia 2'¥ step, nevertheless both series
of values were provided in the certificates for the sake of clarity and integrity of the data.

The OG met again and reviewed all the comments received from the participants on their results.
Decisions were made othe requests for data amendment and all results were thendiized

b

ec

In the reporting phase the Certificates of Participation were preparadd r f ¢ n_pr gagn _|

meeting was organized to present and discuss the results among the Organization Group and the
participants. The meeting was scheduled to coincide with the Neutron and lon Dosimetry
Symposium NEUDOS12, held in June 2013 inedbProvence FranceAt the meeting the OG
presented detailed information on the irradiation qualities, radiation doses, response values and
overall uncertaintiesThe presentations given at this meeting are available for download at the
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EURADOS website using the Kirhttp://www.eurados.org/en/Events/presentations/IC2013he
participants present athe meeting received their Certificate of Participation which included the
irradiation certificatesprovided by the irradiation laboratories. The participants who did not attend
the meeting received their Certificates of Participation hyost. Finally, the results of the
intercomparison are publishednd fully discussedh a dedicatedEURADOS repo(present report)

and in the open literature as scientific communications presented at conferences and/or papers
published by scientific journals

The time schedule during which the IC2012n was performed is reportedAppendix A: Time
Schedule.The IC applicabn and execution phases were completed within 15 months from April
2012 until June 2013and throughout the workperformed by the GGwasundertakenunder a strict
confidentiality agreement (Appendix B)

2.4 Irradiation plan

Neutron irradiation qualities aslescribed by the standard ISO 8529, parts 1 t483LQ], were
selected as well as a simulated workplace field, produced according to the standard ISO 12789,
part 1 and part 411, 13.

The irradiationswere restricted to neutrons, no additional photon irradiations were included over
and above the photons associated with the neutregroduction mechanism.

The irradiation tests were established by the OG with the aim of providing the participants with
useful hformation on their dosimetry systems, i.e. a rough estimation of:

» linearity,

»  reproducibility of the system for identical irradiations

» responses for different energies (from thermal to several MeV)
» responses for different angles

»  responses for simulated wrkplace fields

Because the range of different workplaces in which neutron personal detectors are used is wide,
with a correspondingly large number of very different neutron spectra, the present exercise could
not hope to be comprehensive in covering theffects of all the possible different conditions.
Spectra were therefore chosen to investigate a limited number of aspects. These were:

> how well the dosemeters performed when irradiated in a routinely used radionuclide
source calibration field, their lingdty in this field, and theangle dependence of response
at one angle other than normal incidence, again in the source field.

»  To provide some information on the energy dependence. A single monoenergetic field
was chosen and two fields which, although tlyedo not simulate a particular workplace
environment, do include the wide range of energies which cause uncertainties in neutron
personal dosimetry.

The chosen fields and the number of dosemeters irradiated in each one are outlined in Pable

The irradidions were performed at 2 European accredited laboratories which are bN#tional
Primary Metrology Laboratories for ionizing radiation: NPL (National Phygicaboratory, UK) and
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PTB (PhysikaliseRechnische Bundesanstalt, Djable 2summarizes the irrdiation plan executed
in a random order for each dosimetry system.

For the I1C2012n, each participant was asked to provide 36 dosemeters: 24 to be irradiated, 8 spare
dosemeters and 4 background dosemeters.

Table2: Irradiation plan for the EURADO&012nintercomparison for whole body
neutron dosemeters

Dosemeters | Dosemeters | Dosemeters | Total number
Quality at irradiation laboratory at f(10) at f(10) at f(10) | of dosemeters
values values values
Bare sources at 09?°Cf) (NPL) 4at0.3mSv| 4at3mSv | 4at15mSv 4+4+4
Monoenergetic neutrons
Bare sources at 45°P*Cf) (NPL) 2 at 2 mSv 2
Workplace field : 2°2Cf(D,O) (NPL) 4 at 3 mSv 4
Other workplace field :
bare 252Cf + shadow cone( PTB 2a2msv 2
Total 24
. . +4
Un-irradiated dosemeters 8 spares
background
Total 36
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2.5 Participants and dosemeter types

A total of 31 IMSs participated with 34 dosimetry systems: 28 of the IMSs were from 16 European
countries, 2 from Japan and 1 from the US.

An overview of the dosemetersamples of the34 systemstaking part to the 1C2012n is shown in
Figure 3.

Results were receivettom 30 participants for 32 dosimetry systems (30 passive and 2 active). In
fact one participant withdrew one system after recéig the irradiated dosemeterdut before the
reference value were available, whilst another participant was unable to provide the results due to
problemswith their reading system.

Table 3 indicates the number of systems from the different countries. A complete list of the
participating IMSs is given iAppendix C. List of participants.

Figure3: Dosemeters samples of the systems taking part at IC2012n

According to the information proviegtd by the participants most of the dosimetry systems were
albedo dosemeters based on thermoluminescence or etched track detectorg. proton recoil
dosemeters, based on polyallyldiglycol carbonate (PADCpr a combination of the above
mentioned detectars. In addition 2 systems were based on optically stimulated luminescence
(OSL), 1 was a fission track dosemeter and 2 were electronic devices based on silicon diodes.
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Table3: Number of Individual Monitoring Services (IMSs) per country

Country Number of participants per country
France 4
Germany, Italy, United Kingdom 3
Austria, Czech Republic, Japan, Switzerlal 2

Belgium, Finland, Greece, Israel, Poland
Romania, Slovenia, Sweden, The 1
Netherlands, USA

Results are reported according to the following classification: etched track, albedo and other.
However, each of the categories could be further sdlvided, as shown below.

Etched track18 systems

» 5 with track detectors for fast neutrons and TLD foetmal neutrons,
* 9 with track detectors for fast neutrons combined with converters for thermal neutrons,
» 4 with track detectors for fast neutrons only, i.e. no evidence of a thermal sensor

Albedo 13 systems

» 3 based on TLD + cadmium shield,
> 6 based on ID + boron loaded shield,
» 4 based on TLD or OSL (no information on shielding of direct thermal neutrons)

Other. 3 systems

» 1 based on fission traclfetection,
» 2 electronic, based on silicon diodes

Only four of the efched trackdosemeters were based on the detection charged recoilsonly,
while all others contained an additional thermal sensor. Recoil protons can usumlyletected,
depending on the evaluation procedure, with energies above 100 keV to 500 keV. The thermal
sersor provides additional response in the thermal neutron region. In most cases, converters
containing a material with?Li,'°B or'*N are used in contact with a sulrea of the track detectors
and the track detectors register the charged particles produckg thermal neutron reactions
bLi(na), B(na) or ¥*N(n,p).Alternatively, TLDs, containinfLi or1°B, are used and their thermal
neutron reading is evaluated by a TLD reader.

Most of thealbedo dosemeters used either a cadmium layer in front of the TldDshey were even
more completely surrounded by a borotoaded shield with an albedo window, containing no
boron, on the rear side. In case of albedo doweters, fast neutrons are detected via neutrons
thermalized and backscattered by the body. The persdrdose equivalent reading of these
dosemeters increases strongly for lowenergy neutrons, i.e., for intermediatenergy neutrons
and « if no cadmium or boronloaded shield is usedk also for thermal neutrons. The cadmium
layer or the boron loaded shieldg reduces the response to direlgtincident thermal neutrons.
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From fundamental principles, there is no difference to be expected if the detection method
changes from TLD to OSL.

Albedo dosemeters generally need fielspbecific calibration factor. Four oudf the 13 systems use
the field-specific calibration factor according to 4 application areas as defined by the standard DIN
68024[25.Rf cqc bmgckcrcpqg _pg fchpc gdvwrqax kag3j,j cb 8BGL

The dosemetercategory other%contained a fission track detectoand electronic devices The
electronic dosemeters are based on silicon diodes with converters on front which produce recoil
protons and also (@) reactions. Since the diodes are sensitive to photons, a threshold is lysual
set at about 1 MeV for the detection of recoil protons and there is a need to detect leewnergy
neutrons by the albedo principleThe fission track detectors use a heavy isotope, such*asp,

that has a fission cross section for fast and thermal nens. This enables it to detect the full
energy range in a thin layer of polycarbonate, which registers one of the fission fragments as an
etchable track.

2.6 Execution of the irradiations

A total of 816 dosemeters werexposed according to the irradiation phn at the two irradiation
laboratories contracted for the IC by EURADQBL-UK and PTH®.

Each irradiation laboratory provided irradiation certificates with all data to the Coordinator and an
individual certificatefor each participantEach participanteceivedthe irradiation certificates (see
example inappendixD) as an annex of the Certificate of Participation.

All irradiations were performed according to the recommendations of ISO 8828 1SO 2966[26]

on the appropriate phantom.The doseequivalent reported was the operational quantity, personal
dose equivalent, H(10), derived from fluence measurements using conversion coefficients
recommended by a joint ICRP/ICRU committgy, 28]. For all the irradiation conditions except
one an ISO watephantom was employed. This phantom consists of a box, with outer dimensions
30 cm x 30 cm x 1B6m, made of PMMA, which is filled with water. The walls aranb® thick
except on the front face, where the dosemeters are attached, which igvihbthick. Inthe case of

the simulated workplace field, using?Cf behind a shadow object, a solid phantom, 86 x 30 cm

x 15cm, made of PMMA, was used. Dosemeters were attached to the front face of the phantom
using thin adhesive tapésee Appendix E)

Usually 4 deemeters were irradiated simultaneously for irradiations at 0° and 2 dosemeters,
mounted on the rotation axis, for irradiations at 458s described in 1ISO 29661, the dosemeters
were mounted with their rear side (including a clip) onto the phantom surfade. order to
minimize scattered radiation from adjacent dosemeters and attenuation of backscatter, the
dosemeters werarranged so that they wer@ot too close to each other, usually within a 20 cm x
20 cm area on the front surface of the phantom.

As staed in I1ISO 29661, the reference point was in the centre of the phantom front surface,
irrespective of the arrangement of the dosemeters on the surface Different distances of the
dosemeters from the radiation source were considered. At NPL corrections weadenfor the
slightly increased distance for the dosemeters not exactly at the centre of the phantom front face,
whilst PTByave the reference value in the centre of tiphantom surface withno corrections.
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The fluence and the+,(10) energy spectra for each radiation field are shown respectively in Figure
4 and Figure 5. Figure4 shows a considerable fluence contribution at low energies for theOD
moderated ?>Cf source and>*Cf behind a shadow cone. These leemergy neutronsmake almost

no contribution to personal dose equivalent (see Figusg but can contribute considerably to the
readings of dosemeters with increasing dose equivalent response at lower energiesalbgdo
dosemeters.Spectra for the fields involving a barer tieavywater moderated®?Cf source can be
found in ISO 8524 and that for a?**Cf source shielded by a shadow cone in a room which
provides a significant scatter component can be found in referen@9]. Numerical data are
provided in Annexr.

The corresponding mean fluencto-personal dose equivalent coefficients are an indication of the
field hardness and are listed in Table

More detailed information on the radiation fields and irradiation procedures, as used at NPL and
PTB, is givein the following subparagraphs

R T e L
Fluence spectrum
0.4 - -
252
Bare “°Cf
- 252 -
m 03 — D,0 moderated ™ Cf
-~ 252 .
w Cf behind shadow cone
fu 250 keV monoenergetic
0.2 4 -
0.1 . i
0.0 ~—Frrm—rr T T

Neutron energy (MeV)

Figure 4: Fluence spectra of the radiation fieldsThe?>Cf based spectra have all
been normalised to unit fluence. The 250 ke&pectrum simply provides an
indication of the position of this monoenerget peak relative to theneutrons in the
radionuclide source spectra.
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Figure5: H,(10)spectra of the radiation fieldsThe 2°°Cf based spectra are normalised
to unit A(10).

Table4. Fluence to personal dose equivalent conversion coefficients

Neutron radiation field hpe(10) (pSv cnr)
Bare 2%2Cf, 0° 400
Bare °2Cf, 45° 389
250 keV monoenergetic, 0° 209
D,O moderated %°2Cf, 0° 110
#2Cf behind shadow cone, isotropic 50
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2.6.1 The radiation fields at NP&??Cf(bare) and>*Cf(30O)

Irradiations at NPL were performed using physically small cylindri¢af sources (less thancn
high and 1cm diameter).The dosemeters were attached to the front face of an ISO wiéitkxd
slab phantom the mid-point of which was positioned at 78m from the centre of the source. All
irradiations but one were performed with a source having an emission rate ofx219®s®. The
0.3mSv irradiation was performed with a lower output source of %40’s! to avoid timing
problems. Irradiation times varied from 20 minutes (2 mf3ACf45) to 2 hours 27 minutes (1mSv
#2Cf). Each irradiation time was assumed to have a standard timing uncertaintylaeconds.

Source emission rates had beemeasured in the NPL manganese bath and the emission
anisotropy using a long counter. Fluence values at NPL were derived from a measurement of the
source total emission rate into pisteradians plus a measurement of the source anisotropy. The
measurement ofthe total emission rate is one which can be performed to a high accuracy (<1%)
by using the manganese bath technigu[30]. Emission from the source is not, however, isotropic,
and needs to be measured. This is done at NPL using a émumter [31]. The?*Cfsources used at

NPL have a cylindrical encapsulation and are physically small. Anisotropy factors, defined as the
fluence in a plane at 9o the capsule axis and passing through the centre of the capsule are close
to one. The uncertainties in the refemee quantities are outlined ifMable 5.

Irradiations were performed in the lovgcatter area which has dimensions of 24xil8m x 18m.
The neutron source was positioned aboutrs above the floor and 12 m below the ceiling near the
centre of the room and matgal near the source was kept to a minimum. No corrections were
applied for scattered neutrons, which were estimated to be slightly lower than 1% both in terms of
fluence contribution and in terms of personal dose equivalent contributi$p82]. Fluence todose
equivalent conversion coefficients were taken from ISO 8529
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Tableb5: Percentage standard uncertainties associated with the determination of the
personal dose equivalent values from bare and@moderated?*?Cf sources

Relative uncertainty for radiation quality

Uncertainty component
252Cf 252Cf, 252Cf 252Cf(D20) 252Cf

— 0° — 0° | — 0° — 0° — 45°

0.3mSv | 3mSv | 15 mSv 3 mSv 2 mSv

Type B (nonrandom)
Reference irradiation

. °0.53% | ° 0.53%]| ° 0.53%| ° 0.53% ° 0.53%
distance*
Source emission rate (MnS©,
bath) including component| ° 0.60% | ° 0.40%| ° 0.40% | ° 0.40% ° 0.40%
for half-life
Source anisotropy correction| ° 0.50% | ° 0.50%| ° 0.50% | ° 0.0% ° 0.50%
Timing °0.26% | ° 0.22%]| ° 0.04% | ° 0.05% °0.33%
Scatter °1.0% | °1.0% | °1.0% °1.0% °1.0%
105conversion

F( _} °1.0% | °1.0% | °1.0% ° 4.0% °1.0%
coefficient’
Total standard uncertainty
Components added in °1.7% °1.7% | °1.6% °4.2% °1.7%
quadrature
Expanded uncertainty ' ©34% | °3.4% | °3.2% © 8.4% ° 3.4%
* The figures quoted fothe uncertainty in the reference irradiation distance includes a sensitivity factor o
taking into account the inverse square dependence of the neutron fluence rate on the distance between
source centre to reference point.
- Rf c amlt cpgofreférenas@cand2§aaeghy convention taken to be exact. The uncertainti
guoted derive from ISO 8529 and allow for uncertainty in the neutron spectra.
\ Obtained by multiplying the total standard uncertainty by a coverage factér2. (This proides an
uncertainty estimate with a coverage probability of approximately 95%.)

2.6.2 The radiation field at PTE250 keV/ monoenergetic neutrons

Monoenergetic neutrons with energy (248 = 10) keV were produced in the -kEmatter
measurement hall (24n3 30m 3 14m) of the PTB acceleratdacility [33]. Four dosemetersvere
irradiated with normally incident neutrons on an IS@ater filled slabphantom (phantom to target
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distance: 75 cm). Each irradiatiofs(10) = 1 mSv) took roughly 1.5 h. The use of figgiepared
metallic lithium targets helped to save time.

The following procedure was used to determine the refereneg10)values

> The total neutron fluenceF is the sum of the fluencé g of the direct neutrons and of the
fluence Fs. of neutrons scatteredin the solidstate target assembly. The fluence of un
scattered neutronsFgq: at the reference position was measured using a recoil proton
proportional counter. Details of the measurement and analysis procedures are described in
referenceqd34] and [35].

»  The fluence of neutrons scattered in the solgflate Li target assemblies was calculated
using the Monte Carlo cod@ ARGET36]. The fluence ratioFsJ/ Fq; is listed inTable 6.

* The dose equivalentH(10) is the sum of the dose equivalent)q(10) of the direct
neutrons and the dose equivalentH,s{10) of the neutrons scattered in the target
assembly. H«(10) and H,s{10) are calculated fronf g4 and F s using the conversion
coefficients /, £4(10) and/, £s{10). The values fofy, £4i(10), taken from referencéSO
85293 are identical tothose in ICRPpublication no.74. The values forfy, £s{10) are the
spectral averages of the energy dependent conversion factors specified in ICRP publication
no. 74, weighted with the spectral neutro fluence F s, The conversion factors used to
calculate the doseequivalent quantities are listed iffiable 6.

The mean neutron energy of the field produced using a metallic Li target and thi€p,nYBe
reaction was measured using®tle proportional cainter. The data are listed ifable 6.

The mean energys and the width D& (FWHM) of the urscattered neutron distributions are
nominal values calculated using the target data. All uncertainties assigned are extended
measurement uncertaintiesK= 2). F«/ Far) is the ratio of the fluences of scattered neutrohs.

and unscattered neutronsFg4.. The uncertainty of the conversion coefficienty, £qi(10) for the
direct neutrons and/;, £s{10) for the scattered neutrons, includes the averaging over the spectral
distribution Fz

The uncertainties of the+,(10) values were 7%, and are the expanded measurement uncertainties

which are obtained by multiplying the standard uncertainty by the caoege factor k=2. They

ucpc becrcpkglcb gl _aampb_l ac ugrf rfc 8Esgbc r
(GUM PB37]. The value of the measurand then normally lies, with a probability of 95%, within the

attributed coverage interval.

Table6: Data for the monoenergetic neutron field produced using a solétate Li
metal target (100 pg/cr).

Reaction | Target E D& ==l B ho.rair(10) | Fp,rs{10)
(MeV) (MeV) (pSv cn?) | (pSv cny)
Li(p,nyBe Li 0.248+0.010 0.017 0.0259+0.0026 | 212.9+3.2 | 81.1+1.8

22 EURADOS Report 2802



EURADOS Intercomparison 2012 for Neutron Dosemeters

2.6.3 The radiation field at PTB%Cf source behind a shadow cone

The neutron source facility of the PTB was used for the irradiation with the field of a Hacé
source behind a shadow cone. The size of the concrgéelded irradiationroom is 7 m X 7 m X
6.5m, with the source in the centre. The neutron field behind a shadow cone is an isotropic field of
wall-scattered neutrons.

All irradiations were performed on a PMMA phantom (size:c8®x 30cm x 15cm). The distance
between the cantre of the neutron source and the centre of the phantom) was 1. For the
irradiations, the phantom was directed with its side face towards the source and émsemeters
were fixed on each of the 30 cm x 30 cm planes of the phantom, Begire 6. Thus eight
dosemeters were irradiated togetheEachirradiation (+,(10) = 2 mSv) took roughly three days.

The measurement quantity, the neutron personal dose equivalé{10), was calculated from the
fluence of the inscattered neutrons with the fluence to personal dose equivalent conversion
coefficients /1, £ns (10;isotropic). The valuegr, £ins (10;isotropic) = (50 + 7) pSv ctrhave been
determined from the spectral stribution of the scattered neutrons measured with the PTB
Bonnersphere spectrometer[38, 39] using the energy dependent fluence to personal dose
equivalent conversion coefficients for isotropic incidence on the phantom according to references
[10] and [27].

The uncertainties of the A(10) values were 15%, and are the expanded measurement
uncertainties which are obtained by multiplying the standard uncertainty by the coverage factor
k=2.

2.6.4 Quality control of irradiation fields

Validity of dose informationis proven by key international comparisons. Both PTB and NPL are
included in the Calibration and Measurement Capability (CMI&ts at the Bureau International des
Poids et Mesures (BIPM). NPL is also accredited by the UK national accreditation bodyWKKAS (
Accreditation Service) for personal dosemeter calibrations.
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Figure6: The neutron irradiation geometry fo*°Cf irradiations behind shadow cone

2.7 Relevance of existing standards to the 1C2012n Intercomparison

The standard 1SO1414@&0] followed for the EURADOS photon intercomparisons is not applicable
to neutrons and no other international standard provides guidance on how to perform an
intercomparison among neutron dosimetry systems or on the criteria to be applied to the results.

To peform 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. Setting up such procedures
and criteria is typically the objective of standardsich asthose established by ISO (International
Organization for Standardisation) or IEC (International Electro technical Commission) at an
international level or organizations such as, for example, DIN (Dewsdhstitut fir Normung, D)

or the SSK (Strahlenschutzkonimssion), HSE (Health and Safety Executive, UK) and ANSI (American
National Standard Institute) at a national level. Other organizations such as ICRU (International
Commission on Radiation Units and Measurements) or ICRP (International Commission on
Radiola@ical Protection) also give guidelines and recommendations.

However, in practice there is not an internationally agreed document answering precisely to the
questionn8 uf gaf np ma c b sshould beapplieddop gverall plasimétric performances
andamkn_pggml “cruccl bgddcpclr iglb md ncpgml _j
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2.7.1 Overview of the existing standards and guidelines related to personal neutron
dosimetry

At an international level, the standards which are relevant for personal dosimetry are of two kinds.
There are standards related to the realization and the use of reference radiation fields and
standards giving the requirements and recommendations for testing the performances of personal

dosemeters.

The 1S02966125] standard recently published provideshe definitions and fundamental
concepts,underlying the methods of production and characterization for the reference radiation
fields and procedure to calibrate dosemeters for radiation protection. It applies to photon, beta
and neutron reference radiatin fields.

For neutrons, there are two international standards dedicated to reference fields. The first one,
SGPM 63078 Pcdcpcl, aescribing she peferencepneutrgn_sougcas/ and® the
general concepts and methodology of calibration to be &d, has three partsg] 9, 1. The neutron
fields defined in this standard are:

> Neutrons sources: bar&-Cf, DO moderated®°Cf,??Am-B@,n) and**Am-Beg,n), which
are the most readily available around the world,

» Mono-energetic neutron fields athese different energies: 2 keV, 24 keV, 144 keV k&xQ
565 keV, 1.2 MeV, 2.5 MeV, 2.8 MeV, 5 MeV, 14.8 MeV, 19 MeV. These are very important for
the energy response characterisation of dosemetgosit more complex to setup and less
available,

»  Thermal spectra, important in the rare situations in which thermal neutrons give a
significant contribution to the doseeceived and for characterizing dosemeters which can
be particularly sensitive to a thermal neutron field.

The second standard dedicated to mfence neutron fieldsi$ GQM / 056 78 Pcdcpcl ac
-Qgksj _rcb umpi nj [1a cld. Thissseriesndescrideg ¢he kharacteristics and
methods for producing simulated workplaces fields. Facilities following this standard to simulate
workplace neutron field are not widely available and the corresponding situations of exposure are

not largely taken into account while determining the performances of the neutron dosemeters.

The standard 1ISO 219091] is the international document estalshing the type tests and the
requirements for passive neutron personal dosemeters. This standard has been under revision
since 2011 with the objective forectifying the weaknesses of the present document. Indeed, this
present version defines tests and aiia which differ for the different techniques (nuclear tracks
emulsions dosemeters, solid state nuclear track dosemetetisermoluminescence albedo
dosemeters, superheated emulsion dosemeters, ion chamber dosemeters with direct ion storage).
Moreover it 8 not constraining enough to ensure that personal dosimetry will be reliable in most
of the usual work situations i.e. low dose levels and neutron energy ranges representative of the
encountered workplaces. The new version may have less constraining @itet low doses to
assure the quality of the dosimetry without being unachievable.

The standard IEC 61526 fA2] is the international document establishing the type tests @n
requirements for all active personal dosemeters for gamma, neutron and beta radiatio
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Other standards exist at a national level. American standards ANSI/HPS NAMO®1A 3] treats the
general criteria and testing requirements for establishing personal dosimetry performance and
ANSI/HPS N13.52999 R4] give specific requirements and recomendations for neutron
dosemeters. However, only tests with emoderated#*Cf and DO moderated #°Cf neutron source
are considered in these standards. The German standard for neutron dosimetry, DIN[88@B,

47, and 24 is specific for dosimetry systems using albedo technique and does not provide criteria
for the performance of personal dosemeters which are instead provided in the guidelines by the
German authority SSK8].

International guidelines such as ICRU report 6°@9], for the determination of operational dose
equivalent quantities for neutrons, or ICRP Publication n°750][ which gives the
recommendations for radiation protection of workers, apply also to personal neutron dosimetry.

2.7.2 Criteria for anintercomparison of the performance of personal neutron monitoring

The basic principle of a dosimetry intercomparison is to expose dosemeters to accurately known
doses in reference fieldand to evaluate the responses. To evaluate the intrinsic qualitythef
response of a dosimetric system and to quantify the difference between systems, criteria are
needed to appreciate what can be considered in terms of an acceptable usrdgponse or an
acceptable overresponse.

Among all the documents related to persohaneutron dosimetry, only three give such criteria,
applied to the response:

ICRP 75, at 82%hys

> §Rfc amkkggqgml!/ f_q | mrcb rf_r , , g/
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 arouhé televant dose
limit may well be aactor of 1.5 in either direction for photonsand may be substantially
greater for neutrons of uncertainenergy _ | b dmp c¢j carpml g, 3

> &Greater uncertainties are also inevitable at low levels of effective dose for all
qualities of radiation. 3

IEC 6152@ives different criteria for a combined energy and angle dependence of response for
three neutron energy ranges and angles of incidence frofmt® ° 60° ¢ being the measured
dose andHe. the reference dose) and states aimber of monoenergetic and broad radiation
fields for testing the response:

O -
T L o T8t Qe i (0] 0O prnRQw
™ML — c& ¢ Q¢ PITRQAMO pm QW
™ML — T8 Q¢ i P Qw O ©

ISO 21909which is under revisiorprovides a series of test and performance requirements for
specific issues (e.g. linearity, detection threshold, energy and angle dependence of regpon
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etc.). The requirements are different for different types of dosemeters, e.g. for the energy
dependence of responsé says

»  §ot applicable for thermoluminescencealbedo dosemeters,

* 8The response at normal incidence in the stated energy range for dosimetry system
shall not vary by more than = 50 % for a persd doseequivalent of a least S\ for
etched track detectorsto be tested at normal incidence for foumeutron energy fields
chosenfrom the reference standards fields as stated in ISO 8520 the stated energy
range for the dosimetry system.

It appears that the criteria which could be considered to be applicable for an intercomparison
depend on the dosimetric techniques and the standards. Moreover as it is suggested in ICRP
Publication75and in the discussions for the new version of ISO Standard 21909, the criteria would
need to be less constraining for the low dose levels.

However,it is clear thatan intercomparisoncannot perform all tests needed for a full type test.

Considering this lack of international consensus for criteridor the results of neutron
intercomparisons, criteria used at previous international intercomparisqisee paragraph 1.2.1)
need also to be pointed outTheEURADOS Performance Test 18%8d the following crierion

.O . 6 6
icgq 2%, Q¢ Hm ¢ 1. 5&+ Q
1.5 ée H0+Href Href ae 20'IO"'Href

whilst the IAEA intercomparison 2003/04 the following one:

with  Hy =0.085mSh

i Q
20y g4 Hm ¢, with  Hy=0.1mS)

a
1&.
2 & HO+Hrefg Href

¢
where, for both of the above criterigkh,is the detection limit of the system.

Considering the variety of approaches and criteria and the results of previous intercomparison, the
Organization Group decided to use a factor dfas a general criterion for the response,for all
dose values.

Thereforethe following criteriond mp acceptabd§e mmb3 pcgnmlgc u_qgq ctclrs
2012 EURADOS neutron intercomparison

H ¢2

ref

0.5¢

It should be clear from the above discussion that this criterion has to be considered only as a
guideline to the performance of the personal dosimetry system.

Fgure 7 shows a synthesis of the different criteria which were discussed.
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Figure 7. Synthesis of criteria considered to quantify neutron personal dosimetry

performance

2.8 Background and transit dose control

For each dosimetry system 4 dosemeters were réeserb  _ q 8§ °
dosemeters to allow for background and transfer dose corrections. In addition, 8 dosemeters were
bmgckcrcpagq
errors with the irradations. No spare dosemeters had to be used for this purpddee dosemeters
were sent in one shipment to each of the irradiation laboratory.

_gqgelcb _q 8gn_pc?

Rf c mpe_l gxcp npmtgbchb
§ n _ qosefneters(4 used for each irradiation locationyince no spares were used for irradiations

_aiepmsl b

rm ~c¢c sqgqcb

b

T w

rfc n_prgagn_1I r3pnddgr f

there were in effect 6 background controls per irradiation laboratory.

The participantswere not instructed on how to deal with these dosemeterslowever, they \ere
told which oneswere kept as background and spare dosemeters and they were asked to proceed

according to their routine procedure.

IMSs should apply a correction for the increase in the background signal that accompanies

extended issue periods, which ithe case of this intercomparison exceeded 3 months. This should

account for all factors that may cause an increase in the background signalludimg

environmental radiation.

The issue of background radiation is significant for photon dosemeters, whicé sufficiently
sensitive for them to have low minimal recording levels. These can cause difficulties when

dosemeters are issued in areas of higher than average natural background, so the dosemeters for
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the EURADOS photon intercomparisons were accompank®d active dosemeters to estimate
transit dose.

Correction of dosemeters readings for background signal is much less significant for neutron
personal dosemeters than it is for photon dosemeters. In the UK, where most of the irradiations
were performed, theneutron background from cosmic rays is about §&v per yearql], whereas

the gammaray background is approximately 350Sv per year, a factor of almost 4 higher.
Additionally, the neutron background is relatively high in energy, being from cosmic raye Th
efficiency of personal dosemeters is generally low in this energy region, so the impact on the
readings will be reduced.

The issue of background differs for the different dosemeter types, but all types should apply a
routine background correction to acsunt for background accrual from neutronsand other
sources of increasing readinat sea level:

> Active dosemeters were switched on prior to irradiation and switched off after. They hence
had almost no transit dose and a very small background exposure te background
dosemeters which were switched on only during the irradiation time. It is hence not
anticipated that any background signal could come from neutrons, though source
photons or other effects could be an issue: electromagnetic fields or microphogfifects
for example.

*  TLD or OSL based systems rely on subtraction of the photon signal from the neutron signal
via the nonl ¢ sr p ml gcl ggr gt c cj c4«kmadnthsgthe bddkground 8§ g q g s ¢
accrual could be significant for the lower doses, whichedffs the precision, especially for
low neutron doses.

» Track detectors are prone to background outlierise. false positives. This, rather than
detection of cosmic ray background, might account for some dosemeters registering small
implied doses.

The corretion that IMSs may not be able to take into account is for transit dose during flight. This
comes from cosmic ray neutrons and is characterized by its main dose equivalent peak around
100MeV. Albedo dosemeters have a negligible response at such high gieer but track
dosemeters are used for cosmic radiation measurements, though with special calibration factors to
account for their relatively low response for such high energies neutrons. In IC2012n the short haul
European flights should have given negligje doses Values reported inTable 7 have been
calculated through EPCARIEropean Program Package for the Calculation of Aviation Route
Dosegd [52]. On the other handonly the long haul destinations should have resulted in doses that
might perturb the results: 15QuSyv for California and 16@Sv for Japan. The IMSs had the data for
their unexposed dosemeters available to them, and could have subtracted their background
readings if they chose to do s@here were no major solar particle events during this period that
could be classified as ground level events, so it may be assumed that no abnormal solar activity
would have resulted in measurably increased transit dosestfee period at aviation altitude.

If the transit doses were to have an impact on any of the results, then the lowest irradiation dose
would most likely be affected. This was 3@@v of?**Cf for which the transit doses could have
caused a bias of up to €84 for the long haul destinations.
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Table7: EPCARD doses for 2012 for return doses to London, with an assumed flight

profile
Destination from London Return route neutron dose (nSv)
Belgium 4
France 6
Austria, Germany, ltaly, Switzerland 14
Sweden 20
Romania 26
Israel 40
California 150
Japan 162

The IMSs haihformation on which dosemeters werenexposed, and could have subtracted their
background readings if they chose to do so.

Some patrticipants reported the resultsfor unexposed dosemeterswhilst others did not. Some
may have subtracted a mean signal from their reported results for the exposed dosemeters. The
reported backgrounds, where available, tend to range from 0.01 to 0.117 mSwv.

2.9 Confidentiality of the data and the results

The procedue established for the seustained EURADOS intercomparison programme was set
up in such a way as to ensure data integrity and confidentiality.

The present intercomparison was prepared and carried out by a EURADOS nominated
Organization Group (OG, the thors of this paper) led by a Coordinator (ENEAtaly). Each
member of the Organization Group has signed a confidentiality claysee appendix Bprior to
her/his participation at the work of the intercomparison. The exchange of data and information
with the participants (e.g. application forms, instructions, results and dose reports, etc.) and the
distribution of the dosemeters and exchange of data with the irradiation laboratories were
performed solely by the OG Coordinator.

The data processed by the®had to be treated confidentially fotwo reasons.

Firstly, the IC was designed to be a blind test for all the participants. This meant that all participants
had to report their results without knowing the details of the irradiation plan, in particulaetdose
values. The dose values were reported to the participants aafter the coordinator had received

the dose values evaluated by the participant. At the time of application for the IC, only the ranges
of dose, energies and angles were known to therfieipants. Direct communication between
participants and irradiation facilities was not allowed and the coordinator transferred all necessary
information between participants and irradiation laboratories. It was known that some IMS would
participate with more than one dosimetry system and it was also considered that some IMS might
have access to results of other participants. In order to prevent these participants guessing dose
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values by combining results, the irradiation plan was executed in a random orfteg each
participant.

Secondly, the individual results are the property of the participants only and thus have to be kept
confidential. To assure this confidentiality the coordinator separated all information which could

possibly lead to the identity ofhe participants from the published results. In the overviews of the

results the participating dosimetry systems are only referenced by a randomized code (system

code). The link between h 8 qwodeck b rfc n_prgagn_Ilr%q gbclrg
coordinator. All participants received their own code to be able to look up their own results in the
overviews.

During the IC exercises significant quantities of data had to be exchanged. In order to assure data
integrity it was decided to use parallel data streams. All official results were reported on signed
papers. In parallel datavere exchanged in electronic fonats for efficient processing and to
prevent typographic errors. In case of any ambiguity the data on the signed papers was taken as
&orrect |

2.10 EURADOS Certificates of Participation and Participants Meeting

Since EURADOS itself is not accredited far dvaluation of IMSs, the results issued by EURADOS

cannot be regarded as an official test report. As an alternative, it was decided to report back the
pcqgsjrg rm rfc gl bgtgbs _|j n_prgagn_Ilrq gl rfc dri
with the irradiation reports of the accredited irradiation laboratories as an annex.

These certificates consist of a number of pages. The front page shows the certificate number, the
details of the participant, the description of the system as given hg participant, and a summary

of the IC procedure. The front page was signed by both the EURADOS Chairperson and the IC
coordinator. The second page shows the actual results: for each dosemeter numbered by the
participant, irradiation quality, value ofH(10) as reported by participant, value of{(10) as
reported by the irradiation laboratory, and the ratio of these two values for both step | and step Il.
In the certificates, no performance limits were indicated.

The OG organized a participants meetinggld during the Neutron and lon Dosimetry Symposium
NEUDOS12, held in June 2013 in-AixProvence, France to show and discuss the results among
the OG and the participants. At this meeting the participants received their Certificate of
Participation includng information on the irradiation qualities, doses imparted, response values
and overall uncertaintiesFor those participants not attending the meeting, the certificate of
participation was sent by mail.
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3 Results and Discussion

3.1 Review of the comments received from participants

During and after the intercomparison several comments were received by the participants. The
comments were received by-enail by the coordinator.

After sending the reference datato the participants, comments were received from few
participants. These comments included:

» A small numberof the participants remarkedhat, for few of their results, the radiation

field was not applicable or that they were aware that their dosimetric procedure was

not appropriate for certain radiatiotields;
» some of the participants remarked that the information provided for the radiation field

was not sufficient to apply their routine procedurehich requeststhat the usershould

definer f ¢ 8§ _nnjga_rgml _pc_3 d_armp rm " c nnj
» afew requests for changing or leaving out results fgpecific radiation qualities

The OG did not allow participation only to part of the irradiation exerci3de OGasked the
participants not to changes the resultsThey hadonly the option to confirm entirely or only
partially the results in the Il Step, thattise final step.

Some of the participants decided to provide onky limited number of final results whilst other
participants did not withdiaw those results, which they can clearly claim to logitside their
routine procedure (e.g. zero values)n particular to those participants who claimed that the
information received didnot allow them to apply their rouine procedure as requestt the OG
replied that they are aware of the issue raised e tparticipants and that it would be specifically
~_bbpcggcb _r rfc N_prgagn_ | rq% kccrgle _|I'b gl rf
3.2). However, the EURADOS IC has been designed to allow participation of services from any
country with various different dosimetric systems. Providing the informatido the participant,
assigning theapplication area for each radiation fieldield-specific calibrationfactor according to

the classification area as they expect from their users would give themadwantage over the

other participants(see further comments in paragraph 3.5.2)

For the above reasons and for sake of completss the OG decided to provide in the certificate of
Participation the results for both the | step and the-Hinal Step. The ata would help the
participants to show how their system could have worked with a more specific description of the
radiation field.

In only one particular case thearticipant showed that the results provided for twoeighbouring
dosemeters in the printedist had been transposed in the reporting file and thatas not a mistake
in the evaluation procedures. Examining the proofs provided by the participant B& allowed
the participant to report again the 2 results in the proper order.

3.2 Basic statistical results

A total of 31 IMSs sent application forms for 34 systems. Howenrer participant withdrew one of
the two systems they had submitted after receiving the irradiated dosemeters but before the
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reference values were available. Another participant wasable to provide meaningful dose
values due to problems with their reading system which meant that only the thermal component
from a two-sensor dosemeter was available.

Therefore, esults were received from 30 participants for 32 dosimetry systems (30 passid 2
active) In the analysis of the data no results are presented for twithdrawn systems of the 34
The breakdown of the analed systems wagl/bedo12, Trackl7, Other3.

One participant provided final results only for 6 dosemeters saying that the radiation fields used

dmp rfc mrfcp /6 ucpc “Imr _nnjga_ jc% dmp rfcg
fields, but said that their calibration was specific their measurement locations; the majority of

their evaluated dosesvere zero.

Individual results for each system, using an assigned randomized code (system code) are reported
in Appendix G.

The numerical results of this IC are reported as the respoidehich is the ratio defined by:
Hm
H

R=

ref

where:

His the measured value off,(10) as provided by the service,

Hris the reference value as determined by the irradiating laboratory.

Table8 shows the total number of values reported in théstep (final results) for4(10), together

with estimates for the central value of the distribution of response values (arithmetic mean,
median value) and measures for the spread in the response values (standard deviation, 2.5th and
97.5th percentiles). Thdata presented in this section were derived using all the reported values
for the dosemeters from all services who provided results

Values forH,(10) were reported for more than 92% of the irradiated dosemeters. The estimates of
the central valuesfor the arithmetic mean and median for the responses wele06 and 1.00
respectively The spread (standard deviation) in the values fwas 0.80. From the percentiles the
95% coverage intervals of the responses for all results of all participants togetha be derived:
this was 0.0 2.55

Figure 8 shows the distribution of all response values, for all dosemeter types, for the seven
different radiation qualities.

In each case the box represents the 50% range, i.e. 25% of responses to 75% of respodsibe
vertical line the 90% range. The horizontal line through each box is the median, the circle the
mean, and the minimum and maximum values are represented by up and down triangles
respectively.
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Table8: Total number of values reported for Hp(1@nd some statistical quantities
indicating the central values and spread of the results for R

H(10)
Number of irradiated dosemeters 816
Number of reported value’s 750

R

Arithmetic mean 1.06
Median 1.00
Standard deviation 0.80
2.8"-percentile 0.00
97.8"-percentile 2.55
& Two services (S18 and S22) provided either a very limited number of results or rg
which were predominantly zero. These two services only had location specific calibrat
for their dosemeters so results in any otheelfis were highly suspect. The effect
removal of these results on the statistical information is a slight increase in the mean
median values and a slight reduction in the standard deviation and range values, but
effect is not large because the mobers are small compared to the total number d
dosemeters, and zero or very lofvalues also occurred throughout the results from othe
services

For all the®*>Cf source based irradiations the 50% range boxes are similar in size, although there is
some evidence of a decrease in the spread as the dose increfasabe bare Oirradiations The
250keV monoenergetic results have the widest spread. For the bare ap@ Bhoderated ?5°Cf
irradiations the 90% range line (5% to 95% of response) is somewhatsided extending further
towards the low values than the high ones. This is due to the |@w even zerg responses
registered by several dosemeters. For the other two radiation qualities the 90% range extends
more towards high values than low valueB most cases the 90% range extends almost from the
minimum to maximum values. The exceptions are the values for th® Ihoderated®>°Cf field and

the field behind a shadow cone for which there were two spuriously high sets of respanse
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Figure 8: Distribution of response valuesRfor irradiations with different radiation
gualities. Circle = mean value, box = 50% range, vertie line = 90% range,
horizontal red line inside the box = median, up and down triangles = minimum and
maximum values

Satistical datafor individual radiation qualities are presented in Tab%and give quantitative
information for the results plotted in Figur®. The values of zero for the 2percentile for several
of the fields reflect the fact that there were a nurab of zero values for the responses in these
fields.

To present information on how the statistical data vary for the different dosemeter types the mean
and standard deviation values are listed in Tadle for the various irradiation fields. The mean
valuesfor the three dosemeter types tend to be roughly similar for a particular irradiation field. For
example in the case of th&°Cf field at 48 all dosemeter types have a low mean value although
there is a decrease in going froM/bedoto Tracko Other.
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Table9: Statistical data for the individual radiation qualities

0.3mSv| 3mSv | 15mSv| 2 mSv 3 mSv 252Cf + 250 keV
Statistical values| 2°°Cf 252Cf 252Cf 2152Cf at DO Shadow

0° 0° 0° 45° 252Cf cone
No. of reported) 124 124 62 128 64 124
values
Mean 1.08 1.07 1.05 0.74 1.37 0.80 1.02
Median 1.03 1.08 1.09 0.75 1.16 0.71 0.78
Sta’.‘d‘f’"d 0.50 0.40 0.34 0.29 1.40 0.75 0.90
deviation

2.5"-percentile 0.00 0.00 0.02 0.00 0.18 0.16 0.00

97.8".-percentile 1.99 1.73 1.57 1.44 8.80 4.56 3.11

Table10: Mean and standard deviations, values for the responses reported for the
different types of dosemeters in the different exposure fields.

Irradiation All Albedo Track Other
field Mean S Mean S Mean S Mean S
#2Cf 0.3mSv 1.08 | 0.49 1.05 | 0.63 1.11 | 040 | 0.99 | 0.33
#2Cf 3.0mSv 1.07 | 0.39 | 0.94 | 0.47 1.22 | 0.27 | 0.73 | 0.08
252Cf 15mSv 105 | 0.34 | 0.94 | 0.47 1.16 | 0.20 | 0.85 | 0.17
22Cf all 0 data 107 | 041 | 098 | 054 | 116 | 0.30 | 0.86 | 0.24
®2Cf at 48 0.74 | 029 | 085 | 043 | 0.70 | 0.127 | 0.57 | 0.07
D,O mod?*<Cf 1.37 1.40 165 | 2.26 1.16 | 0.21 141 | 0.12
22Cf + cone 0.80 | 0.75 | 096 | 1.16 | 0.63 | 0.24 1.11 | 0.18
250 keV 1.02 | 0.90 1.22 1.12 | 0.97 | 0.76 | 0.51 | 0.22

3.3 Distribution of response values with radiation quality

Figure9 shows the mean responses at step Il for all radiation fields, for all systems for which results
were reported. They are ordered witll/bedo on the left, Otheron the right, and 7rackin the
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middle. To simplify the plot mean responses are plottedrfeach radiation field for each individual
service. The error bars are one standard error of the mean and are inclsdadly to give an
indication of the spread of results rather than the absolute accuracy.

This plot essentially encapsulates all the imfeation from step Il of the intercomparison, and
allows all results to be compared and individual mean results for any system to be picked out.
Some general trends can clearly be seen e.g. the fact that there are more results below 0.5 than
above 2.0. Redts which are very high are rare. The tendency for tReackresults for the®°Cf +

cone field to be low is also evident.

As shown in Figure 9 and the results given in Appendix Bowt half of the systems (14 out of 32
who delivered results) show resporsvalues within a factor of roughly 2; 7 of them weieack
detector systems which needed no additional field information, i.e., no change from step | to step
Il results.
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Figure 9: Summary of all reported response values. To simplify the plot mean
responses are plotted for each radiation field for each individual service. The error
bars are one standard error of the mean and are includsuinply to give an
indication of the spread ofresults rather than the absolute accuracy. In theaXis
captions: A stands for Albedo, T for Track, O for Other, Y for a change from step | to
step I, N for no change, and D for the dosemeters that use the-&llé¢do systems
approach to deriving the regonse. Points at?”0.01 with rings around them were
actually reported as zero.
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To investigate the results for individual radiation fields the relevant responses are plotted in
Figures10to 14. FigurelO shows the results for all the bar&Cf irradiatiors at 0. Again the error

bars are the standard errors of the means and are used simply as an indication of the spread of the
results. Except for the twal/bedo systemswith low results all the values lie between 0.5 and 2.0.
The spread of the responses wgenerally higher for the 0.8nSv irradiation than the two higher
doses. This is not surprising 883mSyv is close to the loweratection limit for some systems and

this dose had been chosen when planning the exercise to test low dose measurement cayabili
The responses are on average slightly greater than one with a mean of 1.07 and a median of 1.08.
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Figure 10: Summary of responses for irradiations in baré’Cf fields with O
incidence. Data points represent mean values for a field and the error b@adard
errors of the mean. The different fields are indicated by the different symbols.

Figure 11 shows the response values for the irradiations wifiCf neutrons incident at 45to the
dosemeters. Thepersonal dose equivalent delivered to thedosemeters was 2mSv and a
comparison with FigurelO indicates that the generally low mean values in Figuté are not the
result of the radiation source or the dose delivered but of the angle of incidence on the dosemeter.
Except for a couple of outlierthe A/bedodosemeters appear to have a better angle dependence
of response than the other two types.

Results for the responses to,©O moderated®*Cf are shown in Figur&2. The average response is
greater than unity for all three dosemeter types. Those frackand Othierdosemeters are quite
tightly grouped and range from 0.83 to 1.63. The majority of tibedo results are also good
although there are three with results outside the 0.5 to 2.0 range, two with low results and one
with high results. The personal dose equivalent delivered was 3 mSv so the results can be
compared directly with irradiation to the sampersonaldose equivalent with baré>?Cf neutrons.
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Figure 11: Responses for all dosemeters irradiated witCf neutrons at 4% Only
two dosemeters were irradiated for eachystem The circled result was actually a
zero value and not 0.1
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Figure 12: Responses for all dosemeters irradiated with,D moderated #°Cf
neutrons. Four dosemeters were irradiated for easystem
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Figure 13: Responses for all dosemeters irradiated in a field produced by%&f
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Two dosemeters were irradiated for eagystem.
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Figure 14: Responses for all dosemeters irratkd with monoenergetic 250keV
neutrons. Four dosemeters were irradiated for easystem
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Figure13 presents the results for irradiation of the dosemeters witB*4Cf source behind a shadow
cone. The responses for dosemeters of typherare all close tainity and those forA/bedo and
Trackare on average low. For thd/bedo sets there is one pair of high results and if these two
values are removed the overall average drops to 0.8Bjch isthe same as for7rackdevices. At
first sight it is perhaps surprising that thd/bedo devices do not do significantly better than the
Trackdosemeters in a field which has been deliberately developed to include lower energy
neutrons. However, an inspection of the dose equieat distribution as plotted in Figureé shows

that most of this occurs in the reasonably high energy region arounddV, although it does
extend to the region around 100 keV where both types of dosemeters have response functions
which are not ideal.

Finaly, Figure 14 shows the results for irradiation with monoenergetic 2%@V neutrons. This is

not a field resembles the radiation fieldat spent fuel transportation casks andit does fall in the
region of the neutron energy range where the fluence t(10)conversion factors are changing
rapidly, and is in a region where some dosemeter response functions are poor and where it is
interesting to obtain response values. There was a very wide range of responses reported. Two
Tracktype dosemeters failed to repd any dose equivalent at this energy and two others reported
significantly low readings. This is a little surprising @sackdosemeters would be expected to
record 250 keV neutrons reasonably easdg indeed most Track systems did

3.4 Distribution of response values with dosemeter type

The responses are shown in Figui® in a format that allows the results for different dosemeter
types to be compared. Figurd6 complements Figurel5 and shows the data as a series of
histogram frequencydistributions for the three types of dosemeters for the different radiation
gualities.

The very high response values in Figuts for the DO moderated®*Cf and?**Cf behind shadow
cone plots are for the same service (S13). Bagem, an Albedo dosemeter with no information
provided on the shielding for direct thermal neutrons, gave very good results for the four Bzef
fields, but high results for the 250 keV irradiations and very high results for the fields which
included a significant lowenergy neutron fluence component. The data would imply that the
dosemeters had been calibrated with radionuclide source neutrons with no allowance for the high
response to low energy neutrons. Converseganother service (S14) reported good results foieth
two fields with lower energy neutrons (b moderated and withshadowcone) but low results for

all other fields implying a calibration in a field with low energy neutrons.

For the three bare?®*’Cf irradiations the narrowing of the frequency distributioas the dose
increases is clear in Figudeé. Another feature which is brought out by the plots is the number of
low results Rvalues in the 0 to 0.2 interval) fet/lbedodosemeters for baré>’Cf irradiations. Closer
inspection reveals the very lowest rpenses are the results from just two services (S14 and S22)
and these distort the distribution ford/bedodetectors. Conversely, for the 250 keV irradiations, the
incidence of low results is greater fafrackdevices than fotd/bedo.

The 250 keV resultshew some clear trends. Th&rackdevices have results which cover a wide
range from zero to about 2.5. Thel/bedo results divide into two groups, one low with all
responsest 1, and one high with results clustered around Bhere was no obvious reason fdhris;
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the high results were a mixture of cadmium and boron shielded devices and similarly for the low
results. It may just be a statisticanomaly or it may reflect the importance that the correct
calibration is applied for a given fieldResults for thedosemeter type Other, which are good for
most of the radiation qualities, are low, i.€1, for 250 keV.
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Figure 15: Individual response values for all dosemeters for the three different
dosemeter types in the seven radiation fields used
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3.5 Step | and step Il results

When the additional spectral information was provided at step Il 13 services made no changes.
This group was made up of A/bedo, 9 Track and 2Otherservices. Of the 19 services that made
changes 10 wered/bedo, 8 were Track and 1 wasOther. Of the 10A/bedo services that made
changes 4 used the Germaf/N albedo systefrfor choosing a calibration field. One service (S18)
had provided results for all fields, but at step 1l withdrew all except those for th® °Cf field and

that for »°Cf behind a shadow cone, saying that the others were "not applicable" for their
dosemeter calibrations.

3.5.1 Changes step | to step{kxcludingthe DIN-albedo systems

Figure 17 shows the ratio of the step Il to step | values for all services that made a change,
excluding the four participants that used thé/M-albedo systems Changes weremnetimes an
increase and sometimes a decrease and some of the changes were very large. Four of the results
for 250keV were changed by almost a factor of 10, two wedéhedo, where the change was a
reduction, and two wereTrackwhere the results were an agrease. For the 0:3Sv#°Cf field one
Trackservice (S34) increased their results by a factor of nearly 9 and Atedo service (S12)
af |l ecb rfcgp pcgsjrqgq dpmk 8l mr gpp_bg_rchbh=3 rm
to 1.0 (point on the upper Xaxis). Oned/bedo service increased its L 2°°Cf result by a factor of

10. The other large change, was for one of tA#hedoservices (S01) that decreased the results for
the fields with low energy components (fD *°Cf and®*Cf + cone) and theesults for the 25&eV

field by almost a factor of 10. The withdrawn results from service S18 are shown on the lower X
axis. It is clear that there was no particular uniformity in the changes applied by the services.

Tablelllists the mean and standardeviation values for the services that changed their results at

step 1l for all system types and fdrack Albedo, and Othersystems separatelylhe results of the

DIN albedo systemare not included, and neither is S18 where some results were withdrasn

being not applicable and the others were unchanged. The table includes, in the rows marked
NAT I ec % _ | gl bga_r gml ufcrfcp rfc kc_I _r qgrecr
for worse), or the same (S for same) compared to st@ératios of the step Il standard deviations

divided by those for sted are presented as percentages. It is also indicatdubther the standard

deviation decreased or increased value less than 100% means the standard deviation decreased.

&Such systems using the application areas according to DIN6B@# 4 areeferred in the present report as
8D/IN-albedo systents
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Figure 17: Changes on going from step | to step Il for those services that changed
their results. A ratio > 1 corresponds to an increase, < 1 corresponds to a decrease.

Figure18 shows the data as frequency histograms of the number of responses between particular
values, 0 to 0.2, 0.2 to 0.4, etor both datasetsof Step | and step Il.

On the whole the results improved noticeably both in terms of better mean values and smaller

standard deviations. There were, however, some cases where the results got worse with the
change. Of the 336 dosemeter responses from the 14 participants that changed some or all of their

values on going from step | to step Il 154 resulted in an improvement, 37 in the response being

worse and 145 did not changeThe service S18 where response ¥ scq wucpc af _ | echb
_nnjga_ jc3 f _qg | mr °.Enylthregsendcesschaoged af lesults thgather_ | | wc
11 changed only some of them.

The biggest improvement was for thel/bedo service which originally reported the 0.81Sv?2%°Cf
bmgc cosgt _jclr _gq xcpm ugrf rfc amkkclr 8§l
1.08. There were other examples of spectacular improvements, e.g. the Track system that
increased their 25&eV response results from an average of 0.13 to 1.&.ddses where the results
became worse were not so spectacular. One of the larger ones was for a Track system where two
values for the 3nSv#Cf field changed from 2.1 and 2.35 to 5.2 in both cases.

mr [0
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Table 11: Changes to the means and standard deviats for systems that revised
their results between step | and step Il.

Radiation All (14) Albedo (5) Track (8) Other (1)
. Step
field Mean SD | Mean SD | Mean SD | Mean SD
[ 0.97 0.76 | 0.55 0.72 1.18 0.72 1.39 0.1
252Cf
] 0.98 0.57| 0.73 0.69 1.09 0.47 1.39 0.1
0.3mSv
Change B 75% B 96% B 65% S 100%
[ 1.22 0.77 | 0.64 0.57 1.63 0.66 0.81 0.06
252Cf
] 1.04 0.50| 0.63 0.53 1.32 0.28 0.81 0.06
3.0mSv
Change B 65% W 93% B 42% S 100%
[ 1.19 0.69 | 0.58 0.51 1.59 0.54 1.07 0.04
25
< ] 1.010 0.43| 0.65 0.50 1.24 0.21 1.07 0.04
15mSv
Change B 62% B 98% B 39% S 100%
»52 [ 0.75 0.37| 0.58 0.47 0.88 0.31 0.62 0.00
Cf
at 450 ] 0.68 0.31]| 0.61 0.47 0.73 0.18 0.62 0.00
2 mSv
Change W 84% B 100% W 58% S 100%
[ 2.63 3.18| 4.63 473 1.54 0.47 1.33 0.05
DO mod
252Cf ] 1.10 0.33| 0.89 0.42 1.21 0.21 1.33 0.05
3mSv
Change B 10% B 9% B 45% S 100%
2520f N [ 159 199 | 2.71 2.80 0.65 0.26 3.52 1.31
cone ] 0.63 0.36| 0.79 0.39 0.53 0.22 1.32 0.01
2mSv
Change B 18% B 14% W 85% B 1%
[ 1.10 127 | 1.81 1.50 0.55 0.85 1.91 0.50
230 Lo ] 0.94 095| 0.82 1.12 1.02 0.91 0.79 0.11
1 mSv
Change B 77% B 75% B 107% B 22%

Note: The results of th&/Malbedo systemsre not included, and neither is S18 where some results were withdrawn as

"cgle Imr _nnjga_"jc _Ib rfc mrfcpg ucpc sl af_1I|lech, Rfc r
whether the mean at step Il was closer to 1 (B for better), furtfem 1 (W for worse), or the same (S for same)

compared to step |.The ratios of the step Il standard deviations divided by those for step | are presented as
percentages; a value less than 100% means the standard deviation decreased.
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Figure 18: Frequency distribution for the results on going from step | to step 1l for
the services that revised their results (excluding the 4 in tB&\ta/bedo systens)
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3.5.2 Changes step | to stepIDIN-albedo systems

Figure © shows an example of the evadtion of a D/IMalbedo system According to DIN680Z,
there arespecific calibration factors for the four different @plication areas N1 to N4, where N1
belongs to reactors and accelerators with heavy shielding, N2 to the fuel element cycle and
criticality with low shielding, N3 to radionuclide neutron sources and N4 to accelerators for
research and technology with high energies. For each application area, there is not a single
calibration factor, but a calibration function which depends on the reading catdf the field
detector and the albedo detecto,/ M. These functions have been determined at workplaces
and takeinto accountthe variation due to scattered neutrons in each of the application areas into
account.

Participants, who had used a Diflbedo system (S03, S15, S19 and S31) delivered in the first step

four values, one applicable for each application area, and decided in the second stefth

additional field information« on the application area to be taken for each radiation quality and

selected one of the four sets. In the example, as given in Fig@etiwas decided to take for the
dgcjbg wugrf gl dmpk _r gml @ atpt ang at 859, rede sSTabje d)bthe g ms p

appj ga _r gml _pc_ L1+ dmp adiocuclideé gsaujcd with significant g | d mp
kmbcp_rcb | cs sCpmoberaid>Cicahd®€Rbehfadshadow cone) the application
~pc_ L/ _I'b dmp rfc dgcjb ugrf ianlardaaN2.k r g ml 8§80 3.

The decision for the area N3 is quitelear, but the decision for the other fields depergion

knowledge of the dosemeter type and calibration field53]. For this special Albedo capsule,@

moderated ?°°Cf is routinely used to simulate readings in area N1 ar@f behind shadow cone is

usedto simulate readings in area N2. In the latter case, the information given by the OG was not

detailed enough to decide for N2, which would have given response values closer to unity (see

Figure ©' |, Gl a_gc md rfc 803. i ¢ N2, sircesthipisnthegriost g r u .
probable neutron energy at transport casks with used fuel.

The final results as shown in Figur8 are satisfactory and could be even better with more detailed
information. Nevertheless, the figure also shows clearly, thatithout a prioriinformation - the
calibration factor can vary by roughly a factof ten.
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Fig19: DIN-albedo systensevaluation. The crosses indicate the mean final value.

3.6 Angular response and linearity

Only a limited amount of information about the angle dependence of the responses can be
extracted from this exercise, and this is derived primarily from a comparison of the results for
irradiation with 2°Cf neutrons at ©and at 45. Acomparisonof Figures 10 and 11 shows that the
responses for 3nSv of?°Cf neutrons incident at 45tend to be lower than for the same dose of
neutrons incident at 0. The low response is more prominent for thBackand Otherdosemeters
than for the A/bedo ones which, excpt for two outliers that are very low, show rather good
responses on average for 4fcidence (emoving the outliers increases the mean response from
0.85 to 1.02)These results are generally what would be expected7agckdevices are more likely

to have a poorangle dependence ofesponse thand/lbedodevices simply from the mechanism by
which the neutrons are detected. The results for detectors of typ#erare the lowest for 45
incidence but are also the lowest for the threéigradiations with>2Ct.

No information on the angle dependence of the responses of the dosemeters can be derived from
the irradiations with &°2Cf source behind a shadow cone. Although the neutrons are incident from
angles other than normal the spectrum of the neutrons diféesignificantly to that from a bare
source and it is not possible to separate angle effects from spectrum effects.

The three irradiations to different integral doses for thcidence from a?*Cf source provide
information on the linearity of the systemsThe data for the responses at the different dose in
Tables 9 and 10show that, on average, the dosemeter responses were very linear. There is some
slight suggestion of a decrease for the dosemeters of tyg¥her, but as noted earlier their
responses for bee ?°Cf source irradiations tend to be a little low in general. Considering only the
average responses for particular types of dosemeters does, however, hide some problems with
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individual albedo dosemeters e.g. two services who detected no dose for thentBv Cf
irradiation and a very low or zero response for the other ba&t&Cf irradiations. These tend to
distort the overallA/bedoresults.

3.7 Reproducibility

In figures such a8 the standard errors on the mean values of a set of results for a partia@ystem

and irradiation field are plotted as an error bar to indicate the variation of the results within a set,
i.e. as an indication of the reproducibility of the results within a set. To present these data
guantitatively the average values for the défent irradiation fields are tabulated in Tabl for all
dosemeters and for the three types separately. It should be noted that the numbers are distorted
to some extent by data where a service gave a value of zero for all responses for a particular field
The spread of the results is thus also zero, and this brings down the average standard error of the
mean for this field. Nevertheless, the figures highlight some of the properties of the data discussed
earlier, for example the decrease in the spread ¢ results as the dose equivalent increases for
the O° bare 52Cf irradiations. The spread of the results fosdDmoderated 2°Cf is significantly
smaller than for®2Cf at 45°. Although it is evident from Figu@that there are some fairly large
spreads,particularly for some irradiation fields the data of Table indicate that overall the
spreads were relatively smali.e. that although some results were poor they were usually
reproducible.

Table 12: Average values of the standard errors of the meafw the different
irradiation fields and dosemeter types

Irradiation Average values for the standard errors of the means
field All Albedo Track Other
#2Cf 0.3mSv 11.6% 12.5% 11.5% 8.8%
2%2Cf 3.0mSv 4.3% 5.0% 4.2% 2.8%
#52Cf 15mSv 2.2% 3.2% 1.8% 1.2%
22Cf all 0 data 6.1% 6.9% 5.8% 4.3%
22Cf at 45 6.2% 4.9% 6.9% 6.6%
D.O mod®2Cf 3.2% 2.5% 4.1% 1.7%
#52Cf + cone 6.1% 5.4% 7.2% 2.3%
250 keV 5.6% 3.5% 7.2% 4.1%

3.8 Response values as a function of reference doses

In Figure20 all the reported responses are plotted as a function of the reference dose delivered.
Doses of ZnSv and 3nSv were delivered for two radiation fields: the bat®Cf at 45° and thé**Cf
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behind shadow cone at InSv, and a baré*Cf and the DO moderated?*°Cf at 3mSv. Open
symbols have been used for th&°Cf behind shadow cone and the J® moderated results to
differentiate between the fields at these energies.

The fact that, except for the three°Grradiations with a bare?>*Cf source, different angke and
different spectra were used means it is difficult to extract very meaningful data on the dose
dependence of the dosemeters except to say that there is no clear upward or downward trend
with increasing dose over the dose range considered.
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Figure 20. All reported responses plotted against the reference dose delivered.
There were two irradiation fields where the reference dose wamn3v (bare?*Cf at
45° and?*?Cf + shadow cone) and two where the dose was%v (bare>’Cf and RO
moderated 2°°Cf). Tadifferentiate these in the plot the’>Cf + shadow cone and the
D.O moderated?>’Cf data are plotted with open symbols whereas all the other data
are plotted with closed symbols

3.9 Values outside "the factor 2"

Table14 details the number of reported respases that were greater than 2 or less than 0.5 for the
seven irradiation fields and the all reported resulis total 18% of the results were outside the
factor of 2 rangeOne aspect of obvious concern is the number of responsex5; there were 107
of these in total compared to 28 with responses2> Although overreading is undesirable, under
reading is of even greater concern. The numbef$ for the?>Cf + shadow cone field is worrying
since it is probably the nearest of the fields used gsonulate a typical workplace field. The large
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number outside the factor of 2 for the 25KV monoenergetic irradiations is an indication of the
difficulties in this region for present day passive dosemeters.

One other aspect which is cledrom Table B, and is al® evident from Figure 15, is that more
Albedo systems than7racksystems have results which are out by a factor of greater than 2. One
reason for this may be the choice of fields used, in particular the irradiations with neutrons from a
bare 2°2Cf source kich is a field that is not ideally suited to Albedo systems. There were also some
Albedosystems which had clear problems, e.g. very low responses in all fields.

Tablel14:Values for all data wheré&was >2 or < 0,5 for the different radiation fields
and for the different dosemeter types

25 25! 25, 25
O.S(ZE:nva 3.0:nf8v 15;r(5fs\/ 2 Eosfv Déor:szsf 252(231‘;;](:Sovne 215cr)n ks?/V —
Albedo
Total 44 44 44 22 48 24 44 270
>2 1 0 0 0 4 2 12 19
<0.5 8 9 8 4 8 10 14 61
Track
Total 68 68 68 34 68 34 68 408
>2 1 0 0 0 0 0 8 9
<0.5 3 0 0 3 0 11 20 37
Other
Total 12 12 12 6 12 6 12 72
>2 0 0 0 0 0
<0.5 0 0 0 1 0
All dosemeters
Total 124 124 124 62 128 64 124 750
>2 2 0 0 0 4 2 20 28
<0.5 11 9 8 8 8 21 42 107

52 EURADOS Report 2802



EURADOS Intercomparison 2012 for Neutron Dosemeters

4 Conclusions

The mainobservedfeatures can be summarized in the following way.

About half of the systems (14 out of 32 who delivered results) show response values within a factor
of roughly 2; 7 of them weré&rackdetector systems which needed no additional field information,
i.e., no change from step | to step Il results.

Mean responses were slightly (about 30%) lower than unity¥3€f behind shadow cone ané?Cf
at 45°, the latter chiefly track detectors.

No problems were observed with linearitpver the limited range covered. Athe low dose of
0.3mSy, as delivered by a bar&’Cf sourceaslightly higher standard deviatiorwas observed

Three Albedo systems showed very bad results, i.e., response vahigler or lower by roughly a
factor of ten

Three Trackdetector systems showed bad response values for the 250 keV neutron field, being too
low by more than a factor of 10 and two othefracksystems changed the calibration factor by
roughly a factor of &n from step | to step II.

Most, but not all, participants performed acceptably well (within a factor of 2) for all irradiation
conditions. Good results were obtained in most radionuclide source radiation fields. A few
participants reported poor results ath some of them did not cover all irradiation conditions. The
conclusion depends of the dosimetric techniques on which the dosemeters are bas¥fiedo
dosemeters showed chiefly problems with field dependent calibration factors artack
dosemeters with lowenergy (250 keV) neutrons and at higher angles of radiation incidence

The two-step process, which resulted from the need to be fair to all types of services, brought out
some interesting data on the requirement for and eventual use of information on theld
characteristicsMore than half of the systems (18/bedo, 8 Track 1 Othel) changed results from
step | to step Il

In the case of the four services using ti¥\albedo systemspproach this involved choosing the
most appropriate of the four posbie calibration factors.At step Il these systemslelivered
acceptable dose value$hithout information onthe application area, calibration factors could vary
by a factor of 10.

Alittle surprisingly, a number of systems which in principle do not requa@riorfield information
made changesin some cases large changes.

The DIMalbedo systemspproach of requiring information about the neutron field in which the
dosemeter is used is onealid approach to the problem of the poor overall response of neair
dosemeters, however, it does not address the probleraf variations in theworkplace field
characteristicand of workers being exposed in different environmentsalso requires preliminary
work to characterise the field and there are inevitably quiests about how accurately the chosen
calibration field matches the workplace field, an issue which came out in the discussion of the
present exercise with the participants.
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The EURADOS IC2012n is an important action in the field of regular performasteiteneutron
dosimetry, for which intercomparisons at international level have been performed only every 8
10years. A performance criterion for neutron dosimetry should be agreed internationally and the
present intercomparison results can assist withighaim.
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5 Recommendations

The 1SO Standard 14146 gives criteria and performance limits to be applied for the periodic
evaluation of processors for personal dosemeters, but only for X and gamma radiation. A revision
of this standard or a new version specifio neutrons would need, in addition to proposing tests,
requirements and criteria specific to neutrons, to take into account the important factor of the cost
of neutron irradiations and the actual worlevide availability of calibration laboratories and
facilities which provide irradiations for neutrons, and in particular those with 1ISO reference
radiation fields.Besides in a new standard, dosimetry for neutrgamma mixed fields should be
taken into account.

There is a need for harmonization around theovid on the quantity to be measured. This
intercomparison was undertaken using the quantity personal dose equivalent but some countries
have not yet adopted this ICRP recommended quantity.

The exercise has emphasised once again the need for developmemtk on neutron personal
dosemeters to address the problems of the energy and angle dependence of response and the low
sensitivity.

For the next intercomparison:

- more tests at low dosewould be advisable to check the behaviour of the dosemeters to siar
conditions to the ones encountered at workplaces his would bén accordance with thedraft of
the revision of the ISO 21909 standard

- find a solution to avoidthe two-step procedure or improve itDepending on the detection
technique, some inform#on about the neutron spectra is needed. On the other hand, it is difficult
to be fair to all systemdt was observed that oly few IMS have asked for the information and
could not give results in step 10/Malbedo system)y although more than half of he systems
changed results from step | to step Il, even for techniguehich do not require a priorisome
information about the spectraOne possible approach is to ask registration if the IMSs need
priori information, according to their routine procdure which has to be describedn the
application form. Give then the information to every IMSs in a second step but only the IMSs which
have statedat the registration that they will need spectral information will be allowed to change
their results.
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doi:10.1093/rpd/ncu042.

60 EURADOS Report 2802



EURADOS Intercomparison 2012 for Neutron Dosemeters

Appendix A: Time schedule

Realized timescheduleof IC2012n

15 April 2012 Announcement- Call for participants

10 June 2012 Deadline for IMS sending Application Forms with informatig
on their dosemeters

30 June 2012 Confirmation of participation by OG coordinator an
instructions to provide dosemeters

3 August 2012 Deadline for IMS sending dosemeters to OG coordinator

OctoberNovember 2012 Irradiations at NPL and PTB and irradiation data to the
coordinator

20 December 2012 Instructions to IMSs to provide results with general informatidg
on radiation fields

20-24 December 2012 Dosemeters sent back to IMSs for read
31 January 2013 Deadline for IMS to send®lstepresults
28 February 2013 OG coordinator sent radiation field information to provide th

2" step-final results

10 March 2013 Deadline for IMS to send®stepresults

24 April 2013 Final and reference results from OG coordinator to th
participants

3 May 2013 Deadline to confirm the results by IMS
4" June 2013 N_prgagn_Ilr%q kccragle
30 June 2013 Certificate of Participation to all IMSs
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Appendix B: confidentiality clause template

€uropean Radiation Dosimetry Group E U R H DOS

CONFIDENTIALITY UNDERTAKING FOR INTERCOMPARISON ORGANIZATION GROUP
MEMBERS

1. | hereby undertake, as part of the terms and conditions of my participation in the Organization
Group (OG) of IC2012n - Intercomparison of neutron dosemeters to be performed by Eurados, not
to disclose at any time during or after my participation any confidential information which may come
to my knowledge in connection with my activity, including any commercial, technological or indus-
trial secrets to which | have had access in the course of my work and involvement in the Organiza-
tion Group for the 1IC2012n - Intercomparison for neutron dosimetry (0G2012n) to any person,
or organization not authorized to receive such information.

2. | further undertake that | shall:

a. restrict any use | make of such information, both within and outside the OG, to the
proper execution of the organisation, analysis, and reporting of the comparison;

b. refrain from any unauthorized use of such information to my private advantage or to that
of any third party.

3. I undertake that, at all times following the termination of my involvement within the 0G2012n, |
shall not use, disclose or disseminate any of the information referred to in paragraph 1 above. | also
undertake to take no action that may lead to such information being disclosed or exploited to the
detriment of EURADOS, of a EURADOS Voting Member or a natural or legal person of such Mem-
ber, or of a participant to the EURADOS inter-comparisons exercises.

4. | understand:
that a breach of my obligation not to disclose confidential information without appropriate authoriza-

tion, may result in the initiation of legal proceedings against me, and that, the EURADQOS Chairper-
son may exclude myself from EURADOS activities.

Date and Place:

Signature:

Printed name:

Institution:
Address:

EURADOS e.V. is registered in the Register of Associations (Amtsgericht Braunschweig, registry number VR 200387) and certified to be of non-profit char-
acter (Finanzamt Braunschweig-Altewiekring, notification from 2008-03-03).
Executive board:

Web site : http://www.eurados.org Helmut Schuhmacher (Chairperson) Elena Fantuzzi (Vice Chairperson)
e-mail: office@eurados.org PTB, Department 6.5 ENEA, Institute for Radiation Protection
Bank account: Postfach 3345 Via dei Colli 16

Volksbank Vechelde-Wendeburg eG 38023 Braunschweig, Germany 40136 Bologna, Italy

Account no.: 103417000 (BLZ 25069370) Phone: +49 531 592 6500 Phone: +39 051 609 8275

IBAN: DE 08250693700103417000 Fax: +49 531 592 6505 Fax: +39 051 609 8348

BIC: GENODEF1WBU email: helmut.schuhmacher@eurados.org email: elena.fantuzzi@eurados.org

Version 1.2 - July 2008
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Appendix C: List of participants

Participants sortedalphabetically by country and IMS

Name of the IMS Place Country
Seibersdorf Labor GmbHDosimetry Service Seibersdorf AUSTRIA
INTERNATIONAL ATOMIC ENERGY AGENCY: Departi Wien AUSTRIA
Nuclear Safety and Security Division of Radiation

Transport and Waste- Safety Radiation Safety an

Monitoring Section- Radiation Protection of Workers an

Monitoring Unit

AV-CONTROLATOM Vilvoorde BELGIUM
Sluzba osobni dozimetrie, VF, a.s. Cerna Hora CZECH REPUBL

CSOD- Celostitni slunba osobni dozimetries.r.o. (NPDS | Praha CZECH REPUBL

National Personal Dosimetry Service, Ltd)

Fortum, Loviisa Nuclear Power Plant Loviisa FINLAND

IRSN,Institut de Radioprotection et de Sdreté Nucléair Le Vésinet FRANCE

PRPLDI

Service de Protection Radiologique desrmées (SPRA)| Clamart FRANCE

French Army Radiation Protection Service

LANDAUER EUROPE Fontenay-aux- FRANCE
Roses

Service de Dosimétrie- Institut de Pysique Nucléair¢ Orsay FRANCE

d'Orsay- Centre National de la Recherche Scientifique

LPS, Landesantalt fuer Personendosimetrie un Berlin GERMANY

Strahlenschutzausbildung

Senatsvenwaltung fuer Stadtentwicklung und Umwek | Berlin GERMANY

Personendosismessstelle

HMGU- Auswertungsstelle fuer Strahlendosimeter Muenchen GERMANY

Personal Dosimetry Department, Greek Atomic Enerq Athens GREECE

Commission

SNRC Personal Dosimetry Lab Yavne ISRAEL

Tecnorad s.r.l. Verona ITALY

ENEA - Radiation Protection Institute - Individual | Bologna ITALY

Monitoring Service
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EUROPEANCOMMISSION- JOINT RESEARCH CEN] Ispra (Varese) | ITALY

Nuclear decommissioning Unit- Radiation Protection

Sector- Dosimetry Service

Chiyoda Technol Corporation Ibaraki JAPAN

NagaselLandauer, Ltd. Japan Ibarakiken JAPAN

Laboratory of individual andEnvironmental Dosimetry Krakow POLAND

(LADIS)

DOZIMED S.R.L. Magurele ROMANIA

(Bucharest)

Dosimetry Laboratory Kko NPP Kij ko SLOVENIA

Ringhals AB Varbbacka SWEDEN

Paul Scherrer Institut Villigen SWITZERLAND

CERN Dosimetry Service Geneva SWITZERLAND

NRG ES Anhem THE
NETHERLAND

The Personal Dosimetry Service of the Health Protect Chilton, Didcot | UNITED

Agency (now Public Health England) KINGDOM

Dstl, Environmental Sciences Department, INM Alverstoke UNITED
KINGDOM

Berkeley Approved Dosimetrgervice Berkeley, UNITED

Gloucestershire | KINGDOM
Mirion Technologies (GDS), Inc. Irvine, California| USA
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Appendix D: Example irradiation certificates

NATIONAL PHYSICAL LABORATORY

Teddington Middlasex UK TW110LW Telephone +44 20 8977 3222

Test Report

Calibration of the personal dose equivalent delivered
during irradiation of personal dosemeters with bare —ee
and D;O-moderated “ Cf radionuclide neutron sources

mawmmumnummbumdmwwmwmnmm
M Mereging Director it does not of Asell Impute 10 the subyoct of Tas! eny aTvRxtes beyond those shown by the dits comtained heren

FOR:

For the attention of
DESCRIPTION: Irradiation of personal dosemeters to known neutron fluences,
and hence dose equivalent values, with bare and D;O-moderated
320 radionuclide neutron sources at incident angles of cither 0° or 45°
IDENTIFICATION: Each neutron dosemeter individually identified

BASIS OF 1SO Standard 8529, Reference neutron radiations —
MEASUREMENTS: Part 1: (2001) mqum

angle of incidence.
DATE OF
RECEIPT: 10* October 2012
DATES OF

IRRADIATIONS:  17* October ~ 19 November 2012

Reference: N1108 (2012070104) Participant P Page 1 of 6
Date of lesne: 25% March 2013 signet: (=) (Authorised Signatory)
Checked by: Sy Name: Dr C. Tuylor on behalf of NPLML

NPT 00

EURADOS Report 2002 D-1



E.Fantuzzi, M-A Chevallier, R.Cruz-Suarez, M. Luszik-Bhadra, S. Mayer, D. J. Thomas, R. Tanner, F. Vanhavere

NATIONAL PHYSICAL LABORATORY

Continuation Sheet

IRRADIATIONS

Irradiations of the personal neutron dosemeters were performed in the low-scatter
facility in the Chadwick Building at the UK National Physical Laborstory. The dosemeters were
irradiated to accurstely known neutron fluence values. From these fluences, personal dose
equivalent values, Hy(10), were determined using internationally accepted fluence to dose
equivalent conversion :

hﬂ“m@.ﬂﬂ;nh%“mmdﬂ'd‘ﬂnﬁ
D;O-moderated radionuclide neutron source at 0°, mounted at the centre of the irmudiation
arca in the low-scatter facility. All irradistions were performed on a 30 cm X 30 cm X 15 cm ISO
water phantom. The dosemeters were mounted on the phantom exactly as supplied by the
customer, i.e. sealed in plastic. The dosemetors were attached to the surface of the phantom using
double-sided tape and then secured using single-sided tape.

All irradiations were performed with a fixed separation distance of 75.0 0.2 cm between the
centre of the radionuclide neutron source and the centre of the front face of the phantom,

The neutron fluence rates were determined by sbsolute neutron source emission rate
measurements, performed in the NPL manganese sulphate bath. The anisotropy factor for the bere
¢ source encapsulation has been previously determined at NPL using precision long counter
measurements. No correction was spplied for noutron in- or out-scatter effects, the assumption
being that, at this distance in the NPL low-scatter facility, the two effects are small and to some
extent cancel cach other. An additional uncertainty component was, however, included to allow
for this. The total integrated neutron fluence was then derived from the fluence rate and the total
irradiation time.

For the 0° irmdiations, four dosemeters were mounted as illustrated in Figure 1. This rotationally-
symmetric arrangement ensured that any variation in radiation field due to beam divergence
would be the same across every dosemeter,

Reference: N1108 (2012070104) Page2of 6

| =
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NATIONAL PHYSICAL LABORATORY

Continuation Sheet

ML‘MMMW#&
irradiations of groups of fowr dosemeters.

For the 45° irmadiation, two dosemeters were mounted on the axis of rotation, Le. equivalent to the
position of the two dosemeters mounted on the vertical sxis in Figure 1.

Although the D;0 moderator has 30 cm diameter, it behaves remarkably like & point source, i.e.
the neutron fluence rate follows an inverse square law. This has beer verified using Monte Carlo
calculations, performed using the PTRAC option of MCNP ™.

Table 1 quotes the nominal exposure, dosemeter numbers, radial displacement (measured to the
centre of the dosemeter holder), angle, source-to-dosemeter distance (measured from the centre of
the source capsale to the point on the surface of the frant face of the phantom directly behind the
reference point of the dosemeter) and the neatron personal dose equivalent that each dosemeter
received (subject to the above assumptions).

Reference: N1108 (2012070104) Page 3 of 6

g Chocked by: 3T
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NATIONAL PHYSICAL LABORATORY

Continuation Sheet

FLUENCE TO DOSE EQUIVALENT CONVERSION COEFFICIENTS

The spectrum-averaged fluence to personal dose equivalent ) conversion coefficient (k,(10,6°))
for bare “Cfhas a value of 400 pSv cm® at 8= 0° and a value of 389 pSv cm’ at 8=45°""), The
(A:(10,8%)) for D;O-moderated **Cfat 8=0° has a value of 110 pSv cm’. These values have been
derived using the spectra published in ISO 8529-1:2001 I, As the dosemeters were displaced
from the centre of the front face of the phantom, and the angle of incidence of the neutrons thus
varied slightly from being exactly normal to the dosemeters, small adjustments to the values of
(h(10,6°)) were made to allow for the variation with angle 8,

UNCERTAINTIES

The uncertainties have been treated as recommended in UKAS publication M3003 '*), and are
given in Table 2. The standard uncertainties associated with the spectrum-averaged fluence to dose
equivalent conversion coefficients, needed to convert fluence response to dose equivalent response,
are +1% for bare *“Cfand 4% for D,;O-moderated *2Cf®, and originate from uncertainties in
the source spectra rather than uncertainties in the conversion coefficients, which are assumed to be
exact.

REFERENCES

1] International Organisation for Standardisation. /SO 8529: Reference neutron radiations
Part 3: (1998) Cailibration of area and personal dosimeters and determination of their
response as a function of neutron energy and angle of incidence.

[2)  Briesmeister, J.F. (Ed.), 2000. MCNP - A General Monte Carlo N-particle Transport
Code, Version 4C. Report No. LA-13709-M. Los Alamos National Laboratory, Los
Alamos, New Mexico.,

[3] International Commission on Radiation Units and Measurements, Quantities and units in
radiation protection dosimetry, Report 51, ICRU Publications, Bethesda, MD (1993).

[4] International Organisation for Standardisation. /SO 8529: Reference neutron radiations —
Part I: (2001) Characteristics and methods of production.

[S]1  UKAS; The Expression of Uncertainty and Confidence in Measurement UKAS Document
M 3003, United Kingdom Accreditation Service, 21-47 High Street, Feltham, Middlesex,
TWI13 4UN, UK, Edition 2 - January 2007.

[6] ntemational Organisation for Standardisation. ISO §529: Reference neutron radiations —

Part 2: (2000) Calibration fundamentals of radiation protection devices related to the
basic quantities characterizing the radiation field.

Reference: N1108 (2012070104) Page 4 of 6
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NATIONAL PHYSICAL LABORATORY

Continuation Sheet

TABLE 1: Neutron personal dose equivalent ut the reference distance for the irradiation
ofpaw—ldumm;bmndbmudmdm-mﬁe
uncertainties are quoted at & confidence level of approximately 95%

Nominel  Dosemetor Radiol angle Source - Dosemeter NPL
HL10) Referonce  displacement (deg) Distarce® H{10)
Number (em) _fom) (mSv)
Dosemater 13
03mMY pogameter 16 5.0 381 7517 0301 +- 0010

CI{ba9) nosemoter 32

% Dosemeter 34

Dosemater 2

IMSY Dosemetar 14 5.0 381 7547 300 +- 010
CI{bore) Drpameter 21
®  Dossmetse 33
Dosemeter 4

B posemetar 18 5.0 381 75.47 1500 +- 048

AMS  Dosemeter28 5.0 381 7847 300 +~ 025

208¢  osmmetar 1 30 229 75.06 2001 +- 0068

'mmmhwmmhmdhmmthn&md
the front fisce of the phantom directly below the reference point of the dosemeter.

Reforence: N1108 (2012070104) Page Sof 6
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NATIONAL PHYSICAL LABORATORY

Continuation Sheet

Table 2: Percentage standard uncertainties associated with the
determination of the personal dose equivalent at the reference distance.

Irradiation
Uncertainty component
Wmog  Mgr, ¥ ¥o0) o
" 0* L 0 45°
0.3 mSv mS 15 mSv 3 mSv 2 mSv
Type B (non-random)

Reference irradiation distance® +0.53% +0.53% 2053% +0.53% 10.53%
Source emission rate (MnSO, bath)
(includes component for half-life)
Source anisotropy carrection  +0.50% +0.50% 0.50% £0.0% +0.50%

+0.60% +040% 1040% $040% +0.40%

Timing +026% +022% x004% +0.05% +0.33%

Scatter +10% +10% *1.0% +1.0% * 1.0%
77,(10,8) conversion coefficient  +1.0% +1.0% *1.0% +4.0% +1.0%

Total Standard Uncertalnty +1.7% £17% +1L6% +42% + L%
Commnddedhqm

Expanded uncertainty * +34% £34% £32% +84% +34%

* The figures quoted for the uncertainty in the reference irmdiation distance includes & sensitivity factor
of 2, taking into account the inverse square dependence of the neutron fluence rate on the distance
between the source centre to reference point.

® Obtained by multiplying the total standard uncertainty by u coverage factor &=2. (This provides an
uncertainty estimate at & confidence level of approximately 95%.)

Reference: N1108 (2012070104) Page 6 of 6
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Physikalisch-Technische Bundesanstait P-rB

Braunschweig und Berlin

Prifbericht

Test Report

Gegenstand: Irradiation of whole body dosemeters in neutron reference fields

Herstalier:
Manufacturer

Typ: Whole body dosemeters
Tywe

Geratenummer: -
Sevial No

Anzahi der Seiten: 7
Number of pages

Geschaftszeichen: PTB-6.5-11/12_P X X
Prifzeichen: -
Test mark

Datum der Prifung: 2012-10-18 to 2012-11-18
Dato of teat

Im Auftrag Braunschweig, 2013-01-18 Im Auftrag
On behalf of PTE Cn behall of PTB
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g Dr. M. Luszik-Bhadra ‘Dt. S. Rottgef
Profo ohre Unie i und Siegel haben keine Guligkelt. Dieser Pribencht darf nur unveranden wadervertrosel wasden

AuszUge bedirfen der Genehmigung der Pryskalisch-Technischen Bundesanstalt
Tost Reports without signodure and seal are nol vaiid, This Test Report may not be regroduced other e in fud
Extracts may be taken only with the parmission of the Physikalisch- Technische Bundesanstat
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