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Abstract

In this thesis, the radioactive fission prodd®r is analysed in food samples from Japan. Due to
the nuclear accident at the Fukushima Daiichi nuclear power plant (NPP) on March 11, 2011,
large amounts of radioactive substarscavere released into the environment. Especially the
uptake and incorporation of radionuclides with food and drinking water is a high risk for the
human health. Therefore, constant surveillance and analysis of possible contaminated foods are
of high imporaince. As for the radionuclidéd'Cs,*'Cs and®'L = ¢ K A-dinigterd, ¢oBd and
straightforward monitoring using gamma spectroscopy is possible. In contrast, the
YSI & dzNB Y Sy emiters, suchizsMighly radiotoxiéSr, is more laborious in terms of
sample preparation and measurement and themefonly a relatively small amount of samples
was analysed for°Sr. The Japanese government proclaimed a maximal isotope ratio of
5r/2'Cs of 10%. In order to ensure food safety, control measurementSofin various kind

of foods are needed. Thereforgin this project®Sr wasisolated from the complex organic
matrix with incineration and precipitation steps, followed by solid phase extraction with
AONRY(GAdzY &LISOATA O -abtisty af e dsolate@stonNtiBrh Fact®iN®as (1 K S
measured using Liquid Scintillation utdting (LSC). The yield of the preparation steps was
RS G SNY A Y S Remitiad®3BraandiekeBiplified a recovery of Sr ranging fratd75 %.

The detection limitvith LSC was 40 mBq for the activity’®r and 20 mBq for theumactivity

of %°Sr andingrown Y. With the exception of one mushroom sample from Russia, all 37
analysed samples exhibitedSr levels below the detection limit. Since the Russian mushroom
sample did not reveal detectabl&‘Cs levels, this contamination does not originatenir
Fukushima Daiichi NPP. A maximum ingestion dose was calculated based%r thetection

limit to be 11 uSvThe radiocesium activities of 36 samples were below the regulatory limit of
100 Bg/kg. Only one sample from Kanagawa prefecture exceedecegudatory limit. Samples
taken from within a 35&m radius around the accident at Fukushima Daiichi NPP show
characteristic**Cs/*'Cs activity ratios of approx. 1 (calculated back to the time of accident). In
contrast, samples from further away only shaletectable™*'Cs activities, evidencing an origin
from previous releases (primarily atmospheric nuclear explosions fallout). The -gawst
effective ingestion dose from incorporated radiocesiur@8Sv/a t**Cs) an®4 pSv/a £°Cs).

Keywords:Fukushima, radiostrontium, LSC, food monitioring, radiocesium



Zusammenfassung

In dieser Arbeit werden verschiedene Lebensmitteln aus Japaff@ufintersucht. Durch den
nuklearen Unfall des Fukushima Daiichi Kernkraftwerks am 11. Marz 2011 wurden grol3e
Mengen an radioaktiven Substanzen unkontrolliert in die Umwelt freigesetzt. Aufgrund des
Gefahrdungspotentials durch die Inkorporation von Radionukliden mit der Nahrung bzw. dem
Trinkwasser ist die Lebensmitteliberwachung besonders wichtig. Daher ist eine gendue
haufige Uberwachung von mdoglicher Weise kontaminierten Lebensmitteln entscheidend.
Gammaemittierende Radionuklide wié®4, ***Cs und®*’Cs kénnen ohne groRBen Aufwand
gammaspektroskopisch tUberwacht werden. Hingegen ist das besonders radiotoxiscite Nukl
%5y als reiner Betastrahler aufgrund komplexer Probenpraparation und Messung weniger gut
Uberwacht und wurde im Lebensmittelmonitoring nicht annahernd der gleichen Probenzahl
bedacht wie Radiocasium. Die japanische Regierung nahm anfangs ein maXiediaknis

von °Sr¥'Cs von 10% an. Zur Gewahrleistung dieses Verhaltnisses und damit der
Lebensmittelsicherheit sind Kontrollmessungen v318r in Lebensmitteln verschiedener
Kategorien notwendig. Daher wurde in dieser ArbéfSr aus komplexerorganister
Lebensmitteinatrix durch Veaschungsund Fallungsschrittésoliert. AnschlieRend wurde das
Strontium durch FesFElusgy-Extraktion mittels selektivebtrontium-Saulen weiter agereinigt.

Die BetaAktivitat des isolierten®™Sr wurde direkt nach der &aktion mit Hilfe vonLiquid
Scintillation CountingLSC) bestimmt. DighemischeAusbeute der Strontiumisolierung wurde
mittels /-emittierenden 2°Sr und  ReinstGermaniumdetektoren bestimmt und variierte
zwischen 6@ 75 %. Die Nachweisgrenze der Akéivibeim LSC lag fd?Sr bei 4 mBq und fiir

die Gesamtaktivitat vori°Sr und der nachgewachsenen Tocht®f bei20 mBg. Mit Ausnahme
einer Pilzprobe aus Russland lagen alle Proben unterhalb der ermittelten Nachweisgrenze. Die
jahrliche effektive Folgedasivon °Sr durch Ingestion der Lebensmitteburde mit der
spezifischen Aktivitat der Nachweisgrenze und f8fCs und**'Cs mit den ermittelten
spezifischen Aktivitaten bestimmt. Mit Ausnahme einer Pilzprobe kaisagawalagen alle
untersuchten Proben untdalb des japanischen Radiocask@renzvertes von 100Bg/kg. In
einem 3% km Radius um da$ukushima Daiichi Kernkraftwerkeigte das'3*'Cs/*'Cs
Aktivitatsverhaltnis einen fir den Unfall charakteristischen Wert von 1 (zuriickgerechnet zum
Zeitpunkt des Ufalls). Weiter entfernte Lebensmittelproben wiesen ledigli¢fCs in
nachweisbaren Gehalten aufvas auf den Fallout von oberirdischen Kernwaffenexplosionen
zuruckgefuhrt werden kann.

Schlagworter:Fukushima, RadiostrontiumLSCLebensmitteliiberwachungRadiocésium
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1. Introduction

1.1. Motivation

This thesis is based on the events of the nuclear accident at Fukushima Daiichi Nuclear Power
Plant (NPP) on March 11, 2011 iapdn and the subsequently initiated food monitoring
campaign. The campaign was designed to ensure food safety of all kinds of food produced and
manufactured in Japan. At the time of the accident an estimated amount of 520 PBq (noble
gases excluded) of vars radionuclidesvas released into the environmenil]. Volatile and
gammaemitting radionuclides suchs'*'Cs,'*'Cs and®! were easily and constantly monitored

in air, water and food1]. To ensure fod safety, aboutl20,000-350,000samples per year of
various kinds of foods are still measured for the€if™*Cs activityin the prefectures close to

the accident[2]. In the year of the acciden8.3% of the analysedamplesin the prefecture
Fukushimaexceeded theprovisional legal limit of @ Bqg/kg radiocesiumin general foods
(predominantly vegetables, fishery and animal prodycta 2016 only 0.8% ofthe samples
(Mainly mushrooms and wild animal produgtsere abovethe in April 2012 new constituted
legallimit of 100 Bg/kg radiocesiunj2¢4]. However, the determination of radiotoxic nlide

%5y is often scarce and few data for the overall dose estimation for humans is avidictile

This is due to the timeonsuming preparation procesd having a complex matrix separation
procedure for an appropriate measurement of beta deten with Liquid Scintillation Counting
(LSC) or gas ionisation detectors. Therefore, the main task of this thesis is to det&iamiima
variety of foods, to studyhe correlation of°Sr*3'Cs and to assess the exposure to customers
and the environmat, resulting from anthropogenic radionuclides released in the course of the
NPP accident.

1.2. Fukushima Daiichi

Onthell™2F al NOK Hnanmm GKS YI A figurkB tvasystRuck Ibg gha Kn 2
earthquake wih a maximum force of 9.0 M resulting in tsunami waves hitting the east coast

of Japan. Due to the damage of the earthquake and tsunami, an almost complete blackout of

the power supply as well as a destruction of the emergency cooling facilities of kusttoa

Daiichi NPP occurred with the result of partial core melt downs in redstds 1, 2 and 3 in the

following days. The nuclear accident at Fukushima Daiichi NPP was classified at the highest
possible nuclear accident level INES 7 by the Internatibinclear and Radiological Event Scale

[7]. Large amounts of radioactive substances of an estimated 520 PBq (noble gases excluded)
were released into the environment due to this accid§tit

1.2.1 Nuclear power plant
Fukushima is a prefecture in the nosttagern region d the main islandl 2y a Kn ® ¢ K S
Fukusima Daiichi NPP is located at the Pacific Ocean about 60 km east of the capital
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Fukushima CityFigure 1 a)). The NPRs operated by the Tokyo Electric Power Company
(TEPCO) and has an overall area of 3.5 KimeNPP consisted of six units of light water boiling
water reactors (BWRSs) of type 3 to 5 with containment vessels of type Mark | @ijdTiablel

gives a short ouwiew of the properties of each reactor unit. Two additional reactor units at the
location were in the planning phase before the nuclear accident in March 2011. 12 km in the
south of Fukushim®aiichi NPP, the Fukushima Daiini NPP is operated withrdaator units of

the type BWRT7].
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Figure 1: a) Locationof the Fukushima Daiichi NPP in Japan. The grey area is the prefecture Fukushima with its capital
Fukushima. The epicentre tife earthquake on the 14 March 2011 was east of the city of Sendai. b) Fukushima Daiichi NPP

area with the location of the six reactor units. 1 b) modified aftér

Tablel: Prpertiesof the reactor units of the Fukushima Daiichi NPP

Date of .
. : _ Electric _
Unit Type Containment commercial End of operation
. power [MW]
operation
1 BWR 3 Mark | 1971 460 2011
2 BWR 4 Mark | 1974 784 2011
3 BWR 4 Mark | 1976 784 2011
4 BWR 5 Mark | 1978 784 2011
5 BWR 5 Mark | 1978 784 2014
6 BWR 5 Mark 1 1979 1100 2014

A cross section of Unit 1 is showrFigure2 [7]. Everyreactor building has an own cooling pool
for spent fuel rods. At Urstl-4, the power house is connected directly to the reactor building
and lies towards the sea side at a sea level of about 10 m. The power house holds the steam
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turbine with power generator, diesel emergency povgameratorand emergency batteries. At
Unit 1, both diesel emergency powegeneratorsare in the power house to the seaside. At
Unit 2-4, one emergency diesel backup generator was located in the power howséha

other generatorfacing the main reactor buildingnland For cooling purposes, seawater was
transported from the Pacific Ocean towards the power house. The tsunami protection wall was
5.7 m tall, whereby the height was calculated from the worst tsuis in the recent 100 years.
The tsunami wave height resulting from the earthquake on th& @filMarch 2011 exceeded

the calculation by far with up to 14 m height.

reactor building E
~N sea water pump
£ 2
o E
v .
: ~55m :
= — S a tsunami wave
power 107 s height
—_ house

57m tsunami

i = rotection wall
N 7 S
e

diesel emergency ~70m protection wall
power generator <€ >

Figure2: Profile ofDaiichi NPP hit 1 with the reactor builihg directedinlandand with the affiliatedpower house towards the
sea. The height of the tsunami wave and the height of the protection wall are indiddtetified after[7].

The reactotUnits 5 and 6 ar@about 100 m north fronnit 1 at a natural plateau and were not
directly hit by the tsunami. Furthermore, the power plant has a separate holding basin and a
dry storage tank for new and used fuel rods. At the day of accident, the used fuel consisted of
low enriched uranium dioxide Uvith the exception of reactor unit 3, which contained 32 fuel
assemblies with mixed oxides (MOX) withl@B % plutonium dioxide PyCand 516 fuel
assemblies of low enriched uranium (LE8]) The exact amounts of nuclear fuel inside the
units are presented iTable2. Overall,about 14700 tiel rods with a weight c2500tons of new

and spent fuel rods were at the plant on the™af March 2011[9]. Each reactor core used
control rods consisting of,B8/Hf[7].



Table2: Amount of fueinside the units at the time of accident on the"af March 201717, 9]

Unit Fuel naterial [7] Reactor fuel Spent fugl New fuel'
assemblied7] assemblieg9] assemblief9]

1 uo 400 392 100

2 uo, 548 615 28

3 UG/MOX 548 556 52

4 uo, 0 1535 204

5 uo, 548 994 48

6 UG, 764 940 64

Central Storage uo, 6375

1.2.2 Reactor type
Fukushima Daiichi NPP consisted of 6 reactors of the typevigtar boiling reactor (BWR)3
with containments of MARK Ufits 1-5) und MARK [Uhit 6) [7].

A reactor has two parts: the reactor building with the reactor core and the neighbouring power
house to generate the energy. The reactor building consists of the reactor pressure vessel (RPV)
holding the reactor core with the mlear fuel inside. Control rods are located at the bottom of

the RPV at BWRs and can be inserted from the bottom into the reactor core. Several
recirculation pumps are connected towards the RPV. The RPV is filled above the reactor core
with demineralized ater. The demineralized water serves as coolant and meuimoderator

by surroundingthe fuel assemblies. The heat produced by fission inside the fuel boils the
surrounding water and the steam is transported through pipes towards the power house. Inside
of the power house, the produced steam is transported to the turbines, which drives an electric
generator. Parts of the produced energy are used for-sattaining energy for a diversity of
pumps and electrics and the remainimgergyis transformed for theexternal energy grid.
Thereafter, the steam is subsequently cooled by a sea water cooling condenser and pumped
back into the RPV.

The lower parts of reactor building are maaé reinforced concrete to protecit against
external impactsand the upper paris made of steel. At the BWRs at Fukushima Daiichi, the
spent fuel pool is located inside the upper reactor building with a fuel removal crane. The used
fuel rods spent about 3 to 5 years after removal from the core inside the spent fuel pool. The
reactor pressure vessdias an approximate height of 20 m and is located in the centre in the
reactor buildng. Each reactor core (height: appr@&5 m) can hold a specific amount of fuel
assembliegUnit 1: 400, Ung 2-5: 548; Unit 6: 764)The RPV is made ©6 cm thick steel with
several openings. For radiation protection and accident prevention reasons, the RPV is

4



surrounded by a containment. The primary containment vessel (PCR) sarisisirywell and a
condensation chamber. The drywell of the type MARI&d the shape of an inverted lightbulb
and the bottom is surrounded by a steel torus, the condensation chamber. The drywell contains
a biological shield around the reactor core. The teshaped condensation chamber is located
below the sea level and partly filled with water. Upon emergency shutdown and loss of
external cooling, the condensation chamber is designed to condensate steam from inside the
RPV and to provide the RPV with @imited) amount of cooling water. The whole primary
containment is ifled with nitrogen, to avoid the onset of explosive éxydrogen gas during
incidents. The PCR isi@dosed bythe secondary containment building, whidas a slightly

lower pressure than atmosphereo keep possible volatile radioactive materials inside th
reactor building7].

The pwer supplyof the power plant is covered during operation by the energy generated at
the power plant. If the plant ceases operation, the energy is taken from the externalietédctr

grid. For emergency situatiog in the case that no external power supply is availablsvo
separate diesel emergency power generators are assigned for each unit. Each diesel emergency
power aggregate can generate 100% of the energy needed to ceotetfictor. At complete

station blackouts, when not even the emergency aggregates can produce energy, emergency
batteries can supply energy for the following 10 hours after station blackgut

The reactor ore is in need of constant cooling during operations and after emergency
shutdowns because of residual heat. Therefore, several cooling systems for regular operations
and in case of emergencies are installed. During regular operation the steam is coaded by
condenser in the power house and pumped back into the RPV to keep the filling level of the
water. After a reactor emergency shutdown, it remains necessary to cool the reactor core
continuously due to the residual heat. The residual heat is producetidogelayed beta decay

of the fission products and is about 64 of the original thermal core power right after
shutdown. After one hourthe residual heat is about 1% of the original core power and
therefore still produces several MW of power. The cdiditdown is declared after the core
reaches a temperature below00 °C at atmospheric pressure. The thermal power of the
residual heat depends on the type of fission products and their-lha$. Thefailing of heat
removal results in core heating and pdde structural damage t¢he core (core meltdown)
Furthermore, the spent fuel rods are as well in need of steady cooling at the spent fuel pool due
to various radionuclides present in the nuclear wgdi@, 11}

In case of emergency several redundant and diverse coolisigragare available, which are
operable with different power sourcd3]:

1. Theresidual heat cooling systemvorks by cooling the coolant of the RPV in a heat
exchanger with sea water. For the operation ofidesl heat cooling system electric

5



high pressure coolant injection pumps are necessary, which emmamgyegenerated by
emergency diesel aggregates.

. TheResidual Heat Removal SystefRHR functions only at low pressuri the RPV.
During egular operation it is used forcooling ofthe residual heat througha heat
exchanger angpumping the coolanback into RPVIn case of mergencies the water
coolantcan be taken fronthe condensations chamber arghn then be cooled witkhe

heat exchanger. Afterwardfi¢ coolantcan besprayed backnto the RPV.

. TheIsolation Condensor(IC)is used for lowering the pressure and temperature by
condensation ofthe steam from RPVh pipes with outer water reservoirs. The steam
condensates in the pipes and flows back inte RPV. The IC does not need electrical
pumps and can be operated by opening of valves from the RPV with a DC battery even
at station blackout. ThéC can cool the steam of the residindat up to 8 hours after
shutdown

. Emergency Core Cooling SystéBECCfSconsists of wo independent systemshe hgh-
pressure coolant injection system (HP@&hd the Core Spray system (CS). The HPCI
allows the mjection of coolant into RPV at high pressureith a pump operated bya
turbine driven bythe steam ofthe RPV Hereby the $seam flows tothe pressure
suppression chambeand drives the local turbine. Theo@ant can be taken from
condensation chambefThe CS can inject coolant at low pressures in the RPV.atke w
can be takerfrom the condensation chamber with etéric pumps.

. TheContainment Cooling SystefCCSallows reat removal fromthe containment and

the condensation chamber by heat exchanger. Afterwards the coolant can be
reinjected intothe condensation chamber by electrical pumps

. TheReactor Core Isol&n Cooling SystenRCICpumps the coolant into RPV to keep
the filling level The pumps take the water from the condensation chamber and can
spray the coolant even at high pressure back into the RVP. The pumps can be operated
with DC power from batteries

Unit 1 has a reactor shutdown cooling system, IC, ECCS and CCS-4Umiése?juipped with
RHR, ECCS and RC]C

The RPV andhe mntainment havedesign pressure limitsAt higher pressures (e.g. due t
rising temperatures) risk of damages of the used building materials arise. Furthermore, only
some parts of the several coolant systems are functional at higher pressures. When reaching
the pressure limit in the RPV, pneumatic valves towards the condensathamber open. Thus,

the temperature and the pressure rises inside the containment vessel. To avoid damages of the
containment at continuously rising pressure (as in case of failing cooling of the residual heat),
venting of the containment over the stlagés a possible option. Venting describes the process of
controlled but unfiltered release of the steam (possibly containing radioactive substances)

6



inside the containment into the environment. The power of a DC Battery is necessary for the
venting procesdo open the valves towards the exhaust gas stack. At Fukushima Daiichi NPP
Units1 & 2 and Unis 3 & 4 shae one exhaust gas stafK.

The accident occurred due to the failing of the cooling of the deeat m the reactors after
scram.Due tolack of contact between fuel and coolant wateycél heating othe reactor fuel
takes place. At reaching a temperature of 900 °Cftled begins to oxidise anfliel cladding
tubes burst. In this process, a fractiah fission products and most of the noble gases are
released. The antinuous heating ofthe fuel and the insertedcontrol rods leads to the
destruction and melting of the control rods. In case of the BWR control rods of eutectic steel
with boron carbide ad hafnium are destroyed above 1400 °C. Furthermore, hydrogen is
produced by theeaction of steam with the zirconium allejadding tubes (Zr + 28A ZrG +

2 H). With temperatures in excess of 2000°C, thel cladding tubes further oxidisedand the
tube andfuel rodsstart melting, resulting in high releases of fission products. Afterwarls, t
melted fuelcan flows downwards and may damage the reactor pressure vasdgbossibly the
containment A damaged RPV and PCé&hdead to uncontrolled relese of radionuclides into

the environment[7].

1.2.3. Circumstances of the accident

At the time of the accident)nits 1, 2 and 3 were in regular operation, wheré#sts 4, 5 and 6
were under revision. In U4, all fuel rods (1331 spent fuel rods and 204 new fuel rods) were in
the spent fuel pool. In Units 5 and 6, the fuel coveere inside the RPV. Ainit 5, pressure
tests were conducted at the time of accident addit 6 RPV was depressurizid.

Units 1- 3 showed similar accident scenarios, odiffering intime intervals After the tsunami

hit, a total power failure occurred, resulting in loss of several regular and emergency cooling
functions.Due b decay heat, theemperature and pressure rose inside the RPV, produc
high amounts of steam an@ading to a decline ofooling water level. The decreasing water
level left the fuel uncovered by water; the core was damaged and started melting with
increasing temperatures. At these high temperatures, water reacts with the core cladding tube
material and hydrogen is produced. The hydrogen and radioactive materials containing steam
leaked through the damaged RPV and Primary Containment Vessel and acedhmsade the
reactor building. Through reaction of highly concentrated hydrogen with natural oxygen,
hydrogen explosion destroyed the reactor building in Units 1, 3 and 4. The hydrogen
concentration in Unit 2 did not reach the explosion limit, becausa bfownout panel at the
reactor building. The hydrogen for the explosion in Unit 4 flowed from the venting process of
Unit 3 through the exhaust pipes for the stack into Unji7 412]



1.2.4 Impact

The environmental impact of a nuclear event is classified by the Internatidnelear and
Radiological Event Scale (INES) initiated by the International Atomic Energy Agency (IAEA) to
ensure an easy and fast transnational grading of events involving nuclear power. The INES
diagram Figure3) showsthe rating of levels from @ 7. Level 0 events have no safety relevance

or significance, level-2 are nuclear incidents and level Z are defined as nuclear accidents.

The highest event level 7 is defined as major releases of radioactive sobstamo the
environment with widespread health and environmental &skOnly two major accidents,
namely the Chernobyl Unit 4 accident and the accident at Fukushima Daiichi involving four units
were declared as INES level 7. Each unit of Fukushima DNiR€hwas rated independently:

Unit 1-3 with partial core melt downs as INES level 5 with releases of several percentages of the
core inventory and Unit 4 due to heating of the spent fuel as a serious incident of INES level 3
[7, 13]

INES level

A Major accident

Serious accident

Accident . ‘
nAcudent with wider consequences
nAccident with local consequences

Serious incident

Incident Incident

Deviation
Figure3: Therating system of thénternational nuclear and radiological event scale (INES).

The releases of radionuclides into the environment from &/ resulted from the damage of

the RPV due to insufficient cooling of the core and a following core melt down. In this process
the primary containment vessel and the car building were damage by high pressures and
hydrogen explosion leading ta continuousreleaseof radionuclides. Most emissions were
produced byUnits 1 ¢ 3 and only small amounts of radionuclideere released by the spent

fuel pool of Unit 4. Currdrpublication show that most releases originated from Unit 2, possibly
due to severe dmage of the RPV and containmeBithUnit 5 and 6 could be further cooled

at time of accident, therefore no significant emissions were released from these reactors.



Through venting and hydrogen explosions especially volatildionuclides as noble gases,
iodine and esium were released into the environmeldi3].

The activity of the overall released radionuclidesexcept the noble gasesg during the
Fukushima Daiichi accident is estimated to be maximal 520[HBtn contrast 5200 PBgas
released during the Chernobyl disasfé4]. Estimated atmospheric releasese éout 0.3- 6%
of the core inventory of radiocesium, more specifically aroudAdBPBq***Cs andl2 PBq of
137Cs[1]. Furthermore, 160 PBq of radioiodine and 0.14 PB3’®f and 2 PBq df'Sr were
released fronthe Fukushima Daiichi NPP accidgrg].

In additionto the atmosphericreleases, radionuclides wesdsoreleased into the environment
dissolvedin water. At some point contaminated water leaké@m the PCRn Units 13 and
accumulated at the bottom of the reactor building. Furthermore, some amounts of the leaked
steam from the containment was washed out by external cooling water supply andarain
accumulated as well in the reactor buildindieTaccumulated contaminated water inside the
reactor building leakedo some partsinto the power house through different valves and
connectiors. Thereafter some parts of the contaminated water could leak directly into the sea.
Overall about 90000 Pcontaminated water accumulated in the Unit 4 4. The activity
concentration inside the power house was 0.13 GBpA.GBg/Lfor **'Cs and 0.15 GBq4-13
GBg/L for**Yi. Especially Unit Zhowed a @mntamination in the power housavater one
magnitude highethan Units 1 and 3 probably due to a leaking torudt. is estimated that 4.7
PBqg of contaminated water was directly released into the sea by various evidmtsugh a
leakage 520 rhand 250 m highly contaminated water from Unit 2 and 3 were released,
respedtively. Additionally, 9070 rhof low contaminated water from Urstl-4 and 1320 mof

low contaminated water fromUnits 5 and 6 were deliberately released because of missing
storing capabilities on the plant ar¢a3]. Since June 2011, the remaining contaminated water
sources are step for step decontaminated and stored in tanks on the plan{E2ga

Forregularmonitoring of ambient dose rats, some permanently installed measuring statson

had been installedn the nuclear power plansite. Due to the earthquake and tsunami most
permanently instded measuring statiom were severely damaged améplaced bymobile
measuring station for radiation monitoring after the nuclear accident around the area of the
power plant. Local maxima of the ambient dose rate at the power plant originated at major
everts after the releaseof radionuclides during hydrogen explosions and venting processes. In
this nuclear event, ambient dose rates up to 12 mSv/h have been measured at the border of
the area of the NPP. The ambient dose is continuously decreasing sinkc204gri but dcal hot

spots from contaminated debridiave been registered since, making a decontamination
necessary before cleamp operationg13].



The plumecontaining radioactive
material was mostly blown
offshore over the Pacific Ocear
However, on the 18/16" of

March, a large amount of
radionuclides was distributed or
the Japanese mainland mass

north-western region several
kilometres from the NPP (cf
radiocesium  deposits  from
Fukushima Daiichi NPP accide
in Figure 4 [13]). For radiation
protection reasons, exclusior
zones around the Fukushimi
Daiichi NPP were establishec
20 km around the plant were
declared as restricted area. Th
entry in the restricted eea is
prohibited for all with exception
of work force and temporary by

T
Cumulate deposits of Cesium (Cs-134 and Cs-137t) and
doses estimated by MEXT (5 mSy, 10 mSy, 20 mSv)

Effektive Dosen durch externe
Bestrahlung (mSv/Jahry

L . 20 { Population
municipalities allowed persons ------- 10 | @ 20000-m00
Between the 20km and 30 km > /A °

Deposits of Cs-134/Cs-137 (KBg/m?) 50 000 - 100 000
radius around the plan an M co00s30000 v"fu PO
evacuationprepared area in case - S / ® 15000-20000

I
of emergencywas established. B scos1000 ¢ o-woo

This area is recommended t«

300 a 600

/U 5 0

20 30 Al km

!

leave voluntary furthermore
only controlled and restricted
life is possible. Due to the north
western plume, a deliberate
evacuation area in the norttwvest was established. The effective dose in the first year after the
accident in the deliberate evacuation zone is mstied to be above 20 mSv/a and for this
reason the population is requested to leaMe3].

Figure4: Deposits of cumulated cesium activity released during Fukush
Daiichi NPP nuclear accident. Estimated effec doses from external
radiation from specific regions are labelled with red lifE3]

1.3. Radionuclides ahradiation exposure

Radioecolgy describes the science of production, existence disttibution of radionuclides in
the environment.The main task ofadioecologyis the analysis of natural and anthropogenic
radionuclides in respect to its behaviour inéronment and potential risk management for the
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human kind. In this aspect, especially food safety is of high importance for health issues and
therefore needs to be controlled on regular base.

1.3.1. Activity definition and equilibm
The activityA is defined as the frequency of transitions of instable nuclear conditions (nucleus
disintegrations) and can bdescribed asum ofdecay rate<and quantity of the nucleud(t) at
time t (Eq. 1.1). The Sl unit for the activity is Becquerel B = s

$ EQEGAA OEAGTO

4EI A A =

The differential equation of the activity (Eq. 1.1) can be mathematically integrated, resulting in
the decay law (Eq. 1.2\, is the initial quantity of the nuclei. The equation is only sufficiently
precise for lage quantities and macroscopic time intervals.

60 0 XM (1.2)

The decay rate< is correlated to the inversenean lifetime_ and halflife t;, (Eq. 1.3). The
decay rate is specific for every transitidtalf-live t,,, describes the time necessato decay to
half of the initial quantity of nuclei.

2 o (1.1)

p 11

L 1.3
-7 (1.3)
If the decay product ian instable nucleuas wel| the activity of the daughter nuclide needs to
be considered in activity calculations. The pardatghter relationship@an be described as the
following equation 1.4 withXs being the parent radionuclide) the radioactive daughter
nuclide andYthe stable decay product.

O O ® (1.4)

The quantity of the daughter radionucliddp is calculated by the pragttion rate of the
daughter nuclide (equals the decayed quantity of the parent nuclide) and the decay of the
daughter nuclide, and can be described with the equation 1.5.

AD AD
= g o] 35 (1.5)
A A = = =
Through stving the differential equation of Eq. 1.6nder the condition that atime t =0 no
atoms of the daughter nuclides are present, the following Eq. 1.6 is formed.

g ———dpy0p Q (1.6)

After reaching the equilibum the exponential function of equation 1.6 is zero and the
radioactive equilibrium can be described with equation 1.7. The time needed to attain the
radioactive equilibrium depergbn the halflives of the parent and daughter nuclide.
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0g ———— g (1.7)

As a consequence of the paresughter relationship (Eq. 1.4) and their decay rate, three
different types of equilibria can be differentiated: secular equilibrium, transient equilibrium and
no equilibrium with following boundary condiins.

1. secularadioactiveequilibrium:_ L _ P O0y5 | 075 (1.8)

Taking the high differences of the decay rate of parent and daughter nuclide into account, the
decay rate of the mother is negligibly smaildoes not need to be consided in the equation
1.6 whichsimplifies the activity equation 1.9 for secular equilibria.

bg 0o p Q ° (1.9)
=$

The activity of the daughter nuclide; 0 approximates after several hdlfes to the activity of
the parent nuclided, 6 and reaches the equilibrium aftebout 8 haltlives with nearly 99 %
activity ratio and the equation 1.10 applies.

dg 0 0o O (1.10)
The ingrowth of the daughter nuclide is shown for the exampl€@®fin Figure5. The ingrowth
speed is at the beginning fast and decreases with time.

1.2 -

-

"
- 14 days
0.8 - ’ 97,1%

0.6 | 4 —Sr-90

’l - = aY-90
0.4 -

relative activity
-

0.2 -

0 1 L] L] L L 1 1

0 5 10 15 20 25 30

Time in days
Figure5: secular equilibrium of°Sr with ingrowing daughter nuclidé.

2. transient radioactive equilibbrium: _ P 077 Or5 (1.11)

In case that the hallife of the daughter nuclide is not negligible in respicthe halflife of the
parent nuclide a transient equilibrium adjusts after various ia#fs. The activity of the
12



daughter nuclide is always higher by a constant factor than the activity of the parent nuclide in
a transientequilibrium.

3. noradioactiveequilibrium:_  _ P 035 Oyp (1.12)

When the hallive of the parent nuclide is lower than the hiilfe of the daughter nuclide, the
activity ratio never reaches equilibrium and consequently changes until the parent nuclide is
completely decayefll5, 16]

1.3.2. Radiation exposure and dose calculation

The environment and humans are constantly exposed to ionizing radiation @esmc

radiation as wellas from radionuclides with natural or anthropogenic origifhe radiation

exposure is differentiated in external and internal exposure to ionizing radiation. For the
SEGSNY It NI RAL ( ar@ysare Sobsidered deNdalzular & effécfiveé doses. The

i -1y Rradiationonly have arelativelyshort rangein air andnotably withinsolid matter and

can be easily shielded. Therefore the dose for exteempbsurec NB & dzt- Il \ Rrabhationg

needs to be particularly consided for skin dose at close distances. However, for internal
SELRA&dzZNE hT i dzy R ‘¢ NI RALl (A 2 yintérMdRxpastire decriidsl2 NI |y
by incorporation of radionuclides. The incorporation takes place by inhalation of gaseous
substance®r dust particles or by ingestion of drikk/ 3 ¢ I G S NJ 2 NJ-radatiRias 9 a LIS O
a high impact on the resulting effective dose by incorporation becausegbfenergy transfer

to the surrounding tissugl5].

Through the uptake of food the human body incorporates necessary nutrition and trace
elements, but also pollutants. Depending on the chemical properties of thellutant, a
bioaccumulation in specific biaecal tissue is possible. Framadio ecologcal perspective, the
incorporation of radionuclidegnvolves arisk for damaging sensible tissue, dueth®ir high
energy transfer. Particularly, when the radiatide is accumulated in tissue and has a longer
time (until the excretionor decay for interaction with the surrounding matter. Therefore, an
evaluation of the potential risk needs toonsider several aspects aadiological haHife,
biological haHlife, and type of radiation an@&nergy of the ionizing radiation. Hence, the
following equations are used for radiation protection and dosim§tsj.

The absorbed dose Dyr describes the absorbed energy of the radiation
h X1 Z1td& g/ specitic mass of tissue(Eq. 1.13) The unit for the absorbed dose is Gray
(Gy= Jkg").

OOAT OZAOCOAA Al AOCY '|'§COQ%EAOE'|'i (1.13)

O i 2

The equivalent dosé+; takes the different biological effect dlifferent types of radiation
towards tissue into consideration with the radiation weighting facteg (Eq. 1.14) The
weighting factor for xays and gamma rays as well as beta rays is 1, for pratithsenergy
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higher than 2 Me\b and for alpha rays anduclear fission products 20. The weighting factor for
neutrons depends on their energyl®& keV: 5; 16100 keV: 10; > 0.-2 MeV: 20; >2Z, 20 MeV:
10; >20 MeV: 5). For the equivalent dose Sie(@vt= &g") is used as unit.

O 0 0y 30*EC (1.14)

Furthermore, the effective dos& takes the different sensitivities of every tissue towards
radiation into account with the specific weighting factor for every tissue(Eq. 1.15)
Especially, red bone marrgwolon, lung, stomach and breast have a high sensitivity towards
radiation and therefore high weighting factors with each 0.12. Whereby, relativity insensitive
tissues as skin and bone surface have only weighting factors of 0.01. The unit is the same as f
the equivalent dosevith Sievert Sv.

0 0 0 0 30*XEC (1.15)

The effective dose by ingestion of food and drinking waty can be described with the
following equation1.16 It considers the sum of the activity concentratidn,, of different
ingeged radionuclides, the annual food consumptiof, the time of exposre te, and the
dose coefficient® ; dareifferent radionuclides. The regional specific food consumption and
the dose coefficient can be taken from literature. The unit isSv

Qic  0i iIYMR IR ch o (1.16)

Themeanannual effective dose from natural radiation for an adult in Germany is 2.1 mSv and
in Japan 1.6 mSyv, consisting of cosmic radiation, terrestrial radiation, internal radiation and
inhalation d radon and its decayproducts. Additionally, the human is exposed to
anthropogenicradiation. Therebythe exposire from medical application has the highest
impact on the effectie dose (e.g. wholeody computertomography: 20 mSv per application).
Other anthropogenicsources are fallout radiation anduclear power plants. The average
annual effective dose in Germany resulting from nuclear power plant®igSh. Through
nuclearaccidents; like Fukushima andh@rnobyl¢ an uncontrolled release of high amots of
radioactive substances into the environment is possible. The nuclear fallout ofigastercan
cause increased effective dose at certain areas and therefore the admission is restricted by law
(e.g. 30 km radius around Fukushima Daiichi NPP: wuld#ional 20 mSv/a for radiocesium

[7]) [17].

lonizing radiation camduce deterministic or stochastic damage to the organism. Deterministic
damage has a threshold limgtat this limitvisible damageuchas erythemaoccurs. The higher

the received dose the higher the radiation caused damages, with doSe&/>ausingehthin
the following days of exposurén the contrary, stochastic damage does not havereshold
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and the possibility of the appearance of damage ascends with higher doses. One example for
stochastic damage is cancer, which often cannot be clearly @ssdcwith radiation level
impact, because of statistically occurrences of caftgy17]

1.3.2.1 Natural radiation exposure

In nature several natural occurring radionuclidesan be found. The origin of these
radionuclides is diverse: terrestrial, cosmic and anthropogenic radionuclides. Anthropogenic
radionuclides are described closgrchapter 1.3.2.2 Maimade radiation exposure.

Cosmic radiation consists of galactically and solar radiation, which produces primary high
energy protons. These protons can interact with the atoms of the atmosphere and produce
secondary radiation as phats, protons, electrons, omons and neutrons. Some of thisdiation
isshielded by the atmosphere and eenot reach the surface of the earth. The cosmic radiation
exposure is about 0.3 mSv/a (sea level) annually. The cosmic radiation dependsebevtre

year cycles of the sUyi8g].

Terrestrial radiation is produced mostly by primordial radionuclides and their decay products.
Primordial radionuclidg exist since the birth of the universe and still exist in measureable
concentration on earth due to their very long hiiffes. The primordial isotope®k
(tuo= 1.3 1 10°a) is accumulated in animals by ingestion amthe highest natural radiation
exposure in humans. Other primordial radionuclides &, >*U and®**Th and their decay
series. Thé*'Np decay series is extinct due to its relatively low Hiféf The decay daughter
nuclides ofthe still existingdecay series have varying hhlfes until the reach to stable lead
isotopes. In case of no disruption of the decay series, all daughter nuclides are present in
secular equilibrium with their parent nuckd One of the dominant radionuclides for
incorporation effective dose is the noble gas raddffRn, ?°Rn and®°Rn) because if its
gaseous state and short hdife. The alpha emitting radon makes up more than half of the
annual eféctive dose through imalation[18].

1.3.2.2Man-made radiation exposure

Additionally to natural radiation, humans are exposed to anthropogenic radiation from
different kind of sources. The highest anthropogenic radiation exposure results from medical
diagnostic therapies as-Ray diagnostics. The average adult effective dose in Germany from
medical use is 2 mSv/a. However, the dose is highly dependent on each individdeial
treatment.

Moreover, the background radiation resulting from atmospheniclear weapon tesincreased

in the 50- 60" and decreases along with the hdilfes of the globally deposited radionuclides.
Due to low mixing of the air in the northernemisphere and southern hemisphere, the
radiation exposure is higher on the northern hemisphere, where most nuclear weapon tests
were carried out. Furthermore, nuclear power plants and reprocessing plants for spent nuclear
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fuel have as well an impact on thenthropogenic radiation exposure. Arour@0l mSya
effective dose from normal operated nuclear power plants are received in Gerfh@hy

The radionuclides, which are produced and released by nuclear fission, are highly dependent on
the fission product yield of the fuel material. The fission products are the fragments of the split
heavy nucleusNormally two medium heaviission productsare producedoy an asymmetrical
splitting of the heavy nucleusThe heavy nucleus splits asymmetrically i@ maxima close

to the magic numbergmass regions around 95 and 135) for stability reasons. The percentage
of yield sums up t@00 % in regards to the splitting nucleus. The resulting fission yield curves
depend on the heavy nucleu$®U and?**Pu) and the energy of the neutrons (thermal, fast)
inducing the fission. Theirgct fission poducts are instable and havehégh excessf neutrons

as the original nucleus and therefore produseme small amounts alelayed neutronsThe
producedunstablefission produciuclei decay with ~ procesgstowards stable nuclides, some
radiologicalimportant medium and longlived products and their yieglfrom nuclear fission

are presentedn Table3. [19]

Table3: Medium and long livedigsion product yields fomost commonly used>*U and **Pu with fission inducing thermal
neutron[19].

Yield from?*U in % Yield from?**Pu in %

Fission product Half-life [20] [19] [19]
Ogr 28.87 a 5.73 2.01
13 8.025d 2.88 3.72
134Ccs 2.07 a 1.21i 107 6.7110%
B¥cs 30.07 a 6.22 6.59
*Tc 211,100 a 6.13 6.18
129 15,700,000 a 0.71 1.41
135Cs 2,300,000 a 6.61 7.36

1.3.3. Radionuclides

The releasedadionuclides by nuclear accidents often vary strongly by the circumstances of the
accident enissions. The released radioactive materials are in the form of fuel particles, fission
and activation products. These radionuclides differ with their nuclear characteristics with every
isotope and biological efficiency with every elemeRtimarily fisson and activation products
as'¥Cs'Cs 1, *H, #%r and®Sr are determined and evaluated.

1.3.3.1 Radiostrontium

{GNRYGAdzY Aa Fy FE11FIfAYS SIENIK YSGlrf gA0K
Strontium exhibits chemical similarity to itghter alkaline earth metal homologue calcium.
Both can be found in nature mostly in the mineral form of carbonates and sulfates, whereas
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strontium has a slightly lower solubility product constant than calcium. The only relevant
oxidation state of alkatie earth ions is k. Strontium has four stable isotopes®*Sr (0.56 %),
8Sr (9.86%)%'Sr (7 %)2%Sr (85.58 %pnd 26 radioactive isotopes consisting iofand i *
emitters[21].

Strontium is ofno biological necessity for humgnbut due to its similar physical and chemical
properties to calcium @ciumanalogie), it is actively incorporated by the organism. The
incorporation of strontium is mainly as-8patite CaSi(PQ), - CaS(F,Cl,OH) in teeth and
bone structures. Thebiological haHlife of strontium depends onthe individual (age, heigh
food consumption and regiorgnd varies letween 3¢ 20 a[21, 22] Due tothe close distances
of incorporated strontium towards sensible tissue as bone marrow, beta t&ng
radiostrontium can permanently damage the tissuesulting in higher possibility in developing
cancer[5].

The decay scheme &fSr (Figure

6) shows the following daughter gSSr
nuclides by i = deay until the

stable *°zr. ®°Sris a pure beta
emitter and decays t°Y with a
half-life of 28.76 a and a beta 90Y
endpoint energy of 546 keV. The 39
daughter radiondlide *°Y has a

relatively short halflife of 64h

and forms asecular equilibrium

with °°Sr. At 14 days, the activity 907,
of *°Y reaches 97 % of the initial 40

activity of the parent nuclidé’sr. " . o _
L. IQOY Figure6: *"Sr decay schemé&sr is a puremitter with a half time of 2&9 ¢
Therefore the activity o Can  and decaygo %Y. Due to the short half time 8fY (64 h), the parent ai

be used to determine the activity daughter radionuclide form a sequiliar equilibriufy decay into the stak

of Sr and thus often used in 2"

radiochemical analysis®Y undergoesl ~ decay to°°zr with a probability of 99.99 %. The
chance of the emission @f*  |j dzt Y i A & % fwhiéhbstiusts ggmmameasurements
[20]. The stable’®Zr has a atural abundance of 51.45 %. Due to it high natural abundance,
mass spectrometric methods for determination ¥8r arechallenging to be used because of
isobaric interferences. To avoid isobaric interferencesllision cells with oxygen for the
formation of ZrQ with a different initial mass can be used as show[28J.

28,79 a

B: 100 %, 546 keV

64 h

B 99,99 %, 2280 keV

The major environmental inputs 6fSr are in consequences of atmospheric nuclear weap
explosions of the 1950/60s, with a considerably release of up tbo '’ Bqi3r activity[22].
Furthermore,”®Sr was released intthe environmeniin the course ofuclear accidentsuchas
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[13]). The Chernobyl contaimation of °°Sr is twice the magnitude of the releases as in
Fukushima Daiichi due to the different occurrences of the accidents: The Chernobyl accident
occurredduring operation followed by nuclear driverexplosion and weelong graphite fires,
allowingless volatile radionuclides as strontium and plutonium to be released in far distance
to the location of accident.le Fukushima Daiichi accidemh contrast,happened because of

the failing of reactor cooling after emergency shutdown of the nucleactoga Hereby, mostly
volatile radionuclides as noble gase$i and ***Cs were released during hydrogen
explosions venting and the rupture of the primary containment of Unit. 2ess volatile
radionuclides were released wittontaminated water into tk Pacific OceafiL3]. Any natural
Srlevelsas result of spontaneous fission TfU in the environment canrtdbe detected with
current methods anadanbe regardechegligible for dose calculations.

Theisotope ®Sris the only strontium isotope with SigA FA OF yi + SYAudsablez2y 6 A (
half-life of 64.8 d.®°Sr decaysvia electron captures | Y R | on‘at 5Bt Yk&VAwith a

probability of 96 %. Concerning the properties %36r, the radionuclide is often used as a
radiotracer for the determination of the only beta emittiigSr and®®Sr. For this purposé&®Sr

can beproducedby neutron capture of enriche stable®*Sr[20].

The fission product®Srhas a halife of 50.5 d with a beta endpoint energy of 1500 k&%&r
doesa beta decays to the stabf€Y. Due to its short Helife, 8Sr is important to consider
directly after fallout of nuclear weapon tests and nuclear accidents and has direct contributions
to the effective dose. At about 1.5 a after the time of contamination, the only considerably Sr
isotope left is°Sr[5, 20]

1.3.3.2. Radiocesium

One of the commonly produced radioactive products in nuclear fission are isotopes of cesium.
Cesium is an alkali metal and is thus very volatile, which enables a high distribution in case of
accident. Thé*'Csisotope is a direct fission product with a héfé of 30.07 a and with a fission

yield of 6.22 %%{°U). Through atmospheric nuclear weapfailout in the 195060s **'Cs is
globally distributed with constantly decreasing activity due to the nuclear wedgan treaty.

Local increase of activity can be assigned to location like nuclear accidents and reprocessing
plants. **'Cs has one significantemission at 661.7 keV (emission probability: 85.1 %). By
contrast the'*!Cs isotope is not a direct fissionogiuct from nuclear fission, as the 134 isobar
ends beforehand on the stabfé*Xe.*Cs can only be produced by neutron activation of the
stable fission product®¥ & o0y Sdzi N2y OF LIG‘HNS=27BNErd. 8HendeS O A 2 v
irradiation time for the natron capture is necessary, which can only be found in reactors and
not in weapon tests. Thud3‘Cs is an indicator for nuclear reactor produced radionuclides and
can be used to date and locate a younger NPP accidenthe'*’Cs has a relatively shortli

life (2.07 a), the**Cs}*'Csratio can be used to date the contamination directly to one
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accident. Thé**Cs/*'Csratio at the time of accident in Fukushima Daiichi NPP is estimated to
be 1[1].

Cesium isas result of chemical similarity to potassiutniological relevant and actively
incorporated by the organism. Thus, it is potentially harmfultfer organism and one of the
main factors for external and internal effective dose over several years after the incident.

1.3.3.3.Radiosilver

Seldom determined radionuclides are radiosilver, respectiv€ffAg and **°"Ag Silver is
presumably bio accumative and therefore as well of interest for dose calculations. Silver is
similar volatile as cesium, which enables a similar distribution in case of an accident. The
radiosilver isotopes®®"Ag and*'®"Ag are not diect fission products, they arproduced by
neutron activation of silver containing materials or neutron activation of fission products like
stable 'Ag or!®Ag. Natural occurring silver has an isotope abundanc&’@g°°Ag of 52:

48%. Varying fission yields of the stable silver isotopeslead to different abundances, which
might allow to draw conclusions about the origin of activated silver prod@é&ls

1.4. Foodsafety andmonitoring

Food is consumed by humans to provide for nutrition neddo keep body functions alive.

Food originates fromvaries ofplants or animalsand hold nany essential nutrientsThese
essential nutrients are carbohydrates, fats, proteins, vitamins emderals. The typeand
amount of nutrition varies highly with each type of foodn contrast to the organic nutrients,
minerals are inorganic material, which the organism needs to take up actively through ingestion
as it cannot be produced by the organism itself. jdtaminerals for mammals areodium,
potassium, calcium, magnesium aptdosphorus which are recommended to uptake in high

daily doses. The body needs in far less amounts essential trace elements as iron, zinc, copper,
manganese, iodine and selenium.

One d the major essential minerals ealcium It isrecommendedo uptake 1000 mg/dor an
adult. Calcium ismportant for bone and teeth structure (99 %@nd furthermoreintracellular
calciumis importantfor the physiology othe cell in various functiong21].

For the calculation of the effective dose, resulting from the ingestion of contaminated food, the
food consumption of the local people is ioiportance. The annual food consumption pyramid

of Japanese peopl@-igure?) is adapted from{26]. TheJapanese diet contains mainlgreals,

in form of rice, with an average of 69 kg/person/a, served with vegetables (39 kg/person/a).
Due to Japan being an island, the food consumption highly consists of fish and seafood (14
kg/person/a), whereas in reference to international consumption of meat animal products,

the Japanese portion is rather low (9 kg/person/a).
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Potatos

Figure7: Annual foa consumption of Japanegeople.

Constant food monitoring after the Fukushima Daiichi NPP accident is of high importance and
the Japanese Ministry of Health, Labour and Welfare installed a website with ongoingsreport
about food contamination analysis:

http://www.mhlw.go.jp/english/topics/2011eq/index_food_radioactive.html

In the foreground mainly analysis of radiocesium in represented faddseveral prefectures
are done. Furthermore, every rice bag produced @nunfactured in the prefecture Fukushima
is controlled.

For the control of radioactive substances in food tMaistry of Health, Labour and Welfare
proposed following stepR27]:

1. Establishment of legal limits for radioactive fookhble4): from the 17" March
2011 30" March 2012 indicator values from Nuclear Safety Commission were
valid and were then substituted by the mant legal limits on the % of April
2012.

2. Implementation of regular inspection of 100,0§@00,000 samples of food.

Recall and dispose of contaminated food

4. Restriction of the distribution of specific regional foods proposed by the Nuclear
Emergency Re®nse Headquarters. Specifiaefectures and municipdiles,
which exceed the legal limits on regular basie therefore givena restriction
on the distribution of foodand need to meet specifiequirements forthe lifting
of the restriction.

5. The legalimits of radionuclides in food werealculated on the assumption, that
50 % of marketed food is contaminatesith regards to constantly meeting
WI LIy Q a -suffigiehdy The fnfitd take the contribution of radiostrontium,
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plutonium, etc. with spedt percentages of radiocesium into account. The new
limits take ageinto consideration For this reason infant food needs to follow
stricter regulations.The new legal limits were calculated to not exceed an
effective dose from ingestion above 1 mS{8h

Table4: Japanese established limits of radionuclides in @y

Provisional limits of
radioactive cesium in Limits of radioactive

Category [Ba/kg] from 17" cesium in [Bag/kg] as
March 2011 umil 30" of 1% April 2012
March 2012

Drinking water 200 10

Milk 200 50

General foods 500 100

Infant foods - 50

TheMinistry of Health, Labour and Welfaestimated theeffective committed doseresulting
from consumpion of 2**Cs and®*'Csfor foods produced in the prefecture Fukushima (samples
preferably locally grown) to 19 uSv/a (Sep. 2011) and 3.8 uSv/a (Sep[20112)

21



2. Materials and methods

2.1. Strontium extraction chromatography
For selective strontium extraction commercially

available Sr resin from company eichrom®© are Oy #-20

used. The strontium selective part is the crown |\IJ

ether n < n @id-pufyloyclohexanel 8-crown-6 9(\0/\‘
(Figure8), which has an inner diameter of th O e O

crown fitting perfectly to the ionic radius of an
strontium cation coordinated by two nitrate o °
anions. 1 % of the crown ether is diluted in 1 k/\)
octanol and the resultingorganic solution © .
embedded on an inert chromatographic O*N"'O
stationary phase. The particle size of the c';;

Sr2*

+
'

chromatographic stationary phase was 8M0 Figures: Molecular structure of strontium binding < n it

pm [28]_ t-butylcyclohexanel8-crown6. The Sr binds at high
) _ ) _ _values with two coordinated nitrate anions and is release
The strontium ion is loaded on the resin Witiesser pH values

8 M nitric acid (highest equilibrium constaht

of 90) and diluted with 0.02¥ nitric acid k less than 1). For this reason, an easy separation of
AGNRYGAdzY FTNRBY OF fOAdzy Aa L2aarotsS o6SOIdzas
phase. The &rium retention is relatively higbn the Sr resin, but has maximal affindy 3 M

nitric acid,in which case a resioading with 8 M results in washing the Ba off the colulso
tetravalent actinides have significant retention tive Sr column. Througaddingof oxalic acid

as a competitive complexing agenthe tetravalent actinles arewashedfrom the column
Moreover, complexing agents are also necessary for removing lead, which shows an even
higher affinity towards the Sr resin as strontium itself. Interferences from sodium or calcium
with concentration less than 0.5 ke not ggnificant,but a calcium massbove 320 mghows

an influenceon the chemical yieldMoreover, higher concentration of 0.1 M of potassium show

a similar decrease on the chemical yield. In this caseiquevoxalate precipitation are
recommended. The aximal capacity ofone Srresin is21mg for a2mL column,it is
recommended to work at 120 %of the maximum capacityFurthermore, the used aticle

size has influence othe elution band.A smaller particle size distribution results in narrower
elution band lut slower flow rate§28, 29]

2.2. Liquid scintillation counting LSC)

The analysis of the beta emittif§Sr and daughter nuclid®Y in environmental samples is
performed with liquid scintillation counting_SC)The used LSC spectrometeaiHidex 300 SL
automatic liquid scintillation counter from Hidex Oy
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The basic principle of LSC is the detection of ionizing radiation in a mixture of the liquid sample

with a scintillation cocktail. The mixture of the liquids permits a better efficien®ytd higher

interaction possibilities than with a solid scintillator. The scintillation cocktail transforms the
emitted ionizing radiation into photon® the visible regionwhich then can be detected by a
photomultiplier (PMT). LSC allows the determh& y 2F h |y R i LI NI AOf Sao

An LSC instrument consists of an auto sampler for vial2@5mL), a measuring cell with a
passive and an active guard system and several PMTs. One vial at each time is put into the
measuring cell. The measuring cell is cooled kiep a constant temperature during
measurement to avoid thermal excitation and therefore background noise. The cell is
surrounded by passive guard. The passive guard consists of a thick wall of lead to reduce the
interaction of cosmic rays with the scitdiion cocktail. As not all cosmic rays can be shielded
from the measuring cell also an active shield is installed in commercially available LSC
instruments. The active guard holds a basin with a different liquid scintillation material, which is
surroundedby two PMTs. Any count detected inside the measuring cell and the active guard is
considered to be from passing cosmic rays and therefore neglected in the analysis. Only
emitted photons solely from the measuring cell are defined as a product of radieattivay.

The measuring cell is equipped as well with about two to three PMTs for coincidence
measurements. Coincidence measurement allows the registration of almost simultaneously
(around 20 ns apart) emitted photons. In the case, that only one photoagistered at one

PMT, the chances are high that the photon was produced during different processes (e.g.
chemiluminescence) and this event is therefore not included in the anglygis

The sample for LS@easurement must beompletely separated from matrices to avoid self
absorption and other radiation fromadionuclidege.g. ubiquitoug®) After the separation the
analyte isdissolvedin a water phase. The emittedeta particles arealso absabed by the
surrounding liquid and camt reach the detectar Therefore a mansformation of the beta
energy intophotons (e.g. as fluorescence) have thlaantages of no or very small awption

in liquidsand can be easily detected. The transformation can be dgnecitillation cocktails

Scintillation cocktails consist of solvents and one or more highly aromatic fluorescence active
organic molecules. For example the compositad Ultima Gold AB© is 5¢ 67% of the solvent
diisopropylnaphthaline ([PN). Furthermore, to allow the mixing of the water sample with the
organic compounds soluliif enhancer with about 24 34% of nonylphenolethoxylate and 2
(2-Butoxyethoxy) ethanol are addetb the cocktail. Only some percent of the actual
fluorescence active compounds of Zhephenoloxazol (PPO) and -4bis(2
methylstyryl)benzole (biMSB) are found in the cocktail. The emission of beta particles leads to
an energy transfer to the solvent rezules and the electrons of the solvent molecule are
excited or ionized. Through relaxation processes the excited electrons go back to their
electronical ground state. The relaxation can be thermal or through emission of a photon. The
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emission of photonsoccurs up to 1% of all relaxation processes. The emitted photons have
energies in the range of-pay radiation (wavelength around 1ID0 pm). These emitted
photons can excite the surrounding fluorescence active compounds as PPO, which then again
emits phdons by relaxation. These photons emit photons of lower energy, close to the weak
UV region. For optimizing the detector response of the photomultiplier (PMT), photons with
even lower energy are required and for this reason a second fluorescence actiy®wodhis
excited (e.g. b¥MSB), which emits photons in the visible region. Each emitted beta particle
excites several fluorescence molecules at very close time intervals. Therefore, the energy of
one leta particle can be described #s sum of the energgf all photons emitted at the same

time. Moreover, several different processes need to be taken into consideration for describing
the scintillation process correctly. These processes are sebawent transfer, solvent
excitation from fluorescence molate, thermal influence on relaxation and the interaction with
foreign particles. All the processes lead to loss in the energy, which is deféeied

The emitted photons are detected with PMT. Hereby, the photons arrive at a photocathode and
produce electrons proportional to the amount of photons. Through voltage gradient, the
produced electrons are accelerated towards the secondarytreleanultiplier (SEM), in which

with every passing dynode more electrons are produced. This enables a high multiplying of
electrons and a stronger electrical signal. At high temperature dark current can occur, resulting
in higher electron releases due tbhdrmal processs For this reason to avoid dark current
cooling of the equipment is recommend§gD].

In liquid scintillation the effect of quenching has a high influence on the detectable signal. Due
to interaction of the produced photons within the sample solution, the counting signal can be
increased/decreased or a shift in géhdetected energy might occur. For this reason, it is
important to know the exact composition of the solution. Three different quenching presess
are differentiated in respect to their origin: Colour, chemical and physical quenching. Colour
guenching emages when specific atoms or molecules in the solution adsorb the fluorescence
emitted photons and for this reason the detectable signal decreases. For example a solution
tinted brown (iron cations) adsorbs photons with complementary colours. Furthermore,
chemical quenching occurs by electron absorbing from chemical reagents, leading to a decrease
in the photon yield. The third quenching process is the physical quenching, in which the
fluorescence photons are partially adsorbed again by the solvent and tbieeéxmolecule
relaxes through thermal processes as vibration, translation and intersystessing without

the emission of radiation. Another physical quemghtype is the light scattering process
suspended patrticles. Possible quenching effectspecially with high variation of the analysing
matrix ¢ needs to be taken into consideration. Quenching can be corrected with different
methods: a calibration with different quenching matrices with an external radiation source (e.g.
22°Ra source) or the meamement of a triple to double coincidence ratio (TDCR). The used LSC
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Spectrometer Hidex 300 SL | equipped with a TDCR measurement system. Both the double and
triple coincidences are measured simultaneously with three triangle coordinated
photomultipliers. he ratio of the triple to double coincidence is afterwards calculated. The
triple coincidences is far more effected by quenching effects than the double coincidence.
Experiments confirmed that for pure beta emitting radionuclides, the TDCR is propoitipdal

to the overall efficiency of the LSC. Therefore theench level automatically calculatedth

the TDCRas an absolutemethod [30].High energybeta emitters (> 1500 keV) can be directly
measured with liquid scintillation counting without scintillation cocktails due to the Cerenkov
Effect. The Cerenkov Effect produces Cerenlaolfation when charged particles move faster
than the phase velocity in a clear dielectric medium. For example Cerenkov radiation can be
used for the radionuclide¥P and™Y.

The LS@easurement is an energy resolved method. This allows a distincticadadruclides

with high differences in their beta endpoint energies. However, each beta spectrum of a
radionuclide is a continuous spectrum and therefore limits the resolution due to overlapping
spectra. For the analysis 81Sr and®Sr with ingrowing daugter nuclide®®Y a three window
method is proposed31]. In Figure9 a complete spectrum of all three radionuclides is shown
with the split individual spectra and background. The three windows are placed at the last
channel of the individual spectra. Window 2 can be used for the sole analy$&rafdt after

the separation of the daughter nuclide, whereas both Window 2 and 3 can be used for the
determination of the complete activity 8fSrP% after the complete ingrowth 6fY at 14 days.

Window 1 Window 2 Window 3
60 Channel 0 -280 Channel 281 -680 Channel 681 -850
$r-85, 5r-90, Y-90 $r-90, ¥-90 \ veo 7 e Spectra
Blank

= = = Spectra Sr-85
————— Spectra Sr-90

= = = Spectra Y-90

Direct Measurement: *°Sr

14 days measurement:
QOSHDUY

Channels

Figure9: LSC éta spectra of°Sr, °°Sr and®Y with characteristic spectra lines for each radionuclide and blank. The three
windows for analysis are separated with red lines. The direct analys‘ﬂSiois done with window 2, whereas after 14 days the
activity determination of the combied activity of°Sr and ingrowri®¥ is done with window 2 and 3. Window 1 can be used for
yield determination with*Sr.
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2.3. Gammaspectroscopywith semiconductors

One of the main methods for surveillance of environmental radioactivity is the gamma

spectoscopy with semiconductor materials. The most popular semiconductor material is high

purity germanium (HPGe) because of its high energy resolution with a combining good
efficiency and low sample preparation time.

A HPGe gamma spectroscope has four mastruments: a germanium crystal with a Dewar
basin with liquid nitrogen, a lead and cooper shield, electronics and a data pro¢&€kor

The semiconducting germanium crystal consists-dbped (electron excess) anddoped (hole
excess) germanium, which are joined together. The holes and electrons migrate at the PN
junctions towards the side, which contains less of the chare. figration continues until a
macroscopic equilibrium is reached and the space charge region is build. The PN semiconductor
is operated in reverse bias mode by applying positive voltage towards -tteped side and
negative voltage to theploped side. Tis results in an increase of the depletion layer, which is
the active detector volume. In the case aquant deposits its energy through ionisation in the
depletion layer, electrofhole pairs are produced. The amount of produced electnote pairs

are poportional to the deposited energy. The free charges are accelerated towards the
electrodes with the applied electrical field and produce an electrical signal. This signal is
amplified with a preamplifier and then pulse height amplifier. Thereafter, thed@gue signal is
transformed into a digital signal for data procesdjih6].

Gammarays are high energy electromagnetic radat with discrete energy lines, resulting
from discrete nuclei energy levelglany radionuclides emit-raysin the range from 20 keV up

to 10 Me\V. Gammarays have differentnteraction mechanism with the detector volume
Photoelectric effegt Compton Effect and pair production. The dominant effect depends on the
energy of the gamma ray. At energies < K&/ the photoelectric effect, between 100 and
5000 keV the Compton Effect and above 5 MeV the pair production is dominant.

The photoelectric effect is thergferable effect for gamma spectroscopy because the gamma
ray deposits its wholeenergyinside detetor volume. The gamma photon interacts with a
bonded electron of the semiconductor crystal and produces a photoelectron with almost the
complete energy of the photon (except the binding energy of the electron). Through following
cascade reactions of the ptoelectron with valence electrons free charges proportional to the
energy of the gamma photon are produced and leadtlide specifidull-energy peaksThe
Compton Effect is the elastic scattering of the photon with outer shell electrons of the
semicorductor atoms. The energy transfer from the photon is thereby strongly dependent on
the scattering angle and this produces a Compton continuum in the background spectrum.
The maximal transferred energy is at backscattering(T My n c0 FyR @AaAoft S
in a spectrum. The third effect is the pair production. This effect can occur at energles hi
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than 1022 keV (double rest mass of the electron) and is dominant at above 5 MeV. The pair
production describes the interaction of a highergy photon with the coulomb field of a

nucleus, which results in an electqpositron pair. The sum of the kitie energy of the

LINE RdzOSR St SOUNRY YR LRaAldINRY O2NNBalLRyRa iz
and the double rest mass of the electron. In the same manner, an interaction of the produced
electron and positron leads to annihilation under tlmission of two photons with the
characteristic energy of 511 keV. Annihilation peaks can be observed in the gamma spectra at

E - 511 keV (single escape peak) &ed1022 keVdouble escape peak)6].

2.4. Chemicals and materials
Chemcals

=

Calciumcarbonat (CaCg) p.a.from Merck®

AceticacidCH/ hhl X . pla.framVWR chemicals®

Yttrium chloride hexahydrae (Y& 6 HO)from Sigma Aldrich®
Strontiumchloride from Sigma Aldrich®

Hydrochloric acid | / f £ .p.a.fromd/WR:thémicals®

Nitric acid(HNQZ =.69%)ACSrom Merck®

Oxalic ad dihydrate (GH,O4-2 HO)ACS fronMerck®

Methyl red sodiumsalt from Alfa Aesar®

Ammonia(NH> . T'ACB fjomMérck®

Di-Ammonium oxalatenonohydrate((NH,).GO,-HO) ACS from Merck®

Ethanolfrom Merck®

8sr stock solution (9,622 kBg/g at 01.07.2016) from physikaliscktechnische
Bundesanstalt Braunschweig und Be(RTB)

Diluted®Sr solution(965 Bg/ml at 26.08.2016)

%Srstock solution(73.3 Bg/mL)

Diluted *°Sr solution (0.733 Bg/mét 23.08.2018)

Ultima GoldABx [ { / | 2 GPerkinElmér In§3NEB7Y%Diisopropylnaphthalie
(DIN), 2434 % Nonylphenolethoxylat 2-(2-Butoxyethoxy)ethanol, 2;BDiphenoloxazol
(PPORNd 1-4-Bis(2methylstyryl)benzol (bis1SB) )

 Srcarriersolution (4.8 mg $fper mL)

1 Ycarrier(4d mg ¥'per mL)

1 36.6 kBg/g QG¥8 Standard from PTB

= =2 =4 4 -4 5 4 5 43 -2 -9

= =4 =4 A

Materials:

1 Sr ResirfParticle size: 5000 pm, 50x2 mlffom eichront’
9 Porcelain dist{@d =11 cn)
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Quartz crucible
Multielement-standard
Petridish(@ =9.5 cnj
Ashless round filter
Stainless steel grid

= =4 4 4 A

2.5. Instrumentation andsoftware
Instrumentation:

1 Hidex 300 SL Automatic liqui
scintillation counter (Hidex Oy)

1 Muffle furnace from Heraeus
thermicon P

1 HPGe Detdors (Appendix E:
Certificate$

Software:

1 MikroWin 300 SL
1 Gamma Acquisition & Analysis

el :
Figure10: Liquid scintalliation counter (LSC) Hidex 300 S
Hidex OY with TDCR technology.

2.6. Experinent
2.6.1 Sampling
The sampling was done byss:-Prof. Dr. Katsumi Shozugawa from tbaiversity of Tokyo,
Japan. Altogether 37 sampldgfering from basic foods (rice, wheat), fish, seafood, vegetables
and fruits, mushrooms and luxury foods (tea, cojfeeere taken from different prefectures
around JapanThe sampling daterangedfrom May 2015 to September 201&he sampling
location is presented ifrigurell. Some samples were already manufactured at the tirhe o
sampling and the exact location is unknown. Thhese samples are not presented. The exact
information of the 37 samples can be found in tAppendix D:Additional information Most
samples were collected on the east side apan towards the Pacific Ocean within a 300 km
area from the Fukushima Daiichi nuclear power plant. Furthermareeference mushroom
sample was taken in Rusgidistance of 3600 km to Fukushima DaiicMpst of the samples
were shipped in aralready haclked/ground and freezedried state.
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200 km

* Location Fukushima Daiichi NPP

@® Mushroom: 6
Fish: 9
@® Vegetables and fruits: 4
® Seafood: 5
-ﬁ, Basic food: 8
® Meat & animal products: 2
® @ Other foods: 3

Figure11: Sampling location of different kinds of food across Japan. Manufactured foods, where the original location is
unknown, are not represented in the map.

2.6.2 Gammaspectroscopic measgement of food concentrates

To determine the™‘Csand **'Csactivity of the samplesthe samples were filled intgetri
dishes(@ =9.5 cm). Then, the samples were measured ah@h-purity germanium (HPGe
detector. Due to varying sample density, thefiefency of***Csand**’Cs were determined using

a mutielementsurface standard. Hereby, the efficiency of**Cswas calculated using the
JaekelWestmeierequation.

2.6.3. Preparation of food concentrags

All 37 samples were provided Byss-Prof. Dr.Katsumi Shozugawa frorihe University of
Tokya Previously, thesamples were mostly freezdried or ashed before shipping to Germany
to minimize the sample weight and volumEhe sample preparation steps were adapted from
Nordmeyer[32]. For every sample the sansamplepreparation procedure as deribed below
was used. The seater sample was an exception: The sampleparation started after the %
incineration step.
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The sampleq - 50 g) wa divided intotwo aliquots and was weighted onto an ashless round
filter in a porcelain dishOne aliquot was used for beta analysis. The first 10 prepared samples
were spiked with10 Bq®Sr. The sample, which was covered with a stainless steel grid, was
incinerated ina muffle furnace. The detailed temperature programis presented inrableb. If

the ashwasnot yet white-grayish, the sample was ashed a second time.

The cooledash was rinsed with 50 mL distilled water intdo@aker. For a complete oxalate
precipitation, approximately 0.2 g calcium carbonate was added to the solution. Afterwards,
the solution was acidified using 5 mL conc. hydrochloric acid and 1 mL conc. nitric acid. The
solution was heated to its boiling pdinThen, after cooling, thesolution was filtrated and
washedthree timeswith 10 mL hot 10 % solution of hydrochloric acid and three tinvéh

10 mL distilled water.

Subsequently, the strontium was quecipitated with calcium as an oxalat@ this stg, 8 mL
saturated oxalic acid solution &re added Following the addition of some drops of methyl red
indicator dye solution (colour transition: pH = 4.4.2), resulting in a pink solution. Then,
concentrated 25 % ammonia solutiovasslowly added untithe solution turns yellowish and
white sediment was observed. Acetic acid vadsled until an orange colour becameticeable.
After a cooling down phase, the precipitation is finished and the completeness of the
precipitation was tested with some drops sfaturated ammonium oXate solution. The
precipitate was filtrated and washed with three times 10 mL distilled wateGeowith 10 mL
saturated oxalate solution anohce with10 mL ethanol. The precipitaten the filter was ashed

in a muffle furnace withemperature programme ZT@ble5).

Firstly, afew dropsof waterwere added to the white oxideediment, following a slow addition
of 10 mL 8 mol/L nitric acid solution. The solutiaras heated to its boiling poinand cooled
down again. The solutiowasfiltrated and the filter washed three times with 8 mol/L nitric acid
solution.

For the extraction of strontium2 mL cartridges of SResin from eichrom@wvere used. The
resinwasconditioned with three times 5 mL @ol/L nitric acid. Then, the acidified sampias
pipetted orto the resin. The sample container was washed three times with 5 ml 8 mol/L nitric
acid solution. To avoid contamination witbreign ions the resinwaswashed three times with

3 mol/L nitric a@ containing 0.25 mol/L oxalic acid. Rbe elution of strontium the resin is
washed three times 5 mL with@®5mol/L nitric acid into a flask containing 5 my &hd 5 mg

SF* carrier. The solutiorwas evaporated to about 1 mL and filled up to 4 mLhwitistilled
water. The sample solution is homogenised with 16 mL Ultima Gold AB© solution in a 20 mL
LSC plastic vial for LSC measurement.
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Table5: Temperature programme of the™land 2% incineration step.

1% Incineration step 2" Incineration step

Heating stage Temperature Time Temperature Time

1 20 °CA 250 °C 20 min 20 °CA 250 °C 20 min

2 250 °C 20 min hold 250 °C 20 min hold

3 250 °CA 400 °C 30 min 250 °CA 400 °C 30 min

4 400 °C 30 min hold 400 °C 30 min hold

5 400 °CA 500 °C 20 min 400 °CA 500 °C 20 min

6 500 °C 20 min hold 500 °C 20 min hold

7 500 °CA 620 °C 30 min 500 °CA 900 °C 30 min

8 620 °C 3h 900 °C 3h

9 620 °CA 20 °C 10 h 900 °CA 20 °C 10 h

2.6.4. LSC measurement

The samples were meared right after the preparation at the Hidex 300 SL Automatic liquid
scintillation counter to avoid the ingrowth 6fY. A blind sample containing 4 mitepared milk
powderand 16 mL LSC Ultima Gold AB was measured as control. The cool dowwabdsh
and every standarevas measured four times for ea@5 hours and every sample four times 5
hours for repeatability studiesSThe LSC spectra were evaluated in three windahannel Og

250 £°sr), 251650 °Sr) and 65820 (°°Y). After about 14 days wih almost reaching the
secular equilibriunof *°Sr and™Y, the samples were measured again.

2.6.5. Time dependent elution of Strontium

For testing the time dependence on the elution of strontium of the Sr Resin (ei@)ydhe

resin was loaded witf°Sr (00 ¢ 350 Bq) and left for different time intervals on the resin,
varying between 8 weeks and direct elution. The elution followed the same steps like the
elution of the samples: three times 5 mL washing with 3 M nitric acid with 0.25 M oxalic acid,
and dution with three times 5 mL 0.02B! nitric acid. The eluate was filled up to 20 mL in a
petri dish. For each time intervathree identical samples were measured fagpeatability
studies. The®™Sr activity of all samplesnd control, containingSr standad solution, was
measured withan HPGe detector on the same day with each sample having the aativéty of

363 Bgand with identical geometries prior and after the ion chromatography
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3. Results and discussion

3.1. Optimizing of sample preparation steps

3.1.1. Chemical yield determination of sample preparation

The preparatiorsteps of the strontium extraction wereptimized by controlling the chemical
yield of®*Sr with gamma spectezopy for each preparation stefor thisexperiment,5 blanks
(milk powder) were spiked with 200 Bq 8tSr and prepared after the instruction of chapter
2.6.3. The yield was determined after each step witstandard of°Sr in the same geometry
and is listed inrable6. The uncertaties result from the relative standard deviation of the five
analysed samples.

The steps of incineration and precipitatioTapies: chemical yieldf the preparation steps.

are implemented in the sample preparation Preparation step Yield®sr [%]
to eliminate the disturbing organic matrices - :
: . . 1. Incineration 1 93.2+2.8

and alkali metalssuchpotassium and sodm.
The chemical yield of the gamma emittifRgr 2. Precipitation 92.7£6.5
of these preparation stepsvas above 90%. 2. Incineration 2 96.9+ 2.4
For this reason the incineration and gEyiraction load fraction 6.8+ 4.6
precipitationhas proven to be good way to : .

. . . . Extraction wash ifaction 3.6+1.1
eliminate  disturbing elements  without
unacceptablelosses of analyte in a complex  EXxtraction Srresin 6.1£0.5
matrix such as foods. The main loss of th  Extraction Sr fraction 65+15

strontium analyte takes place in the
AUNRYUGAdZY SEGNI OlGAZ2Y 6AGK GKS { N 3Apirdix E:A O
Certificate$ ensures a chemical yield of strontium abd®5%. Losses aarcin the load fraction,
washfraction and the remaining of analyte on the resin. With several preparation steps ahead
of the strontium extraction the overall chemical yield &iSr in the described sample
preparation of foods is 6% 15% The worst determined chemical yield was 60.2%, which is
used as the yield for not®Sr spiked samples. Although the use of°ar traceroffers a
straightforward and reliable method to determine the yield of the Sr extraction, it hEs®
several disadvamges in LSC measurements °86r (cf. Chapter 3.2.1.Yherefore, the %°Sr
radiotracer was no longer usedfter the measurement of 10 samples. An alternative yield
determination may be possible with adding stable strontium to the sample. In this case, the
strontium concentration is measured in the blank akiwown amounts of tracer aradded.
Afterwards, the stable strontium is measured in the prepared solution. The measurement of
stable strontium can be done with IGFES PSr amount negligible) or 1G®S. It is important

not to exceed the limit capacity of strontium of 8 mg*Svith the stable tracer on the resin.
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3.1.2. Stability of Sr resins in loAgrm usage

The stability of Sr resinwastested on the condition of longerm exposure to high acidity
(loading solution 8 M nitric acid). For this reas®isr was loaded on the resin in 8 M nitric acid
and afterwards the closed resin was stored for 3 days up to 2 moFtrseach time interval
three replicates were donelhen, the®Sr was eluted afterhte storage time and the chemical
yield was determined with gamma spectroscopy with a referefige solution with the same
geometry. Thechemical yield after different time intervals from load until elution is presented
in Figure 12. No significant influence with the time for thelution of strontium became
apparent This allows the usage of the strontium specific resin for gceumulation of
strontium over a long time interval. Furthermorthe Sr resin can be lodad with strontium,
and after 14 days fractions of ingrowfY and of°Sr can be elutedThe chemical yield &PSr in
the strontium fraction is 8@ 89% whichcorrelates with the manufactur®@ & R G| &

3500
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Days until elution of Sr from Resin

Figure12: Chemical yield dfSr in dependence dhe time of elution from Sr resin.

3.2.Evaluation of Three Window Method

3.2.1. Seting of the Windowsand calibration curves

The evaluation for the®Sr activity is performed with the Three Window Method for LSC
measurementg31]. The counts are registered ah LSC spectra with024 channels. These
1024 channels are assignaalspecific energy regions with a logarithmic scale. For this reason,
beta emissions with lower enerdyave a higher resolution. Beta emissions with medium high
energy (e.g. 41 (:°Sr) = 546 keV) amostly located imedium channels. Whereby high energy
beta emissions abs; (Y = 2240 keVAre mostlydetected in higher channels, with some
effects in all lower channels (ckigure9). Due to various quenching effects and instrument
parameters, the following definition of regions for the strontium quantification is only valid for
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the described method. For varying matrices and instruments, the channel region might need to
be adjusted.The three windows for the radionuclide analyaie set at:

1. Window 1:Channel0 ¢ 280 €°Sr, ®°sr,*®YY The main component in this region is the
gamma emitting tracer nuclidé®Sr. Furthermore, it has significant counts from
continuous spectrafo°Sr. hie counts resulting from the spectra 8l are negligible.

2. Window 2 Channel 281 680 (8°Sr,*°sr, ®°YY The counts in this defined region mostly
result from the radionuclidé’Sr. Direct after the separation d1Sr, this region does not
have ounts from the continuous spectra 81Y. However, as thmeasuement time of
each samples i84 hours, significant ingrowth ofY can be notice@nd the ingrowth
needs to be corrected in th region After almostreaching the secular equilibrium after
14 days, the count rate in window 2 and 3 can be used for the overall determination of
the total activity of °Sr and®®Y. Moreover, thé®Sr isotope has a significant Compton
background in this window [2]. Therefore, the usage 8fSr as a chemical yield tracer
was only done in the 10 first measurements atdhe following 27 measurements the
tracer was abstained. df the chemical yiel the worstcase in model experiments
(60.2%0)was used.

3. Window 3: Channel 68t 820 (*°Y): Window 3 detects only the radionuclid8Y and
does not suffer any interferencelsy other radionuclides in the prepared strontium
extract. Window 3 can be used to t@emine the ingrowth of the daughter radionuclide
%y and at reachingalmost the secular equilibrium after 14 dayfor activity
determination in combination with Window 2 for a lower detection limitthé double
of the initial activity of’°Sr.

The linearcalibration curve for Window 2 (Channel 28680) direct after separation from the
daughter nuclide®Y is presented iffigure13 a). The calibration is used for the determination
of °°Sr directly after the matx separation. For the determination of thetal activity of°Sr %
after an ingrowth time of 14 days, the calibration curve f88r %Y of Window 2 and 3
(Channel 28@ 820) is used.

To test the linearity of the calibration curve, tMandel's fitthgtest (Eq. 3.1)s performed33],
with the number of calibration standard$ = 6 and thevariance ofthe linear functioni ; and
the quadratc functioni . In both calibration curve cases tf@ 4 ¥ajue was below th'éQ . poh
with 99 % statistically certainty, therefore the hypothesis of linear calibration is accepted.

. O gipg O 0Oijy
BGroo (3.1)

LR
For testing of potential outliers in the calibration curve a simpi€ebt (Eq. 3.2) with and
without the potential outliers were done. Aliésted calibration points weré&g s 5OQ h o4 NO
significant outliers could be found.
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Figure13: LSC measurement calibration curfesa) Window 2(Channel 28%, 680) for the determination of°Sr in freshl
separated samples and b) Window 2 {Ghannel 28t 820) for the activity determination of’sr and ingrown daught
nuclide®y.
3.2.2. Determination of characteristic limits
The characteristic limitsof the calibration curves were determined using the DIN ISO 32645
[34]. The DIN Norm differentiates between the blank value method and the calibration curve
method for the determination of the limit of detection (LOD) and limit of guiadtion (LOQ).
In this thesisthe calibration curve method was uséat both calibration curves.

The esidual standard deviation @f calibration functioni can be calculated with Eq. 3vdth
the number of calibration standarddl, w values of the measurement,w values of the
regressive linear calibration.
) Bw 3.3
| - - _ .
5 C (3.3)
The critical yalue oy njSicalculated with Eq. 3.4 and depends on thmtercept y; the t-
distribution &mswith the degree of freedoms f ancprobability p N , ahe esidual
standard deviatior §, number ofcalibration standard®N, number ofrepeat measurement#/,
the meanof the x valuesd the standard deviation of the gradient.
P p of
0

P2 (3.4)
V)

WNA (W OpmzdsO i
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Afterwards, the limit of detection can be calculated with linear calibration function (Eq. 3.5)
with the critical yvalueand the slopéb.

dﬁOEé"’) (3.5)

Table7: Parameters bthe calculation of the limit of detection and quantification for the calibration function®f&r and for

“srfy.

Calibration curveSr Calibration curve®sr/*%
Window 2 (Channel 280680) Window 2 +3 (Channel 280820)
a 6250.6 Bd 13587MBq"
b 2840.6 3699
° 0.2446 Bq 0.2440Bq
A 82.76 91.23
N 6 6
S 141.7 156.6
°* /s 0.027Bq 0.0201Bq
® /1 0.1192Bq 0.0604Bq

For these values statistically errors ned¢d$e taken into consideration: Type | error and type Il
error. The type | error @ise positiveyejectsthe zero hypothesibut it is true The type Il error
(false negativeacceptshe hypothesis evethough it is false

The limit of detection(LOD)llows a qualitative statement, if the analyte is inside the sample or
not. The typel error is 5 % and the type Il error 50 % for the LOD value. The relative result
uncertainty is 100 %. The limit of quantificatinOQ)allows a quantitative determination of

the analyte amount inside the sample and is the lowest working region. Theaveelasult
uncertainty is below 50 %. For analyte values above the quantification limit, confidence
intervals (Cl) can be used for specification of the analyte uncertairitg. LOD value 40
mBg/vial £°Sr) and20 mBg/vial {°Sr+°Y) Therefore, the trae analysis ot°Sr with ingrowr™Y
allows a detectiorof about4 fg of °°Sr per vial.

3.3. Determination of°Sr in bod concentrates

The analyte activitys determined using the DIN 384l [35]. The analyte activity can be
calculated using hte calibration function (Eq. 36for measured cants in Window 2 and
respectively Window 2+3.

o &8 (3.6)



The confidence interval (CI) of the measured value can be calculated with EqtH3tiie mean
of the x valuesaf’

.. L Dgh P P W W

°Y T T T 3o a @7
3.3.1 Test sample€®Sr determination

For testing of the LS@ree window method wo milk powder blank samples were spiked with
3r: Test 1 (0.073 BYSr) andTest 2 (0142 Bq™Sr) Forsamples containin§’Sr, correctiors
for 8°Sr Compton background in the region of Window 2 were m&adowingsteps for the
correction was madéor the first 10 measured samples:

1. The countof ®Sr in Window Were less than 100 at activities below or even 0.146 Bq
05y, this presents lessah 2.5 % of the counts registered in Window 1 for 10 B
and was neglected at the determination B8ractivity. However the 2.5 % was added
as uncertainty of th&>Sr activity calculation.

2. The activity of®Sr in the samplesvas calculatedat Window 1 with a calibration
function Appendix DAdditional information.

3. The Compton background resulting frofrSr in Window 2 was calculated from the
determined %Sr activityin Window 1 with the calibration curve of Window 2. éTh
calculated counts from the Compton background are subtracted fromcthents in
Window 2.

4. The corrected counts in Window 2 can be used for the determinatiofSofactivity.

The Table8 presentsthe calculated ad chemical yielecorrected activities of the spiked test
solution for the direct determination of’Sr after extraction anébr the sum activity of°Sr+°Y.

The chemical yield for the samples without radiotracer is estimated with the worst determined
yield of 60.34 Testsl and 2 show good comparability of the determination from the activity of
%5y with the calculated sum activity 8r° within their uncertainties. The calculation of the
corrected activity with the chemical yield of strontium hadues above theactual activity as
intended.

Table8: °sr spiked test solutions withe calculated and chemical yield corrected activity.

Tests Spiked activity C_al_culated Chemical yield Qo_rrected
activity [mBq] [%] activity [mBq]
Test 1:°Sr 73mBq*sr 44 +25 60.2 73+40
Test 1°Sr +% 73 mBq*°sr 47+7 60.2 78+12
Test 2:°Sr 146 mBq°Sr 100+ 24 60.2 166+ 40
Test 2°Sr +%% 146 mBq°Sr 96+7.5 60.2 160+ 13
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3.3.2 Real samplé’Sr determination

The real fod concentrates samples from Japarer& analysedusing the described Three
Window Method and the malytical results areeported in Table9. The first 10 samplelsave
added radiotracer®™Sr (marked with *), whereaghe following 27 samples were measured
without the radiotracer. The analysed sample material mass per vial varied strongly from 3 to
150 g.

All samples originating from Jap#&ampling datesMarch 2015 ¢ September2016) had no
detectable contaminatiorof *°Sr. However’®Sr could be detected in a mushroom sample from
Russia, thé®Sr activity in the vial was above the detection limit of 20 mBq/%@t % but
below the quantification limit of 60 mBg/VidlSr Y. The specific activity ¢fSrP% in tre
mushroom sample lies between these limits with 4.1 Bglkg< x < 12.3 Bg/kgish With an
uncertainty of 100 %.

Investigation on®°Sr in severalfood samples with sampling dates between May 2011 and
November 2013vere performed Nabeshi atl. [5]. Some of these invaglated food samples
contained *°Sr in detectable quantitiegfresh weight samplesd.029 + 0.008Bq/kg (Shiitake
mushroom)¢ 0.87 + 0.08 Bg/kg Horsetail). Dried samples as mulberry leaf tea ha¥sr
activitieswith up to 5.5 Bg/kgHowever, the amountslid not significantly vary from measured
5y activities in food samples before the Fukushima Daiichi NPP acdidetitermore no
correlation between the radiocesium and the radiostrontium conteotildbe found.

Neither the investigations of°Sr in foalstuffs in this master thesisor from Nabeshi egl. [5]
have found significant’Sr contaminated foods frorthe fallout ofthe Fukushima Daiichi NPP
accident.The low®Sr contents in some foods from Nabeshi et. al. probably originated finem
global fallout. It is fghly possible, that the in this master thesis investigated food samples
contained®Sr in low levels as wethat could not be detectediue tolow mass othe analysed
samples.
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Table9: The analyze®7 food concentrated from Jap ordered after the food category and their distances to the Fukushima
Daiichi NPP. Furthermore, the mass of the raw portion and the deterniiigrd®y activity is given. *marked foods have added
radiotracer®®Sr and the Compton background was corredmdthe analysis.

Distance from

Food Food Fukushima NpE Analysedraw portion %0517 2% activity
category [km] [a] [Ba/kgraw]
Fukushima mushroom 35 54.76 <LOD
Miyagi mushroom 95.2 95.76 <LOD
Mushroom Gumma mushroom 189 76.15 < LOD
Kanagawa mushroom 306 7.01 <LOD
Hokkaido mushroom 491.1 10.32 < LOD

Russian mushroom 3600 4.86 4,1<x<12.3
Miyagi flatfish 95.2 50.81 <LOD
*Yamagatadro 111.7 152.02 <LOD
*|baraki ardines 127 54.55 <LOD
Pond smelt 160.4 16.71 <LOD
Fish *Chiba drado 217 78.24 <LOD
Shizuokduna 374.4 7.90 <LOD
Miyazakiwhitebait 1071 40.24 <LOD
Miyagi onito - 36.71 <LOD
Boiled fish paste - 32.50 <LOD
Ibaraki bueberry 181 70.71 <LOD
Vegetable Blueberry paste 214 63.69 <LOD
and fruit *Chiba arrot 217 48.77 <LOD
*Chiba ganuts 217 16.12 <LOD
Miyagioyster 95 84.10 <LOD
Chibaabalone 218 41.69 <LOD
Seafood Aomorisquid 346.9 79.51 <LOD
Hokkaido &alone 629 64.60 <LOD
Baked seaweed 695 5.46 <LOD

*Namiem rice 11.1 24.70 < lOD

*Naraha rice 15.9 23.68 <LOD
Tamura brown rice 40.4 10.83 <LOD
Basic food Ibaraki sweet potato 127 38.37 <LOD
Chiba brown rice 201 12.17 < LOD
*Chiba brown rice 217 55.30 < LOD
*Gumma rice 230.8 42.70 < LOD
Iwate wheat 254 10.26 < LOD
Animal Wild boar jerkey 335 8.95 <LOD
product Skimmed milk - 8.42 <LOD
Sea water 0.6 91.56 <LOD
Other food *Kagekawdea 401 14.97 <LOD
Instant coffee - 3.31 <LOD
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3.4. Gammaspectrosopic investigationof **‘Cs and*®'Csin food concentrates

The energyand efficiency alibration of the HPGe detectors were performed with a round
surface multi nuclide QGA8 sandardwith following characteristicsTable100 ®  deifiSsion
of the radionuclide®Hg was not used, as it was almost completely decayettheatime of
measurement. The certificate from Eckert&Ziegler is attached irAphgendix ECertificates
Table10: The alibration standardQC¥48 from Eckert & Ziegler Isotope Produistérom 1% May 2016.The standard solution

was soluted with a factor of 0.0255.2°3Hg was almost completely decayed at time of usage of the standard. For this reason, it
was rot considered for energy, efficiency or activity calculations.

Gamma ra Branchin Specific Total
Nuclide energy [ke\)l] Half-life [d] ratio [% ]g Activity Uncertainty

[Ba/g] [%0]
2Am 60 157,742+ 241 36.0 27.54 3.1
10%cd 88 462.6 + 0.7 3.63 392.8 25
5Co 122 271.79 + 0.09 85.6 12.29 2.3
13%Ce 166 137.64 + 0.023 79.9 17.39 2.3
2BHg* 279 46.595 + 0.013 81.5 5457 2.3
1350 392 115.09 + 0.04 64.9 69.87 2.3
8gr 514 64.849 + 0.004 08.4 84.66 2.3
Bics 662 11,012 + 58 85.1 59.16 2.3
o 898 94.0 2.3

Y 106.63+ 0.025 136.17
1836 99.4 2.3
5 1173 99.86 2.3

Co 1,924+ 0.4 70.64
1333 99.98 2.3

Total activity 4,794

3.4.1 Energy calibration
TheQCYiy &GFYyRIFINR KIF& wmn NI RArRs dhidh cowrerS the wokiligk M H
energy regions (6Q 1836 keV) of the HPGe detectors. The location of the gamma peaks with
their specific energy and the fulidth half maximum (FWHM) can besagned to the channels
Cwith the quadratic polynoms (Eq. 3a®d3.9) with the operating software Ginnie2k®.

06 o 006 060 (3.8)

Ow™0i0 6 606 06 (3.9)

40



3.4.2 Efficiency calibration
The uncertainties of a function withincorrelated variables (Eq. 3.10) are calculated witlore
propagation(Eq. 3.11) after the Guide to the Expression of Uncertainty in Measurement GUM.

Q0o Fo F8 66y (3.10)
. T Q, T Q, " T Q.
Ox T_‘ o .ITCD c E T_‘:D i (311)

After complete energy calibratioof the gamma system, an efficiency calibration for the activity
calculation is performed. The efficiency of a gamma dete{iEq.3.12) describes the ratiof

the net countratei; ‘O and the actual gamma emission ratg; ¢@ . The uncertainty of the
efficiency can be described with error propagation with EG3

i O (3.12)
A7 €@

(ol T OO0 ija06 0 iajESd

T O

(3.13)

The efficency is highly dependent on the energy of the emitted gamma quant. The higher the
energy, the lessikely the energy of the gamma quant is fully depositeithin the detector
crystal volume (photo effect) and the efficiency decreases. At low energiesassbity of
adsorption of the gamma quant in air, sample container or in the entry window (material
dependence) increases, resulting as well in a lower efficiency. A gdexpolation of the
efficiency curve is donewith the JaekelWestmeier equation(Eq. 3.14). Through fitting the
parametersc of the JaeckeWestmeier equation, radionuclide activities with different energies
from the multi nuclide standard can determined (e'§'Cs: 6047 keV, 798.5 keVVoK: 1460

keV) (3.14)

. . 2 2 A 0A0AT ° °
T 0O Q

Gamma rays are exponentially weakened in matter. The extent of the weakening depends
highly on the energy of the gamma ray and the kind of weakening matter. A sarh@e o
significant height has significant absorption effects. For this readwn efficiency is highly
dependent on the geometry of the sample. For the used Petri dish geometry, the efficiency
calculation was performed with the foil method described by Jai8. The foil method uses a
round surface area standard (filter pap@&:=10 cm) to measure the efficiency on the top (Eg.
3.15 and the bottom(Eq.3.16) of the Petri dish containing the sample. As the circumstances
require the net count rate needs to be corrected by the net count rate resulting from the
same nuclide in the samplg 41 g£.8.2>'Cs: 661.7 keV).

o1 o L2IEALO1 @19
AT EO
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AT EO
The efficiency of the sample can be calculated as the logarithmic mean of the efficiency on the
top and bottom of the Petri dish witlkqg.3.17. The uncertainty of the efficiency is calculated

with Eq.3.18

o (3.17)

M Tard T Doaiaio N TordNT  Doaioie (319
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3.4.3. Activity determination ofundisturbed discretegamma emissions

The determination of the gamma activignd the characteristic limitsvere performed withthe
DIN 11929[36]. In the first step, the net count rate of the area of the radionuclidexis
calculated as the difference of the initial area count rate and the zero effect countatei
(Eq. 3.19) The used software ®&2K® automatically reports the net count rat and

uncertainty(Eq. 3.20)
. . 3.19
EET EE (3:19)
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Gie O
Afterwards the specificactivity a can be calculated with the summations corrections éad,
the sample mass m, the efficiericyand the emissiomprobabilityr) (Eq.3.21) The summations
correction factors K{(**'Cs) = 1k(**'Cs) = 1.11k(*K) = 1) and the emission probability are
taken from literature. The uncertainty of the spgc activity is calculated with error
propagation with Eg3.22

OlT Ao

" @ .
W ————37 200 Jj ac¢ (3.21)
a :3 :),l i AO i AO
o0 ® O D i1a0 i) pADoAIL (3.22)
With 0549  OpaTd Ooaf  Ooali  Ooah - (3.23)

Each of the 37 food concentrasamples were investigatedor **/Cs,**'Cs and°K activity with
gamma spectroscopy. The calculatquksific activities of the radiuclides are presented in
Tablell. Themeasurement time for each sample were at least one day.
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