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ABSTRACT

The international regulations on the safe transport of radioactive material make use of
radionuclide specific values to define radioactive material for the purposes of those
regulations. These exemption values of activity concentration and activity per
consignment were derived using a number of scenarios of radiation exposure of workers
and members of the public. These regulations also list radionuclide specific values of
activity, the A; and A, values, which are the activity limits for Type A packages in the
case of special form and non-special form material, respectively.

In this project the calculations, by which these radionuclide specific values were derived,
were reproduced and this report describes the methodologies for those calculations.

The methodology for calculating exemption values was taken from the European
Commission report RP-65. The A; and A, values were calculated using a methodology
known as the Q System which is described in the advisory material that accompanies
the IAEA regulation.

The report also includes a discussion and review of the methodologies used in the
calculation of the A;, A, and exemption values and gives suggestions for possible
modifications.
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The following amendments have been made to this report since its first
publication (October 2011)

The following pages and equations have been amended to include a conversion factor
(TBg Bg™):

Page number 3, Equations 1 and 2
Page number 6, Equations 5 and 6
Page number 9, Equation 15

Page number 12 Equations 18 and 19.

Page number 11 The units of hgi, have been amended from Sv ht per Bq m? to
Svs™t per TBqm?.

Page numbers 58 to 60 For equations 94 to 97, the term ‘E is expressed in eV’ has been
amended to ‘E is expressed in MeV'.
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METHODOLOGY FOR CALCULATING Al AND A2 VALUES

INTRODUCTION

The International Atomic Energy Agency (IAEA) publishes radionuclide specific activity
concentration and activity per consignment values below which the material can be
exempted from the requirements of the international regulations on the safe transport of
radioactive material (IAEA, 2009) due to the negligible hazard posed. These exemption
values were derived using a number of scenarios of radiation exposure of workers and
members of the public. These regulations also list radionuclide specific values of activity,
the A; and A, values, which are the activity limits for Type A packages in the case of
special form” and non-special form material, respectively.

The Department for Transport commissioned the Health Protection Agency (HPA) to
produce a software application which can calculate A; and A, values, and exemption
values. The first stage of this project was to reproduce as closely as possible the
calculations by which these radionuclide specific values were derived, and this report
describes the methodologies for those calculations.

Section 2 of the report details the methodology used to calculate the A; and A, values
whilst Section 3 relates to the calculation of the exemption values. It should be noted
that one important difference in the approach between the methodologies is that the A;
and A, values are based on different specific exposure pathways whereas the
exemption values are based on different scenarios which can include the sum of one or
more exposure pathways.

Section 4 discusses the methodologies used in the calculation of the A;, A, and
exemption values and gives suggestions for possible revision and modifications. Section
5 discusses a software application that has been developed to implement the
methodologies detailed in Sections 2 and 3 and calculate the A; A, and exemption
values.

METHODOLOGY FOR CALCULATING A; AND A, VALUES

2.1 Background

A; and A, values are given in the IAEA transport regulations (IAEA, 2009) and are the
activity limits for Type A packages; A; is the maximum activity allowed in a Type A
package for special form material’, A,, is that for non-special form material respectively.
Materials with activities in excess of these must be carried in Type B packages. The

*
Special form is either an indispersible solid radioactive material or a sealed capsule containing
radioactive material.
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limits for Type B packages depend on the package design which must be approved by
the Department for Transport. The A; and A, values were calculated in the early 1980s
for incorporation into the 1985 Edition of the IAEA Transport Regulations (IAEA, 1985).

A; and A, values were calculated using a methodology known as the Q System which is
described in the IAEA Safety Guide TS-G-1.1 (IAEA, 2002), which provides advisory
material that accompanies the IAEA regulations. The Q System methodology uses an
effective dose criterion of 50 mSv (the worker dose limit at the time the original Q
System was devised), or a skin dose criterion of 500 mSv, whichever gives the more
restrictive values.

Under the Q system a series of exposure routes are considered, each of which might
lead to radiation exposure, either external or internal to persons in the vicinity of a
Type A package involved in a severe transport accident. For each pathway the activity
of a Type A package that would give rise to a pre-determined effective dose or dose to
the skin is calculated. These activities, called Q values, are determined assuming that
package is damaged and some of the contents released and that a person exposed to
the radioactive material released stands at a distance of 1 m from the package for
30 minutes. The Q values are:

e Qa - the activity of the package that would give rise to an effective dose of 50 mSv
from external gamma radiation;

e Qg - the activity of the package that would give rise to a skin dose of 500 mSv from
external beta radiation.

e Qc - the activity of the package that would give rise to an effective dose of 50 mSv
from inhalation.

e Qp - the activity of the package that would give rise to a skin dose of 500 mSv from
skin contamination.

e Qg - the activity content of a noble gas initially contained in the package that would
give rise to an effective dose by submersion of 50 mSv, or 500 mSv to the skin,
whichever is the more restrictive. Qg is listed instead of Qp for noble gases.

A; is the lesser of Qa and Qg; A, is the least of all the Q values. In the original Q System
(IAEA, 1973), in order to protect against any possible effects of bremsstrahlung
radiation, an upper cut-off limit of 1000 Ci was applied to A; and A, values. When the
Q System was revised in the early 1990s, leading to the current values, this upper limit
was retained at 40 TBq (IAEA, 2002). This upper limit was recognised as being fairly
arbitrary and was not based on any model or criteria. The Q values have an upper limit
of 1000 TBq although no reference to this limit could be found in any documentation.

Following the publication of the 1990 Recommendations of the International
Commission on Radiological Protection (ICRP, 1991), and the subsequent revision of
dose coefficients for inhalation and ingestion in the first half of the 1990s, the IAEA
arranged for a group of consultants to revise the A; and A, values taking into account
those latest recommendations and data. The revised A; and A, values were included in
the 1996 Edition of the regulations (IAEA, 1996a), and are also included in the latest
transport regulations (IAEA, 2009). The calculations made use of the latest dose
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coefficients for inhalation for workers published in ICRP Publication 68 (ICRP, 1994) and
of the nuclear data published in ICRP Publication 38 (ICRP, 1983). Those nuclear data
are currently compiled in published computer files (Eckerman et al, 1993).

2.2 Calculation of Q values

221 Calculation of Qa, external dose due to gamma radiation

The values for Qa have been calculated using the methodology described in IAEA
TS-G-1.1 (IAEA, 2002) and the report produced by Benassai and Bologna, the two
consultants who revised the methodology to calculate Q, and Qg values on behalf of the
IAEA in the early 1990s (Benassai and Bologna, 1994). The latter report will be referred
in the remainder of this document as the ANPA report from the name of the organisation
for which the two consultants worked at the time. Data used for these calculations are
also described in a technical report (Eckerman et al, 1993). The Qa value for a
radionuclide was calculated from the external dose due to gamma or X-ray radiation
emitted by a damaged package at a distance of 1 m assuming an exposure time of
0.5 h. The energy dependent relationship between effective dose (Sv) and exposure 1 m
above the ground (Roentgen) is that given in ICRP Publication 51 (ICRP, 1987) for
isotropic radiation geometry. 1 Roentgen (R) is equal to 2.58 10* C kg™ and is the
amount of radiation required to produce one electrostatic unit of electricity in one cubic
centimetre of dry air at 0°C and standard atmospheric pressure. The method below
shows how the value of Qs was calculated using the methods in IAEA TS-G-1.1 (IAEA,
2002). This enabled values of effective dose to be calculated for all radionuclides.

For a given radionuclide Qa (TBq) was given by:

Qu=—LLcr 1)

where:
DL is the dose criterion for effective dose (50 mSv)

€y is the effective dose rate from a point source from gamma or X-rays at 1 m
(Sv Bg™* h™) per unit activity;

T is the exposure time (0.5 h) and
CF is the conversion factor that determines the units for Qa (10 TBq Bq'™)

Substituting the values of DLg¢, T and CF gave:

11013
A=

P @)

Qa was therefore the activity of a source (TBq) that would give a dose rate of 0.1 Sv h™
at 1 metre.
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Values of ¢y are listed in the second column of Table 11.2 of IAEA TS-G-1.1 (IAEA,
2002). These were calculated using the equation:

A
47d?

€ =

CY DY [”] e ““B(E,,d) 3)
i=1 P i

where:

andZ is the flux density for a point source (cm™ s™); assuming that the activity is 1 Bq
T
and d is 100 cm its value is 7.95 10° cm® s™

C is a constant (6.581 10° R h™ g s MeV?, see Appendix A of the ANPA report
(Benassai and Bologna, 1994))

i is the photon number
n is the number of radiation records in ICRP 38 (ICRP, 1983)
D is the relationship between the effective dose and exposure free-in-air (Sv R™);

Y; is the yield of photons of energy E; per disintegration of the radionuclide (Bq s)™, (This
should be expressed as a fraction, ie, the percentage yield divided by 100);

E; is the energy of the photon i (MeV);

[ﬁj is the mass energy absorption coefficient for photon i (cm? g™);
P i

ui is the linear attenuation coefficient in air for photon i (cm™);
d is the thickness of absorber (cm);

B(eiq) is the build up factor for a point source of energy E; and thickness of the absorber
d (adimensional).

Substituting the values of the flux density > and C gave:
d
e, =5.23x10"°) DY,E, (%j e “B(E .d) 4)
i=1 i
22.1.1 Derivation of values for parameters used to calculate Qa

Values of mass energy absorption coefficients in air (Uen/p)i and linear attenuation
coefficients in air y; were obtained from data in the ANPA report (Benassai and Bologna,
1994). The linear attenuation coefficients were obtained by multiplying the mass
attenuation coefficients ui/p by the density of air. Table 1 of the ANPA report (Benassai
and Bologna, 1994) gives values of mass energy absorption coefficients in air and mass
attenuation coefficients in air at certain energies. These values were obtained by
interpolation of data calculated by Hubbell (Hubbell, 1982). For other energies the
values of mass energy absorption coefficient and mass attenuation coefficients in air
were determined by interpolation and these interpolations are detailed in Appendix A.
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Values of the dose conversion factors, D, from Roentgens to Sieverts were taken from
Table 7 of the ANPA report (Benassai and Bologna, 1994). These values are given for
certain energies and were interpolated from data in ICRP Publication 51 (ICRP, 1987)
using methods similar to those used to calculate mass energy absorption coefficients in
air and mass attenuation coefficients in air. For other energies the values of D were
interpolated from those in Table 7 of the ANPA report.

The values of build-up factors, B(E;,d), for a range of energies were taken from Table 3
of the ANPA report (Benassai and Bologna, 1994). For most energies the value of the
build-up factor was 1 and build-up was not considered necessary for the calculation of
Qa values.

Energies (E;) and yields (Y;) of photons were obtained from ICRP Publication 38 (ICRP,
1983) and are listed in the ICRP38.RAD file (Eckerman et al, 1993).

22.1.2 Alpha emitters

In the Q System a radionuclide was defined as an alpha emitter if in more than 0.1% of
its decays it emitted alpha particles, or if it decayed into an alpha emitter. IAEA TS-G-1.1
(IAEA, 2002) states that for alpha emitters it is not in general appropriate to calculate Qa
and Qg for special form material, owing to their relatively weak gamma and beta
emissions. However, these radionuclides would present a high inhalation hazard if
released. To limit this potential hazard the Q System specified a value, Qg, for these
radionuclides, which was arbitrarily set at 10* x Qc. For these radionuclides Qg was
listed instead of Q4 if it was more restrictive.

2213 Neutron emitters

In the few cases of spontaneous fission sources (*2Cf, ?*Cf and ***Cm) the contribution
of neutron irradiation to the dose was taken into account. The Qa value for *°Cf was
evaluated using the dose rate per unit activity taken from ICRP 74 (ICRP, 1996). The
values for the other two were based on the ?*°Cf dose rate per unit activity with
allowance taken for their respective neutron emission rates relative to “*2Cf.

2.2.2 Calculation of Qg external dose due to beta emitters

The values for Qg were calculated using the methodology described in the advisory
material (IAEA, 2002) and the ANPA report (Benassai and Bologna, 1994). Data used
for these calculations are also described in (Eckerman et al, 1993). The Qg value for a
radionuclide was based on the external dose from the beta radiation from a damaged
package at a distance of 1 m for an exposure time of 0.5 h. The package was assumed
to be completely destroyed, but residual shielding was assumed to be retained. A
cautious shielding factor of 3 was assumed for beta emitters of maximum energy greater
than 2 MeV and other shielding factors depending on energy based on an absorber of
approximately 150 mg cm of thickness. The values of Qg were calculated using the
complete beta spectra for each radionuclide.

For a given radionuclide Qg (TBQ) was given by:
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— DLskin
esT

B CF (5)
where:
DLsin is the dose criterion for equivalent dose to the skin (0.5 Sv);

es is the equivalent dose rate to skin from a point source from beta emissions at 1 m
(Svh*Bg?) and

T is the exposure time (0.5 h) and
CF is the conversion factor that determines the units for Qg (10 TBq Bq™)

Substituting the values of DL, T and CF gave:
1 10712

%= ©)

Values of ez are listed in the third column of Table 1.2 of IAEA TS-G-1.1 (IAEA, 2002).
The equivalent skin dose rates were calculated from the following equation:

é[;‘ — air (7)

where:
Jair is the absorbed dose in air at 1 m from a point source in air (MeV s g™ Bq™);
C is a numerical conversion factor for Ju; (5.767 107 Gy h™ per MeV s g™) and

SFgmax is the shielding factor for the maximum beta energy of the beta spectrum
(adimensional).

SFgmax Was calculated using the following equation:
SF =eH (8)
where:

d is the thickness of absorber” (150 mg cm™) and
U is the apparent absorption coefficient (cm? mg™) given by the empirical equation:

1=0.017(E ) 9)

End point energies Egnax Were obtained from (Eckerman et al, 1993).

To obtain the value of J4 the following formula was used.

" Different units for thickness of absorber are used in other Q calculations
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‘]water (r ’)

2
n;r (pwater J
pair

Jwater(r’) is the dose in water at the water equivalent air distance r’ = L (g cm™);
77air

Nair 1S the attenuation factor of water relative to air (1.12 (Cross et al, 1982))

Jar (1) = (10)

where:

Pair is the density of air (1.21 mg cm™®) and
Puater IS the density of water (1 g cm™).

The distance r considered in the calculation was 1 m. Jyae(r) was calculated using the
following equation:

E/Jmax !

n r E

J r=—— N(E)j| —,E |—dE 11
(1) = | M )J(r J (D
where:

n is the number of beta particles emitted per transformation;

p is the density of the medium (g cm™);

N(E) is the number of beta decays per unit energy (ICRP, 1983) and

j(r—,EJ is the dimensionless dose in water emitted per electron (Cross et al, 1992a).
rE

re (cm) is the nominal Continuous Slowing Down Approximation (CSDA) range in water
given by the equation:

(12)

where:

(‘;—EJ E is the initial stopping power (MeV cm? g™%).
X

Solutions for equation (11) for the nuclide spectra could not be found in the any of the
documents that were consulted. Therefore the following approximation was used:

, n & or!
Jwaler(r )z r,z ZN(E|)J(r_IEI
i=1

|£ae )
Anp £ r

E\

where:
i is the number of energy bins in the beta spectra for each radionuclide and




REVIEW OF METHODOLOGIES TO CALCULATE Al AND A2 VALUES, AND EXEMPTION VALUES

m is the number of the energy bin which contains Egmax.

The equations result in the calculation of the absorbed beta dose rate in air (Gy h™), but
the ANPA report (Benassai and Bologna, 1994) assumed that this was equivalent in
value to the equivalent dose to the skin (Sv h™%). It should be noted that the ANPA report
assumed a limit on Qg of 10" Bq (1000 TBg), which is more likely to apply to
radionuclides with a maximum beta energy below 500 keV.

22.2.1 Derivation of values for parameters used to calculate Qg

Values of j(r/rg, E) for a list of energies and r/rg values are given in Table 11 of the ANPA
report (Benassai and Bologna, 1994). A method, based on the bicubic spline
approximation, is also given in the ANPA report to calculate values of j(r/rg, E) for
energies and rg not included in the table. However the ANPA report (Benassai and
Bologna, 1994) does not provide all the coefficients required to calculate values of
j(r/re, E) and therefore a bilinear approximation method was used. More information on
this approximation method is given in Appendix A.

Values of nominal Continuous Slowing Down Approximation (CSDA) ranges in water, rg,
are given in Table 12 of the ANPA report (Benassai and Bologna, 1994) for a list of
energies and also in ICRU, 1984. Values of rg for other energies were interpolated using
a Chebyshev polynomial. It was not possible to repeat this approximation using the
terms given in the ANPA report and therefore a linear interpolation method was used
(see section 2.2.3)

The number of beta particles per decay, n, for each radionuclide was given using the
following formula:

n= ﬂj N(E)dE (14)

0

Eckerman et al, 1993 gives the full beta spectrum of each of the radionuclides from
which values of the number of beta particles per MeV per decay and energy were
obtained.

223 Interpolation methods used in the calculation of Q, and Qg values

The ANPA report (Benassai and Bologna, 1994) gives values for the mass attenuation
coefficient in air, the build up factor and the air exposure to dose conversion factor for
the calculation of Qa, and the dimensionless dose and continuous slowing down
approximation range for the calculations of Qg at given energies. For energies not
included, the ANPA report (Benassai and Bologna, 1994) gives equations and
parameters which should be used to generate the missing values. However, it was not
possible to recreate the results for the given energies using the equations and
parameters specified in the ANPA report (Benassai and Bologna, 1994). Therefore,
different interpolation methods were used to recreate the published results and are
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discussed in Appendix A. For both QA and Qg calculations, the results were within 10%
of the results published in the ANPA report (Benassai and Bologna, 1994).

2.2.4 Calculation of Qc, internal dose via inhalation

Within the Q system it was assumed that a Type A package carrying non-special form
material was damaged such that some material escaped from the package and became
airborne, leading to a dose to a nearby worker via inhalation. It was assumed that if the
material was in special form, that was non-dispersible material, this pathway did not

apply.

The Q system was considered to apply to a range of accident scenarios, occurring both
indoors and outdoors and including the possible effects of fire (IAEA, 2002). These
scenarios were considered to lead to a release fraction in the range 10° to 102, Also,
the fraction of released material inhaled was considered to be in the range 10 to 1073,
Taking these two factors together, the Q system assumed an overall intake factor of 10°
of the package contents. Q¢ was calculated assuming that this intake gave rise to an
effective dose of 50 mSv as follows:

DL
Qo= __cF 15
¢ fintDCinh,worker ( )

Where

DL is the dose criterion for effective dose (50 mSv);

f.i is the intake factor (10 Bq per Bq released) and

DCinn, worker IS the effective dose coefficient (Sv Bq'l) for inhalation by workers
CF is the conversion factor that determines the units for QC (10™** TBq Bq™)

The ranges of release and intake given above are partly dependent on the chemical
form of the material and particle size. For the calculation of Q¢ the most restrictive
chemical form was assumed. Dose coefficients for an activity median aerodynamic
diameter (AMAD) of 1 um were used even though in some situations values for an
AMAD of 5 um may be higher. The revised IAEA TS-G-1.1 (IAEA, 2008) recommends
the use of inhalation dose coefficients from the IAEA Basic Safety Standards (IAEA,
1996b) and ICRP Publication 68 (ICRP, 1994). However the dose coefficients given in
TS-G-1.1 do not correspond with those given in ICRP 68 in all cases (see Appendix D
for more details).

In the case of uranium isotopes, Q¢ values were derived for each absorption type,
corresponding to different chemical forms. This more detailed evaluation was carried out
in IAEA TS-G-1.1 (IAEA, 2002) because dose coefficients can vary by more than an
order of magnitude between absorption types and the chemical form of uranium during
transport is almost always known.

For radionuclides whose Q¢ values, as calculated using equation (15), were greater
than 10° TBq, Qc was artificially limited to 10° TBq. For low specific activity materials (ie,
materials with a specific activity of less than 10 x Q¢ g), the Q¢ value was given as
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‘unlimited’. For noble and inert gases Q¢ values were not calculated and no value was
given in IAEA TS-G-1.1 (IAEA, 2002) (a dash "—" is used in Table 1.2 of that
publication). Figure 1 illustrates a flowchart which summarises the different steps in the
calculation of Qc.

Yes

Noble gas?

No nsert “_" or blank
in Qc column

Calculate Q.
=103/dose rate

No
Q. > 103 TBq?

Yes

Set Q.= 102 TB(q

No 0% x Qc/g =
specific
activity?

Yes

Q. = unlimited

Figure 1. Flowchart illustrating the calculation of Q¢ values

10
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2.2.5 Calculation of Qp, skin contamination and ingestion doses

Qp values for beta emitters were based on the dose from beta radiation to the skin of a
person contaminated with non-special form material as a result of handling a damaged
Type A package. Within the Q System the following assumptions were made:

e as a result of the accident 1% of the package contents were spread uniformly over
an area of 1 m%

¢ handling of the debris by a worker resulted in the contamination of the hands at 10%
of the level of the uniformly contaminated surface;

o the worker did not wear gloves, but washed hands within a period of 5 hours.

This simple but robust model was considered to represent a reasonable basis on which
to estimate the level of skin contamination which might arise under accident conditions.
The assumptions above resulted in a level of skin contamination of 10° x Qp (Bq m™).

Qp was calculated as follows:

skin 16
fh, T (16)

skin

QD=

where:
DLsin is the dose criterion for equivalent dose to the skin (500 mSv);
f is the fraction of the package contents distributed per unit area of skin (10 m™);

hein is the skin dose rate per unit activity per unit area of the skin (Sv s™ per TBq m™),
which is listed in the fifth column of Table II.2 of advisory material (IAEA, 2002) and

T is the exposure period of (5 h).

Table 11.2 of IAEA TS-G-1.1 (IAEA, 2002) provides values of hgn in units of Sv s™ per
TBg m™. Equation (16) can also be expressed as

10°
= 17
Q DR 17

where:

DRsin is the equivalent dose rate to the skin at 70 pm (nSv h™ per Bq cm®) from
contamination on the skin.

DRgin Was calculated in a number of steps. The first step was to combine skin dose
rates for monoenergetic electrons emitted from an area of 100 cm? (Cross et al, 1992b)
and the beta emission spectrum compiled in Eckerman et al, 1993. These data were
integrated using a combination of the Simpson and trapezoidal numerical
approximations. Beta emissions with energy of 0.06 MeV or less were excluded as they
have insufficient energy to penetrate the skin and would not give rise to a dose. After the
integration, contributions from internal conversion and auger electrons were added.
Contributions from progeny with a half-life of greater than 10 days were then added

11
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using the same steps, ie integrating the beta spectrum and adding internal conversion
and auger electron contributions.

In cases where equation (17) results in Qp > 10°TBqg, Qp was artificially limited to
10° TBq. For low specific activity materials (ie, materials with a specific activity less than
10° g* x Qp), the Qp value was “unlimited”. Finally, for radionuclides that have no beta
emissions (including any with insufficient energy to penetrate the skin), no conversion
electrons and no auger electrons, Qp was not calculated and no value was given in
IAEA TS-G-1.1 (a dash "—" is used in Table 1.2). Figure 2 is a flowchart which
summarises the different steps in the calculation of Qp.

2.2.6 Calculation of Qg, external exposure in air

For gaseous isotopes which do not become incorporated into the body, such as noble
gases, an additional Q value, Qg, was determined from the dose from external
irradiation in a cloud of the gas. For such non-special form material transported in a
compressed or non-compressed state, both the effective dose and skin dose were
calculated. In the calculation it was assumed that:

e the gas was released into a room where a worker was exposed
e the entire package contents were released;
« the release occured in a store room or cargo handling bay of 300 m® of volume and

e there were 4 air changes per hour within the room.

These assumptions led to an initial airborne concentration of Qg/300 Bg m™, which
decreased exponentially at a rate of 4 h™. The average activity concentration in air over
the exposure time (0.5 h) was 1.44 10° Qg (m™®). Submersion dose coefficients for
effective and skin dose are given in Federal Guidance Report No 12 (Eckerman and
Ryman, 1993) and are listed in IAEA TS-G-1.1 (IAEA, 2002).

Qe values for effective dose (TBq) were calculated as follows:

DL,
—— ' __CF (18)

Q= =TAC Moo

Qe values for skin dose (TBqg) were calculated using the following equation:

DL,
_—n__CF (19)

Q= =Tach

subskin

where:

DL and DLy, are the dose criteria for effective dose (50 mSv) and equivalent dose to
the skin (500 mSv), respectively,

TIAC is the time-integrated activity concentration in air per unit activity released which
was set to 2.6 Bq s m™ per Bq (from 1.44 10 x 0.5x 60 x 60), and

12
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Calculate B dose
rate using
Simpson/

trapezoidal rule

onversiol
/Auger
electrons?

IAdd conversion/|
Auger contribution
to dose rate

Calculate Qg
from submersion
dose coefficients|

NB: Progeny
contribution
Add progeny scaled by
B dose rate & branch ratio
onversion/Auge| and decay

L]

contribution factor

Calculate Qg
=103/dose rate

105 x Qp
>

specific

activity?.

Yes

Qg = unlimited

No beta,
auger or
conversion
electrons

Q. not calculated

Figure 2: Flowchart illustrating the calculation of Qp values

CF is the conversion factor that determines the units for Qg (10™* TBq Bq™)

hauett @nd hgupskin @are the submersion dose coefficient for effective dose and skin
equivalent dose respectively (Sv Bq® s m?®. IAEA TS-G-1.1 (IAEA, 2002) provides
values of hgypesr and hgypskin-

The Qg value is the lesser of two values calculated for the effective and skin equivalent

dose.
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2.3 Other considerations

The general methods for calculating the Q values described in the preceding sections
apply to the majority of radionuclides. For radionuclides classified as alpha emitters, Qg
needs to be substituted for Qa (Section 2.2.1.2), while for noble gases Qg needs to be
substituted for Qp (Section 2.2.6).

2.3.1 Rounding of Q, A; and A, values

The Q values were quoted to 2 significant figures whereas the A; and A, values were
given to 1 significant figure. The Q, A; and A, values were rounded up or down to the
nearest significant figure. For example if the calculated Q value was 1.49 TBq the
quoted A; or A, value was 1 TBq whereas if the calculated Q value was 1.51 TBq then
the quoted A; or A, value was 2 TBq.

2.3.2 Treatment of progeny

Within the Q System a maximum transport time of 50 days was assumed and decay
products with half lives less than 10 days were assumed to be in equilibrium with their
longer lived parents. The Q values for the parent were calculated and the contributions
from the decay products were summed with the parent, taking into account the yields. In
cases where the progeny have a half life greater than 10 days or greater than that of the
parent, IAEA TS-G-1.1 states that the parent and progeny are considered to be a
mixture and the “mixture rule” will need to be applied. The “mixture rule” is also applied
to material that contains a mixture of unrelated radionuclides. The value, X, for a
mixture is given by the formula shown below.

1

L
.

X:

m

(20)

where:
f(i) is the fraction of activity or activity concentration of radionuclide i in the mixture; and,
X is the appropriate value of A; and A, for the radionuclide i.

However, it should be noted that in the calculation of the Q values given in
IAEA TS-G-1.1 (IAEA, 2002) no mixture rule was applied.

The progeny included in the calculation of A; and A, values are those listed in the
footnote (a) of Table 1 in the IAEA Transport Regulations, IAEA TS-R-1 (IAEA, 2009)
using the branching ratios given in ICRP Publication 38 (ICRP, 1983). For Th-nat and U-
nat the progeny listed in footnote (b) of Table 1 in TS-R-1 (IAEA, 2009) were used. See
Appendix A for more details on the consideration of progeny for calculation of Q values
and Appendix C for details on specific naturally-occurring radionuclides.
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METHODOLOGY FOR CALCULATING EXEMPTION VALUES

3.1 Background

The IAEA transport regulations, TS-R-1 (IAEA, 2009) gives the limits for the activity
concentration for exempt materials (Bq g™*) and activity for exempt consignments (Bg).
These limits are used to define the term radioactive material as “any material containing
radionuclides where both the activity concentration and the activity in the consignment
exceeds the” exemption values (IAEA, 2009). The exemption values published in the
IAEA 2009 transport regulations were taken from the IAEA Basic Safety Standards
(IAEA, 1996b), which in turn were taken from the European Commission report RP-65
(Harvey et al, 1993). Exemption values were also calculated separately and supplied to
the IAEA for 119 radionuclides which were listed in the transport regulations, but for
which values were not given in the IAEA Basic Safety Standards (BSS). The exemption
values from the IAEA BSS, and the supplementary values included in the IAEA transport
regulations were calculated for exposure scenarios that were not specific to the
transport of radioactive materials. A study was carried out to examine a range of
transport-specific scenarios, in addition to the scenarios adopted for the RP-65 report,
for a small group of representative radionuclides (Carey et al, 1995). This showed that
almost all the exemption values thus derived were within an order of magnitude of the
values in report RP-65. The IAEA accepted that the values already derived in RP-65
could be used for the transport regulations, as there was no justification for having two
different sets of exemption values.

Following the production of the extra values for the transport regulations, values for a
further 400 radionuclides were calculated and published along with those calculated
previously (Mobbs and Harvey, 1998). Between 1993 and 1996, when the exemption
values were calculated, revised dose coefficients were published in two stages and it
should be noted that:

e the exemption values in the RP-65 report (and in the IAEA BSS) were calculated
using dose coefficients from NRPB-R245 (Phipps et al, 1991);

e the exemption values for the additional 119 radionuclides considered for the IAEA
transport regulations were calculated using dose coefficients from ICRP Publication
68 (ICRP, 1995) and that these dose coefficients were also used for members of the
public as ICRP Publication 72 (ICRP, 1995) had not then been published

e the exemption values for the remaining 400 radionuclides were calculated using
dose coefficients from both ICRP Publication 68 (ICRP, 1995) and ICRP Publication
72 (ICRP, 1995).

This following section reproduces details of the scenarios and pathways considered in
the calculation of the exemption values given in report RP-65. A humber of errors were
identified in the RP-65 report following publication. As these errors did not affect the
exemption values it was decided not to produce a revised report. However these errors
have been corrected in the methodology given in this report and are detailed in
Appendix E.
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3.2 Radiological basis for the derivation of exemption levels

In 1988 the IAEA reviewed the radiological basis for exemption (IAEA, 1988) and
concluded that an individual dose of a few tens of microsieverts provided a basis for
exemption. Furthermore, in order to take into account exposures of individuals from
more than one exempt practice, they recommended that the critical group exposure from
each exempt practice should be of the order of 10 uSvy™. IAEA also required the
collective dose to be ALARA and suggested that it may be assumed to be so if it is
below 1 man Sv y™ of practice. These IAEA criteria are in terms of effective dose. These
dose criteria were adopted in the IAEA Basic Safety Standards (BSS) (IAEA, 1996Db).

The methodology to determine exemption levels in the RP-65 report (Harvey et al, 1993)
adopted two additional dose criteria. The first was to protect against low probability high
consequence events. This was important as the approach taken for probabilistic events
was to consider the ‘probability weighted dose’ and then compare it with the 10 uSv y™
dose criterion. Hence a source that gave rise to a dose of 10 mSv in a probabilistic
scenario could in theory be ‘exempt’ if its probability of occurring was less than 10° in a
year. To avoid this, a dose criterion of 1 mSv y™* was used for accident scenarios should
they occur. Numerically this is the same as assigning a nominal probability of 1 in 100 to
all probabilistic scenarios and then comparing the probability weighted dose with the
10 pSv y™* criterion. This approach was taken because it was considered inappropriate
to exempt a source from the reporting requirement in the IAEA BSS if it could give rise
to doses above the dose limit for members of the public. In some circumstances it is
possible for selective localised exposure of the skin to occur, from, say, handling a
radioactive source. In order to exclude the possibility of any deterministic effects, a limit
on the annual dose to skin of 50 mSv was adopted in the RP-65 report.

Table 1. Radiological protection criteria for determining exempt activities and activity
concentrations

Annual dose criteria (mSv) Effective Skin
Normal situations 0.01 50
Accident situations 1 50

It should be noted that although collective doses were not addressed explicitly in the
RP-65 report, they had been considered in the unpublished pilot study that was
performed as a precursor to the work. The pilot study considered individual doses and
the number of people exposed and showed that the collective dose was not limiting (the
estimated collective doses were less than 0.001 man Sv). Hence no explicit collective
dose calculations were made in the RP-65 report.

The exemption levels were therefore based on the estimates of doses to individuals
representative of the most exposed people. The exempt quantities (in Bq) and the
exempt activity concentrations (in Bqg™) were calculated separately, for each
radionuclide in turn, using the following approach. Three types of exposure scenario
were considered in the RP-65 report:
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o the Normal Use (workplace) scenario represented the use of small amounts of
radionuclides in industry and other practices in the manner for which they are
intended. The exposure pathways for this scenario were external exposure to
radiation emitted by the source and inadvertent intake of radioactive materials by
inhalation and ingestion. Exposures to the public arising from normal release of
activity were assumed to be adequately covered by the workplace scenario.

e the Accidental (workplace) scenario represented abnormal procedures or incidents
that might occur during the routine use of small amounts of radionuclides. These
situations were assumed to lead to exposures via a range of external, inhalation and
ingestion pathways.

e the Disposal (public) scenario considered a member of public becoming exposed
after subsequent disposal of the source. This situation was assumed to lead to
exposures via external, inhalation and ingestion pathways. Both normal and
accidental situations were considered.

Table 2, taken from the RP-65 report, gives a more detailed description of the scenarios.
For each scenario, standard formulae were used to determine the effective dose from
unit activity concentration (or unit activity) of the radionuclide for each pathway. The
effective doses from the different pathways were then summed to give a total effective
dose from unit activity concentration (or unit activity) of the radionuclide for the scenario.

The exemption levels were calculated using the dose criteria in Table 1 and dividing
these by the doses obtained for each scenario and radionuclide, as follows:

Individual dose criterion(Svy )

Exemptactivity (Bq) = (21)

Dose per unitactivity (Svy *per Bq)

Individual dose criterion(Svy )

Exempt activity conc.(Bq g ) = (22)

Dose per unit activity conc. (Svy “perBq g )

Exemption levels were calculated for both skin doses and effective doses. For the
Normal Use (workplace) and Disposal (public) scenarios the dose for each scenario was
the sum of the effective doses from all the pathways considered. For the Accidental
(workplace) scenario, the two basic types of accident (spillage and fire) were treated
separately.

This process was repeated for up to two waste forms (dispersible solids and gas) for
activity concentration and up to six waste forms (dispersible solids, non-dispersible solid
(powder), naturally-occurring radioactive material (named as solid massive), foil,
capsule, gas and liquid) for activity as appropriate for the radionuclide, giving a number
of derived levels per radionuclide. The most restrictive derived level was then selected.
To avoid the impression of undue accuracy, the derived level was then rounded to the
nearest order of magnitude. The resulting value was the exemption level, in Bq g™ or
Bq.
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In cases where exposures were not certain to occur (accidental exposures), RP-65
calculated the 'annual average dose’, equal to the product of the dose if it occurred and
the annual probability that it will occur.

Table 2. List of exposure scenarios and pathways considered in calculations of doses

Scenario Exposure pathways

Number Definition Code Description

Activity concentration

Al Normal use (workplace) Al.l External exposure from handling a source
scenario Al.2 External exposure from a 1 m® source
Al1.3 External exposure from a gas bottle
Al.4 Inhalation of dusts
Al1.5 Ingestion from contaminated hands
A2 Accidental (workplace) This is covered by Normal use (workplace)
scenario scenario
A3 Disposal (public) scenario A3.1 External exposure at a landfill site
A3.2 Inhalation of dust at a landfill site
A3.3 Ingestion of an object from a landfill site

Activities / quantities

B1 Normal use (workplace) B1.1 External exposure from a point source
scenario B1.2 External exposure from handling a source
B2 Accidental (workplace) B2.1 Spillage: External exposure from contaminated
scenario hands
B2.2 Spillage: External exposure from contaminated
face
B2.3 Spillage: External exposure from contaminated
surface

B2.4 Spillage: Ingestion from hands

B2.5 Spillage: Inhalation of resuspended activity
B2.6 Spillage: External dose from aerosol or dust cloud
B2.7 Fire: Contamination of skin
B2.8 Fire: Inhalation of dust or volatiles
B2.9 Fire: External from combustion products
B3 Disposal (public) scenario B3.1 External exposure from a landfill site
B3.2 Inhalation from a landfill site
B3.3 External exposure to skin from handling an object
from a landfill site
B3.4 Ingestion of an object from a landfill site
3.21 Rounding of exemption values

Exemption values were quoted to 1 significant figure. The exemption values were
rounded up or down as follows: if the calculated value lay between 3 10* and 3 10***
then the rounded exemption level was 10***. For example 6 10’ would be rounded up to
1 10® whereas 2 10° would be rounded down to 1 10°.
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3.2.2 Treatment of progeny

For the radionuclides given in RP-65 all the progeny were assumed to be in secular
equilibrium with the parent radionuclide. However for the additional radionuclides that
were listed in the IAEA transport regulations, but for which values are not given in the
IAEA Basic Safety Standards (about 100 radionuclides), it was assumed that where the
progeny had a half-life of greater than 10 days its contribution to the parent was not
included (Mobbs and Harvey, 1998). Appendix C provides details for specific naturally-
occurring radionuclides.

3.3 Description of scenarios used in the calculation of doses for
the determination of exemption activities concentrations

These sections reproduce the text given in the RP-65 report (Harvey et al, 1993).
Where corrections have been made these are identified. Some of the equations given in
the RP-65 report have been simplified and some of the terms given different names but
the equations are fundamentally unchanged.

The doses calculated for the determination of exemption activity concentrations were
assumed to be for dispersible solid sources only, except where indicated. The scenarios
are identified with the numbers given in the RP-65 report as other transport documents
refer to this numbering.

3.3.1 Normal use (workplace) scenario (Scenario Al)

This scenario was intended to represent normal use of the source by an operator in the
course of his or her work. Only doses to the people using the source were assessed and
it was assumed that the individual receives exposures via both external and internal
(inhalation and ingestion) pathways.

3.3.11 External exposure from handling a source (exposure pathway Al.1)

The individual was assumed to pick up and handle a source for a limited proportion of
the working day (approximately 1% to 5%). Typical situations, which involve handling
sources, included the following:

e Manipulation of small sources (eg, fitting of sources into jigs for calibrating
instruments). This scenario also applied to longed lived gases with a half life greater
than 24 hours.

e Packaging of radioactive sources or materials.

e Machining of small radioactive components (eg, items manufactured from uranium).

It was assumed that the source was held by the fingers or within the palm of the hand,
where the skin thickness was 400 um (Charles, 1986). For beta radiation the dose rate
factors for 400 um (Kocher and Eckerman, 1987) were used and for gamma radiation
the dose rate factors for 70 ym (Piechowski et al, 1988) were used, since no other data
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were available. The exposure times and geometry considered here are such that an
accidental situation, whereby a member of the public handles a source at a landfill site is
covered by this scenario.

The skin equivalent dose from external radiation from a source in contact, Hguin a1.1
(Svy™), was given by:

Hskin,Al.l = As Texp (DRskin,y(7) + DRskin,p(m)) (23)

where:
A, is the activity per unit area (Bq cm™)
Texp is the exposure time (25 h y™* for all sources)

DRsin, 7) Is the equivalent dose rate to the basal layer of skin epidermis, for gamma
irradiation (7 mg cm)” (Sv h™ per Bq cm™) (Piechowski et al, 1988).

DRusin, pao) is the skin equivalent dose rate to the basal layer of skin epidermis, for beta
irradiation (40 mg cm™) (Sv h™! per Bq cm™) (Kocher and Eckerman, 1987).

In order to calculate the activity per unit area, As, from the activity concentration of the
source it was assumed that the source consists of two halves which were in contact with
the skin:

M
— C source 24
A =C g (24)

contact
where:

C is the activity concentration of the source (1 Bq g™);
Msource IS the mass of source (g) and

Scontact 1S the area of skin in contact with source (cmz).

Scontact Was taken to be 0.5 cm? for a sealed gaseous source of typical dimensions. For
other sources Scontact Was calculated by dividing the mass of the source by the mass per
unit area, assuming that opposite halves of the source were both in contact with skin:

S — Msource (25)

contact psowce dllz
where:
Psource i the density of the source (g cm™) and
dys, is the half thickness of source (cm)

g Assuming that the density of skin is approximately equivalent to that of water (1 g cm'3).
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Doses from gases were only calculated for those which have a half life equal or greater
than 1 day. Values of Msgurce, Psource @Nd dy/» used for the dose calculations are given in
Table 3.

Table 3. Values of Msource, Psource @nd diz used in the dose calculations for exemption values

Source type Msource (9) Psource (g cm™®) da (cm)
Dispersible solids 30 1.12 (resin) (Tennent, 1986) 0.15
Gaseous 6.15 10™ 3.5 10 (Tennent, 1986) 0.35

The effective dose from external radiation from a source, Eay1 (Svy™), was given by:

Scontact (2 6)

skin
Sbody

=H W

Al.l skin, A1.1

where:
Wskin IS the tissue weighting factor for skin (0.01 (ICRP, 1991)) and
Shoay is the total area of the skin (1 10* cm?).

3.3.1.2 External exposure from a 1 m® source (exposure pathway Al.2)

For this exposure pathway the operator was assumed to be exposed from a source of
approximately 1 m* for 100 hours per year. Examples of this are exposure from small
stock piles of ores containing natural radionuclides, process materials, or a store of
small sources of waste, such as a cabinet.

The doses from a 1 m® source were calculated from semi-infinite/infinite slab geometry
dose factors for beta (Asselineau et al, 1991) and gamma energies (Sumerling and
Sweeney, 1987). A geometry factor was applied to the gamma dose rate factor to
represent a 1 m® source (Sumerling and Sweeney, 1987) and a shielding factor was
applied to the beta dose rate to represent shielding by a cabinet. Both dose factors took
account of self attenuation within the source. The effective dose from external radiation
from a 1 m® source, Eai» (Svy™?), was given by:

Esi> = Coource Touo (DRetan, E, Fyeom + DRy 5 S, ) (27)

— “source ' exp slab,y —y ° geom slab, 8 B

where:
Csource IS the activity concentration of the source (1 Bq g™);
Texp iS the exposure time (100 h y™);

DRsian, , is the effective dose rate at 1 m above a semi-infinite thick slab of 1 Bq g'1 per
unit of gamma energy (3 10”7 Sv h™* per Bq g™ MeV (Sumerling and Sweeney, 1987);

E, is the average photon energy per transformation (MeV) (ICRP, 1983);
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Fgeom is the geometry reduction factor from infinite slab to a finite 1 m® source (2 102
(Sumerling and Sweeney, 1987));

DRgiab, g is the effective dose rate from beta particles 1 m above a semi-infinite” slab
geometry of 1 Bq g™ (Sv h™ per Bq g™) (Asselineau et al, 1991) and

SFg is the shielding factor for beta particles (0.1).

For radionuclides for which DRgap, g Was not given in (Asselineau et al, 1991), values of
DRgiab, g Were obtained by interpolation using a plot of DRgjap, g against the average beta
energies per transformation Eﬂ(MeV) (ICRP, 1983) of the radionuclides listed in

(Asselineau et al, 1991), thus:

If E;, <0.1MeV DR, ; =0
If 0.1MeV <E, <0.4MeV IN(DRy,, ;) =6 In(E,) —16.4 (28)
If E, >0.4MeV In(DRy, ;) =2.86 In(E ;) —19.7

3.3.1.3 External exposure from a gas bottle (exposure pathway A1.3)

The operator was assumed to work at a distance of 1 m from a single gas bottle
containing the radionuclide in question for 100 hours per year. This exposure geometry
was assumed to be adequately represented by a 0.1 m® solid source (Sumerling and
Sweeney, 1987), which approximated to 0.3% of the exposure from an infinite slab. This
exposure pathway was considered to occur in a number of situations, such as hospitals
or research laboratories, where a person may be unaware of the dose from the gamma
radiation emitted by the gas. It was considered unlikely that the beta particles had any
effect as they would be absorbed within the gas cylinder walls and hence were ignored.
It was assumed that the 0.5 cm steel gas bottle walls provided negligible shielding from
gamma energies. The effective dose from external radiation from a 0.1 m* gas bottle,
Ears (Svy™), was given by:

EF (29)

slab,y —y ° geom

Enrs = Copree Toro DR

.3 7 “source 'exp

where:
Csource IS the activity concentration of the source (1 Bq g'l);
Texp IS the exposure time (100 h yh):;

DRgian, » is the effective dose rate at 1 m above an infinite thick slab of 1 Bq g'1 per unit of
gamma energy (3 10”7 Sv h™ per Bq g™ MeV (Sumerling and Sweeney, 1987));

E, is the average photon energy per transformation (MeV) (ICRP, 1983) and

Fgeom is the geometry reduction factor from infinite thick slab source to 0.1 m® solid
source (3 10 (Sumerling and Sweeney, 1987)).

" A semi-infinite slab geometry was assumed to be approximately the same as an infinite slab for beta
energies.

22



METHODOLOGY FOR CALCULATING EXEMPTION VALUES

3.3.14 Inhalation of dust (exposure pathway Al.4)

For this exposure pathway the operator was assumed to be exposed for a normal
working year (2000 h y™*) to an atmosphere with a dust loading of 0.03 mg m™, adequate
engineering controls for ventilation were assumed. It should be noted that in the RP-65
report (Harvey et al, 1993) the dust loading is given as 0.04 mg m™>. However in the
calculations a value of 0.033 mg m™ was used. This difference in noted in Appendix E.
This level is similar to the average activity concentrations in air allowed for industrial
processes, for some elements, as a result of their chemical toxicity limits. For example,
silicon and cobalt are restricted to 0.1 mg m™ (Van Den Oever et al, 1990) and beryllium
is restricted to 0.002 mg m™ (Hoover et al, 1990).

The committed effective dose from inhalation of dust and volatiles, Ea14 (SV y'l), was
given by:

EA1.4 = Csource Texp Rinh DCinh DL (30)
where:
Csource IS the activity concentration in the source (1 Bq g'l);
Texp is the exposure time (2 10° h y™);
Rinn is the breathing rate (1 m® h™®) (ICRP, 1975);
DCinn is the dose coefficient for inhalation (Sv Bq™) (Phipps et al, 1991) and
DL is the dustloading factor (0.03 mg m™)

3.3.15 Ingestion from contaminated hands (exposure pathway A1.5)

This pathway assumed that a person worked for a standard working year (250 days per
year) in an environment in which dust, containing radionuclides at an air concentration of
0.04 mg m™, settled on work surfaces. It was assumed that the volume of the room is
32 m?® and that all the dust (1.25 10 g) settled in a working day. It was also assumed
that the individual inadvertently ingests about 1% of the dust deposited daily
(1.25 10° g). The total mass of dust containing radionuclides ingested in a year was
therefore 310°%g. Note that RP-65 (Harvey et al, 1993) stated that the person
considered for this exposure pathway inadvertently ingested 10% of the dust and
therefore the total mass of dust ingested was 32 10° gy™. These are typographical
errors and these values were not used in the calculation. This is noted in Appendix E.

The committed effective dose from ingestion of dust, Eays (Sv y'*), was given by:

EA1.5 = C Ring DCing (31)

where:

C is the activity concentration in the dust (1 Bq g™);

Ring is the annual ingestion rate of contaminated material (3 102 gy™ and
DCiyq is the dose coefficient for ingestion (Sv Bq™) (Phipps et al, 1991).

23



REVIEW OF METHODOLOGIES TO CALCULATE Al AND A2 VALUES, AND EXEMPTION VALUES

3.3.2 Accidental/misuse (workplace) scenario (Scenario A2)

This scenario was intended to represent exposure arising from accidents and misuse in
the workplace. The exposure pathways considered for this scenario are the same as
those included in the normal use (workplace) scenario and the annual doses for the
accidental scenario are lower than those from the corresponding normal use (workplace)
pathway. RP-65 (Harvey et al, 1993) stated that the accidental (workplace) scenario was
therefore considered to be adequately covered by the normal use (workplace) scenario
and was not treated explicitly. RP-65 stated that it could shown that the dose to the
individual, should the accident occur, would be below the dose criteria for effective dose
of 1 mSv y* and for skin dose of 50 mSv y* for the following reasons:

e the contact time assumed in the calculation of doses to the skin for normal use
(workplace) was 25 h y™. If an accident occurred, the exposure time was likely to be
much shorter (10 minutes would appear to be a more reasonable estimate).
Therefore, if normal use gave doses below the 50 mSv skin dose limit, then so will
an accident, if it occurred.

e an exposure time of 100 hours per year was used in the calculation of doses from
external exposure in the normal use (workplace) scenario. Assuming continual
occupancy (by this it is assumed that RP-65 means that the individual remains in the
room a period of 10 minutes), the maximum individual dose from an accidental
situation would be around 0.7 mSv.

e a dust loading of 0.03 mg m™ over the working year was used in the calculation of
doses from inhalation in the normal use (workplace) scenario. In order to incur a
dose of 1 mSv the dust loading would have to reach 3 mg m™, which is close to an
intolerably dusty atmosphere.

e an ingestion rate of 3 mg per year was used in the calculation of doses from
inadvertent ingestion of dust in the normal use (workplace) scenario. In order to
receive a dose of 1 mSv a person would have to ingest over 0.3 g of material during
an accident.

3.3.3 Disposal (public) scenario (Scenario A3)

The disposal scenario for activity concentrations considered the exposure of a member
of the public who visits a landfill site in which a radioactive source has been disposed of.
Most sites are accessible to the public, especially those that allow members of the public
to dispose of their own household refuse, such as Local Authority tips in the UK. The
landfill site was assumed to be a generic small site with a capacity for domestic waste of
1.5 10* tonnes (Asselineau et al, 1991) over an area of 0.01 km?. RP-65 (Harvey et al,
1993) assumed that a delay of 24 hours occurred between the use of the source and its
subsequent disposal at the landfill site. The source was assumed to decay over this
period, but radioactive decay over the time the individual was exposed was not
considered. RP-65 stated that this was a very cautious assumption and also allowed for
the possibility of sequential disposal of sources. Three exposure pathways were
considered: external exposure to radioactivity in the waste from a broken source,
inhalation of resuspended material containing radioactive material from the source and
ingestion of radioactive material from a source. The ingestion pathway was considered
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as a normal exposure pathway, while the other two were treated as accidental
pathways, with the probability of an exposure occurring in a year assumed to be 1 in
100.

3.33.1 External exposure from a landfill site (exposure pathway A3.1)

This pathway considered a member of the public assumed to walk over the landfill site
for a time considered to be typical of outdoor recreational activities (300 h y?). It was
assumed that when the source was disposed of on the landfill site it may either have
become diluted by the remaining waste, or remained as an isolated source. RP-65
(Harvey et al, 1993) stated that in both cases the external dose to the individual was the
same. It is understood that this statement is based on the assumption that the time a
person will be exposed to a single source will be much smaller than to a widely
dispersed source which is counterbalanced by the doserate being much higher. The
doses were calculated from external gamma radiation assuming that the landfill site was
represented by an infinite thick slab geometry as described for exposure pathway Al.2
(see Section 3.3.1.2).

The annual effective dose from external radiation from a landfill site, Eas; (Sv y™), was
given by:

s (32)

m

Exzi =Chasie Texs PR

waste  exp slab,y

where:
Cuaste IS the activity concentration in the waste disposed of to landfill (Bq g™);
Texp Is the exposure time if exposure occurs (300 h);

DRsian, , is the effective dose rate at 1 m above an infinite thick slab of 1 Bq g'1 per unit of
gamma energy (3 107 Sv h™ per Bq g™* MeV (Sumerling and Sweeney, 1987));

E, is the average photon energy per transformation (MeV) (ICRP, 1983) and

s is the probability of exposure occurring in a year (0.01 y™).

The activity concentration in the waste, Cyase, Was calculated from the activity
concentration of the source using the equation:

— C f Msource (33)

source 'decay M

C

waste
waste

where:

Csource IS the activity concentration of the source (1 Bq g'l);

Msource IS the mass of source (100 g) (Tennent RM, 1971)*;

Muaste IS the mass of waste tip (1.5 10*° g) (Asselineau et al, 1991) and

" This value was used in RP-65 for all waste forms except gases for which doses for this pathway were
not calculated
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faecay IS the fraction of the radionuclide remaining after 1 day due to radioactive decay
(progeny are not considered).

3.3.3.2 Inhalation of dust from a landfill site (exposure pathway A3.2)

This pathway considered a member of the public walking over a landfill site as in A3.1
and inhaling dust from the exposed contaminated soil from a single source for 1 hour
per year. The dust loading was assumed to be 1 mg m™ (Sumerling and Sweeney,
1987) and have had the same activity concentration as the soil in A3.1.

The annual committed effective dose from inhalation of dust from a landfill site, Eaz»
(Svy™), was given by:

E =C,.ce o Ry, DC,, DLS (34)

— “waste ' exp

where:

Cuaste 1S the activity concentration in the waste disposed of to the landfill site (1 Bq g™)
and calculated using equation (33);

T is the exposure time (1 h y™);

Rinn is the breathing rate (1 m® h™) (ICRP, 1975);

DCinn is the dose coefficient for inhalation (Sv Bq™) (Phipps et al, 1991);
DL is the dust loading (0.001 g m™) and

s is the probability of exposure occurring in a year (0.01 y™).

3.3.3.3 Ingestion of radioactive material from a landfill site (exposure pathway A3.3)
In this scenario a member of the public was assumed to inadvertently ingest a small
quantity of radioactive material from a source disposed of at a landfill site. This scenario
was intended to represent several different situations, such as a person who has found
a radioactive source or an object contaminated with radioactivity which seeped from a
source, a person who ingested contaminated soil from their hands or a child who
accidentally swallowed a contaminated object.

RP-65 (Harvey et al, 1993) assumed that a person ingested 1 g of the source in a year.
This was based on an ingestion rate of 2 g y™ typically used for inadvertent ingestion of
soil while gardening, allowing for the fact that some of the ingested material would not
be contaminated.

The annual committed effective dose for inadvertent ingestion of radioactive material
found on a landfill site, Eas5 (Sv YY), was given by:

E nas = Coource Meource frg DCing T

source ' 'source 'ing ing 'decay

(35)

where:
Csource IS the activity concentration of the source (1 Bq g'l)
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Msource is the mass of source (1 107 g)
fing is the fraction of source ingested in a year (1 10%y™)
DCiyg is the dose coefficient for ingestion (Sv Bq™) (Phipps et al, 1991) and

faecay is the fraction of the radionuclide remaining after 1 day due to radioactive decay
(progeny are not considered).

3.34 Calculation of total doses from normal use (workplace) and disposal
(public) scenarios for the determination of exemption activity concentrations

For radionuclides which are in solid form the total effective dose to workers for the
normal use scenario was given by:

Eeff,normal =Epni+Eans +Ens +Eus (36)
For radionuclides which are gases the total effective dose for workers was given by:
Eeff,normal =Euni +Eas (37)
The total skin dose for workers was given as:
Hskin,normal = Hskin,Al.l (38)

The total effective dose for members of the public for the disposal scenario was given
by:

E =Ep31 +Epsy tEass (39)

eff , disposal

3.4 Description of scenarios used in the calculation of doses for
the determination of exemption activities (quantities)

3.4.1 Normal use (workplace) scenario (Scenario B1)

The normal use (workplace) scenario for quantities or activities of radionuclides
considers external exposure to workers in the course of their work. As with the
calculation of exemption values for activity concentrations, only doses to people using
sources were assessed.

34.1.1 External exposure from a point source (exposure pathway B1.1)
The operator was assumed to be working near a small source, represented by a point
source at 1 m.

Typical situations this scenario was intended to represent were:

27



REVIEW OF METHODOLOGIES TO CALCULATE Al AND A2 VALUES, AND EXEMPTION VALUES

¢ Repetitive use of a small sealed source to test equipment.

e Fitting of small sealed sources into a device such as a smoke detector or a scientific
instrument.

e Small sealed sources or small quantities of unsealed radioactive solutions (vials)
packaged into containers.

e Use of radioactive sources in industry for tracer studies.

The effective dose from external radiation from a point source, Egy1 (Sv y™), was given
by:

EBl.l = Asource Texp (DRpoint,y + DR (40)

point,ﬁ)

where:
Asource 1S the activity of source (1 BQ);

Texp Is the exposure time (100 h y* for liquids and dispersible solids; 200 h y™* for
non-dispersible solids (solid massive), capsule and foil);

DRyoint, IS the effective dose rate for gamma radiation for a point source of 1 Bg at 1 m
(Sv h* per Bq) (Asselineau et al, 1991) and

DRyoint, g Is the effective dose rate for beta radiation for a point source of 1 Bg at 1 m
(Sv h* per Bq) (Asselineau et al, 1991).

3.4.1.2 External exposure from handling a source (exposure pathway B1.2)
This exposure pathway was described in section 3.3.1.1. The skin equivalent dose from
external radiation from a source in contact, Hgn s12 (SV y'l), for dispersible solids,
sealed gaseous sources, capsule and foil were given by equation (23) using an
exposure time, Teyx, 0f 10 h y'. For liquids the skin equivalent dose was given by:

DRs in
Hskin,Bl.Z =Ag Texp (DRskin,m) +%J (41)
B

where:
A, is the activity per unit area (Bq cm™);
Texp IS the exposure time (10 h yh);

DRsuin, x7y Is the equivalent dose rate to the basal layer of skin epidermis for
gamma radiation (7 mg cm®) (Sv h™ per Bq cm™) (Piechowski et al, 1988);

DRsuin, a0y is the equivalent dose rate to the basal layer of skin epidermis, for beta
radiation (40 mg cm™) (Sv h™! per Bq cm™) (Kocher and Eckerman, 1987) and

SFs is the shielding factor for liquid sources held in glass vials (IAEA, 1987). The
shielding factor is calculated using equations (8) and (9). However Egyax is assumed to

be three times the average beta energy, Eﬁ. It is assumed that the glass vial containing
the liquid attenuates beta emissions through a wall thickness of 150 mg cm™.
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The activity per unit area, As, was calculated from the activity of the source using the
same method used for scenario Al1.1 (Section 3.3.1.1):

_ A%ource
A=g (42)

contact

Where

Asource IS the activity of the source (1 Bg) and
Scontact IS the area of skin in contact with source (cmz).

As for exposure pathway Al.1, Sconact Was taken to be 0.5 cm? for a sealed gaseous
sources of typical dimensions, while for other sources it was calculated using equation
(25). Values of Msource, Psource @Nd dyj, used for the dose calculations are given in Table
4. The effective dose from external radiation from a source, Eg; > (Sv y'l), was calculated
using equation (26). It should be noted that doses to gases were only calculated for
those which have a half-life equal or greater than 1 day.

Table 4 Values of Msource, Psource @nd diz used in the dose calculations for exemption values
(activities)

Source type Msource (9) Psource (g cm™®) dar2 (cm)
Liquids 10 1 (water) (Tennent, R M, 1971) 0.5
Dispersible solids 30 1.12 (resin) (Tennent, R M, 1971) 0.15
Capsule 810 5 (iron mixed) (Tennent, R M, 1971) 810°

Foil 410" 5 (iron mixed) (Tennent, R M, 1971) 410°
Gaseous 6.15 10 3.510%(Tennent, R M, 1971) 0.35
3.4.2 Calculation of total doses from normal use (workplace) scenario for

the determination of exemption activities

For all sources except those in gaseous form the total effective dose for workers was the
sum of the following pathways:

Eeff,normal = EBl.l + EBl.2 (43)

For sources in gaseous form:

E = Egl,z (44)

eff, normal

For all types of sources the total skin dose for workers was:

H = Hskin, B1.2 (45)

skin, normal
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3.4.3 Accidental use/misuse (Scenario B2)

The accidental (workplace) scenario for activity calculations considers exposure arising
from accidents or misuse in the workplace. In this scenario workers are assumed to
receive doses from external and internal irradiation from two situations: accidental
spillage of radionuclides and contaminated smoke from a fire. For most spillage
pathways the mass of the source is assumed to be 10 g for liquids and 30 g for
dispersible solids. The exception is for pathways B2.4 and B2.5, for which a more
pessimistic mass of 100 g is assumed.

3.43.1 External exposure from spillage to hands (exposure pathway B2.1)

The calculation of doses for this exposure pathway assumed that an individual
accidentally spilt a radioactive solution (liquid) or powder (dispersible solid) over a
working surface and that 10% of the radioactive material covered the back of the
individual's hands and part of their arms. It was assumed that the radioactive material
was washed off after 10 minutes. The skin thickness over this region was assumed to be
40 pm (Charles, 1986) and skin doses were calculated for a thickness of 40 um (Kocher
and Eckerman, 1987) for beta particles and 70 ym (Piechowski et al, 1988) for gamma
radiation.

The annual equivalent dose to the skin resulting from spillage of radioactive material to
the hand and arm, Hen 2.1 (SV y'), was given by:

Hskin,BZ.l = AsTexp (DRskin,y(7) + DRskin,ﬂ(4))s (46)

where:

A, is the activity per unit area (Bq cm™);

Texp IS the exposure time (0.16 h);

DRsuin, x7) IS the equivalent dose rate to the basal layer of the skin epidermis, for gamma
irradiation” (7 mg cm™) (Sv h™ per Bq cm™) (Piechowski et al, 1988);

DRsuin, g4y Is the equivalent dose rate to the basal layer of the skin epidermis, for beta
irradiation (4 mg cm™) (Sv h™* per Bq cm™) (Kocher and Eckerman, 1987) and

s is the probability of exposure occurring in a year (0.01 y™).

The activity per unit area, As, was calculated from the activity in the source assuming
that when the accident occurred all the solution or powder was spilt onto a working
surface and that 10% of the material was transferred to the back of the hands and arms.
The thickness of the material deposited in the back of the hand and arms was assumed
to be 0.01 cm (Asselineau et al, 1991).

_ Asource f
A=g (47)

contact

g Assuming that the density of skin was approximately equivalent to that of water (1 g cm'3).
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where:

Asource 1S the activity of the source before spillage (1 Bq);

fis the fraction of spilt material transferred to hands (0.1) (Asselineau et al, 1991) and
Scontact IS the area of skin in contact with the material spilt, calculated using the equation:

S — Msource f (48)

contact d
pSOLI rce

where:
Msource IS the mass of source before spillage (10 g for liquids; 30 g for dispersible solid)
f is the fraction of spilt material transferred to hands (0.1) (Asselineau et al, 1991)

p is the density of the source (1 g cm™ for liquids; 0.5 g cm™ for dispersible solids
(Asselineau et al, 1991)) and

d is the thickness of deposit on hands (0.01 cm) (Asselineau et al, 1991).

Therefore Scontact Was 100 cm? for liquids and 600 cm? for solids. The effective dose
resulting from spillage of radioactive material to hand and arm, Eg,; (Sv y?), was
calculated using equation (26), using the value for S¢ontact from equation (48).

3.4.3.2 External exposure of face contaminated with radioactive material spilt
(exposure pathway B2.2)

This exposure pathway assumed that a spillage had occurred as in B2.1 and 10% of the
material which contaminated the hands was transferred to the face where it remained for
10 minutes, before it was washed off. The skin thickness over the face was assumed to
be 40 um (Charles, 1986) and doses were calculated using the same dose factors as
described in B2.1.

The annual equivalent dose to the skin from spillage of radioactive material to the face,
Hsin 21 (SVy™), was calculated using equation (46) and the effective dose resulting
from spillage of radioactive material to the face, Egy» (Sv y*'), was calculated using
equation (26).

The activity per unit area, As, was calculated from the activity assuming that a similar
situation occurred to that described in B2.1 and that 10% of the material on the hands
was transferred to the face. The thickness of the material deposited on the face was
assumed to be 0.001 cm (Asselineau et al, 1991). A, was therefore calculated using
equation (47) and using a value of f, the fraction of spilt material transferred to hands
and then to face of 0.01. Sconact iS the area of skin in contact with the material spilt,
calculated using equation (48) using a value of 0.01 for f (Asselineau et al, 1991) and
0.001 cm for d, the thickness of deposit on hands (Asselineau et al, 1991). Therefore
Scontact Was 100 cm? for liquids and 600 cm? for solids.
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3.4.3.3 External exposure from spillage over a surface (exposure pathway B2.3)
This exposure pathway was intended to represent the situation where a radioactive
solution (liquid) or powder (dispersible solid) was spilt on a surface and was not
detected for a short period of time. It was assumed that the total quantity of the solution
or powder was spilt over a circular area of a working surface of 7 m? (radius of 1.5 m).
The exposed individual was assumed to be working at a distance of 1 m from the spilt
material for a period of 10 minutes, before the accident was recognised. Doses were
calculated assuming that the contaminated area was of a finite extent. The effective
dose rates above an infinite plane (Kocher, 1983) were multiplied by a geometry
reduction factor (Panel of the Radioactive Substances Advisory Committee, 1971) to
account for the finite area of the spilt source.

The annual effective dose from external radiation from a spilt source, Eg, 3 (Sv y'l), was
given by:

EBZ.3 = AsTexp (DRpIane,y +DR F S (49)

plane,/}) geom
where:

A, is the activity per unit area (Bq m™);

Texp IS the exposure time (0.16 h);

DRypiane, » and DRpiane, g are the effective dose rates 1 m above an infinite plane for
gamma and beta radiation (Sv h™ per Bq m?) (Kocher, 1983);

Fgeom is the geometric reduction factor relating a contaminated area with radius 1.5 m to
an infinite plane (0.1) (Panel of the Radioactive Substances Advisory Committee, 1971)
and

s is the probability of exposure occurring in a year (0.01 y™).

The activity per unit area, As, was calculated from the activity using the equation:

A
A=3 (50)
spillage
where:
As is the activity of source (1 Bq) and
Sspillage IS the area of the spillage (7 mz).
3.4.3.4 Inadvertent ingestion from hands of radioactive material spilt (exposure

pathway B2.4)

This pathway assumed that a radioactive solution (liquid) or powder (dispersible solid)
was spilt and a person inadvertently ingested 1 mg of spilt material (ie, 1 10 of the total
mass) from his or her hands. As discussed in section 3.4.3 for pathways B2.4 and B2.5
a mass of 100 g was assumed.
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The annual committed effective dose from inadvertent ingestion of radioactive material
on hands following a spillage, Egz.4 (Sv y), was given by:

EBZ.4 = As fing DCing S (51)

where:

As is the activity of source (1 BQ);

fing Is the fraction of total activity which is ingested if spillage occurs (1 10°);
DCiyq is the dose coefficient for ingestion (Sv Bq™) (Phipps et al, 1991) and
s is the probability of exposure occurring in a year (0.01 y™).

3.4.3.5 Inhalation of resuspended activity from spillage (exposure pathway B2.5)
For this exposure pathway it was assumed that a radioactive solution (liquid) or powder
(dispersible solid) spilt and an individual inhaled the dust or aerosols for 10 minutes,
close to the source. The mass of the spilt source was assumed to be 100 g and the
concentration of resuspended dust was 5 mg m™.

The annual committed effective dose from inhalation of dust resuspended from a spilt
source, Eg,5 (Svy™), was given by:

Asource Texp Rinh DCinh DL
B25 — M S

source

E

(52)

where:

Asource 1S the activity of the source (1 Bq);

Texp is the exposure time (0.16 h);

Rinn is the breathing rate (1 m® h™®) (ICRP, 1975);

DCinn is the dose coefficient for inhalation (Sv Bq™) (Phipps et al, 1991);
DL is the dust loading factor (5 10 g m™);

Msource IS the mass of the source (100 g) and

s is the probability of exposure occurring in a year (0.01 y™).

For liquids the activity inhaled takes account of (is multiplied by) the volatility of the
liquid.

3.4.3.6 External dose from an aerosol or dust cloud from spillage (exposure
pathway B2.6)

For this exposure pathway it was assumed that an aerosol or dust cloud formed from
spilling a radioactive solution (liquid) or powder (dispersible solid), dispersed uniformly in
a room of 32 m* and remained airborne for at least 10 minutes. The individual was
assumed to remain in the room for a period of 10 minutes and be exposed to the
external irradiation from the radionuclides in the cloud.
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For the liquid solution it was assumed that all the mass spilt was dispersed into the room
by evaporation as aerosols and the airborne fraction which was radioactive depends on
the volatility of the particular radionuclides.

For the dispersible solid it was assumed that an airborne dust formed throughout the
room. A dust loading factor of 5 mg m™ was adopted.

Doses from external irradiation to an individual were calculated using effective dose
factors based on total immersion in a semi-infinite cloud.

The annual effective dose from external exposure to gamma and beta radiation in a dust
cloud from spillage, Eg,¢ (Sv y?), was given by:

Cair Tex E DRC oud, e + E DRC oud , skin Ws in S
E826 _ p( ¥ loud, eff B loud, ski k ) (53)
. Nh

where:

Cair is the activity concentration in air (Bq m™);

Texp IS the exposure time (0.16 h);

Ey and E[, are the average gamma photon and beta energy per transformation (MeV)
respectively (ICRP, 1983);

DReoug eff IS the effective dose rate in a semi-infinite cloud per unit air activity
concentration and unit energy for gamma radiation (1.6 10° Sv y* per Bq m® MeV)
(NRPB/CEA, 1979);

DRcioug, skin 1S the equivalent dose rate to the skin in a semi-infinite cloud per unit air
activity concentration and unit energy for beta radiation (2 10° Sv y* per Bq m* MeV)
(NRPB/CEA, 1979);

Wskin IS the tissue weighting factor for skin (0.01) (ICRP, 1991);
Nj is the number of hours in a year (8760 h y™*) and
s is the probability of exposure occurring in a year (0.01 y™).

The activity concentration in air, Cy, was calculated using the equation:

Cair — A%ou\r;e frel (54)

where:

Asource 1S the activity of source (1 Bq);

f. is the fraction of source dispersed into room (1 for liquids; 5.3 10° for solids) and
V is the volume of room source is dispersed in (32 m? for a typical laboratory room).

For liquids C, takes account of the volatility of radionuclide, v, and equation (54)
becomes:
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c Af v

air vV (55)

Only a small number of elements were assumed to be volatile: hydrogen, carbon,
sulphur, chlorine and iodine. All other elements had a value for v of zero, because no
activity was released. A reference for this data has not been provided in RP-65.

3.4.3.7 Contamination of skin following a fire (exposure pathway B2.7)

This pathway was deemed to be appropriate for a laboratory fire in which a radioactive
source is ignited. The fraction of the source which combusts into ash was assumed to
be 100% for liquids and 1% for all other waste forms. For skin contamination it was
assumed that the ash is deposited over a large area of the workplace to a thickness of
0.1 mm (Asselineau et al, 1991). The dose to the skin was calculated assuming that a
skin area of 100 cm? was exposed to the deposit for 10 minutes. This is likely to be the
parts of the face or the back of the hands, where the skin thickness is only 40 ym
(Asselineau et al, 1991).

Doses were calculated using the same methodology described for exposure pathway
B2.1 (Section 3.4.3.1). The annual skin equivalent dose resulting from skin
contamination from an accidental fire, Hsin 527 (SV y'l) was given by equation (46),
using an exposure time Te,, of 0.16 h. The effective dose from skin contamination by fire
ash, Eg- (Sv y?), were calculated using equation (26). The activity per unit area, As,
was calculated assuming that the ignited source produces a cloud of smoke and that
ash was deposited uniformly over a large area. Only the activity over an area of 100 cm?
was assumed to contribute to the dose to the skin. The form of the material deposited
was assumed likely to be water droplets for liquids and ash for all other waste forms. As
gases do not deposit; external doses from this waste form were considered in the
calculation of doses from exposure to gamma and beta radiation in a cloud
(section B2.9). A; was given by:

_ Asource fc
A=—g (56)

where:
Asource 1S the activity of source before the fire (1 Bq);

f. is the fraction of source which is combusted into ash/water vapour (1 for liquids; 0.01
for all other waste forms) and

S is the area of surface contaminated with ash/water droplets (cm?). S was calculated by
dividing the total mass of the material deposited by the mass per unit area of deposit,
assuming that the thickness was 0.1 mm and had the same physical properties as a
dust.

S — Msource fC (57)

pd
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where:
Msource 1S the mass of source before ignition (100 g for all waste forms);

f. is the fraction of source which is combusted (1 for liquids; 0.01 for all other waste
forms);

p is the density of the source (0.5 g cm™) (Asselineau et al, 1991) and
d is the thickness of deposit (0.01 cm) (Asselineau et al, 1991).

3.4.3.8 Inhalation of dust or volatiles produced in a fire (exposure pathway B2.8)
This exposure pathway was assumed to be appropriate for the same laboratory fire
considered in section 3.4.3.7. People were assumed to inhale the combustion products
for 10 minutes, since people could inhale the fumes even after the fire was extinguished,
if the air remained laden with combustion products. It was assumed that the entire
combusted fraction (100% for liquids and gases, 1% for all other waste forms) filled a
room of 32 m® and the air concentration remained at the same level for at least
10 minutes.

The annual effective dose from inhalation of aerosols and ash from an accidental fire, E
(Svy™), was given by:

Esz.s =C, T Rinh DCinh S (58)

air | exp
where:

C.r is the activity concentration in air (Bq m™);

Texp is the exposure time (0.16 h);

Rinn is the breathing rate (1 m® h%) (ICRP, 1975);

DCinn is the dose coefficient for inhalation (Sv Bg™) (Phipps et al, 1991) and
s is the probability of exposure occurring in a year (0.01 y™).

The activity per unit volume, Cg;, was calculated using the equation:

A |
C = ource "c 59
air V ( )

where:
Asource IS the activity of source before ignition (1 Bq);

f. is the fraction of source which is combusted into ash (1 for liquids and gases; 0.01 for
all other waste forms) and

V is the volume of the room in which aerosol or ash is dispersed (32 m?). To resolve a
rounding error in the calculation of the activity per unit volume the volume of the room
was assumed to be 32.3 m®,
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3.4.3.9 External dose from combustion products after a fire (exposure pathway
B2.9)

For this exposure pathway it was assumed that an individual was exposed to external
gamma and beta radiation from radionuclides in the cloud formed a cloud which
persisted for at least 10 minutes (as in B2.6). The same assumptions as those made for
the calculation of doses for exposure pathway B2.9 were made about the size of the
room, the combusted fraction of the source and the air concentration.

The annual effective dose from external exposure to gamma and beta radiation emitted
by radionuclides in a smoke cloud from an accidental fire, Eg,9 (SV y'l), was calculated
using equation (53). The activity concentration per unit volume in air C,; was calculated
using equation (59).

3.4.4 Calculation of total doses from accidental (workplace) scenario for the
determination of exemption activities

For radionuclides which are in solid and liquid forms the total effective dose to workers
for the accidental scenario was given by:

Eeff,accident = EBZ.l + Esz.z + Esz.s + Esz.4 + Esz.s + Esz.e + E32.7 + Esz.s + Esz.g (60)
The total skin dose was given by:
Hskin,accidem = Hskin,BZ.l + Hskin,BZ.Z + Hskin,BZ] (61)

For radionuclides which are in foil, capsule and solid massive form the total effective
dose to workers for the accidental scenario was given by:

E =E +Eg,5 + Egog (62)

eff ,accident B2.7

The total skin dose was given by:

Hskin,accidem = Hskin,BZ.? (63)

For sources in gas form the effective dose to workers was given by:

E = Esz.g (64)

eff ,accident

Doses to the skin were not calculated for radionuclides in gas form.
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3.4.5 Disposal (public) scenario (Scenario B3)

This scenario considered normal and accidental exposures of a member of the public
visiting a landfill site. The exposure pathways considered were similar to those
considered for scenario A3 (see Section 3.3.3): external irradiation, inhalation and
ingestion. It was also assumed that the radioactive material in the source decayed over
the period of 1 day between use and disposal (see Section 3.3.3).

3.45.1 External exposure from a landfill site (exposure pathway B3.1)

For this exposure pathway it was assumed that a member of the public walks over the
landfill site for a time considered typical of outdoor recreational activities (300 h y™). The
individual walking across the site was assumed to be exposed to a single 100 g
radioactive source containing 1 Bq of activity at 1 m from ground level. When the source
was disposed of on the landfill site it either became diluted by the remaining waste, or
remained an isolated source. In both cases RP-65 states (Harvey et al, 1993) that the
external dose to the individual will be the same for the reasons given in Section 3.3.3.1.

The doses were calculated from external gamma radiation assuming that the landfill site
can be represented by an infinitely thick slab geometry.

The annual effective dose from external radiation from a landfill site, Egs; (Sv y*) was
given by equation (32). The diluted activity concentration, Cp, was calculated from the
activity concentration of the source using the equation:

f
CD — '%olil/rlce decay (65)

waste

where:

Asource IS the activity of the source (1 Bq);

Myaste IS the mass of waste tip (1.5 10*° g) (Asselineau et al, 1991) and

faecay is the fraction of the radionuclide remaining after 1 day due to radioactive decay.

3.45.2 Inhalation of dust from a landfill site (exposure pathway B3.2)

It was assumed that a member of the public may have inhaled dust from radioactive
contaminated material on a landfill site. RP-65 (Harvey et al, 1993) states that a
member of the public is assumed to be walking over a landfill site and accidently
inhaling dust from an undiluted source of 1 g, for a period of 1 h y™.

The annual committed effective dose from inhalation of dust by a member of the public
from a landfill site, Egs, (Sv y™), was given by:

Egyy = MTW R,,DC,, DLf,_ S (66)

B3.2 decay
source

where:
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Asource 1S the activity of the source (1 Bq);

Msource IS the mass of source (1 g)

Texp is the exposure time (1 h y™);

Rinn is the breathing rate (1 m* h™) (ICRP, 1975);

DCinn is the dose coefficient for inhalation (Sv Bq™) (Phipps et al, 1991);
DL is the dustloading factor (0.001 g m™);

faecay IS the fraction of the radionuclide remaining after 1 day due to radioactive decay
(progeny are not considered) and

s is the probability of exposure occurring in a year (0.01 y™).

3.4.5.3 External exposure to skin from handling object from a landfill site (exposure
pathway B3.3)

For this exposure pathway it was assumed that a person walking over the landfill site
may have found and collected an object contaminated with radioactive material. The
person was assumed to hold the object or place it in their pocket for 8 hours. It was
assumed that the source weighed 30 g and was only in contact with the palm of the
hand or was shielded by clothing and hence a skin thickness of 400 um was assumed
for dose calculations. The doses were calculated using a similar methodology to that
described in section B1.2 assuming a dispersible solid source 0.3 cm thick to represent
radionuclides from all source forms (except gases). The sources were assumed to have
been disposed of in this form, or become mixed with waste of similar properties (eg,
liquids contaminating soil or other waste objects).

The annual skin equivalent dose resulting from skin contamination from a radioactive
object found on a landfill site, Hen 833 (SV y*), was given by equation (46) using an
exposure time Ty, Of 8 h. The activity per unit area, As, was calculated using equation
(47). Scontact IS calculated using equation (25) and parameter values for dispersible solids
(Msource = 30 0; Psource = 1.12 @ cm?and dy, = 0.15 cm). The effective dose from external
radiation from a source was calculated using equation (26).

3.45.4 Inadvertent ingestion of radioactive material from an object found on a
landfill site (exposure pathway B3.4)

A member of the public was assumed to be walking over a landfill site and to have found
a radioactive source or an object contaminated with radioactivity which seeped from a
source. The individual was then assumed to ingest inadvertently a small fraction (0.1%)
of the source.

The committed effective dose from ingestion of radioactive material from an object found
on a landfill site, Egz4 (Sv y?), was given by:

EB3.4 = A%ource fing DCing fdecay (67)

where:
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Asource IS the activity of the source (1 Bq);
fing is the fraction of source ingested per year (0.001 yh;
DCiyg is the dose coefficient for ingestion (Sv Bq™) (Phipps et al, 1991) and

faecay is the fraction of the radionuclide remaining after 1 day due to radioactive decay

(see Section B3.2).

3.4.6 Calculation of total doses from disposal (public) scenario for the
determination of exemption activities

It should be noted that the doses calculated are per unit activity as described in equation

(21).
The total effective dose for members of the public for the disposal scenario was given
by:

Eeﬁ,public = EB3.1 + E33.2 + EB3.3 + EB3.4

The total skin dose for members of the public for the disposal scenario was:

H

skin, public — Hskin, B3.3

3.5 Method used to calculate activity concentrations and
activities for exemption

351 Exemption activity concentrations

The exemption activity concentration (Bq g™) is the activity concentration that would lead
to an effective dose of 10 uSv y' to individuals representative of those most
exposed. Exemption activity concentrations were calculated for radionuclides in solid
or gas form. The exemption activity concentration for each radionuclide, EC (Bq g™),
was the minimum of the exemption concentrations for the two different source forms:

EC =min(EC,,, ECy )

solid 7

For each source form, the exemption concentration, was the minimum value of the
exemption activity concentrations calculated for the normal use (ECnoma) and disposal

(ECuisposal) SCENArios:

ECsolid H
ECgaS =min (ECnormaI ' ECdiSPOSﬁ“ )

The exemption activity concentration for normal was the minimum of the exemption

activity concentrations for effective dose (ECe, normar) @nd skin dose (ECsin. normal):
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Ecnormal =min (ECeff,normaI ’ ECskin,normaI ) (72)
The exemption activity concentration for effective dose was given by:
EC _ 10usv. (73)

eff ,normal — E
eff , normal

where Egf normal fOr radionuclides in solid and gas forms were calculated using equations
(36) and (37) respectively. The exemption activity concentration for skin dose was given

by:

_ 50mSv

ECskin,normal - (74)
Hskin, normal
where Egin normai Was calculated using equation (38).
The exemption activity concentration for the disposal scenario was given by:
10 xSv
ECdisposaI = £ (75)
Eeff ,disposal

where Ee, gisposal Was calculated using equation (39).

3.5.2 Exemption activities

The exemption activity (Bq) is the activity that would lead to an effective dose of
10 uSv y™ to individuals representative of those most exposed. Each radionuclide
may have more than one source form, except for noble gases which are only found in
gaseous form. The properties of sources are different and therefore it was necessary to
calculate doses and exemption activities for each source form for each radionuclide. The
exemption value for each radionuclide, EA, was the minimum of the exemption values
calculated for all source forms. The source forms were dispersible solids, gases, liquids,
foil, capsule and non-dispersible solid naturally-occurring radioactive material (solid
massive).

EA = min (EAsoIid ’ EAgas ’ EAﬁquid ’ EAloil ' EAcapsuIe’ EA‘solid massive) (76)

For radionuclides which were solids, liquids, foil, capsule and solid massive, the overall
exemption activity in Bq for each radionuclide, was the minimum of the exemption
activities calculated for the normal use (EAnema), accidental (EAnema) and disposal
(EAudisposal) €XpOSure scenarios:
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EAsoIid
EAﬁquid
EAfoil =min (EAnormaI ! EAaccident ’ EAjisposaI )
EAcapsuIe

EA%olid massive

(77)

For gases, the exposure of the public from the disposal of gaseous material to landfill
was not relevant and the exemption activity for each radionuclide was calculated from:

EAgas = min (EAwormal ’ EAaccidem )

(78)

The exemption activity for the normal use scenario was the minimum of the exemption

activities for effective dose (EAct norma) @nd skin dose (EAskin, normal):

E'Anormal =min (EAeff,normaI ' EAskin,normaI )

The exemption activity for effective dose was given by:

10 uSv

EAef'f ,normal = E

eff , normal

(79)

(80)

where the effective doses for different source forms, Eet norma, Were calculated using

equations (43) and (44).

The exemption activity for skin dose was given by:

50mSv_

EAskin, normal — H

skin, normal

where the dose to skin, Egin, normai Was calculated using equation (45).

(81)

The exemption activity for the accidental (misuse) scenario was the minimum of the

exemption activities for effective dose (EAe, accident) 8Nd Skin dose (EAskin, accident):

EAaccident =min (EAeff ,accident ? EAskin,accident )

The exemption activity for effective dose was given by:

10 uSv

EAeff ,accident = E

eff ,accident

(82)

(83)
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where the effective doses for different source forms, Eef accident, Were calculated using
equations (60), (62) and (64).

The exemption activity for skin dose was given by:

50 mSv
EAskin,accident T (84)

Hskin,accident

where the doses to skin for different source forms, Esgin accident;, Were calculated using
equations (61) and (63).

The exemption activity for the disposal (public) scenario was the minimum of the
exemption activities for effective dose (EAe, disposal) and skin dose (EAsin, disposat)-

EA\jisposaI = min (EAeff,disposal ’ EAskin,disposaI ) (85)

The exemption activity for effective dose was given by:

10 uSv

EAeh‘, disposal = (86)
eff , disposal
where the effective dose, Ee, gisposal, Was calculated using equation (68).
The exemption activity for skin dose was:
50 mSv
E'A‘skin, disposal = H (87)
skin, disposal

where the dose to skin, Esin, disposal, Was calculated using equation (69).

REVIEW OF THE METHODOLOGIES TO CALCULATE A;, A,
AND EXEMPTION VALUES

This section discusses and reviews the methodologies used to determine A;, A, values
(Q system) and exemption values and comments on possible amendments. For each
methodology the review focuses on the radiation protection criteria and the modelling
approach used. On the radiation protection criteria, reference is made to IAEA
publications and in particular to the IAEA Basic Safety Standards (BSS) (IAEA, 1996b),
since these IAEA documents provide the basis for the requirements in the transport
regulations.
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4.1 The Q system

4.1.1 Radiation protection criteria

The Q system is based on an effective dose of 50 mSv or an equivalent dose to the skin
of 500 mSv — whichever gives the more restrictive values — received by a person who is
exposed to the radioactive material contained in a package released following an
accident. At the time the Q system was introduced, the system of radiological protection
as given by the International Commission on Radiological Protection (ICRP) did not
include dose criteria for accident or emergency situations (referred to as interventions).
The dose criteria adopted for the Q system were the dose limits for occupational
exposure recommended by ICRP (ICRP, 1977) at the time the original Q system was
devised.

The Q system was later revised to take account of the 1990 recommendations of ICRP
(ICRP, 1991). In these recommendations the limit for effective dose for occupational
exposures was modified as follows:

e An effective dose of 20 mSv per year averaged over five consecutive years
(100 mSv in 5 years), and 50 mSv in any single year;

The limit for the equivalent dose to the skin remained the same (500 mSv in a year).
Although the IAEA BSS (IAEA, 1996b) incorporated these revised dose limits™ the dose
criterion for effective doses for the Q system remained unchanged.

IAEA TS-G-1.1 (IAEA, 2002) states that the Q system lies within the domain of potential
exposures. A potential exposure is an exposure that is not expected to be delivered with
certainty but that may result from an accident at a source or owing to an event or
sequence of events of a probabilistic nature, including equipment failures and operating
errors. The IAEA BSS (IAEA, 1996b) explicitly states that dose limits for occupational
exposures do not apply to potential exposures’.

It is worth noting that methods used to assess potential exposures other than for nuclear
installations are not well established. In general dose criteria for potential exposures
should include consideration of the probability of an accident or event happening; the
dose from that event is multiplied by a risk factor (in units of Sv’*) and the probability of
the event and compared with a risk constraint, rather than a dose constraint. In its 2007
recommendations, published as ICRP Publication 103 (ICRP, 2007a), ICRP suggests
an annual risk constraint of 2 10 for workers and 1 10® for members of the public
(ICRP, 2007a). When applied to accidents during transport of radioactive material a
major difficulty of this approach is to estimate the probability of a package breaking up
and the material inside it being released. For an effective dose of 50 mSv in a year and
assuming a risk factor of 0.05 Sv*, a risk constraint of 2 10* implies an annual

" The IAEA Basic Safety Standards are being revised. The draft IAEA Basic Safety Standards (IAEA,
2010) recommends the same dose limits for occupational exposure.

" The draft IAEA Basic Safety Standards (IAEA, 2010) does not include this paragraph. On potential
exposures it states that registrants and licensees shall be required to assess the likely consequences
of potential exposures, their magnitude and probability of occurrence.
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probability of the event of 8 102 or 1 event every 12.5 years; a risk constraint of 1 10
implies an annual probability of the event of 4 10° or 1 event every 25 years. Higher
probabilities of an accident occurring would imply that a lower value for the dose
received from the accident would be considered acceptable.

The 2007 ICRP recommendations (ICRP, 2007a), introduced the concept of reference
levels which apply to emergency exposure situations. Reference levels are not dose
limits; they are the equivalent of dose constraints for emergency and existing exposure
situations and should be used during the optimisation at the planning stage of a facility.
Reference levels do not apply directly to the Q system but could be used as a basis to
establish dose criteria applicable in the Q system. Reference levels are not included in
the current version of the IAEA BSS (IAEA, 1996b), but have been introduced in the
revised version of the IAEA BSS which is being drafted. The draft revision of the IAEA
BSS (IAEA, 2010) recommends that a reference level in the range of 20 to 100 mSv can
be selected (this could be either acute or prolonged dose) for radiological emergencies.
The criterion for effective dose adopted for the Q system is within this band.

In the light of these considerations the current dose criterion for effective dose of 50
mSv delivered in half an hour adopted in the Q system appears to be high. However, it
is within the ICRP band of reference levels and considering how low the probability of
this type of accident occurring is and the generally conservative nature of the method
adopted it may be not a sufficient reason to change it.

41.2 Modelling approach

4.1.2.1 Treatment of progeny

The Q system only applies to the transport of radionuclides. Since a maximum transport
time of 50 days is assumed, the contribution of progeny with half-lives less than 10 d to
the dose of parent were considered. These progeny were assumed to be in equilibrium
with their parent. However, given that the methodologies were developed by two teams,
the approach to calculating equilibrium differs between Q, and Qg values and Q¢ and
Qp values. For Q¢ and Qp values secular equilibrium between the parent and progeny
was assumed whereas for Q, and Qg values a more complex method, as given in
(Benassai and Bologna, 1994), was used. A detailed description of the different
methods is given in Appendix B. Consideration should be given to standardising the
approach used across the Q values. It is important to note that using a different
approach to the treatment of progeny would affect only a small number of radionuclides
and that the difference between the values would not be significant. For example, an
intercomparison exercise between different methods is described in Appendix B. This
shows that if the progeny were assumed to be in secular equilibrium Q and Qg values
for most of the radionuclides for which the contribution of the progeny is included would
be within a factor of two of the values published in IAEA TS-G-1.1 (IAEA, 2002).

The methodology used in the determination of exemption values generally assumes that
progeny are in secular equilibrium with their parent radionuclides and does not just
include progeny with a half-life of less than 10 days. The different assumptions made to
include contributions from progeny reflect realistically the exposure situations which are
modelled in the calculations. The Q system only applies to transport of radioactive
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materials; it is therefore reasonable to assume that only progeny with a half-life of less
than 10 days contribute as the duration of the transport is limited in time. Exemption
values instead apply to a number of different situations in which exposure may occur for
a prolonged length of time; the assumption that all progeny are in secular equilibrium is
warranted by the general cautious approach adopted in the calculation of these values.
Differences between the methodologies are therefore justified but should be clearly
documented.

4122 Exposure pathways

The exposure pathways included in the Q system are external exposure to gamma
radiation (Qa and Qgf), external exposure of the skin to beta radiation (Qg), inhalation
(Qc), contamination of the skin (Qp) and submersion for noble gases (Qg). These
exposure pathways are considered to be the most important contributors to the dose
received as a result of an accident. Another potential exposure pathway that could be
considered is ingestion of contaminated material on hands during clean-up of the
package debris. Doses from ingestion of contaminated material on hands are discussed
in IAEA TS-G-1.1 (IAEA, 2002), where an intake of 10° x Qp is assumed, compared to
an intake via inhalation of 10°x Qp. IAEA TS-G-1.1 (IAEA, 2002) states that the
ingestion pathway does not need to be considered because doses from inhalation are
generally more restrictive; however a review of the Q system should consider whether
doses from ingestion from contaminated hands should be included.

The Q system looks at each exposure pathway separately and does not sum doses over
different exposure pathways. IAEA TS-G-1.1 (IAEA, 2002) states that the doses
calculated in this way would satisfy the dosimetric criteria for effective or skin doses
“provided that the doses incurred by persons near a package are dominated by one
pathway”. IAEA TS-G-1.1 (IAEA, 2002) concedes that in the case of radionuclides for
which two or more Q values are similar, doses may exceed the dosimetric criteria, but
adds that this consideration only applies to a small number of radionuclides. However,
an investigation of Q values has shown that the total dose received as a result of an
accident involving a Type A package containing an activity as calculated by the Q
system exceeds the dose limit for effective dose of 50 mSv in a significant number of
cases. In addition a method that considers exposure separately is, in general, not
consistent with the approach used in the assessment of doses for regulatory purposes
recommended by ICRP for comparison with dose criteria. For example ICRP
recommends that effective doses for comparison with dose limits should be the sum of
doses due to external exposure and committed doses from internal exposure from
intakes of radionuclides (ICRP, 2007a).

Consideration should be given, therefore to replace the current Q system with a
methodology similar to the one used for exemption values in which doses for
comparison with radiological criteria are the sum of the doses received from all relevant
exposure pathways for a number of different exposure scenarios. These scenarios
would take account of different exposure situations as well as different characteristics of
the radioactive material being transported. A; and A, values would be derived using an
approach similar to that for exemption values but with updated parameters such as dose
coefficients. This methodology would provide a more realistic assessment of the doses
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received and would have the additional advantage that it would not require the
calculation of Q values for alpha emitters. Although it is difficult to predict the A; and A,
values calculated using a new scenario based methodology they are likely to be
generally smaller than the values in the current regulations.

4.1.2.3 Other modelling considerations

The modelling approach adopted for the Q system is generally robust, based on very
simple equilibrium equations and generic parameter values. The basic assumption
adopted in the current methodology of an exposure time of 30 minutes at 1 m is robust
and does not need to be reviewed. This time and distance would normally give plenty of
time to clear the debris and place it in a recovery package or drum to be returned, for
example, to the consignor. Some of the assumptions made in the calculation need to be
examined, regardless of whether a new methodology is developed. Examples of the
assumptions that need to be investigated are:

e The overall intake of 10 of the package contents assumed in the calculation of Qc
is cautious as there have been very few accidents involving intake by inhalation.
This fraction applies to all radionuclides considered and reflects a number of
possible different scenarios.

e In the calculation of Qp values skin doses are determined at a depth of 70 um.
Doses to the skin calculated to derive exemption values are determined at depths of
40 pm and 400 pum. A consistent approach should be adopted to the calculation of
doses to the skin. The ICRP approach is to calculate to a depth of 70 um (ICRP,
2007a).

e Radionuclide data (half-lives, energies of emissions, yields, etc) used in the
calculation of Q values have been revised; Q values should be recalculated using
the latest nuclear data published by ICRP (ICRP, 2008).

e Dose coefficients for inhalation and ingestion for workers and members of the public
will be revised by ICRP in the next few years; Q values should be recalculated to
take account of the new dose coefficients when published by ICRP. It should be
noted that for a particular radionuclide, if there are different values of dose
coefficient for different absorption types, the Q System uses the most restrictive
(apart from uranium — for which each type is listed). This is because any particular
radionuclide could be transported in any of its chemical forms.

e Dose rates for external exposure used in the Q system are for an exposure
geometry that may not be appropriate for the exposure situation considered. This
report has highlighted some problems in obtaining values for parameters used in the
calculation of Q, and Qg values. Possible alternative methods to calculate these
dose rates should be considered, such as Monte Carlo methods or widely used
software applications such as MicroShield (Negin, 1986).

e For many alpha emitters with very low gamma emission a different Q value Qg, set
at 10* x Q¢ is given instead of the Q, value if it is more restrictive. This approach,
which was introduced to limit the potential hazard due to inhalation of material
released for special form material, does not have a sound radiological basis and
should be reviewed. In addition, for some of the radioisotopes of uranium there are
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differences as to whether Q, or Qf is used depending on the absorption type. The
basis of these differences are not clear and should be reviewed.

e Qa values for three neutron emitting radionuclides are calculated based on an older
methodology described in the 2002 edition of IAEA TS-G-1.1 (IAEA, 2002). The
revised version IAEA TS-G-1.1 (rev) (IAEA, 2008) has taken into account a change
in the value of 2Cf, but a review of the other two radionuclides, ***Cf and 2**Cm,
should be considered.

e The treatment of low specific activity (LSA) material. The Q System specifies that
no more than 10 mg can be inhaled of the respirable fraction during the accident
considered. If this amount gives rise to a dose of less than 50 mSv then the A, value
is reported as ’unlimited’. There is little evidence to support this assumption.
However, some calculations could be done using assumed dust loading and
exposure time to verify whether this assumption is reasonable. There is also an
‘unlimited’ category for skin contamination, described in IAEA TS-G-1.1 (IAEA,
2002), that could also be reviewed. In the Q system it is assumed that no more than
10 mg cm™ could be retained on the skin of the hand. In combination with the model
for the calculation of Qp, this results in a limit for LSA material of 10° x Qp, per g. For
radionuclides where this applies, the Qp value is listed as unlimited. The assumption
of the maximum amount of material retained on the hands should be reviewed
against any published data.

e The use of cut-off values. As discussed in Section 2.1 a limit of 1000 Ci (40 TBq) is
applied to A; and A, values to protect against any possible effects of bremsstrahlung
radiation. This upper limit was recognised as being fairly arbitrary and was not
based on any model or criteria. The validity of this upper limit could be investigated
through a number of illustrative calculations. The Q values have an upper limit of
1000 TBq although no reference to this limit could be found in any documentation.
Reasoning for this limit should be documented.

e The Q values for U(dep) were calculated by scaling using the mass abundances of
the 28U and #**U chains. It should be reviewed as to whether it would be more
appropriate to scale using the abundance by activity.

4.2 Exemption values

4.2.1 Radiation protection criteria

A detailed description of the radiological criteria used in the calculation of exemption
values for the European Commission report RP-65 is given in Sections 3.1 and 3.2. As
noted in those section, these criteria were not exactly the same as those included in the
IAEA Basic Safety Standards (BSS) published in 1996 (IAEA, 1996b). The IAEA BSS
recommended both dose criteria for individual dose (10 pSvy™) and collective dose
(2 man Sv) but did not include dose criteria for low probability events or for dose to the
skin. A third general criterion included in the IAEA BSS referred to the practice or source
to be exempted to be inherently safe. IAEA TS-G-1.1 (IAEA, 2008) reproduced the basic
principles of exemption as given in the IAEA BSS, though it does not specify that doses
should be calculated for members of the public.
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In the draft revised version of the IAEA BSS (IAEA, 2010) the requirements for
exemption are largely based on the IAEA Safety Guide RS-G-1.7, Application of the
Concepts of Exclusion, Exemption and Clearance (IAEA, 2004) and reflect the general
principles of exemption as described above. The dose criterion for individual dose, that
is that the individual dose should be less of or of the order of 10 ySv y*, has remained
as it was in the 1996 version of the IAEA BSS but the dose criterion for collective doses
has been removed. There is an additional dose criterion to take account of low
probability scenarios, namely that the effective dose due to such low probability
scenarios should not exceed 1 mSv in a year, which is consistent with the criterion
adopted in RP-65. The draft version of the IAEA BSS specifies exemption activity
concentrations and activities values that apply to radioactive material in a moderate
amount (quantities are at the most of the order of a tonne); these values are the same
as those given in the current (1996) version of the IAEA BSS (IAEA, 1996b). The draft
revised version of the IAEA BSS (IAEA, 2010) also provides exemption activity
concentrations appropriate for artificial radionuclides for material in bulk amount and
specifies that for radionuclides of natural origin, exemption of bulk amounts of material is
necessarily considered on a case by case basis by using a dose criterion of the order of
1 mSv in a year, commensurate with typical natural background levels. The exemption
activities for material in bulk amounts are the same as the activities for clearance given
in IAEA RS-G-1.7 (IAEA, 2004). Finally, the draft revised IAEA Basic Safety Standards
(IAEA, 2010) make explicit reference to the IAEA Regulations for the Safe Transport of
Radioactive Material (IAEA TS-R-1) (IAEA, 2009) and states that such regulations do
not apply to exempt material or exempt consignments - that is, material in transport for
which either the activity concentration of the material or the total activity of radionuclides
in the consignment, does not exceed the relevant ‘basic radionuclide value’ for
exemption given in the Transport Regulations, which are numerically equal to the
corresponding exempt activity concentrations or exempt activities given in the IAEA
BSS. The IAEA Transport Regulations (IAEA, 2009) also specify that the regulations do
not apply to “natural material or ores containing naturally occurring radionuclides which
are either in their natural state, or have only been processed for purposes other than for
extraction of the radionuclides, ......... , provided the activity concentration of the material
does not exceed 10 times” the exemption values for activity concentrations.

A review of the exemption values should take account of the new dose criteria
introduced by the revised IAEA Basic Safety Standards. Specifically a number of issues
will need to be clarified, such as whether the exemption values for bulk amounts and the
dose criterion for radionuclides of natural origin of 1 mSv y™ also apply to the transport
regulations, whether a dose criterion of 1 mSv y* should also apply to exemption of
radionuclide of natural origin in material of moderate amount, to what low probability
scenario the dose criterion of 1 mSv y* applies and how such a probability is
determined.

4.2.2 Modelling approach

The approach used to calculate exemption values differs markedly from the one used to
determine A; and A, values. For the calculation of A; and A, values only a single
scenario was used and the most restrictive doses for each exposure pathway were
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selected to determine the Q values. On the other hand exemption values were derived
on the basis of a number of different exposure scenarios, which considered sources
containing radioactive material in different forms (solid, liquid and gas), various types of
exposure situations (normal use, workplace accident and disposal) and groups of people
exposed (workers and members of the public), although the term workers is not
intended to mean radiation workers and the exposure of these people does not
correspond to what the ICRP defines as occupational exposure. For each scenario the
doses used for comparison with the dose criterion were the sum of doses from all
relevant exposure scenarios. In addition the assumptions made in the calculations of
exemption values were generally rather cautious because doses were calculated for
individuals likely to receive the highest doses. The method used to calculate exemption
value is more rigorous in its approach and more consistent with the recommendations of
ICRP, which always stresses that all relevant exposure pathways should be considered.

One of the criticisms aimed at the methodology for the calculation of exemption values
has been that the exposure scenarios do not closely reflect exposure situation
appropriate to the transport of radioactive material. As noted in Section 3.1 past studies
(Carey et al, 1995) demonstrated that exemption values derived using transport-specific
scenarios were within an order of magnitude of the values in the RP-65 report. In
addition it would be extremely difficult to develop a methodology which includes all
possible relevant exposure scenarios for all different practices that may require
exemption. Nevertheless, current exemption values are generally restrictive because of
the intrinsically very cautious nature of the method used to calculate them and are
usually interpreted very rigidly as the maximum acceptable levels for exemption. This is
in contrast with the general principle of exemption and in particular the idea that
exemption levels are not limits and that a number of individuals may receive doses well
in excess of tens of uSv y™* when they are exposed to radionuclides at exemption levels
(ICRP, 2007Db). In addition the draft revised version of the IAEA BSS (IAEA, 2010) gives
more flexibility to use exemption values determined for specific activities, such as
transport of radioactive material. A review of the methodology to calculate exemption
levels should look at whether transport specific values should be determined and
whether the method currently used in the calculation is excessively cautious.

In general the equations used to calculate doses for exemption values do not differ
significantly from those used in the Q system, but are more sophisticated since they take
account of different physical forms of the material and various exposure conditions. Any
future review should concentrate on ensuring that the methodology used is internally
consistent among the different scenarios and consistent with other methodologies, such
as the one used to calculate A; and A, values. Some of the areas which should be
investigated are:

e the equations and data used and the assumptions made to calculate doses should
be the same for the same exposure pathways;

¢ the radiological data should be the most up to date and appropriate. In particular the
HPA advises that dose coefficients for members of the public should be used when
calculating doses for comparison with dose criteria for members of the public, as it is
the case with exemption.
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the use of the geometric reduction factor. This factor is used to modify the effective
dose rate from an infinite thick slab to different source sizes. Comparisons of dose
rates calculated by specifying source sizes using Microshield (Negin, 1986)
indicates differences which could lead to variation in the exemption values of orders
of magnitude.

the treatment of progeny should be consistent with the method used to calculate
other values, such as A; and A, values (see Section 4.1.2.1). The reasoning for the
inclusion or exclusion of the contribution of progeny to the dose of the parent should
be cleared stated and where appropriate be consistent with other values. For the
additional radionuclides listed in the IAEA transport regulations (IAEA, 2009), but for
which values are not given in the IAEA Basic Safety Standards (IAEA, 1996b) the
contribution of the progeny with a half-life of greater than 10 days to the parent was
ignored. For clarity this assumption should be documented in the next draft of the
IAEA advisory material.

4.2.3 Rounding method

Exemption values given in the IAEA Transport Regulations (IAEA, 2009) are rounded
values to 1 significant figure. The rounding method, which is briefly described in Section
3.2.1, results in exemption values being expressed as orders of magnitude (1, 10, 100,
etc). RP-65 (Harvey et al, 1993) does not give an explanation of why such method was
adopted; its use can be justified on the basis that orders of magnitude values are
sufficient to represent the level of risk without implying undue precision. However, a
number of objections can be made to this approach:

it differs from the method used for the derivation of A; and A, values of rounding to
the nearest integer with one significant figure;

it introduces artificial discrepancies or removes actual differences between
exemption values of different radionuclides. For example the rounded value of ®°Sr
is the same as that of *°Sr (100 Bq g™), although its unrounded value (32.6 Bq g*) is
almost 5 times lower.

it is conceptually at odds with the method used to derive the exemption values from
doses (see Section 3.5), since the rounded exemption value may not be the
minimum value calculated for the various scenarios, as recommended by the
methodology. For example, exemption activities for normal use (EAnoma), accidental
(EAnormal) @and disposal (EAgisposal) €Xposure scenarios of 4.1, 5.2 and 10 Bq would
result in an exemption activity of 4.1 Bqg. The rounded exemption value would be
10 Bg, which would be the same as the maximum exemption activity calculated
rather than the minimum.

it may lead to confusing regulatory situations as illustrated in the case of uranium,
where the rounded exemption values for U (nat) is 10 times lower than the values of
single uranium isotopes, while the unrounded values are only 3 times lower.

it makes the mixture rule difficult to apply. The mixture rule is difficult to apply to
values expressed as orders of magnitude; the result may be expressed in a different
way to the rounded values of standard radionuclides, since the rule, as described in
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IAEA TS-R-1 (IAEA, 2009) neither specifies that the new values need to be rounded
nor provides information on how the rounding should be done. The mixture rule
should apply to unrounded exemption values which are given in the EC report
RP-65 (Harvey et al, 1993) but not in either IAEA TS-R-1 (IAEA, 2009) or the IAEA
Basic Safety Standards (IAEA, 1996b).

A review of the methodology to calculate exemption values should consider a simpler
rounding method than the one currently used.

5 SOFTWARE APPLICATION TO CALCULATE A; AND A, AND
EXEMPTION VALUES

A software application, System for calculating Exemption and A; and A, Limits (SEAL),
was developed to allow the rapid calculation of these values using the methodologies
described in Sections 2 and 3. The user guide for SEAL is given in Appendix G.
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APPENDIX A Methods used to derive coefficients for the
calculation of QA and Qg values

This appendix provides details of the methods used to derive values for the mass
energy absorption coefficient in air, the mass attenuation coefficient in air, the build-up
factor and the conversion factor from air exposure to dose for the calculation of Qa
values, and the dimensionless dose and continuous slowing down approximation range
for the calculations of Qg values at given energies. As discussed in section 2.2 of the
main report, the ANPA report (Benassai and Bologna, 1994) gives values for these
coefficients at specified energies and equations and parameters which should be used
to generate the missing values at other energies. However, it has not been possible to
recreate the results for the given energies using the equations and parameters specified
in the ANPA report (Benassai and Bologna, 1994). Interpolation methods, which are
given in the following sections, have been used to recreate the published results. For the
calculations of both Qs and Qg values, the results are within 10% of the results
published in the ANPA report (Benassai and Bologna, 1994).

Al COEFFICIENTS FOR THE CALCULATION OF Qa VALUES

Al.1  Air mass energy absorption coefficient and mass attenuation
coefficient

Values for the mass energy absorption coefficient in air, den/p (cm? g™), and the mass
attenuation coefficient in air, pf/p (cm? g™), for specified energies, given in Table 1 of the
ANPA report (Benassai and Bologna, 1994), were calculated by (Hubbell, 1982). The
ANPA report states that other values for these coefficients were interpolated using the
Chebyshev approximation and provides parameter values in Table 2 of the same report
which can be used in the interpolation. However, it was not possible to replicate the
values given in Table 1 of the ANPA report (Benassai and Bologna, 1994) using the
Chebyshev approximation and the parameter values given in Table 2. Therefore a curve
fitting programme FigP (Biosoft, 1991) was used to fit values for the Chebyshev
approximation against the Hubbell data. Figures Al and Figure A2 shows a graph of the
Hubbell data points and the curve fitting these points using the Fig.P interpolations.

The air mass energy absorption coefficient pen/p (cm® g™ for energy E was calculated
using the best rational approximation by Chebyshev, given by:

og [ #en | ax® +a,x* +a,x® +a,x* +ax +a, (88)
g o ) bx®+b,x* +b,x® +b,x* +bx+Db,

Where:

x = log(E) (89)
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with E expressed in eV. Values of fitting parameters a; to as and by to bs are given in
Table Al.

Table Al. Parameter values' to calculate air mass energy absorption coefficient

Parameter Value Parameter Value

ao 179.3046 bo 47.7859
a; -13.44 b, -40.6171
a, -39.6652 b, 18.1687
as 12.3564 bs -4.1864
a -1.1702 b4 0.402538
as 0.019626 bs -0.007719

"The values given in the table are quoted to a large number of significant figures as a result of the
fitting method rather than the accuracy of the values.
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Figure Al. Plot of air mass energy absorption coefficient (cm2 g'l) against energy (eV)
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The mass attenuation coefficient pi/p (cm? g™) for energy E is given by:

5 4 3 2
log B GCSX +5C4X +::3x +;:2x +(2:lx+c0 (90)
p ) dgxX® +dyx’ +d,x" +d;x° +d,x° +d,x +d,
Where:
x =log(E) (91)

with E expressed in eV. Values of fitting parameters ¢, to ¢5 and dg to dg are given in
Table A2.

For the calculation of i, the linear air attenuation coefficient (cm™), which is used to
calculate Qp values (see equation (3)), the mass attenuation coefficient yi/p is multiplied
by p, the density of air (1.21 10 g cm™).

Table A2. Parameter values’ to calculate mass attenuation coefficient

Coefficient Value Coefficient Value
Co -84.0828 do 14.3532
C1 111.3816 dy -22.4831
[ -51.5158 d; 14.7258
Cs 10.8707 ds -4.7476
Ca -1.0530 dy 0.787644
Cs 0.036271 ds -0.064373
de 0.002140

"The values given in the table are quoted to a large number of significant figures as a result of the fitting method
rather than the accuracy of the values.
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Figure A2. Plot of mass attenuation coefficient (cm2 g'l) against energy (eV)

Al.2  Build-up factor B

Values of the build-up factor B for a selection of energies above 15 keV are given in
Table 3 of the ANPA report (Benassai and Bologna, 1994). However, the interpolation
using the Chebyshev approximation with values given in Table 4 of the same report did
not produce the same values for the build-up factor given in Table 3 of the ANPA report
(Benassai and Bologna, 1994). Therefore, a curve was fitted to the values of the build-
up factors given in the ANPA report. The curves were fitted in two sections. For
energies, E, between 15 keV and 20 keV the value of B can be calculated as:

log(B)=0.37 log (E) + 0.46 (92)
For energies, E, greater than 20 keV the value of B can be calculated as
log(B) =e,x° + e,X° +€,x* +&,x° +€,Xx* +ex +e, (93)
Where:

x =log(E) (94)
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with E expressed in MeV. Values of fitting parameters e, to e are given in Table A3. For
energies less than 15 keV a build-up value of 1.05 was assumed, as used in the ANPA
report (Benassai and Bologna, 1994).

Table A3. Parameter values’ to build up factor for energies greater than 20 keV

Parameter Value
[=H) 0.0028
e; -0.0028
e -0.0036
e -0.0019
ey 0.0122
es -0.0016
=] -0.0042

“The values given in the table are quoted to a large number of significant figures as a result of the fitting method
rather than the accuracy of the values.

Al1.3  Conversion factor from exposure in air to dose , D

This factor, D, is used to convert the exposure in air from a gamma source in R h'toa
dose in Sv h™. This factor is given in Table 7 of the ANPA report (Benassai and
Bologna, 1994), for a selection of energies above 10 keV. Values of D for energies E
between 10 keV to 70 keV were calculated by the following equation, also given in the
ANPA report:

3 2
D:ISE +LE® +LE +1,
m,E? + mE +m,

(95)

where E is expressed in MeV. Values of fitting parameters |, to I3 and mgy to m, are given
in Table A4.

Table A4. Parameter values’ to calculate conversion factor D (Sv R'l) for energies between 10
keV and 70 keV

Parameter Value Parameter Value
lo 0.0054 mo 101

Iy -0.741 m; -3870

I -12.4 m, 87600
I3 5430

"The values given in the table are quoted to a large number of significant figures as a result of the fitting method
rather than the accuracy of the values.
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However the interpolation data for the formula for energies greater than 60 keV given in
the ANPA report (Benassai and Bologna, 1994) did not produce the same values for D
as those given in the report and different methods of interpolation were used.

For energies above 70 keV to 150 keV conversion factors were calculated using a
polynominal function as follows:

D=nE® +n,E* + n,E® + n,E* + n.E +n, (96)

where E is expressed in MeV. Values of fitting parameters nq to ns are given in Table
A5.

Table A5. Parameter values* to calculate conversion factor D (Sv R'l) for energies greater than
70 keV' to 150 keV

Parameter Value

No 0.00724
ny -0.006711
Ny 0.005506
N3 -0.001795
Ng 0.000254
Ns -0.000013

* The values given in the table are quoted to a large number of significant figures as a result of the fitting method
rather than the accuracy of the values.

"Values are from 76 keV but have been assumed to be relevant from 70 keV.

For energies greater than 150 keV conversion factors were calculated using another
polynominal function as follows:

D=pE® +p,E* +p,E® + p,E* + pE + p, (97)

where E is expressed in MeV. Values of fitting parameters po to ps are given in Table
A6.
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TabITe A6. Parameter values' to calculate conversion D (Sv R'l) for energies greater than 150
keV

Parameter Value

Po 0.00059

p1 0.00057

P2 -0.00014

ps 0.0000246
Pa -0.0000016
Ps 0.00000002

"The values given in the table are quoted to a large number of significant figures as a result of the fitting method
rather than the accuracy of the values.

"The values are from 200 keV but have been assumed to be relevant from 150 keV.

For energies between 5 keV and 10 keV the value of D is assumed to be 3 10, which is
the minimum value in Table 7 of the ANPA report. Figure A3 shows the data points for
the conversion factor D given in Table 7 of the ANPA report and the fitting curve
calculated using the interpolation methods described above.
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Figure A3. Plot of conversion factor D between roentgens and Sv (Sv R'l) against energy (MeV)
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A2 COEFFICIENTS FOR THE CALCULATION OF Qg VALUES

Values for the dimensionless dose (this represents the fraction of emitted energy that is
deposited in a spherical shell of scaled radius r/rg to r/re + d(r/rg)) and the continuous
slowing down approximation were interpolated using the following methods.

A2.1  Dimensionless dose, j(r/rg, E)

According to the ANPA report (Benassai and Bologna, 1994) values of the
dimensionless dose, j(t/rg,E) for different energies were obtained using the cubic spine
interpolation method. However the report does not provide the values for the fitting
parameters used in this method; in addition Cross et al 1992, from which the data are
taken, recommends the use of a bilinear interpolation method.

Table 11 of the ANPA report gives values of j(r/rg,E) for different energies expressed in
MeV and ratios of distances to the nominal Continuous Slowing Down Approximation
(CSDA) range r/re. In order to estimate the dose for energies and ratios of distances not
given in the table, the bilinear interpolation method was used.

Table A7. Dimensionless doses’ for 2 energies E (MeV) and ratios of distances r/rg
(Benassai and Bologna, 1994)

Dimensionless dose j(r/re, E)

Ratio of distances (r/rg) Ejow = 0.025 MeV Enhigh= 0.05 MeV
(r/re)iow = 0.000 0.564 0.570
(/re)hign = 0.025 0.580 0.587

* The values given in the table are quoted to a large number of significant figures as a result of the fitting method
rather than the accuracy of the values.

As an example the dimensionless dose at an energy of 3.0 10%MeV and ratio of
distances 0.01 is calculated. Table A7 provides values of j(r/rg,E) at energies just below
(Eow = 2.5 107 MeV) and above (Eyign = 5.0 10° MeV) the energy required and at the
ratios of distances just below ((r/re)ow = 0.0) and above ((r/re)nign = 0.025) the value
required.

The fractional distance, D(E), between E,, and Epigh is calculated in the following way:

Energy at which dose required —E
E E

ow 0.03-0.025

D(E) = - -
0.05 - 0.025

0.2 (98)

high — ~low

The same is done to calculate the fractional distance between (r/rg)iow and (r/rg)nign:

re j,ow . 0.010-0.0 _

Dl |2 fe = =
re ( r j ( r ) 0.025 - 0.0
high Low

Distance at which dose required _( r

04  (99)

e

le
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The dimensionless dose at required energy and ratio of distances is then calculated
using the given dimensionless doses in the table and the fractional distances:

() (oL, el (== ), oo
emli), prefi-of]) (e () Je-omnfe-of]

(100)

j [E[LD =0.587x0.2x0.4 +0.58x(1 ~ 0.2)x0.4 +0.57x0.2x(1 - 0.4)

e

(101)
+0.564x(1-0.2)x(1-0.4)=0.572

A2.2  Continuous Slowing Down Approximation (CSDA) range, reg

Values of re (g cm™) for different energies (MeV) are given in Table 12 of the ANPA
report (Benassai and Bologna, 1994) for water. Where values are not given, the report
states that parameters in Table 13 can be used to interpolate values using the best
rational approximation method of Chebyshev. It has not been possible to recalculate the
same values for the CSDA ranges using this approximation methods and the parameter
values given in the report. Therefore, a linear interpolation method was used.

For a given energy, E, the unknown value of rg, which lies between the known values of
X1 and X, can be estimated using the following equation:

E(re)=Y, +g(y2 -y, (102)
Xz - X1

where y; and y, are the energy levels (MeV) corresponding to the values of x; and x; (g
cm?). CSDA ranges for given energies were taken from Table 12 of the ANPA report
(Benassai and Bologna, 1994). Table A8 gives an example.

Table A8. Values for known energies (MeV) and CSDA ranges (g cm'z) used to calculate CSDA”
ranges at different energies (Benassai and Bologna, 1994)

Energy (MeV) CSDA range (g cm'z)
1.00 1072 (yy) 2.515 107 ( xy)
1.25 1072 (y2) 3.728 10" (x2)

* The values given in the table are quoted to a large number of significant figures as a result of the fitting method
rather than the accuracy of the values.
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For example to calculate the value for re for an energy of 1.10 10% MeV equation (102)
can be used as follows:

r—x r. —2.51510™*
E(r.)=0.011=y, + &2 (y,-y,)=0.01+ E
(fe) i X, — X, (Y2=v) 3.72810* - 251510

(103)

(0.0125 -0.01)

Re-arranging the equation gives a value of rg of 3.0 10* g cm™.
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Cross WG, Freedman NO and Wong PY (1992a). Beta-ray Dose Distributions From Point Sources in
an Infinite Water Medium. Health Phys, 63 (2).

Hubbell JH (1982). Photon Mass Attenuation and Energy-absorption coefficients from 1 keV to
20 MeV. Int J Appl Radiat Isot, 33, 1269-1290.

64



APPENDIX B

APPENDIX B Inclusion of progeny in the calculation of Q
values

Bl INTRODUCTION

The different methods used to calculate the contribution of progeny in determining Q
values are not always clearly detailed in IAEA TS-G-1.1 (IAEA, 2002) and its
supplementary documentation (Benassai and Bologna, 1994). This appendix details the
different methods used to try and replicate the Q values in IAEA TS-G-1.1 (IAEA, 2002).
There are inconsistencies in the treatment of progeny and, as discussed in section 4 of
the main report, these should be reviewed.

For the calculation of Qa, Qg, Qc and Qp values (Qr values are derived from Q¢ values)
only the contributions of progeny with a half-life equal to or less than 10 days are
included. The exceptions to this are Th(nat), U(nat) and U(dep) which include all the
progeny. However, while for Qc and Qp values it is assumed that the progeny is in
secular equilibrium with the parent radionuclide, for Q4 and Qg a more elaborate method
was used. This method is described in the ANPA report (Benassai and Bologna, 1994)
and discussed in detail in Section B2 and B2.1. For the calculation of Qg values for
noble gases contributions from progeny were not included.

IAEA TS-G-1.1 (IAEA, 2002) states that “in cases where a daughter radionuclide has a
half-life either greater than 10 d or greater than that of the parent nuclide, such progeny,
with the parent, were considered to be a mixture.” There are only two radionuclides
included in Q system that have progeny with a half-life greater than that of the parent:
%MT¢, which has a half-life of 51.5 minutes, decays to *°Tc with a half-life of 4.28 days;
25y, which has a half-life of 2.66 hours, decays to *2Y with a half-life of 3.54 hours. For
the calculation of the Q values for these radionuclides the contribution from the progeny
should not be added and the mixture rule should apply. However, the contribution from
progeny for both radionuclides is included in the calculation of the Q¢ and Qp values.
For the calculation of Q4 and Qg values the contribution from *°Tc is included, while it
appears that only the contribution from the parent is considered in the calculation of Qa
and Qg values for *2Sr.

B2 METHODS FOR CALCULATING THE CONTRIBUTION OF
PROGENY TO Qa AND Qg VALUES

The method used to calculate the contribution from progeny to the Qa and Qg values
given in IAEA-TS-G-1.1 (IAEA, 2002) is described in Appendix B of the ANPA report
(Benassai and Bologna, 1994). It was found that the values calculated using the method
recommended in the ANPA report were different to those in IAEA TS-G-1.1 for a number
of radionuclides. Table B1 gives a list of radionuclides which have been identified as
giving the greatest differences. Two alternative methods were used to try to match the
values of Qa and Qg for these radionuclides: the first one assumes that progeny are in
secular equilibrium with the parent radionuclide, the second one that the progeny are in
transient equilibrium. The three methods are discussed in the following sections. In
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these sections it should be noted that D, the total dose rate per unit activity (Sv h™ per
Bq) is equivalent to ey, the effective dose rate from a point source from gamma or X-
rays at 1 m (Svh™ per Bq) per unit activity and €p is the equivalent dose rate to skin
from a point source from beta emissions at 1 m (Sv h™ per Bq).

B2.1 Method described in the ANPA report
The general equation for adding the contribution of the progeny to the total dose given in
the ANPA report (Benassai and Bologna, 1994) is:

I (t,)
D=0 T ) o8

Where

D, is the dose rate per unit activity of the parent radionuclide (Sv h™ per Bq);

Dj is the dose rate per unit activity of the progeny (Sv h™ per Bq).

t, is the half-life of the parent radionuclide. In the equation t, is given to the power of the
i progeny

ts is the half-life of the progeny and

yi is the yield of the decay.

For example the dose rate per unit activity (Sv h™* per Bqg), D, used in the calculation of
Qa values (see equation (1)) for a radionuclide with two progeny is given by:

t tp2
D=D, +Dy——Yu +D, Yio (105)

tp —ty (tp —ty )(tp _tfz)

B2.2  Transient equilibrium method

Transient equilibrium is reached when the rate of production of the progeny equals its
rate of decay. In this condition, the number of progeny atoms reach their highest level
and are constant for a moment in time.

The variation of the activity of the parent radionuclide and its progeny with time is given
by:

A(t)=Ae ™ (106)

_ ﬂu Ao —Apt jTl Ao It
A, _—(ﬂﬂ—/lp)e +—(/1p_jﬂ)e (107)

where
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Ay(t) is the activity of the parent at time t (Bq)

Ao is the initial activity (Bq)

Ay is the decay rate of the parent radionuclide (d™*) and
A is the decay rate of the progeny (d™).

The time t¢q at which transient equilibrium is reached and the parent activity is the same
as the progeny activity is given by:
In LA
ﬂ'P
= (108)

At time t = tg, the total dose which includes the contribution from the progeny is given by:

D= %(Dp + Z D, yij (109)

i=1

Since A, = Ay, only the activity of the parent radionuclide needs calculating at time teg.

B2.3  Secular equilibrium method

The approach used is that the progeny in any radioactive decay chain is in secular
equilibrium with the parent radionuclide. This means that the activity of the progeny is
the same as the activity of the parent radionuclide multiplied by the yield of the decay.
The total dose is given by:

D =D, + ) Dy, (110)

i=1

B3 RESULTS

The values calculated using all three methods and the ratios of these values to those in
IAEA-TS-G.1.1 (IAEA, 2002) are given in Table B2 and Table B3.

The comparison of the three methods found that the closest values to those given in
IAEA TS-G-1.1 (IAEA, 2002) were calculated using the following criteria.

o If the half-life of the parent is greater than 40 times the half-life of the progeny
then secular equilibrium is assumed.

o [f the half-life of the parent is less than 40 times the half-life of the progeny then
transient equilibrium is assumed.
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For *®Re and °*Sr it is likely that the progeny were not included in the calculation and
only the parent was calculated for the Qg value. This reason for this could be that values
for the progeny of both radionuclides were at the limit of 1 10° Bq.

B4 CONCLUSIONS

The following criteria were used to account for the contribution of progeny in the
software application, SEAL, for the calculation of the Q values to replicate the values
given IAEA-TS-G.1.1 (IAEA, 2002).

e If the half-life of the progeny is greater than 10 days or that of the parent then
the contribution from the progeny should not be added. The mixture rule should

apply.
o If the half-life of the parent is greater than 40 times the half-life of the progeny
then secular equilibrium is assumed.

o If the half-life of the parent is less than 40 times the half-life of the progeny then
transient equilibrium is assumed.
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Table B1. Properties of radionuclides considered

Fraction of initial activity

Progeny Ratio of parentto ~ Time of transient of parent at time of

Radionuclide  considered progeny half life equilibrium transient equilibrium
¥Ba Bics 1.2 15.4d 0.40
“Ba 0L a 7.6 5.7d 0.74
212p; 2087 7.6 13 mins 0.85
“'ca “sc 1.4 56d 0.42
H5¢cd 15M|n 11.8 17.5d 0.8
%epy %8H0 3.4 2.7d 0.58
*2Fe "Mn 23 1.7h 0.86
“5Gd = 10.4 17.2d 0.78
195M gy %5Hg 4.2 1.1d 0.64
135 35xe 28 1.2h 0.88
*Mo 9mTe 10 1.1d 0.77
#2pp 22pj 2087 10.5 3.8h 0.78
48mpm “8pm 7.6 18d 0.74
1#8py 188 5.8 5.3d 0.70
*'Ra 212g;, 2087 8.4 15d 0.75
2Ra zjﬁz’;;f'zogﬂ 15 17.4d 0.44
Re 1#9m0os 4 0.67 d 0.63
sy omy 3.6 0.3d 0.61
gy 2y 0.8 0.2d 0.32
¥2Te 132 34 05d 0.90
mzn zn 14 0.17d 0.82
Szr *"Nb 18 15.8d 0.84
7r Z:L'Eb' “'Nb, 9.9 0.26 d 0.82
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Table B2. Comparison of Qa values calculated using different methods for a selection of
radionuclides

Ratio of Qa in IAEA TS-G-1.1to

Qa value (TBq) those calculated by HPA*
HPA calculation
IAEA ANPA ANPA
Radionuclide TS-G-1.1  report Secular Transient  report Secular Transient
¥1Ba 1.6 1.6 2.1 5.3 1.0 0.8 0.3
1%Ba 0.63 0.4 0.44 0.62 1.6 1.4 1.0
#2gj 1 0.83 0.85 1 1.2 1.2 1.0
“"Ca 2.7 0.81 0.9 2.3 33 3.0 1.2
5¢d 3.9 2.6 2.5 3.3 1.5 1.6 1.2
%epy 34 13 15 26 2.6 2.3 1.3
Fe 0.41 0.34 0.34 0.4 1.2 1.2 1.0
“5Gd 0.53 0.36 0.38 0.5 15 1.4 1.1
195MHg 3.1 3.1 3.3 5.3 1.0 0.9 0.6
135 0.82 0.69 0.69 0.76 1.2 1.2 1.1
*Mo 6.2 4.2 4.2 5.5 1.5 15 11
#2pp 1 0.71 0.77 1 1.4 1.3 1.0
18mpm 0.83 0.52 0.52 0.71 1.6 1.6 1.2
188py 0.97 0.55 0.64 0.93 1.8 15 1.0
2Ra 1.1 0.68 0.85 0.77 1.6 1.3 1.4
Ra 12 1.5 4.3 10 8.0 2.8 1.2
¥Re 32 16 16 26 2.0 2.0 1.2
sy 1.5 0.72 0.84 1.4 21 1.8 1.1
gy 8.2 2.78 0.69 2.14 2.9 11.9 3.8
) 0.49 0.42 0.42 0.48 1.2 1.2 1.0
#M7Zn 3.4 25 25 3.1 1.4 1.4 1.1
®7r 1.8 1.4 1.4 1.7 1.3 1.3 11
77r 0.92 0.68 0.68 0.85 1.4 1.4 1.1

Note:

*: Bold italicised text indicates a factor of 2 or greater difference between values in IAEA TS-G-1.1 and those
calculated using other methods.
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Table B3. Comparison of Qg values calculated using different methods for a selection of
radionuclides

Qs value (TBq) Ratio of Qg in IAEA TS-G-1.1 to

HPA calculation those calculated by HPA*
IAEA ANPA ANPA

Radionuclide TS-G-1.1  report Secular Transient  report Secular Transient
lBa 1000 1000 1000 1000 1.0 1.0 1.0
1“°Ba 0.45 0.29 0.33 0.45 1.6 1.4 1.0
22p; 0.65 0.53 0.54 0.63 1.2 1.2 1.0
“ca’ 37 0.79 0.8 1.8 46.8 46.3 20.6
5¢d 3.3 2.2 2.2 2.8 15 1.5 1.2
%8py 0.86 0.44 0.3 0.75 2.0 2.9 1.1
2Fe 0.32 0.27 0.28 0.32 1.2 1.1 1.0
1%Gd 290 200 200 280 15 1.5 1.0
19%MmHg 1000 1000 1000 1000 1.0 1.0 1.0
13 0.62 0.53 0.53 0.6 1.2 1.2 1.0
*Mo 1.3 1.3 1.3 1.6 1.0 1.0 0.8
#12pp 0.7 0.4 0.54 0.69 1.8 1.3 1.0
18mpm 7.6 4.7 5.2 7.1 1.6 1.5 1.1
188p¢ 1000 1000 1000 1000 1.0 1.0 1.0
*'Ra 0.43 0.47 0.54 0.54 0.9 0.8 0.8
#*Ra 0.22 0.26 0.82 1.8 0.8 0.3 0.1
Re 2.5 2.5 2.5 3.9 1.0 1.0 0.6
gy 0.3 0.31 0.31 0.39 1.0 1.0 0.8
gy 11 -0.06 0.21 0.64 -18.3 5.2 1.7
32Te 0.49 0.43 0.44 0.49 1.1 1.1 1.0
#M7Zn 4 3 3.2 3.9 1.3 1.3 1.0
7y 450 430 430 520 1.0 1.0 0.9
7r 0.37 0.66 0.66 0.35 0.6 0.6 1.1

Notes:

* Bold italicised text indicates a factor of 2 or greater difference between TS-G-1.1 and calculations from other
methods.

*: The ANPA report gives a value of 3.7; IAEA TS-G-1.1 gives a value of 37
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APPENDIX C Assumptions made in the calculation of A; and
A, and exemption values for some naturally-occurring
radionuclides

The methodologies for calculating A; and A; (IAEA, 2002) and exemption values
(Harvey et al, 1993) do not explicitly detail the assumptions that were made for the
calculation of naturally-occurring radionuclides. However it is understood that the
following assumptions were made:

C1

Rb (nat) - Naturally-occurring rubidium consists of 2 isotopes: stable ®*Rb (72.2%
mass abundance) and radioactive ®’Rb (27.8% mass abundance). The A; and A,
values and the exemption values for Rb(nat) are assumed to be the same as those
for ¥Rb.

Re (nat) - Naturally-occurring rhenium consists of 2 isotopes: stable *Re (37.4%
mass abundance) and radioactive *’Rb (62.6% mass abundance). The A; and A,
values and the exemption values for Re(nat) are assumed to be the same as those
for **Re.

U (nat) — In the calculation of exemption and Q. values the dose coefficients for
inhalation and ingestion of isotopes in the top section of the decay chain of ?**U
(*®U, *Th and #*™Pa) were added together as were those of the isotopes in the
decay chain of 2°U (%U, 2°Th, 225Ra, 222Rn, 2%po, 2P, 2%At, 24Bi, 24Po, 21%Pb,
219Bj and ?*°Po). Each of these were multiplied by a factor of 0.5 and then summed
to take account of the percentage by activity of ?*U and ?**U in natural uranium
(48.8% each). The dose coefficients for ?*U were not included in the calculation
given that the percentage of ?**U by activity is only 2.4%. For the external dose
calculations for exemption and Q values, no account was taken of natural
abundances and it was cautiously assumed that the entire U chain was in secular
equilibrium.

U (enriched to 20%) — No Q values are given and the A; and A, values are given as
unlimited. The exemption values are assumed to be the same as those for U (nat).

U (dep) - The Q values were calculated by scaling the Q values of the isotopes in
the top section of the 28U chain (**8U, %*Th and ***™Pa) by the mass abundance of
238 (99.8%) and those in the ?*U chain (***U, ?*°Th, **Ra, **Rn, #®po, #“Pb,
218t 214Bj 24pg, 2%, 219Bj and 2°Po) by the mass abundance of 2*U (0.001%).
This approach gives the same values as in TS-G-1.1 (IAEA, 2002). However,
Section 4.1 of the main report discusses whether this approach should be reviewed
in the future. The exemption values were assumed to be the same as those for U
(nat).

REFERENCES
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values) Below which Reporting is not Required in the European Directive. European
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APPENDIX D Inhalation dose coefficients used for the
calculation of Q¢ values

IAEA TS-G-1.1 (IAEA, 2002) recommends the use of inhalation dose coefficients from
the IAEA Basic Safety Standards (IAEA, 1996) and ICRP Publication 68 (ICRP, 1994).
However, the dose coefficients given in IAEA TS-G-1.1 do not match those given in
ICRP Publication 68 for all radionuclides.

Dose coefficients for inhalation used to calculate the values of Q. in the software
application, SEAL, were those for particulates with an AMAD of 1 um for the most
restrictive absorption type, from ICRP Publication 68 (ICRP, 1994). Exceptions to this
are tritium, carbon, iodine, mercury, sulphur, ?°Ra and its progeny, noble gases (argon,
krypton, xenon and radon) and nitrogen. For tritium, carbon, iodine and mercury the
dose coefficients for vapours were used instead as these were thought to be more
appropriate for these radionuclides; for sulphur the dose coefficient for the inorganic
chemical form was used. The dose coefficient for inhalation for ?°Ra and its progeny,
1.910° Sv Bq*, was taken from IAEA TS-G-1.1 as the value in ICRP Publication 68
does not include the contribution from its progeny. Values of Q. were not calculated for
noble gases and nitrogen.
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APPENDIX E Amendments to EC Radiation Protection-65

A number of errors were identified in the EC report RP-65 (Harvey et al, 1993) following
its publication. As these errors did not affect the exemption values it was decided not to
produce a revised report. However, these errors have been corrected in the
methodology developed for the SEAL software program and are documented in this
Appendix for clarity. The errors found in the EC report RP-65 are:

Inhalation of dust (exposure pathway Al.4), page 43: The dust loading is given as
0.04 mg m™. However in the calculations a value of 0.033 mg m™ was used.

Ingestion from contaminated hands (exposure pathway Al.5), page 44: When
providing information on parameter values used to calculate doses for exposure
pathway Al.5, the RP-65 report states that a person inadvertently ingests 10% of
the dust and that the total mass of dust ingested is 32 10 g y™. In the calculations
the assumption made is that a person inadvertently ingests about 1% of the dust
deposited daily (1.25 10° g). The total mass of dust containing radionuclides
ingested in a year is therefore 3 10 g. It should be noted that the value given in the
RP-65 report is a typographical error and the correct values were used in the
calculations of exemption values given in RP-65.

Values typical for source types, table on page 49: The half-thickness of a foil source
(dy2) should be 4 10° cm instead of 5 10° cm as given in the table. The same table
does not give separate values for the density (osource) @nd half-thickness for gaseous
sources but only their product. Table 3 and Table 4 in the main part of this report
gives these values separately.

Accidental (workplace) scenario, page 50: The RP-65 report states that exemption
levels for the Accidental scenario were obtained by considering the doses from
spillage and fire separately without adding the doses together. However, when the
exemption values were calculated doses from spillage and fire were added together.
This does not affect the exemption values as the doses from fire tend to be more
significant (the only difference noted was for ***Gd for which the unrounded
exemption value should be 8.08 10° Bq instead of 8.07 10° Bq).

Radionuclide dependent data, Table B1 on page 66: A number of errors were found
in the table. They are summarised in table E1.
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Table E1. Summary of errors in radionuclide parameter values found in EC report RP-65

Radionuclide

Value in Table B1, page 66 of
RP-65

Correct value

29K Value of DRgin, 47 given as 0 A value of 1 10™ was used in the calculations.
1¥ce The exemption value (1.11 10° Bq) The shielding factor for liquid sources should have
is incorrect as the shielding factor been used. The shielding factor of 1/ 1.52 10* should
was not taken into account be multiplied by the beta skin dose rate (DRskin, po0))
giving an exemption value of 5.26 10° Bq
Mice Value of DCiy is given as Value of DCing should be 8.9 10° Sv Bg™. This value
8.710° SvBq* was used in the calculations and therefore the
exemption values in RP-65 are correct
e Value of I§y given as 17.4 MeV Value of Ey should be 4.03 10° MeV. This value was
used in the calculations and therefore the exemption
values in RP-65 are correct
Value of E, given as 10 MeV Value of E, should be 1.85 10 MeV. This value was
used in the calculations and therefore the exemption
values in RP-65 are correct
Value of DRgn, 47 given as 8.7 10”7 Value of DR, 47 Should be 0. However this error did
Sv h? per Bq cm™ not affect the calculation of exemption value
Value of DRgin, g given as 5 107 Value of DRin, gy Should be 0. However this error did
Sv h? per Bq cm™ not affect the calculation of exemption value
Value of DRy, , given as 1.74 10" Value of DRy, , should be 1 10" Sv h™ per Bq.
Sv h per Bq However this error did not affect the calculation of
exemption value
Value of DRy, g given as 4 10™° Value of DRy, s Should be 0. However this error did
Sv h? per Bq not affect the calculation of exemption value
Value of DRgin, guo) given as 1.6 10°  Value of DR, guo) Should be 0. However this error did
Sv h? per Bg cm™ not affect the calculation of exemption value
®co Value of DC;y, given as Value of DC;y, should be 5 10°Sv Bg™. However this
6.710% Sv Bg™ error did not affect the calculation of exemption value.
= Value of I§y given as 0.308 MeV Value of Ey should be 0.38 MeV. This value was used
in the calculations and therefore the exemption values
in RP-65 are correct
Kr Value of DRgin, 47 given as 0 Value of DRgin, 47 Should be 1.54 10® Sv h™ per Bq cm’
2, This value was used in the calculations and therefore
the exemption values in RP-65 are correct
Br Value of DRgin, 47 given as 0 Value of DRgin, 47 should be 7.08 10™° Sv h™ per
Bq cm™. This value was used in the calculations and
therefore the exemption values in RP-65 are correct
®BKr Value of DRgin, 47 given as 0 Value of DRgin, 47 should be 1.3 10™ Sv h™ per Bq cm’
2, This value was used in the calculations and therefore
the exemption values in RP-65 are correct
Value of DReyin, o) given as 0 Value of DRgin, ga0) Should be 5.1 107 Sv h™ per Bq cm’
2, This value was used in the calculations and therefore
the exemption values in RP-65 are correct
#0pp + Value of DRpiane, and DRpjanes Value of DRpiane, and DRpane s Should be 1.32 10°
given as 1.14 10 Svh™ perBgm~  *Sv h? per Bg m?. This value was used in the
2 calculations and therefore the exemption values in RP-
65 are correct
1515m

Value of E, given as 7.14 10°
MeV

Value of E, should be 1.97 10? MeV. This value was

used in the calculations and therefore the exemption
values in RP-65 are correct.
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Table E1. Summary of errors in radionuclide parameter values found in EC report RP-65

Value in Table B1, page 66 of

Radionuclide RP-65

Correct value

" Te Value of E, given as 1.12 10 Value of E, should be 3.55 107 MeV. This value was
MeV used in the calculations and therefore the exemption
values in RP-65 are correct
Value of Eﬁ given as 8.21 107 Value of E/, value should be 1.09 10" MeV. This value
MeV was used in the calculations and therefore the
exemption value is the same
Value of DRy, given as Value of DRpgint 7 Should be 3.55 10™ Sv h™ per Bq.
1.12 10™ Sv h™ per Bq This value was used in the calculations and therefore
the exemption values in RP-65 are correct
=5y Value of DRyane,y @and DRpjane g Value of DRpiane, and DRpane s Should be
given as 6.25 10 Svh™ perBgm  5.96 10™ Sv h™ per Bq m™. This value was used in the
2 calculations and therefore the exemption values in RP-
65 are correct
185\ Value of DCi,g given as 8.3 10°Sv A single value for DCiny of 8.3 10™ Sv Bg™ for all
Bq™ for solids and 6.1 10" Sv Bq™ source types should be used. This value was used in
for liquids the calculations and therefore the exemption values in
RP-65 are correct
Bimye Value of DRgn, ) ot included Value of DR, ) Should be 1.2 10° Sv h™ per Bq cm’
2, This value was used in the calculations and therefore
the exemption values in RP-65 are correct
Value of DRgin, guo) NOt included Value of DRgin, g Should be 2.88 107 Sv h™ per
Bg cm™. This value was used in the calculations and
therefore the exemption values in RP-65 are correct
Bxe Value of DRgyin, g40) Nt included Value of DRgin, g0y Should be 2.70 107 Sv h™ per Bq

cm™2. This value was used in the calculations and
therefore the exemption values in RP-65 are correct
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APPENDIX F Changes in values between those calculated by
SEAL and those published by IAEA

The tables in this appendix summarise the differences between the values calculated
using software application, SEAL, and those published in IAEA TS-R-1 (IAEA, 2009),
which gives A; and A, values only and IAEA TS-G-1.1 (IAEA, 2002), which also gives
the Q values; the tables also gives brief reasons for the differences. Table F1 includes
all the Q and A; and A, values for which differences were found between values in IAEA
documents and those calculated by SEAL with the exception of those for which the
difference was due to the treatment of progeny in the calculation of Qa and Qg values.
Table F2 lists the radionuclides for which differences in Qa, Qg values and, if appropriate
A; and A, are due to the different treatment of progeny in the calculation of QA and Qg
values. Only a few differences were found between the calculation of exemption values
using SEAL and the values published in IAEA TS-G-1.1 (IAEA, 2002); these are
provided in Table F3.

F1 REFERENCES

IAEA (2002). Advisory material for the IAEA regulations for the safe transport of radioactive material.
Safety Series TS-G-1.1 (ST-2). Vienna, IAEA.

IAEA (2009). Regulations for the Safe Transport of Radioactive Material. Safety Requirements TS-R-1.
Vienna, |IAEA.
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Table F1. Differences between Q and A: and A, values in IAEA TS-R-1 and IAEA TS-G-1.1 and those calculated by SEAL, excluding those due to different
treatment of progeny in the calculation of Qa and Qg values

Q and A; and A values (TBqQ)

Radionuclide Reference Qa/Qr Qs Qc Qb Az Az Reason for differences

108MmAg TS-R-1 710" 710" Change to A; and A, values due to rounding of Q, value
TS-G-1.1
SEAL 610" 610"

| TS-R-1 1.4 10" 7110 110" 110" Change to A; and A; values due to difference in Qg value. Probable
TS-G-1.1 typographical error for Qg value in IAEA TS-G-1.1. Difference in Qp value not
SEAL 1.4 10° 7210° 410" 410" established

At TS-R-1 2.5 10 210" Change to A; value due to rounding of Qa value. Difference in Qa value not
TS-G-1.1 established
SEAL 2.6 10" 310"

18MBa TS-R-1 210" Change to A; value due to rounding of Qa value
SEAL 110"

a2pj TS-R-1 6.5 10" 710" Change to A; value due to rounding of Qg value. Difference in Qg value probably
TS-G-1.1 due to difference in 2°®TI branch ratio (SEAL includes #*?Po)
SEAL 6.310" 610"

#1cm TS-G-1.1 2210° 1.310° Change to Q. value due to difference in dose coefficient for inhalation; IAEA
SEAL 21 10° 15 10° TS-G-1.1 uses dose coefficient for vapour. Difference in Qa value not established

3Cm TS-R-1 8.6 10° 1.310° 110° Change to A; values due to difference in Qc value. Change to Qc value due to
TS-G-1.1 difference in dose coefficient for inhalation; IAEA TS-G-1.1 uses dose coefficient
SEAL 8.5 10° 1710 210° for vapour. Difference in Qa value not established

Cm TS-G-1.1  1.610° 1.6 10° Change to Q. value due to difference in dose coefficient for inhalation; IAEA
SEAL 2010 2010° TS-G-1.1 uses dose coefficient for vapour. IAEA TS-G-1.1 uses Qf value

5Cm TS-R-1 9.1 10° 9.1 10" 910° 910" Change to A; and A; values due to difference in Qa and Qc values. Difference in
TS-G-1.1 Qc value due to dose coefficient for inhalation; IAEA TS-G-1.1 uses dose
SEAL 1310 1310° 110" 110° coefficient for vapour; IAEA TS-G-1.1 uses Qr value

25Cm TS-R-1 9.110° 9.110* 910° 910* Change to A; and A; values due to difference in Qa and Qc values. Difference in
TS-G-1.1 Qc value due to dose coefficient for inhalation; IAEA TS-G-1.1 uses dose
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Table F1. Differences between Q and A: and A, values in IAEA TS-R-1 and IAEA TS-G-1.1 and those calculated by SEAL, excluding those due to different
treatment of progeny in the calculation of Qa and Qg values

SEAL 1.3 10" 1.310°% 1 10* 110° coefficient for vapour; IAEA TS-G-1.1 uses Qr value

*Cm TS-G-1.1  3.210° 9.810* Change to Q. value due to difference in dose coefficient for inhalation; IAEA
SEAL 3.1 10° 1410° TS-G-;.l uses dose coefficient for vapour. Differences in Qa and Qg values not

established

8cm TS-R-1 2.510* 310* Change to A; values due to difference in Qc value. Change to Q. value due to
TS-G-1.1 difference in dose coefficient for inhalation; IAEA TS-G-1.1 uses dose coefficient
SEAL 3.6 10" 410* for vapour

Co TS-R-1 410" 410" Change to A; and A, values due to rounding of Q, value
SEAL 510" 510"

ey TS-R-1 210" 210" Change to A; and A; values due to rounding of Q, value
SEAL 110 110"

130y TS-R-1 210° Change to A; value due to rounding of Qg value
SEAL 110°

“Fe TS-G-1.1 2.110" Change to Q. value due to difference in dose coefficient for inhalation; IAEA
SEAL 1810% TS-G-1.1 uses incorrect dose coefficient

el TS-R-1 9.5 10° 8.9 10° 110* Change to A; value due to rounding of Qa value. Difference in Qa and Qp values
TS-G-1.1 not established
SEAL 9.4 10° 9.0 10° 910°

g TS-G-1.1 1.310° Change to Qc value due to dose coefficient for inhalation; dose coefficient for
SEAL 1.2 10° vapour from ICRP Publication 68 should be used

198mHg TS-G-1.1 5.3 10° Change to Qc value due to dose coefficient for inhalation; dose coefficient for
SEAL 5.6 10° vapour from ICRP Publication 68 should be used

197mHg TS-G-1.1  1.310° 8.110° Change to Qc value due to dose coefficient for inhalation; dose coefficient for
SEAL 1210 8.6 10° vapour from ICRP Publication 68 should be used. Difference in Qa value not

established

3Hg TS-G-1.1  4.710° 7.110° Change to Qc value due to dose coefficient for inhalation; dose coefficient for

SEAL 4.6 10° 6.7 10° vapour from ICRP Publication 68 should be used. Difference in Qa value not

established
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Table F1. Differences between Q and A: and A, values in IAEA TS-R-1 and IAEA TS-G-1.1 and those calculated by SEAL, excluding those due to different
treatment of progeny in the calculation of Qa and Qg values

123) TS-R-1 6.3 10° 2.310? 6 10° Change to A; value due to rounding of Qa value. Change to Qc value due to
TS-G-1.1 dose coefficient for inhalation; dose coefficient for vapour from ICRP Publication
SEAL 6.5 10° 2.4 10 710° 68 should be used. Difference in Qa value not established
124 TS-G-1.1  1.110° 3.810° Change to Qc value due to dose coefficient for inhalation; dose coefficient for
SEAL 99 10% 4.2 10° vapour from ICRP Publication 68 should be used. Difference in Qa value not
established
125) TS-R-1 1.6 10 3.310° 310° Change to A; value due to difference in Q¢ value. Change to Qc value due to
TS-G-1.1 dose coefficient for inhalation; dose coefficient for vapour from ICRP Publication
SEAL 1710 3.6 10° 410° 68 should be used. Difference in Qa value not established
126) TS-G-1.1 6.4 10° 1.7 10° Change to Qc value due to dose coefficient for inhalation; dose coefficient for
SEAL 6.5 10° 1.9 10° vapour from ICRP Publication 68 should be used. Difference in Qg value not
established
18 TS-G-1.1 2.310° Change to Qc value due to dose coefficient for inhalation; dose coefficient for
SEAL 25 10° vapour from ICRP Publication 68 should be used
182 TS-G-1.1  4.810* 1.8 10° Change to Qc value due to dose coefficient for inhalation; dose coefficient for
SEAL 4.7 10% 1.6 10 vapour from ICRP Publication 68 should be used. Difference in Qa value not
established
133) TS-G-1.1  1.810° 73100 1.110" Change to Qc value due to dose coefficient for inhalation; dose coefficient for
SEAL 1.7 10° 74 10" 1310 vapour frqm ICRP Publication 68 should be used. Difference in Qa and Qg values
not established
134 TS-G-1.1 6.9 10° Change to Qc value due to dose coefficient for inhalation; dose coefficient for
SEAL 3.3 10 vapour from ICRP Publication 68 should be used
135) TS-G-1.1  8.210" 6.210" 5210 Change to Qc value due to dose coefficient for inhalation; dose coefficient for
SEAL 7910 6.0 10" 5.4 10" vapour frqm ICRP Publication 68 should be used. Difference in Qa and Qg values
not established
BMmg TS-G-1.1 25107  2.610" 310" 310" Change to A; and A, values due to rounding of Qg value. Change to Qc value
1 1 1 1 due to dose coefficient for inhalation; dose coefficient in IAEA TS-G-1.1 not
SEAL 2510 4.210 210 210 consistent with that in ICRP Publication 68.
N TS-R-1 2.910 310" Change to Qc value due to dose coefficient for inhalation. In IAEA TS-G-1.1 the
TS-G-1.1 dose coefficient for carboyl vapour from ICRP Publication 68 is recommended for
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Table F1. Differences between Q and A: and A, values in IAEA TS-R-1 and IAEA TS-G-1.1 and those calculated by SEAL, excluding those due to different
treatment of progeny in the calculation of Qa and Qg values

SEAL 11 10? 410 ®Ni, but standard dose coefficient is recommended for ®*Ni. In SEAL standard
dose coefficients for inhalation from ICRP Publication 68 for both radionuclides
are used

p TS-R-1 510" 510" Change to A; and A, values due to rounding of Qg value
SEAL 410" 410"

Z0pg TS-G-1.1 6.6 0%  2.110° Differences in Qc and Qp, values not established
SEAL 70107  4610°

A2pp TS-R-1 7.010" 2210? 210" Change to A; value due to differences in Qc value. Dose coefficient in IAEA TS-
TS-G-1.1 G-1.1 may be for members of the public instead of workers. Difference in Qg
SEAL 6.9 10" 1.0 10° 310" value not established

188py TS-G-1.1 5.7 10 Difference in Qc value not established
SEAL 5.8 10"

lpy TS-R-1 3.6 10° 410° Change to A; value due to rounding of Qa value. Difference in Qx value not
TS-G-1.1 established
SEAL 3.510° 310°

%8Re TS-R-1 3.510" 410" 410" Change to A; and A, values due to rounding of Qg value
TS-G-1.1
SEAL 3.510" 310" 310"

2Ra TS-G-1.1 1.6 10° Difference in Qc value not established
SEAL 1.7 10°

22Rn TS-R-1 6.7 10" 2.6 10" - 310" Change to A; value due to rounding of Qg value. Differences in Qa and Qg values
TS-G-1.1 not established
SEAL 6.510" 2510 - 210"

12imgn TS-R-1 1.4 10° 910" Change to A; value due to rounding of Qp value. Difference in Qa value not
TS-G-1.1 established
SEAL 1.5 10 810"

1235 TS-R-1 7.510" 810" Change to A; value due to rounding of Qg value
TS-G-1.1
SEAL 7.510" 710"
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Table F1. Differences between Q and A: and A, values in IAEA TS-R-1 and IAEA TS-G-1.1 and those calculated by SEAL, excluding those due to different
treatment of progeny in the calculation of Qa and Qg values

emgr TS-R-1 5.2 10° 210° Difference in A, value due to probable typographical error in IAEA TS-R-1 and
TS-G-1.1 IAEA TS-G-1.1. Difference in Qa value not established
SEAL 5.310° 510°

“sr TS-G-1.1 6.0 10* Difference in Qp value not established
SEAL 5.9 10"

BlTh TS-R-1 1.6 10° 2107 Change to A; value due to error in Q¢ value in TS-G-1.1. Error for Qc value due
TS-G-1.1 to dose coefficient for inhalation used being a factor of 10* too large
SEAL 1.6 107 110°

22Th TS-G-1.1 1.210° Change to Qa value probably due to Qr value being used in IAEA TS-G-1.1
SEAL 8.2 102 instead of Qa value. Qg value in IAEA TS-G-1.1 is incorrect (Qc % 10® instead of

' Qc x 10%)

2007 TS-R-1 8.5 10" 910" 910" Change to A; and A, values due to rounding of Qa value. Difference in Qa value
TS-G-1.1 not established
SEAL 8.4 10™ 810" 810"

188y TS-G-1.1  2.010" 3.710" 410" Differences in Qa and Qg values not established. Change to A, values due to
SEAL 1.9 10" 3.510" 310! rounding of Qs value

&y TS-R-1 1.4 10° 110° 110° Change to A; and A; values due to rounding of Q, value. Difference in Qa value
TS-G-1.1 not established
SEAL 1.5 10° 210° 210°

yph TS-R-1 4.210" 210° 210° Change to A; and A; values due to difference in Qp value. Qp value should be
TS-G-1.1 close to that for **°Y as energy is similar to Yb-169. A; and A; values in TS-R-1
SEAL 8.5 10" 310" 910" and TS-G-1.1 are calculated incorrectly

Szr TS-R-1 810" Change to A; value due to rounding of Qp value.
TS-G-1.1
SEAL 910"

zr TS-R-1 9.2 10" 3710 5010 5610° 410" 410" Change to A; and A, values due to rounding of Qg value. Differences in Qa, Qs ,
TS-G-1.1 Qc and Qp values not established
SEAL 8.5 10" 3510"  4.810 3.010" 310" 310"
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Table F2. Differences between Q and A; and A; values in IAEA TS-R-1 and IAEA TS-G-1.1 and
those calculated by SEAL due to different treatment of progeny in the calculation of Qa and Qg

values

Q and A; and A values (TBqQ)

Radionuclide Reference Qa Qs A1 Az Reason for difference

131Ba TS-R-1 1.6 10° 210° Change to A; value due to difference
TS-G-1.1 in Qa value
SEAL 5.310° 510°

14083 TS-R-1 4510" 510" Change to A; value due to difference
TS-G-1.1 in Qg value
SEAL 4410 410"

“'Cca TS-R-1 2710° 3710 310° Change to A; value due to difference
TS-G-1.1 in Qa value
SEAL 2310° 1.810° 210°

%8py TS-R-1 3410° 8610" 910" Change to A; value due to difference
TS-G-1.1 in Qg value
SEAL 2.6 10 7510t 810!

172 TS-R-1 5.8 10" 610" 610" Change to A; and A; values due to
TS-G-1.1 difference in Qa value
SEAL 55107 510" 510"

195mHg TS-R-1 3.110° 310° Change to A; value due to difference
TS-G-1.1 in Qa value
SEAL 5.310° 510°

“Mo TS-R-1 6.2 10° 1.310° 110° Change to A; value due to difference
TS-G-1.1 in Qg value
SEAL 5.5 10° 1.6 10° 210°

148Mpm, TS-R-1 8310° 7610° 810" Change to A; value due to difference
TS-G-1.1 in Qa value
SEAL 71100 71100 710"

188py TS-R-1 9.7 10" 110° Change to A; value due to difference
TS-G-1.1 in Qa value
SEAL 9.310" 910"

2Ra TS-R-1 1.110° 4310° 410! Change to A; value due to difference
TS-G-1.1 in Qg value
SEAL 7710 5410" 510"

Ra TS-R-1 1.210* 2210 210! Change to A; value due to difference
TS-G-1.1 in Qg value
SEAL 10100 1.810° 210°

%9Re TS-R-1 32100 2510° 310° Change to A; value due to difference
TS-G-1.1 in Qg value
SEAL 2.6 10 3.910° 410°

gy TS-R-1 1510° 3.010% 310" 310" Change to A; and A; values due to
TS-G-1.1 difference in Qg value
SEAL 1.410° 3910 410' 410"

gy TS-R-1 8.210° 1.110° 110° Change to A; value due to difference
TS-G-1.1 in Qg value
SEAL 8.6107 3.210° 910"

®zr TS-R-1 1.810° 45107 810" Change to A, value due to rounding of
TS-G-1.1 Qp value not to changes to Qa and Qg
SEAL 1710° 5210 910t  Vvalues

84



APPENDIX F

Table F3. Differences in exemption activities between values in IAEA TS-R-1 and those
calculated by SEAL

Exemption activity (Bq)

IAEA TS-R-1 SEAL
Radionuclide Rounded Unrounded Rounded Unrounded Reason
1%9ce 110° 1.1110° 110’ 5.26 10° Values in IAEA TS-R-1 omit
shielding factor for liquids
=3y 110° 6.3 10 110* 2.3210* Value in IAEA TS-R-1 based on
(slow wrong dose coefficient for
absorption) inhalation
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APPENDIX G User guide for System for calculating
Exemption and A; and A, Limits (SEAL)

This document is the user guide for the SEAL (version 1.0) program. It shows how to
install and run the program and gives details of its outputs.

Gl INTRODUCTION

SEAL stands for the System to calculate Exemption and A; and A, Levels. 1t is a
program that calculates activity limits for Type A packages used in regulations on the
safe transport of radioactive materials. The A; and A, values were calculated using a
methodology known as the Q System which is described in the advisory material that
accompanies the IAEA regulations (IAEA, 2002). SEAL also calculates exemption
values of activity concentration and activity per consignment using the methodology
from European Commission report RP-65 (Harvey et al, 1993). These methodologies
are also detailed in this report.

G2 INSTALLATION AND STARTING

The program consists of an executable and a database. It is recommended that they
are installed to the local drive if possible as the start-up is very slow across a network,
as the program is connecting to the (large) database. The easiest installation route is to
create a folder C:\Program Files\SEAL, and extract the two files directly into that folder.
The program is run by double-clicking on the executable.

The program requires Microsoft .NET Framework 3.5 SP1 or later installed (note that it
has not been tested with later versions).

When the program starts it looks like:

B
I Advanced  Edit  Miew  About

Click Run to start

A1 and 52 | Exemplion|

Alpha emitter;

Radionuclide Noble gas?

(aor Qf[TEq) Ok [THq) Qe (THg) Odor Qe (TEg) A1(THq) AZ [TBq)

Fun Save I [ Cluit

86




APPENDIX G

There are two tabs with data-grids which will display the output. At the bottom of the
form are four buttons: ‘Run’, ‘Clear’, ‘Save’ and ‘Quit’. There are also four menu items
at the top left of the form. ‘Advanced’ allows the user to select whether the contribution
of progeny should be included in the calculation of A; and A, values; ‘Edit’ allows the
selection of a subset of radionuclides.; ‘View' shows parameter values used in the
calculation such as breathing rate and thickness of shielding; ‘About’ gives information
about the SEAL program The menu items will be discussed below.

G3 RUNNING A; AND A, CALCULATION
The Al and A2 tab should be selected. To run through the calculation press the ‘Run’

button in the lower left. The calculation may take a couple of minutes with progress
shown on the bar at the bottom of the form.

I Advanced Edit Wew  About

Finished

Al and A2 | Exemption

ﬁlupa‘z ngist‘ser: QaorQf (TEq) b (TBq) Qe [TBa) Gdor Qe (TBa) Al(TBa) A2 [TBa)

B 4,3E+00 7.9E-01 B.3E-03 30E-M BE-01 BE-03
o227 Alpha 93601 1.2E402 33605 37E+01 =m E-05
o229 1.1E+00 55E-01 2.0E+00 5.2E01 Em SE-01
g 105 20E+00 1.0E+D2 B.4E+1 256401 2400 2E400
£g108m £5E-01 5.BE+00 1.4E+00 £.0E+00 M BE-01 2

Fadionuclide

Save ] [ Quit

Once the run is complete, the results are presented in the following eight columns; the
name of the radionuclide; whether it is an alpha emitter or a noble gas, the values from
the Q-system exposure routes and the A; and A; limits set by them.

The output table can be saved to a ‘comma separated value’ file (.csv) using the ‘Save’
button. This file format is plain text but can be read by Microsoft Excel. There are two
other buttons at the bottom of the form; ‘Clear’ empties the grid of results and ‘Quit’ exits
the program.

Clicking on the data-grid under Radionuclide brings up data about the radionuclide.
Clicking on the data-grid under Qb and Qc brings up parameters used in the calculation
of Q, and Q. values. Given that the calculations for the Q, and Qq values use data from
large energy spectrum files the parameters are not given in the data-grid for these
calculations.
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G3.1  Without progeny

The Al and A2 calculation can be performed without including the contribution from any
progeny in calculation of the Q values. To do this go to the ‘Advanced’ menu item and
untick ‘Progeny Used'.

G4 RUNNING EXEMPTION VALUE CALCULATION
Selecting the exemption tab moves to the exemption value calculation. The four buttons

at the bottom of the form again have the same function as in the A1 and A2 calculation,
with the ‘Run’ button starting the exemption calculations.

M sEAL B
I Advanced  Edit  View  About
Finished
A1 and A2 | Exemplion
Activity Rounded activity T ~
Radiohuclide concentration cohcentration Limiting scenario Activity [Bg) Fé?;jmde‘j S Limiting scenario
[Boda) [Ba/a)
1.48E+01 1E+01 “worker normal; solid; ... | 2.55E+04 1E+04 ‘Worker accident; liqui...
2.78E-0 1E-01 “worker nomal; solid; ... | 3.74E+02 1E+03 ‘Worker accident; liqui...
1.77E+01 1E+01 wiorker normal; solid; .. 5.27E+03 1E+06 ‘worker nomal; sofid; ...
313E+M 1E+02 “wiorker normal; solid; .. 1.80E+06 1E+06 ‘worker nomal; sofid; ...
A0 1076 1E.01 1 L colicl £ ARELNE 1E.0E L L eolicl b
(

The results given for each radionuclide are its limiting activity concentration (Bq g™) and
its limiting activity (Bq), given to 2 decimal places (as given in the RP-65 report (Harvey
et al, 1993)), the rounded activity concentration (Bq g™) given to one significant figure
(as given in IAEA Basic Safety Series (IAEA, 1996)) and the scenarios which gives rise
to limiting activity concentration and activity.

Clicking on the data-grid under Radionuclide brings up data about the radionuclide.
Clicking on the rest of the data-grid brings up radionuclide dependent parameters used
for the exemption value calculations.

G5 RUNNING WITH ONLY CERTAIN RADIONUCLIDES
By default both calculations run with the full selection of radionuclides. If only certain

radionuclides are required, or to speed up calculation time, a subset can be selected in
the edit menu. This brings up the ‘Radionuclide Selection’ form:
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Radionuclide selection @

Radionuclide Calculate? ~
Ap-225
Ao-227
Ap-228
Ag-105 ]
Ag-108m ]
A0-110m ]
Ag-1M
Al-26
Am-241
Am-242m ]
Am-243 [l
A7
Ar39
Ar-41
Ag-T3 ]
Ag-Td ]
A =) b

To choose the radionuclides to calculate, click on the boxes to the side of their names
which will add a tick mark as shown. Clicking the box again will remove the tick mark
and deselect the radionuclide. Press ‘Save’ to complete the selection. ‘Select all’ will put
all the radionuclides into the calculation and ‘Select none’ will remove everything from
the calculation. To start the calculation press ‘Run’ as before when back on the main
form.

G6 VIEWING PARAMETERS

Selecting the view menu item, there are two choices: ‘Common parameters’ which
brings up a table of data that may be used in several different calculations; and
‘Exemption Scenario parameters’ which gives a list of exemption scenarios and
parameter values used in them. Radionuclide specific parameters can be viewed by
clicking on certain columns in the results data-grid as discussed previously.
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X

B Common parameters

Common parameters

Fararneter Walue rits o
Area of skin contamina... I iz

Area of skin 1/om2 10000 =

Skin weighting factor nm hame

Shielding factor for bet... | 0.1 none

Effective dose rate 1m ... | 3E-OF Sw/h per Bgdg per Mev
Breathing rate m3/h 1 mah

Area of zpillage [exkemp... | 7 me

Effective gamma doze ... | 1.6E-06 Sw/y per Bg/m3 Mev
Effective beta dose rat... | 2E-06 Sw/y per Bg/m3 Mev
olume of room - m3 323 ma3 ¥

Cloze

G7 ADDITIONAL RADIONUCLIDES

In addition to those given in IAEA TS-G-1.1 (IAEA, 2002) the Department of Transport
asked for the following radionuclides to be included in SEAL in order to calculate the A;
and A, values: >'Ni, ®°Ge, °Kr, 8%sr, *MBa and **™Ir. Dose coefficient data have been
taken from references given in the main report with the following exceptions. No
ingestion and dose coefficient data are available for ***"Ir in ICRP 68 (ICRP, 1994).
Therefore these data have been taken from ICRP 107 (ICRP, 2008). No effective
submersion and skin equivalent dose coefficients are available for "°Kr so these were
calculated from Federal Guidance 12 (Eckerman and Ryman, 1993).
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