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1. Introduction 
For many years, even decades, there have been endless discussions on what values to use when 
performing clearance based on surface specific measurements. Based on the definition of 
contamination in the Transport Regulation [IAEA SSR-6] and an old study by Fairbairn 
[FAIR61], the numbers 0.04 Bq/cm2  for radiotoxic alpha-emitters and 0.4 Bq/cm2  for 
beta/gamma emitters are widely used, but also often contested and challenged. Only a thorough, 
comprehensive study on the derivation of nuclide specific surface clearance levels can give a 
founded answer to the raised issue. 
In the aftermath of the Fukushima nuclear accident, the National Institute for Public Health and 
the Environment (RIVM2) developed a new methodology for deriving criteria for screening 
potentially surface contaminated items [DILLEN14, DILLEN18]. This methodology, entitled 
SUDOQU (SUrface DOse QUantification), calculates the annual effective dose for consumers 
and non-radiological workers for a set of well-defined scenarios. Given the similarity of the 
situation with objects leaving a controlled area of a nuclear facility and the corresponding need 
for criteria for surface specific clearance, a joint project between Bel V and RIVM was set up 
to evaluate the suitability of the SUDOQU methodology for this application. Based on 
preliminary, promising results [EUSAFE17, RUSS018] the collaboration was extended to 
develop probabilistic scenarios for derivation of surface specific clearance levels for about 400 
radionuclides. The methodology and the results of the probabilistic calculations were presented 
to FANC. FANC accepted the model and requested the derivation of surface specific clearance 
levels for a specified list of nuclides, to be integrated in the technical FANC-guide on surface 
specific clearance. 
This document describes in more detail the choice of parameters and scenarios, as well as the 
dose criteria used for derivation of the surface specific clearance levels. 

2. Scope 
The SUDOQU methodology has been adapted for derivation of surface clearance levels. It 
means that the scenarios considered in the study are representative for a clearance situation, to 
be distinguished from exemption situations, as originally foreseen in the RIVM study. The 
materials considered are objects leaving a radiologically controlled area of a nuclear facility, to 
be reused in a non-nuclear environment, typically an office. Reuse scenarios involve the normal 
reuse of the contaminated item (i.e., no material-processing scenarios) by non-radiological 
workers or adult members of the public. The exposed people are adult workers. Children have 
not been considered in this study. Only immediate re-use has been considered: radioactive 
decay due to a delay time has not been taken into account. The nature of the contamination was 
treated as a mixture of removable and fixed contamination. In this context, the nuclide-specific 
surface clearance levels derived in this work also relate to the total level of surface 
contamination, i.e., the sum of fixed and removable contamination. 

3. Methods 

3.1. Probabilistic calculations with the SUDOQU model. 

The SUDOQU model [DILLEN 14, DILLEN18] assumes time dependent surface- and air-
contamination levels, whose evolution is governed by a system of coupled differential 
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equations, describing the mass (activity) balance imposed by the involved mechanisms. A brief 
description and summary of the equations used for the calculations in this report can be found 
in Appendix 5. The surface-activity concentration (Bq/cm2) is considered to decrease by 
radioactive decay, resuspension and wipe-off (transfer of removable activity to the hands). The 
resuspended activity contributes to the (increase in) air-activity concentration (Bq/m3) and can, 
in turn, partly re-deposit onto the object's surface (and on surrounding surfaces). The air-
activity concentration is further affected by radioactive decay and ventilation. Different 
exposure pathways are considered: external exposure to gamma (and neutron) radiation, 
internal exposure due to inhalation or indirect ingestion of removable activity, and exposure of 
the skin by wipe-off/transfer of contamination and direct contact with the object's surface. The 
effective dose can then be calculated as the sum of the contributions of these exposure 
pathways. Based on these intrinsic properties, the SUDOQU methodology is suitable for 
clearance and exemption calculations, especially when considering public — reuse scenarios, 
because they often involve the prolonged use of the same object. 
The applicability of the SUDOQU methodology for clearance calculations was investigated in 
a pilot project, that also allowed to better understand the interplay among the involved 
mechanisms and how this affects the resulting total effective dose. This was achieved by 
performing several deterministic calculations of the annual effective dose resulting from 
exposure to a typical office item, e.g.., a bookcase or an office desk, considering different 
scenarios of use and different radionuclides. More details can be found in [RUSS018] and 
[EUSAFE17] . 
The results reveal a strong nuclide dependency: even within the same category of emitters there 
can be pronounced differences in absolute dose values, depending on the radiological 
characteristics of the nuclides, their metabolic behavior and radiobiological impact on the 
human body. Moreover, the consideration of a mass balance defining the time evolution of the 
contamination levels causes the total annual dose to be the result of a delicate interplay of the 
involved elements: A variation of a certain input parameter may lead to opposite effects on the 
dose contributions related to the various exposure pathways. Therefore, the total dose may 
either decrease, increase or remain constant, the net outcome depending on the characteristics 
of the nuclide and on the specifics of the exposure scenario. 
The results obtained with SUDOQU were benchmarked against the results reported in Radiation 
Protection 101 [RP101] for the normal reuse scenario of a tool cabinet, and the two models 
proved to be in good agreement. Another benchmarking exercise [RUSS018] compared the 
SUDOQU model to the model developed by the Argonne National Laboratory [KAMB011] 
for a similar scenario through the application of the RESRAD-BUILD Model [RESRAD3]. It 
showed a similar conclusion. 
The interaction among the involved mechanisms also disclosed the importance and difficulty 
of a detailed sensitivity analysis. Therefore, the next step after this pilot study was the 
development of nuclide-specific surface clearance levels based on probabilistic and realistically 
conservative dose assessments. 

3.2. Description and choice of the parameters 
The choice to vary an input parameter in this probabilistic study was primarily based on whether 
its value is expected to change significantly with behavior, i.e. the way the object is used, and/or 
with the properties of the object and its contamination. Fixed parameters from deterministic 
calculations were used when variation was not felt as an added value and realistic and 
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conservative conditions were guaranteed. Hence, conservative values were selected to avoid 
underestimation of the dose. The size of the office/room is a typical example. 
Distributed parameters were introduced to enable probabilistic calculations. The type of 
probability-density function for the distributed parameters in the probabilistic calculations was 
based on the available information about the parameter values. This is further explained in 
section 3.2.2. When all values are equally probable, a uniform distribution was chosen. In case 
a most probable value was available, e.g. based on literature values, a distribution around it was 
defined. Typically a normal distribution was chosen. When a distinct minimum or maximum 
parameter value was known, a triangular distribution was the preferred option. For atmospheric 
parameters, a lognormal distribution was selected, with coefficients chosen such that the 
distribution best covers the available data from literature. 

3.2.1. Fixed parameters 
The majority of parameters are set to fixed, deterministic values listed in Tables 1 and 2 (third 
column). These values correspond to the default values in Tables 1 and 2 of Van Dillen and 
Van Dijk [DILLEN18]. 
Only the floor area of the room or office has been modified, from 50 m2  to 30 m2, which is 
assumed to be more appropriate for a small office and which is more conservative for dose 
assessments. Consequently, also the volume V and the volumetric air-flow rate 	of the 
room deviate from these earlier, default values. 
In the current study, the choice was made to fix the air-exchange rate 2, at 0.5 h-1, a 
conservative value for dose evaluations representing poor ventilation. This value is not 
unrealistic when considering the experimental studies on air-exchange rates in the United 
States as summarized in Yu et al ([RESRAD3], section J.2.6) and a more recent review on 
ventilation rates in European dwellings [DIMI12]. 
Skin contamination of hands and face by transfer (object-to-hand and hand-to-face) is a 
process determined by both the particular use of the object and the physical and chemical 
properties of the object and contaminants. Key parameters defining the overall contamination- 
transfer process to the hands (L„,„ 	and 4 and,)  are therefore modeled probabilistically and 

are sampled from distribution functions. However, since details on the exact transfer process 
during a wipe-off event are generally unknown, the effective time multiplication factor for 
skin contamination of the hands is set at a fixed, conservative value of 1.0. The effective 
duration of the contamination of the hands is therefore assumed to be as long as the duration 
of object use. Furthermore, as skin contamination of the face only constitutes a minor 
exposure pathway in current dose evaluations, the associated parameters Aface  , mface,, and :f;itt, 

are fixed at their deterministic default values as well (Table 1). 
The respiratory rate was set to a deterministic value of 1.2 m3.114, which equals the average 
breathing rate of a reference worker [ICRP66]. Elevated breathing rates larger than this 
default value for the entire period of use in a poorly ventilated, small office were judged 
unrealistic and too conservative for dose evaluations. The default value also corresponds to 
the use of the inhalation dose coefficients for workers. 
The effective skin area from which contamination is completely ingested per secondary 
ingestion event can be written as Fhtnm  fmg  Ahands  .  Since Ahands  is a distributed parameter, so is 

this effective ingestion area. Per 100 cm2  of contaminated skin of the hands, ingestion is (on 
average) modeled to occur from only 1 cm2. Values of Fmn„ and fmg are therefore set to their 
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default deterministic values of 1.0 and 0.01, respectively, as listed in Table 2. However, it is 
judged realistic that the effective skin area for ingestion remains at 1 cm2  for Ahands  < 100 cm2. 

With F,= 1.0, parameter fng  attains a value of 1.0 cm2/Ahands  having a maximum of 0.25 

for the smallest value of Ahands  = 4 cm2. 

Table 1. Overview of SUDOQU's input parameters as used by Van Dillen and Van Dijk [DILLEN18]. 
Values of fixed parameters are listed in the third column. Probability-density functions of input 

parameters whose values are randomly 'varied' by  Monte-Carlo  sampling are described in Table 3. 

Parameter Description Value Unit 

frem,i 
Removable fraction of nuclide  i  varied 

Acont 
Contaminated surface of the object varied cm' 

A Ttot 
Total considered time of the scenario (1 year) 8760 H 

use 
_ 
f Fraction of time for object use (duty factor) varied 

use,i 
_ 

Time-averaged resuspension rate during object use varied h-1  

Ouse 
Time-averaged wipe-off frequency during object use varied h-1  

f 
_ 

oth,i Time-averaged transfer efficiency (object-to-hand) varied 

floor 
Total floor area of room or office 30x104*  cm2  

H Height of room or office 250 cm 

V Volume of room or office ( Afloor ii ) 7.5x107.  crn3  

2 Air exchange rate (room or office) 0.50 h-1  

1C, Volumetric ventilation/air-flow rate ( kV ) 3.75x107*  cm3.h-1  

Vd,i 
Indoor deposition velocity varied cm.h-1  

2d,i Indoor deposition-loss-rate constant ( vd,i/H) varied h-1  

Ahands 
Contaminated skin area of the handst  varied cm2  

inhands,/ 
Time multiplication factor for hand exposure' 1.0 

Aface 
Contaminated skin area of the facet  100 cm2  

inface,i 
_ 

Time multiplication factor for face exposure' 2.0 

J ntf,i 
Average transfer efficiency (hands-to-face) 0.10 

* 	Fixed value differs from default value presented in Van Dillen and Van Dijk [DILLE N18] See text for details. 
1* 	From transfer of contamination to the skin (object-to-hand or hand-to face) 
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Table 2. Overview of SUDOQU's input parameters for probabilistic dose-assessments. Values of fixed 

parameters are listed in the third column. Probability-density functions of input parameters whose 

values are randomly 'varied' by  Monte-Carlo  sampling are described in Table 3. 

Parameter ,,,ésiption Value ' 

fatt ,i  
Attenuation factor from shielding 1.0 -  

fconv,i Conversion factor from 11*  (10) to E 1.0 

R Radius of (disk-shaped) object ( • NiAcont / 71-  ) 
varied cm 

L Distance to center of (disk-shaped) object varied cm  

cor  x 
Geometrical correction factor 1.0 - 

fresp,t 
Respirable fraction 1.0 

corair„ Correction factor for local air-contamination 1.0 

/ Breathing rate 1.2 m3.h-1  

fing 
Fraction of area of hands for ingestiont  0.01' 

F htm,/ 
Average transfer factor (hands-to-mouth) 1.0 - 

CD ing 
Secondary ingestion frequency varied h-1  

Wskin 
Tissue weighting factor of the skin 0.01 - 

Askin,total 
Total UVR-exposed skin area 3000 CM2  

fcont 
Fraction of objects contaminated 1.0 - 

Askin,contact 
Skin area in direct contact with the object during use varied CM2  

mskin,contact 
Time multiplication factor for direct contact with object varied 

	

t 	From transfer of contamination to the skin (object-to-hand or hand-to face) 

3.2.2. Distributed parameters 
Distributed parameters are varied randomly and independently by sampling from probability-
density functions and are chosen such that they typically have a large impact on one or more 
of the exposure pathways and thus on the dose results. Obviously, the actual impact of a 
(change in) parameter value depends on the type of nuclide investigated, inasmuch as its dose 
coefficients determine which pathways are dominant. Distributed parameters, 12 in total, were 
selected based on results from an earlier study by Russo et al [RUSS018] and by additional 
sensitivity analyses in which the (change in) total effective dose was investigated as a 
function of separate input parameters. Their type of distribution and values of the underlying 
coefficients are listed in Table 3 (descriptions of parameters are found in Tables 1 and 2). 
The distribution functions employed in this study are: uniform, normal, triangular and 
lognormal. The choice for a certain type of function is mainly based on what is 
(experimentally) known about these parameters in combination with the range of values that 
is found or judged most likely to occur. 
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Details on these choices are given below per type of distribution. 
Uniform distribution 
If little or no information is available and/or all values within a certain range are assumed 
to be equally likely, then a uniform distribution is chosen. This type of distribution is 
chosen for 4 input parameters: the wipe-off frequency during object use ( Î5-use  ), the 

secondary ingestion rate (cDing  ), the time multiplication factor for direct contact with 

object ( 	) and the contaminated surface area of the object (A 0 ). 

Parameters use  and cl)ing  are behavioral parameters about which little is known. The very 

large uncertainty in these parameters justifies the use of the uniform distribution, both 
with minimum and maximum values of 0.1 and 2.0, respectively. This range of values 
(derived indirectly from literature) covers realistic and conservative situations that are 
judged appropriate for the current study. 
Parameter ni 	(which cannot exceed the value of 1) defines the fraction of time-of- 

use in which the skin is in direct contact with the object. This parameter strongly depends 
on the type of object considered and therefore no specific region of values is preferred. 
This explains the choice of the uniform distribution, for which the minimum value is 0 
(negligible contact) and the maximum value is 0.75, with large(r) values expected for 
objects like tables and chairs. 
The contaminated area Ac0n  is the key input parameter of the SUDOQU model. In 
general, a surface clearance level (SCL) will depend on the value of A as it determines 
the total amount of activity one is exposed to. Rather than to determine the dependence of 
the dose and clearance level as a function of Ac.„„, (i.e., SCL (Acorn )), Ac., is left to vary 

probabilistically as well. The advantage and practicality of such a treatment of A is that 
the overall clearance level becomes independent of the size of the contaminated object — 
of course within the range of considered surface areas. In this study, A., is randomly 
varied from 100 cm2  to 100,000 cm2  (0.01-10 m2), this range defining the typical sizes of 
objects possibly cleared from a nuclear facility. Since each value of 4,,„, within this range 
is considered equally likely (i.e. no preferred size), the uniform distribution was chosen. 
Normal distribution 
The normal distribution is used for parameters whose values have a preferred region 
around some mean value p . This mean value is also the most likely value in the 
probability density function (the mode). The standard deviation a defines the spread 
around the mean value. The resulting distributions have their majority of values between 
p±2o-  . Theoretically, the normal distribution is not bounded by minimum and maximum 
values. However, if a sampled value is negative in our study, its absolute value is taken, 
i.e. the minimum value is effectively 0. 
The normal distribution is chosen for 3 input parameters: the distance to the object (L), 
the fraction of time for object use ( fuse  ) and the transfer efficiency (object-to-hand) 

The default values from Van Dillen and Van Dijk [DILLEN18] are taken as the mean value 
(mode) of the distribution. For the average object-receptor distance L, the minimum value 
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was set to 10 cm inasmuch as values smaller than this are considered unrealistic and too 
conservative for dose calculations. 
Triangular distribution 
Like the normal distribution, the triangular distribution is chosen for parameters whose 
values have a preferred region around some most likely value (mode). The difference is 
that the triangular distribution has (user-defined) minimum and maximum values and may 
be asymmetric around the mode. The mean value may therefore be different from the 
mode. The triangular distribution is employed for 3 input parameters: the removable 
fraction of contamination 
(f 	,), the contaminated skin area of the hands ( Ahands  ) and the skin area in direct contact 

with the object during use ( Asku4uousaut  ). 

In the current study we assume that at least 50% of the surface-contamination level is 
fixed, since objects are usually cleaned before they exit the nuclear facility. Therefore the 
value of f , varies between 0 (fixed contamination only) and 0.5. The most likely value 

is set at 0.10, taken from [RP101] and Yu et al [RESRAD3]. As a result of this 
asymmetric probability-density function, the mean value of fr , is 0.2. 

The contaminated area of the hands, Ahands  , is assumed to vary between 4 to 800 cm2. The 
minimum value represents the area of a few fingertips while the maximum value 
represents the area of two hands contaminated on both sides including some part of the 
wrists. The mode is set to the default value of 400 cm2  presented in Van Dillen and Van 
Dijk [DILLEN18] and IAEA [TD1449], which is roughly equal to the average value of 
the distribution (401 cm2). 
For direct skin contact with the object, the area Askùieo  is varied between 0 (virtually no 

contact) and 200 cm2  (one side of hand including part of wrist). The mode is set at a value 
of 100 cm2, which is equal to the mean value of this distribution. 
Lognormal distribution 
The lognormal distribution is used for parameters that vary over several orders of 
magnitude. The mean value p and standard deviation o- are of those of the underlying 
normal distribution of the natural logarithm of the parameter or quantity considered. Here, 
those parameters are the resuspension rate euso  and the deposition velocity vd„, both 

parameters strongly influenced by the aerosol size distribution. Based on available 
experimental data for euso  and vd,, (see e.g. Yu et al [RESRAD3] for an overview of 

data), the mode and 99-percentile of the distributions were selected, from which the values 
for p and cr could be derived numerically. The final distributions cover the range of 
experimental data well, with preferred values around the modes. 
For the deposition velocity, the mode was set at 90 cm.h 1  (2.5x104  m.s-1 = 0.25 mm.s-1) 
and the 99-percentile at 1080 	(3.0x10-3 	3.0 mm.s-1), leading to the 
distribution's coefficients of vd,, as defined in Table 3. 

For the resuspension rate, the deterministic default value of 104 	(2.8x10-8  s-1) in Van 
Dillen and Van Dijk [DILLEN18] and IAEA [TD1449] is considered to be a conservative 
value, especially considering the fact that protracted resuspension is regarded for the 
(regular) use of the same object throughout the year. Therefore, the time-averaged 
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resuspension rate is assumed to be several orders (at least 2) of magnitude smaller than 
--, this conservative default value. The mode was assumed to be 10-6  W 	10 bo s 1 ,  I  (2.8x 	) while 

the 99-percentile was set to 10- 	 „ 4  WI, leading to the distribution's coefficients of  eu ,,  as 

defined in Table 3. 

Table 3. Overview of the 12 distributed parameters for probabilistic modeling in SUDOQU. Shown are 

the type of distribution and the input parameters defining these distributions: minimum and maximum 

value, mode, and for (log) normal distributions the values of y (mean value) and o-  (standard 

deviation). For lognormal distributions the values of 	and o-  are those of the underlying normal 

distribution of the natural logarithm of the distributed parameter. 

Parameter Unit Distribution min Max modet  µ a 

fem.,/ 
- Triangular 0 0.5 0.1 - 

A cont 
CM2 Uniformt" 0.01x104  10x104  - -  

fuse - Normal 0 0.228 0.228 0.07 

e h-1  
use,1 

Lognormal 0 1.0x10-6  -12.18 1.28  

_ 

Ouse 
h-1  Uniform 0.1 2.0 - - 

joth,z 
- Normal 0 0.10 0.10 0.025 

Vd,r 
cm.h-1  Lognormal 0 90 5.13 0.80 

A 	tt 
' 'hands 

cm2  Triangular 4 800 400 - 

L cm Normal 10 60 60 20 

(1)  mg 
h-1  Uniform 0.1 2.0 - - 

1-1- 
Askm,contact 

cm2  Triangular 0 200 100 - 

inskm,contact 
- Uniform 0 0.75 - - 

t 	Most probable value (highest probability density). 
ft 	Assumed as UVR-exposed skin (conservative approach). 

3.2.3. Correlation of parameters and consistency checks 
In the current probabilistic evaluations, distributed parameters are drawn randomly and 
independently from the 12 distribution functions defined in Table 3. We acknowledge the fact 
that correlations between these parameters may exist. Also correlations between fixed and 
distributed parameters may exist. As details on most of these (possible) correlations are 
unknown, it was not feasible to take them into account in the current study. This means that, 
for some drawings, the resulting scenario and dose evaluation may seem less realistic. However, 
the current study probes all various combinations of exposure pathways, which we consider a 
proper approach for determining limiting values for surface contamination. As explained by 
Van Dillen and Van Dijk [DILLEN18], there are several conditions to combinations of 
parameters. If these conditions are not met, the resulting exposure scenario is impossible and 
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thus incorrect. Therefore, consistency checks are performed for several combinations of 
parameters. 

3.3. Dose coefficients 
The total exposure considered for the derivation of surface-specific clearance levels consists of 
external gamma (and neutron) exposure, internal exposure by inhalation and ingestion of 
activity and skin exposure by transfer of contamination and by direct contact with the object. 
For each of these exposure pathways, an appropriate dose coefficient (DC) has to be used for 
each radionuclide. The choice of the dose coefficients used for the calculations presented in this 
report is the result of an extensive literature study. 
Dose coefficients used for this study are listed in Table A.2 in Appendix 2. For nuclides with 
radioactive progeny, the dose coefficients shown in the table are the pathways' total 
coefficients, including the contribution of progeny through appropriate weighting factors, as is 
further explained in Section 3.4. 

3.3.1. External exposure 
Several studies have been published throughout the years concerning the calculation of 
conversion coefficients for dose resulting from external exposure. 
In European Commission publication Radiation Protection 101 [RP 101], external exposure to 
7-rays is calculated using a disc source and a point-kernel integration for the photon flux. The 
flux is then converted to an effective dose assuming a parallel radiation field, using either 
rotational (ROT) or anterior to posterior (AP) orientations, as described in ICRP Publication 
51. The photon energies and emission probabilities are taken from ICRP Publication 38 
[ICRP38], ignoring photons with energies below 10 keV. 
ICRP Publication 74 [ICRP74] provides a set of coefficients expressed as effective dose per 
unit air kerma, for monoenergetic photons in various exposure geometries on an adult 
anthropomorphic computational model, as well as conversion coefficients from air kerma free-
in-air to personal dose equivalent Hp(10, 0°) in an ICRU slab and angular dependence factors. 
Petoussi et al. [PET93] published a collection of conversion coefficients to operational 
quantities such as the ambient dose equivalent H*(10) and the directional dose equivalent 
H'(0.07, 0°) for point sources of the more than 800 radionuclides listed in ICRP publication 38 
[ICRP38]. These coefficients were integrated in the Swiss Radiological Protection Ordinance 
[RP094]. 
In 2007, ICRP publication 38 was superseded by ICRP Publication 107 [ICRP107], which 
reported updated nuclear decay data for 1252 radionuclides. Using these data, Otto [OTT016] 
calculated conversion coefficients to personal dose equivalent for point-like sources at depths 
of 0.07, 3 and 10 mm. These coefficients are calculated talcing into account the contribution of 
various particles emitted under a variety of decay modes: photons, electrons/positrons and 
neutrons. Furthermore, a distinction is made between two boundary cases, labeled as "shielded" 
and "unshielded". The shielded personal dose equivalent assumes shielding of directly ionizing 
particles through self-absorption in the source, while photons and neutrons are unaffected by 
this assumption. Gamma photons (511 keV) from annihilation of positrons from 0+ decay with 
electrons are included in these 'shielded' coefficients as well. 
Calculations in the current study are based on the radionuclide-specific, 'shielded' dose 
coefficients Hp(10) by Otto [OTT016], given that the scenarios only consider external exposure 
to gamma rays and neutrons. The personal dose equivalent at 10 mm depth is the recommended 
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proxy for the protection quantity 'effective dose' and is therefore judged an appropriate and 
conservative approach for all exposure geometries. 

3.3.2. Inhalation exposure 
The choice of the AMAD and the corresponding dose coefficients for inhalation is crucial for 
the modeling of the inhalation exposure pathway, as it determines where the inhaled 
radioactivity is deposited within the various regions of the respiratory tract. The default AMAD-
value for workers recommended by the ICRP - when no specific information is available about 
the particle-size distribution - is 5 gm [ICRP 66]), as these particles are likely to be present in 
the nuclear workplace. Note that inhalation dose coefficients for members of the public 
published in ICRP 72 [ICRP72] are not available for an AMAD of 5 p.m, only for an AMAD 
of 1 gm. 
Even if one considers a large fraction of contamination to be removed by decontamination 
before leaving the controlled area, it cannot be excluded that larger-sized particles fixed to the 
surface become airborne after clearance due to the use of the object. 
In publication Radiation Protection 101 [RP101], the inhalation-exposure pathway is modeled 
through dose coefficients for workers taken from Council Directive 96/29/Euratom, more 
specifically, using the maximum values (over lung-clearance types, F/M/S) of the dose 
coefficients with an AMAD3  of 5 pm from Table  Cl  of the European Basic Safety Standards. 
For non-radiological workers, Safety Reports Series No. 44 [IAEA SRS44] also employs the 
occupational dose coefficients with an AMAD of 5 gm. 
In analogy with the studies mentioned above, the inhalation dose coefficients for workers4  with 
an AMAD of 5 gm were employed in the current study. The values are taken from ICRP 
publication 119 [ICRP119], selecting the highest value, regardless of the lung-retention class 
(F/MIS) recommended by ICRP. This approach was believed to be a conservative method for 
determining the dose from internal exposure pathways given a certain intake. 

3.3.3. Ingestion exposure 
Consistently with the choice made for inhalation dose conversion coefficients, the ingestion 
exposure pathway is modeled through dose coefficients for workers from the ICRP Publication 
119 [ICRP119]. The most conservative value among those available for each radionuclide is 
chosen, independent of the choice made for the inhalation dose coefficient. For each 
radionuclide, this is the most conservative approach of determining the dose from internal 
exposure pathways given a certain intake. 

3.3.4. Skin exposure 
Both publication Radiation Protection 101 [RP101] and IAEA Safety Reports Series No. 44 
[IAEA SRS44] use dose (-rate) coefficients from Kocher and  Eckermann  [KOCH87] for the 
calculation of the skin dose. 
Our study uses a comprehensive set of dose-rate coefficients for the local skin-equivalent dose 
published by the German Commission for Radiological Protection [5SK43]. Dose values are 

3  Activity Median Aerodynamic Diameter 
4  In this report, 'worker' does not refer to a radiological worker, but to individuals who use the objects in their 
daily occupation. The difference between a worker and an adult member of the public thus lies mainly in the 
physical and chemical properties of the inhaled particulates in combination with the respiratory rate  [cf.  RP- 
122-1, page 5, footnote 1]. 
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averaged over an area of 1 cm2  and over a skin depth of 50 to 100 tm of the epidermis 
containing the basal layer of target stem cells that are believed to be responsible for the 
induction of non-melanoma skin cancer.5  Dose-rate coefficients include contributions of alpha 
particles (for energies > 6  MeV),  beta particles and photons. For the photon contribution, the 
assumption is made that a large part of the skin is contaminated with the considered 
radionuclide. Even though there is no conclusive experimental or epidemiological evidence of 
the harmful effects of high-energy, alpha-particle exposure of the skin [CHARL7], [EAT97], 
the current study conservatively assumes that these effects may be caused by alpha-particles. 
Hence, for radiological protection purposes, dose estimates of (partial) skin exposure by alpha 
emitters are included in the assessment, both as a contribution to the local skin-equivalent dose 
and as a contribution to the (whole-body) effective dose. 

3.4. Treatment of progeny 
Even though the current study assumes that, initially (at t = 0, time of clearance), the object is 
contaminated only with parent radionuclide P, the delayed ingrowth of radioactive progeny 
(daughter nuclides D) after clearance is taken into account in the dose evaluations. A method 
similar to that described in IAEA Safety Reports Series No. 44 [IAEA SRS44] and Radiation 
Protection 122 part 1 [RP122-1] is employed in which dose coefficients (DCs) of the parent 
radionuclides are modified to include a weighted contribution of their corresponding daughter 
nuclides. Recently, this method has been worked out and adapted by Van Dillen et al 
[DILLEN19]. The dose contribution related to the ex-vivo ingrowth of progeny is indirectly 
taken into account by adding the dose coefficients of the daughter nuclides (DCD) to those of 
the parent, head-of-chain radionuclides (DCp) using proper weighting factors WD : 

DC.tp  = DCp  + E wDDCD 
progeny D 

where the sum extends over all progeny of parent nuclide P. These nuclide-specific weighting 
factors, with values between 0 and 1, are generic in the sense that they can be used for the DCs 
of all exposure pathways: external radiation exposure, skin-contamination exposure, internal 
exposure by inhalation of ingestion. The weighting-factor values -HI were taken from the new, 

conservative model presented in section 2.3 of Van Dillen eta! [DILLEN19] using a scenario-
integration time of 1 year6. The two main advantages of this method using conservative 
weighting factors are: 

- 	The dose evaluation itself remains relatively simple and only regards the head-of-chain, parent 

radionuclide P; 
- Compliance with the (annual) dose criteria immediately after clearance ensures future 

compliance with these criteria as well, at least within a time frame of one century. 

Dose assessments performed in this manner may overestimate the dose contribution related to 
the ingrowth of radioactive progeny, which we believe to be an acceptable approach for the 
derivation of (surface-)clearance values. 
If the activity (concentration) of a progeny radionuclide is already present at t = 0, the dose 
contribution of the initial daughter activity at time of clearance should generally be evaluated 

5  This layer contains the nominal depth of 70 gm as recommended by the ICRP 
6  Values are listed in Table Al in Appendix A of Van Dillen eta! [DILLEN19], W-cons column, and in its 
supplementary material. 
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separately and added to the dose of the corresponding parent (head-of-chain) radionuclide7. 
Translated to the formal, regulatory decision process of clearance based on limiting values, for 
a surface-contaminated item comprising a mixture of radionuclides of artificial origin, the 
following condition should be met to comply with the annual dose criteria: 

	< 
scL, 

with C, the surface-contamination level (Bq/cm2) of the ith  radionuclide of artificial origin and 

SCL, the derived surface-clearance level (Bq/cm2) for that specific nuclide. The sum in 
principle extends over all radionuclides present on the surface of the item, even if they occur 
in the same decay chain, i.e., it is a sum over all parent and daughter radionuclides. 

However, there are situations for which the presence of an initial surface contamination of a 
daughter radionuclide D at time of clearance, results in a dose that is relatively small compared 
to the dose from the ingrowth of that daughter nuclide D from its head-of-chain, parent nuclide 
P, the latter dose from ingrowth of daughter nuclide D after clearance already included in the 
total dose of parent P. 

In those cases, the surface-clearance level of parent nuclide P, SCLp, takes sufficient account 
of the (initial) presence of daughter nuclide D through the weighted dose conversion 
coefficients and there is no need to consider (and measure) daughter nuclide D separately. The 
term CD/SCLD  of that specific nuclide D can then be disregarded from the aforementioned 
sum rule. In this case, the parent nuclide is labelled as P+, indicating that its derived clearance 
level fully includes one (or more) daughter nuclides D that can be excluded from the sum rule. 
This occurs, for example, for parent nuclides that decay into short-lived daughter nuclides such 
as Cs-137/Ba-137m. IAEA Safety Reports Series No. 44 [IAEA SRS44] and Radiation 
Protection 122 part 1 [RP122-1] describe the criteria for determining if and which daughter 
nuclides are fully covered by their parent (head-of-chain), namely: 

"(1) The half-life of the progeny radionuclide must be shorter than that of the parent 
radionuclide; 
AND 
[(2) The half-life of the progeny radionuclide is less than I day; 

OR 
(3) The half-life of the progeny radionuclide is less than 10% of the half-lifè 
of the parent radionuclide AND the half-lift of the progeny radionuclide 
is less than 10 years. 

This means that a progeny radionuclide need not be treated separately  i  f(1) is fulfilled together 
with at least one of the criteria (2) and (3). 
For decay chains (i.e. more than one daughter nuclide), the process of including daughter 
nuclides according to this set of criteria is carried on until a nuclide is reached which fails to 
meet the criteria. All daughter nuclides up to this one are then included" (taken from reference 
[IAEA SRS44], section 3.1.2). 

7  This is because the dose related to the parent nuclide only takes into account the contribution of progeny 
ingrowth from a pure parent radionuclide at time of clearance (i.e., in the absence of any progeny at t=0). 
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Based on these criteria we generated the list of progeny radionuclides that are taken into account 
with the parent radionuclide. For daughter nuclides at which several branched decay chains 
merge together, the main branch is considered to determine whether these criteria are met for 
this daughter nuclide. Those nuclides are explicitly listed in Appendix 3. In Appendix 1 
"Results", these parent nuclides are marked with the sign "+" to indicate that the derived surface 
clearance levels also include daughter radionuclides. If such a parent radionuclide is present 
only as decay product its daughter radionuclides listed in Appendix 3 need not be considered 
separately for clearance. 
The '+'-list in Appendix 3 deviates slightly from that in [RP122-1], [IAEA SRS44] or [FANC]. 
These differences are highlighted in boldface. 

3.5. Dose-criteria for derivation of clearance levels 
In IAEA Safety Reports Series No. 44 [IAEA SRS44], the activity concentration values for 
clearance were derived on the basis of the studied deterministic scenarios as the lower of the 
values obtained from: 

- The use of realistic parameter values applying an effective dose criterion of 10 µSv/y; 
- The use of low probability parameter values applying an effective dose criterion of 1 
mSv/y and a skin equivalent dose limit of 50 mSv/y. 

These activity concentration values are included in the IAEA Safety Guide RS-G-1.7 [RS-G-
1.7] on Application of the Concepts of Exclusion, Exemption and Clearance. 

In European Commission (EC) publication Radiation Protection 122-part I [RP122-1], the basic 
criteria for the dose calculations and the derivation of clearance levels are the following: 

An additional individual effective dose of 10 µSv/y and a skin-equivalent dose of 
50 mSv/y; 
Collective doses should remain below 1 man.Sv/y. 

The EC 2013/59/EURATOM directive [EC-BSS] states that the values recommended in IAEA 
publication Application of the Concepts of Exclusion, Exemption and Clearance [RS-G-1.7] 
can be used to replace the activity concentration values laid down in Annex I to Directive 
96/29/Euratom, and as general clearance levels, replacing the values recommended by the 
European Commission in Radiation Protection 122-part I [RP122-1]. 

Given the probabilistic nature of the analyses used for the derivation of the clearance levels, it 
should be noted that results are not single dose values, but distributions of values. A typical 
example of an annual effective dose distribution for a homogenous surface contamination of 
1 Bq/cm2  Co-60 is shown in Fig 3.5.1. (shown is the distribution's probability-density function). 
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Figure 3.5.1 Annual effective dose distribution (probability-density function) as a result of 

exposure of an individual (adult worker) to a homogenously contaminated object with 1 

Bq/cm2  of Co-60 (area of contamination varies between 100 cm2  and 10 m2). The 50', 95th  

and 99th  percentiles of the distribution are indicated in the graph. 

To respect the aforementioned, annual dose criteria in a probabilistic study, certain percentiles 
of the dose distribution have to be benchmarked against these criteria. In this study, the 508' 
percentile (median value) is compared with the annual effective dose criterion of 10 µSv/y for 
realistic scenarios, and the 99th  percentile with the annual effective dose criterion of 1 mSv/y 
for low-probability scenarios. 
Similar to the latter criterion (i.e., the effective dose limit for public exposure), the 99th 
percentile of the local skin-equivalent dose distribution is benchmarked against the 
corresponding criterion (dose limit for public exposure) of 50 mSv/y. 
In this work, the concept of the representative person - as defined in ICRP Publication 101 
[ICRP101] - was also integrated in a similar manner. The representative person is a 
(hypothetical) person who receives a dose that is representative of the more highly exposed 
people in the population.8  For probabilistic dose assessments, the concept of representative 
person is related to the 956' percentile of the dose distribution. More specifically, the probability 
of a person, randomly drawn from the population, receiving a dose greater than that of the 
representative person should be smaller than about 5%. To incorporate this concept in the 
current methodology, the 95th  percentile of the effective dose distribution is required not to 
exceed a certain dose constraint. A suitable constraint of 100 µSv/y was suggested previously 
by Hattori [HATT08] for use in clearance and exemption. In a similar study on exemption levels 
for surface contamination,  Ogino  and Hattori successfully adopted this approach [OGIN09] and 

8  This concept replaces the 'average member' of the critical group 
Bel V 	 -16/55- 
PM 

Subsidiary of the FANC 
Rue Walcourt 148 Walcourtstraat 
B-1070 Bruxelles — Brussel 

Last Saved 11/9/2020 5:50:00 



Annual Effective Dose Iev/y1 Annual Effective Dose [pSv/y] 

(a) 

Target Dose 50th 

Etd(1 Bq/cm2)  

50th 

(b) 

Tire oose 50th 

— Etot(asoth) 
	 Eto,(1 Bq/cm2) 

1 

BEL  V  
Ref. Report: 	R-XROODE-SCD-20-001-0-e 

	
Date: 	09/11/2020 

hence, in the current study, this method is incorporated as an additional condition in the 
determination of the surface-clearance levels, using the effective dose constraint of 100 p,Sv/y. 
In summary, the determination the surface specific clearance level for a given radionuclide, is 
an iterative process whereby in a first step - for a given surface contamination level, uniformly 
distributed over the object's surface, and for a given radionuclide - the effective dose 
distribution resulting from the prospective probabilistic assessment is calculated. 
Subsequently, this dose distribution is re-scaled to satisfy the following 3 criteria or constraints: 

• 50th  percentile < 10 p,Sv/y; 
• 95th  percentile < 100 µSv/y; 
• 99t" percentile 1000 µSv/y (i.e., 1 mSv/y), 

while the distribution of the local skin-equivalent dose should comply with the following 
condition: 

• 99th percentile < 50 mSv/y; 

Fig. 3.5.1 shows that, for a uniform surface contamination of 1 Bq/cm2  Co-60, the 50th 
percentile of its annual effective dose distribution exceeds the corresponding criterion of 10 
µSv/y. To fulfill the requirement of the 50th  percentile being at most equal to 10 ev/y, a 
rescaling of the distribution is performed, corresponding to an adjusted surface-contamination 
leve19. If the rescaled effective dose distribution has its 95th  percentile below or equal to 100 
µSv/y and its 99th  percentile below or equal to 1 mSv/y, and if the rescaled skin-equivalent dose 
distribution (not shown for Co-60) has its 99th  percentile below or equal 50 mSv/y, then all 
criteria are met. In that case, the adjusted surface-contamination level is defined as the surface-
specific clearance level (e.g. 0.33 Bq/cm2  for Co-60) with the corresponding effective dose 
distribution having its 50th  percentile located at 10 itSv/y. However, if the rescaled distributions 
(satisfying the 50th  percentile condition for the effective dose) do not yet satisfy one or more of 
the remaining conditions, further rescaling is required until all criteria are met. The largest 
possible surface-contamination level for which all criteria are met is defined as the surface-
clearance level 
The process of rescaling is depicted in Fig. 3.5.2. 

9  Dose contributions from all pathways from fixed and removable surface contamination scale with the initial 
surface-contamination level. Hence, the total dose is linearly proportional to the initial contamination level as 
well, thereby enabling a simple scaling technique with respect to this level. 
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Figure 3.5.2 The process of rescaling the dose distribution profile (a) by adjusting the surface specific activity 

to a level whereby the 50'h  percentile of the dose distribution does not exceed an annual effective dose of 10 

µSv/y (b), and whereby both the 95th  and the 99' percentile are below their corresponding dose criteria of 

resp. 100 µ5v/y and 1 mSv/y (c). 

3.6. Rounding procedure 
It could be envisaged to apply a rounding procedure for the surface specific clearance levels 
similar to what has been done for the mass specific clearance levels, as described in publication 
Radiation Protection 122, part I [RP122-1], where rounding is done to powers often. It means 
that if the derived value lies between 3•10 X  and 3.10 '1, the rounded value is 10 '1. 
It should be noted that this rounding procedure is typically applied when using deterministic 
calculations to derive clearance levels, where a spread around chosen fixed parameter values is 
to be expected, leading to a spread around the value of 10 µSv/y, effectively between 3 and 30 
µSv/y using this rounding method. The situation is different in the case of probabilistic 
calculations, where uncertainties in parameter values are accounted for in parameter 
distributions as described in section 3.2. However, additional uncertainties related to the choice 
of probability-density function and their input coefficients as well as uncertainties in the fixed 
parameters may still justify the abovementioned rounding procedure. 
Since for some radionuclides the derived surface specific clearance levels show very high 
values, it may be appropriate to limit the maximum clearance level to 1000 Bq/cm2. 
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The rounding and truncation procedure described above has been applied for each 
radionuclide. The resulting values can be found in the last column (SCL rounded) of Table Al of 
Appendix 1. 

3.7. Statistical aspects of the probabilistic study 
Probabilistic dose-density functions such as the one plotted in Fig. 3.5.1 for Co-60 were 
generated using NMC = 100,000  Monte-Carlo  calculations of the total effective or skin-
equivalent dose. For each calculation in the assessment, values for the distributed parameters 
were drawn randomly and independently" from the 12 respective probability density 
functions described in Section 3.2.2. To ensure that clearance levels for the various nuclides 
were based on the same set of random scenarios, we employed the same set of sampled values 
for each radionuclide. That is, across nuclides, calculations only vary in their nuclide-specific 
properties, i.e., in half-life and dose coefficients. 
A convergence study (see Appendix 4) shows that between 10,000 and 100,000 calculations 
suffice for the percentiles of the two dose distributions converge sufficiently, and with that the 
corresponding clearance levels. NMC = 100,000 was therefore used to determine the final set 
of clearance levels in this report. 
For these final calculations, 95% confidence intervals (95% CI) for the dose-distributions' 
percentiles were determined to investigate the uncertainties/variations from the sampling 
statistics. The bootstrap method was used to determine these 95% Cls (see Appendix 4). As 
can be seen from table A4 in Appendix 4, this confidence interval remains relatively small for 
all percentiles and for all nuclides, on average between 1% and 3%, in worst cases not 
exceeding 8%. 
These variations - resulting from sampling statistics only - are judged acceptable for the 
current study, inasmuch as they are likely to be much smaller than other variations and 
uncertainties related to the assumptions in the methodology (e.g. theoretical model 
assumptions, choice of the parameter-distribution functions, choice of the fixed parameters, 
etc.). 

4. Results 
The SUDOQU methodology as described above in section 3 has been applied to 411 
radionuclides to derive surface specific clearance levels respecting the dose criteria and 
constraints as explained in section 3.5. 
Obtained results are shown in table Al in appendix 1 in the second column under "SCL". 
It can be noted that the original list of 411 radionuclides contains some short-lived isotopes. 
Clearance levels have been derived without waiting time before reuse. For short-lived isotopes 
(e.g. half-life << 1 day), this will lead to a significant underestimation of the clearance level. 
The radionuclides with a half-life < 1 day have been shaded in table Al, to draw the attention 
of the reader and potential user to the conservativeness of the listed unrounded clearance value. 

10 For this, the default pseudo-random number generator (PRNG) in Mathematica (version 12) was used, which 
is an extended cellular automaton generator. For each calculation, the 12 distributed parameters were drawn 
independently by using different seed numbers initializing the PRNG. This ensures the absence of correlation 
between the distributed parameters. Moreover, no autocorrelation is found in the lists of drawn parameter values. 
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Finally, the last column of table Al shows the rounded values for the surface specific clearance 
levels as explained in section 3.6. 

5. Summary and conclusion 
The SUDOQU methodology was originally developed by RIVM in the aftermath of the 
Fukushima accident for dose assessments of contaminated containers and other items arriving 
in the port of Rotterdam and for subsequent derivation of surface specific exemption levels. 
Through a RIVM-Bel V collaboration, the methodology has been adapted to derive surface 
specific clearance levels for objects leaving the controlled area of a nuclear facility based on 
probabilistic dose assessments of exposure scenarios. More recent references with respect to 
previous studies have been used on dose coefficients when applicable. The probabilistic 
parameter distributions have been chosen according to the best available knowledge and can be 
adapted to specific situations upon request. 
The calculated results for 411 radionuclides are in good agreement with other international 
studies. It is noticeable that the lowest values are in particular good agreement with the value 
derived in the Fairbaim study for high-toxicity alpha emitters, namely 0.04 Bq/cm2, being the 
definition of surface contamination in the Transport Regulation of the IAEA [IAEA SSR6] for 
this type of emitters. 
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I. Appendix 1 - Table Al: Derived Surface Clearance Levels 

Radionuclide with half-life <1 day. 

Nuclide  SCL 
113q/cm2] 

SCL  rounded 
l'Elq/cm2] 

H-3 5.3E+03 1000 
Be-7 5.8E+01 100 
Be-10 1.7E+01 10 
C-11 1.0E+04 1000 
C-14 8.8E+01 100 
N-13 2.1E+04 1000 
0-15 1.0E+05 1000 
F-18 2.0E+03 1000 
Na-22 3.7E-01 1 
Na-24 8.4E+01 100 
Mg-28+ 6.6E+01 100 
AI-26 3.0E-01 0.1 
Si-31 3.4E+04 1000 
P-32 2.6E+02 100 
P-33 3.2E+02 1000 
S-35 2.5E+02 100 
CI-36 1.8E+01 10 
CI-38 5.4E+03 1000 
K-40 3.7E+00 10 
K-42 1.2E+03 1000 
K-43 1.7E+02 100 
Ca-41 7.2E+02 1000 
Ca-45 6.6E+01 100 
Ca-47 3.2E+01 100 
Sc-44 4.6E+02 1000 
Sc-44m+ 2.8E+01 10 
Sc-46 1.1E+00 1 
Sc-47 3.2E+02 1000 
Sc-48 2.9E+01 10 
Ti-44+ 3.0E-01 1 
Ti-45 1.3E+03 1000 
V-48 3.8E+00 10 
V-49 3.8E+03 1000 
Cr-51 1.6E+02 100 
Mn-51 4.5E+03 1000 
Mn-52 9.0E+00 10 
Mn-52m 4.7E+03 1000 
Mn-53 2.0E+03 1000 
Mn-54 1.2E+00 1 
Mn-56 1.0E+03 1000 
Fe-52+ 1.5E+02 100 
Fe-55 5.6E+02 1000 
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Fe-59 3.5E+00 10 
Fe-60+ 2.5E-01 0.1 
Co-55 1.1E+02 100 
Co-56 7.5E-01 1 
Co-57 7.1E+00 10 
Co-58 2.6E+00 1 
Co-58m 4.5E+02 1000 
Co-60 3.3E-01 1 
Co-60m 7.8E+04 1000 
Co-61 1.5E+04 1000 
Co-62m 7.1E+03 1000 
Ni-59 1.3E+03 1000 
Ni-63 1.4E+03 1000 
Ni-65 3.0E+03 1000 
Cu-64 1.5E+03 1000 
Cu-67 4.0E+02 1000 
Zn-65 2.0E+00 1 
Zn-69 9.5E+04 1000 
Zn-69m+ 5.9E+02 1000 
Ga-67 2.8E+02 100 
Ga-68 3.4E+03 1000 
Ga-72 1.2E+02 100 
Ge-68+ 1.0E+00 1 
Ge-69 1.1E+02 100 
Ge-71 3.2E+04 1000 
Ge-77 3.0E+02 100 
As-72 8.2E+01 100 
As-73 1.1E+02 100 
As-74 1.2E+01 10 
As-76 3.3E+02 1000 
As-77 2.5E+03 1000 
Se-75 3.6E+00 10 
Se-79 4.1E+01 100 
Br-75 1.4E+03 1000 
Br-76 9.8E+01 100 
Br-77 1.9E+02 100 
Br-82 4.3E+01 100 
Rb-81+ 1.1E+03 1000 
Rb-83+ 3.6E+00 10 
Rb-84 5.3E+00 10 
Rb-86 6.4E+01 100 
Rb-87 2.2E+01 10 
Sr-82+ 5.0E+00 10 
Sr-85 4.6E+00 10 
Sr-85m 4.6E+03 1000 
Sr-87m 3.8E+03 1000 
Sr-89 8.0E+01 100 
Sr-90+ 4.4E+00 10 
Sr-91+ 3.7E+02 1000 
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Sr-92 9.9E+02 1000 
Y-86 7.9E+01 100 
Y-86m 1.4E+03 1000 
Y-87+ 5.4E+01 100 
Y-88 7.6E-01 1 
Y-90 1.2E+03 1000 
Y-90m 1.6E+03 1000 
Y-91 6.9E+01 100 
Y-91m 7.7E+03 1000 
Y-92 4.1E+03 1000 
Y-93 3.0E+03 1000 
Zr-88 9.1E-01 1 
Zr-89 4.1E+01 100 
Zr-93 3.2E+01 100 
Zr-95+ 1.8E+00 1 
Zr-97+ 1.4E+02 100 
Nb-93m 3.7E+01 100 
Nb-94 4.5E-01 1 
Nb-95 6.3E+00 10 
Nb-97 4.6E+03 1000 
Nb-98m 1.7E+03 1000 
Mo-90 6.8E+02 1000 
Mo-93 5.9E+00 10 
Mo-99+ 1.8E+02 100 
Mo-101+ 9.0E+03 1000 
Tc-94 2.9E+02 100 
Tc-94m 2.3E+03 1000 
Tc-95m+ 3.4E+00 10 
Tc-96 1.5E+01 10 
Tc-96m 1.7E+03 1000 
Tc-97 6.3E+00 10 
Tc-97m 2.0E+01 10 
Tc-98 4.9E-01 1 
Tc-99 2.4E+01 10 
Tc-99m 4.1E+03 1000 
Ru-97 1.5E+02 100 
Ru-103+ 7.8E+00 10 
Ru-105 9.5E+02 1000 
Ru-106+ 3.4E+00 10 
Rh-99 1.4E-F01 10 
Rh-99m 1.1E+03 1000 
Rh-101 1.7E+00 1 
Rh-101m 8.6E+01 100 
Rh-102 2.0E+00 1 
Rh-102m 3.4E-01 1 
Rh-103m 3.4E+05 1000 
Rh-105 9.8E+02 1000 
Pd-103+ 6.8E+01 100 
Pd-107 5.1E+03 1000 
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Pd-109+ 2.6E+03 1000 
Ag-105 6.1E+00 10 
Ag-106 1.2E+04 1000 
Ag-106m 7.0E+00 10 
Ag-108m+ 4.0E-01 1 
Ag-110m+ 4.2E-01 1 
Ag-111 3.1E+02 1000 
Cd-104+ 1.9E+03 1000 
Cd-109+ 4.4E+00 10 
Cd-113 6.4E+00 10 
Cd-113m+ 6.6E+00 10 
Cd-115+ 1.5E+02 100 
Cd-115m+ 4.7E+01 100 
In-111+ 9.9E+01 100 
1n-113m 7.2E+03 1000 
1n-114m+ 1.6E+01 10 
1n-115m 3.5E+03 1000 
Sn-113+ 3.7E+00 10 
Sn-117m 3.8E+01 100 
Sn-119m 1.0E+01 10 
Sn-121 4.8E+03 1000 
Sn-121m+ 1.5E+01 10 
Sn-123 3.6E+01 100 
Sn-125 3.4E+01 100 
Sn-126+ 3.3E-01 1 
Sb-120 2.7E+04 1000 
Sb-120m 1.2E+01 10 
Sb-122 1.2E+02 100 
Sb-124 1.7E+00 1 
Sb-125+ 1.4E-F00 1 
Sb-126 4.7E+00 10 
Te-121 1.2E+01 10 
Te-121m 1.5E+00 1 
Te-123m 6.8E+00 10 
Te-125m 1.4E+01 10 
Te-127 1.1E+04 1000 
Te-127m+ 1.6E+01 10 
Te-129 2.9E+04 1000 
Te-129m+ 2.6E+01 10 
Te-131 8.2E+03 1000 
Te-131m+ 5.8E+01 100 
Te-132+ 1.9E+01 10 
Te-133 9.4E+03 1000 
Te-133m+ 1.5E+03 1000 
Te-134 1.6E+03 1000 
1-123 9.6E+02 1000 
1-124 3.1E+01 100 
1-125 8.9E+00 10 
1-126 1.7E+01 10 
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1-129 1.5E+00 1 
1-130 1.4E+02 100 
1-131 3.2E+01 100 
1-132 7.6E+02 1000 
1-133 2.2E+02 100 
1-134 1.8E+03 1000 
1-135+ 3.3E+02 1000 
Cs-125 3.2E+03 1000 
Cs-129 2.9E+02 100 
Cs-131 1.6E+02 100 
Cs-132 3.1E+01 100 
Cs-134 4.9E-01 1 
Cs-134m 2.3E+03 1000 
Cs-135 3.9E+01 100 
Cs-136 5.9E+00 10 
Cs-137+ 1.1E+00 1 
Cs-138 3.4E+03 1000 
Ba-131 2.0E+01 10 
Ba-133 1.3E+00 1 
Ba-133m 5.0E+02 1000 
Ba-140 5.5E+00 10 
La-137 7.0E+00 10 
La-140 4.6E+01 100 
Ce-139 5.8E+00 10 
Ce-141 3.9E+01 100 
Ce-143 2.7E+02 100 
Ce-144+ 8.3E+00 10 
Pr-142 2.2E+03 1000 
Pr-143 3.0E+02 1000 
Nd-147 6.6E+01 100 
Nd-149 4.4E+03 1000 
Pm-143 2.9E+00 1 
Pm-144 5.9E-01 1 
Pm-145 7.7E+00 10 
Pm-147 5.4E+01 100 
Pm-148m 2.0E+00 1 
Pm-149 1.5E+03 1000 
Pm-151 3.4E+02 1000 
Sm-145 5.3E+00 10 
Sm-147 1.7E-F00 1 
Sm-151 1.5E+03 1000 
Sm-153 5.5E+02 1000 
Eu-146 1.5E+01 10 
Eu-147 1.3E+01 10 
Eu-148 1.4E+00 1 
Eu-149 1.5E+01 10 
Eu-150m 3.5E+03 1000 
Eu-150 4.3E-01 1 
Eu-152 6.1E-01 1 
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Eu-152m 1.3E+03 1000 
Eu-154 5.9E-01 1 
Eu-155 8.0E+00 10 
Eu-156 9.7E+00 10 
Gd-146+ 1.3E+00 1 
Gd-148 4.3E-01 1 
Gd-153 5.6E+00 10 
Gd-159 2.1E+03 1000 
Tb-157 5.6E+01 100 
Tb-158 8.4E-01 1 
Tb-160 2.2E+00 1 
Dy-159 1.4E+01 10 
Dy-165 2.7E+04 1000 
Dy-166 2.6E+02 100 
Ho-166 1.9E+03 1000 
Ho-166m 4.2E-01 1 
Er-169 6.7E+02 1000 
Er-171 1.1E+03 1000 
Tm-167 7.7E+01 100 
Tm-170 3.7E+01 100 
Tm-171 1.3E+03 1000 
Yb-169 1.1E+01 10 
Yb-175 5.7E+02 1000 
Lu-171 2.7E+01 10 
Lu-172 1.3E+01 10 
Lu-173 3.4E+00 10 
Lu-174 5.2E+00 10 
Lu-174m 1.1E+01 10 
Lu-177 3.4E+02 1000 
Lu-177m+ 1.1E+00 1 
Hf-172+ 4.0E-01 1 
Hf-175 6.0E+00 10 
Hf-181 6.4E+00 10 
Hf-182+ 4.5E-01 1 
Ta-179 1.9E+01 10 
Ta-182 1.4E+00 1 
W-178+ 4.4E+01 100 
W-181 2.6E+01 10 
W-185 7.4E+01 100 
W-187 3.3E+02 1000 
W-188+ 1.9E+01 10 
Re-184 4.8E+00 10 
Re-184m 3.1E+00 10 
Re-186 6.5E+02 1000 
Re-187 4.3E+04 1000 
Re-188 2.1E+03 1000 
Re-188m 5.9E+04 1000 
Re-189+ 1.6E+03 1000 
Os-185 2.8E+00 1 

Bel V 
PM 

Subsidiary of the FANC 
Rue Walcourt 148 Walcourtstraat 
B-1070 Bruxelles - Brussel 

-29/55- Last Saved: 11/9/2020 5:50:00 



BEL  V  
Ref. Report: 	R-XROODE-SCD-20-001-0-e 	 Date: 	09/11/2020 

Os-191 8.6E+01 100 
Os-191m 2.1E+03 1000 
Os-193 1.1E+03 1000 
Os-194+ 4.8E+00 10 
Ir-189+ 1.1E+02 100 
Ir-190 8.8E+00 10 
Ir-192 2.6E+00 1 
Ir-194 1.5E+03 1000 
Pt-188 7.8E+00 10 
Pt-191 1.6E+02 100 
Pt-193 1.1E+02 100 
Pt-193m 7.0E+02 1000 
Pt-195m 2.5E+02 100 
Pt-197 2.9E+03 1000 
Pt-197m 1.2E+04 1000 
Au-193 9.7E+02 1000 
Au-194 1.0E+02 100 
Au-195 9.9E+00 10 
Au-198 1.3E+02 100 
Au-199 3.5E+02 1000 
Hg-194+ 5.7E-01 1 
Hg-195m+ 1.9E+02 100 
Hg-197 5.2E+02 1000 
Hg-197m 5.6E+02 1000 
Hg-203 1.2E+01 10  
TI-200 1.2E+02 100  
TI-201 3.8E+02 1000  
TI-202 2.5E+01 10  
TI-204 2.1E+01 10 
Pb-201 5.1E+02 1000 
Pb-202+ 1.2E+00 1 
Pb-203 1.9E+02 100 
Pb-205 9.1E+01 100 
Pb-210+ 2.2E-01 0.1 
Pb-212+ 1.2E+01 10 
Bi-205 7.0E+00 10 
Bi-206 8.2E+00 10 
Bi-207 4.7E-01 1 
Bi-210+ 2.0E+01 10 
Bi-210m+ 1.4E+00 1 
Bi-212+ 1.3E+02 100 
P0-203 1.5E+03 1000 
Po-205 1.5E+03 1000 
Po-207 5.3E+02 1000 
P0-209 1.5E+01 10 
P0-210 1.3E+00 1 
At-211+ 5.8E+01 100 
Ra-223+ 8.4E-01 1 
Ra-224+ 1.3E+00 1 
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Ra-225 2.6E-01 0.1 
Ra-226+ 3.4E-02 0.1 
Ra-227 3.1E+03 1000 
Ra-228+ 3.6E-02 0.1 
Ac-224+ 3.9E+01 100 
Ac-225+ 3.8E-01 1 
Ac-227+ 1.9E-02 0.01 
Ac-228 6.1E+01 100 
Th-226+ 3.3E+02 1000 
Th-227 5.2E-01 1 
Th-228+ 2.5E-02 0.01 
Th-229+ 1.6E-02 0.01 
Th-230 2.6E-01 0.1 
Th-231 1.0E+03 1000 
Th-232+ 2.1E-02 0.01 
Th-234+ 6.5E+01 100 
Pa-230+ 4.2E+00 10 
Pa-231 1.7E-02 0.01 
Pa-233 1.8E+01 10 
U-230+ 3.5E-01 1 
U-231 1.5E+02 100 
U-232+ 2.3E-02 0.01 
U-233 8.8E-01 1 
U-234 1.6E+00 1 
U-235+ 7.7E-01 1 
U-236 1.7E+00 1 
U-237 8.2E+01 100 
U-238+ 1.4E+00 1 
U-239 2.2E+04 1000 
U-240+ 5.8E+02 1000 
Np-235+ 1.9E+01 10 
Np-236m 4.0E+02 1000 
Np-236+ 2.5E-01 0.1 
Np-237+ 4.6E-01 1 
Np-239 2.1E+02 100 
Np-240 3.0E+03 1000 
Pu-234 2.0E+02 100 
Pu-235 4.4E+04 1000 
Pu-236 3.8E-01 1 
Pu-237 3.0E+01 100 
Pu-238 3.5E-01 1 
Pu-239+ 3.3E-01 1 
Pu-240 3.3E-01 1 
Pu-241+ 7.5E+00 10 
Pu-242 3.4E-01 1 
Pu-243 1.0E+04 1000 
Pu-244+ 2.7E-01 0.1 
Am-238 2.4E+03 1000 
Am-241 3.8E-01 1 
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Am-242 6.8E+02 1000 
Am-242m+ 2.7E-01 0.1 
Am-243+ 3.1E-01 1 
Cm-240 6.5E+00 10 
Cm-241 7.2E+00 10 
Cm-242 5.3E+00 10 
Cm-243 4.5E-01 1 
Cm-244 6.5E-01 1 
Cm-245 3.1E-01 1 
Cm-246 3.9E-01 1 
Cm-247+ 3.3E-01 1 
Cm-248 7.3E-02 0.1 
Bk-247 2.2E-01 0.1 
Bk-249+ 4.3E+01 100 
Cf-246 2.7E+01 10 
Cf-248 1.8E+00 1 
Cf-249 2.0E-01 0.1 
Cf-250 5.0E-01 1 
Cf-251 2.1E-01 0.1 
Cf-252 4.8E-01 1 
Cf-253+ 3.5E+00 10 
Cf-254 9.7E-03 0.01 
Es-253 3.1E+00 10 
Es-254+ 4.6E-01 1 
Es-254m+ 9.1E+00 10 
Fm-254 1.1E+02 100 
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2. Appendix 2 - Table A2: Dose conversion coefficients (DC) 
(including progeny, based on [ICRP119], [OTT0161 and ISSK43] as described in 0.3) 

Isotope 
Half-life  DCinh DCing 

DCext.  
Hp(10) 

DCskin 

IsI [Sv/Bq] [Sv/Bq] ev m 2/(Bq til 1.5v cm2/ (Bq s)] 

H-3 3.89E+08 4.10E-11 4.20E-11 0.00E+00 0.00E+00 

Be-7 4.60E+06 4.60E-11 2.80E-11 9.00E-15 7.22E-13 

Be-10 4.77E+13 1.90E-08 1.10E-09 0.00E+00 4.44E-10 

C-11 1.22E+03 3.20E-12 2.40E-11 1.74E-13 5.00E-10 

C-14 1.80E+11 5.80E-10 5.80E-10 0.00E+00 8.33E-11 

N-13 5.98E+02 0.00E+00 0.00E+00 1.74E-13 5.00E-10 

0-15 1.22E+02 0.00E+00 0.00E+00 1.74E-13 4.72E-10 

F-18 6.59E+03 9.30E-11 4.90E-11 1.69E-13 4.72E-10 

Na-22 8.21E+07 2.00E-09 3.20E-09 3.40E-13 4.17E-10 

Na-24 5.39E+04 5.30E-10 4.30E-10 4.96E-13 4.72E-10 

Mg-28 7.53E+04 1.70E-09 2.20E-09 4.45E-13 8.33E-10 

Al-26 2.26E+13 1.40E-08 3.50E-09 3.80E-13 4.17E-10 

Si-31 9.44E+03 1.10E-10 1.60E-10 0.00E+00 4.44E-10 

P-32 1.23E+06 2.90E-09 2.40E-09 0.00E+00 4.44E-10 

P-33 2.19E+06 1.30E-09 2.40E-10 0.00E+00 2.17E-10 

S-35 7.56E+06 1.10E-09 1.40E-10 0.00E+00 8.89E-11 

CI-36 9.50E+12 5.10E-09 9.30E-10 0.00E+00 4.17E-10 

CI-38 2.23E+03 7.30E-11 1.20E-10 1.81E-13 4.72E-10 

K-40 3.95E+16 3.00E-09 6.20E-09 2.20E-14 3.89E-10 

K-42 4.45E+04 2.00E-10 4.30E-10 3.80E-14 4.44E-10 

K-43 8.03E+04 2.60E-10 2.50E-10 1.62E-13 4.72E-10 

Ca-41 3.22E+12 1.90E-10 2.90E-10 0.00E+00 1.06E-12 

Ca-45 1.41E+07 2.30E-09 7.60E-10 0.00E+00 2.17E-10 

Ca-47 3.92E+05 2.83E-09 2.14E-09 1.72E-13 7.78E-10 

Sc-44 1.43E+04 3.00E-10 3.50E-10 3.36E-13 4.72E-10 

Sc-44m 2.11E+05 2.30E-09 2.75E-09 3.79E-13 5.30E-10 

Sc-46 7.24E+06 4.80E-09 1.50E-09 3.04E-13 3.33E-10 

Sc-47 2.89E+05 7.30E-10 5.40E-10 2.00E-14 3.61E-10 

Sc-48 1.57E+05 1.60E-09 1.70E-09 4.95E-13 4.44E-10 

Ti-44 1.89E+09 7.23E-08 6.15E-09 3.67E-13 4.78E-10 
Ti-45 1.11E+04 1.50E-10 1.50E-10 1.48E-13 3.89E-10 
V-48 1.38E+06 2.70E-09 2.00E-09 4.38E-13 2.67E-10 

V-49 2.85E+07 2.60E-11 1.80E-11 0.00E+00 2.75E-12 

Cr-51 2.39E+06 3.60E-11 3.80E-11 6.00E-15 3.89E-12 
Mn-51 2.77E+03 1.04E-10 1.31E-10 1.76E-13 4.76E-10 
Mn-52 4.83E+05 1.80E-09 1.80E-09 5.20E-13 1.75E-10 
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Mn-52m 1.27E+03 8.15E-11 1.01E-10 3.76E-13 4.75E-10 
Mn-53 1.17E+14 3.60E-11 3.00E-11 0.00E+00 3.61E-12 
Mn-54 2.70E+07 1.20E-09 7.10E-10 1.32E-13 1.28E-11 
Mn-56 9.28E+03 2.00E-10 2.50E-10 2.39E-13 4.72E-10 
Fe-52 2.98E+04 1.03E-09 1.50E-09 5.03E-13 7.53E-10 
Fe-55 8.64E+07 9.20E-10 3.30E-10 0.00E+00 4.17E-12 
Fe-59 3.84E+06 3.20E-09 1.80E-09 1.73E-13 3.06E-10 
Fe-60 4.73E+13 3.47E-07 1.13E-07 3.60E-13 3.83E-10 
Co-55 6.31E+04 1.04E-09 1.17E-09 3.17E-13 3.90E-10 
Co-56 6.67E+06 4.90E-09 2.50E-09 4.96E-13 1.22E-10 
Co-57 2.35E+07 6.00E-10 2.10E-10 2.40E-14 3.06E-11 
Co-58 6.12E+06 1.70E-09 7.40E-10 1.57E-13 8.33E-11 
Co-58m 3.25E+04 1.67E-09 7.43E-10 1.53E-13 8.49E-11 
Co-60 1.66E+08 1.70E-08 3.40E-09 3.60E-13 3.06E-10 
Co-60m 6.28E+02 2.09E-09 4.19E-10 4.52E-14 4.31E-11 

Co-61 5.94E+03 7.50E-11 7.40E-11 2.00E-14 4.44E-10 
Co-62m 8.35E+02 3.70E-11 4.70E-11 3.78E-13 4.72E-10 
Ni-59 3.19E+12 2.20E-10 6.30E-11 0.00E+00 4.72E-12 
Ni-63 3.16E+09 5.20E-10 1.50E-10 0.00E+00 0.00E+00 
Ni-65 9.06E+03 1.30E-10 1.80E-10 7.90E-14 4.44E-10 
Cu-64 4.57E+04 1.50E-10 1.20E-10 3.10E-14 2.36E-10 
Cu-67 2.23E+05 5.80E-10 3.40E-10 2.10E-14 3.89E-10 
Zn-65 2.11E+07 2.80E-09 3.90E-09 8.60E-14 1.61E-11 
Zn-69 3.38E+03 4.30E-11 3.10E-11 0.00E+00 4.44E-10 
Zn-69m 4.95E+04 3.73E-10 3.61E-10 7.20E-14 4.75E-10 
Ga-67 2.82E+05 2.80E-10 1.90E-10 2.80E-14 8.33E-11 
Ga-68 4.06E+03 8.10E-11 1.00E-10 1.61E-13 4.17E-10 
Ga-72 5.08E+04 8.40E-10 1.10E-09 3.75E-13 4.44E-10 
Ge-68 2.34E+07 7.98E-09 1.40E-09 1.61E-13 4.21E-10 
Ge-69 1.41E+05 3.70E-10 2.40E-10 1.47E-13 1.72E-10 

Ge-71 9.88E+05 1.10E-11 1.20E-11 0.00E+00 4.72E-12 
Ge-77 4.07E+04 8.70E-10 7.30E-10 1.76E-13 8.89E-10 
As-72 9.36E+04 1.30E-09 1.80E-09 2.88E-13 4.44E-10 
As-73 6.94E+06 6.50E-10 2.60E-10 3.00E-15 1.06E-11 
As-74 1.54E+06 1.80E-09 1.30E-09 1.26E-13 2.78E-10 
As-76 9.31E+04 9.20E-10 1.60E-09 6.60E-14 4.44E-10 

As-77 1.40E+05 4.20E-10 4.00E-10 1.00E-15 4.17E-10 
Se-75 1.03E+07 1.70E-09 2.60E-09 7.10E-14 3.61E-11 
Se-79 9.31E+12 3.10E-09 2.90E-09 0.00E+00 1.17E-10 
Br-75 5.80E+03 1.58E-09 2.36E-09 2.68E-13 3.93E-10 

Br-76 5.83E+04 5.80E-10 4.60E-10 3.95E-13 2.78E-10 

Br-77 2.05E+05 1.30E-10 9.60E-11 5.80E-14 2.00E-11 
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Br-82 1.27E+05 8.80E-10 5.40E-10 4.12E-13 3.61E-10 
Rb-81 1.65E+04 6.80E-11 5.40E-11 1.17E-13 3.06E-10 

Rb-83 7.45E+06 1.00E-09 1.90E-09 9.25E-14 1.19E-11 
Rb-84 2.83E+06 1.50E-09 2.80E-09 1.51E-13 1.53E-10 
Rb-86 1.61E+06 1.30E-09 2.80E-09 1.40E-14 4.44E-10 

Rb-87 1.55E+18 7.60E-10 1.50E-09 0.00E+00 3.33E-10 
Sr-82 2.19E+06 7.70E-09 6.10E-09 1.99E-13 4.76E-10 

Sr-85 5.60E+06 6.40E-10 5.60E-10 9.50E-14 1.42E-11 

Sr-85m 4.06E+03 5.50E-10 4.81E-10 1.21E-13 3.04E-11 

Sr-87m 1.01E+04 3.50E-11 3.30E-11 5.80E-14 8.89E-11 

Sr-89 4.37E+06 5.60E-09 2.60E-09 0.00E+00 4.44E-10 

Sr-90 9.09E+08 7.87E-08 3.07E-08 0.00E+00 8.33E-10 

Sr-91 3.47E+04 6.60E-09 3.13E-09 1.61E-13 9.01E-10 

Sr-92 9.58E+03 6.20E-10 9.80E-10 2.28E-13 8.33E-10 

Y-86 5.31E+04 8.10E-10 9.60E-10 5.37E-13 1.89E-10 

Y-86m 2.88E+03 8.53E-10 1.01E-09 5.73E-13 2.26E-10 

Y-87 2.87E+05 5.65E-10 5.83E-10 1.46E-13 1.01E-10 
Y-88 9.21E+06 3.30E-09 1.30E-09 3.80E-13 2.72E-11 

Y-90 2.31E+05 1.70E-09 2.70E-09 0.00E+00 4.44E-10 

Y-90m 1.15E+04 1.83E-09 2.87E-09 1.12E-13 5.11E-10 

Y-91 5.06E+06 6.10E-09 2.40E-09 0.00E+00 4.44E-10 
Y-91m 2.98E+03 6.03E-09 2.38E-09 8.90E-14 4.69E-10 
Y-92 1.27E+04 2.80E-10 4.90E-10 3.80E-14 4.44E-10 

Y-93 3.66E+04 6.00E-10 1.20E-09 1.40E-14 4.44E-10 

Zr-88 7.21E+06 6.74E-09 1.37E-09 3.85E-13 4.48E-11 
Zr-89 2.82E+05 7.50E-10 7.90E-10 1.93E-13 1.28E-10 

Zr-93 4.83E+13 2.98E-08 3.95E-10 2.89E-15 5.08E-13 
Zr-95 5.53E+06 5.48E-09 1.45E-09 2.38E-13 3.83E-10 
Zr-97 6.03E+04 1.47E-09 2.17E-09 2.48E-13 8.89E-10 

Nb-93m 5.09E+08 8.60E-10 1.20E-10 3.00E-15 5.28E-13 

Nb-94 6.41E+11 2.50E-08 1.70E-09 2.48E-13 3.89E-10 
Nb-95 3.02E+06 1.30E-09 5.80E-10 1.23E-13 7.50E-11 

Nb-97 4.33E+03 7.20E-11 6.80E-11 1.08E-13 4.44E-10 
Nb-98m 3.08E+03 9.90E-11 1.10E-10 4.27E-13 0.00E+00 
Mo-90 2.00E+04 5.60E-10 6.20E-10 1.61E-13 3.89E-10 
Mo-93 1.26E+11 1.40E-09 2.60E-09 1.70E-14 3.06E-12 

Mo-99 2.37E+05 1.13E-09 1.22E-09 4.69E-14 4.75E-10 

Mo-101 8.77E+02 6.60E-11 6.10E-11 2.77E-13 9.17E-10 
Tc-94 1.76E+04 2.20E-10 1.80E-10 4.38E-13 8.89E-11 
Tc-94m 3.12E+03 8.00E-11 1.10E-10 3.08E-13 3.61E-10 

Tc-95m 5.27E+06 8.67E-10 6.26E-10 1.36E-13 3.38E-11 
Tc-96 3.70E+05 1.00E-09 1.10E-09 4.14E-13 3.33E-11 
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Tc-96m 3.09E+03 9.91E-10 1.09E-09 4.22E-13 3.46E-11 

Tc-97 8.20E+13 1.60E-10 8.30E-11 1.80E-14 2.78E-12 

Tc-97m 7.78E+06 2.70E-09 6.60E-10 1.40E-14 1.92E-10 

Tc-98 1.33E+14 6.10E-09 2.30E-09 2.29E-13 4.17E-10 

Tc-99 6.66E+12 3.20E-09 7.80E-10 0.00E+00 3.06E-10 

Tc-99m 2.17E+04 2.90E-11 2.20E-11 2.50E-14 6.67E-11 

Ru-97 2.51E+05 1.60E-10 1.50E-10 6.10E-14 2.56E-11 

Ru-103 3.39E+06 2.20E-09 7.34E-10 8.70E-14 1.75E-10 

Ru-105 1.60E+04 6.90E-10 6.30E-10 1.40E-13 7.78E-10 

Ru-106 3.23E+07 3.50E-08 7.00E-09 3.40E-14 4.44E-10 

Rh-99 1.39E+06 8.90E-10 5.10E-10 1.21E-13 4.44E-11 

Rh-99m 1.69E+04 7.30E-11 6.60E-11 1.24E-13 4.72E-11 

Rh-101 1.04E+08 3.10E-09 5.50E-10 7.20E-14 1.14E-10 

Rh-101m 3.75E+05 3.07E-10 2.27E-10 6.99E-14 5.97E-11 

Rh-102 1.79E+07 4.20E-09 1.20E-09 9.70E-14 3.33E-11 

Rh-102m 1.18E+08 9.01E-09 2.60E-09 3.65E-13 1.58E-10 

Rh-103m 3.37E+03 2.50E-12 3.80E-12 2.00E-15 4.44E-13 

Rh-105 1.27E+05 4.40E-10 3.70E-10 1.40E-14 3.33E-10 

Rh-106m 7.86E+03 1.90E-10 1.60E-10 4.45E-13 4.44E-10 

Pd-103 1.47E+06 3.02E-10 1.94E-10 2.30E-14 3.03E-12 

Pd-107 2.05E+14 2.90E-10 3.70E-11 0.00E+00 0.00E+00 

Pd-109 4.93E+04 5.00E-10 5.50E-10 1.10E-14 5.56E-10 

Ag-105 3.57E+06 8.00E-10 4.70E-10 1.09E-13 2.03E-11 

Ag-106 1.44E+03 2.70E-11 3.20E-11 1.27E-13 2.78E-10 

Ag-106m 7.15E+05 1.60E-09 1.50E-09 4.58E-13 4.17E-11 

Ag-108m 1.32E+10 1.90E-08 2.30E-09 2.85E-13 6.92E-11 

Ag-110m 2.16E+07 7.30E-09 2.80E-09 4.27E-13 1.56E-10 

Ag-111 6.44E+05 1.60E-09 1.30E-09 5.00E-15 4.44E-10 

Cd-104 3.46E+03 1.08E-10 1.12E-10 3.49E-13 2.28E-10 

Cd-109 3.99E+07 9.60E-09 2.00E-09 3.00E-14 1.25E-10 

Cd-113 2.43E+23 1.40E-07 2.50E-08 0.00E+00 3.00E-10 

Cd-113m 4.45E+08 1.30E-07 2.30E-08 0.00E+00 3.89E-10 

Cd-115 1.92E+05 1.39E-09 1.49E-09 7.10E-14 6.81E-10 

Cd-115m 3.85E+06 6.40E-09 3.30E-09 5.00E-15 4.44E-10 

In-111 2.42E+05 3.10E-10 2.90E-10 9.30E-14 9.44E-11 

In-113m 5.97E+03 3.20E-11 2.80E-11 5.10E-14 1.78E-10 

In-114m 4.28E+06 1.10E-08 4.10E-09 2.20E-14 8.74E-10 

In-115m 1.61E+04 8.70E-11 8.60E-11 3.70E-14 2.64E-10 

Sn-113 9.94E+06 1.93E-09 7.58E-10 7.20E-14 1.81E-10 

Sn-117m 1.19E+06 2.20E-09 7.10E-10 4.30E-14 6.67E-10 

Sn-119m 2.53E+07 1.50E-09 3.40E-10 1.60E-14 2.22E-12 

Sn-121 9.73E+04 2.80E-10 2.30E-10 0.00E+00 3.06E-10 
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Sn-121m 1.39E+09 3.52E-09 5.58E-10 4.00E-15 3.09E-10 
Sn-123 1.12E+07 5.60E-09 2.10E-09 1.00E-15 4.44E-10 

Sn-125 8.33E+05 3.66E-09 3.38E-09 7.01E-14 4.75E-10 

Sn-126 7.26E+12 1.85E-08 5.07E-09 3.38E-13 8.04E-10 

Sb-120 9.53E+02 1.20E-11 1.40E-11 8.60E-14 1.97E-10 

Sb-120m 4.98E+05 1.30E-09 1.20E-09 3.96E-13 1.06E-10 
Sb-122 2.35E+05 1.20E-09 1.70E-09 7.40E-14 4.44E-10 

Sb-124 5.20E+06 4.70E-09 2.50E-09 2.69E-13 4.17E-10 

Sb-125 8.71E+07 3.91E-09 1.28E-09 9.16E-14 2.65E-10 

Sb-126 1.07E+06 3.20E-09 2.40E-09 4.49E-13 3.89E-10 

Te-121 1.66E+06 4.40E-10 4.30E-10 1.13E-13 1.19E-11 

Te-121m 1.33E+07 3.98E-09 2.67E-09 1.46E-13 1.16E-10 

Te-123 1.89E+22 5.00E-09 4.40E-09 0.00E+00 2.00E-13 

Te-123m 1.03E+07 3.40E-09 1.40E-09 3.60E-14 2.22E-10 

Te-125m 4.96E+06 2.90E-09 8.70E-10 3.10E-14 3.06E-10 

Te-127 3.37E+04 1.80E-10 1.70E-10 1.00E-15 3.89E-10 

Te-127m 9.42E+06 6.38E-09 2.47E-09 9.98E-15 5.13E-10 

Te-129 4.18E+03 5.70E-11 6.30E-11 1.40E-14 4.44E-10 

Te-129m 2.90E+06 5.44E-09 3.04E-09 2.08E-14 6.13E-10 

Te-131 1.50E+03 1.11E-08 2.21E-08 1.39E-13 9.21E-10 

Te-131m 1.08E+05 1.26E-08 2.39E-08 3.14E-13 9.55E-10 
Te-132 2.77E+05 3.20E-09 3.99E-09 4.14E-13 6.72E-10 

Te-133 7.50E+02 2.14E-09 4.37E-09 3.00E-13 1.33E-09 

Te-133m 3.32E+03 2.30E-09 4.59E-09 4.40E-13 1.41E-09 

Te-134 2.51E+03 1.89E-10 2.20E-10 5.52E-13 9.44E-10 
1-123 4.78E+04 1.10E-10 2.10E-10 4.80E-14 9.72E-11 
1-124 3.61E+05 6.30E-09 1.30E-08 1.83E-13 1.19E-10 

1-125 5.13E+06 7.30E-09 1.50E-08 3.70E-14 4.44E-12 

1-126 1.12E+06 1.40E-08 2.90E-08 8.00E-14 2.06E-10 
1-129 4.95E+14 5.10E-08 1.10E-07 1.80E-14 8.89E-11 

1-130 4.45E+04 9.60E-10 2.00E-09 3.49E-13 4.44E-10 

1-131 6.93E+05 1.10E-08 2.20E-08 6.72E-14 3.94E-10 
1-132 8.26E+03 2.00E-10 2.90E-10 3.57E-13 4.72E-10 

1-133 7.49E+04 2.10E-09 4.30E-09 1.19E-13 8.59E-10 
1-134 3.15E+03 7.90E-11 1.10E-10 4.00E-13 4.72E-10 
1-135 2.37E+04 4.60E-10 9.30E-10 2.82E-13 4.44E-10 

Cs-125 2.70E+03 7.22E-09 1.48E-08 2.38E-13 2.04E-10 

Cs-129 1.15E+05 8.10E-11 6.00E-11 6.80E-14 1.28E-11 

Cs-131 8.37E+05 4.50E-11 5.80E-11 1.70E-14 2.31E-12 
Cs-132 5.60E+05 3.80E-10 5.00E-10 1.30E-13 2.03E-11 

Cs-134 6.52E+07 9.60E-09 1.90E-08 2.51E-13 3.06E-10 
Cs-134m 1.05E+04 2.76E-09 5.43E-09 8.15E-14 5.04E-10 
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Cs-135 7.26E+13 9.90E-10 2.00E-09 0.00E+00 1.83E-10 
Cs-136 1.14E+06 1.90E-09 3.00E-09 3.33E-13 3.89E-10 
Cs-137 9.52E+08 6.70E-09 1.30E-08 9.25E-14 4.14E-10 
Cs-138 2.00E+03 4.60E-11 9.20E-11 3.28E-13 4.72E-10 
Ba-131 9.94E+05 3.95E-10 5.08E-10 1.16E-13 1.27E-10 
Ba-133 3.32E+08 1.80E-09 1.00E-09 9.20E-14 3.33E-11 
Ba-133m 1.40E+05 3.95E-10 6.14E-10 2.69E-14 4.19E-10 
Ba-140 1.10E+06 3.10E-09 4.50E-09 3.63E-13 8.89E-10 
La-137 1.89E+12 1.00E-08 8.10E-11 1.60E-14 2.31E-12 
La-140 1.45E+05 1.50E-09 2.00E-09 3.29E-13 4.72E-10 
Ce-139 1.19E+07 1.40E-09 2.60E-10 4.10E-14 1.28E-10 
Ce-141 2.81E+06 3.10E-09 7.10E-10 1.60E-14 4.44E-10 
Ce-143 1.19E+05 3.20E-09 2.30E-09 5.70E-14 8.61E-10 
Ce-144 2.46E+07 2.90E-08 5.25E-09 9.06E-15 6.83E-10 
Pr-142 6.88E+04 7.40E-10 1.30E-09 8.00E-15 4.44E-10 
Pr-143 1.17E+06 2.20E-09 1.20E-09 0.00E+00 4.17E-10 
Nd-147 9.49E+05 2.90E-09 1.16E-09 3.00E-14 4.52E-10 
Nd-149 6.22E+03 9.50E-10 1.11E-09 7.00E-14 9.44E-10 
Pm-143 2.29E+07 9.60E-10 2.30E-10 6.10E-14 5.00E-12 
Pm-144 3.14E+07 5.40E-09 9.70E-10 2.67E-13 2.78E-11 
Pm-145 5.59E+08 2.40E-09 1.10E-10 1.50E-14 2.78E-12 
Pm-147 8.28E+07 3.50E-09 2.60E-10 0.00E+00 1.56E-10 
Pm-148m 3.57E+06 4.39E-09 1.91E-09 3.31E-13 3.80E-10 
Pm-149 1.91E+05 8.20E-10 9.90E-10 2.00E-15 4.44E-10 
Pm-151 1.02E+05 6.60E-10 7.31E-10 6.00E-14 4.17E-10 
5m-145 2.94E+07 1.25E-09 2.17E-10 2.99E-14 4.90E-12 
5m-147 3.35E+18 6.10E-06 4.90E-08 0.00E+00 0.00E+00 
5m-151 2.84E+09 2.60E-09 9.80E-11 0.00E+00 5.83E-14 
5m-153 1.67E+05 6.80E-10 7.40E-10 1.90E-14 4.17E-10 
Eu-146 3.98E+05 1.20E-09 1.30E-09 3.77E-13 5.83E-11 
Eu-147 2.08E+06 1.00E-09 4.40E-10 8.80E-14 7.78E-11 
Eu-148 4.71E+06 2.30E-09 1.30E-09 3.65E-13 3.89E-11 
Eu-149 8.04E+06 2.30E-10 1.00E-10 2.10E-14 6.67E-12 
Eu-150m 4.61E+04 2.80E-10 3.80E-10 9.00E-15 3.89E-10 
Eu-150 1.16E+09 3.40E-08 1.30E-09 2.67E-13 5.56E-11 
Eu-152 4.27E+08 2.70E-08 1.40E-09 1.89E-13 2.28E-10 
Eu-152m 3.35E+04 3.20E-10 5.00E-10 4.90E-14 3.33E-10 
Eu-154 2.71E+08 3.50E-08 2.00E-09 1.93E-13 5.00E-10 
Eu-155 1.50E+08 4.70E-09 3.20E-10 1.40E-14 8.61E-11 
Eu-156 1.31E+06 3.00E-09 2.20E-09 1.74E-13 3.89E-10 
Gd-146 4.17E+06 6.40E-09 2.26E-09 4.42E-13 3.00E-10 
Gd-148 2.35E+09 3.00E-05 5.50E-08 0.00E+00 0.00E+00 
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Gd-153 2.08E+07 2.50E-09 2.70E-10 3.20E-14 3.33E-11 

Gd-159 6.65E+04 3.90E-10 4.90E-10 1.10E-14 4.17E-10 

Tb-157 2.24E+09 7.90E-10 3.40E-11 2.00E-15 1.86E-12 

Tb-158 5.68E+09 3.00E-08 1.10E-09 1.34E-13 1.56E-10 

Tb-160 6.25E+06 5.40E-09 1.60E-09 1.75E-13 4.44E-10 

Dy-159 1.25E+07 2.50E-10 1.00E-10 1.70E-14 3.33E-12 

Dy-165 8.40E+03 8.70E-11 1.10E-10 5.00E-15 4.44E-10 

Dy-166 2.94E+05 2.63E-09 3.00E-09 1.70E-14 7.78E-10 

Ho-166 9.65E+04 8.30E-10 1.40E-09 5.00E-15 4.72E-10 

Ho-166m 3.79E+10 7.80E-08 2.00E-09 2.69E-13 2.31E-10 

Er-169 8.12E+05 9.20E-10 3.70E-10 0.00E+00 2.72E-10 

Er-171 2.71E+04 5.75E-10 3.93E-10 6.90E-14 5.29E-10 

Tm-167 7.99E+05 1.00E-09 5.60E-10 3.30E-14 3.06E-10 

Tm-170 1.11E+07 5.20E-09 1.30E-09 1.00E-15 4.44E-10 

Tm-171 6.06E+07 9.10E-10 1.10E-10 0.00E+00 2.78E-12 

Yb-169 2.77E+06 2.40E-09 7.10E-10 7.50E-14 2.72E-10 

Yb-175 3.62E+05 7.00E-10 4.40E-10 7.00E-15 3.06E-10 

Lu-171 7.12E+05 9.30E-10 6.70E-10 1.17E-13 2.58E-11 

Lu-172 5.79E+05 1.80E-09 1.30E-09 3.06E-13 1.36E-10 

Lu-173 4.32E+07 1.50E-09 2.60E-10 4.20E-14 1.94E-11 

Lu-174 1.04E+08 2.90E-09 2.70E-10 2.40E-14 1.25E-11 

Lu-174m 1.23E+07 3.14E-09 5.80E-10 2.04E-14 1.48E-11 

Lu-177 5.74E+05 1.10E-09 5.30E-10 7.00E-15 3.61E-10 

Lu-177m 1.39E+07 1.22E-08 1.81E-09 1.86E-13 8.00E-10 

Hf-172 5.90E+07 3.88E-08 2.28E-09 3.33E-13 1.79E-10 

Hf-175 6.05E+06 8.80E-10 4.10E-10 6.70E-14 6.39E-11 

Hf-181 3.66E+06 4.10E-09 1.10E-09 9.40E-14 5.28E-10 

Hf-182 2.84E+14 3.67E-07 4.50E-09 2.39E-13 6.47E-10 

Ta-179 5.74E+07 2.90E-10 6.50E-11 7.00E-15 2.64E-12 

Ta-182 9.89E+06 7.40E-09 1.50E-09 1.96E-13 4.72E-10 

W-178 1.87E+06 1.20E-10 2.50E-10 2.80E-14 2.25E-12 

W-181 1.05E+07 4.30E-11 8.20E-11 1.00E-14 3.33E-12 

W-185 6.49E+06 2.20E-10 5.00E-10 0.00E+00 3.33E-10 

W-187 8.54E+04 3.30E-10 7.10E-10 7.60E-14 4.17E-10 

W-188 6.03E+06 1.58E-09 3.70E-09 1.00E-14 7.69E-10 

Re-184 3.28E+06 1.80E-09 1.00E-09 1.46E-13 1.72E-10 

Re-184m 1.46E+07 4.80E-09 1.50E-09 6.70E-14 2.19E-10 

Re-186 3.21E+05 1.20E-09 1.50E-09 4.00E-15 4.44E-10 

Re-187 1.30E+18 4.60E-12 5.10E-12 0.00E+00 0.00E+00 

Re-188 6.12E+04 7.40E-10 1.40E-09 1.00E-14 5.00E-10 

Re-188m 1.12E+03 7.60E-10 1.43E-09 2.60E-14 5.53E-10 

Re-189 8.75E+04 6.01E-10 7.82E-10 1.00E-14 4.45E-10 
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Os-185 8.09E+06 1.40E-09 5.10E-10 1.16E-13 2.19E-11 
Os-191 1.33E+06 1.50E-09 5.70E-10 1.80E-14 1.25E-10 
Os-191m 4.72E+04 1.64E-09 6.66E-10 2.00E-14 1.41E-10 
Os-193 1.08E+05 6.83E-10 8.11E-10 1.30E-14 4.44E-10 
Os-194 1.89E+08 4.27E-08 3.70E-09 1.70E-14 4.47E-10 
Ir-189 1.14E+06 4.61E-10 2.41E-10 1.80E-14 1.68E-11 
Ir-190 1.02E+06 2.50E-09 1.20E-09 2.53E-13 3.61E-10 
Ir-192 6.38E+06 4.90E-09 1.40E-09 1.42E-13 4.17E-10 
Ir-194 6.94E+04 7.50E-10 1.30E-09 1.50E-14 4.44E-10 
Pt-188 8.81E+05 1.25E-09 1.39E-09 3.29E-13 3.61E-10 
Pt-191 2.42E+05 1.90E-10 3.40E-10 5.80E-14 8.06E-11 
Pt-193 1.58E+09 2.70E-11 3.10E-11 1.00E-15 2.03E-12 
Pt-193m 3.74E+05 2.10E-10 4.50E-10 3.01E-15 5.00E-10 
Pt-195m 3.47E+05 3.10E-10 6.30E-10 1.90E-14 5.56E-10 
Pt-197 7.16E+04 1.60E-10 4.00E-10 6.00E-15 4.17E-10 
Pt-197m 5.72E+03 1.98E-10 4.71E-10 2.38E-14 8.47E-10 
Au-193 6.35E+04 1.60E-10 1.30E-10 3.50E-14 1.47E-10 
Au-194 1.37E+05 3.80E-10 4.20E-10 1.59E-13 5.56E-11 
Au-195 1.61E+07 1.20E-09 2.50E-10 2.00E-14 5.00E-11 
Au-198 2.33E+05 1.10E-09 1.00E-09 7.00E-14 4.44E-10 
Au-199 2.71E+05 7.60E-10 4.40E-10 1.90E-14 4.17E-10 
Hg-194 1.39E+10 1.94E-08 5.14E-08 1.60E-13 5.78E-11 
Hg-195m 1.50E+05 1.59E-09 7.98E-10 7.54E-14 4.13E-10 
Hg-197 2.34E+05 2.80E-10 2.30E-10 1.80E-14 2.31E-11 
Hg-197m 8.57E+04 9.16E-10 6.80E-10 3.75E-14 7.71E-10 
Hg-203 4.03E+06 1.90E-09 1.90E-09 4.30E-14 2.39E-10  
TI-200 9.40E+04 2.50E-10 2.00E-10 2.08E-13 5.28E-11  
TI-201 2.62E+05 7.60E-11 9.50E-11 2.20E-14 6.94E-11  
TI-202 1.06E+06 3.10E-10 4.50E-10 8.50E-14 2.58E-11  
TI-204 1.19E+08 6.20E-10 1.30E-09 0.00E+00 3.89E-10 
Pb-201 3.36E+04 1.20E-10 1.60E-10 1.30E-13 8.89E-11 
Pb-202 1.66E+12 1.43E-08 9.15E-09 8.51E-14 2.75E-11 
Pb-203 1.87E+05 1.60E-10 2.40E-10 6.10E-14 1.06E-10 
Pb-205 4.83E+14 4.10E-10 2.80E-10 1.00E-15 2.00E-12 
Pb-210 7.01E+08 3.24E-06 9.08E-07 4.00E-15 4.45E-10 
Pb-212 3.83E+04 7.20E-08 6.16E-09 1.95E-13 3.03E-07 
Bi-205 1.32E+06 1.00E-09 9.00E-10 2.47E-13 3.89E-11 
Bi-206 5.39E+05 2.10E-09 1.90E-09 5.14E-13 2.61E-10 
Bi-207 1.04E+09 3.20E-09 1.30E-09 2.43E-13 7.22E-11 
Bi-210 4.33E+05 1.89E-06 2.01E-07 0.00E+00 4.44E-10 
Bi-210m 9.59E+13 2.10E-06 1.50E-08 4.70E-14 5.50E-10 
Bi-212 3.63E+03 3.90E-08 2.60E-10 1.67E-13 3.03E-07 
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Po-203 2.20E+03 6.70E-10 7.71E-10 6.64E-13 4.61E-10 

Po-205 5.98E+03 8.90E-11 5.90E-11 2.47E-13 7.78E-11 

Po-207 2.09E+04 1.50E-10 1.40E-10 2.05E-13 6.11E-11 

Po-209 3.22E+09 2.93E-16 1.94E-16 1.00E-15 5.00E-10 

Po-210 1.20E+07 2.20E-06 2.40E-07 0.00E+00 1.44E-16 

At-211 2.60E+04 1.10E-07 1.10E-08 1.27E-14 9.54E-08 

Ra-223 9.88E+05 5.71E-06 1.00E-07 5.80E-14 1.77E-07 

Ra-224 3.16E+05 2.47E-06 7.12E-08 1.97E-13 3.51E-07 

Ra-225 1.29E+06 1.13E-05 1.19E-07 4.96E-14 4.50E-07 

Ra-226 5.05E+10 5.34E-06 1.13E-06 2.61E-13 2.18E-07 

Ra-227 2.53E+03 2.01E-05 3.79E-08 3.99E-14 6.00E-09 

Ra-228 1.81E+08 1.85E-05 7.58E-07 2.67E-13 2.15E-07 

Ac-224 1.00E+04 2.35E-06 6.54E-08 2.46E-13 3.71E-07 

Ac-225 8.64E+05 6.54E-06 2.43E-08 4.06E-14 4.50E-07 

Ac-227 6.87E+08 6.43E-04 1.21E-06 9.20E-14 1.76E-07 

Ac-228 2.21E+04 8.37E-06 4.38E-08 2.01E-13 1.06E-07 

Th-226 1.83E+03 1.77E-07 2.83E-08 5.12E-15 2.40E-07 

Th-227 1.61E+06 1.33E-05 1.09E-07 9.20E-14 1.77E-07 

Th-228 6.03E+07 2.75E-05 1.43E-07 1.98E-13 3.48E-07 

Th-229 2.32E+11 8.03E-05 5.99E-07 8.16E-14 4.50E-07 

Th-230 2.38E+12 2.82E-05 2.49E-07 1.31E-14 9.27E-09 

Th-231 9.19E+04 1.53E-08 3.79E-10 2.10E-14 2.26E-10 

Th-232 4.43E+17 5.82E-05 1.03E-06 3.46E-13 3.51E-07 

Th-234 2.08E+06 5.82E-09 3.40E-09 7.40E-15 5.37E-10 

Pa-230 1.50E+06 1.59E-06 7.90E-09 1.20E-13 2.02E-08 

Pa-231 1.03E+12 7.05E-04 1.87E-06 1.08E-13 1.70E-07 

Pa-233 2.33E+06 3.23E-09 8.70E-10 5.00E-14 3.89E-10 

U-230 1.80E+06 1.22E-05 8.31E-08 8.12E-15 2.40E-07 

U-231 3.63E+05 1.57E-08 3.22E-10 4.10E-14 2.30E-11 

U-232 2.17E+09 5.09E-05 4.60E-07 1.83E-13 3.18E-07 

U-233 5.02E+12 7.66E-06 5.57E-08 1.77E-15 4.25E-09 

U-234 7.75E+12 6.83E-06 4.92E-08 2.01E-15 5.87E-12 

U-235 2.22E+16 7.25E-06 4.96E-08 5.72E-14 5.30E-10 

U-236 7.39E+14 6.30E-06 4.60E-08 2.00E-15 1.06E-12 

U-237 5.83E+05 1.70E-09 7.70E-10 4.20E-14 4.44E-10 

U-238 1.41E+17 5.71E-06 4.74E-08 9.40E-15 5.38E-10 

U-239 1.41E+03 2.05E-09 8.35E-10 6.00E-14 1.08E-09 

U-240 5.08E+04 4.22E-09 1.13E-09 6.72E-14 7.23E-10 

Np-235 3.42E+07 2.71E-10 5.30E-11 8.00E-15 2.28E-12 

Np-236m 8.10E+04 1.57E-06 1.10E-08 1.61E-14 1.62E-09 

Np-236 4.86E+12 7.79E-06 6.47E-08 7.42E-14 2.76E-08 

Np-237 6.77E+13 1.50E-05 1.11E-07 7.00E-14 4.14E-10 
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Np-239 2.04E+05 2.02E-09 8.07E-10 4.60E-14 6.39E-10 
Np-240 3.71E+03 3.51E-09 1.08E-10 1.90E-13 9.44E-10 
Pu-234 3.17E+04 7.49E-07 5.91E-09 1.82E-13 1.45E-08 
Pu-235 1.52E+03 1.31E-10 2.71E-11 3.38E-14 9.13E-12 
Pu-236 9.02E+07 1.52E-05 1.05E-07 1.11E-14 1.41E-08 
Pu-237 3.91E+06 3.05E-10 1.00E-10 2.00E-14 5.56E-12 
Pu-238 2.77E+09 3.00E-05 2.30E-07 3.00E-15 8.06E-13 
Pu-239 7.61E+11 3.20E-05 2.50E-07 1.00E-15 2.25E-13 
Pu-240 2.07E+11 3.20E-05 2.50E-07 3.00E-15 7.78E-13 
Pu-241 4.53E+08 1.40E-06 1.08E-08 4.85E-16 1.38E-13 
Pu-242 1.18E+13 3.10E-05 2.40E-07 2.00E-15 6.94E-13 
Pu-243 1.78E+04 2.66E-09 1.04E-10 8.01E-15 3.61E-10 
Pu-244 2.52E+15 3.03E-05 2.44E-07 7.22E-14 7.27E-10 
Am-238 5.88E+03 2.36E-07 1.84E-09 1.55E-13 3.33E-11 
Am-241 1.36E+10 2.70E-05 2.00E-07 1.60E-14 4.18E-12 
Am-242 5.77E+04 2.61E-06 9.58E-09 1.20E-14 3.60E-10 
Am-242m 4.45E+09 3.74E-05 2.80E-07 2.09E-14 3.75E-10 
Am-243 2.33E+11 2.71E-05 2.02E-07 6.30E-14 6.43E-10 

Cm-240 2.33E+06 5.44E-06 2.94E-08 5.36E-15 5.52E-09 

Cm-241 2.83E+06 6.88E-08 1.23E-09 1.09E-13 1.92E-10 
Cm-242 1.41E+07 3.99E-06 1.42E-08 3.03E-15 8.33E-11 
Cm-243 9.18E+08 2.00E-05 1.50E-07 3.50E-14 3.06E-10 
Cm-244 5.71E+08 1.71E-05 1.21E-07 2.01E-15 5.02E-13 
Cm-245 2.68E+11 3.08E-05 2.39E-07 3.39E-14 1.03E-10 
Cm-246 1.50E+11 2.70E-05 2.10E-07 2.00E-15 1.28E-12 
Cm-247 4.92E+14 2.53E-05 1.92E-07 6.36E-14 3.98E-10 
Cm-248 1.10E+13 9.50E-05 7.70E-07 4.31E-13 2.78E-10 

Cm-250 2.62E+11 5.40E-04 4.40E-06 2.25E-11 2.39E-09 

Bk-247 4.35E+10 4.52E-05 3.52E-07 3.16E-14 1.92E-10 
Bk-249 2.85E+07 2.64E-07 2.25E-09 2.30E-16 2.25E-11 

Cf-246 1.29E+05 3.49E-06 1.45E-08 4.38E-15 4.17E-08 
Cf-248 2.89E+07 7.15E-06 3.54E-08 2.12E-15 1.81E-09 
Cf-249 1.11E+10 4.52E-05 3.52E-07 6.32E-14 8.41E-11 

Cf-250 4.13E+08 2.21E-05 1.61E-07 3.01E-15 1.22E-11 

Cf-251 2.84E+10 4.60E-05 3.60E-07 3.50E-14 5.00E-10 

Cf-252 8.35E+07 1.30E-05 9.00E-08 1.06E-13 2.08E-10 

Cf-253 1.54E+06 3.23E-06 8.65E-09 7.13E-15 2.76E-08 

Cf-254 5.23E+06 2.20E-05 4.00E-07 4.72E-11 3.89E-09 

Es-253 1.77E+06 2.24E-06 7.28E-09 1.12E-15 2.75E-08 
Es-254 2.38E+07 7.63E-06 4.00E-08 1.63E-13 9.86E-09 

Es-254m 1.41E+05 1.58E-06 1.31E-08 1.24E-13 1.12E-07 

Fm-254 1.17E+04 1.21E-06 8.72E-09 3.15E-15 1.14E-07 
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3. Appendix 3 — Table A3: Progeny consideration: parents with a "+" (in Table Al) and their progeny 

Parent  

nuclide  

Daughter nuclides included  in dose  calculation 

1 2 3 4 5 6 7 8 9 10 11 

Mg-28 Al-28 

Sc-44m Sc-44 

Ti-44 Sc-44 

Fe-52 Mn-52m 

Fe-60 Co-60m Co-60 

Zn-69m Zn-69 

Ge-68 Ga-68 

Rb-81 Kr-81m 

Rb-83 Kr-83m 

Sr-82 Rb-82 

Sr-90 Y-90 

Sr-91 Y-91m 

Y-87 Sr-87m 

Zr-95 Nb-95m 

Zr-97 Nb-97 

Mo-99 Tc-99m 

Mo-101 Tc-101 

Tc-95m Tc-95 

Ru-103 Rh-103m 

Ru-106 Rh-106 

Pd-103 Rh-103m 
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Pd-109 Ag-109m 

Ag-108m Ag-108 

Ag-110m Ag-110 

Cd-104 Ag-104m 

Cd-109 Ag-109m 

Cd-113m In-113m 

Cd-115 In-115m 

Cd-115m In-115m 

In-111 Cd-111m 

In-114m In-114 

Sn-113 In-113m 

Sn-121m Sn-121 

Sn-126 Sb-126m Sb-126 

Sb-125 Te-125m 

Te-127m Te-127 

Te-129m Te-129 

Te-131m Te-131 

Te-132 1-132 

Te-133m 	I Te-133 

1-135 Xe-135m 

Cs-137 Ba-137m 

Ce-144 Pr-144 Pr-144m 

Gd-146 Eu-146 

Lu-177m Lu-177 

Hf-172 Lu-172m Lu-172 

Hf-182 Ta-182 
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W-178 Ta-178 

W-188 Re-188 

Re-189 Os-189m 

Os-194 Ir-194 

Ir-189 Os-189m 

Hg-194 Au-194 

Hg-195m Hg-195 

Pb-202  TI-202 

Pb-210 Hg-206 Bi-210  TI-206 Po-210 

Pb-212 Bi-212  TI-208 Po-212 

Bi-210m  TI-206 

Bi-210  TI-206 

Bi-212  TI-208 Po-212 

At-211 Po-211 

Ra-223 Pb-211 Bi-211  TI-207 P0-211 Po-215 Rn-219 

Ra-224 Rn-220 Pb-212 Bi-212  TI-208 Po-212 Po-216 

Ra-226 Rn-222 P0-218 Pb-214 Bi-214  TI-210 Po-214 At-218 Rn-218 

Ra-228 Ac-228 

Ac-224 Fr-220 

Ac-225 Fr-221 Bi-213  TI-209 Pb-209 Po-213 At-217 Rn-217 

Ac-227 Fr-223 Th-227 Ra-223 At-219 Pb-211 Bi-211  TI-207 Bi-215 Po-211 Po-215 Rn-219 

1h-226 Ra-222 Po-214 Rn-218 

Th-228 Ra-224 Rn-220 Pb-212 Bi-212  TI-208 Po-212 Po-216 

1h-229 Ra-225 Ac-225 Fr-221 Bi-213  TI-209 Pb-209 Po-213 At-217 

Th-232 Ra-228 Ac-228 Th-228 Ra-224 Rn-220 Pb-212 Bi-212  TI-208 Po-212 Po-216 

Th-234 Pa-234m Pa-234 
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Pa-230 Ac-226 Fr-222 

U-230 Th-226 Ra-222 Po-214 Rn-218 

U-232 Th-228 Ra-224 Rn-220 Pb-212 Bi-212  TI-208 Po-212 Po-216 

U-235 1h-231 

U-238 1h-234 Pa-234m Pa-234 

U-240 Np-240m Np-240 

Np-235 U-235m 

Np-236 Pa-232 Pu-236 

Np-237 Pa-233 

Pu-239 U-235m 

Pu-241 U-237 

Pu-244 U-240 Np-240m Np-240 

Am-242m Np-238 Am-242 Cm-242 

Am-243 Np-239 

Cm-247 Pu-243 

Bk-249 Am-245 

Cf-253 Cm-249 

Es-254 Bk-250 Fm-254 

Es-254m Bk-250 Fm-254  

Legend 

Parent nuclide 
Daughters not considered by [FANC]. 
but considered by RIVM-Bel Vin the SUDOQU study 

Based on this table, all daughters that are not in the table need to be separately measured and included in the sum rule. 

Bel V 	 -46/55- 	 Last Saved: 11/9/2020 5:50:00 PM 

Subsidiary of the FANC 
Rue Walcourt 148 Walcourtstraat 
B-1070 Bruxelles — Brussel 



BEL  V  
Ref. Report: 
	

R-XROODE-SCD-20-001-0-e 	 I Date: 	09/11/2020 

4. Appendix 4 - Statistical aspects of the probabilistic study: convergence 
and confidence intervals 

In a preliminary assessment, a convergence study was performed to investigate the values of the dose-
distributions' percentiles as a function of the number of independent calculations, NMC. For each 
radionuclide  i  these percentiles were determined after one simulation using NMC = 10, 100, 1000, 10,000 
and 100,000 calculations (scenarios) with Cc,,, = 1.0 Bq.cm-2. As a first indication of convergence, we 

investigated, for each radionuclide, the relative residual zi00,000  with respect to the simulation with 100,000 

calculations, defined by 
Dp  (NMC

): 1 , X100,000 = D (100,000) 

where Dp  (NMC),  is the dose of the pth  percentile (50, 95 or 99) of radionuclide  i  in the simulation with 

NMC independent calculations. Figure A4.1 shows z®  for the 501h  percentile of the effective dose 

distribution as a function of NMC for each radionuclide  i.  A large spread in A 	is observed for a 
simulation with only 10  Monte-Carlo  calculations, but the spread gradually decreases for simulations with a 
larger number NMC of underlying calculations. As mentioned in section 3.7, all nuclides use the same set of 
input parameters, which means that there is no independent, random sampling between nuclides. Hence, the 
observed spread is caused by differences in scenarios between the two assessments (NMC versus 100,00011) 
in combination with differences in nuclide-specific properties12. Since each NMC value corresponds to only 
one set of randomly drawn scenarios, little can be inferred from the exact drawing statistics behind Fig. 
A4.1, especially for small values of NMC. That is, the overall spread in this plot (gray shaded area) for small 
NMC would be (much) larger if for each radionuclide new parameter drawings would have been performed. 
Nevertheless, it does provide a first indication of convergence for large(r) values of NMC. For NMC = 
10,000, values of A00,000  are spread closely around the value of 0, indicating that the 501h  percentile is close 

to that in the simulation of 100,000 scenarios for all radionuclides. This can be seen even better in Figure 
A4.2, showing the corresponding frequency histograms of A00,000  among the radionuclides for an 

assessment with NMC = 10, 100, 1,000, and 10,000 calculations. The corresponding standard deviations 
(stdev) of these four distributions are plotted in Figure A4.3 and decreases with the number of calculations 
NMC (stdev = 0.0034 for NMC-10,000). 
These results imply that NMC = 10,000 calculations (scenarios) would be sufficient for converged results 

when regarding the 501h percentile of the effective-dose distribution. However, the methodology to derive 
clearance levels also employs the 951h  and 991h percentiles of the effective-dose distribution, as well as the 
991h  percentile of the local skin-equivalent-dose distribution. As tails of the dose distributions suffer from 
poorer statistics, the analysis above should also be performed for these percentiles. 

1  The scenarios in the simulation with NMC calculations are independent - and thus different - from those in the simulation with 
100,000 calculations as the pseudo-random number generators are re-initialized with new seed numbers. 
12  And thus differences in sensitivity to variations in those parameters of the dominating exposure pathways. 
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Figure A4.1 The relative residual of the 50th  percentile of the total-effective-dose distribution as 
a function of (the 10-log of) NMC, the number of  Monte-Carlo  evaluations underlying the dose 
distribution. Results are given for all radionuclides in this study (dotted lines), the gray-shaded 
area indicating the total range of obtained values of the relative residual. All curves are 0 for 

NMC = 100,000 by construction of quantity 2400,000  . 
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Figure A4.2 Frequency histogram of the relative residual 24 	of the 50th  percentile of the 

total-effective-dose distributions among the set of nuclides in this study, for NMC = 10 (orange), 
100 (blue), 1,000 (green) and 10,000 (red) samples. Data correspond to curves plotted in Fig. 
A4.1. Note that nothing can be concluded from the peak positions for small NMC because only 
one random set of parameters (scenarios) is used for all nuclides in each assessment. 

Figure A4.4 shows the frequency histograms of xi00,000  for the 99th  percentile of the effective-dose 

distribution (a) and for the 99th  percentile of the skin-equivalent-dose distribution (b). The small standard 
deviation (stdev=0.0013) related to the skin dose can be explained by the fact that these dose distributions 
are only sensitive to a limited number of distributed parameters which influence the skin dose. 
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Figure A4.3 Standard deviation of the relative residual A 	of the 50th percentile of the total- 

effective-dose distribution among the set of nuclides in this study, as a function of (the 10-log of) 
NMC. Standard deviations correspond to the histograms plotted in Fig. A4.2. For NMC=100,000, 

the standard deviation is 0 by construction of the quantity A00,000  . 
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Figure A4.4 Same as Fig. A4.2, but for the 99th percentile of the effective-dose distributions (a) 
and the 9961  percentile of the skin-equivalent-dose distributions (b). 

Based on these data we concluded that between 10,000 to 100,000  Monte-Carlo  calculations provide 
sufficient statistics for converged clearance-level results. NMC = 100,000 was therefore used for the 
determination of the final set of clearance levels in this report. 
For these final calculations, 95% confidence intervals (95% CI) for the dose-distributions' percentiles were 
determined to investigate the uncertainties/variations from the sampling statistics. The bootstrap method was 
used to determine these 95% CIs. For each nuclide, the original (empirical) dose distribution was resampled 
with replacement. In total, 2000 resamples (bootstrap samples) were taken, each bootstrap sample of equal 
size 100,000. For each bootstrap sample the aforementioned percentiles were determined. These percentiles 
are assumed to follow an almost normal distribution from which the bootstrap's standard deviation o-p  can 

be determined. The 95% CI of the  pth  percentile is then evaluated as  Dp ±1.96o-1, where Dp  is the dose 

percentile of the original distribution (not the mean value of this percentile from bootstrap resampling). The 
relative 95% CI, given by 3.92o- /D (expressed in %), was calculated for all radionuclides and all 

percentiles. Table A4 shows the mean and maximum values of the relative 95% CI among the set of 
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radionuclides in this study. As can be seen, this confidence interval remains relatively small for all 
percentiles and for all radionuclides, on average between 1% and 3%, in worst cases not exceeding 8%. 
These variations - resulting from sampling statistics only - are judged acceptable for the current study, 
inasmuch as they are likely to be much smaller than other variations and uncertainties related to the 
assumptions in the methodology (e.g. theoretical model assumptions, choice of the parameter-distribution 
functions, choice of the fixed parameters, etc.). 

Table A4. Mean and maximum values of the relative 95%  Cl  of the dose percentiles (Dr, p=50, 95, 99 for 

effective dose, D99,skin for the local skin-equivalent dose) among the set of nuclides in this study. 

Rel. 95% CI D50  D95 D99 D99,skin 
Mean 1.1% 1.5% 2.8% 1.2% 
Max 2.5% 4.5% 7.8% 1.3% 
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5. Appendix 5 - Summary of equations in the SUDOQU methodology 

This Appendix briefly describes and summarizes the equations of the SUDOQU methodology used for the 
calculations in this report. A more detailed description of the methodology can be found in reference 
[Dillen 1 8]. 
An object with a well-defined solid surface is contaminated with radionuclide  i  over a surface area 4.5  
(cm2) and is used in an indoor environment for a total duration of 3.7'ese  = feeeM;e, (h) within a scenario-
integration time 3,7;e, (8760 h). Here the fraction fuse  (dimensionless fraction between 0 and 1) is called the 
so-called duty factor. 
The indoor environment is a room of area 41 0 or  (cm2) and height H (cm) ventilated at an air-exchange rate 
2„ (h-1), i.e., with a volumetric ventilation rate tc,, = 2„V (cm3.11-1), where V = AfloorH (cm3) is the volume of 
the room. Airborne activity due to resuspension (see below) from the object's surface is not only removed 
by ventilation, but also by deposition at a velocity of vdep  (cm.s-1), leading to a deposition loss rate of 

2v  Vdep  

At start of object use, at t = 0 , the total surface-contamination level for radionuclide  i  is given by C0,1  

(Bq.cm-2), comprising of a (fully) removable component fern,,C0,1  (that can be removed by resuspension and 

wipe-off) and a fixed component (1— fr „ 	. Here f emi   is called the removable fraction, a dimensionless 

quantity with values between 0 and 1. The surface-contamination level is assumed to be and remain 
homogeneous/uniform over the area of contamination Aceut . 

During object use, resuspension occurs at an average rate eese,, (h-1), which defines the fraction of removable 
activity that becomes airborne per unit time. At the same time, removable activity is wiped off the object's 
surface also leading to a decrease of the removable surface contamination level. The average wipe-off loss 
rate during use is given by 

vo,use,i 
Ahands 	 (A.1) J othe'use A  
'cont 

where jeth,, is the transfer efficiency (ratio of the surface contamination level of the hands and that of the 

object after a single wipe-off event), use  (h-1) is the average frequency or rate of wipe-off events and Ahands  
(cm2) is the area of the hands contaminated during the contamination-transfer process from object to the 
hands. 
Following this description, the time-dependence of the removable, fixed and total surface-contamination 
levels (Bq.cm-2) are described by 

f ,Cc, 
Cs tut renv (t)= 	—.11 )exp[—.1,1,,t]+(d,— 	exp 	, (A.2) 

Csurtfix,i  (t) = (1— fre„)CO3, exp[_2r,i • t], 	 (A.3) 

and 
Ceeittet, (t) = Ceiwziem,, (t)+Ceertfe,,, (t), 	 (A.4) 

respectively, with 2rj  (h-1) the physical decay constant of radionuclide  i.  
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In equations (A.2-4) the following constants are defined: 

a, = 	, b, = 	c, = fusee. Acont 
 , and d,  = +(k,, + 	, (A.5) 

V 
(11-1, cm.h-1, cm-1.h-1  and WI, respectively) with the surface loss-rate itsuif

,
, (III) constant defined as 

= fir  ,i  ± fuse (eusej ;fwo,use,i) • 
	 (A.6) 

Furthermore, the characteristic loss-rate constants AL, and Az, are given by 

1 	
and 
	

Az, = 	+ d,)— 	, (A.7) 

with 

.1.1*  = A1, — A2 , .14b,c, +(a, — d,)2  . 	 (A.8) 

Using these constants, the air-activity concentration (Bq.m-3) from removable surface contamination reads 
, 

(t) 	e  „
'

c, • Co 
, 	' (exp 	— exp [—A/,,t1) •106 , 	(A.9) 

where factor 106  converts cm-3  to m-3. Here, C, (t) is not the air concentration during actual product use at 

time t, but is the continuously-experienced air-activity concentration as if object use and exposure are 
spread out over the entire duration 3,7;st  of the scenario. 
The time-integrated counterparts of equations (A.2-4, 9) are used for subsequent dose calculations and are 
given by: 

TISCuse,„ (t) fuse  •S Csurtraw  Mde = 
0 

n  • r  „ 
f 	

c 
usef.,, 	— d,)Y 	— 22,,YP (/12,1t)) 

TISCuse,fi„,, (t) fuse  • f Csurtfix  t )Id t 	fuse  • (1— 	)• CO3, • 	• t)-t ,(A.11) 

TISCuseet, (t) = TISC„„„„,,, (t)+ TISCuse,fis,, (t), 	(A.12) 

(all in Bq.cm-2.h-1) and 
; •  

TIACuse  (t) f Cuirj  (tldt ' = fr 
c• • Co  

	

ent; 	
t 	

— (A1 it)) • 10" 	(A.13) 

(Bq.m-3.h-1), with dimensionless removal function 	defined by IF (x) = (1 — exp[—x])/x for x> 0 and 

qi (0) =1. These time-integrated contamination levels are input for subsequent calculations of individual 
effective-dose contributions (all in  µSv)  from various exposure pathways. 
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1. Exposure to external radiation from the object's contaminated surface 

The effective dose from external radiation from the contamination residing on the surface of the object is 
given by 

(t)= g(D;L)h(10), fc.„,,fa ,TISCuse,,,,t, (t) • 1019  , 	(A.14) 

where h(1 0),  is the nuclide's ambient-dose-equivalent-rate constant (Sv.11-1.m2.Bq-1)13, f 	is the 

conversion factor from ambient to effective dose (depending on exposure geometry), fa., is the attenuation 

factor (in case of a shielding material between source and receptor) and g (D; L) is a dimensionless, 
geometrical factor depending on the dimensions D of the object and its distance L (cm) to the receptor. For 
a disc-shaped contamination of radius R (cm) we use 

D  

gdisc  (R; L) = 7r  ln[  1 + (-2)
2 
 = 7r  ln  [1 + Ant  ] 

	

711,2  ' 	
(A.15) 

where Aoent  = R2  . 
2. Internal exposure from inhalation of resuspended activity 

The committed effective dose resulting from the inhalation of activity that has become airborne by 
resuspension is given by 

(t) = DCinh,ifresp,icorairj/ • TIACuse (t) • le , 	 (A.16) 
where DCia  (Sv.Bq-1) is the effective inhalation dose coefficient, fresp j  is the respirable fraction of 
airborne activity, corairj  is a dimensionless correction factor taking account of inhomogeneities of the 
room's air concentration and I is the individual's breathing rate (m3.h-1). 

3. Internal exposure from inadvertent, secondary ingestion of activity 

The committed effective dose resulting from the inadvertent, secondary ingestion of activity transferred to 
the hands reads 

Eing,i (t) = DCing,ijoth,erlitm,ifinginhandsjAhands(Ding • TISCuse,mm,, (t) • 106  , 	(A.17) 

where DCing  (Sv.Bq-1) is the effective ingestion dose coefficient, Flinnj  is the transfer factor of activity from 

the hands to the mouth, fing  is the fraction of contaminated area of the hands from which ingestion of 

activity occurs with a hands-to-mouth transfer factor of F, (both per ingestion event), mhandsj  is the 

effective time-multiplication factor of skin contamination of the hands and (Ding  (h-1) is the frequency or rate 
of secondary ingestion events. 

4. External exposure of the skin from transfer of activity 

The effective dose due to local skin contamination of the hands is evaluated as follows 

	

(t) = DCskin,iioth jrnhands,iWskin Ahands 	 TISCuse,remj (t) • 3.6 -109 , (A.18) Eskin,hands,/ 
Askin,total 

13  In this work we applied the constants for the personal dose equivalent at 10 mm depth of a slab phantom of 30 x 30 x 15 cm3  of 
ICRU 4-component tissue (note: only gamma and neutron contributions are considered). 
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where DC 	is the local skin-equivalent dose-rate coefficient (Sv.s-1.cm2.Bq-1), wein  is the tissue-

weighting factor of the skin and Askin,,„tal  (cm2) is the total area of the skin14. Skin contamination of the face is 

evaluated similarly by 

Eskin r ,face (t) = DCskinjtioth,imfacejwslcin , 	 Afa" TISCuse,remj (t) • 3.6 .109 . (A.19) 
AsIcin,total 

Here ihtt, is the average transfer efficiency of activity from the hands to the face, mfanni  is the effective time-

multiplication factor of skin contamination and exposure of the face, and Afann  (cm2) is the contaminated skin 

area of the face. 
5. External exposure of the skin due to direct contact with the object 

Direct contact of the skin with the object can also lead to external exposure of the skin, whose effective dose 
contribution is evaluated as 

EsIdn,contacti (t) = DCskin,imslcin,contactwskin 
Aslcin contact  

A 	TISCuse,tnti  (t) • 3.6.109 , (A.20) 
rislcin,total 

with Mskin,contact  the time-multiplication factor for direct-skin-contact exposure (< 1) and Asid„,n„nnan, (cm') the 

corresponding skin area. 

The total annual effective dose from the aforementioned exposure pathways is the sum of the six 
contributions' evaluated at t = ATtot e i.e.,  

EtOti (ATtOt = E Epathway,i (ATtot ) • 	 (A.21) 
pathways 

Equation (A.21) is calculated for each independent, random drawing of input parameters in the probabilistic  
(Monte-Carlo)  study. For each radionuclide  i  a probability-density spectrum is generated for the total, 
annual effective dose, whose 501h, 951h and 991h percentiles are then compared with the three corresponding 
annual dose criteria as described in section 3.5 of this report. 
Besides the effective dose, the annual, local skin-equivalent dose Ilea. (AT) - that is, the 991h  percentile of 

the corresponding distribution - is compared with a corresponding criterion of 50 mSv/y (section 3.5). Since 
the highest skin-contamination levels are expected to be located on the hands and since direct contact is also 
assumed to occur primarily with the hands (or parts of the wrists), the local skin-equivalent dose incurred by 
an individual in a year is estimated to be 
H8101(t)= DCein,, • Cf h mhands,,TISC 	(AT) mslun,contactTISCueet, (ATte))•3.6•1e 

(A.22) 
where we regarded that part of the skin that is both contaminated by transfer of contamination and in direct 
contact with the object. Equation (A.22) is a conservative estimate in the sense that both contributions in this 
overlapping skin region (i.e., any 1 cm2  in this region) are added independently. In the probabilistic study, 
equation (A.22) is used to build the dose distribution for the local skin-equivalent dose. 

14  As discussed in reference [Dillen18], we assumed this value to represent the total UVR-exposed skin area of 3000 cm2. 

Consequently, contaminated and or exposed skin areas (transfer or direct contact: Ahand„ Aface  and Askin,mitact  ) should also be 

regarded on UVR-exposed skin only. 
15  The sum is over five exposure pathways, but since 'transfer of activity to the skin' leads to two dose contributions (hands and 
face), six contributions are added in total: equations (A.14,16-20). 
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