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REVIEW OF "Q SYSTEM OF LIMITS FOR TYPE A PACKAGE
CONTENTS" PROPOSED BY MACDONALD AND GOLDFINCH

M. L. Randolph
K. F. Eckermarn

Health and Safety Research Division
Oak Ridge National Laboratory

1. INTRODUCTION

The International Atomic Energy Agency (IAEA) is developing a
revision to their 1973 Safet: Series 6 "IAEA Regulations for the Safe
Transport of Radioactive Materials" (IAEA, 1979). The intent is to
publish the revision in 1984. The IAEA regulations are intended to
apply to international shipments and may also serve as guidance for
intranational shipping regulations.

E. P. Goldfinch and H. F. Macdonald (198la, 1981b) and Goldfinch
and Macdonald (1982) have developed and proposed a revision to the
"AI/AZ“ system used in 1973. The Oak Ridge National Laboratory (ORNL)
has recently contracted with the U. S. Nuclear Regulatory Commission
(NRC) to review the new proposals critically.

The new proposals purport to have the following advantages over

the current IAEA regulations:

1. They state the radiation protection criteria employed more
clearly.

2. They incorporate the data and conclusions on metabolic
pathways as given recently by the International Commission
on Radiological Protection (ICRP, 1977, 1979, 1980, 1981).

3. They include dosimetric routes not previously considered.



4. They harmonize IAEA regulations with ICRP recormendations
in Publications 26 and 30.

5. They introduce a "Q" System in place of the previous
" "
Al/A2 system.

6. They are couched in S.I. units.

Understanding of these proposals requires understanding the defini-
tions of the 1973 A Limits and new Q limits. Al limits are for packages
containing special form material and A2 for other forms of material,
with special form material being material which is non-dispersible when
subjected to certain specified tests (IAEA, 1979). These limits are to
be replaced by new Q1 and Q2 limits. The Q1 and Q2 are (generally)
taken as the least of new limits QA' QB’ i QF which apply for
specific modes of exposure.

QA results from direct external gamma or X-ray exposure; QB from
direct external beta particle radiation; Qc from inhalation exposure;
QD from skin contamination; QE from submersion in gaseous materials;
and QF from alpha particle radiation. QA and QB alone apply to Ql’

while QA through QF apply for QZ'

2. INDIVIDUAL Q LIMITS

2.1 QA Limits

Macdonald and Goldfinch (198la), in developing their formulation
for QA limits for direct photon exposures, assume an accident which
results in complete loss ot shielding; accept as the limiting criteria
an effective dose equivalent of 50 mSv (5 rem) which is the ICRP recom-

mended annual limit for radiation workers; assume a 30-minute exposure



at one meter from a point source; calculate the radiation exposure rate
at one meter from a photon source as 0.53 x quantity of radioactivity
(curies) x mean photo energy (MeV) released per disintegration; and
convert from exposure to an average dose equivalent using a factor of
0.8 Sv/Gy x 0.00867 Gy/R for a sphere with a 30-cm radius.

The combination of proposed changes of dose equivalent limit,
distance and duration of exposure from the previous values (IAEA, 1979)
of 30 mSv (3 rem), 3 m and 3 h to the new values would increase QA
limits by about 10%, assuming no attentuation in a‘r. However, we
recommend the following time-distance accident scenario as more
realistic: 4 hours exposure at 3 meters and 5 minutes at 1 meter
(for recovery operations). This recommendation yields QA limits midway
between the two other values and thus has no appreciable impact on QA
limits (see Table 1) but it does impact QB values (Section 2.2).
Although calculations for exposure rate per unit of source activity and
conversion from roentgens to sieverts may supress weak dependencies on
photon energy and the representation of the human body as equivalent to
a sphere may be an oversimplification, these methods are considered

adequate for the purpose.

2.2 QB Limits

In calculating QB limits for direct beta exposures, Macdonald and
Goldfinch again assume complete loss of shielding by the package and
30-minute exposure at 1 meter from a point source. In addition, they
use a series of four intrinsic shielding factors (150 mg/cm2 of source)
for non-overlapping ranges of initial beta particle energies and accept

ICRP guidance on a skin dose limit of 0.5 Sv (50 rem). They give QB



Table 1. Comparison of scenarios for duration of exposure, distance and photon dose limits

Scenario proposed by

Values used in scenario

Radiation dose rate limit

Duration Distance Dose limit for source at 1 m
h m mSv (rem) mSv/h (rem/h)
IAEA, 1973-79 3 3 30 (3) 90 (9)
Macdonald-Goldfinch 0.5 1 50 (5) 100 (1¢)
This MS 1/12 1
4 3 50 (5) 95 (9.5)




values for beta particles with maximum energies of less than 0.3 MeV,
0.3-1G.5 MeV, 0.5-1 MeV and greater than 1 MeV. To allow for bremsstrah-
lung, an additional limit of 40 TBq (1000 Ci) is set for evaluating Ql‘
Aside from the different scenario which we propose (see Section 2.1)
and discuss further subsequently, there are at least four weaknesses in

the procedure of Macdonald and Goldfinch:

1. The bremsstrahlung limit of 40 TBg is based on historical
precedent rather than rational justification. For mate-
rials with very low specific activities (i.e., long
radioactive half-lives), this limit is probable unneces-
sarily restrictive.

2. For nuclides with multiple beta spectral components
(e.g., beta energy groups with different maximum ener-
gies), caiculation for the maximum beta energy is likely
to be inappropriate and of course is compietely inappro-
priate for conversion electrons. Summation of calcula-
tions for each component weighted by its probability of
occurrence seems to be the best procedure.

3, In the work of Macdonald and Goldfinch (198la) attentua-
tion by 1 meter of air is buiit in through their Figure la
(based on calculations by Cross, 1967), which gives no
points below maximum beta energy of 0.4 MeV. Since the
range of a 0.3 MeV electron is but about 75 cm in air at
atmospheric pressure at 20° C, we suggest that QB for
beta energies of 0.3 MeV or less, at one meter should be

limited only by consideration of bremsstrahlung.



The Macdonald-Goldfinch assumption of a self-absorption
thickness of 150 mg/cm2 implies an unexpressed mass- and
hence activity-limit for direct exposure by beta emitters.
We conservatively estimate these by envisioning a spheri-
cal body of 0.5-m radius surrcunded by a source at 1.5 m

radius and thickness of 0.15 g/cmz. The maximum source

mass is then 4n (2.25 mz) x 1.5 x 103 (g/mz) or about

42 kg and the maximum source strength in (TBq) of about
42 x 1.33 x 107/At where A is the atomic number of the
radioisotope and t is its half-life in years. If this
source strength is less than the calculated QB' the effec-
tive values of QB should revert to that controlled by

bremsstrahlung.

From the scenario of Macdonald and Goldfinch calculations for direct

exposures are made assuming a distance of 1 meter of 30-minute duration.
As menti 1ed in Section 1.1, we consider more realistic and propose a
4-hour exposure at 3 meters and 5-minute exposure at 1 meter. For QB the
shorter exposure at 1 meter gives one-sixth of that for the Macdonald-
Goldfinch scenario. The extra 2 meters air absorption are important
since the range of electrons with initial energies up to 0.8 MeV is less
than 3 meters. Thus at 3 meters only the bremsstrahlung consideration
applies at less than 0.8 MeV.

We note that for very high energy beta particles the 0.15 Sv (15 rem)
limit as recommended by the ICRP for the lens may need to be discussed.
Because of shielding by the head, this consideration can probably be
dismissed except when facing the source. We also note that the self-

shielding factor for very low energy betas may be underestimated.






T
ALl = 0,72 'I- C(t)dt (3)
0

022 L) [1 - Exp (-RT - AT)] (4)

where C(t) is the concentration of respirable nuclide at time t or
initially 0.01 Qc/300. 0.72 is the breathing rate in m3/hour, R is the
air exchange rate of 4/hour and A is the decay constant. This yields
under the assumed conditions of A = zero and t = 0.5 hour:

Qc = ALI/(5.19 x 1078

) . (5)
Although the change amounts to only a 16% increase in all Qc values, it
seems conceptually sounder should others apply the formulation for other

durations of exposure.

2.4 QD Limits

The calculations of QD limits by Macdonald and Goldfinch are based
on the fullowing: the contamination of bare skin is 0.1% of QD per
square meter continuing for 5 hours; the dose is calculated to the
sensitive basal layer of the skin at a depth of 7 mg/cmz; a skin dose
limit of 0.5 Sv (50 rem) as recommended by the ICRP is accepted; and
the calculations are made for five ranges of beta energies. We note
that the thickness of skin to the basal layer has been given as 30-50

mg/cm2 for the palms of the hands and soles of feet, 6-10 mg/cm2 for



the backs of hands and 3-5 mg/cm2 for many other areas (Whitton, 1973).
Macdonald and Goldfinch have conservatively used 7 mg/cmz. Although
the dose calculation hecomes increasing uncertain, perhaps by a factor
of 2.5 or more at beta energies of 0.2 MeV or less, we believe the QD
values are generally acceptable. However, as discussed in Section 2.2,
for nuclides with multiple beta spectral components, calculation for
the maximum beta energy is likely to be inappropriate and is completely
inappropriate for conversion electrons. Summation of calculations for
each component of a complex beta spectrum weighted by its probability

of occurrence seems to be the best procedure.

2.5 QE Limits

Macdonald and Goldfinch's calculation of QE limits for submersion
in gase..us material depends on assuming 30-minute exposure in a room

3 and four air changes per hour; assuming an

with a volume of 300 m
instantaneous, uniformly dispersed release of all the initial material,
QE’ regardless of the packaged pressurization; relying on the derived
air concentration (DAC) limit recommended in ICRP Publication 30; and

accepting the average airborne concentration of material at time t as:

Qg (1 +4t)
C(t) = —700¢

QE/400. at t = 0.5 hour . (6)
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Table 2. Comparisons of limits Q1 vVersus A1 and 02 versus AZ

Result of comparison

Number of Nuclei

Special form Other forms
Ql E Al 02 ' Az
Q < A (more restrictive) 128 169
Q=A 3 2
Q > A (less restrictive) 114 77
Q < 0.1A (most restrictive) 18 19
0.1A<Q<0.5A 73 93
0.5A<Q<2A 131 120
2A<Q<10A 20 13
Q>10A (least restrictive) 2 3
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Table 3. Comparison of 1976 shipments of radionuclides in
the U. S. (Simmons et al., 1976) with Q1 limits

Result of comparison Number of Nuclides

Quantities in all packages
were less than Q1 80

Quantities in more than 90%
of packages were less than Q1 9

Quantities in 50% to 90% of
packages were less than Q1 7

Quantities in less than 50% of
packages were less than Q1 3

Total 99
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$. QE limits for submersion in gases should be relaxed
(increased) because of a faulty formulation by a factor
of 1.75, although this influences very few of the Q1 or
Q2 limits, and the formulation for average concentration
should be revised,;

6. QF limits for special form alpha particles are arbitrarily
set at 1000 QC in place of which we suggest an arbitrary
limit of 0.8 Sv (20 Ci) although more justification or

revision is needed.

Perhaps several of our comments would be better directed to revision of
[AEA Safety Series 37 (IAEA, 1973) on the methodology behind setting
limits. The new Ql and 02 limits proposed by Macdonald and Goldfinch
are somewnat more restrictive than the old Al and A2 limits but within
the U. S. shipping quantities seem to be dictated more by cuslomer

convenience than by regulatory iimits.
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