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SSM perspective

Background

To strengthen the material science research in Europe, the European
Spallation Source (ESS) is being built in Lund in the southern part of
Sweden. In the spallation process, neutrons are generated when the
accelerated protons hit the tungsten target. In addition, a broad range
of radioactive by-products is produced that differs from the fission
products produced in a nuclear reactor. In case of an accident scenario
target material particles could be released to the atmosphere and
contaminate the surroundings. From earlier studies, the alpha-emitting
radionuclide **Gd (Gadolinium-148) has been found to be a major con-
tributor to the total radiation dose at an ESS accident. Therefore, there
is a need to enhance the knowledge about how to assess internal dose
from radionuclides such as gadolinium in the presence of a mixture of
other nuclides. The Swedish Radiation Safety Authority has found devel-
opment of a method to determine the Committed Effective Dose (CED)
resulting from inhalation of radionuclides that can be released during
an accident at ESS of great importance to support.

Results

The method combines results from gamma spectrometry measurements
using a whole-body counting (WBC) system and an analysis of bioassays.
An automated method for calculating the minimum detectable activity
was developed and results for the WBC system and a laboratory detector
system were presented. The results showed that lung burden could be
evaluated for a majority of the most prominent radionuclides in a release
at CEDs around 1 mSv' and above. Furthermore, the results showed

that the levels of radionuclide excretion in urine are low for most radio-
nuclides and will not be quantitative for CEDs around 1 mSv.

In addition, the authors demonstrated that peaks of “*Gd, **Gd and
16Eu (Europium-146) are well shaped and could be used for the deter-
mination of the activity of these radionuclides in lungs. The activity of
“8Gd in the lungs could then be determined from fractions between
activities of these radionuclides.

Relevance
The results of this project has generated some important conclusions
regarding assessing internal dose after an accident at ESS:

- The WBC systems are essential for evaluating lung burden and CED
evaluations at moderate exposures (1 mSv).

- The urine analysis has a limited value at moderate exposures and can
complement lung burden measurements only at higher exposures
(20 mSv?).

1'1 mSv is the size order of the allowed maximal annual effective dose to public
220 mSv is the size order of the allowed maximal annual effective dose to workers
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- The method developed is designed for the WBC system at Westing-
house Electric AB in Visteras but can easily be modified for other
radionuclide mixtures and WBC lung burden systems if the detector
counting efficiencies are known.

Moreover, development of methods like this will help the assessment of
internal dose from a potential accident at the ESS and therefore is an
important piece of information related to the emergency preparedness
around the ESS facility in Lund.

Need for further research

Today, the measuring techniques focuses on dominant fission products
in the context of dose contribution such as radionuclides from iodine
and cesium seen in large-scale accidents as Chernobyl and Fukushima
Daiichi. While validated measurement techniques for determination of
dominating radionuclides like gadolinium, tungsten and hafnium from
an accident at ESS is missing. Future research should strive to fill those
gaps to achieve more reliable dose assessments. The authors highlight
the need of improvement of the estimation of the size-related attenu-
ation by the person in WBC measurements. The authors also mention
the need to further developing a separation method to radiochemically
isolate gadolinium in different sample matrices for subsequent alpha
spectrometric measurement.

Project information
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Reference: SSM2019-4725/7030295-00
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Summary

Accidental aerial releases of radionuclides from the ESS facility may, if unmiti-
gated, expose the public and workers to significant radiation doses, both from inha-
lation and from ground deposition of radionuclides. Such a release might contain a
large and complex mixture of radionuclides, of which many are of exotic nature, i.e.,
are not studied in exposure and dosimetric situations, thus creating an analytical
challenge for the dose assessment. The work presented here describes a method to
calculate synthetic HPGe gamma spectra of (i) expected lung burden as a result of
inhalation based on an existing HPGe whole-body counting (WBC) system and (ii)
expected radionuclide excretion in the urine based on a laboratory HPGe counting
system. The lung burden, i.e., the amount of radionuclides inhaled, is based on pre-
dicted radionuclide release mixtures and biokinetic calculations of radionuclide dep-
osition in the lung followed by absorption, transport, dissolution, and further uptake
to the systemic circulation and final excretion.

The results of the simulated WBC lung burden measurements confirm the expected
complexity of the spectra composition, especially at counting periods close to the
exposure event. However, spectra evaluation of the gamma peaks of the most promi-
nent radionuclides regarding Committed Effective Dose (CED) shows great possi-
bilities for quantification of the lung content of these radionuclides for measure-
ments performed days to several weeks after inhalation intake, for CED levels down
to about 1 mSv. Quantification also includes the Gd-isotopes '*°Gd and !**Gd, which
opens for evaluation of the lung burden of the a-emitter **Gd, which is a major con-
tributor to the total radiation dose (CED).

The results of the simulated HPGe measurements of urine samples show that the
levels of radionuclide excretion in urine are rather low for most of the radionuclides
of interest, and therefore excretion analysis may not contribute to dose evaluations
except for major exposures, CEDs of tens of mSv. Therefore, WBC systems are es-
sential for evaluating lung burden and CED evaluations in this exposure context.



Sammanfattning

I hidndelse av allvarliga olyckor vid ESS anldggning kan omfattande luftburna ut-
slédpp av radionuklider ske, vilket kan exponera allmadnheten och arbetare till bety-
dande straldoser, bade fran inhalation och fran markdeponerad aktivitet. Ett sidant
utslapp kan innehélla en stor och komplex mix av radionuklider, av vilka ménga &r
av exotisk natur, dvs. har inte tidigare studerats i exponerings- eller dosimetrisam-
manhang, vilket medfor analytiska utmaningar for dosbestdmning.

Arbetet som presenteras hér beskriver en metod for berdkning av syntetiska HPGe
gamma-spektra som resultat av (i) forvéntad lungexponering genom inhalation base-
rat pa ett HPGe helkroppsmaitsystem (WBC) och (ii) férvintad utsondring av radio-
nuklider i urin, baserat pa ett HPGe laboratoriemétsystem. Lungintaget, dvs. méng-
den av inhalerade radionuklider, baseras pa forvéntad utsldppsblandning av radio-
nuklider samt biokinetiska berdkningar av radionukliddeposition i lungan fo6ljt av ab-
sorption, transport, upplosning och vidare upptag genom systemisk cirkulation och
utsondring (urin, feces).

Resultatet av simulerade WBC-maétningar av lunginnehéll av radionuklider bekréftar
forvantad komplexitet i spektrumsammansittning, speciellt om métningar sker nara
efter att exponering skett. Spektrumutvardering av fullenergitoppar av de mest pro-
minenta radionukliderna m a p dosinteckning (Committed Effective Dose; CED) vi-
sar pa goda mojligheter till kvantifiering av lunginnehall av dessa radionuklider d&
méitningar utfors frdn nagra dagar upp till flera veckor efter intaget, for CED-nivéer
ned till ca 1 mSv. Kvantifieringen inkluderar Gd-isotoperna '46Gd och '33Gd, vilket
oppnar for evaluering av lunginnehdll av a-stralaren '43Gd, vilken forvintas ge det
enskilt storsta bidraget till totaldosen (CED).

Resultaten frén simulerade HPGe-méitningar av urinprover visar att niverna av
radionuklidaktivitet i urinutsondring &r férhallandevis ldga for de flesta av de radio-
nuklider som &r av betydelse m a p CED. Darfor forvantas analys av utsondring i
urin endast kunna ge betydande information for dosutvérdering vid hogre expone-
ring, CED av storleksordning 10 mSv eller mer. Vid denna typ av olyckor ar déarfor
méitningar med WBC-system avgdrande for att kunna utvérdera storlek pa radionuk-
lidintag via inhalation och fér CED-bestdmning.
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1. Background

The European Spallation Source ERIC (ESS) research facility in Lund will be oper-
ating to produce slow neutrons by spallation when protons from a linear accelerator
bombard a radiation target made of tungsten. The process will generate a suite of ra-
dionuclides (>900), of which most are not present in other operations in Sweden.
This creates a complex analytical challenge in case of accidental releases, i.e., for
measurements of samples (e.g., bioassay, filter) and dose assessments. For some of
the radionuclides produced in this process that can significantly contribute to the in-
ternal dose, there are no validated methods for determination, for example, *8Gd.

Internal radiation exposure can be assessed by estimating the amount of radioactive
material that has entered the body. This is typically assessed by measuring the con-
centration of the radioactive materials in urine and/or by direct measurement of the
radiation emitted by the body via a whole-body counter or calculated based on esti-
mations of intake. The radiation dose can then be estimated by employing accepted
biokinetic and dosimetry models. Though the transfer rate coefficients in ICRP mod-
els often represent the state of the art of the knowledge, they lack details in the sys-
temic distribution for many of the “exotic” radionuclides present here and further
uncertainties arise from incomplete knowledge about chemical forms of the radionu-
clides and in case of aerosols the sizes of dust particles to which the radionuclides
are attached.

In the event of an accident or for monitoring of workers and eventually the public
under normal operations, the following tasks need to be addressed to assess internal
doses:

e measurement of the whole-body and lung contamination with HPGe detec-
tors. Due to the vast number of gamma emitters present in an accidental re-
lease, whole body counting needs to utilize detectors with high energy reso-
lution, e.g., HPGe.

e measurement of environmental samples to determine isotopic fractions, of
particular importance for the determination of '**Gd

e measurement of urine samples with HPGe to determine the excretion dynam-
ics of gamma and alpha emitters

e determination of the chemical form of the nuclide compounds in the release

e for inhalation exposure, determination of activity size distribution (AMAD;
Activity Median Aerosol Diameter) and its geometrical standard deviation
(GSD)

The last two tasks are complex, and the parameters, which can have a large impact
on the committed dose, should be assessed in advance and if feasible, confirmed
with actual measurements during a release event. However, this part is not included
in the proposed project.

1.1. ESS activity release scenario

Scenarios of uncontrolled major aerial releases of radionuclides at ESS have been
simulated at ESS and SSM by modelling (ESS internal documents [1] [2]; SSM
2018:22 [3]). Release activities and corresponding inhalation doses to the public are
given for 914 radionuclides (ESS internal documents). Of particular interest in this
project are the corresponding isotopic ratios of Gd isotopes, in particular between
146Gd, 8Gd, and '3*Gd, and the dose coefficients that allow estimating the commit-
ted effective dose from the total intake activity.



During normal operations, ESS safety systems (e.g., HEPA filtration, waste treat-
ment facilities) are designed to minimize effluents from the facility. Expected major
effluents *H, ''C, 3V, 130, “'Ar, %I, °Ta, and '3'W will be monitored on-site and
are expected to give a very small contribution to the exposure of the public and
workers. Therefore, it is not included for assessment in this project.

1.2. IMBA and Taurus

IMBA (Integrated Modules for Bioassay Analysis) is an internal dosimetry software
that enables (i) internal dosimetry calculations based on specific oral or inhalation
intakes, intakes from wounds or from the injection, (ii) estimated intakes based on
bioassay measurements, and (iii) calculation of bioassay quantities from given in-
takes. Calculations can be made both for single and multiple intake regimes. It im-
plements biokinetic and dosimetric models recommended by ICRP for the Reference
Worker [4] (US 10 CFR 835). It allows for entering individual parameters apart
from ICRP default input values.

In 2020, IMBA was superseded by the dosimetry software Taurus, implementing the
latest ICRP dosimetry model data.

2. Purpose and aims

Specific goals of the project are

e Perform a detailed literature study of spallation source operations that in-
cludes accident and normal operations release scenarios, expected release
compounds, dose assessment strategies, and models.

e (alculate the time-dependent synthetic HPGe gamma spectrum for the
worst-case scenario of the instantaneous atmospheric release of the complete
mixture of radionuclides to determine (i) which radionuclides can be quanti-
fied and (ii) detection limits for the whole-body and/or lung counting with
HPGe. An operating whole-body HPGe system will serve as a model for this
assessment, e.g., the system at Westinghouse Electric Sweden (WSE) in
Visteras.

e Develop mathematical models (methods) to determine of intake activities
from measurements (gamma spectrometry and biosamples). The models will
utilize information from environmental samples and whole body and lung
gamma spectroscopy. The model will incorporate existing software for bio-
kinetic models, e.g., DCAL and IMBA.

e Develop a strategy for analyzing the HPGe body count measurement. For
instance, we will answer whether collimated lung counting will suffice to
estimate lung burden and intake and if repeated measurements are needed for
dose assessment.



3. Materials and Methods

3.1. Determination of committed effective dose (CED)
The committed effective dose, E(50), can be calculated as [5]

E(50) = X;€inn(50) * [iinh + X €jing(50) * I ing > e

where e; i, (50) and e; ;¢ (50) are the committed effective dose coefficients for ac-
tivity intakes by inhalation and ingestion, respectively, of a radionuclide j, and I; jn,
and ; ;¢ are corresponding activity intakes. The contribution to CED from '**Gd is

E148Gd (50) - el486d,inh (50) " 114SGd,inh + el486d,ing(50) . 114SGd,ing . (2)

Activity of a radionuclide j in the lungs at the time t, A;,ng(t), can be calculated as

Aj,lung(t) = Rj,lung(t) ’ Ij,inh > 3)
where R;jyng(t) is a corresponding retention factor.

In the proposed method, the committed effective dose coefficients e;;,,(50) and the
retention factors Rjj,ng(t) are calculated with IMBA. The activity in the lungs
Ajjung (t) for 8Gd is measured using gamma spectroscopy. The corresponding in-
take by inhalation [1484 i), is obtained from equation (3). Corresponding contribu-

tion to CED is obtained from equation (2).

@ Gamma . Activity [)
spectrum In lungs
H i Imtake Committed
Nuclide fractions IMBA el —@—* effective

dose

Bio /F\
C assay Y

Figure 1. Workflow for the determination of the committed effective dose.

The proposed method consists of the following steps (Figure 1):

Acquisition of the gamma spectrum

Determination of activity in the lungs from the gamma spectrum
Determination of the intake activity from activity in the lungs
Determination of CED from the intake activity

Collection of bioassays

Determination of intake activity from the bioassays

TmUAwp

Sections 3.1.1 — 3.1.7 describe these steps in more detail.



3.1.1. Acquisition of the gamma spectrum

The gamma spectrum is acquired for a whole-body counting system, see Figure 2(a).
The detector system consists of three HPGe Ortec ACTINIDE-85 detectors opti-
mized for lung burden measurements. Each detector has a height of 30 mm and a di-
ameter of 85 mm, see Table 1. The detector endcap is made of an ultra-low back-
ground, high-strength carbon fibre composite, which provides greater than 85%
transmission for photon energy above 15 keV and nearly 100% transmission for
photon energy above 20 keV.

Table 1. Specifications of the detector. FWHM = Full Width at Half Maximum; FWO0.1M = Full
Width at One-tenth Maximum; FW.02M = Full Width at One-Fiftieth Maximum; total system res-
olution for a source at 1000 counts per second measured in accordance with ANSI/IEEE Std.
325-1996, using ORTEC standard electronics. P:C = peak to Compton ratio.

Crystal Dimensions' Energy Resolution (FWHM)* Peak Shape’
59keV |@122keV |@1.33MeV| FW.IM/ | FW.02Mm/ Nominal Endcap
Diameter Length | Warranted | Warranted | Warranted | FWHM FWHM P:C Relative | Diameter
Model Nominal | Minimum (V) (V) (keV) Typical Typical | Waranted |Efficiency % mm
ACT85 85 30 500 700 1.90 2.00 2.90 55 50 108

An example of a spectrum is shown in Figure 2(b).

Gamma Spectrum of I02_TOM_F01_red csv simulated for HPGe (rel. eff. 50.6%)

EEE —=we — e

Theoretical nuMAr of counts

o
Gamma-ray srergy. Kev

Figure 2. (a) Whole-body counting system for the measurement of radionuclide activity in the
lungs. (b) Simulated gamma spectrum.

3.1.2. Determination of activity in the lungs from the gamma
spectrum

The activity of the radionuclide is calculated as

Nnet
A= eERS )
where N, is the net count rate in the peak of full absorption, f is the energy line in-
tensity, €(E, h) is the full energy absorption detector efficiency, which depends on
the photon energy E and the extra attenuation by the person characterized by the pa-
rameter h. In this work, we propose a simple method for the estimation of h, see be-
low. A more elaborate method is described in section 7.1.

Consider an experimental setup in Figure 3 consisting of a point source, an absorb-
ing layer, and a detector with spectrometric properties. In case (a), only the default
layer is present. In case (b), an additional layer with a thickness of h is added to the
default layer. Consider a radionuclide with two peaks, whose net areas are N*(E;)
and N*(E,) in the calibration setup and N (E;) and N (E,) in the measurement setup;



E,; and E, are corresponding photon energies. Consider an exponential attenuation
only. Then

N(E;) = N*(Ey)e #EDR (5)

N(E;) = N*(Ep)e " (6)
where y(E) is the energy-dependent linear attenuation coefficient of the additional
absorbing layer. By dividing equation (6) by equation (5) we get

N(E) _ N'(E) ,—[u(Ep)-u(ED)Ih
NGED NGB ) @)

which can be written as

N(Ep) N*(ED)] _ B
—In [N(El)N*(EZ) - [”(EZ) ”(El)]h s (8)

Equation (8) can be solved for h.

(a) . Detector (b) . Detector

Additional | absorber t h

[ Default | absorber ] Default | absorber

Source Source

Nl/\ Nz/\ Energy N1 NZ/\ Enerey

Figure 3. Schematic view of an experimental setup consisting of a point source, an absorbing
layer, and a detector. (a) Calibration configuration. (b) Measurement configuration. An additional
layer with the thickness of h is added to the calibration configuration.

In practice, the second ratio on the left side can be determined from the energy cali-
bration, see section 3.3. Let £(E;) be the full energy absorption detector efficiency
(equation (20). Then

N*(E;) = e(E))f1A 9

N*(E;) = e(E;)f,A (10

and the ratio is

N*(E1) _ e(EDAA _ ) fr

N*(Ep) ~ e(EfA  e(Ex) fo (1)
Equation (8) can be written as
_ -1 N(Ep) e(E1) fi
" u(E)-u(ED) [N(E1) e(Ez) fz] (12)



3.1.3. Determination of the intake activity from activity in the
lungs

As discussed in section 3.2, the activity of a radionuclide X; in the lungs at the time
t can be calculated as

Axi(t) = Axi(o) Zj f(xi,j)R(XiJ') @® . (13)

where Ry, j)(t) is the retention fraction calculated with IMBA, and f(x, ;) is the
fraction of the chemical form j. In the case of a measurement of a contaminated per-
son, activity Ay, (t) in the lungs is determined in the previous step (section 3.1.2),
and the activity intake Ay, (0) is then calculated as

B Ax,(®) (14)
AXi(O) - ij(xi‘]‘)R(Xi‘j)(f)- .

AMAD

If the Activity Median Aerosol Diameter, AMAD, of the particles is not known,
ICRP publication 66 [6] recommends using the AMAD of 5 pm for workplace expo-
sure and 1pum for indoor or outdoor exposure of the public. We used the AMAD of 1
pm for all nuclides in the IMBA calculations and geometric standard deviation o, =
2.47 (SSM 2018)[3].

Parameters, Absorption type & Chemical compounds of the nuclide

The values of the absorption parameter f;, s, Ss, f3,, Sy, and f,, were retrieved from
ICRP publications. The lanthanide parameters were published in ICRP 141 [7], io-
dine parameters in ICRP 137 [8], and cobalt and yttrium in ICRP 134 [9]. The re-
maining nuclide parameters were retrieved from ICRP 119 [10] (f) and ICRP 130
[11] (Sp» S fp»> Sp> and f), and the chemical compound from ICRPs supporting
guidance 3 [12].

Regarding parameters for the particles transport, GI tract model, and bioassay
model, the IMBA and Taurus default values were used.

The ICRP uses four absorption types according to rates of absorption into the blood
from the respiratory tract; F (fast rate, with almost instantaneous absorption (gases
and vapours)), M (medium/intermediate absorption rate), S (slow absorption rate,
i.e., for deposited material that are relatively insoluble in the respiratory tract) and V
(Vapour) for reactive gases, where immediate 100% absorption to blood is assumed.
However, IMBA/Taurus does not include alternative type V. Depending on the
chemical form, some elements/nuclides have more than one absorption type. There-
fore, if the chemical compound of the nuclide is not established, calculations of
more than one absorption type need to be done. For lanthanoids, ICRP recommends
using type M if the chemical compound is unspecified.



Table 2. This table shows the parameters that were used for the calculations in IMBA and Taurus
respectively. The parameters were taken from different ICRP publications (see the color code
under the columns “ICRP”). The table shows data for the more prominent nuclides of the release
regarding CED. AMAD=1 um, GSD=2,474 was used.

fraction dissolved
Absorption rapid slow
type fraction Fa-fr*f1 (rapid |rate rate
Radio- Model
nuclide | F | M | S f1 fa fr |sr/dag| compounds | ss/dag used |[ICRP-del
*8Gd M 0.0005 | 0.0001 | 0.2 1 oxides 0.005 | Taurus | 141
8214 s| 0.001 | 0.00001 | 0.01 ] 3 oxides 0.0001 | IMBA 130  guide 3
wo| F 0.3 0.3 1 30 | all compunds - IMBA 130  guide 3
72 pf M 0.002 | 0.0004 | 0.2 3 oxides 0.005 IMBA 130  guide 3
Bwo|F 0.3 0.3 1 30 | all compunds - IMBA 130  guide 3
Blyw | F 0.3 0.3 1 30 | all compunds - IMBA 130 guide 3
75 pf M 0.002 | 0.0004 | 0.2 3 oxides 0.005 IMBA 130  guide 3
125 F 1 1,0 1 100 |methyl/ethyl | Taurus 137
Ly M 0.0005 | 0,0001 | 0.2 1 | unspecified | 0.005 | Taurus 141
7 1q s| 0,001 | 000001 | 0,01 3 oxides 0.0001 | IMBA 130  guide 3
%yp M 0,0005 | 0,0001 | 0,2 1 unspecified | 0,005 | Taurus 141
g s| 0001 | 000001 | 0,01 3 oxides 0,0001 | IMBA 130  guide 3

All of the 49 radionuclides from the list from report [3], except '??I, were included
in the Taurus/IMBA-calculation.

3.1.4. Determination of the committed effective dose from the
intake activity

Estimates of CED can be made when the data on the radionuclide inhalation intake
are evaluated, based on WBC-lung analyses and IMBA/Taurus calculations. How-
ever, in order to estimate CED for the complete set of radionuclides released/in-
haled, assumptions have to be made since not all radionuclides will be detected by
WBC-lung analyses, i.e., pure o— and B-emitters or y-emitters with low y-energies.
WBC analyses, bioassay analyses and analyses of environmental samples (e.g. air
filters), will together, depending on concentrations, supply data to either support the
nuclide vectors used in the release models [2], [3] or suggest significant deviation
from these. If the former applies the CED can readily be estimated from the WBC-
lung data and IMBA/Taurus calculations, including radionuclides having no gamma
emissions. If the latter applies laborious work is needed to reconstruct the release ra-
dionuclide vectors, presumably based on analysis of air filter samples.

Since the alpha emitter '**Gd is expected to give the single highest contribution to
the inhalation dose, radiochemical analyses are needed to verify the Gd isotope ac-
tivity ratios. It is expected that environmental samples, e.g., air filters and wet fallout
will be analysed but also analyses of urine samples of exposed individuals will be
made.

3.1.5. Collection of bioassays

Normally 24 h urine sampling is preferred since the concentration of radionuclides
in urine for an individual may vary during the day. If 24 h urine sampling cannot be
provided, the daily excretion of the activity needs to be based on spot samples. This
can be done by converting spot sample data by using the creatinine method.



Creatinine method

Creatinine is produced in the muscles and released at a fairly constant rate by the
body.

Q - F * (KRE24h
RN, — "wurine,RN,24h Krej

)* CONCu‘rine,RN,I > (15)

where Fyine ri 241 1S the fraction between 24 h excretion and whole body or spe-
cific organ content for radionuclide RN, KRE,,}, is the standard value for daily ex-
cretion of creatinine [mmol d"'], Kre, is the amount of creatinine that is in the urine
sample [mmol], and CONC,,.sne ryv ; 18 the concentration of the radionuclide in the
spot sample.

3.1.6. Determination of intake activity from the bioassays

The method for calculating the intake from bioassay analyses is described in the Ap-
pendix 8.3.

Urine samples will preferably be analysed with low background HPGe detector sys-
tems using standard methods. The alpha emitter '“8Gd will be analysed via radio-
chemical separation and alpha spectrometry [13]. A whole-body counter with HPGe
detectors designed for lung measurements is best suited to measure the uptake in the
lungs.

More than 900 radionuclides are expected to be produced in the ESS-target. In case
of major accidents and subsequent atmospheric releases there are several radionu-
clides that could result in significant internal exposure to the public, e.g. (in order of
significance) *3Gd, '87W, 172Hf, 182Ta 135W, 781, 183Tq, 17> Lu. Of particular inter-
est for the dose assessment is knowledge about “8Gd, since this radionuclide is a
pure alpha emitter, with a long physical half-live (71.1 y) and released in significant
quantities. The ESS estimate in their assessment that from a major target meltdown
and unmitigated release about 53% of the inhalation dose to representative person of
the public will arrive from "®Gd (ESS 2016 [2]). In order to quantify the lung intake
of 8Gd by WBC the gamma emitting Gd isotopes “°Gd and '3Gd together with the
146Gd daughter “*Eu will be used. However, the activity ratios of the Gd-isotopes in
a major release are not known in detail. Assessment made by ESS (ESS 2016 [2])
show the following activity ratios; 48Gd/'**Gd: 0.036, 1**Gd/!3Gd: 0.044, whereas
MC-simulations made by Barkauskas at al. [14], show an *3Gd/!**Gd activity ratio
of 0.53. The estimates are made for inventories after maximum target use, 5 years.
SSM 2018:22 [3] base their estimates on the same activity ratios as the ESS-esti-
mates (see Table 3.). In our work we base our evaluations on the SSM 2018 [3] re-
port.

Table 3. Gd isotope release activities given in the SSM 2018:22 report [3]. The activities are from
0-20 min after the release.

Nuclide Activity 0-20 min after
the release. [Bq]

146Gd 9.7E+11

48Gd 3.5E+10

1%3Gd 8.1E+11




3.1.7. IMBA and Taurus

As an add-on, IMBA enables input of 8 different bioassay quantities; whole body,
lung, urinary and faecal excretion, blood, thyroid, liver, and user defined. This opens
for using HPGe lung and urine measurements for intake assessment.

The latest version of IMBA includes 740 radionuclides. Of the 100 most prominent
radionuclides listed in the simulated accidental ESS-release, i.e., in terms of inhala-
tion dose, 69 radionuclides are included in IMBA (**Gd is included). Of the list of
radionuclides used here in the IMBA- and Taurus calculations, SSM 2018:22 [3], 48
of the 49 radionuclides are included, only ?’I was missing. For this project our
IMBA-version was updated to this latest version.

It should be noted that IMBA implements biokinetic and dosimetric models recom-
mended by ICRP for the reference worker and methodology described in ICRP 60
[15]. Therefore, in order to comply with the latest knowledge; model adjustments
and changes in model input parameters found in recent ICRP publications (e.g.
ICRP 130 [11], 134 [9], 137 [8], 141 [7]) need to be applied to IMBA. Thus, instead
of using the IMBA IRCP default settings, manual editing is needed. Also, for dose
calculations the most recent tissue weighting factors, ICRP 103 [16], need to be en-
tered manually. During 2020 the IMBA was superseded with the Taurus, which in-
corporates the latest ICRP-methodology and dosimetric data. However, the present
version allows for calculations for a rather limited number of radionuclides, e.g.,
only 22 of the 49 radionuclides considered in this report, based on the SSM 2018:22
report [3], are included. Therefore, we decided to base our evaluation on (i) Taurus-
calculations for radionuclides available in the Taurus library, and (ii) otherwise use
data provided by IMBA, keeping in mind that changes in the HRTM-model regard-
ing lung clearance and longer retention in parts of the lung may somewhat affect the
retentions obtain by IMBA-calculations.

3.2. Simulation of gamma spectra

Nucleonica was used to calculate gamma-ray spectra for two activity releases:

e model 1 with 914 nuclides provided in an ESS internal document and
e model 2 with 49 nuclides provided in SSM Report 2018:22 [3]; see Table 4.

The standard web-based version of Nucleonica can calculate spectra for no more
than 20 nuclides in the mixture in one run. Web-based test servers with Nucleonica
can process all 914 nuclides. In this case, however, it is not possible to generate
some output reports owing to large memory demands. When these output reports
were needed (like in the calculation of the MDA), model 1 with 49 nuclides was
used.



Table 4. Activity release model 02.

Nuclide A (Bq) Nuclide A(Bq) Nuclide A (Bq)
199Cd 3.8e+11 85Yp 3.4e+12 76Ta 1.6e+13
"8Te 8.8e+11 89Yp 7.0e+12 7Ta 2.2e+13
120) 5.8e+11 89Lu 5.9e+12 Ta 2.2e+13
121 6.9e+11 0Ly 7.8e+12 180Ta 7.2e+12
122 6.5e+11 Ly 9.3e+12 82Ta 7.4e+12
123) 8.4e+11 72Lu 5.2e+12 83Ta 1.1e+13
124 1.1e+11 7Ly 6.7e+12 84Ta 4.0e+12
1251 7.5e+11 70Hf 5.8e+12 w 1.3e+13
126] 2.9e+10 72Hf 4.1e+12 78y 2.2e+13
39Ce 8.8e+11 73Hf 1.1e+13 BIw 8.6e+13
“EY 1.2e+12 5Hf 1.1e+13 85w 2.6e+14
46Gd 9.7e+11 178nHf 2.5e+11 87 6.7e+14
48Gd 3.5e+10 BIHf 9.5e+11 ®2Re 9.3e+11
1%3Gd 8.2e+11 73Ta 8.4e+12 ®Re 6.8e+11
49Tb 8.1e+11 74Ta 8.9e+12 8Re 1.1e+13
66T m 3.6e+12 75Ta 1.3e+13 ®Re 8.3e+12
7Tm 4.3e+12

Two detector configurations were simulated:

e HPGe model 3 for lung measurement (Figure 4) and
e HPGe model 2 for urine measurement (Figure 5).

In both cases, the isotropic point source-detector distance of 100 mm, and the filtra-
tion of 50 mm of polyethylene were used. For the lung measurement, the polyeth-
ylene simulated absorption of photons in the chest. For the urine measurement, it
simulated self-absorption in the 1 litre of urine.

The input mixture of radionuclides in lungs or urine was obtained using the bioki-
netic models of IMBA as follows. A radionuclide X;, for instance *°Co, can be found
in different physical and chemical forms, which may affect the dispersion of the ra-
dionuclide but more importantly the absorption/retention rate at inhalation. A spe-
cific form is denoted (X, j), where j=1,...,n. Activity in lungs at time t is then cal-
culated as

Ay, (1) = X A%, (0) fx, pRexy (8) (16)

where Ry, j)(t) is the retention fraction calculated with IMBA, and f(x, ;) is the
fraction of form j. The fractions are normalized so that }’; f(x, ;) = 1.
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Dimensions in
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Additional measurement setup properties:
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Crystal packaging: 3

Inactive layer / Reflector: 0.5

ADC and energy resolution parameters:
Number of spectrum channels 0.754 Energy resolution (FWHM) at 122 keV, keV
0.25 Channel-to-energy conversion factor, keV/channel  1.82 Energy resolution (FWHM) at 1332 keV, keV

Background gamma-ray peak and continuum intensities, cps:

0 Count rate in 185.7 keV peak of U-235 0 Count rate in 661.6 keV peak of Cs-137
0 Count rate in 238.6 keV peak of Pb-212 (Th-232) 0 Count rate in 1332.5 keV peak of Co-60
0 Count rate in annihilation 511.0 keV peak 0 Count rate in 1460.8 keV peak of K-40
0 0

Count rate in 609.3 keV peak of Bi-214 (U-238)

Continuum count rate (0 - 3 MeV)

Figure 4. Simulation parameters used in Nucleonica for the lung measurements. A source-de-
tector distance of 100 mm, crystal length of 30 mm, and crystal diameter of 85 mm were used.
Energy resolution (FWHM) was set to 0.7 keV at 122 keV and 1.9 keV at 1332 keV, see Table 1.
Material of the input window was set to Mylar.

This approach does not account for radionuclides created by radioactive decay in the
contaminated person; the algorithm does not add them to the list of radionuclides
(the “mixture” of radionuclides in Nucleonica terms) for which the gamma spectrum
is simulated. While this does not seem to be a problem for most of such radionu-
clides, there is one exception. '“°Eu is the daughter product of '“*Gd with a half-life
of 4.6 day. It means that an activity equilibrium between these two radionuclides
will be reached in about two weeks. This period is most likely shorter as '“°Eu is ex-
pected to be present in the activity intake. In the calculations of lung burden the in-
situ ingrowth was included.

In this work, chemical forms were denoted for instance '?Cd L F VO (see Table 5)
where 'Cd, L, F, and VO stand for the radionuclide, lung, fast absorption, and ver-
sion 0. Corresponding fractions f(y, ;) were specified by the user in a spreadsheet
shown in Table 5.

Intake activities, Ax,(0), were modified using equation (16) to give activities in
lungs at the time t. Such a vector of activities was then used to define a mixture in
Nucleonica and calculate corresponding gamma spectrum
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Dimensions in ™M

Filter
Source
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o Crystal
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Additional measurement setup properties:
i Absorbing filter layers: Aluminum v| 1.0 Add | Del ||No. Layermaterial  Thickness
N - 1 Polyethylene 50
Input window: Aluminum v| 05
Crystal packaging: Vacuum V|3
Inactive layer / Reflector:  Germanium v 07
ADC and energy resolution parameters:
8192 ~  Number of spectrum channels 0.754 Energy resolution (FWHM) at 122 keV, keV
0.25 Channel-to-energy conversion factor, keV/channel  1.82 Energy resolution (FWHM) at 1332 keV, keV
Background gamma-ray peak and continuum intensities, cps:
0] Count rate in 185.7 keV peak of U-235 0 Count rate in 661.6 keV peak of Cs-137
0 Count rate in 238.6 keV peak of Pb-212 (Th-232) 0 Count rate in 1332.5 keV peak of Co-60
(0] Count rate in annihilation 511.0 keV peak 0 Count rate in 1460.8 keV peak of K-40
0 Count rate in 609.3 keV peak of Bi-214 (U-238) 0 Continuum count rate (0 - 3 MeV)

Figure 5. Simulation parameters used in Nucleonica for urine measurements. A source-detector
distance of 100 mm, crystal length of 30 mm, and crystal diameter of 85 mm were used. Energy
resolution (FWHM) was set to 0.7 keV at 122 keV and 1.9 keV at 1332 keV, see Table 1. Material
of the input window was set to Mylar.

Table 5. Nuclide form fractions

nuclide nuclideForm1 fr1 nuclideForm2 fr2 nuclideForm3 fr3

Cd-109 Cd-109_L_F_VO0 0.4 Cd-109_L_M_VO0 0.3 Cd-109_L_S_VO 0.3

Ce-139 Ce-139_L_M_VO 1.0

Co-58 Co-58_L_M_V0 0.4 Co-58_L_S_V0 0.3 Co-58_L_S_V1 0.3
Co-60 Co-60_L_M_V0 0.4 Co-60_L_S_VO 0.3 Co-60_L_S_V1 0.3
Eu-146 Eu-146_L_M_VO 1.0
Eu-147 Eu-147_L_M_VO 1.0
Eu-154 Eu-154_L_M_VO 1.0

Gd-145 Gd-145_L_M_VO 1.0
Gd-146 Gd-146_L_M_VO 1.0
Gd-147 Gd-147_L_M_VO 1.0
Gd-149 Gd-149_L_M_VO 1.0
Gd-151 Gd-151_L_M_VO 1.0

Gd-152 Gd-152_L_M_VO 1.0
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W-181 W-181_L_F VO 1.0

W-185 W-185_L_F VO 1.0
W-187 W-187_L_F_VO 1.0
Y-88 Y-88_L_M_VO 0.5 Y-88_L_S_VO 0.5

Yb-166 Yb-166_L_M_VO 1.0

Yb-169 Yb-169_L_M_VO 1.0

3.3. Calibration of the WBC system

3.3.1. Theory

Consider a radioactive decay leading to an emission of a photon with an energy E;,
where the probability of the emission is f(E;). For a radioactive source with the ac-
tivity A(t), the average number, N, (E;), of emitted photons in the time interval
(t1,t2) is

Ne(E) = f(E) | A(Dadt. (17)

In the case of energy calibration sources, the half-life of the nuclide is much larger
than the considered time interval At = t, — t; and therefore equation (17) can be
approximated as

Ne(Ey) = f(EDA(DAL . (18)

The net number of detected photons (net count in a photopeak), N, (E;) can formally
be written as

Nn(Ei) =

N“(Ef Ne(E;) = e(E)Ne(Ey) (19)

Ne(El

where €(E;) is full energy absorption detector efficiency. For the calibration sources,
the efficiency can be estimated as

e(E) _ Nn(E) _ _ Nn(E) _ Nn(E)

Ne(Ep) ~ FEDAMDAL — F(EDA(E) ° (20)

where N, (E;) = N, (E;)/At is the net count rate.

Consider an experimental setup where the activity of the left and right lungs is meas-
ured separately. Let Ay, and Ay be the activities of the left and right lungs, respec-
tively. We assume that the activity per unit volume is a homogeneous function in-
side the lungs. Then the total net count is N, (E;) = Ny L(E;) + Ny r(E;). The full
energy absorption detector efficiency can then be calculated as

_ Nn,L(E))+NnRr(E})
() = F o @ det an©aea] 2D

where At and Aty are the acquisition times for the left and right lungs, respectively.

In the case of the measurement at the WBC with calibration sources, the acquisition
times were At;, = Aty = 1800 s. Equation (21) was evaluated as

e(E;) = Np,L(E)+Npr(E;)

FEDALO)+ARD)] (22)

where N, (E;) and N, g (E;) are the net count rates for the left and right lungs, re-
spectively.



3.3.2. Anthropomorphic phantom

The phantom used for WBC calibration is an anthropomorphic phantom developed
by RDS (Radiology Support Devices) (http://rsdphantoms.com/health-physics/the-
fission-product-phantom/) and provided for loan by NKS via STUK, Finland. The
phantom consists of head and torso made of tissue equivalent materials, closely
matching the ICRU Report No. 44 [17] standard for tissue substitutes, see Figure
6(a). However, some internal organs are hollow to allow for filling with liquid
sources. The head interior is made from a human skull. The lungs are made from
lung equivalent materials and provided with medial-lateral ducts in a 4 cm x 4 cm
grid array, 8 mm diameter. The left lung contains 13 holes and the right lung 15
holes, the difference reflects the different size of the left and right lung, or more rel-
evant the difference in ventilation capacity. The phantom also contains 4 chest over-
lay plates of different thickness, made of fat equivalent material, to calibrate for dif-
ferent body fat content. Two plate thicknesses were used in the calibration in addi-
tion to no plates attached.

3.3.3. Calibration sources

The calibration sources were made from a certified reference multi-gamma standard
solution; Eckert & Ziegler MIX-8700. The mixed standard contains 11 radionuclides
providing gamma emissions covering photon energies from 59 to 1400 keV. Ali-
quots of known weight were transferred from the standard solution to 15 Poly(me-
thyl methacrylate) (PMMA) cylinders (8 mm outer diameter, 25 mm length), see
Figure 6(b). The solution was evaporated in air and the cylinders then hermetically
sealed. The cylinders were then used to fill the ducts of the anthropomorphic phan-
tom.

(b)

Figure 6. (a) The disassembled anthropomorphic phantom. (b) The set of 15 cylindrical inserts
containing calibration sources.

3.4. Simulation of the WBC system

An alternative to the simplified simulations via Nucleonica is a simulation using the
Monte Carlo method that uses CT scans of the anthropomorphic phantom. This
work had begun but the results were not available for this report. Nevertheless, the
methodology and the work performed are described here.

The full energy absorption detector efficiency, which is used in equation (11) to con-
vert net area of the peak to the activity of the radionuclide, depends on the size of
the measured person. Calibrations using a physical phantom with layers of addi-
tional fat showed that the efficiency varied by a factor larger than 2. An uncertainty
in this factor directly affects the uncertainty in the committed effective dose by the
radionuclide mixture. A mathematical model of the whole-body counting system can
address this problem. A common approach is to simulate the energy imparted to
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each detector via a Monte Carlo method. In this work, we used a simulation geome-
try where attenuation properties of the person were represented by a voxel array de-
rived from a CT scan. The detector system was modelled as 3 independent detectors.
Such approach allows to more accurately determine, (i) the detector efficiency for a
specific person, and (ii) uncertainties associated with the calculation of the activity.
More information on this mathematical model is in the following sections.

3.4.1. CT scans

A Siemens SOMATOM Force scanner was used to scan the anthropomorphic phan-
tom. A clinical-like, helical, dual-energy protocol with 80 and Sn150 kV was used.
Images were reconstructed with the ADMIRE algorithm (Br44d kernel, strength 3)
in the Siemens’ syngo.via 5.1 software. Voxel size was 0.8203 x 0.8203 x 1.0
mm?. Virtual monoenergetic images at 70 keV were obtained from the reconstructed
images using the Monoenergetic Plus (version VB30) application profile of the Sie-
mens’ CT Dual Energy software.

3.4.2. Monte Carlo simulations

DICOM images were saved in Analyze 5 format, re-binned from the 512 X 512 res-
olution to 128 X 128 resolution and segmented using ImageJ. Energy imparted to
each detector was simulated using the penEasy code. Model of the detector system
consisting of detector probes, metallic collimator, and plastic shielding is plotted in
Figure 7.

Figure 7. Cross sectional views of the WBC detector system visualised via the gview.exe code.
The detector probes are plotted in brown colour. Only three detector probes were positioned in
the collimator system.

A 3D view of the same detector system is plotted in Figure 8.

Figure 8. Model of the WBC detector system visualised in 3D via POV-Ray. The entrance win-
dows of the HPGe detector probes and the metallic collimator are plotted in green and brown
colours, respectively. Note that one of the collimator tubes did not contain the detector probe.
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Views of the detector system positioned above the chest of the phantom can be seen
in Figure 9.

Figure 9. Visualization of the detector system positioned above the chest of the phantom.

3.5. Minimum detectable activity

3.5.1. Theory

Measurements in gamma-ray spectroscopy are affected by random fluctuations in
the number of detected photons. Consequently, claims about the presence or absence
of a specific radionuclide in the measured sample must be based on statistical the-

ory.
The detection limit indicates the smallest true value of the measurand which can still
be detected with the applied measurement procedure; this gives a decision on

whether or not the measurement procedure satisfies the requirements and is there-
fore suitable for the intended measurement purpose [18].

105y

Lop Loa
Figure 10. The relation between the detection limit, LOD, and the probabilities « and . Source:
Wikipedia.
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The minimum detectable activity (MDA) is the activity of a sample that corresponds
to the limit of detection, Lp, for a measured number of counts [19].

Assume that the background number of counts, N, and the total number of counts,
Npg.,s, are Poisson distributed random quantities. The subscripts indicate that the
background number of counts is measured directly and contains contributions from
the background B only, while the total number of counts contains contributions from
both the background B and the signal S. In this case, the number of counts corre-
sponding to the detection limit L, can be calculated as [20]

Lp = 2.71 4+ 4.65,/N, , (23)

where Np is the mean number of background counts when signal S is not present.

The background Ny of a well-defined isolated peak can be defined as the sum of
channels in a region of interest (ROI) covering the (E — ko, E + ko) interval of the
gamma-ray spectrum, where E stands for the peak centroid, o is a parameter de-
scribing the width of the peak, and the parameter k is related to the fraction of detec-
tion events covered by the ROI. In practice the ROI is often set to cover the whole
peak, which has a gaussian shape. This corresponds to k = 2. The probability that
the measured pulse falls into (E — 20, E + 20) is then 95%. The parameters
(standard deviation) of the normal distribution is related to the full width at half
maximum (FWHM) of the peak as FWHM = 2v21ln 2 ¢ = 2.350 (Wikipedia,
2022). Other option is k = 2 corresponding to the 95% coverage.

The peak may be superimposed on one or more other peaks. The background Ny of
a peak is then more difficult to determine. For measured spectra, possible methods
range from treating the other peaks as a part of the background to fitting the peaks
with a sum of gaussian functions. For computer simulated spectra, the software may
provide the mean number of counts in each channel for the Compton continuum.
This Compton continuum then can be used for the determination of Nj.

For a known detection limit Lj,, the MDA can be calculated as [19]

MDA = -2 | (24)

tePy

where t is the acquisition time, € is the full energy absorption detector efficiency,
and P, is the gamma-line intensity.

The MDA was calculated for simulated spectra modified with the experimentally
determined correction factor for the energy-dependent efficiency of the detector.
The simulated spectra for selected committed effective dose (CED) levels were ob-
tained by rescaling spectra produced by Nucleonica.

3.5.2. Energy calibration of Nucleonica spectra

Nucleonica uses a linear relation between the channel number, ¢, and corresponding
photon energy, E. The first energy channel is defined as the interval (0, AE’), where
AE is the channel width. The i-th energy channel is defined as ((i — 1)AE, iAE),
where i = 1, ..., N. Nucleonica reports the energy of the bin center:

E=A2—E+AEC , (25)

where ¢ = 1, ..., N is the channel number. In this work, the bin width was set to 0.25
keV and the number of energy channels of the gamma ray spectrum was set to 8192.
The relation between the energy of the bin center E and the channel c is then

E =0.125keV + ¢ - 0.25 keV . (26)
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3.5.3. Energy resolution of Nucleonica spectra

For HPGe detectors, Nucleonica sets the energy resolution, Ay /, (E), of the detector
(defined as the full width at half maximum) as'

Ayjp(E) =a+bVE . (27)

For scintillation detectors, the relation is linear, A, (E) = a + bE. The coefficients

a and b in equation (27) were determined from the resolution at the energies of E; =
122.0 keV and E = 1332.5 keV corresponding to *’Co and ®Co, respectively:

Al/Z(El) = 0.754‘ keV N (28)
AI/Z(EZ) =1.82 keV . (29)

The resulting formulas were

b= A1/2(E2)—A1/2(E1) (30)
R

3.5.4. The algorithm

The algorithm computing MDA for a gamma line Ey of radionuclide X at the com-
mitted effective dose level E(50) consists of the following steps:

1. Compute Sy, o spectra using Nucleonica for a mixture M; of selected radio-
nuclides. Activities of these radionuclides correspond to the activity release
by ESS scaled so that the total activity (sum of activities of the radionuclides)
equals 1 MBq at day 0. Computation of Sy, o spectra is described in section
3.2.

2. Compute Compton continuum spectrum Sy, ; . from spectra Sy, o produced
by Nucleonica for the mixture M; without radionuclide X.

3. Determine the committed effective dose Eg,, , .(50) for Sy -
Compute Sy, 5 by rescaling Sy, 1 o with the factor E(50)/Eg,, , .(50).
Compute Sy 3 . by applying the energy dependent detector-efficiency cor-
rection factor k. ¢ (E) = g5 (E)/en(E), where ey (E) and g5 (E) are the de-
tector efficiencies for Nucleonica and the measurement in configuration G,
respectively, on the spectrum Sy, 5 .

6. Compute the number of counts for the background NBrSMi,3, 6, as the number

of counts in the (Ex — 20(Ex), Ex + 20(Ey)) interval of the Sy, 3¢, spec-
trum. The parameter o (Ey) is obtained as o (Ey) = A;/,(Ex)/2.35.

7. Compute Lp s, ... = 2.71+ 4.65 ’NB,S)(,3,G,C

8. Compute Aypax from Lpg, . . using equation (24).

Note that the resulting Lp s, , ;. depends on the gamma line of the radionuclide X

and the geometry G of the detector efficiency measurement; that is the detector
probe of the WBC system and the fat layer thickness of the anthropomorphic phan-
tom.

' https://nucleonica.com/wiki/index.php?title=Help:Gamma_Spectrum_Generator%2B%2B
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4. Results

4.1. Retention of radionuclides in lungs

Figure 11 shows activities in lungs as a function of time corresponding to the intake
of 1 Bq for the 49 most prominent radionuclides released. Data were calculated us-
ing IMBA and Taurus. The latest biokinetic data from ICRP publications 130 [11],
134 [9], 137 [8], 141 [7] were used. These functions were used for the calculation of

simulated spectra.

— Ta-179
Cd-109
Ta-182

— Gd-148

o — Lu-T3
nuclide

— Gd-153

Ce-139

Gd-146

Ta-183
— Yb-189

Eu-147 — Te-118 — Ta-184 — W-178
Tm-167 — Re-186 — Ta-180 — W-187
Lu-171 — Yb-166 — Ta-176 — W-177
Hf-178n — Lu-170 — Eu-146 — 1125
Hf-172  — Re-182 — Tm-166 — [-126
Hf-175  — Lu-169 — Tb-149 — [-124
Hf-181 — Hf-173 — Ta-173 — 1123
Lu-172 — Re-188 — Ta-174 — =121
Re-184 — Hf-170 — W-181 — 1-120
Ta-177 — Ta-176 — W-185
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Figure 11. Activities in lungs corresponding to the intake of 1 Bq for the most prominent radionu-

clides available in IMBA.

4.1.1. Bioassay calculations

Figure 12 shows activities in urine as a function of time corresponding to the intake
of 1 Bq for 49 most prominent radionuclides released. Data were computed with

IMBA and Taurus.
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Figure 12. Activities in urine corresponding to the intake of 1 Bq for the most prominent radionu-
clides available in IMBA.
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Figure 13 shows the excretion curve for urine samples for radionuclides 8Gd,
146Gd, 153Gd type M and !?Hf type M and F, for the 10 first days after intake. Figure
14 shows the same retention curve as in Figure 13 but with '¥W (type F) added. Day
zero is the time of intake, the urine sample was collected for 24 h, and the intake
was set to 1 Bq.

Bioassay Urine
4,50E-03

4,00E-03

—M Gd-148

—MGd-146
M Gd-153
F Hi-172

—M Hf-172

3,50£-03

3,00E-03

2,50E-03

Bg/d

2,00E-03

1,50E-03

1,00E-03

5,00€-04

0,00E+00

dagar

Figure 13. The excretion curve for 8Gd, 6Gd,'**Gd (type M) and '"2Hf (type F and M) for urine
samples, unit intake of 1 Bq.
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Figure 14. The same excretion curve as in Figure 13 with "W added.
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The Table 6 shows the activity in the lungs and in the urine per day from day 0 to
day 10, for the isotopes '“°Gd, '**Gd, and '33*Gd, all with absorption type M.

The Table 7 shows the activity in the lungs and in the urine per day from day 0 to
day 10, for the isotopes '’W (absorption type F), '"?Hf (absorption type F) '"?Hf
(absorption type M).

Table 6. The activity in the lungs and in the urine per day, from day 0 to day 10 for the isotopes
146Gd, "*8Gd and "3Gd with absorption type M. Unit intake 1 Bq.

146Gd type M 148Gd type M 153Gd type M
Activity lungs  Activity urine Activity lungs  Activity urine Activity lungs  Activity urine

Day | [Bq] [Bq] [Bq] [Bq] [Bq] [Bq]

0 1.36E-01 0.00E+00 1.36E-01 0.00E+00 1.36E-01 0.00E+00
1 1.04E-01 1.25E-03 1.06E-01 1.27E-03 1.05E-01 1.26E-03
2 9.49E-02 1.00E-03 9.76E-02 1.03E-03 9.71E-02 1.02E-03
3 9.02E-02 4.35E-04 9.41E-02 4.54E-04 9.33E-02 4.50E-04
4 8.69E-02 2.03E-04 9.21E-02 2.15E-04 9.10E-02 2.13E-04
5 8.43E-02 1.17E-04 9.05E-02 1.26E-04 8.93E-02 1.24E-04
6 8.19E-02 8.46E-05 8.92E-02 9.22E-05 8.77E-02 9.06E-05
7 7.96E-02 7.13E-05 8.80E-02 7.88E-05 8.62E-02 7.73E-05
8 7.74E-02 6.51E-05 8.68E-02 7.30E-05 8.48E-02 7.14E-05
9 7.53E-02 6.15E-05 8.56E-02 6.99E-05 8.35E-02 6.82E-05
10 7.32E-02 5.88E-05 8.45E-02 6.79E-05 8.21E-02 6.60E-05

Table 7. The activity in the lungs and in the urine per day, from day 0 to day 10 for the isotopes
87\ (absorption type M), "2Hf (absorption type F) and "72Hf (absorption type M). Unit intake 1

Bq.
187W type F 172Hf type F 172Hf type M
Activity lungs  Activity urine Activity lungs Activity urine | Activity lungs Activity urine

Day | [Bq] [Bq] [Bq] [Bq] [Bq] [Bq]
0 1.36E-01 0.00E+00 1.36E-01 0.00E+00 1.36E-01 0.00E+00
1 5.67E-15 4.97E-02 1.14E-14 2.46E-03 9.78E-02 2.37E-04
2 2.59E-28 2.61E-03 1.04E-27 3.96E-03 9.43E-02 5.71E-04
3 1.20E-41 1.14E-04 9.64E-41 3.70E-03 9.27E-02 5.85E-04
4 5.54E-55 1.78E-05 8.93E-54 3.36E-03 9.13E-02 5.45E-04
5 2.56E-68 6.78E-06 8.27E-67 3.04E-03 8.99E-02 5.05E-04
6 1.18E-81 2.93E-06 7.66E-80 2.75E-03 8.86E-02 4.67E-04
7 5.48E-95 1.28E-06 7.10E-93 2.49E-03 8.73E-02 4.34E-04
8 0.00E+00 5.59E-07 0.00E+00 2.25E-03 8.61E-02 4.03E-04
9 0.00E+00 2.45E-07 0.00E+00 2.04E-03 8.49E-02 3.75E-04
10 0.00E+00 1.07E-07 0.00E+00 1.84E-03 8.37E-02 3.49E-04
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4.2. Simulation of gamma spectra

As described in section 3.2, gamma spectra were simulated with Nucleonica in a
simplified geometry comprising a point source and a detector, the point source was
located on the detector axis at the distance of 100 mm from the front cap of the de-
tector. Figure 15 shows that the full energy peaks of !3Gd at 97.4 and 103.2 keV,
the peak of '*6Gd at 154.6 keV, and the peak of '4Eu at 747.2 keV are well shaped
and can be used for the determination of the net area. It should be noted that since
Gd and Eu show a very similar retention in lung, the “°Eu levels found by lung
counting will correspond to the “*Gd levels in the lung after a sufficient in-situ in-
growth period.

Table 8. Net peak areas for peaks in Figure 15 obtained using the Web Spectrum Analyzer mod-
ule of Nucleonica. The quantity ¢, = A/N is also shown.

Nuclide Energy Channel FWHM Peak Net count Activity cy
(keV) (chn) Area rate (1/s) (Bq)

Gd-153 97.5 487 3.17 2.02E+12 5.61E+08 7.07E+10 1.26E+02

Gd-153 103.1 515 3.24 1.52E+12 4.22E+08 7.07E+10 1.67E+02

Gd-146 154.7 773 3.97 3.69E+12 1.03E+09 7.72E+10 7.53E+01

Activity of the radionuclide can be calculated as

Nnet

A= T 32)

where Ny is the net count rate, £(E) is the energy dependent full energy absorp-
tion detector efficiency, and f is the energy line intensity.
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(a) Spectrum: 02_T007_F01_red.csv_HPGe Actinide-85 100mm
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(d) Spectrum: 102_T007_F01_red_with_Eu-146.csv_HPGe Actinide-85 100mm
——Speanm 1 Pesks ——Selectsd Nuchide  ——Identifed Nugides  —— Selected peak
Compton background
700 . .
500 ]
500 ; ; ]
T wof .
x
£
3 0 ; ]
S H

j\ AAAA;L_.A - | a /ﬁ\ ‘;

700 750 800
Gamma E nergy (keV)

Figure 15. Simulated peaks of '*6Gd, '*Gd and "*°Eu. (a) X-rays in then energy range 40-48 keV.
Note that both isotopes have the same characteristic lines and so these peaks cannot be directly
used for the determination of activity. (b) Well-shaped 97.4 and 103.2 keV peaks of '**Gd and the
composite 114.7 and 115.5 keV peak of "46Gd. The net area of the latter peak is difficult to deter-
mine. (c) The well-shaped 154.6 keV peak of “6Gd. (d) Composite 633.1 and 634.1 keV peak of
8Eu and a well-shaped 747.2 keV peak of the same radionuclide.
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4.2 1. Reduced vs. full list of radionuclides

The full list of released radionuclides contains about 1000 entries. The standard ver-
sion of Nucleonica cannot simulate spectra for such a long list; the maximum num-
ber is 20. Fortunately, it was possible to perform the simulations on Nucleonica’s
test servers. Figure 16 shows a spectrum generated for the full list of released radio-
nuclides and the spectrum corresponding to the 49 most prominent radionuclides ac-
cording to the release mixture [3]. Unfortunately, a spectrum analysis presented in
Figure 16(a) could not be performed since the system crashed during the computa-
tions due to large memory demands of the code. Note that the number of peaks is
larger for the full list, nevertheless the main peaks are the same in both spectra. In
the ideal situation, none of the additional radionuclides in the full list will disturb the
shape of the peaks of interest.

(a) Gamma Spectrum of EssActivityRelease01.csv simulated for HPGe (rel. eff. 58.9%)

|—64Gd146 — 64 Gd 153 —53 Eu 146 e All other nuclides
10" ! L

10"

10"

10"

Theoretical number of counts

10"

10"

1000
‘Gamma-ray energy, keV

(b) Gamma Spectrum of 102_T000_F01_red.csv simulated for HPGe (rel. eff. 58.9%)

|—64Gd146 —f4 Gd 153 — All other nuclides
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Theoretical number of counts

0 400 5
‘Gamma-ray energy, keV

Figure 16. Simulated gamma spectrum for (a) full list of released radionuclides, and (b) 49 most
prominent radionuclides according to the release mixture.

4.3. Calibration of the WBC system

Figure 17 and Table 9 show the results of the calibration of the WBC-system (detec-
tor 1-3) using the phantom described in section 4.3.2 and calibration sources de-
scribed in section 4.3.3. Detector efficiency curves are shown for standard bare
phantom and for phantom with 2 sets of fat torso plates of different thickness.
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Figure 17. The detector efficiency for the 3 HPGe detectors as a function of energy for the
calibration sources and the phantom, for 3 different torso fat layers.
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Table 9. Detector efficiency ¢, [cps/g/s] and associated standard uncertainty u(ej,) for the detec-
tors D4, D, and D3 and the fat layer 0.

Nuclide E (kev) £p, u(ep,) £p, u(ep,) £p, u(&p,)
Am-241 59.54 6.20E-03  1.92E-05 753E-03  2.03E-05  2.89E-03 1.68E-05
Cd-109 88.03 6.85E-03  242E-05  8.82E-03  264E-05  3.11E-03  2.02E-05
Co-57 122.06 6.72E-03  4.09E-05 8.64E-03  4.40E-05 3.29E-03  5.03E-05
Co-57 136.47 6.70E-03  2.30E-04 7.84E-03  2.56E-04

Ce-139 165.86 6.11E-03 4.72E-05 8.13E-03 5.87E-05 3.04E-03 4.46E-05
Hg-203 279.20 3.83E-03 1.51E-04 5.87E-03 1.77E-04 2.13E-03 9.67E-05
Sn-113 392.00 3.08E-03 3.50E-05 4.29E-03 4.27E-05 1.79E-03 3.15E-05
Cs-134 563.20 2.09E-03 3.02E-05 2.84E-03 3.47E-05 1.34E-03 2.83E-05
Cs-134 569.30 2.08E-03 1.83E-05 2.80E-03 2.23E-05 1.23E-03 1.60E-05
Cs-134 604.70  2.05E-03 5.73E-06 2.87E-03 6.96E-06 1.31E-03 4.70E-06
Cs-137 661.70  1.96E-03 1.20E-05 2.74E-03 1.48E-05 1.26E-03 1.04E-05
Cs-134 79590 1.65E-03 5.35E-06 2.26E-03 6.68E-06 1.08E-03 4.40E-06

Cs-134 802.00 1.62E-03 2.01E-05 2.21E-03 2.90E-05 1.06E-03 1.80E-05

Mn-54 834.80 1.64E-03 7.94E-06 2.35E-03 1.06E-05 1.08E-03 6.47E-06
Y-88 898.00 1.50E-03 1.06E-05 2.12E-03 1.35E-05 9.91E-04 9.03E-06
Zn-65 111550  1.37E-03 6.58E-06 1.89E-03 8.27E-06 9.19E-04 5.44E-06

Cs-134 1365.00 1.18E-03 2.84E-05 1.53E-03 3.79E-05 7.55E-04 2.50E-05

Table 10. The same as Table 9 for the fat layer 2.

Nuclide E (kev) £p, u(ep,) £p, u(ep,) £p, u(ep,)
Am-241 59.54 3.34E-03  1.62E-05  4.47E-03 1.95E-05 1.66E-03 1.82E-05
Cd-109 88.03 3.91E-03  226E-05  5.23E-03  235E-05 1.98E-03 1.93E-05
Co-57 122.06 3.96E-03  3.65E-05 5.39E-03 5.05E-05  2.15E-03  4.21E-05
Co-57 136.47 4.02E-03  2.37E-04 5.44E-03  2.27E-04

Ce-139 165.86 3.71E-03 4.76E-05 5.17E-03 5.35E-05 2.06E-03 4.74E-05
Hg-203 279.20 2.78E-03 1.31E-04

Sn-113 392.00 2.09E-03 3.25E-05 2.89E-03 4.22E-05 1.19E-03 2.89E-05
Cs-134 563.20 1.42E-03 2.62E-05 1.91E-03 3.30E-05 9.15E-04 2.78E-05
Cs-134 569.30 1.47E-03 1.75E-05 1.96E-03 2.18E-05 9.36E-04 1.60E-05
Cs-134 604.70  1.46E-03 5.84E-06 2.06E-03 6.74E-06 9.29E-04 4.30E-06
Cs-137 661.70  1.39E-03 1.17E-05 1.92E-03 1.41E-05 9.09E-04 9.69E-06
Cs-134 79590 1.20E-03 5.14E-06 1.67E-03 5.92E-06 7.94E-04 4.07E-06

Cs-134 802.00 1.10E-03 1.97E-05 1.56E-03 2.27E-05 7.59E-04 1.70E-05

Mn-54 834.80 1.20E-03 7.69E-06 1.66E-03 8.94E-06 7.91E-04 5.99E-06
Y-88 898.00 1.10E-03 1.06E-05 1.58E-03 1.22E-05 7.62E-04 8.11E-06
Zn-65 111550 9.81E-04 6.21E-06 1.38E-03 7.31E-06 6.72E-04 5.00E-06

Cs-134 1365.00  8.44E-04 2.80E-05 1.02E-03 3.30E-05 5.29E-04 2.36E-05
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Table 11. The same as Table 9 for the fat layer 4.

Nuclide E (kev) £p, u(ep,) £p, u(ep,) £p, u(ep,)
Am-241 59.54 2.35E-03  1.67E-05  2.88E-03 1.61E-05 1.16E-03 1.43E-05
Cd-109 88.03 281E-03  222E-05  3.52E-03  2.13E-05 1.32E-03 1.78E-05
Co-57 122.06 294E-03  3.93E-05  3.56E-03  4.08E-05 1.36E-03  3.20E-05
Co-57 136.47 2.88E-03  2.15E-04

Ce-139 165.86 2.69E-03  4.88E-05  3.59E-03 5.18E-05 1.39E-03  3.75E-05
Sn-113 255.10

Hg-203 279.20 2.08E-03 1.32E-04 1.90E-03 1.07E-04

Sn-113 392.00 1.63E-03 3.17E-05 2.03E-03 3.55E-05

Cs-134 563.20 1.09E-03 2.64E-05 1.52E-03 2.94E-05 6.70E-04 2.39E-05
Cs-134 569.30 1.16E-03 1.79E-05 1.48E-03 1.88E-05 7.43E-04 1.36E-05
Cs-134 604.70  1.14E-03 4.96E-06 1.50E-03 5.57E-06 7.22E-04 4.06E-06
Cs-137 661.70  1.08E-03 1.05E-05 1.43E-03 1.19E-05 7.08E-04 8.91E-06
Cs-134 79590 9.49E-04 4.62E-06 1.25E-03 5.16E-06 6.16E-04 3.61E-06

Cs-134 802.00 9.16E-04 1.83E-05 1.24E-03 2.12E-05 5.74E-04 1.58E-05

Mn-54 834.80 9.47E-04 6.76E-06 1.27E-03 7.77TE-06 6.14E-04 5.46E-06
Y-88 898.00 8.86E-04 9.40E-06 1.17E-03 1.07E-05 6.16E-04 7.63E-06
Zn-65 1115.50  7.95E-04 5.64E-06 1.08E-03 6.35E-06 5.32E-04 4.36E-06

Cs-134 1365.00 6.36E-04 2.47E-05 8.59E-04 3.24E-05 4.42E-04 2.03E-05

Figure 18 shows detector efficiency curves fitted to measured data.

Detector efficiency curves fitted to measured data

0.0075 4

colour

d=1
— d=2
0.0050 - — d=3
linetype
— =0

detector efficiency

- =2
- =4

0.0025 4

0.0000 4

0 500 1000 1500 2000
energy (keV)

Figure 18. Detector efficiency [cps/y/s] curves fitted to data measured using the WBC system at
Westinghouse for detectors d = 1,2, 3 and anthropomorphic phantom with fat layers [ = 0, 2, 4.
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The curves have the form

e(E) =gy + Y3 aie bif | (33)
where the coefficients &g, a;, and b; are listed in Table 13.

Table 12. Efficiency [cps/g/s] for detector D, at energies [keV] of the peaks of “¢Gd and '5°Gd.
Values were obtained using linear interpolation of values in Table 9-Table 11.

Energy (keV) Eff0 Eff2 Eff4
97.4310 0.0068106 0.0039209 0.0028470
103.1801 0.0067890 0.0039300 0.0028697
154.5700 0.0062660 0.0037744 0.0027547

Table 13. Coefficients of the fit in equation (33).

Det. Fat layer £ a; by a, b, as b3
1 0 0 0.0158 0.0077 -0.0206 0.0195 0.0028 0.0006
1 2 0 0.0073 0.0059 -0.0099 0.0183 0.0016 0.0005
1 4 0 0.0042 0.0054 -0.0074 0.0219 0.0013 0.0005
2 0 0 -0.0188 0.0248 0.0123 0.0046 0.0026 0.0003
2 2 0.0012 -0.0012 0.4556 0.0081 0.0040 -0.0121 0.0223
2 4 0.0010 0.0059 0.0039 -0.0084 0.0228 -0.0008 0.0039
3 0 0.0009 0.0041 0.0038 -0.0027 0.4463 -0.0063 0.0266
3 2 0.0006 -0.0079 0.9172 0.0027 0.0036 -0.0052 0.0252
3 4 0.0004 0.0016 0.0028 -0.0019 0.0179 0 0

4.4. Simulation of the WBC system

Figure 19 and Figure 20 show the segmented anthropomorphic phantom. Air, soft
tissue and bone was segmented using a threshold segmentation with CT number
thresholds of 211 and 1225 HU, where HU stands for hounsfield unit. Threshold
segmentation of lungs was problematic as some of the voxels on the soft tissue - air
border were classified as lungs owing to the partial volume effect. For this reason,
lungs were classified manually by drawing a polygonal region of interest for each
slice.

Figure 19. Sagittal and coronal views of the segmented anthropomorphic phantom. Voxel values
were setto 0, 1, 2, 3 and 4 for the air, soft tissue, bone, left lung, and right lung, respectively.
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Figure 20. Slice-by slice axial view of the manually segmented lungs.

4.5. Comparison of measured and simulated calibra-
tion spectra

Measured spectra contain a larger fraction of the low-energy continuum owing to
photons scattered inside the anthropomorphic phantom, see Figure 21. In the meas-
ured case, the source was more or less homogenously distributed in the lungs while
in the simulated case, a point source located on the detector axis was used. The
measured case had lower geometric efficiency and therefore the net peak areas are
lower than in the simulated case.
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Figure 21. Comparison of measured and simulated calibration spectra. (a) Measured spectra for
left lung. (b) Simulated spectra 20 mm PE. (c) Simulated spectra 40 mm PE.

4.6. Minimum detectable activity, MDA

MDA was calculated for 10 radionuclides chosen among the 16 radionuclides giving
the highest CED from a release and having gamma-lines non-compromised with
overlap from gamma-lines from other radionuclides, and (i) excluding radionuclides
with non-measurable gamma-lines (e.g., '**Gd, '"°Ta), and those with too low -
emission probability (%W, ¥Re, "> Hf) or having short half-life ('**Re), (ii) includ-
ing '°Eu and '33Gd since they are important for assessing '“3Gd. The 10 radionu-
clides selected (including '*°Gd) will represent about 81% of the expected inhalation
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dose from the 49 most prominent radionuclides according to the release mixture [3].
The selection is shown in Table 14.

Table 14. Peaks for which the MDA was calculated.

Nuclide Energy (kev) | Nuclide Energy (keV) | Nuclide Energy (keV)
W-187 685.8 | Ta-183 107.9 | Lu-172 1093.6
Hf-172 125.8 | Ta-183 246.1 | Gd-146 114.7
Ta-182 1189.0 | Lu-173 172.2 | Gd-146 115.5
Hf-178n 325.6 | Yb-169 198.0 | Eu-146 T47.2
Hf-178n 426.4 | Lu-171 739.8 | Gd-153 103.2

4.6.1. Determination of MDA in lungs

The presented method for the calculation of MDA (section 3.5.4) uses the ratio of
detector efficiencies for the real and computer-simulated detector systems, referred
to as the detector efficiency correction factor in this report. The detector efficiency
correction factor for the WBC detector system is shown in Figure 22. Note that the
detector efficiency of the real WBC detectors was smaller than that of the computer-
simulated detector for photon energies above 100 keV; their ratio was below 1 in
this energy range.

Detector efficiency correction factor

2.0
colour

d=1
154 — d=2
— d=3

linetype

— =0

- 1=2
-- =4
054

0.0

0 500 1000 1500 2000

Figure 22. Detector efficiency correction factor for detectors d = 1,2,3 and anthropomorphic
phantom with fat layers | = 0, 2, 4.

MDA in lungs as a function of time for the selected peaks, anthropomorphic phan-
tom fat layer 0, detector 1, and CED of 1 mSv is plotted in Figure 23.
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Figure 23. MDA in lungs as a function of time for considered peaks, fat layer 0, detector 1, and
CED of 1 mSv.

The effects of the fat layer thickness and detector position are plotted in Figure 24
for '“°Eu at 747 keV, '*°Gd at 114 and 115 keV, and '**Gd at 103 keV. The full set
of data is available in the Appendix 8.5.2.
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Figure 24. MDA in lungs as functions of time for "“®Eu at 747 keV, "5Gd at 114 and 115 keV,
3Gd at 103 keV, fat layers 0, 2, 4 (columns), detectors 1, 2, 3 (rows) at the CED of 1 mSv.
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4.6.2. Determination of MDA in urine

The detector efficiency correction factor for the determination of MDA in urine is
shown in Figure 25. The detector efficiency of the real detector was larger than that
of the computer-simulated detector for photon energies above 100 keV; their ratio
was above 1 in this energy range.

Detector efficiency correction factor

0.54

0.0+

0 250 500 750 1000
E (keV)

Figure 25. Detector efficiency corrector factor for the determination of MDA in urine.

MDA in urine as a function of time is plotted in Figure 26 and Figure 27, respec-
tively, for all selected peaks and for '“°Eu at 747 keV, 46Gd at 114 and 115 keV, and
153Gd at 103 keV. The full set of data is available in the Appendix 8.5.1.
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Figure 26. MDA in urine as a function of time for considered peaks and CED of 1 mSv.
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Figure 27. MDA in urine as a function of time for "8Eu at 747 keV, "6Gd at 114 and 115 keV, and

153Gd at 103 keV.

4.7. Expected lung activity vs. MDA

Using the results of IMBA-calculations of time-dependent radionuclide retention in
the lung a comparison of lung activity and MDA was made. This was done for (i)
each of the 3 detectors, (ii) fat layers 0, 2 and 4, (iii) for 0, 1, 2, 3, 4, 8, 16, 32, 64
days after intake, (iv) and for committed effective doses of 1 and 20 mSv (for the
mix of 49 radionuclides considered, SSM (2018) [3]. For the MDA calculations the
10 radionuclides described in chapter 4.1 were evaluated. A full set of results are
given in Appendix 8.5.2. An excerpt is shown in Table 15.

Table 15. Comparison of expected lung activity and MDA for whole-body counting (30 min), de-
tector 1, corresponding to 1 mSv CED. Fields with green color show favorable conditions for
activity quantification.

Nuclide y-energy Intensity| Day 0 Day 2 Day 6 Day 32
[keV] [y/decay] Lung activity MDA | Lung activity = MDA Lung activity MDA | Lung activity MDA
Bq Bq Bq Bq Bq Bq Bq Bq
87y 686 0,332 135400 188 0 88 0 72| 0 49
72pf 126 0,113 829 552 576 147 526 119 384 82
82T 1189 0,1649 1495 254 1286 82 1174 67| 855 49
1780 326 0,941 51 116 35 21 32 18 24 12
178 426 0,965 51 136 35 24 32 20| 24 13
8373 108 0,112 2223 550 1474 160 617 126 20 85
83T 246 0,272 2223 311 1474 63 617 52| 20 35
Ly 172 0,175 1354 404 988 110 875 92 635 64
9vb 198 0,3593 1415 200 991 50 777 42 347 29
Ly 740 0,487 1879 120 1161 60 625 50 62 37
2Ly 1094 0,62 1051 81 625 33 300 29 19 24
46Gd 115 0,443 196 141 139 39 114 31 61 21
46Gd 116 0,443 196 140 139 39 114 31 61 21
"6y 747 0,98 0 59 36 30 80 25 60 18
%8Gd 103 0,211 166 290 121 84 106 66 74 45
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4.8. Bioassay analysis; expected daily urine excretion
activity vs. MDA

Using the results of IMBA-calculations of time-dependent daily excretion of radio-
nuclides in urine a comparisons of urine activity and MDA were made. This was
done for a committed effective doses of 1 and 20 mSv (for the mix of 49 radionu-
clides considered, SSM (2018) [3]. For the MDA calculations the 10 radionuclides
described in chapter 4. were evaluated. Result for CED=1mSv is shown in Table 16.

Table 16. Comparison of expected daily urine excretion activity and MDA, corresponding to
CED=1 mSv and CED=20 mSv. Calculations are made for a HPGe-detector of 42% relative effi-
ciency and 1 litre urine samples in 1 litre sample plastic bottles and 24 h counting time. Fields
with green color show favorable conditions for activity quantification, and fields with yellow color
shows possible quantification with larger HPGe-detectors and/or evaporation of urine sample of
about a factor of 10.

CED=1 mSv
MNuclide 7-energy Day 1 Day 2 Day 3 Day 4 Day10
[ke\.f] urineg [Bg] MDA [Bg] urine [Bgl MDA [Bg] wurine [Bgq] MDA [Bg] urine [Bgl MDA [Bg] urine [Bgl MDA [Bq]
gy 686 49595 84 2604 26 114 12 178 0.80 0.11 0.30
T 126 14 5145 35 125 36 39 33 25 21 11
8274 1189 019 7.3 044 29 042 15 037 1.0 0.16 039
T 326 0.09 9.9 021 23 022 0.60 020 032 013 013
T 426 0.09 112 021 26 022 063 020 031 013 010
#T3 108 025 522 051 127 043 4.0 032 25 0.07 122
®Ta 246 025 278 051 6.6 043 1.7 0.32 0.91 0.07 041
Ly 172 200 345 16.1 8.3 6.9 25 31 1.6 085 0.88
®5vp 198 243 17.0 192 41 8.1 11 37 070 093 0.38
Ty 740 255 39 189 1.5 7.5 081 31 0.56 052 021
Ly 1094 140 26 102 1.0 39 051 1.6 035 024 013
4eed 15 17 131 135 32 059 099 028 063 0.08 030
G 16 1.7 131 135 32 059 099 028 063 0.08 030
= 747 023 19 035 072 021 040 013 028 0.07 010
¥iad 103 14 280 12 6.8 052 21 025 14 0.08 0.66
Gd alpha  0.061 0.050 0.022 0.011 0.0035
CED=20 mSv
MNuclide 7-energy Day 1 Day 2 Day 3 Day 4 Day10
[ke\.f] urine [Bg] MDA [Bg] urine [Bgl MDA [Bg] wurine [Bg] MDA [Bq] urine [Bgl MDA [Bg] urine [Bgl MDA [Bg]
gy 686 991900 373 52080 13 2278 52 356 35 21 1.3
T 126 289 230 69.8 558 74 172 66.6 109 427 5.0
8274 1189 387 322 8.9 12.9 8.5 6.5 7.3 44 33 1.5
T 326 18 442 43 104 44 27 41 14 26 0.6
T 426 1.8 499 43 117 44 28 41 14 26 04
#T3 108 51 233 102 56.7 8.5 177 6.5 113 13 54
®Ta 246 51 124 102 293 8.5 7.5 6.5 4.0 1.3 1.8
Ly 172 400 154 kval 370 138 109 623 6.9 17.0 39
®5vp 198 486 76.1 384 181 163 5.0 731 31 184 1.7
Ty 740 AN 174 378 6.5 149 36 621 24 103 09
Ly 1094 280 114 203 45 787 22 321 1.5 48 0.4
4eed 115 336 587 270 142 1138 44 56 28 1.7 1.3
G 116 336 587 270 142 1138 44 56 28 1.7 1.3
= 74T AT 8.2 7.0 32 43 18 25 12 13 04
¥iad 103 288 125 234 304 103 9.5 49 6.1 1.6 29
Gd alpha 123 1.00 044 021 0.07
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5. Discussion

5.1. Minimum detectable activity

MDA defined by equation (24) is affected by uncertainties in the time of measure-
ment t, detector efficiency &, and gamma line intensity P,. In gamma ray spectros-
copy measuring samples in a laboratory, these uncertainties are typically negligible
compared to the uncertainty in L. For this reason, they are often neglected in the
calculation of MDA. In this work, we followed this approach even though the uncer-
tainty in the detector efficiency € due to the variability in person size may be quite
large. More work is needed to estimate the uncertainties associated with body size
variability and special distribution of inhaled activity.

The detection limit L; depends on the mean number of counts for the background
Ny when the signal S is not present. In this work, only the nuclides providing large
contributions to the CED were considered, and thus the total continuum is somewhat
underestimated. In practice, the value will be slightly larger and thus the L; and con-
sequently MDA will also be larger.

In principle, it is possible to perform the calculation for all 1000 released radionu-
clides. In practice, however, the main problem is that Nucleonica does not accept
more than 20 radionuclides in the input file; the resulting XLSX files are already
large (hundreds of MB). Owing to the web interface, the upload and download must
be done manually, resulting in labor intensive calculation. Batch processing would
require on-site version of Nucleonica, which was not available to the authors.

The determination of the net and background areas of a peak depends on the pres-
ence of other peaks in the considered energy region. In this work, we assumed that
the user could determine these values for every input peak; the calculation was
based on the spectrum continuum provided by Nucleonica. In practice, the determi-
nation of the peak background may be less straightforward.

Determination of the MDA, expressed for the major radionuclides and for different
time periods following an intake, requires a realistic estimation of the amount of
scattered radiation. Presented simulations using Nucleonica underestimate this
amount. Accurate values would be obtained using the Monte Carlo simulations de-
scribed above.

5.2. Accuracy of the CED measurement

The method for the determination of CED can be improved via (i) Monte Carlo sim-
ulations of the response of the whole-body counting detector system, and (ii) deter-
mination of the contaminated person’s attenuation using two additional absorbing
layers, for instance compact bone and soft tissue.

5.3. Strategy for lung and urine measurements

The results for lung measurements with the WBC system, Table 15 and Appendix
8.5, show that quantification of lung burden of 10 of the 16 most prominent radionu-
clides according to expected CED is possible for a CED of about 1 mSv and above.
Those radionuclides, '**Gd included, are expected to contribute to about 80% of the
total CED from the full set of radionuclides released, being a good indicator of the
total CED. Measurements can be made both early (days) and late (weeks) after ex-
posure (quantification of '¥W requires lung measurements shortly after exposure).
However, the body composition affects the MDA, and for obese persons, the
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chances of detecting, e.g., Gd-isotopes would become more difficult, at least close in
time after the exposure.

Efforts should be made to repeat WBC counting at least 1-2 times during the first
weeks to follow the lung excretion rate for the different radionuclides. This should
be done to verify the absorption types and parameters used in the dose calculations
(IMBA/Taurus) based on ICRP data. If a significant deviation of lung clearance is
observed for a particular radionuclide, the CED will be affected, and therefore re-
vised IMBA/Taurus calculations need to be made. Quantification of lung burden at
lower exposures, e.g., at CED of tenths of mSv would be challenging for any of the
radionuclides in the release mixture. However, by prolonging the measurement
times and by using spectral information from all 3 HPGe detectors, the MDA can be
improved.

The data of urine excretion, Table 16, show that at moderate exposures, CED = 1
mSv or less, it will be difficult to assess the CED based on urine samples since the
MDA for many of the important radionuclides is too high. E.g., 1**Gd and '**Gd lev-
els are too low, which makes predictions of '*3Gd impossible, thus would require ra-
diochemical analysis. However, by using larger HPGe-detectors and/or preconcen-
tration of urine before y-spectrometric analysis, MDA can be improved and make
quantification of more radionuclides possible. At larger exposure levels, e.g., CED
of tens of mSv, quantification of most of the important radionuclides is possible, es-
pecially if the urine sampling is done a few days after exposure (see Table 16).
Urine sampling should be repeated in time to follow the urine excretion dynamics in
order to compare with IMBA/Taurus model calculations.

The study shows that WBC is essential for estimating the CED at moderate exposure
levels since urine excretion levels are too low for quantification. For screening pur-
poses, i.e., screening of groups of individuals with expected low exposures (>1mSv),
neither WBC nor urine measurements will be quantitative. However, by radiochemi-
cal analysis of '*8Gd in urine, considerably lower MDA can be achieved and could
therefore be used as a proxy for evaluating the total CED from inhalation as soon as
the nuclide vectors are established.

6. Conclusions

We have developed a method to determine the committed effective dose resulting
from inhalation of radionuclides that can be released during an accident at the ESS.
The method combines results from gamma spectrometry measurements using a
whole-body counting (WBC) system and an analysis of bioassays. Using computer
simulations, we demonstrated that peaks of, e.g., 1>3Gd at 97.4 and 103.2 keV, the
peak of 14°Gd at 154.6 keV, and the peak of '*°Eu at 747.2 keV are well-shaped and
could be used for the determination of the activity of these radionuclides in lungs.
The activity of '¥*Gd in the lungs is then determined from fractions between activi-
ties of these radionuclides; these fractions, obtained by computer simulations, are
described in ESS and SSM documents. In addition, radiochemical analysis of '¥Gd
in selected urine samples may be needed to verify the Gd isotope relations. Biokinet-
ics models in the IMBA and Taurus code are then used to calculate the resulting
committed effective dose. Simulations were performed for a list of selected radionu-
clides in the activity release. It is assumed that the inclusion of all radionuclides in
the activity release would somewhat increase the background radiation, but it would
not affect the ability of the method to determine the net areas of well-shaped peaks
of %6Gd, '**Gd, and '“°Eu.
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An automated method for calculating the minimum detectable activity was devel-
oped, and results for the HPGe WBC system at Westinghouse (lung burden meas-
urements) and a laboratory HPGe detector system (urine measurements) are pre-
sented. The method utilizes information about the theoretical number of counts for
the continuum part of the spectrum calculated by Nucleonica. The results show that
lung burden can be evaluated for a majority of the most prominent radionuclides in a
release, at dose levels (CED) around 1 mSv and above, and by repeated WBC meas-
urements over periods of weeks the excretion dynamics of the radionuclides in the
lung can be obtained to provide more precise dose assessment.

Unfortunately, the simulations show that the levels of radionuclide excretion in urine
are for most radionuclides low, and for corresponding dose levels (CED) of 1 mSv it
will not be quantitative (KMDA). Therefore, urine analysis has a limited value at
moderate exposures, i.e., it can complement lung burden measurements only at
higher exposures.

The method developed here is designed for the WBC system at Westinghouse Elec-
tric AB in Visterds. However, it can be easily modified for other radionuclide mix-
tures and WBC lung burden systems, provided that the detector counting efficiencies
are known.

7. Need for further research

7.1. Estimation of the size-related attenuation

The algorithm for the estimation of the size-related parameter h from net areas of
two peaks produced by a single radionuclide (section 3.1.2) can be generalized to
any number of peaks. For n peaks, n — 1 material layers can be considered. Equa-
tion (8) can be extended to a system of n — 1 equations

_ [N(Ez) N*(Ey)

= [py(E3) — uy (E)]hy + o+ [pn—1 (E3) —

N(Eq) N*(E3) (34)
Pn-1(E1)]hn_y

N(En) N'(ED] _ B _
—In [N(El) v ) = W(En) = (Bl + -+ -1 (En) (35)

bn-1(ED]hn—y
which can be solved for h4, ..., h;.

Equations (34)—(35) are like those used for material decomposition in computed to-
mography. A principal component analysis (PCA) of the system showed that the di-
mensionality of the problem is about 3—4 when statistical noise, biological materials
with the atomic number less than 20, and the energy range 20-150 keV is consid-
ered [21]. In practical situations, however, the range of useful energies starts at
about 35 keV. In this case the dimensionality is about 2 only [22]. It means that a
linear combination of linear attenuation coefficients as functions of energy for two
base materials, v, i; (E) + v,u,(E) approximates any biological material well. Con-
sequently, adding more base materials makes the system of equations ill condi-
tioned. A material base commonly used in CT for the two-material decomposition is
for instance the (compact bone, water) doublet. As an alternative to water, soft tissue
can also be used.

An implementation of the two additional layers—for instance, compact bone and
soft tissue or fat—has the potential to increase the accuracy of the size-specific cor-
rection.

45



7.2. Radiochemical method for '“8Gd analysis

Since the dose assessment from inhalation is much dependent on knowledge about
the Gd isotopic ratios, where '“®Gd is an alpha emitter, a method to radiochemically
isolate Gd for subsequent alpha spectrometric measurements is needed. Olszewski et
al. 2021 [13] has developed a separation method, which needs to be further devel-
oped to handle different sample matrices, e.g., urine and air filters.
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8. Appendix

8.1. Decay radiation

8.1.1. Decay radiation for 46Gd

Parent Parent Parent Parent Decay Mode GS-GS Q-value | Daughter
Nucleus E(level) Jr Tz (keV) nucleus
;jGGd 0.0 0+ 48.27d 9 €100 % 1032 7 ;gGEu
Gamma and X-ray radiation:
Energy Intensity Dose
(keV) (%) (MeV/Bg-s )
XR 5.85 33.0% 14 0.00193 8
XR ka2 40.902 52.0% 13 0.0213 5
XR ka1 41.542 93.0 % 23 0.0386 9
XR kB3 46.905 9.30 % 23 0.00436 11
XR kB1 47.038 18.0% 4 0.00846 20
XR kB2 48.249 5.96 % 14 0.00287 7
76.54 1 0.023% 9 1.8E-57
114.71 2 443 % 8 0.0508 9
115.51 2 443 % 8 0.0512 9
154.57 2 46.9% 8 0.0725 13
230.51 20 0.09% 5 2.1E-4 11
267.8 2 0.038 % 19 1.0E-4 5
383.51 0.047 % 19 1.8E-4 7
421.6 1 0.082% 9 3.4E-4 4
576.0 2 0.066 % 9 3.8E45
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8.1.2. Decay radiation for 48Gd

Parent |Parent |Parent|Parent Decay Mode GS-GS Q-value | Daughter
Nucleus [ E(eve) [Jr | T1z y (keV) Nucleus
;std 0.0 0+ 746y 30 | a:100 % 3271.21 3 (1;214Sm
Alphas:
Energy Intensity Dose
(keV) (%) (MeV/Bg-s)
3182.690 24 100 % 3.182690

8.1.3. Decay radiation for 53Gd

Parent |Parent |Parent|Parent Decay Mode GS-GS Q-value | Daughter
Nucleus | E(level) | JT T2 y (keV) Nucleus
153 . o 153

64 Gd |0 3/2- | 240.4d 10 | €100 % 483.6 12 63 Eu

Gamma and X-ray radiation:

Energy Intensity Dose

(keV) (%) (MeV/Bg-s )

XR1 5.85 22.6 % 11 0.00132 6
14.06383 20 0.018 % 3 2.5E-6 4
19.81296 19 7E-5 % 1.4E-8

XR ka2 40.902 349 % 12 0.0143 5

XR ka1 41.542 62.4 % 20 0.0259 8

XR kB3 46.905 6.24 % 20 0.00293 10

XR kB1 47.038 121 % 4 0.00568 18

XR kB2 48.249 4.00 % 13 0.00193 6
69.67300 13 242%7 0.00169 5
75.42213 23 0.078 % 3 5.91E-5 24
83.36717 21 0.196 % 7 1.63E-4 6
89.48595 22 0.069 % 4 6.2E-5 4
97.43100 21 29.0 % 0.0283
103.18012 17 211%6 0.0218 6
172.85307 21 0.0360 % 20 6.2E-5 3

and
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Decay radiation for '“Eu

Parent [Parent |Parent|Parent Biseay Misdls GS-GS Q-value | Daughter
Nucleus [ E(level) | Jn Tip (keV) Nucleus
é;%Eu 0.0 4- 4.61d3 |e100% 38796 é;%Sm
Gamma and X-ray radiation:
Energy Intensity Dose
(keV) (%) (MeV/Bg-s )
XR1 5.64 13.1% 6 7.4E-4 3
XR ko2 39.522 21.7%7 0.0086 3
XR ka1 40.118 39.0 % 12 0.0157 5
XR kB3 45.293 3.89 % 12 0.00176 5
XR kB1 45.414 7.52 % 23 0.00341 10
XR kB2 46.578 248%7 0.00116 3
158.5 8 0.018 % 10 2.8E-5 16
202.2 4 0.0098 % 20 2.0E-5 4
21055 0.0059 % 20 1.2E-54
222.33 10 0.0142 % 10 3.16E-5 23
224.05 3 0.042% 3 9.5E-5 7
234.9 2 0.0216 % 11 5.1E-5 3
267.59 3 0.097 % 8 2.60E-4 22
271.683 21 0.869 % 24 0.00236 7
295.59 25 0.022% 5 6.4E-5 15
372.67 23 0.070 % 23 2.6E-4 8
376.11 4 0.055 % 9 2.1E-4 3
380.917 0.10% 4 3.7E-4 15
394.7 15 012% 4 4.6E-4 16
397.316 0.18% 7 7E-4 3
397.325 19 0.66 % 7 0.0026 3
399.81 10 0.014 % 4 5.5E-5 16
403.73 4 0.073% 8 2.9E-4 3
410.766 19 0.644 % 19 0.00264 8
415.52 16 0.0058 % 20 2.4E-5 8
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Annihil.

42233

430.386 18

441.43 12

44503

449.2 5

459.35 6

459.4 2

467.762 25

471.67 4

511.0

522.2 2

532.87 7

534.12

534.26 9

544.32 13

548.4 10

549.1 10

550.4 3

553.35 11

553.8 10

569.11 10

569.53 5

575.64 16

583.76 3

600.4 10

606.22 22

611.46 25

621.85 3

624.75 14

632.888 40

633.083 23

634.137 21

636.22 13

653.0 3

0.013 % 4

470% 13

0.026 % 3

0.20 % 4

0.13% 5

021% 6

0.052 % 4

0.067 % 4

0.0358 % 19

9.7 % 6

0.136 % 5

0.130 % 8

0.082 % 5

0.13% 4

0.14% 6

0.014 % 4

0.14 % 3

0.034 % 6

037% 7

0.026 % 8

0.020 % 6

0.116 % 7

0.021% 6

0.112% 6

0.20 % 4

0.017 % 4

0.015% 4

0.544 % 18

0.080 % 10

1.28% 3

35.7% 10

44.8% 13

0.19% 8

0.024 % 8
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5.4E-5 17

0.0202 6

1.17E-4 13

8.7E-4 18

5.7E-4 22

9E-4 3

2.39E-4 19

3.12E-4 19

1.69E-4 9

7.12E-4 25

7.0E-4 4

4.4E-4 3

6.8E-4 21

7E-4 3

7.5E-5 22

7.5E-4 16

1.9E-4 3

0.0021 4

1.4E-4 4

1.1E-4 3

6.6E-4 4

1.2E-4 3

6.5E-4 4

0.00118 24

1.01E-4 24

9.0E-5 24

0.00339 11

5.0E-4 6

0.00807 20

0.226 7

0.284 8

0.0012 5

1.5E-4 5



664.65 14

665.424 15

686.54 10

702.099 19

703.089 22

703.46 6

704.774 19

721.24 8

733.97 13

736.55 11

742.65 15

747.159 16

749.8 15

753.80 8 ?

760.963 23

766.838 23

775.533 25

783.96 3

791.107 19

804.67 6

812.21 3

814.70 25

823.21 3

826.32 12

833.12

833.11 9

837.72 8

838.02 15

840.94 10

843.72 9

844.72 15

845.81 10

848.84 9

848.85 30

05%4

10.32 % 25

0.0316 % 24

3.81% 13

3.73% 13

0.106 % 20

1.87% 5

0.053 % 4

0.047 % 6

0.078 % 8

0.71 % 10

98 % 3

0.049 % 5

0.026 % 3

0.092 % 3

0.090 % 3

0.095 % 3

0.0471 % 22

0.454 % 13

0.093 % 3

0.079 % 3

0.0086 % 16

0.0551 % 22

0.0135% 20

0.0118 % 10

0.0120 % 13

0.0060 % 8

0.0048 % 10

0.0201 % 11

0.0032 % 7

0.054 % 20

0.036 % 8

0.14 % 3

0.018% 7

53

0.003 3

0.0687 17

217E-4 17

0.0267 9

0.0262 9

7.5E-4 14

0.0132 4

3.8E-4 3

3.5E-4 4

5.8E-4 6

0.0052 7

0.733 20

3.7E-4 4

2.00E-4 23

7.0E-4 3

6.94E-4 23

7.4E-4 3

3.69E-4 17

0.00359 10

7.5E-4 3

6.39E-4 23

7.0E-5 13

4.54E-4 18

1.12E-4 16

9.8E-5 8

1.00E-4 11

5.0E-57

4.0E-5 8

1.69E-4 10

2.7E-56

4.6E-4 17

3.1E-47

0.0012 3

1.5E-4 6



850.49 10

852.28 12

865.353 23

870.55 6

881.52

881.55 3

888.46 15

889.44 15

891.29 20

899.486 22

900.797 18

903.98 25

914.031 16

918.94 6

930.39 71

937.29 4

937.33 8

937.68 8

941.30 3

948.14 15

968.83 9

974.77 8

974.9 1

976.51 5

979.09 10

989.49 4

998.7 3

1004.3 4

1009.27 11

1017.08 16

1022.05 9

1027.26 5

1028.10 5

1030.274 37

0.232 % 14

0.038 % 9

0.136 % 4

0.011 % 4

0.0353 % 21

0.0348 % 17

1.08 % 25

0.58 % 17

0.12% 3

1.35% 10

2.93% 21

0.050 % 13

0.618 % 18

0.070 % 3

0.020% 5

0.033 % 4

0.0022 % 4

0.043 % 16

0.158 % 6

0.0080 % 13

0.046 % 3

0.146 % 22

0.098 % 5

0.19% 7

0.044 % 3

0.0648 % 25

0.0045 % 13

0.010% 3

0.0117 % 12

0.0172 % 21

0.023% 7

0.072% 3

0.021 % 3

0.0168 % 14
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0.00197 11

3.3E-4 8

0.00118 3

9E-53

3.11E-4 18

3.07E-4 15

0.0096 22

0.0051 15

0.0010 3

0.0122 9

0.0264 19

4.5E-4 12

0.00565 17

6.4E-4 3

1.8E-4 5

3.1E-4 4

2.0E-54

4.0E-4 15

0.00149 5

7.6E-5 12

4.5E-4 3

0.00142 21

9.6E-4 5

0.0018 7

4.3E-4 3

6.42E-4 25

4.5E-5 13

1.0E-4 3

1.18E-4 12

1.75E-4 21

2.3E-47

7.4E-4 3

2.1E-4 3

1.73E-4 15



1036.71 10

1038.35 20

1047.36 5

1057.62 10

1058.71 10

1063.6 7

1068.32 7

1078.29 7

1086.637 15

1088.83 8

1090.844 21

1094.10 11

1094.10 4

1110.03 16

1110.79 5

1116.566 15

1120.79 9

1132.057

1133117

1137.66 13

1137.8 3

1150.626 15

1155.08 4

1161.75 14

1166.67 10

1175.09 11

1175.09 11

1176.522 23

1184.93 3

1186.98 10

1190.1 3

1191.01 10

1198.3 10

1208.82 8

0.051% 3

0.024 % 3

0.0488 % 17

23%4

39%4

0.009 % 3

0.0336 % 18

0.0373 % 15

0.562 % 16

0.031% 3

0.214% 6

0.0270 % 24

0.058 % 22

0.022% 3

0.013% 3

0.421 % 12

0.0261 % 16

0.12% 3

0.69% 3

0.042 % 3

0.042 % 3

211% 6

0.188 % 7

0.0124 % 15

0.017 % 3

0.109 % 19

0.14% 3

1.61% 5

0.130 % 4

0.0309 % 19

0.0629 % 24

0.013 % 4

0.008 % 7

0.0291 % 19
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5.3E-4 3

24E-4 3

5.11E-4 18

0.024 4

0.042 4

9E-5 3

3.59E-4 19

4.02E-4 16

0.00611 17

3.4E-4 3

0.00233 7

3.0E-4 3

6.3E-4 24

2.4E-4 3

1.4E-4 3

0.00470 13

2.92E-4 17

0.0013 3

0.0078 4

4.8E-4 3

4.8E-4 3

0.0243 7

0.00218 8

1.44E-4 17

1.9E-4 3

0.00128 22

0.0016 3

0.0189 6

0.00155 5

3.67E-4 22

7.5E-4 3

1.5E-4 5

9E-58

3.52E-4 24



1214.209 21

1225.39 11

1231.03 10

1239.86 20

1255.72 6

1260.89 9

1277.55 6

1293.48 13

1297.028 16

1303.46 4

1325.35 4

1330.33 20

1332.74 4

1335.52 9

1336.01 9

1345.176 22

1347.79 6

1356.145 17

1366.69 8

1371.33 10

1373.29 15

1378.135 19

1385.60 6

1385.6 3

1406.98 3

1408.66 3

1415.859 21

1419.70 3

1445.136 23

144712 9

1448.1 2

1448.21 6

1469.86 7

1470.21 4

0.313% 9

0.0133 % 14

0.0164 % 16

0.0080 % 19

0.029 % 4

0.0234 % 18

0.0425 % 20

0.114 % 11

537 % 15

0.077 % 4

0.088 % 3

0.029 % 4

0.189 % 8

0.131% 6

0.043 % 3

0.154 % 5

0.0425 % 20

0.315% 9

0.0344 % 24

0.008 % 3

0.014 % 5

0.532 % 16

012% 7

0.0579 % 23

1.72% 5

1.23% 4

0.215% 6

0.129% 6

0.364 % 12

0.091 % 18

0.18% 7

0.091% 3

0.096 % 4

0.020 % 6
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0.00380 71

1.63E-4 17

2.02E-4 20

1.00E-4 23

3.7E-4 5

2.96E-4 23

5.4E-4 3

0.00147 14

0.0696 19

0.00101 5

0.00117 5

3.9E-4 5

0.00252 10

0.00176 9

5.8E-4 4

0.00207 7

5.7E-4 3

0.00427 12

4.7E-4 3

1.1E-4 4

1.9E-47

0.00733 22

0.0016 10

8.0E-4 3

0.0242 7

0.0173 5

0.00304 9

0.00182 8

0.00526 17

0.0013 3

0.0026 10

0.00132 5

0.00141 6

2.9E-4 9



1471.64 9

1475.3 3

1477.83 17

1484.72 8

1488.48 13

1491.16 3

1496.39 10

1498.35 14

1500.44 3

1517.000 20

15622.712 19

1533.711 18

15635.93 5

1542.56 3

1550.98 11

1551.99 11

1565.02 20

1568.93 10

1580.16 18

1587.53 8

1588.53 8

1592.04 6

1593.05 6

1596.66 7

1633.30 3

1648.00 3

1649.76 10

1653.72 8

1663.42 6

1667.0 7

1681.94 13

1686.397 21

1691.643 22

1711.844 22

0.068 % 3

0.011% 3

0.029 % 10

0.080 % 4

0.034 % 4

0.026 % 3

0.010% 3

0.0078 % 23

0.126 % 5

0.667 % 19

0.88% 3

6.05 % 19

0.173 % 15

0.104 % 4

0.15% 3

0.10% 3

0.006 % 6

0.037 % 5

0.0126 % 17

0.011% 7

0.014 % 7

017 % 3

017 % 3

0.097 % 4

0.410 % 12

0.572 % 21

0.132% 17

0.0562 % 22

0.0645 % 23

0.014 % 6

0.0214 % 17

0.625 % 18

0.411 % 12

0.207 % 6
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1.00E-3 5

1.6E-4 4

4.3E-4 15

0.00119 6

5.1E-4 6

3.8E-4 4

1.5E-4 4

1.2E-4 3

0.00188 7

0.0101 3

0.0134 4

0.093 3

0.00265 23

0.00160 6

0.0023 4

0.0015 5

9E-59

5.8E-4 8

2.0E-4 3

1.7E-4 11

2.2E-4 11

0.0027 5

0.0027 5

0.00155 7

0.00670 19

0.0094 3

0.0022 3

9.3E-4 4

0.00107 4

2.3E-4 10

3.6E-4 3

0.0105 3

0.00695 20

0.00354 11



1724.07 6

1725.08 6

1728.76 7

1743.69 3

1756.08 3

1766.277 21

1784.762 13

1796.89 8

1802.76 7

1804.79 24

1818.78 3

1823.90 10

1840.52 6

1857.33 5

1857.92 5

1858.34 5

1863.29 17

1869.86 25

1878.62 3

1879.63 3

1896.85 19

1897.85 19

1898.17 8

1902.45 6

1931.087 20

1937.57 11

1944.3 3

1948.65 6

1956.97 4

1978.20 6

1980.79 3

1987.44 15

1988.45 15

1994.0 10

0.069 % 10

0.059 % 10

0.012% 3

0.0371 % 19

091% 3

0.665 % 19

0.708 % 21

0.0341 % 19

0.153 % 8

0.036 % 11

0.123 % 4

0.0085 % 19

0.020 % 8

0.051 % 10

0.091 % 10

0.058 % 10

0.0141 % 13

0.0072 % 16

0.147 % 10

0.078 % 10

0.008 % 4

0.008 % 4

0.015% 4

0.0385 % 18

1.19% 4

0.075% 5

0.0079 % 19

0.074 % 3

0.122 % 4

0.0502 % 20

0.145% 7

0.012% 7

0.017 % 7

0.014 % 4
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0.00118 17

0.00102 17

2.0E-4 5

6.5E-4 3

0.0160 6

0.0117 3

0.0126 4

6.1E-4 3

0.00276 15

6.6E-4 20

0.00223 7

1.6E-4 3

3.6E-4 14

9.5E-4 18

0.00170 19

0.00108 18

2.63E-4 24

1.3E-4 3

0.00276 19

0.00148 19

1.5E-47

1.5E-47

2.8E-47

7.3E-4 3

0.0229 7

0.00144 10

1.5E-4 4

0.00143 6

0.00238 7

9.9E-4 4

0.00288 13

2.3E-4 14

3.3E-4 14

2.7E-4 8



1995.75 9

1998.00 15

2004.25 11

2010.37 4

2011.38 4

2017.40 13

2037.86 7

2049.96 8

2050.97 8

2052.71 5

2072.50 15

2080.02 15

2081.11 15

2081.7 3

2095.64 20

2096.64 20

2103.16 5

2132.09 10

2137.08 4

21492 3

2155.76 3

2158.92 13

2164.86 5

2203.73 3

2210.35 6

2221.64 5

2224.98 15

222724

224471 4

2267.49 4

2273.4 15

2310.81 8

2320.54 4

2345.91 30

0.285 % 12

0.087 % 12

0.0291 % 24

0.059 % 10

0.137 % 10

0.0229 % 17

0.071% 3

0.027 % 4

0.114 % 15

0.66 % 3

0.0075 % 9

06%3

15% 3

0.098 % 10

0.023 % 3

0.023 % 3

0.074 % 3

0.0233 % 12

0.118 % 4

0.029 % 10

0.519 % 15

0.0051 % 22

0.0542 % 19

0171 % 5

0.0588 % 24

0.092 % 4

0.051% 3

0.0098 % 10

0.158 % 5

0.436 % 14

0.047 % 5

0.0204 % 11

0.095 % 3

0.392 % 12

59

0.00570 24

0.00174 24

5.8E-4 5

0.00118 20

0.00276 20

4.6E-4 3

0.00146 6

5.6E-4 8

0.0023 3

0.0136 5

1.55E-4 19

0.013 5

0.031 5

0.00204 21

4.7E-4 6

4.7E-4 6

0.00155 7

4.98E-4 25

0.00252 8

6.3E-4 21

0.0112 3

1.1E-45

0.00117 4

0.00376 11

0.00130 5

0.00205 170

0.00114 7

2.18E-4 22

0.00355 11

0.0099 3

0.00107 11

4.72E-4 24

0.00221 7

0.0092 3



2358.17 13 0.0299 % 19 71E-4 4

2360.49 14 0.0293 % 19 6.9E-4 4
2368.93 22 0.0077 % 9 1.81E-4 21
2389.00 17 0.0559 % 15 0.00134 3
2389.13 4 0.153 % 7 0.00366 16
2400.94 4 0.240 % 9 0.00577 22
2404.74 22 0.0124 % 11 3.0E-4 3
2436.74 4 0.93% 3 0.0226 6
2484.39 8 0.0198 % 9 4.92E-4 22
2491.51 4 0.179 % 6 0.00445 15
2497.46 5 0.0620 % 21 0.00155 5
2544216 0.0483 % 17 0.00123 4
2582.51 11 0.0097 % 7 2.51E-4 18
2591.11 8 0.0188 % 7 4.88E-4 18
2621.56 11 0.0095 % 6 2.49E-4 16
2629.50 5 0.0652 % 21 0.00172 6
2644.43 5 0.106 % 4 0.00280 9
2650.35 17 0.0077 % 6 2.03E-4 16
2650.35 17 ? 0.0077 % 6 2.03E-4 16
2671.655 0.0389 % 13 0.00104 4
2680.57 7 0.0175% 7 4.68E-4 18
2724.70 6 0.0302 % 11 8.2E-4 3
2762.04 8 0.0143% 7 3.96E-4 18
2770.12 8 0.0188 % 8 5.22E-4 22
2798.97 6 0.0350 % 13 9.8E-4 4
2845.0 3 1.0E-3% 3 2.8E-58
2858.2 3 0.0020 % 5 5.6E-5 14
2878.76 10 0.0064 % 5 1.84E-4 15
2904.87 9 0.0386 % 25 0.00112 7
2906.99 13 0.0151 % 22 4.4E-4 6
2946.10 10 0.0080 % 9 24E-4 3
2968.41 18 0.00284 % 20 8.4E-56
2973.3 4 7.8E-4 % 20 2.3E-56
2993.61 24 0.00196 % 20 5.9E-5 6
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3002.24 12 0.0061 % 3 1.83E-4 10

3038.50 23 8.8E-4 % 10 2.7E-53

3042.85 8 0.0026 % 5 7.8E-5 15
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8.2. Simulated gamma spectra

Simulated gamma spectra are in Figure 28-33. These spectra include peaks from
daughter products; the acquisition time of 1 h is too short for a noticeable build-up
of such products.
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Figure 28. Gamma spectrum of '*6Gd for the activity of 1GBq. (a) Theoretical energy lines. (b) De-
tector response simulation for the acquisition time of 1h.
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Gd 153: y and X radiations
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Figure 29. Gamma spectrum of '53Gd for the activity of 1GBg. (a) Theoretical energy lines. (b)
Detector response simulation for the acquisition time of 1h.
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Eu 146: y and X radiations
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Figure 30. Gamma spectrum of “®Eu for the activity of 1GBq. (a) Theoretical energy lines. (b)
Detector response simulation for the acquisition time of 1h.
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Eu 146: y and X radiations
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Figure 31. The same as in Figure 30 for the energy range 10 — 1600 keV.
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Gamma Spectrum of 102_T000_F01_red.csv simulated for HPGe (rel. eff. 58.9%)
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Figure 32. Simulated gamma spectra for ESS activity intake 02 at 0, 1, and 7 days after inhalation.
Energy range 10-800keV.
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Gamma Spectrum of 102_T014_F01_red.csv simulated for HPGe (rel. eff. 58.9%)
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Figure 33. The same as Figure 32 for 14, 28, and 56 days after inhalation.
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8.3. IMBA

The software IMBA is available in three standard versions (lite, plus and pro).
IMBA bases its calculations on parameters from ICRP 68 and 72. Users can specify
their own parameter values. The new internal dosimetry software, Taurus, uses the
latest data from ICRP2. Main screen of IMBA is shown in Figure 34.

IMBA Lite (Link&ping University Hospital) ;mgm

e - e

Vg o S

Thess s Pussso ety L |

B Tt

m - - -
E . -

s - Dot Mot Spacind A0 U W WoSpectnd

Figure 34. The main screen

The main screen is divided into Intake scenario and Model parameters. Intake sce-
nario (top main panel) is divided into Intake regime, units, radionuclide, and Intake.

B Mo Sreen a
e G Suamamn Covsmions T poned._ i
#* = [0 @ g B @ —
=4
IMBA Lite (Linképing University Hospital) ?’n&ﬂm
Intake Scenario
Al P Indicate Nuclite
sy oot
- P = =T
:;-m :::an-«u-.::::u. ﬁj
’W F

ot Yo f j b :u

Figure 35. Intake scenario panel

2 https://www.phe-protectionservices.org.uk/imba/
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https://www.phe-protectionservices.org.uk/imba/

Figure 36. Intake regimes sub-panel and units sub-panel

In the intake regimes sub-panel, you can select:

e the route of intake: inhalation, ingestion, injection, or vapor.
e the mode of intake: acute or chronical
e the start time of intake.

In the units sub-panel, you can specify:

e date - to select start and end times

e time - to display start and end as a fraction of a day
e intake - the unit of activity

e dose — the unit of dose

Indicator Nuclide

Mumber of Azsocisted Radionuclides:
Half Life:  Unknown d

Figure 37. The intake and radionuclide sub-panel

If you know the intake you can enter it in the Intake sub-panel. In the radionuclide
sub-panel, select the indicator nuclide and then select the isotope from the drop-
down list.
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B} Select the required radienuclide - O K
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Load Complete

ERNARRARRNAREN] ok | concel | Decay |

Figure 38. The periodic table from where you select the radionuclide of interest.
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Figure 39. In the lower part of the main screen there are two sub-panels, model parameters and
calculations.

Model parameters sub-panel

If the buttons are highlighted it means that it is necessary for you to select the pa-
rameters before making calculations.

If inhalation is selected as the route of intake the parameters for

e Deposition

e Particle transport
e  Absorption

e  Gl-tract

will be highlighted.

In the sub-panels you can use ICRP 66 parameters values by clicking on the “load
icrp defaults”-button or define our own (user defined).
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Figure 40. The deposition model.

In the deposition model you must define the aerosol parameters and the worker cate-
gory, light or heavy worker.

B} Particle Transport Model
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User Defined

LOAD ICRP DEFALLTS |
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Figure 41. Particle transport model
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B} Absorption Model - m] X
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Figure 42. Absorption model.

In the absorption model you can use standard representation or alternative represen-
tation.

The standard representation is useful in cases where the overall absorption rate in-
creases with time. Type in the gut absorption faction (f) or click the button “help”
to get information about chemical forms and absorption type (from ICRP). You can
then choose ICRP default or use your own parameter values.

Parameters:

e S, - initial dissolution rate [d™]

e S, - transformation rate [d™!]

e S, - final dissolution rate [d"']

o Fy —Fraction to bound state

e Sy - uptake rate from bound state

The alternative representation is useful for general situation where the overall ab-
sorption rate decreases with time. Type in the gut absorption faction (f1) or click the
button “help” to get information about chemical forms and absorption type (from
ICRP). You can then choose ICRP default or use your own parameter values.
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Parameters:

e f; —fraction dissolved rapidly
e s, —rapid rate [d]
e s,—slow rate [d]

e f,— fraction to bound state

e s, — uptake rate from bound state [d™!]

B} Gl Tract Model - ] *
Rlate constants (per day)
for patticulate material

Somach(S) [0
SmallIntestine (51 1D
Upper laigs intestine 1"
uLn
Lower largs intestine 17
L
Cleay
Select |
User Defined
LOAD ICAP DEFAULTS
Not Specified Cancel

Figure 43. Gl-tract model
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Figure 44. The bioassay model panel.
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Select the bioassay function from the drop-down list and then click on “Load ICRP
defaults” or “user defined” button. If you choose “lungs” the sentence “No systemic
model is required for the lungs” will show up, because lung retention is calculated
automatically by using the ICRP 66 respiratory tract model HRTM).

Calculations

Binassay Calculations
Dose Calculations

= |Binkinetics' Mot 5pecified ‘ Deposition 2

Figure 45. Calculations sub-panel

If you click at the bioassay calculations button you can estimate the amount of in-
take and/or predict bioassay quantities. The dose calculation button opens the dose
calculation screen, and you can calculate doses.

Bioassay calculations

The arrow on the screen indicates whether the bioassay data shown in the table (to
the right) are measured (blue arrow) or predicted (green arrow). The same colour
codes are used in the table.

Bioassay Calculations

INTAKE CALCULATION BIDASSAY GUANTITY

_ po— E =
< [r— fom e cw
— 1 - e T T e S
T | I T e e o P

e bt

Figure 46 Bioassay calculation screen and the tab bioassay to intake (blue arrow).

Under the tab bioassay to intakes choose bioassay from the list and fill in the bioas-
say measurement values in the blue column in the table. Perform a calculation and
then create a graph.
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Figure 47. Bioassay calculations screen and the tab intake to bioassay (green arrow).

Under the tab Intake to bioassay:

Fill in the number of times you want to predict the bioassay quantity (max 200

times), specify start and end time/day.

If the bioassays are urine or faeces, you must also fill in sample collection period.
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Figure 48. The dose calculation screen
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Figure 49. The dose calculation sub-panel

The highlighted tab indicates that you must fill in data.

CALCULATION

Calculations WR WT

Garnma IU_

Figure 50. The WR tab

Alpha IEI ICRP Defaults
Beta IU_ M
Clear

Thiz option allows you to specify the radiation weighting factars
that will be uged in the calculation of equivalent doge.

In the WR tab you must select the radiation weighting factors.

) Tssue Weighting Factors
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Figure 51. The WT tab (left side). Options for tissue weight factors (right side).
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In the tab WT you must select the tissue weighting factors. Click on the button and
fill in values according to latest ICRP-data. To start the calculations, return to calcu-
lation tabs and click on calculation button. The effective dose shown in the calcula-
tion tab and equivalent dose or effective dos (depending on choice) in the table to
the right.

DOSE

" Eff | Indicator Nuclids tool

Equivalent | Equivalent 1=
Target Organs | Doze [Sv) Doze [5v]

IR(1] Total =
Adrenals 9.91E-06 9.91E-06
rinary Bladder 9,93E-0E 9,93E-06
Brain 9.91E-06 9.91E-06
Breast 9.91E-06 9.91E-06
Gall Bladder 9.91E-08 9.91E-06
Heart ' all 9,91E-06 9.91E-06 -
o | i

Figure 52. The results of the dose calculations

A report can be created that contains all or a selection of the results.

Choose what the report should show from the report panel.

B} Report — m] be
File
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Fist [Ewan DatzalBith  [517411 2| et [wial =] CaselD [i
Migds [ EmplyesID [T Fils Nams Prefis [
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BB Additional Comments
Desciiption of Case

intake of Po-210
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ES |

FInclude in Report Action:
Input Information: Results of Calculations:
Complete Detais = Cizate Report
W Indicater Aadonuclds W Intekes
i SEECEEY 1 | Associated Radionuclidss [ Bioassay Resuls View Fleport
Clear Al 9 Intake Regimes Incicator Fadionuclide:
[V Model Parameters [V Equivalent Doses BiRoped

General Details

v Measurement Data v Effective Dose

W Administrative Details
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T [ Radiatn Weighting Factors ssaciated Radanucides:
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[v Effective Doses
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= oK Cancel
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Figure 53. The report panel.
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8.4. CT scans

Figure 54. Axial and sagittal views of the phantom reconstructed at 70 keV. Fat layer (a) 0, (b) 1,
(c) 2, (d) 3, (e) 4 was positioned on top of the phantom.
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8.5.2. Lungs
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The Swedish Radiation Safety Authority has a comprehensive
responsibility to ensure that society is safe from the effects
of radiation. The Authority works from the effects of radiation.
The Authority works to achieve radiation safety in a number of
areas: nuclear power, medical care as well as commercial
products and services. The Authority also works to achieve
protection from natural radiation an to increase the level of
ratiation safety internationally.

The Swedish Radiation Safety Authority works proactively and
presentively to protect people and the environment from the
harmful effects of radiation, now and in the future.

The Authority issues regulations and supervises compliance,
while also supporting research, providing training and
information, and issuing advice. Often, activities involving
radiation require licences issued by the Authority. The Swedish
Radiation Safety Authority maintains emergency preparedness
around the clock with the aim of limiting the aftermath of
radiation accidents and the unintentional spreading of radioactive
substances. The Authority participates in international
co-operation in order to promote radiation safety and finances
projects aiming to raise the level of radiation safety in certain
Eastern European countries.

The Authority reports to the Ministry of the Environment and
has around 300 employees with competencies in the fields of
engineering, natural and behavioral sciences, law, economics

and communications. We have recieved quality, environmental
and working environment certification.
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