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Abstract

This report provides an update on the national radiation safety research programme and
the activities of the Consortium for Radiation Safety Research (Cores), giving more detail
on radiation safety research carried out by the consortium members. While there has

been long-standing cooperation between STUK and universities, such ties were further
strengthened and formalised after the government decided to introduce a comprehensive
reform of the Finnish research and innovation system in 2013. This subsequently led to the
setting up of the national Consortium for Radiation Safety Research (Cores) and the for-
mulation of a national programme on radiation safety research in Finland. The main goal
of the government reform was to strengthen multidisciplinary, high-level research of social
significance. One line of action was to deepen cooperation between research institutes and
universities. To achieve this goal, the Resolution envisaged a step-by-step integration pro-
cess leading to centres of competence (agreement-based consortia). According to the gov-
ernment policy, such agreement-based consortia must have common research equipment,
laboratories and information resources (e.g. follow-up material, sample material, statistical
and register material) as well as engage in close cooperation in research and education (e.g.
sharing of mutually complementary competencies, joint professorships and duties, and
shared staff). Based on the Government Resolution, a process was initiated to strengthen
the cooperation between STUK and universities and to create a national research con-
sortium that would carry out research on various aspects of ionising and non-ionising
radiation safety. The agreement to set up the Consortium was signed between STUK and
nine universities by 2015. In addition to STUK, the following universities signed the Con-
sortium Agreement forming the Finnish Consortium for Radiation Safety Research (Cores),
and contributed to the national programme: Aalto University, Lappeenranta University of
Technology, Tampere University of Technology, the University of Helsinki, the University
of Eastern Finland, the University of Jyvaskyld, the University of Oulu, the University of
Tampere and the University of Turku. More recently, Abo Akademi University and Tech-
nology Research Centre VTT Oy also joined Cores.
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The first version of a National Programme for Radiation Safety Research was pub-
lished in parallel (Salomaa et al., 2015). After publishing the national programme in 2015, a
stakeholder consultation on the national programme was carried out in 2016. The pro-
gramme was sent to almost 80 stakeholders and statements were received from about half
of them. The feedback from stakeholders was analysed by the Cores Board and taken into
account in the new version of the programme, along with emerging research needs. A new
strategy and a roadmap for 2018—2022 has now been set up and the national programme
has been updated accordingly, providing more detail on the research plans of each con-
sortium member. The roadmap involves engaging new partners, universities and research
institutes, and organising activities fostering the cooperation, such as joint symposia and
working groups. Dissemination of Cores aims and achievements is supported by newslet-
ters and the Cores website. Fostering the education and training and promoting the joint
use of infrastructure and databases (open science) are important lines of action. Cores also
promotes national and international funding for radiation sciences and links with the
European radiation protection research platforms. In the longer term, the objective is to
actively participate in international collaboration, in particular the Horizon Europe pro-
gramme. Cores research activities are well in line with the objectives of European radiation
protection research. A long-term funding plan is among the key objectives for the next
strategy period.

SALOMAA Sisko (toim.). Kansallinen sdteilyturvallisuustutkimuksen ohjelma 2018 - 2022. STUK-
A262. Helsinki 2018, 99 s.

séteilysuojelu, ionisoiva sateily, ionisoimaton séteily, dosimetria, metrolo-
gia, ympadristd, biologiset vaikutukset, terveysriskit, Cores

Tiivistelma

Tama raportti antaa paivitettyd tietoa kansallisen sdteilyturvallisuustutkimuksen ohjel-
masta ja kansallisen sateilyturvallisuustutkimuksen yhteenliittymén (Cores) toiminnas-
ta, erityisesti kuvaten tarkemmin eri osapuolien tekemadd tutkimusta. Vaikka STUKin ja

yliopistojen vililld on ollut pitkaaikaista yhteistyotd, nditd yhteyksid edelleen vahvistet-
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tiin sen jalkeen kun hallitus teki periaatepadatoksen valtion tutkimuslaitosuudistuksesta
vuonna 2013. TULA-paitoksen seurauksena perustettiin kansallinen séteilyturvallisuustut-
kimuksen yhteenliittyma ja laadittiin kansallinen sateilyturvallisuustutkimuksen ohjelma.
TULA-uudistuksen padmaarana oli tukea monitieteistd, korkeatasoista ja yhteiskunnalli-
sesti merkittdavaa tutkimusta. Yhtena tavoitteena oli syventda tutkimuslaitosten ja yliopis-
tojen tutkimusyhteistyotd. TULApaatoksessa edelleen linjataan, etta tutkimuslaitosten ja
korkeakoulujen yhteistyon syventdmiseksi synnytetadn valtakunnallisesti ohjattu use-
ampivuotinen kehittdmisprosessi, jossa tutkimuslaitokset ja korkeakoulut muodostavat
asteittain aitoja osaamisen keskittymia (sopimusperusteiset yhteenliittymat). Valtioneu-
voston periaatepaatoksen mukaan tutkimuslaitosten ja korkeakoulujen sopimusperustei-
silla yhteenliittymilld tulee olla yhteisid tutkimuslaitteita, laboratorioita ja tietovarantoja
(mm. seurantaaineistot, ndyteaineistot, tilasto ja rekisteriaineistot), ja tiivis yhteistyo
tutkimuksessa ja opetuksessa (mm. toisiaan tdydentdvien osaamisten yhdistiminen, yhtei-
set professuurit, tehtdvit ja yhteistd henkilokuntaa). Valtioneuvoston periaatepaatoksen
pohjalta lahdettiin tiivistimaan STUKin ja yliopistojen yhteistyota ja perustettiin STUKin
ja yhdeksan yliopiston keskeinen yhteenliittym4, jonka tavoitteena on tehda ionisoivaan
ja ionisoimattomaan sdteilyn turvallisuuskysymyksiin liittyvaa tutkimusta. STUKin lisaksi
sopimusosapuolina olivat: Aalto yliopisto, Helsingin yliopisto, Itd-Suomen yliopisto, Jyvas-
kylan yliopisto, Lappeenrannan teknillinen yliopisto, Oulun yliopisto, Tampereen teknil-
linen yliopisto, Tampereen yliopisto, ja Turun yliopisto. Sittemmin myds Abo Akademi ja
Teknologian tutkimuskeskus VTT Oy ovat liittyneet Coresin jaseniksi.

Kansallisen ohjelman ensimmaéinen versio julkaistiin 2015 (Salomaa ym. 2015). Kansal-
lisen ohjelman julkaisemisen jalkeen pyydettiin sidosryhmien kommentteja kansalliseen
ohjelmaan vuonna 2016. Raportti ldhetettiin lahes 8o sidosryhmalle ja naistd lahes puolet
toimittivat lausuntonsa. Coresin johtoryhma analysoi palautteen ja kommentit otettiin
huomioon ohjelman pdivityksessa, uusien tutkimustarpeiden ohella. Uusi strategia ja tie-
kartta vuosille 2018-2022 on sittemmin valmisteltu ja tutkimussuunnitelmiin on péaivitetty
aiempaa tarkempaa tietoa kunkin konsortion jdsenen osalta. Tiekartan toimintalinjoihin
kuuluu uusien osapuolien, niin yliopistojen kuin tutkimuslaitostenkin, ottaminen mukaan
toimintaan seka yhteistyotapojen kehittdminen, kuten yhteisten symposiumien ja tyépa-
jojen jarjestaminen. Viestintdd Coresin tavoitteista edistetdan verkkosivun ja uutiskirjei-
den avulla. My6s koulutuksen ja infrastruktuurien ja tietoaineistojen kdyton edistaiminen
(avoin tiede) on keskeinen toimintalinja. Cores myos edistda kansallisen ja kansainvilisen
rahoituksen saamista sdteilyturvallisuustutkimukseen yhteistydssa eurooppalaisten tutki-
musyhteenliittymien kanssa. Pitemmalla tahtdimelld tavoitteena on aktiivisesti osallistua
kansainviliseen tutkimusyhteistyohan, erityisesti Horizon Europe —ohjelmassa. Cores-
yhteenliittyméan tutkimus on hyvin linjassa eurooppalaisen sateilysuojelututkimuksen
tavoitteiden kanssa. Pitkdn aikavilin rahoitussuunnitelma on keskeinen tavoite seuraavalla
strategiakaudella.
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l. Introduction

While there has been long-standing cooperation between STUK and universities, such ties
were further strengthened and formalised when the government decided to introduce a
comprehensive reform of the Finnish research and innovation system in 2013. This sub-
sequently led to the setting up of the national Consortium for Radiation Safety Research
(Cores) and the formulation of a national programme on radiation safety research in Fin-
land. The Finnish Government Resolution on Comprehensive Reform of State Research In-
stitutes and Research Funding took place in September 2013. The main goal of the reform
was to strengthen multidisciplinary, high-level research of social significance. One line of
action was to deepen cooperation between research institutes and universities. To achieve
this goal, the resolution envisaged a step-by-step integration process leading to centres of
competence (agreement-based consortia). According to government policy, such agree-
ment-based consortia must have common research equipment, laboratories and informa-
tion resources (e.g. follow-up material, sample material, statistical and register material)
as well as engage in close cooperation in research and education (e.g. sharing of mutually
complementary competencies, joint professorships and duties, and shared staff). Further-
more, it was envisaged that, within the consortia, the research institutes and universities
form joint campus areas with common functions on a regional basis.
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2. Cores — Consortium for
Radiation Safety Research

2.1 National strategy

A roadmap for the integration of radiation safety research during the period 2013--2017
was prepared. As a first step, a national strategy was formed during 2013—2014, evaluat-
ing the impact of the Government Resolution and setting the objectives for the national
programme and consortium. STUK surveyed potential national cooperators, made initial
contact and organised seminars. Stakeholder consultations were carried out by STUK, in
particular with the universities and at the ministerial level. Radiation safety research was
identified as one of the priority programmes in the national research strategy of nuclear
sector (Tyo- ja elinkeinoministerio, 2014), along with current research programmes for
nuclear safety and waste management and the research programme for future nuclear
energy (fission and fusion). It was envisaged that the national radiation safety programme
will ensure the national competence and scientific base in radiation safety, secure the
needs for knowledge of the national authorities, and integrate research with education and
innovation. The strategy envisaged the setting up of a national research consortium along
the lines of the Government Resolution. Furthermore, the national programme would be
linked with the European radiation protection research area (Euratom/Fission).

2.2 Establishment of consortium

Based on the Government Resolution, a process was initiated to strengthen the cooper-
ation between STUK and universities and to create a national research consortium that
would carry out research on various aspects of ionising and non-ionising radiation safe-

ty. This process has involved an analysis of scientific disciplines required for radiation
protection and surveying the profiles of Finnish universities. Existing collaborations were
formalised and additional competencies were identified. As part of the Euratom-funded
OPERRA project (Open Project for European Radiation Research Area), a research seminar
was organised at STUK in June 2014, highlighting European research agendas and STUK re-
search activities. Another workshop presenting relevant research activities in the universi-
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ties and discussing the national programme was organised in November 2014. To state the
joint intention for forming a long-term consortium, Letters of Intent were signed between
STUK and universities during 2013—2014.

The actual agreement to set up the consortium was signed by STUK and nine uni-
versities by 2015. In addition to STUK, the following universities signed the Consortium
Agreement forming the Finnish Consortium for Radiation Safety Research (Cores), and
contributed to the national programme: Aalto University, Lappeenranta University of
Technology, Tampere University of Technology, the University of Helsinki, the University
of Eastern Finland, the University of Jyvaskyla, the University of Oulu, the University of
Tampere and the University of Turku. The first version of a National Programme for Radi-
ation Safety Research was published in parallel (Salomaa et al., 2015). More detailed plans
for the use of infrastructures and information resources were made for specific areas, and
bilateral agreements were prepared between STUK and the University of Eastern Finland,
between STUK and the University of Tampere, and between STUK and the University of
Jyviaskyla. The first meeting of the board was held on 3 December 2015 and the rules for
operation of the consortium were approved. Cores was adopted as an acronym for the Con-
sortium of Radiation Safety Research.

2.3 Implementing the programme

The Cores consortium established a website available at http://www.stuk.fi/web/en/about-
us/cooperation/cores-finnish-consortium-for-radiation-safety-research. Research areas for

the national programme include health (low dose risk as well as medical use of radiation),
environment (radioecology) and emergencies (emergency preparedness and response, se-
curity of sources). The cross-cutting themes of risk assessment, risk management and tech-
nological development (metrology and dosimetry) are addressed. Overall, the programme
is well aligned with the objectives of European radiation protection research platforms
(MELODI, ALLIANCE, NERIS, EURADOS and EURAMED), with additional elements rele-
vant for non-ionising radiation safety, security research and metrology research. While the
European SRAs also include a research agenda for Social Sciences and Humanities (SSH),
this area is so far not covered in the national programme.

Based on the Government Resolution, the Agreement on National Consortium for
Radiation Safety Research is expected to establish the necessary legal link for the bene-
ficiary-Linked Third Party-relationship between the members of the Consortium in the
framework of Horizon 2020 programme and beyond, including CONCERT EJP. STUK was
not involving any Linked Third Parties at the beginning of the CONCERT project, but
reserved this possibility in the later stages of CONCERT, in calls organised by CONCERT,
or other H2020 projects. The University of Tampere subsequently joined CONCERT as a
Linked Third Party to STUK.
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During the preparation of the Euratom Joint Programme co-funded action in 2014,
the Ministry of Social Affairs and Health (programme owner) mandated STUK to partic-
ipate as programme manager and participant in the EJP Consortium. Since then, the role
of Finnish universities in radiation safety research has been increasing. This development
is in line with the national KOTUMO roadmap for cooperation between universities and
research institutes (KOTUMO), outlined by the Ministry of Education and Culture. In 2016,
the Ministry of Education and Culture named the University of Eastern Finland as pro-
gramme manager and the University of Eastern Finland joined CONCERT as of June 2016.
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3. Stakeholder feedback

After publishing the national programme, a stakeholder consultation on the national
programme was carried out in 2016. The report was sent to almost 8o stakeholders, and
statements were received from about half of them. The feedback from stakeholders was
analysed by the Cores Board and taken into account in the new version of the programme
(this report).

3.1 Summary of statements by the stakeholders

Overall, the stakeholders considered the programme to be well structured and neces-

sary in order to maintain and develop national competence in radiation safety. However,
more concrete plans were requested in many statements. Furthermore, the importance

of international research was emphasised, to complement the national programme. The
first version of the national programme was seen as a well justified list of research needs
and what each consortium partner is doing. The roadmap describing the development of
activities was regarded positively. The statements also emphasised that arrangements for
long-term stable funding were necessary. However, there was no practical solution to point
out possible funding sources. In its statement, the Academy of Finland reminded us that
they are providing national co-funding for Horizon2020 EU projects. A major drawback for
Cores was, however, that the major funder of radiation protection research, the Euratom
H2020 programme, was excluded from this co-funding by the Academy of Finland.

Many stakeholders also noted that the programme is focused on collaboration be-
tween STUK and universities only, and the research carried out by other institutes should
also be mentioned. A major issue was raised by stakeholders: who is taking general respon-
sibility for the maintenance of knowledge and competence in Finland? This question is of
course very much linked to the funding of research.
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3.2 Subsequent actions by Cores and STUK

Based on the stakeholder feedback, three main actions were identified by Cores:
the national programme should be updated and made more concrete
the operational modes of the consortium should be further developed

long-term funding must be ensured

It was decided to update the national research programme so that each partner would
describe their 3—5 year plans for research addressing radiation safety. This enables the part-
ners to better identify joint research interests and find complementary expertise. The na-
tional programme description should also include a summary of the stakeholder feedback
and actions based on it, as well as description of research activities and cooperation carried
out with the government research institutes in the field of radiation safety.

As for the modes of action, it was decided to bring together researchers interested in
specific topics like medical use of radiation, environmental radiation and technological
development. Such working groups could be open to other interested parties as well. The
board also welcomes other organisations interested in radiation safety research to join
Cores. To bring together researchers, Cores organises open symposia. Three major sympo-
sia were organised in 2018. The Cores symposium Radiation in the Environment — Scien-
tific Achievements and Societal Challenges brought together more than 100 participants
in Helsinki in April 2018. Another Cores symposium took place in Tampere, addressing
applications of big data, sensor networks, robotics and artificial intelligence, and covering
sessions on medical radiation and nuclear emergency preparedness and response. The topic
for the third symposium in Kuopio, held on 21-22 November 2018, is non-ionising radiation
research and safety.

The ultimate objective for the funding arrangements is to ensure long-term com-
petence in Finland. The new instrument, the Strategic Research Council (STN), has not
provided the anticipated funding source for societally relevant radiation safety research.
Furthermore, the STN excluded the Euratom H2020 programme from the co-funding
provided for projects that were successfully evaluated in H2020. Overall, external project
funding does not compensate for the long-term basic funding that is necessary for main-
taining national competence.

In STUK's strategy for 2018—2022, an effective national radiation safety programme is
highlighted as one of the main targets. Radiation safety research generates experts, tools
and knowledge for authority supervision and emergency preparedness. Via cooperation
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with universities and the Tulanet network, STUK aims to set radiation safety research

as one of the key areas for the universities and research centres and to make sure that
STUK is a central part of national and international networks carrying out research that

is relevant for STUK. For its own part, STUK also assures that funding of research is kept
on a sustainable basis, ensuring participation in national and international projects. To
achieve these goals, several lines of action are planned. The networks with universities and
research centres are further advanced via exchange of researchers, supervision of theses,
joint seminars and collaborative projects. Acquiring funding for research of relevance for
STUK is achieved, for example, by allocating income from expert services. STUK also plans
to influence research funding agencies and ministries to ensure sustainable funding for
radiation safety research and participation in national and international projects. Collabo-
ration in undertakings where STUK has significant radiation safety research projects with
universities will be strengthened, and the objective to establish radiation safety research
will be a key research area among universities and research centres.
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4. Research plans of Cores
members 2018—2022

4.1 STUK — Radiation and Nuclear Safety Authority

In the main, the European Union radiation research programmes are currently carried out
in consortia and calls organised by large research platforms. Participation in the planning
of research programmes and calls is important as it provides an opportunity to have im-
pact on the priorities and contents. STUK participates in the Working Groups on Strategic
Research Agendas of NERIS, ALLIANCE, EURADOS and MELODI platforms.

STUK also participates in the strategic working group of the metrology research pro-
gramme (EMPIR).

4.1.1 Medical use of radiation

New radiation therapy techniques challenge the conventional measurement methods used
for the verification of radiation beams and dose planning for patients. Narrow beams, the
simultaneous use of several radiation qualities and the use of particle radiation call for new
approaches in the whole measurement chain. New detector types call for the development
of methods for calibration and quality assurance. Securing complicated treatment plans
call for measurements in anthropomorphic phantoms that are more realistic than those
currently used. STUK participates in metrology research programme (EMPIR) projects

that develop external beam radiotherapy dosimetry, such as the use of measurements and
Monte Carlo simulations to assess perturbation correction factors of ionisation chambers,
which are used in the dosimetry of radiotherapy. In collaboration with Helsinki Institute of
Physics, STUK develops detectors suitable for measuring 3D dose distributions.

In cooperation with EURADOS, STUK carries out research on patient exposures in
interventional radiology and cardiology. The study focuses on diagnostics and procedures
with high exposure, potentially causing deterministic effects. EURADOS cooperation also
encompasses research on radiation doses on tissues and organs outside the radiotherapy
target area.
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In the metrology research programme, STUK collaborates with Helsinki University
Hospital on patient-specific dosimetry for decision support on optimisation. By combining
information from patient models (phantoms) and simulations, it is possible to validate
computational methods and to produce material for image quality assessments. The as-
sessments focus in particular on computed tomography (CT).

4.1.1.1 Ongoing projects

Radiation Metrology for Applications (Helsinki Institute of Physics, Technology Pro-
gramme), 2017-2019

PerfusImaging (Metrology for multi-modality imaging of impaired tissue perfusion, EM-
PIR), 2016-2019

RTNORM (kQ factors in modern external beam radiotherapy applications to update IAEA
TRS-398, EMPIR), 2017-2019

EU CARDIO (Diagnostic Reference Levels in interventional cardiology
— Europe-wide analysis, EURADOS), 2016-2018

MPMIB (Multispectral photon counting for medical imaging and beam characterisation,
Academy of Finland), 2018 - 2021

Contact person at STUK: Teemu Siiskonen

4.1.2 Non-ionising radiation

New applications of non-ionising radiation in services for cosmetic body shaping set new
demands for supervision and exposure assessments. The intentional exposure of skin to
radiofrequency radiation and ultrasound that are close to levels that can cause damage are
new applications that call for the development of new measurement methods in order to
ensure safety and proper supervision. During the strategy period, STUK will improve its
capabilities on exposure assessment to foster supervision.

During the strategy period, STUK also participates in long-term cooperation with the
University of Tampere in order to clarify the health effects of UV radiation. In particular,
STUK will provide expertise in UV dosimetry.
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It is possible that the reform of the Radiation Act may bring new technologies and
applications under the supervision of STUK. STUK will develop necessary methods for
measurements and exposure assessments and maintain and develop measurement stan-
dards required.

4.1.2.1 Ongoing projects

Measurements and exposure assessments of non-ionising radiations:

Measurements in cosmetic applications of radiofrequency radiations.
Supervisor Pasi Orreveteldinen

Improving the radiofrequency dosimetry in cosmetic applications.
Contact person at STUK: Sami Kédnnala

Clarifications supporting supervision:

Reform of the Radiation Act and magnetic field exposure on railways.
Contact person at STUK: Lauri Puranen

Safety of amateur radio stations. Contact person at STUK: Lauri Puranen
UV radiation (Prof. Erna Snellman, Tampere University Hospital):

UV radiation and vitamin D; perceived pleasure and addiction due to UV radiation.
Contact person at STUK: Lasse Ylianttila

4.1.3 Radiation in the environment

The general aim for the research and development supporting the environmental surveil-
lance of radiation is to improve knowledge and expertise on the occurrence and envi-
ronmental transfer of both natural and anthropogenic radionuclides and their effects on
man and the biota. Research and clarifications related to metrology aim at enabling and
ensuring reliable and accurate radiation measurements.

Finns obtain the majority of their annual radiation dose from indoor radon. STUK
actively participates in the preparation and implementation of the national Radon Action
Plan that aims for the prevention of radon risks. The reference level for indoor radon is
the annual average of radon concentration. It is estimated on the basis of a shorter mea-
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surement period (2—3 months) using a generalised correction factor. Uncertainties in the
measurements are brought about by differences in radon concentrations between rooms
as well as annual variations. On the basis of the samples taken in 1996 and 2006, the
correction factor values deviate and there is no reliable data on annual variation in radon
concentrations. These shortcomings will be addressed in studies assessing uncertainties in
measurements.

Information on the behaviour of radionuclides in the Finnish environment is need-
ed in the environmental surveillance of mines and nuclear power plants, as well as in the
assessment and remediation of old mining and mine tailing areas (NORM). In radiological
and nuclear emergencies, it is necessary to apply radionuclide dispersion and dosimetric
models in Finnish circumstances. STUK participates in Horizon 2020 projects and Nordic
projects that aim at developing tools for decision support in case of various radiologi-
cal emergencies (e.g. nuclear power plant accident or NORM releases related to mining)
in order to help in the remediation and management of contaminated areas. STUK also
conducts various clarifications related to the Finnish environment and foodstuffs. These
clarifications may give rise to further research.

The development of radiation protection of biota is also needed by STUK as authority.
The authority needs knowledge on the exposure of biota after releases related to mining or
nuclear installations. However, research and development on the radiation protection of
biota is not among the key priorities at STUK.

4.1.3.1 Ongoing projects

KATORRE (National Radon Action Plan, 2015-2018, STUK, Ministry of Social Affairs and
Health). Contact person at STUK: Piivi Kurttio

TERRITORIES (To enhance uncertainties reduction and stakeholders involvement towards
integrated and graded management of human and wildlife in long-lasting radiological
exposure situations, 2017-2019, EU H2020). Contact person at STUK: Pia Vesterbacka
NANOD (Natural radioactivity in the Nordic diet, 2018, NKS). Contact person at STUK:
Sinikka Virtanen

4.1.4 Measurement of radiation (activity)

The EU MetroRADON project, aimed at the development and harmonisation of calibra-

tion practices for radon (220Rn) monitoring equipment is part of the EMPIR research
programme, which STUK is participating in during the period 2017-2020. The project also
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examines the effect of 220Rn on radon measurement results and methods for identifying
radon risk areas.

The development of national measurement standard for activity and activity concen-
tration is in progress.

4.1.4.1 Ongoing projects

MetroRADON (Metrology for radon monitoring, 2017-2020, EU H2020).
Contact person at STUK: Tuukka Turtiainen

DIGITALSTD (Standard for Digital Data Format for Nuclear Instrumentation, 2015-2018, EU
EMPIR). Contact person at STUK: Tarja Ilander

RADICAL (RAdiation Detection In Coincidence And List mode, 2018-2021, STUK, JY).
Contact person at STUK: Jani Turunen

4.1.5 Emergency Management and Nuclear Security Arrangements

Despite all the preventive radiation and nuclear safety activity, the possibility of an emer-
gency radiation situation cannot be discounted. For example, a severe emergency affecting
a wide area in Finland may be caused by a serious nuclear power plant accident at a domes-
tic or foreign plant nearby. In addition to preparing for nuclear and radiological accidents,
efforts are also needed to prevent the malevolent use of radiation. Measurements and
technology in general are an essential part of both emergency management and nuclear
security activities.

STUK is participating in undertakings such as HORIZON2020 (e.g. CONFIDENCE) and
joint Nordic projects aimed at reducing uncertainties in risk assessment and the manage-
ment of various radiation hazard situations, starting from the release of radioactivity into
the environment and ending in plans for the long-term recovery of society. Within the
framework of the projects STUK, among others, is developing its prediction and situational
awareness software (e.g. the TIUKU system). The projects will improve STUK's capability
to prepare for and manage various radiation emergency situations. These projects will also
harmonise the activities of different countries. STUK also participates in the development
of a national monitoring strategy that will be employed during nuclear or radiological
emergencies.

Nuclear security is part of national security. It is a genuine 24/7 multi-authority
activity. Nuclear security is linked to national security, for example, through the national
CBRNE strategy. There are several groups under the CBRNE Coordinating Body. One of the
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groups focuses on research, development and education. STUK participates the work of the
coordinating body and its sub-groups. The Finnish nuclear security detection architecture
(NSDA) for nuclear and other radioactive materials out of regulatory control is currently
being updated. The NSDA materialises the CBRNE strategy on a general and public level.
The NSDA covers all national technical and non-technical detection systems for nuclear
security.

The key cross-cutting theme of our NSDA is reachback: the remote expert support of
field teams. This mode of operation requires that the measuring devices are able to store
their measurement data to a remote database that is accessible for radiation detection spe-
cialists. This approach was selected since nuclear security measurements involve several
different authorities across Finland and not all of them have their own radiation specialists
to adjudicate the instrument alarms. In addition, spectrometric instruments are becoming
more frequently used in nuclear security.

Interesting research projects related to emergency management and nuclear securi-
ty can be initiated from the following topics, among others: new detector materials and
detection concepts, digitisation and the internet of things, automation, large data sets, and
data mining. The most significant self-funded ongoing research and development projects
on emergency management and nuclear security are:

Research and development related to the renewal of the national radiation monito-
ring network

Research and development related to the radiation detection equipment used by
customs

General development of data transfer, management and reachback functions

4.1.5.1 Ongoing projects

CONFIDENCE (COping with uNcertainties For Improved modelling and DEcision making
in Nuclear emergenCiEs, 2017-2019, EU H2020). Contact person at STUK: Juhani Lahtinen

EUNADICS-AV (European natural airborne disaster information and coordination system
for aviation, 2016-2019, EU H2020). Contact person at STUK: Juhani Lahtinen

DEFACTO (Detector for fallout and air concentration monitoring, 2018-2021, STUK, HIP,
CSIC). Contact person at STUK: Sakari Ihantola

AUTOMORC (Detection limits for mobile search of material outside of regulatory control

(MORC) - experimentally assessed in field trials, 2018, NKS).
Contact person at STUK: Petri Smolander
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4.1.6 Health effects of radiation

The United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR)
will make a new assessment of the risk of radon-induced lung cancer based on the recent

scientific evidence, as well as an assessment on the risk and dose response of lung cancer

due to external gamma radiation. The objective is also to re-evaluate the dosimetric mod-
els for the calculation of dosage from radon exposure.

The understanding of the impact of radiation on lens opacities has changed in recent
years. Therefore, the dose limit for the lens of the eye has been reduced. The EURALOC
study of the OPERRA consortium has assessed the association of occupational radiation
exposure with the risk of lens opacities. The aim is to obtain a more accurate estimate of
the risk and information on the dose response.

Leukaemia is one of the most sensitive indicators of cancer risk from radiation, with
an elevated incidence in several radiation-exposed populations. Increased childhood can-
cer incidences have also been reported around several nuclear installations, which is diffi-
cult to explain on the basis of the low radiation doses. Better knowledge of other leukae-
mia risk factors helps to define radiation-induced risk. STUK participates in a case-control
study investigating the risk factors for childhood leukaemia together with the University
of Tampere and the Cancer Registry.

Knowledge of the health effects of radiofrequency electromagnetic fields is still poor.
The international COSMOS study clarifies the association between the use of mobile
phones with symptoms as well as the incidence of cancer, neurological diseases and distur-
bances of cerebrovascular circulation. The RF-Astro study coordinated by the WHO Inter-
national Agency for Cancer Research (IARC) and based on the Interphone data investigates
the association between the use of mobile phones with the prognosis of glioma.

4.1.6.1 Ongoing projects

CONCERT (European Joint Programme for the Integration of Radiation Protection Re-
search, 2015—2020, EU H2020). Contact person at STUK: Pia Vesterbacka

EURALOC (European epidemiological study on radiation-induced lens opacities for inter-
ventional cardiologists, 2014—2017, EU FPy). Contact person at STUK: Anssi Auvinen

Case-control study of childhood leukaemia, predictive model on radon (2012-2017, Cancer
Registry). Contact person at STUK: Anssi Auvinen
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4.1.7 Recent publications

Garnier-Laplace ], Vandenhove H, Beresford NA, Muikku M, Real A. COMET strongly sup-
ported the development and implementation of medium-term topical research roadmaps
consistent with the ALLIANCE Strategic Research Agenda. Journal of Radiological Protec-

tion 2018; 38: 164—174. https://doi.org/10.1088/1361-6408/aagcoa

Kerst T, Sand J, Ihantola S, Perdjarvi K, Nicholl A, Hrnecek E, Toivonen H, Toivonen J. Stand-
off alpha radiation detection for hot cell imaging and crime scene investigation. Optical

Review 2018. Published online 13 February 2018. https://doi.org/10.1007/510043-018-0413-8

Michelson D, Henja A, Ernes S, Haase G, Koistinen J, Osrédka K, Peltonen T, Szewczykowski
M, Szturc J. BALTRAD Advanced Weather Radar Networking. Journal of Open Research
Software 2018; 6(1): p.12. DOI: 10.5334/j0rs.193

Muikku M, Sirkka L, Beresford N A, Garnier-Laplace J, Real A, Thorne M, Vandenhove H,
Willrodt C. Sustainability and integration of radioecology—position paper. Journal of Ra-

diological Protection 2018; 38: 152—163. https://doi.org/10.1088/1361-6498/aagcob

Suran J, Kovar P, Smoldasova J, Solc J, Van Ammel R, Garcia Miranda M, Russell B, Arnold D,
Zapata-Garcia D, Boden S, Rogiers B, Sand J, Perdjarvi K, Holm P, Hay B, Failleau G, Plumeri
S, Laurent Beck Y, Grisa T. Metrology for decommissioning nuclear facilities: Partial
outcomes of joint research project within the European Metrology Research Programme.

Applied Radiation and Isotopes 2018; 134: 351-357. http://dx.doi.org/10.1016/]

Lopes I, Vesterbacka P, Kelleher K. Comparison of radon (Rn-222) concentration in Portugal
and Finland underground waters. Journal of Radioanalytical and Nuclear Chemistry 2017;
311: 1867-1873. DOI 10.1007/510967-017-5166-5.

Madekivi V, Bostrom P, Aaltonen R, Vahlberg T, Salminen E. The Sentinel Node with
Isolated Breast Tumor Cells or Micrometastases. Benefits and Risks of Axillary Dissection.
Anticancer Research 2017; 37(7): 3757-3762.

Niiniviita H, Kulmala J, P6l6énen T, Maattanen H, Jarvinen H, Salminen E. Excess of radi-
ation burden for young testicular cancer patients using automatic exposure control and
contrast agent on whole body computed tomography imaging. Radiology and Oncology
2017; 51 (2): 235 — 240. doi:10.1515/raon-2017-0012
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Salminen E, Niiniviita H, Jarvinen H, Heindvaara S.Cancer Death Risk Related to Radiation
Exposure from Computed Tomography Scanning Among Testicular Cancer Patients. Anti-
cancer Research 2017; 37 (2): 831-834. DOI: 10.21873/anticanres.11385

Talibov M, Salmelin R, Lehtinen-Jacks S, Auvinen A. Estimation of Occupational Cosmic
Radiation Exposure Among Airline Personnel: Agreement Between a Job-Exposure Matrix,
Aggregate, and Individual Dose Estimates. American Journal of Industrial Medicine 2017:
60: 386-393.

Toledano MB, Auvinen A, Tettamanti G, Cao Y, Feychting M, Ahlbom A, Fremling K,
Heindvaara S, Kojo K, Knowles G, Smith RB, Schiiz J, Johansen C, Harbo Poulsen A, Deltour
I, Vermeulen R, Kromhout H, Elliott P, Hillert L. An international prospective cohort study
of mobile phone users and health (COSMOS): factors affecting validity of self-reported
mobile phone use. International Journal of Hygiene and Environmental Health 2017. Online

20 Sept 2017. https://doi.org/101016/i.ijheh.2017.00.008

4.2 Aalto University

4.2.1 General

Aalto University has seven key research areas that particularly relate to promoting and
maintaining Finnish competitiveness and welfare through renewal and entrepreneurship.
The cornerstones of Aalto University research are the following four fundamental compe-
tence areas:

ICT and digitalisation

Materials and sustainable use of natural resources
Art and design knowledge building

Global business dynamics.

In addition to these areas, the university invests in three integrative multidisciplinary
themes that focus on solving challenges that are important globally and for the Finnish
economy.

Advanced energy solutions

Human-centred living environments
Health and well-being.
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The key research areas particularly relate to promoting and maintaining Finnish
competitiveness and welfare through renewal and entrepreneurship. They define Aalto
University’s academic profile by guiding its tenure track allocations, major universi-
ty-level research initiatives, infrastructure investments, educational activities and other
investments.

Two of the above-listed fundamental competence areas are relevant from the point
of view of radiation safety research: “ICT and digitalisation” and “Materials and sustain-
able use of natural resources”. ICT and digitalisation research relates to both theory and
practice, computational and mathematical sciences, software and hardware technologies,
secure communications, digital media, digital services, and digital engineering and man-
agement across technologies and industrial sectors. This combination provides an excel-
lent launch pad for interdisciplinary innovations. Aalto University’s expertise in the area
of materials covers a wide range of fields: from condensed matter and materials physics,
nanoscience and nanotechnology, mechanics and materials to the sustainable use and
processing of natural resources.

All of the multidisciplinary themes have links to radiation safety: advanced energy
solutions in terms of nuclear power production, human-centred living environments in
terms of radon safety, and health and well-being in terms of nuclear medical imaging.

4.2.2 Radiation safety

Research related to radiation safety at Aalto University is focused around two main
themes: materials for radiation detectors (applied physics, materials science, electrical
engineering) and detection technologies (applied physics, applied mathematics, computer
science and electrical engineering).

Novel semiconductor materials for photodetectors, with wavelengths ranging from
infrared to visible and ultraviolet (hence extending to ionising radiation) are developed
in several research projects. These materials and device structures typically belong to
the “traditional” families of Si-based and III-V semiconductors, including III-nitride
semiconductors.

Innovative detector designs and novel materials are also explored and developed for
shorter-wavelength electromagnetic radiation, namely X-rays. Extending the materials
space from CdTe-based to III-V semiconductors is an active research area.

Novel materials are explored and new detector concepts developed for neutron de-
tection. Scientifically challenging research projects focus on emerging electronic mate-
rials such as SiC and semiconducting oxides. The detector concepts rely on innovative
approaches and neutron-sensitive isotopes directly integrated into the semiconductor
matrix, allowing for designs that allow simple, robust and autonomous operation.
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Gamma-ray detection technologies are developed both for radioactive materials anal-
ysis and medical imaging applications such as positron emission tomography or spectral
computer tomography. The research is focused on detector systems, data acquisition and
signal analysis.

Detection systems for non-ionising radiation — namely magnetic fields and THz
signals (mm-waves) — are also developed. The detection and analysis of propagation of
radiofrequency signals is an important direction for research activities.

4.3 Tampere University of Technology

4.3.1 Optics and photonics: development of novel radiation detection methods
4.3.1.1 Introduction

The detection methods for ionising radiation have been fairly well established for decades.
Now, however, methods are changing due to the prevalence of X-ray and gamma camera
technologies, for instance. Corresponding imaging methods for alpha and beta radiation
are not yet available. One limiting factor is that alpha particles travel only a few centime-
tres in air, and beta particles, correspondingly, travel several metres. Therefore, in the case
of alpha radiation, a radiation detector should be only a few centimetres from the source of
radiation, which makes imaging detection impossible. However, alpha and beta radiation
strongly ionise the surrounding air, and as a result, the excited air molecules around the
source become luminescent. This radioluminescence can be utilised for locating a radioac-
tive source by optical imaging means.

The localisation and cleaning of alpha contamination is an extremely time-consum-
ing operation, for example when cleaning workspaces and decommissioning a nuclear
plant. Optical detection is ideally suited for mapping out medium and highly active sourc-
es of alpha radiation, such as for imaging a fixed workspace or by using environment-map-
ping robots. More effective processes are needed for the field of radiation measurement,
since in Europe alone 150 nuclear reactors will reach the end of their operational life by
2030. The total costs incurred for their decommissioning are estimated to be approximate-
ly 80 billion euros. In addition, it will be extremely challenging to demolish nuclear mate-
rial research and recycling centres, where the spent fuel undergoes chemical processing.

Besides the remote detection of alpha radiation, air scintillations can be utilised when
measuring radon concentrations. Radon gas is generated as a decay product of natural

STUK-A262 / DECEMBER 2018



uranium in the ground. It accounts for about half of the population’s annual radiation
dose in Finland. By examining the flashes in the air caused by radon instead of the actual
alpha particles, the response of the measuring device can be speeded up significantly, even
by minutes. Fast-response measuring devices are required in workplace radon monitoring,
during radon remediation work, and in plants that process nuclear materials.

4.3.1.2 Objectives

The objective is to develop novel imaging radiation detection methods, particularly for
alpha radiation, which is difficult to detect using conventional methods and at the same
time significant, in the case of e.g. radon, plutonium, polonium, americium and many
other radioactive materials. To date, we have been able to indicate that the method can be
utilised in locating radiation sources, but one obstacle to its widespread use remains the
problems caused by background light. In addition, the sensitivity of the detection needs
improvement so that weaker radiation sources can also be detected.

With the current state of the art, we are able to image alpha radiation sources of
over 10 kBq in the dark or in artificial light. However, it is not often possible to dim the
background light of the surroundings, so in the near future our research will focus on
the utilisation of a background-free wavelength range of 200 — 300 nm. The ozone in the
atmosphere absorbs light coming from the sun in this range, and lighting barely affects
the background at all in such a deep ultraviolet range, thus eliminating the background
problem to a major extent. We are aiming for a detection distance of at least several metres
rather than the few centimetres demanded by conventional methods.

4.3.1.3 Methods

The latest detector, camera and filter technologies plus spectrometers are used for optical
detection and imaging. We study signal intensification using active methods, such as laser
excitation and gas exchange. As well as camera technologies, we are developing improved
performance for single-point measurement, which is then moved with the scanning unit.
The measurement distances in our tests are between 0.5 and 4 m. In addition to the appli-
cation, there is also plenty to research in the dynamics of excited molecules, their interac-
tion, and modelling. The aim is to improve the performance of the applications via more
rigorous research into their parts.
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. MOX pellets used as nuclear fuel captured in the
deep UV range and combined with an ordinary photo-
graph of the object. The narrow fluorescence lines of nitro-
gen excited by alpha radiation are separated with optical

filters to improve the selectivity of the method.

The optical detection of radiation has been developed by TUT and the Radiation and
Nuclear Safety Authority of Finland as a result of long-standing cooperation, and tech-
niques relating to the remote detection of alpha radiation are tested in real environments,
for example at the European Commission’s Joint Research Centre for nuclear material in
Karlsruhe, Germany (Figure 1).

4.3.1.4 Funding

For the period 2009—2016, this research was financed via EU-funded projects, Matine (the
scientific advisory board for defence), Tekes (the Finnish Funding Agency for Technology and
Innovation), and STUK (the Finnish Radiation and Nuclear Safety Authority). The current four-
year FiDiPro project (2015—2019) together with the Helsinki Institute of Physics (HIP) at the
University of Helsinki is funded by Tekes. Also, the international EMPIR project, funded by
the EU, has just commenced for the period 2017-2019.

4.3.1.5 Publications
Sand J, Nicholl A, Hrnecek E, Toivonen H, Toivonen J, and Perdjarvi K, Stand-Off Radio-
luminescence Mapping of Alpha Emitters under Bright Lighting, IEEE Transactions on

Nuclear Science 2016; 63, 1777-1783.

Sand J, Ihantola S, Perdjarvi K, Toivonen H, Toivonen J. Optical detection of radon decay in
air, Scientific Reports 2016; 6, 21532.

Sand J, Ihantola S, Perdjarvi K, Nicholl A, Hrnecek E, Toivonen H, Toivonen J, Imaging of al-

pha emitters in a field environment, Nuclear Instruments and Methods in Physics Research
A 2015; 782, 13-19.
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Sand J, Ihantola S, Perdjarvi K, Toivonen H, Toivonen J. Radioluminescence yield of alpha
particles in air, New Journal of Physics 2014; 16, 053022.

4.3.2 Physicochemical phenomena on material surfaces: Corrosion studies on the copper
capsules used for final disposal of spent nuclear fuel

4.3.2.]1 Introduction

The spent nuclear fuel generated by Finnish nuclear power plants is stored underground
in capsules, where the innermost part is made of copper. The corrosion resistance of the
capsules over the millennia, as the corrosion factors of temperature, radiation and the
environment change, is one of the most critical properties of the capsules. It has been esti-
mated earlier that, within a million years, the copper capsules will corrode to a maximum
depth of 2 mm. Only recently, however, by relying on empirical observations, it has been
posited that copper corrosion would penetrate considerably deeper. The reason put forward
for this is the currently unknown corrosion mechanism between oxygen-free water and
copper found in the storage conditions (Szakalos et al., 2007). It has not yet been possible
to rule out the presumption that copper corrosion occurs in oxygen-free water, so the mere
suspicion of a new significant copper corrosion mechanism has given rise to further re-
search into capsule materials. As regards proving or ruling out the corrosion phenomenon,
it is essential to identify the surface reactions between the copper surface and oxygen-free
water at molecular level and to map out their link to potential corrosion.

4.3.2.2 Objectives

Our group determines the interaction mechanisms between oxygen-free water and various
copper surfaces in well-defined conditions using surface science methodology. The objec-
tive is to understand the binding mechanisms and reactions of water molecules (e.g. the
dissociation of water into hydrogen and oxygen) on the copper surface, detect any surface
compounds that may form (e.g. oxides or hydroxides), the influence of environmental con-
ditions (e.g. partial pressure or temperature of the water), as well as the effect of material
properties (e.g. surface structure, composition or impurities) on the interaction of water
with the copper surface. In our well-defined testing conditions, it is possible to determine
the effect of various factors such as temperature on the interaction between water and the
surface in a controlled way.

The aim of the experiments is to detect the early stages of corrosion that may poten-
tially occur on the surface and to understand the effect of various factors (e.g. the compo-
sition, temperature or structure of the material) on the corrosion (Lahtonen et al. 2008a,
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2008b, Lampimaki et al. 2007). Based on detailed physicochemical data, it can be estimated
better whether the corrosion mechanism presented on the basis of the previous tests ex-
ists, and to make material selections for the capsule materials deriving from research data
in order to optimise their corrosion resistance. The data obtained will also be useful when
developing computational models for the properties of copper capsules.

4.3.2.3 Methods

Our research is carried out using surface science methodology with vacuum equipment
under varying conditions. The vacuum creates a controlled starting point for the test
conditions: the composition of the copper surface is determined exactly at the start of the
tests and no impurities can be transferred to it from the atmosphere, which might hinder
the interpretation of the results. The sample is exposed to water and studied using ana-
lytical methods in varying conditions. The magnitude of the water exposure (pressure and
exposure time) as well as the temperature of the sample can be controlled precisely.

The main research method is X-ray photoelectron spectroscopy (XPS). This is a
research method which enables the quantitative determination of surface composition,
surface compounds (e.g. oxides and hydroxides), the molecules on the surface and their
molecule bonds, and partially also the structure of the surface. XPS is a surface-sensi-
tive research method, i.e. all the information generated comes from a depth of just a few

nanometres.

Nano oxide islands formed on the copper
surface during oxidation (20 A = 2 nanometres) (Lahtonen

et al. 2008a).
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By utilising international synchrotron radiation centres such as the MAX IV labora-
tory (Lund, Sweden), XPS measurements can also be carried out during water exposure. In
this way, metastable surface compounds can be detected, which may play a significant role
in surface reactions. Synchrotron radiation also increases the sensitivity of the method to
small concentrations, whereby the significance of small impurities in potential corrosion
can be studied in more detail.

4.3.2.4 Funding

Research was funded in 2017 by Posiva Oy, the organisation responsible for the final dispos-
al of spent nuclear waste in Finland.

4.3.2.5 Publications

Szakalos P, Hultquist G, Wikmark G. Electrochemical and Solid-State Letters 2007;
10 C63-C67.

Lahtonen K, Hirsimaki M, Lampimaki M, Valden M, Journal of Chemical Physics 2008a;
129 124703.

Lahtonen K, Lampimé&ki M, Hirsiméki M, Valden M, Journal of Chemical Physics 2008b;
129 194707.

Lampimaki M, Lahtonen K, Hirsiméki M, Valden M. Journal of Chemical Physics 2007;
126 034703.

4.3.3 Biosphere modelling: modelling of radionuclide transport in the biosphere
4.3.3.1 Introduction

The transport of radionuclides in the biosphere is usually modelled using the compartment
model, whereby the biosphere is described in compartments (such as lake, plants, fields,
etc.), and the transport of radionuclides between compartments is described using concen-
tration ratios (CR). The behaviour of radionuclides inside the compartment is described by
distribution coefficients (Kd). The values of the coefficients are based on research results
and information can be found on them in the literature. Although there is an abundance
of research results, the knowledge base for modelling is nevertheless incomplete, since the

STUK-A262 / DECEMBER 2018



coefficients have to be determined separately for different radionuclides. The greater detail
the model goes into, the greater the number of different types of compartments and in-
terfaces between them there are. In addition, the coefficient values are often extrapolated
linearly in relation to radionuclide concentrations, which does not necessarily correspond
to their actual behaviour on the basis of more recent research results.

Although detailed models of the transport of radionuclides in the biosphere exist,
these models are generally deterministic and do not enable sensitivity analysis. Sensitivity
analysis can be used to obtain further information on which kinds of input parameters
have the greatest effect in terms of the radiation dose ending up in humans and, on the
other hand, which kinds of ecosystems are the most critical. In addition, compartment
models are not capable of adequately addressing all questions arising in the study of radio-
nuclide transport and therefore, FEM (finite element method) type models are required.
Such questions include the effect of lake bottom sediments on transport from the bedrock
to the water system or in the land-water interface in mire areas.

4.3.3.2 Objectives and methods

The objective of our group is to continue the research carried out in recent years on simpli-
fied ecosystem models as far as sensitivity analysis is concerned. The results to date of the
sensitivity analysis of the lake-farm model have been published in the Journal of Environ-
mental Radioactivity (Pohjola et al. 2016a). Modelling is based partially on previously con-
ducted work related to the statistical modelling of land uplift and terrain in the Olkiluoto
area (Pohjola et al. 2014). In addition, research has been carried out on the influence of
foodstuff grouping on the radionuclide dose conversion factors in relation to lake proper-
ties (Pohjola et al. 2016b).

During the next few years, the intention is to continue the development of simplified
compartment models and to perform sensitivity analysis related to different ecosystems.
Some ecosystems of interest are presented in Figure 3, in which the radionuclides are as-
sumed to be released from the bedrock into the lake, as in the lake-farm model, but the lake
is part of different ecosystems, such as forest (scenario 1A), mire/dried mire (scenario 2A),
or floodplain used for pasture. Regarding ecosystems, the effect of variation in the model
parameters on the radiation dose received by humans will be studied.
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Facilia AB’s Ecolego tool has been used in the design and implementation of the compart-
ment models and in sensitivity analysis. The tool has been developed specifically for the
modelling of radionuclide transport and is also used by Posiva and its Swedish counter-
part, SKB. The tool is described in (R. Avila et al., 2003. Ecolego — a toolbox for radiologi-
cal risk assessment. Proc. International Conference on the Protection from the Effects of
Ionising Radiation, Stockholm, Sweden, IAEA- CN-109/80, IAEA, 2003, pp. 229—232). From
the viewpoint of radionuclide transport, the hydrology is crucial. Therefore, in future it is
intended to examine in particular the influence of lake bottom sediments and the land-wa-
ter interface in various ecosystems (mires, floodplains) using FEM-type modelling tools
such as GSFlow by USGS, for example.

In recent years, the research group at the University of Eastern Finland led by Prof.
Jukka Juutilainen has studied concentration ratios and observed that a linear model does
not adequately describe the behaviour of radionuclides in the biosphere (T. Tuovinen, 2016.
Transfer of elements related to the nuclear fuel cycle — Evaluation of linearity in boreal
ecosystems. Thesis, University of Eastern Finland). One of the research aims of our group
is to ascertain what kinds of effects nonlinear transport coefficients have on the radiation
dose received by humans in relation to the set of ecosystem models presented above.

4.3.3.3 Funding

The research was funded in 2015-2016 by the national programme for the Safety of Nuclear
Waste Management (KYT). The modelling of terrain development in relation to the topic
was earlier funded by Posiva Oy, among others.

4.3.3.4 Publications

Pohjola ], Turunen J, Lipping T, Ikonen A. Probabilistic assessment of the influence of lake
properties in long-term radiation doses to humans. Journal of Environmental Radioactivity

2016a; 164, 258-267.

Pohjola J, Turunen J, Lipping T, Ikonen A, Landscape development modeling based on sta-
tistical framework. Computers & Geosciences 2014; 62, 43-52.

Pohjola J, Turunen J, Lipping T, Ikonen A. The influence of foodstuff grouping on doses in

safety assessments. Proc. Ninth International Conference on Nuclear and Radiochemistry -
NRCg 2016b; P2-118.
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4.4 University of Helsinki

The University of Helsinki addresses a wide range of research on radiation and nuclear
safety. The main units contributing to this field are the radiochemistry laboratory of the
Department of Chemistry, the medical physics team of the Department of Physics (jointly
with HUS, the Hospital District of Helsinki and Uusimaa) and the accelerator laboratory,
and Helsinki Institute of Physics (HIP). A summary of ongoing and planned research is
provided in the following chapters.

4.4.1 Environmental radioactivity research at the University of Helsinki

The Radiochemistry unit at the University of Helsinki has studied environmental radioac-
tivity for more than fifty years. The behaviour of natural radionuclides and those from the
fallouts of atmospheric nuclear weapons tests and the Chernobyl accident has been studied
in the environment and food chains. The studied artificial radionuclides are primarily the
radiocesium, radiostrontium and transuranium elements Np, Pu, Am and Cm. The most
important studied natural radionuclides are isotopes of uranium and thorium as well as
226Ra, 210Po and 210Pb. The spectrum of studied samples is wide, covering soil, natural
waters, air, vegetation, animals, mining wastes and human samples.

At the moment the radiochemistry unit is focusing on transuranium elements in food
chains, natural radionuclides in mining wastes, and the behaviour of long-lived fission
products in the biosphere. The transuranium element studies utilise a large sample collec-
tion from the past fifty years, the study of which using present modern analytical tech-
niques brings new understanding of their behaviour. The mining industry in Finland is
still growing, but studies on the waste left on-site after closure of the mines has not been
sufficient. Studies on a number of mining sites by the radiochemistry unit have been pio-
neering in Finland, and these studies continue. The behaviour of very long-lived radionu-
clides typical for spent nuclear fuel, such as 79Se and 129], has been studied in overburden,
including mineral soils, peat lands and sediments from lakes and the sea. An essential part
in this research has been the study of the effects of microbes on radionuclide behaviour:
how they affect the physico-chemical forms of radionuclides and how they retain radio-
nuclides via biosorption and bioaccumulation. These three research lines, transuranium
elements, natural radionuclides in mining wastes as well as long-lived fission products in
overburden, and the effect on microbes on their behaviour, will be the main research fields
in the radiochemistry unit in the coming years. A special emphasis will be on radionuclide
transfer and retardation processes and mechanisms in which research in laboratory-scale
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model experiments play an essential role. Furthermore, novel advanced analytical tech-
niques will be increasingly introduced, and not only to measure radionuclide concentra-
tions but also to determine their chemical forms, or speciation.

The most important partners in environmental radioactivity studies in Finland are
STUK, the Finnish Meteorological Institute and the University of Eastern Finland. Interna-
tional cooperation is also an important tool, particularly via the EU CONCERT programme
and mutual collaboration with individual institutes, of which active collaboration is ongo-
ing with the Helmholtz Zentrum Dresden-Rossendorf in Germany.

4.4.1.1 Publications

Lusa M, Bomberg M, Aromaa H, Knuutinen J, Lehto J. The microbial impact on the sorp-
tion behaviour of selenite in an acidic, nutrient-poor boreal bog. Journal of Environmental
Radioactivity 2015; 147, 85-96.

Tuovinen H, Pohjolainen E, Lempinen J, Vesterbacka P, Read D, Solatie D, Lehto J, Behaviour
of Radionuclides During Microbially-induced Mining of Nickel at Talvivaara, Eastern Fin-
land. Journal of Environmental Radioactivity 2016; 151, 105-113.

4.4.2. University of Helsinki and Helsinki University Central Hospital Radiation

4.4.2.1 Medical physics in clinical and preclinical research

Molecular radiotherapy (MRT) applies multiple cell-level mechanisms (e.g. receptor
binding) to deliver lethal radiation doses selectively to malignant cells. Despite the large
number of treated patients and successful clinical trials in recent decades, considerable
uncertainties still remain regarding the optimisation of MRT. The dosimetry of MRT is still
developing. The key issues to establish are the relationship between administered activity,
absorbed radiation dose distribution, clinical response and side effects, and the application
of this knowledge to plan more individualised treatments.

We have developed a schema for radiopharmaceutical dosimetry. The schema utilises
a partially supervised segmentation method for celllevel image data together with a novel
main programme for voxelbased radiation dose simulations. We observed that for 177Lu,
radiation crossfire enabled full dose coverage, even if the radiopharmaceutical had accu-
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mulated to only 60 per cent of the spheroid cells. This effect was not found with 111In and
1251. Use of these Auger emitters seemed to guarantee that only the cells with high activity
uptake will accumulate a lethal amount of dose, while neighbouring cells are spared.

We have computed absorbed radiation dose distributions in a 3Dcultured cell spher-
oid. The novel cellularlevel dosimetric calculation method together with pharmacological
studies in different tissue models may enhance the prediction and understanding of dose
response relationships for radiopharmaceuticals used in MRT.

4.4.2.2 Optimisation research combining radiological image quality and radiation
dosimetry

Ionising radiation is potentially harmful to health. Accordingly, the fundamental objec-
tive of radiation protection is to avoid unnecessary radiation exposure. Currently, more
than 50 per cent of the cumulative radiation exposure to patients in diagnostic radiology
is contributed by computed tomography (CT). Due to the rapid evolution of multislice CT
technology, the increasing performance of CT scanners by improved resolution, speed and
coverage has driven clinical applications of CT. As a result, the number and relative contri-
bution of CT examinations in radiology has increased considerably over the past 15 years.
Fortunately, from a radiation protection perspective, the methods for dose reduction have
also improved along with the overall development of digitalised radiology with Xrays.

Optimisation in diagnostic radiology involves a carefully set balance between diag-
nostically reliable image quality and coverage in connection with the lowest applicable
radiation exposure. The optimisation principle is emphasised in the updated recommen-
dations of the International Commission on Radiological Protection (ICRP). Children are
considered a special group in radiological optimisation, due to their longer remaining
lifetime and increased sensitivity to ionising radiation.

Recent research is focused on paediatric image quality optimisation and organ do-
simetry in digital radiology, with special emphasis on CT imaging. The aspects of image
quality and organ dosimetry are approached by both computational and experimental
methods, relevant to the actual clinical imaging applications used at Helsinki University
Central Hospital in the HUS Medical Imaging Centre, Finland. In addition to the main Xray
modalities of digital radiography, multislice CT, angiography and mammography, emerg-
ing applications such as new conebeam CT scanners are also considered vital parts of the
research sub-topics.

The computational methods involve mainly Monte Carlo-based simulations of radia-
tion dose and image quality. The simulations require modelling of Xray sources, different
exposure geometry used in the diagnostic applications, varying and personalised patient
anatomy and geometry. Experimental methods utilise medical imaging equipment used
with radiation dosimeters (e.g. MOSFET) in connection with humanlike (anthropomor-
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phic) test objects (newborn, paediatric and adult models). Such anthropomorphic objects
provide realistic yet objective and constant targets for optimisation studies with different
imaging equipment — without exposing real patients unnecessarily.

The research methodology can be applied for a vast amount of existing and prospec-
tive imaging applications, providing valuable results and effectiveness for optimisation in
clinical radiology. The research is driven by true clinical problems in a multiprofessional
university hospital environment. The research group includes PhD students within the
MATRENA Doctoral Programme of the University of Helsinki, senior scientists, supervisors
and professors in medical physics. The research network, consisting of medical physicists,
radiation physicists, image processing and modelling scientists, clinical doctors, radiolo-
gists, technologists, engineers and industry scientists, ensure the required crossscientific
expertise and reinforce the costeffective and influential direction of the research projects.
Most research subprojects are carried out in partnership with the Finnish Radiation and
Nuclear Safety Authority (STUK).

4.4.2.3 Optimisation-related European- and international-level research activities during
the period 2017—-2020

Physical dosimetry and anthropomorphic dosimetry are used in cardiac perfusion diagnos-
tics with CT in an ongoing EURAMET Empir project “Metrology for multimodality imaging
of impaired tissue perfusion (Grant: PerfusImaging 15HLTo05). The project is coordinated
by PhysikalischTechnische Bundesanstalt (PTB), in partnership with Laboratoire national
de métrologie et d’essais (LNE), NPL Management Limited, Radiation and Nuclear Safe-

ty Authority of Finland (STUK), VSL B.V,, University of Helsinki and Helsinki University
Hospital, King’s College London (KCL), Technische Universiteit Delft, VarsinaisSuomen
Sairaanhoitopiirin Kuntayhtyma (TUCH) and ZMT Zurich MedTech AG.

Additional H2020 activities include ISADORAINFRAIA “European infrastructure for
assessment and optimisation of radiation dose in personalised medicine” which is cur-
rently in the second evaluation phase. The project will be coordinated by Commissariat a
I'Energie Atomique et aux Energies Alternatives (CEA), in partnership with Elekta Limited,
Fundacion para la investigacion del hospital universitario La Fe de la comunidad Valen-
ciana (HULAFE), IBA Dosimetry GMBH, Helsinki University Central Hospital, Henryk
Niewodniczanski Institute of Nuclear Physics, Polish Academy of Sciences (IF]), Fundacion
para el fomento de la investigacion sanitaria y biomedica de la comunitat Valenciana (FIS-
ABIO), Radiation and Nuclear Safety Authority of Finland (STUK), Institut Curie, Centre
Hospitalier Universitaire de Vaud (CHUV) and supported by administrational consultation
by AYMING.

A recent international collaboration call is “CT Maestro”, which is part of the transna-
tional call for proposals (2017) for “Radiation Protection Research in Europe”, coordinated
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by the University of Vienna in partnership with Katholieke Universiteit Leuven, University
Hospital of Lausanne, Helsinki, University Hospital, Karolinska University Hospital and
Institut de Radioprotection et de Streté Nucléaire.

Further activities to extend optimisation research to deep learning and big data meth-
odology for comprehensive optimisation and risk/benefit quantitation in healthcare has
been initiated by the most recent Academy of Finland intent call (RADDESS). This research
branch includes collaboration with worldleading scientists from the US (Duke University)
and Switzerland (University of Lausanne).

4.4.2.4 Publications

Sundell V-M, Makela TO, Meaney AJB, Kaasalainen TT, Savolainen SE. Automated daily
quality control analysis for mammography in a multi-unit imaging center. Acta Radiologi-
ca 2018; (Accepted/In press).

Pekkarinen AJ, Siiskonen T, Lehtinen M, Savolainen SE, Kortesniemi M, Potential occupa-
tional exposures in diagnostic and interventional radiology: statistical modelling based on
Finnish national dose registry data. Acta Radiologica 2018; (Accepted/In press).

4.4.3 Novel radiation instrumentation for applications

4.4.3.1 Medical applications

Accurate and reliable radiation measurements are a cornerstone of medical applications
that use ionising radiation. In particular in external beam radiotherapy, technical advances
in treatment equipment have led to a situation where the traditional measurement meth-
ods are no longer capable of providing reliable and accurate dose information. This may,
and has, led to a situation where the dose delivery to the tumour can be in error by such a
large amount that it threatens the tumour control or may lead to life-threatening compli-
cations if healthy tissues surrounding the target volume receive overly large doses.
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Accurate, reliable and fast methods that can be applied especially at radiotherapy
clinics as well as in laboratory conditions to measure the absolute dose and three-dimen-
sional dose distributions are needed. In the project, new measurement methods are devel-
oped, focusing on:

Real-time position-sensitive detectors for 3D measurements
Combining absolute dosimetry methods with 3D measurements

4.4.3.2 Safety, Security and Safeguards applications

Good stewardship of nuclear materials and an adequate response to threats that potential-
ly involve nuclear materials are essential to protect people, society and the environment
now and far into the future. In order to perform these nuclear safety, security and safe-
guards (3S) tasks, suitable instrumentation is needed. Finland has a long tradition and
high competence in relevant research as well as in understanding the needs of the end-us-
ers of this research. Radiation measurements, either done in the field or in the laboratory,
are essential in all 3S domains and require continuous research and development. Im-
provements in detection technology can have big impacts on operational processes. Novel
detection solutions are required, for example, due to diminishing personnel resources,
ever-changing operational environments and emerging measurement needs. It is foreseen
that various operational measurement activities will continue far into the future.
Low-background laboratory measurement techniques are developed to improve envi-
ronmental surveillance and measurement capabilities for emergency situations.

These include:

Imaging and coincidence measurement techniques
Conversion electron and alpha spectrometry with novel detectors
Compton suppression techniques and anti-cosmic veto detectors

In-field measurements are improved by:

Novel detector materials and detection concepts
Internet of Things (IoT)

Digitalisation

Automatisation

Big Data and Data Mining
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The following novel instrumentation is being developed for 3S applications:

passive gamma ray tomography and neutron measurements for the characterization
of spent nuclear fuel in the context of the Finnish geological spent fuel repository.
As an example of previous developments, passive gamma emission tomography im
ages of spent nuclear fuel assemblies at the Finnish nuclear power plants are
illustrated in Figure 4.

improved concepts for alpha radiation threat detection and imaging from a distance
via optical means

integration of gamma ray imaging with active neutron interrogation of unknown
objects, promising better detection capabilities of CBRNE threats.

Finnish industry will be strengthened by transferring the knowledge gained to companies
for implementation in new commercial products and services.

Passive gamma emission tomography images of
spent nuclear fuel assemblies at the Finnish nuclear power
plants. In the bottom row, missing fuel pins can clearly be

identified.

4.4.3.3 Publications
Bélanger-Champagne C, Peura P, Eerola P, Honkamaa T, White T, Mayorov M, Dendooven P.

Effect of Gamma-Ray Energy on Image Quality in Passive Gamma Emission Tomography of
Spent Nuclear Fuel. IEEE Transactions on Nuclear Science 2018.
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Tobin SJ, Peura P, Bélanger-Champagne C, Moring M, Dendooven P, Honkamaa T. Mea-
suring spent fuel assembly multiplication in borated water with a passive neutron albedo
reactivity instrument. Nuclear Instruments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated Equipment 2018; 897, 32-37.

Peura P, Bélanger-Champagne C, Eerola P, Dendooven P, Huhtalo E. Thin NalI (Tl) crystals
to enhance the detection sensitivity for molten 241Am sources. Applied Radiation and
Isotopes 2018; 139, 121-126.

Tobin SJ, Peura P, Bélanger-Champagne C, Moring M, Dendooven P, Honkamaa T. Utility of
Including Passive Neutron Albedo Reactivity in an Integrated NDA System for Encapsula-
tion Safeguards. ESARDA Bulletin 2018; 56, 12.

Gadda A, Winkler A, Ott J, Harkonen J, Karadzhinonva-Ferrer A, Koponen P, Luukka P,
Tikkanen J, Vihanen S. Advanced processing of CdTe pixel radiation detectors. Journal of
Instrumentation 2017; 12, C12031.

4.4.4. Fundamental studies of radiation effects in materials

The closely collaborating simulation groups of Prof. Kai Nordlund and Doc. Flyura Djura-
bekova simulate ion, electron, neutron and plasma irradiation effects, electrical arcing and
other non-equilibrium effects in all classes of materials. The work is done in close collabo-
ration with experimental groups in the same department and worldwide. Much of the work
is done as part of the international collaboration networks associated with the big science
facilities ITER, CERN and FAIR. In recent years, the work has resulted on average in about
30 international refereed publications and three PhD theses annually.

A particular focus area of the groups is damage in nuclear reactor (both fission and
fusion) materials. This includes gaining insights, starting from the atomic level into the
fundamental mechanisms by which neutrons initially create damage in the materials in
picosecond time scales, and how this damage evolves over longer timescales to eventually
affect the macroscopic property changes of the materials. This work is done as part of the
EUROFusion consortium and the Euratom project M4F. Examples of recent results are
illustrated in Fig. 5.
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Left: radiation damage in a conventional metal, Ni. Right: radiation damage for exactly the same dose in NiFe
equiatomic alloys. Due to the random arrangement of atoms in NiFe, the defect structures are smaller in these alloys.

Figure Fredric Granberg (University of Helsinki). Reference: Granberg et al.,, Phys. Rev. Lett. 116, 135504 (2016)

4.4.4.1 Publications

Nordlund K, Zinkle SJ, Sand AE, Granberg F, Averback RS, Stoller R, Suzudo T, Malerba L,
Banhart F, Weber WJ, Willaime F, Dudarev S, Simeone D. Improving atomic displacement
and replacement calculations with physically realistic damage models, Nature communica-
tions 2018; 9, 1084.

Granberg F, Nordlund K, Ullah MW, Jin K, Lu C, Bei H, Wang LM, Djurabekova F, Weber WJ,
Zhang Y. Mechanism of radiation damage reduction in equiatomic multicomponent single
phase alloys. Phys. Rev. Lett. 2016; 116, 135504.

Nordlund K, Zinkle SJ, Sand AE, Granberg F, Averback RS, Stoller R, Suzudo T, Malerba L,

Banhart F, Weber WJ, Willaime F, Dudarev S, Simeone D. Primary radiation damage: a re-
view of current understanding and models, J. Nucl. Mater. 2018; 512, 450.
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4.5 University of Eastern Finland

Research on the health effects of non-ionising radiation started in the 1980s with studies
on the possible health risks of ELF magnetic fields (biological experiments, assessment of
human exposure). Concerning ionising radiation, the assessment of environmental radio-
activity and experiments on the biological effects of “hot particles” started after the Cher-
nobyl accident. A total of 15 PhD degrees on risks of non-ionising and ionising radiation
were completed at UEF between 1990 and 2016.

We use all approaches of environmental health research from exposure assessment
and epidemiology to cellular and molecular biology to study the human health risks of
radiation. Our research also covers the ecological risks of radiation. Our interests include
low-level effects, “non-targeted” effects such as induced genomic instability, the joint ef-
fects of multiple environmental agents, and risk assessment.

Our current sources of major funding include the EU Framework Programmes, the
Academy of Finland, and the Finnish Research Programme on Nuclear Waste Management.
Minor funding has been received from other international and national funding bodies
and foundations. The structure of our funding is believed to continue in a similar vein in
the near future. We will particularly emphasise the continuation of European collabora-
tion. In the CONCERT European Joint Programme, UEF has been nominated as the nation-
al programme manager by the Ministry of Education and Culture, leading the
strategic research agenda’s development and the integration of European research.

The Agreement on the Consortium on Radiation Safety Research (Cores,
www.cores.fi ) was signed in 2015. To complement this, STUK and the University of Eastern
Finland signed a bilateral agreement on cooperation in 2015. The main joint research areas
between STUK and UEF are the health effects of ionising and non-ionising radiations, radi-
ation biology, epidemiology, use of radiation in medicine, radioecology and environmental
research. The objective is to bring together multidisciplinary expertise via a joint strategy,
joint projects and shared infrastructures, and to use the expertise in education and train-
ing to ensure the training of qualified experts in radiation safety. After the phasing out of
radiobiology in STUK, radiobiological laboratory equipment was transferred from STUK to
UEF. State-of-the-art facilities for cell culture and cell and molecular biology are available
as well as access to the animal facilities of UEF. We have a collaborative Radiation Biology
Unit at the Cancer Centre of Kuopio University Hospital (KUH), involving a cell biology
laboratory next to a linear accelerator. The collaboration with KUH also offers the possi-
bility to obtain samples from radiotherapy or diagnostic radiology patients. We also have
measuring instruments covering a wide range of frequencies and wavelengths of non-ion-
ising radiation.
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The University of Eastern Finland’s Department of Environmental and Biological Sci-
ences is the main educator of experts on environmental health in Finland. Radiation safety
(of ionising and non-ionising radiation) is an important part of environmental health. An-
other important dimension is the education of radiation protection experts as required by
the European radiation protection directive. The transposition of BSS (Basic Safety Stan-
dards) into national legislation must be done by February 2018. The BSS sets requirements
for radiation protection experts acting in different occupations using radiation, such as
medical physics. Again, UEF has an important national role in this field of education.

Based on long-term research on non-ionising radiation, UEF has developed high-level
expertise in this field, and will utilise this expertise by offering a 20 credit point training
programme in non-ionising radiation as part of the Master’s Programme in Environmental
Health and Technology. The Master’s Programme includes a wide selection of courses on
exposure assessment, risk assessment, and so on, and is an optimal training framework
for students who wish to specialise in risks related to non-ionising radiation. Combined
with the 20 credit point course package, it forms an internationally unique opportunity to
become an expert in non-ionising radiation.

4.5.1 Non-ionising radiation
4.5.1.1 Extremely low frequency (ELF) magnetic fields (MF)

Research on ELF MFs focuses on biological studies aiming at a breakthrough in under-
standing the mechanistic basis of the reported health effects of ELF MFs, such as child-
hood leukaemia, adverse reproductive outcomes and Alzheimer’s disease, as well as epide-
miological studies with a novel approach for minimal bias and confounding. The biological
studies focus on the radical pair mechanism and plausible biological sensors of weak mag-
netic fields, such as cryptochrome proteins. Interactions with other physical and chemical
environmental agents continue to be of major interest. The registry of residential buildings
with indoor transformer stations (which we have compiled over the last few years) is an
excellent basis for high-quality epidemiological studies on health risks of ELF MFs.

4.5.1.2 Intermediate frequency (IF) electromagnetic fields
Human exposure to IF fields is increasing due to new technologies, but possible health
effects are less well known than those of ELF and RF fields. To address the gaps in knowl-

edge, we conduct experimental and epidemiological studies on cancer-related, reproduc-
tive, developmental and behavioural