6 Radiation Protection and Health Physics

6.1 Definitions and Equations

6.1.1 Dose concepts

Equivalent dose
Equivalent dose is defined as
HT,R = WRDT,R (611)
where wy is the radiation weighting factor and Dr g is the mean absorbed dose from
radiation R in tissue or organ T. Numerical values of wy are given in Table 6.1 (ICRP,
2007).
The total equivalent dose, Hr, is the sum of Hr r over all radiation types,

Hy = Z Hr g Unit : sievert, 1Sv = 1] kg™ (6.1.2)

Table 6.1: ICRP recommended radiation weighting factors (ICRP, 2007).

Radiation type Radiation weighting factor, wg
Photons 1
Electrons and muons 1

Protons and charged pions 2

Alpha particles, fission

fragments, heavy ions 20

Neutrons A continuous function of neutron energy

Effective dose
Effective dose is defined as

E= Z wrHry Unit : sievert, 1Sv = 1] kg™ (6.1.3)

where wr is the tissue weighting factor and Hr is the equivalent dose in a tissue or
organ. Numerical values of wt are given in Table 6.2
Summing all tissues in the body will give Xwr = 1

Committed equivalent dose
Committed equivalent dose is defined as
l’0+T

Ha() = / (6 dt (6.14)
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Table 6.2: ICRP recommended tissue weighting factors (ICRP, 2007).

Tissue Tissue weighting factor, wp > wr
Bone marrow (red), colon, lungs

stomach, breast, remainder tissues  0.12 0.72
Gonads 0.08 0.08
Bladder, oesophagus, liver, thyroid  0.04 0.16
Bone surface, brain, salivary

glands, skin 0.01 0.04
Total 1.00

Remainder tissues: Adrenals, extrathoracic region, gall bladder, heart, kidneys, lym-
phatic nodes, muscle, oral mucosa, pancreas, prostate, small intestine, spleen, thy-
mus, uterus/cervix.

where t, is the time of intake, Hy(t) is the equivalent dose rate at time ¢ in organ or
tissue T and 7 is the time elapsed after time of intake.
If T is not specified it is taken as 50 y for adults and 70y for children.

Committed effective dose:
Committed effective dose is defined in a similar way as

E(r) = Z wrHz(7T) (6.1.5)

Collective effective dose
The collective effective dose, due to individual effective dose values between E; and
E, from a specified source within a specified time period AT, is defined as

E,
S(E1, Ea, AT) = / E[%}ATdE 6.1.6)
Ey
It can be approximated as S=X;E;N; where E; is the average effective dose for a

subgroup i and N; is the number of individuals in this subgroup. The unit of the
collective effective dose is Joule per kilogram and the special name is person-sievert.

Annual limit on intake (ALI)
ALl is the value of I that satisfies the following inequality

I wrHsor < 0.02Sv (6.1.7)

Hso 1 is the committed equivalent dose for 7=50y. This means that if a person has an
intake of activity corresponding to an ALI for 50, the equivalent dose year 50 will
not be larger than 0.02 Sv, which fulfills the ICRP recommendation.

Derived air concentration (DAC)
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210 —— Radiation Protection and Health Physics

DAC is defined as the concentration in air that would result in an activity inhalation

of an ALI AL
_ -3
DAC = 3600 1.2 B4m™
where it is assumed that a person (Reference Man) works 2000 h per year and inhales

1.2m? air per h.

(6.1.8)

6.1.2 Transport of radionuclides in the body

I. Single uptake and exponential excretion.
The activity in the body after a single intake and exponential excretion is given by

A(f) = Age™ et (6.1.9)

where A is the initial uptake of activity, A.g = Ay, + A; (effective decay constant), A, is
the biological decay constant and A is the physical decay constant.
The relation can be rewritten including the half lives instead. Then

A(f) = Agel 2t/ Ten) (6.1.10)
_ ThT¢
Teq = T+ T, (6.1.11)

I1. Single uptake and general excretion equation.
The variation of activity in the body after a single intake and with a general excretion
equation is given by
%ﬁ” - “E() - LA (6.1.12)
where E(t) is the excreted activity per time unit at time t and A(t) is the activity in the
body after time, t.
The relative decrease in activity is then given by

A()

dr() _ d(%) _ -E(@®) A A0

dt dt Ao Ao
where R(t) is the fraction of initial activity, Ao, that is remaining in the tissue at time
t and Y(t) is the fraction of the initial activity that is excreted per time unit at time ¢.
R(t) and Y(t) do not include the physical decay and can thus be used for different
radioactive isotopes of the same element.

-Y(6) - A¢R(¢) (6.1.13)

II1. Continuous contamination of the radionuclide.
The activity in the tissue at time t is given by the relation
t
A =1 / R(t)e™MTdT (6.1.14)
0
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where I is the intake/time unit.

IV. Cumulated activity.
By integrating the activity A(t) over time, the cumulated activity A is obtained.

t

A= / A(t)dr (6.1.15)

0

If A(t) is decreasing exponentially with time then

A= Ao gty (6.1.16)
Aeff
If t — oo then A AT
A _ 10 _ A0 leff
A= py 2 (6.1.17)

This approximation holds when ¢ is much larger than the effective half life.

The absorbed dose rate and absorbed dose is obtained by multiplying the activity
or the cumulated activity with a factor S Gy/(Bgs), giving the relation between ab-
sorbed dose rate and activity or absorbed dose and cumulated activity. The factor S is
depending on type and energy of radiation, and the size and shape of the organ. This
factor can also be used to calculate the absorbed dose due to activity in one organ to
other organs, and then also the distance between the organs will be of interest. MIRD
(Medical Internal Radiation Dose Committee) has calculated and tabulated data for
S for different organs and human phantoms corresponding to different sizes, from
babies to adults. These tables and other publications from MIRD can be downloaded
from http://interactive.snm.org/.

6.1.3 Radiation shielding calculations

Radiation sources

Radiation sources are characterized by their strength and geometry. The simplest
source is the point source and the other sources can be obtained by a summation of
point sources. Normally one can divide the sources into the following categories:

Point source S (Bq)

Line source S;, (Bqgm™)
Area source S, (Bqm™2)
Volume source Sy (Bqm™)

Instead of defining the source strength in Bq, it is often defined as the number
of particles, in our cases mainly photons, emitted per second. In the solutions
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212 — Radiation Protection and Health Physics

discussed in this material, the definitions using Bq are used. Then it is important
to multiply with the number photons per decay to obtain the fluence rate. As often
photons of different energies are emitted, separate calculations have to be performed
for each energy. The energy fluence rate is obtained by multiplying the fluence rate
for each energy with the respective energy. This means that all calculations are a sum
of calculations for the different energies.

Primary photons

Plane parallel beams. The attenuation of the fluence rate of a plane parallel beam
passing through an absorber with thickness x and the linear attenuation coefficient
U is obtained through the relation

@D(x) = D(0)e™ (6.1.18)

This holds if only primary photons are included in the calculations. This can be as-
sumed to hold for a narrow well collimated beam, both in front of and behind the ab-
sorber (see Fig. 6.1). This situation is sometimes called narrow beam or good geometry.

Collimators
N

o~
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Narrow beam Vs
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Source ﬁ-
A
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Detectors

Broad beam

.- . .

—t
Source 7-
/

Figure 6.1: Transmission of photons trough a shielding material in “narrow” and “ broad” beam
conditions.
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6.1.3.0.1 Point source.
With a point source there will, besides the attenuation, be a decrease of the fluence
rate due to the divergence of the beam. Sometimes the quantity

e M

anr? (6.1.19)

is called the point kernel, as it describes the variation of the fluence rate with the dis-
tance from the source. As all sources can be assumed to consist of an infinite number
of point sources, the fluence rate from any source can be calculated using the point
kernels.

The fluence rate of the primary photons at a distance r from a point source with
the source strength S (Bq), and f mono-energetic photons per decay, in an absorbing
medium with the attenuation coefficient y, is obtained through the relation

D) = L e (6.1.20)

Secondary photons

Build-up factor. Normally secondary photons produced by interaction of the primary
photons have to be included in the calculations (see Fig. 6.1). These secondary pho-
tons are mainly Compton photons, but to a smaller extent also annihilation photons
and fluorescence x rays. Calculation of the secondary photon fluence rate for a certain
geometry is complex and often simplifications are made. Often the primary fluence is
multiplied with a build up factor, B, that is defined as

contribution from secondary photons

B=1+ — -
contribution from primary photons

(6.1.21)

This can for an isotropic, monoenergetic point source in a medium be written as

2 i (E)D(r, E) dE
f(Eo)@o(r, Eo)

The factor f, defines which effect that the build-up factor is defined for. If f; is equal
to unity, then the buildup factor is related to the fluence. If it is equal to E, then it is
related to the energy fluence and if it is equal to penE it is related to the absorbed dose
and so on. @ and @ are the fluences of the primary and the total number of particles
respectively.

By(r, Eo) = (6.1.22)

The build up factor B is a function of several parameters:

a) Photon energy. B increases generally with decreasing photon energy in ele-
ments with low atomic numbers, where the Compton effect dominates down to low
energies. For elements with a high atomic number, B will instead decrease at low
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Table 6.3: Ratio between the build-up factor in a finite and an infinite medium. Data from Berger and
Doggett (Berger and Doggett, 1956).

[B(ux, ux])-1]/[B(ux, e=])-1]

Material ~ Photon energy (MeV)  1ux 4ux 16ux
Water 0.66 0.66 0.78 0.78
1.0 0.72 0.82 0.83

4.0 0.89 0.92 0.93

Lead 0.66 0.95 0.98 0.98
1.0 0.98 0.99 0.99

4.0 0.99 0.99 0.99

photon energies as the photo-electric effect, where most of the photon energy is
transferred to the electron, will start to dominate.

b) Atomic number of the absorber. B decreases with increasing atomic number,
as the probability for both the photo-electric effect and the pair production increases
with increasing atomic number, giving rise to less secondary photons.

c) Penetration depth. B increases continuously with increasing value of the
penetration depth, ux.

d) Geometry. Normally two geometries are discussed, a plane parallel infinite
beam or a point source in an infinite medium. Most tables and equations thus give
data for B in an infinite extension of the absorber. This generally does not correspond
to the real geometry and B overestimates the contribution from secondary photons,
mainly due to the backscattered photons, which should not be included in calcula-
tions of the fluence rate behind an absorber. The difference between the correct and
the calculated fluence rate using these values of B is largest for low energies and low
atomic numbers. The difference can be as large as up to 30%. Table 6.3 gives relations
between the build up factor in a finite medium, B(pux, px) and an infinite medium
B(ux, o).

e) Quantity studied. The build-up factor is different depending on which quan-
tity that is studied, fluence, energy fluence, absorbed dose and so on. The fluence
build-up factor is larger than the buildup factor for the energy fluence as the energy
of the secondary photons is lower than for the primary photons. It is thus important
to use buildup factors for the quantity that is of interest.

Data for build-up factors can be found tabulated for some simple geometries in
many textbooks and compilations on radiation shielding.

There are also some empirical equations where the parameters are fit to values
calculated by analytical methods, that may be used for obtaining the buildup factor.
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One example is the Taylor expression.
B(Eo, ur) = Ae™ ™ + (1 - A)e™ ¥ (6.1.23)

where A, a; and a, are parameters that vary with energy and medium.
Another commonly used expression is the Berger expression (Berger, 1956;
Chilton, 1968).
B(Eo, ur) = 1 + aure™ (6.1.24)

where the parameters a and b vary more slowly with energy than the parameters for
the Taylor expression. Another advantage with this expression is that the contribution
from secondary particles is separate.

Data for the parameters for the Berger expression are e.g. found in Tables A4:9
and A4:10 in Chilton et al (Chilton et al, 1984).

In some situations it is more practical to use experimental obtained transmission
data. This is often the case when determining the shielding in diagnostic radiology
and in therapeutic treatment rooms, where the approximation of infinite beams is in-
appropriate.

When more accurate calculations are needed the best method is to use the Monte
Carlo method, where the real irradiation geometry can be simulated. These calcula-
tions may however be time consuming and in radiation protection a high accuracy is
not always needed.

6.1.3.0.2 Shielding including secondary photons.
When including the secondary photons, the equation to calculate the fluence rate, is
for a plane parallel beam given by

@(x) = @(0)B(ux)e ™ (6.1.25)

The corresponding equation for a point source is given by

a(r) = Sz’i(fzr) e (6.1.26)

Thus the total fluence is simply obtained by multiplying the relation for the primary
fluence with the buildup factor B. Note that the buildup factor takes into considera-
tion the different energies of the secondary and primary photons if needed. It is, as
already mentioned, important to use the correct factors depending on the quantity
one is interested in.

6.1.3.0.3 Reflexion coefficient of radiation, Albedo.
In many situations the backscattered radiation is of interest. If a medium has the shape
of an infinite slab and radiation is incident on one of its sides, the reflexion coefficient
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or the Albedo factor is defined as the ratio of the amount of radiation reflected from
the slab to the amount of radiation incident on the slab. The definition assumes that
the reflected radiation is emitted from the same point as where it entered the slab (See
Fig. 6.2), even if the reflexion is not a surface effect, but the interactions are at different
depths in the slab.

Incident photons

0 do
™~

Y

Reflecting material

Figure 6.2: Reflexion of photons from a surface.

The reflexion coefficient for the number of particles may be defined as

/2 Eo
Ry = 271 / / N6, E)sin 0 d0 dE (6.1.27)
0

0

where (N(0, E)) is the relative number of particles reflected differential in angle and
energy.

Extended sources
Fluence rate from line sources. The fluence rate for primary photons from a line
source at a point P (See Fig. 6.3) and a total attenuation thickness of Zu;x; is given by

Dpy = %[F(ez, Zuix;) + F(01, Zpix;)] (6.1.28)

where F is the Sievert integral defined as

]
F(O, ux) - / ¢ 050 g (6.1.29)
0

Table 6.4 gives data for F(6, Zu;x;).
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Fluence rate from area sources. The fluence rate of primary photons from a
plane circular area to a point P (See Fig. 6.4), centrally positioned above the area at a

height h and with a total attenuation thickness of Zu;x; is given by

Figure 6.3

1.30)

6

. S
Dpp = ;f [E1(Zpix;) — E1(0, Zp;x; sec 0)]

When the radius of the area goes to infinity the second factor goes to zero and the

relation becomes

(6.1.31)

. S
Dpp = %fEl(Zﬂixi)

E1(Zu;x;) is the exponential integral of the first order obtained from the general rela-

tion

32)

1

(6

Xn—l e” dy
yn
Observe that for an infinite area, the height over the surface is not included in the

equation, and it is only the attenuation thickness that is of interest

En(x)
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a circular area of the same size. Table 6.5 gives values of the exponential integral
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P

Absorbing material
Z,uixi

Area source

Figure 6.4: Area source with absorbing material.

Fluence rate from volume sources. The fluence rate at a point P from a semi-
infinite volume source with a thickness d (See Fig. 6.5), attenuation coefficient ys and
an absorbing material with an attenuation thickness Xu;x; is obtained by dividing
the volume source into several thin slices and then integrate the fluence from each
slice. The fluence rate of primary photons is then obtained as

. S
Dpy = %:[Ez Sixs) - Ea(Spx; + psd)] (6.1.33)

If the volume source can be assumed to have an infinite thickness then the equation
is simplified to
Dp

s

S
v = T;j:Ez(Zini) (6.1.34)

If instead there is no absorbing material between the source and the calculation point
P the equation becomes

Dpy = g—;’l]:[l - E,(Zusd)] (6.1.35)
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Absorbing material
Z,uixi

N\
\

N

d Volume source

Figure 6.5: Volume source with absorbing material.

6.1.3.1 Radiation shielding at radiotherapy installations

When installing a high energy radiation treatment facility, the protection of both pa-
tients and staff need to be considered. In this section only the determination of the
shielding of the walls of the treatment room will be discussed. For further discussion
see e.g. ICRP 33 (ICRP, 1982) and NCRP 151 (NCRP, 2005). Three main components have
to be included in the discussion, primary radiation, leakage radiation and scattered
radiation. Production of neutrons and induced activity will not be considered here. In
the discussion it is important to consider the type of areas that shall be protected, as
the acceptable permissible dose depends on the group of people to be protected (i.e.
the general public or staff). The national recommendations should be followed here.
Typical values could be a weekly dose equivalent of 0.02mSv/week for uncontrolled
areas and 0.1 mSv/week for controlled areas NCRP 151 (NCRP, 2005).

Most accelerator installations are isocentric. This will imply that two walls will
not be hit by the primary beam, but only by leakage and scattered radiation. Thus the
thickness of these walls may be reduced. Determination of the protective barriers for
these three components will be discussed separately below.

Primary radiation. When determining the necessary shielding for walls which
are directly hit by the beam the relation

Pd?
wuT
is sometimes proposed as a starting point (ICRP, 1982). B is the transmission through
the barrier to be determined, P is the is the acceptable equivalent dose, d is the dis-
tance from the source to the location of interest, W is the work load (absorbed dose at
1m), U is the use factor (fraction of the treatments directed to the wall of interest), T
is the occupancy factor (taking into consideration of how much the space behind the
barrier is used). The calculation time can be either per week or per year. It is important

Bp = (6.1.36)
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when deciding of the different factors, to realize that they may change in the future due
to changes both in the use of the building and to changes in treatment methods. Thus
it is important to use conservative assumptions and in practice the doses are often far
below the regulations.

To determine the necessary wall thickness for a certain B, either half-value
thickness (HVT), tenth-value thickness (TVT) or experimental transmission curves
may be used (ICRP, 1982) as these beams have to be considered as broad beams.

Scattered radiation. In a similar way the relation for scattered radiation can
be expressed as ,
Pd
Bs = wrs
P and T are the same and W is the same unless the distance between source and
scatterer is not 1m. d; is the distance from scattering object (patient) to the location
of interest. S is the fraction of incident absorbed dose rate scattered to 1 m. When
determining barrier thickness for secondary radiation it is important to remember
that the scattered radiation has a lower energy than the primary one. Independent of
the energy of the primary radiation, the energy of the radiation scattered more than
90° is lower than around 0.5 MeV. Thus the TVT and transmission curves for scattered
radiation shall be used. In many installations the scattered radiation gives a small
contribution to the total dose and can be neglected in barrier determinations.

(6.1.37)

Leakage radiation. For leakage radiation, transmission curves are not recom-
mended to be used but only tenth-value thicknesses. The number of tenth-value
thicknesses Nyt is given by

Nyt = log, w.T (6.1.38)

dz2p

Wy is the leakage absorbed dose at 1 m from the source. For high energy x rays this
value is at 1 m from the target often 0.1 % of the primary absorbed dose at 1 m (NCRP,
2005).

A wall is normally hit by both scattered radiation and leakage radiation. If the
difference is larger than 1 TVT, which is the most common situation, the thicker shield
thickness should be used. If the difference is smaller than 1 TVT, then 1 HVT should
be added to the thicker shield.

6.2 Exercises in Radiation Protection

6.2.1 Radioecology

Exercise 6.1. A company is using high activities of >’ Co. The waste activity is first
released through waste water into a water basin and then, after passing through

Brought to you by | Graduate School, CAS
Authenticated
Download Date | 10/15/16 3:02 PM



Exercises in Radiation Protection = 221

a filter, out into the sewage. The renewal of the water into the basin is 5.0 m> per
day. The volume of the basin is 200 m>. The contaminated water is assumed to
immediately mix with the water in the basin. A check of the activity concentration in
the water in the basin after 200 days shows that it is 2.50 kBqm™. This was regarded
as too much and actions were made to reduce the release of the activity into the basin
with a factor of 3.0. Calculate the activity concentration in the basin 100 days later.

Exercise 6.2. A laboratory can measure an activity of 0.20Bq %°Sr in a urine
sample. Assume that workers handling 8°Sr, have a daily urine sample measured
every 30 days. Calculate the lowest detectable intake in the “worst situation” i.e.
when the worker was exposed to the contamination 30 days before the sample was
taken. Assume that 30% of the activity is excreted through the urine and that the
excretion equation is given by

Y() = 0.12- e 2424 1 0,08 - t 2 (tin days)

Exercise 6.3. A person is working in an environment in which the concentration of
activity of >H is 0.10 DAC (derived air concentration). He is working in this environ-
ment for 180 days. Calculate the expected total effective dose he will obtain. >H has a
biological half life of 12.0 days.

Exercise 6.4. You are responsible for a laboratory using 2'°Po. There is a detec-
tor available that can measure the activity of 2'°Po in the urine. The detection limit
is 15Bq %!%Po in the daily urine. You are interested in measuring a single uptake of
20.0 kBq 2'°Po. How often is it necessary to perform urine measurements to be able
to detect such an uptake? The retention equation for 2'°Po in the kidneys is

R(t) = e 2140 (t in days)

10% of the activity is taken up by the kidneys and excreted through the urine.

Exercise 6.5. A person works for 60 days in an area with a high concentration
of tritium in the drinking water. A continuous stay in this environment would result
in an activity intake corresponding to one ALI, calculated for an effective dose of
20 mSv per year. Calculate the effective dose during the 60 days the person is staying
in this environment. Calculate also the total effective dose integrated over infinite
time. The biological half life is 10 days.

Exercise 6.6. A research institute is using *H. By mistake the waste water be-
came contaminated. This waste water is used by cattle drinking 70 dm> of the water
every day. The activity concentration of the water is 390 kBqdm™. This is going
on for 40 days until the contamination is discovered. The cattle will then drink
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uncontaminated water. Calculate the total absorbed dose to an animal with a mass
of 400 kg (assuming infinite time). The biological half life is obtained by assuming
that the water intake and excretion is the same and the water content is 260 kg. When
calculating the mean absorbed dose assume that the activity is distributed uniformly
in the body.

Exercise 6.7. The chemical toxicity for nickel carbonyl, Ni(CO)4, gives the limit
for the atmospheric concentration to 1.0 -1071°% per mass unit. In an experiment
nickel carbonyl, corresponding to the chemical limit, tagged with 100% 63Ni is used.
Is this in agreement with the radiological limit expressed in ALI for an effective
dose of 20 mSv per year, i.e. the exposed persons are assumed to be radiological
workers? The whole body is supposed to be the critical organ (70 kg). Assume that the
breathing capacity is 10.0 m> d™! and that 50% of the inhaled activity is absorbed.
The biological half life is 2.0 years.

Exercise 6.8. When estimating risks from the food contaminated with radioactivity
from fallout, it is necessary to consider how often a certain foodstuff is consumed.
Compare the yearly emitted electron- and photon energy from the radioactivity in the
body for the two following situations:

a) A single intake of 0.60kg of lobster from Sellafield. The lobster contains
13000 Bq kg! of 1*7Cs.

b) A “continuous” daily intake of 0.50 dm? milk, with the concentration 100 Bqdm™
of 137Cs. The excretion of Cs from the body can be approximated with a biological
half life of 100 days.

Exercise 6.9. After the reactor power accident in Chernobyl the maximal con-
centration of *’Cs in food was in Sweden limited to 300 Bqkg'. The aim was that
the population during their life shall not obtain an activity content higher than 30
000 Bq per person. Calculate the maximum mass intake of the contaminated food
per day if this is to be fulfilled assuming constant activity concentration. The average
length of life in Sweden is supposed to be 80 years. The retention function for *’Cs
is given by

R(t) = 0.10 - 72347t £ 0.90 - 7%-9963%¢ (t in days) (6.2.1)

Exercise 6.10. A pond is by mistake contaminated with *7Cs. A test measure-
ment shows that the concentration of the activity is 2.5 kBq dm~ water. The pond has
an exchange of water of 1000 dm? per day and the volume of the pond is 100 000 dm?
water. The mixture of the water is momentarily so the concentration of activity in the
pond is uniform. The water in the pond is drunk by cows on a pasture surrounding
the pond. Calculate the maximum activity in the cows if they drink 70 dm> water per
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day. The half life for Cs in the cow is assumed to be 100 days.

Exercise 6.11. One of the problems when using fusion reactors is the produc-
tion of tritium. In a river the concentration of >H in the water is 800 Bqdm™.
Calculate the effective dose per year for a continuous intake of water, assuming that
a person drinks 2.0 dm> water per day. Hydrogen is in this calculation approximated
to be evenly distributed in the body with a mass of 70 kg. The biological half life for
hydrogen is 10 days.

Exercise 6.12. You are working at a hospital, that is using **I for treatment of
diseases in the thyroid. There is an automatic system for distribution of the activity
to the patient. At some occasion it is discovered that a tube in the system is broken
and some activity is leaking out into a room with a volume of 20 m?. The system is
assumed to be continuously leaking **'I with a velocity of 0.20 MBqh™!. The activity
is mixed momentarily with the air and the concentration is approximated to be evenly
distributed in the room. The ventilation exchange rate in the room is 0.50h™!, A
laboratory assistant has been working in the laboratory the whole day, i.e. 8.0 h.
Assume that the leakage started already in the morning, which means that there has
been a leakage the whole day. Calculate the activity in the thyroid of the laboratory
assistant at the end of the day, if 30% of the inhaled activity is taken up in the thyroid
and excreted with a biological half life of 75 days. The inhaling rate is 0.020 m> min!.

6.2.2 Point Radioactive Sources

Exercise 6.13. A ®°Co source is placed in a safety box in a storage room. In another
room close to the storage, a person is sitting all the day, i.e. 40 h per week. Calculate
the absorbed dose to the person during one week, using the following data. The
activity of the source is 0.63 GBq. The wall of the safety box is made of 30 mm iron.
The wall between the rooms is made of 15.0 cm concrete (p = 2.35 - 10> kgm ). The
absorbed dose is calculated to a small mass of water “free in air” at a distance of
60.0 cm from the source. The build-up factor due to the secondary photons is 3.0. Is
it acceptable that the person is sitting there or is it necessary to improve the shielding?

Exercise 6.14. In a student’s laboratory radioactive sources are stored in a safe.
The dose rate (to a small mass of water) outside the safe should be less than
10 uGy h™1. Assume that the dominating radioactive source in the safe is ®°Co. Which
is the highest possible activity of this source in order to fulfill the radiation protection
requirements? Assume the following geometry: The shortest distance from the
radioactive source to the outside of the safe is 130 mm. The wall of the safe is made of
20 mm iron. For calculation of the build-up factor use the Berger expression with the
parameters a=0.955 and b=0.024.
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Exercise 6.15 To decrease the absorbed dose when working with radioactive
sources, it is possible to work behind a shield made of lead. Sometimes this however
prolongs the working time and the absorbed dose can be higher than without the
shield. Which of the following working situations gives the lowest absorbed dose?

Method 1: The radioactive source (°°Co) is positioned 50 cm from the person be-
hind a 40 mm thick lead shield. The working moment takes 600 s.

Method 2: The radioactive source (°°Co) is positioned at a distance of 40 cm from
the person without any lead shield. The working moment now takes 140s.

For calculation of the build-up factor use the Berger expression with the parame-
ters a=0.33 and b=-0.011. If the activity of the source is 200 GBq, calculate the kerma
rate to air at the calculation point where the person is situated. The mean energy of
the photons may be used.

Exercise 6.16. A young patient is to be treated with ®°Co-y-radiation and the
father has then to be in the treatment room during the irradiation. The kerma rate
to air is 21.8 mGy s~ at a distance of 1.00 m from the source. SSD is equal to 0.80 m
and the treatment time is 150 s every time. The distance to the father is 4.00 m. He is
only hit by 90° scattered radiation from the patient and leakage radiation from the
treatment head. The thickness of the patient is 20 cm. The treatments are made 5 days
per week and during 4 weeks.

The father is positioned behind a lead shield. How thick must this lead shield be
if the father shall not get more than a total effective dose of 100 uSv? The kerma rate
of the scattered radiation 1.00 m from the scatterer (the patient) is 0.10% of the kerma
rate of the primary beam at position of the center of the scatterer. Use transmission
curves for broad beams to calculate the necessary shielding thickness. The leakage
dose rate at 1.0 m is assumed to be 0.1% of the primary dose rate at the isocenter.
Tenth value thickness in lead is 4.0 cm (ICRP, 1982). Conversion factor effective dose
to air kerma = 1.09.

Exercise 6.17. A 6 MV linear accelerator will be installed in a room previously
used for a ®°Co radiotherapy unit. The wall thickness will then need to be increased.
The treatment room is outlined in Fig. 6.6 where the lines indicate the outer contour
of the walls. At point A there is a control room and point B is situated outside the
building, where it is unlikely that anybody will be there for a long time. According to
national regulations, considering typical values for work load, use and occupancy
factors, this implies that the absorbed dose rate at A shall be <10 uGy h™! and at B
<100 uGyh™,

The linear accelerator is mounted isotropically and the primary beam can hit A,
but not B. The maximum absorbed dose rate at the isocenter (1.00 m) is 4.0 Gy min ™.
The leakage dose rate at 1.0 m is assumed to be 0.1% of the primary dose rate at the
isocenter. The scattered radiation 1.0 m from the isocenter is 0.03% of the primary dose
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rate at that point. For the calculation of the wall thicknesses, data from ICRP 33 (ICRP
1982) or similar compilations can be used. Calculate the necessary wall thicknesses
for the walls at A and B.

Accelerator

Target
I1.0 m

5.00 m
550m Patient

A

Figure 6.6: Outline of a radiotherapy treatment room with a linear accelerator.

Exercise 6.18. At a hospital, a room shall be used for brachytherapy patients, i.e. pa-
tients with intracavity radioactive sources. It is important that patients in a nearby
room shall not receive absorbed doses which are too high. Calculate the necessary
thickness for the wall between the rooms. See Fig. 6.7. Assume that there are patients
with radioactive sources for 50 h per week. In the nearby room the same patient can
stay for a week. The effective dose to the patient in the nearby room shall be lower than
0.020 mSv. The dose may be calculated as the kerma to a small mass of water "free in
air" at the center of the patient, without including any absorption in the patient.

The brachytherapy sources are 13’ Cs with an activity of 2.60 GBq. The wall is made
of concrete with a density of 2.35-10% kg m . Each patient has only one source and
only one patient is in the room. The self absorption in the brachytherapy patient is
30%. The air kerma constant for 13 Cs=20.3-107'8 Gys™! Bq ™' m?.

6.2.3 Extended Radioactive Sources

Exercise 6.19. In gynecological radiotherapy, radioactive sources which are inserted
into the body, are used. Such a radiation source may consist of a line source inside a
material which protects the source from the tissue, but also absorbs all electrons and
low energetic photons that are emitted from the source. Such a radiation source has
dimensions as in Fig. 6.8, where the cover made of platinum (Pt) has a thickness of
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Concrete wall

20m -
Brachytherapy patient The other Tatient

Figure 6.7: Brachytherapy patient in a room next to another patient.

0.65 mm. The source is placed in water. Which time is needed to obtain an absorbed
dose at P of 2.0 Gy, if the activity of the source is 57.5 GBq? Only primary photons have
to be included in the calculations.

0.65 mm Pt

‘,Cs-137 line source

45 mm

Figure 6.8: 137Cs brachytherapy source with a Pt-cover.

Exercise 6.20. A betatron (a circular electron accelerator), may be radioactively
contaminated trough gamma-n and electron-n reactions when high accelerating
energies are used. Assume that the betatron may be regarded as a circular radioactive
source with the diameter 1.50 m. Calculate the kerma to a small mass of water at the
center of the betatron during the first 30 min after the betatron has been switched off.
The important radionuclide is 0 and the line source activity at the time of switch
off is 1.30 GBgm™!. Between the source and the calculation point is the wall of the
betatron that is made of iron and has a thickness of 10.0 mm. Only primary photons
have to be included in the calculations.

Exercise 6.21. In a room there is a tube in which a radioactive gas is passing
(See Fig. 6.9). The closest distance from the tube to a work place is 2.00 m. The line
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source activity in the tube is 1.20 GBqm™! and consists of ®F. Calculate the kerma
rate to air at the work place. The tube wall is made of iron and has a thickness of
2.0 mm. Assume that the positrons are annihilated directly at the inside of the tube
and that the contribution from secondary photons can be neglected. The activity
can be regarded as a line source and the contribution from the activity in the tube
outside the room can be neglected. Is this work place acceptable regarding radiation
protection recommendations?

30m

20 m

20m

Figure 6.9: Room with a tube containing radioactive gas and a work place situated 2.0 m from the
tube.

Exercise 6.22. In an experiment, cows on a pasture contaminated with *'I are
irradiated. The concentration of activity is 450 MBqm™2. The pasture is large so an
infinite extension may be assumed in the calculations. Calculate the kerma to tissue
at a point 1.50 m over the ground, if the cows are on the pasture for 14 days. The
air pressure is 100 kPa and the mean air temperature 15 °C. Include only the most
frequent photon energy in the calculations.

Exercise 6.23. After the Chernobyl accident, parts of Sweden were contami-
nated with radioactivity. The area around Géavle was heavily contaminated, and an
area source activity up to 80 000 Bqm~2 was measured. The main radionuclide was
137Cs. Calculate the maximal kerma rate to air 1.5m above the ground for a circular
area with the radius 200 m with this concentration. The air pressure is 101.3 kPa and
the air temperature 20 °C. The contribution from the characteristic x rays and the
production of secondary photons can be neglected.

Exercise 6.24. During winter Sweden is typically covered with snow. The snow
will decrease the natural background radiation from the ground. Calculate the de-
crease in air kerma rate 1.50 m above the ground, if the ground can be approximated
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with an infinite plane surface source with the activity 10000 Bqm™. Assume that
0.80 photons with the energy 0.80 MeV are emitted per disintegration. The snow
thickness is 0.50 m and the density is 0.25 kg dm™>. The build-up factor is calculated
using the formula according to Berger with the parameters a=1.74 and b=0.045. The
same formula constants may be used for both air and snow (water). When calculating
the kerma rate the same energy may be used for the primary and the secondary
photons.

Exercise 6.25. Calculate the primary photon fluence rate at the water surface
above a nuclear fuel rod, that is placed vertically, with its upper endpoint 2.00 m
below the water surface.

The rod consists of uranium dioxide and is 4.00 mlong, and may be regarded
as a thin line source, but where the attenuation in the source should be considered
along the length of the source. The activity in the source is 37-10!° Bq and a photon
with the energy 1.0 MeV is emitted per disintegration.

Exercise 6.26. A measuring room for low-activity measurements were built with a
0.40 m thick concrete wall, with the volume source activity 7.4 kB m. The radioactive
nuclides decay by emitting two photons per disintegration with the average energy
of 1.0 MeV. To reduce the background contribution from the wall it was covered with
20 mm lead.

Calculate the fluence rate 1.0 m from the wall, with and without the lead. The wall
may be assumed to be semi-infinite. Estimate what error this approximation intro-
duces if the wall has the dimension 6.0x2.0 m?. The build-up factor is calculated using
the formula according to Berger with the parameters for concrete a=1.27 and b=0.032
and for lead a=0.30 and b=-0.015.

6.3 Solutions in Radiation Protection

6.3.1 Radioecology

Solution exercise 6.1.
The change of the concentration of activity in the basin is given by the equation

dc
i U - A C(2) (6.3.1)
Solving the equation gives
) = L - ety 6.32)
Aeﬁ

U is the input of activity to the basin per time and volume unit and A.g = Ap+A
(effective decay constant)
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Data:

C(200d)=2.5kBqm™> (activity concentration in the basin after 200 d)
A¢ =In2/270.9d"! (physical decay constant)

Ap=5.0/200d! (rate of exchange of water in the basin)
Aef=2.756-1072 d!

Data inserted in the equation gives

U ~0.02756-200
25:100= ——(1-
> 0.00756 1 € )

U=68.62Bqm>d!

The concentration of activity 100d after the decrease of the activity is given by
the new activity rate released, which is 68.62/3Bq (m~> d!) and the decrease of the
activity in the basin after 200 d, when the change in activity was introduced.

68.62

= 43 0 02756(1 _ e—0.02756~100) +2.5. 103 . e—0.02756-100 =936 qu—3

Answer: The concentration of activity 100 d after decrease of release of the activity is
0.94kBqm™.

Solution exercise 6.2.
Excretion of 8°Sr is given by the equation

Y(t) =0.12- e "2t24 L 9 08 . 12 (6.3.3)

The excreted activity per day at time ¢ is then given by

Lﬁy) = AofY()e "%t (6.3.4)
where

T1/,=50.5d (physical half life of °Sr)

dA/dt=0.20 Bqd ! (minimal measurable excreted activity in the urine per day)
f=0.30 (fraction excreted through urine)

t=30d (time between two measurements)

Data inserted in Eq. 6.3.4 gives
0.20 = Ao 0.30-(0.12 - e ?3%/24 1 0,08 - 307%) - "I 230/50:2

This gives
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Ao=734Bq

Answer: The minimum detectable intake is 0.73 kBq °Sr.

Solution exercise 6.3.
The activity in the body at time ¢t with continuous intake is given by

A(f) = ﬁ(l _ et 6.35)

After a time corresponding to several half lives, equilibrium is obtained and the activ-
ity in the body is
I

A(o0) = po

where I is the intake/time unit and Az is the effective decay constant.
In this situation an air activity concentration corresponding to a DAC (derived air
concentration) will give an effective dose, E, during a year corresponding to 20 mSv.

This gives the relation

E- Lgr (6.3.6)
/‘eff

where S is the factor giving the relation between activity and effective dose rate and T
is the time for dose calculation (one year).

Thus £l
_ eff
I= ST (6.3.7)
This relation is inserted in Eq. (6.3.5) to obtain the activity at time T;.
— E/\eff _ */IeﬁTl
Ay(T1) = SThq (1-e ) (6.3.8)

The activity then decays and the variation of activity with time after T, is given by
A0 = L@ - eharTrygtat (6.39)
ST

The effective dose can then be obtained through Eq. (6.3.8) and Eq. (6.3.9).

The first 180 d:

B Aot T

- E | _oatygro E e 1
Ei=S§ ST(l e ) dt = T T, + - + e (6.3.10)

0
Data:
Aeg = Ap, = In2/12=0.05776 d~! as A; can be neglected.
E=2.0 mSv
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T=1.0y=365 d
T,=180 d

Data inserted gives

-0.05776-180 1

_2.0-107 .
0.05776  0.05776

e
B = =3¢

[180 + ]=0.891-107 Sv

After180d

_2.0-107-5 ~0.05776-180 i 0.05776¢ 3, _ 2.0+1073 (1 - g7180:0-05776)
Er==g 3 (-e ) [ e dt = 3¢5 0.05776
0

E, =0.095-1073Sw.
The total effective dose is then E=0.891+0.095=0.988 mSv

Answer: The total effective dose is 0.99 mSv.

Solution exercise 6.4.
The variation of 2'°Po activity in the body is given by the retention function corrected
with the physical half life.

A(f) = Age ™! (6.3.11)

A.eff = Af + Ab

The excretion is given by differentiation of Eq. (6.3.11)

dA -
¢ = Aolere™" (6.3.12)
where

A0=20.0 kBq (initial activity of 2'°Po)

As=In2/138.4 d™! (physical decay constant)

Ap=In2/40d™! (biological decay constant)

Ae=2.234-1072 d! (effective decay constant)

The minimum measured activity excreted in the daily urine should be 15Bq.
10% of the activity is excreted through urine. Thus data inserted in Eq. (6.3.12) gives

15=0.1-20-10%-2.234 . 1072 . g 2234107t

Solving t gives t=49 d
Answer: It is necessary to measure at least every 49th day.
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Solution exercise 6.5.

ALI (annual limit of intake) shall be calculated over a time span of 50 years. However,
with the short biological half life in this case (T},=10 d) it is possible to integrate over
infinity.

The effective dose is given by Eq. 6.3.13 if the disintegrations are integrated
over infinite time

g- AL (6.313)
Aeff
Solving S (SvBq!s™) gives
_ Eleg

S = 0T (6.3.14)
Assume continuous intake, then
I=ALI/365 Bqd?
The activity in the body after a time ¢ is then given by

AlD) = (1 - ety (6.315)
/leff

Integration over a time T, during which there is an intake, gives the number of disin-
tegrations during this time

T
N(T) = /A(t)dt _ ﬁ(n

0

eterT

- 6.3.16
Aeﬂ eff) ( )

-~

The number of disintegrations after the time T, where there is no intake of activity, is
given by

_AM) _ I

Xt (Aeg)? (1-eT) (6.3.17)

No.

Data:

A(T)=activity at time T

E=20 mSv (permissible effective dose per year for a person in radiological work)
A¢=In2/12.3y! (physical decay constant)

Ap=In2/10d"? (biological decay constant)

Aer=As+Ay, (effective decay constant)

Aeg=In2/10d7?

T=60d

The effective dose during the first 60 d is given by

20-1073 'AEH'ALI(60 . o~(In2/10)60 10
ALI - Aegt - 365 (In2/10) 1In2

E¢o = SN(60) = )=2.51-107Sv
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Here I, is set equal to ALI/365.

The effective dose for the time after 60 days is given by

20107 - ALI- 10 _60in>2 3
Eeo = SNoo = L1365 1n3 (1-e 10 )=0.78-10"Sv

Answer. The effective dose during the first two months is 2.5mSv and the total
absorbed dose is 3.3 mSv.

Solution exercise 6.6.
The change of activity in the animal is given by the equation

dA

T - I - AegA (6.3.18)

Solving the equation gives
Al) = (1 - et (6319)
Aeﬂ

The total number of disintegrations in the animal is given by the sum of the number of
disintegrations during the time T when the cattle is drinking the activated water and
the number of disintegrations from the day they start to drink uncontaminated water
to infinity, as the effective half life is short.

T oo
A- / A(D) de + / A(T)e ™t dt (6.3.20)
0 0
or
T oo
A- / L (- emtyge+ / L (1 = g henygart g (6.3.21)
Aeff Aeﬂ
0 0
Solving the integral gives
- T el 1 I e T
A=—(T+ —— )+ —=—(1-e"f 6.3.22
Aeff ( Aeff Aeﬁ ) Agff ( ) ( )
This can be simplified to
A=(I-T)/Aeg (6.3.23)
Data:

T=40d (time during which the animals are drinking contaminated water)
A¢=In2/(12.3-365.25)=1.54-10"* d"! (physical half life of >*H)
A,=70/260 d~1=0.2693 d"* (biological half life of hydrogen)
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Ae=0.2694 d7! (effective half life of >H)
1=70-390 kBqd™! (intake per day if physical decay is neglected)
Data inserted in Eq. 6.3.23 gives

70-390-10% - 403600 - 24
0.2694

A= =3.502- 10" Bgs

*H decays emitting low energetic S-radiation. All energy can then be assumed to be
absorbed in the animal.

The absorbed dose is then given by

(6.3.24)

Data:
E=0.00568 MeV (mean energy of the S-radiation)
m=400 kg (mass of the cattle)

Data inserted in Eq. (6.3.24) gives

_3.502. 10 .0.00568 - 1.602 - 10713

D 400

=7.97-10“ Gy

If the physical decay of *H is not included, the absorbed dose will increase with less
than 0.1 %.

Answer: The absorbed dose to the animal is 0.80 mGy.
Solution exercise 6.7.

The radiological limit for a radionuclide is given by ALIL. From the definition of ALI
the following relation is obtained

S-ALI
Aeff

50
E= / S-ALle M dt = (1 - ee50) (6.3.25)
0

S in the equation above is the relation effective dose to cumulated activity
(SvBq's™1), which in our case is the same as the absorbed dose per decay.

As ®Ni is emitting only B-radiation all energy may be assumed to be absorbed
in the body and then S is obtained as S = Eﬁ /m if the radiation weighting factor wg
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and the tissue weighting factor wr are assumed to be equal to unity. E p is the mean
energy of the S-radiation, and m is the mass of the reference man.

Thus the equation may be expressed as
_ EgALI

_ —Ae+50
Py 1-e ) (6.3.26)

E

Data:

Eg=171keV (mean energy of the B-particles)

m=70 kg (mass of the reference man)

A, =1n2/2.0y7 ! (biological decay constant)

A¢f = In2/96 y! (physical decay constant)

Aeg =1In2/2.0+1n2/96 = 0.3538y! (effective decay constant)

E=20.0 mSv (permissible effective dose per year for radiological personal over several
years)

Data inserted in Eq. (6.3.26) gives

_17.1-1.602-1071 - ALI - (3600 - 24 - 365.25)(1 _ g 0353850,

-3
2010 70-0.3538

ALI=5.73-10° Bq

The limit for chemical uptake of air with a concentration of Ckgm™ gives the
yearly intake of nickel carbonyl

my;i = VPair Cf (6.3.27)

where

v =10.0-10- 365 m’ (inhaled air volume per year)

Pair = 1.20 - 1073 kg dm ™ (t=20 °C, p=101.3 kPa)

C = 1.0 - 107*2 (concentration of Ni in air per mass unit)
f=0.5 (fraction of Ni absorbed in the body)

This gives

myi = 1.0 -10%-365-1.20-1072-1.0- 10712 - 0.5 = 2.19 - 10~ kg (mass of
nickel carbonyl per year)

The total molecule mass of the nickel carbonyl (Ni(CO),)) molecule is
(63+4(12+16))=175

The number of nickel atoms is obtained by the relation using Avogadro’s num-

ber.
myiNa

Ny: =
Ni Ma
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Data inserted gives
_2.19-107-6.023-10%
175

Nyi

The activity is then obtained by using the relation A = A - N

~2.19-107-6.023 - 10%° In2
175 96 - 365.25 - 24 - 3600

Ani

Ayi=1.72:10° Bq

This activity is smaller than ALIL Thus the chemical toxicity sets the limit.

Answer: ALI is 573MBq and the chemical limit corresponds to an activity of
1.72MBq, and thus the experiment is acceptable from radiological point of view.
Solution exercise 6.8.

a) Single intake

The total number N, of decays during time T after an intake A, is given by
T
N, = / Age Mt de = A0 (1 _ g (6.3.28)
5 Aeﬁ

b) Continuous intake

The activity in the body at time ¢ after a continuous intake I is given by

_ L

(1 - ) (6.3.29)
Aeﬂ

A

The total number of decays N}, during time T is given by
T
1 Aegt
Ny = / L1 - ety (6.330)
Aeff
0

I etenT 1
Np=—(T+ - 6.3.31
b Aeff ( Aeff Aeff) ( )

Data:
A0=0.60-13000 Bq (0.60 kg with a concentration of 13000 Bq kg™?!)

Brought to you by | Graduate School, CAS
Authenticated
Download Date | 10/15/16 3:02 PM



Solutions in Radiation Protection = 237

T=365d (integration time)

As = 11%3 d! (physical decay constant)

Ay = 5822- 4! (biological decay constant)

Aef = Ap + Ap = 6.995 - 107> d1=8.096-1078 57! (effective decay constant)

I=50Bqd™! (continuous intake of activity; 0.5dm? per day with a concentration of
100Bqdm™3)

E=0.946-0.1734+0.054-0.4346+0.662-0.946=0.813 MeV (energy emitted per decay)

Data inserted in Eq.(6.3.28) and (6.3.31) and multiplying with the energy per de-
cay gives

a) Single intake

_0.813-1.602 - 10713 .0.60 - 13000

Ea 8.096 - 1078

(1- e—6.995-10’3-365) -1.16- 10-21

b) Continuous intake

£ _ 0-813-1.602-107" - 50 ~6:995:107 365 1
>~ 78.096-105-3600- 24

E,=1.88-107%]

e
8.096-108 8.096-10°38

(365 -24-3600 + )

Answer: The emitted energy the first year for the single intake is 12m] and for
the continuous intake 19 m].

Solution exercise 6.9.
The retention equation

R(t) = 0.10 - e °3*7 10,90 - e70-9063% (¢ i days) (6.3.32)

can be considered as if the activity of Cs is taken up into two compartments with the
fractions f; and f,, with the respective biological decay constants A, ; and Ay, ,.

For each compartment the activity at time ¢ is then obtained from

dA

i fI - AegA (6.3.33)

I'is the activity intake per time unit.

Solving the equation gives

A= L1(1 — ehet) (6.3.34)
Aeff
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The activity after 80 years should be less than 30 000 Bq. As the biological half life is
short (<100 d), equilibrium can be assumed and the total activity is obtained from

Ator = it + fol (6.3.35)
Aeff,l Aeff,z

Data:

f1=0.10, Ap, 1=0.347d7*

f>=0.90, A, ,=0.00630d*
Ar=1n2/(365.25-30)d!
Aett,1=0.347+1n2/(365.25-30)=0.347 d !

Aesi »=0.00630+1n2/(365.25:30)=0.00636 d !
Atot:30 000 Bq

Data inserted in Eq. 6.3.35 gives

0.1-1 0.9-1
30000 = 0347 + 0.00636 (6.3.36)

I=211.6 Bqd™!

The concentration of the activity in the food is 300 Bqkq!. This gives a maxi-
mum intake of food per day of m=211.6/300=0.71kg.

Answer: The maximum intake of the contaminated food should be 0.71kg d!.

Solution exercise 6.10.
The activity in the water at time ¢ is

Ay = Ay ge ettt (6.3.37)

The activity in the cow at time ¢ is obtained from

dAc.
dt

= I - Aegr.cAc (6.3.38)

I is the intake of activity by the cow per day. I is varying with time as the water activity
decreases. Thus
I = Ipe et (6.339)

Solution of Eq. (6.3.38) and (6.3.39) gives the variation with time of the activity in the

COW.
Io

y CRARET (6.3.40)
elr,c elr,w

Ac=
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Maximal activity is obtained by derivation of Eq. (6.3.40)

% = 170 _ —Aeft,wt et et
@t~ Moo Aoy e+ Aegce ™) (6.3.41)

Maximum is obtained when d(f; = 0. Thus

st e 00t = Aggr @7t (6.3.42)
and
Aeﬁ,c
Aeﬁ w
tmax = 54— (6.3.43)
max Aeff,c - /\eff,w
Thus A, max is obtained from
Acmax = 10 (et _ g et (6.3.44)
Aeff,c - Aeff,w

Data:
I5=70-2.5 - 10> Bqd™ (initial activity intake in cow per day)

1000

A - In2
eff,w = 700000

30225:=0.01006 d ™" (effective decay constant in water)

+

In2 In2

Aetr,c = 155 + m=6.995-10’3 d™! (effective decay constant in cow)

This inserted in Eq. 6.3.43 gives
In $32520°
tmax = 6.995-.10-3 - 0.01006 =118.56d (6345)

Data inserted in Eq. (6.3.44) for Ac,max gives

70-2.5-10° -0.01006-118.56 _ _-6.995-10-118.56
A _ . .56 6. .
CmEX = e o5 103 —0.01006 € )

Ac,max = 7.59 . 106 Bq

Answer: The maximal activity in the cow is 7.6 MBq.

Solution exercise 6.11.
The activity in the body at time ¢ is given by

_ L

A
Aeff

(1) (6.3.46)

where [ is the intake per time unit and A.g is the effective decay constant.
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After some months, equilibrium is obtained and then the equation is reduced
to

A= Tr (6.3.47)

>H disintegrates by emitting low energetic B-radiation. Thus all energy may be
assumed to be absorbed in the body.
The absorbed dose during a time ¢ is then obtained from the relation

AE,
_ABg,
m

D (6.3.48)

Data:

I=2-800Bqd™! (intake in the body per day)

Ae=1n2/10 d™! (physical half life may be neglected (12.3y)).
Ep=5.68-107 - 1.602 - 107'? ] (mean energy per decay)
m=70 kg (body mass)

Data inserted in Eq.(6.3.48) gives the dose during a year when equilibrium has
been obtained

~2-800-10-5.68-107-1.602 1072 . 365 - 24 - 3600
- In2-70

D =9.46-107° Gy

During the first year a lower dose is obtained as it takes some time to obtain the equi-
librium activity in the body and the cumulated activity is then obtained according to
the relation

365
~ —Aesit
A= LO(1 —eMrt)dt = I—O[t + & TS (6.3.49)
Aeﬂ /\eff Aeff
0
Data inserted gives
2.800-10 e—365-1n2/10 1

A= [365 - 243600 + ]

In2 In2/(10- 24 -3600) 1n2/(10- 24 - 3600)

A=6.992-10'" Bgs

The absorbed dose is obtained from the relation

3

- s
D= (6.3.50)
Inserted data gives

D=9.09-10"° Gy
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The effective dose is obtained by multiplying with the radiation quality factor
wg and the tissue weighting factor wr. As >H is decaying by emitting S-radiation
and the dose distribution is homogeneous, both factors are equal to unity and the
effective dose is equal to absorbed dose.

Answer: The effective dose during the first year is 9.1 uSv and in the future 9.5 pSv per
year.

Solution exercise 6.12.
Assuming continuous release of activity, the activity concentration in the room is
given by

Ct) = (1 — g Mwomt) (6.3.51)

I
VAroom

where [ is the release rate of activity to the air, V is the volume of the room and Aroom
is the rate of change in the activity in the room due to ventilation and decay.

The activity, Ay, in the thyroid is then given by

dAm,
dt

= Urp — AegAmh (6.3.52)

Uqy, is the uptake in the thyroid per time unit and is given by

Ihf Aroomt
Up=—(1-—e " 6.3.53
Th v Aroom ( ) ( )
where h is the breathing rate, f is part of activity taken up in the thyroid, Ag is the
effective decay constant in the thyroid, and Arom is the effective ventilation rate

constant in the room.

Inserting Uy, in the differential equation (6.3.52), rearranging and integrating

gives
dATh _ Ihf _ ~Aroomt
/ (7(:1[' + AeffATh> dt = / VAroom (1 e )dt (6.3.54)

Multiplying both sides with the integrating factor e’ and solving the integrals give

Nt Ihf eAefft e(Aeff’Aroom)t
effl _

A .e -
™ VAoom  Aer At — Aroom

)+ C (6.3.55)

The constant C is obtained by assuming that the activity Ar,=0, when ¢t=0.

Inf 1 1

C= " (-"—++—"7+—
VAroom Aeff Aeff - Aroom

) (6.3.56)
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Inserting C in the equation and rearranging gives

B Ihf (1 — e_Aefft e_Aeﬁt — e_/lroomt
VAI’OOITI

At (6.3.57)

Aeff /\eff - Aroom

Data:

I=0.20 MBq h™! (release of activity to air)
V=20 m? (volume of the room)
h=0.020-60 m> h™! (breathing rate)
f=0.30 (uptake in the thyroid)

t=8.0 h (working time)

T,=75d (biological half life)

T;=8.04 d (physical half life)

Av=0.50 h™! (room ventilation rate)

Aroom = 0.50 + g2 =0.504 h™

At = 722 + o2 =398-10° h?

Data inserted in Eq. 6.3.57 gives

B 0.20 - 106 .0.020 - 60 .0.30.1 - e*3.98-1073'8 e*3.98~1073'8 _ e*0.504'8

Ab 20-0.504 ( 3.98-1073 " 3.98-1073 -0.504 )

Answer: The activity in the thyroid is 43 kBq.

6.3.2 Point Radioactive Sources

Solution exercise 6.13.
The absorbed dose rate at the calculation point P is, assuming charged particle equi-
librium, given by the relation

p=A

= 47_[',2 B(yen/p)waterhve_yFedFe e_yconcretedconcrete (6.3.58)

Data:

A=0.63 GBq (source activity)

B=3.0 (dose build-up factor)

f=2.0 (number of photons per decay)
hv=1.25 MeV (mean photon energy for 60Co)
r=60 cm (distance source-calculation point)

Brought to you by | Graduate School, CAS
Authenticated
Download Date | 10/15/16 3:02 PM



Solutions in Radiation Protection = 243

Wall (Fe=3 cm)

POCo-source
=5

Safe

» P

o o
15cm

Figure 6.10: Illustration of the irradiation geometry in exercise 6.13.

dre=3.0 cm (safe wall thickness)

dconcrete=15.0 cm (concrete wall thickness)

(1/p)re=0.00535m? kg~! (mass attenuation coefficient for iron)

Pre = 7.86 - 10°> kg m 3 (density of iron)

(1/p)concrete=0.005807 m? kg ™! (mass attenuation coefficient for concrete)
Peoncrete = 2.35 - 10° kg m > (density of concrete)

(Men/P)water=0.00296 m? kg™! (mass energy absorption coefficient for water)

Data inserted in Eq. 6.3.58 gives

_0.63- 10°-2-3.0-0.00296 - 1.25-1.602 - 10713

41 -0.602
-0.00535:7.86:10%-0.03

b

-0.005807-2.35-10:0.15 _ 4 g1 .18 Gys™

X e e

During a week the absorbed dose will be

D=1.8-10"% - 40 - 3600=2.6-107> Gy

Answer: The absorbed dose during one week will be 2.6 mGy. This is not ac-
ceptable according to the ICRP recommendations.

Solution exercise 6.14.

The absorbed dose rate at point P outside the safe (see Fig. 6.11) is, assuming charged
particle equilibrium, given by the equation

. A _
D= A Bud)pen ) vairhve ot (6.3.59)
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6OCO

13.0cm

2.0cm

Figure 6.11: Illustration of the irradiation geometry in exercise 6.14.

B(ud) is the build-up factor given by the Berger expression
B=1+aude’™ (6.3.60)

Data:

D=10 pGy h! (dose rate at point P)

hv=1.25 MeV (mean photon energy for 60Co)

f=2.0 (number of photons per decay)

r=13.0 cm (distance between source and calculation point)

dre=2.0 cm (iron thickness)

(u/p)re = 0.00535 m? kg™! (mass attenuation coefficient for Fe)

Pre = 7.86 - 10° kg m > (density of Fe)

(Uen/P)water=0.00296 m? kg™! (mass energy absorption coefficient for water)
a=0.955 and b=0.024 (parameters for Berger expression)

Data inserted in Eq. (6.3.59) and (6.3.60)

10-10° _ A-2.0
3600  471(0.130)
o 7:86:107:0.005350.020 . 5 09296 . 1.25 - 1.602 - 1071

(1+0.955-0.020 - 0.00535 - 7.86 - 10° - g0-0247:86:1070.00535:0.020y,

Solving the equation gives
A=0.63 MBq

Answer: The maximum activity of ®°Co is 0.63 MBq.
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Solution exercise 6.15.
Method 1:

The kerma in air at P (see Fig. 6.12) is given by the equation

_ A Zfihvi(}ltr/p)air,i
4mr?

K B(ud)t, e Fmid

B is the build-up factor given by the Berger expression
B =1+ aude’™

Method 2:

The kerma in air at P is now given by the equation

K - AZfihVi(,utr/p)air,it
2 4rtr2 2
2

The ratio of the kerma values is given by

Ki 3 fihv(ui/ pair,i4r3 B(ud)ty e #ride

K, A fihv(ue/ p)air 4113t

With only one energy the relation can be simplified to

& _ r%B(yd)tl e_VPdeb

Kz B r% tz
Data:
A=200 GBq (activity of the ®°Co-source)
hv=1.25 MeV (mean photon energy for *°Co)
f=2.0 (number of photons per decay)
r1=50 cm, r,=40 cm (distances between source and measuring point)
t1=600s, t,=140s (time for measurement)
dpp=4.0 cm (thickness of lead absorber)
(1/p)p,=0.00588 m? kg~! (mass attenuation coefficient for lead)
Ppp = 11.35 - 10> kgm (density of lead)
(Uer/P)air=0.00267 m? kg~! (mass energy transfer coefficient for air)
a=0.33 and b=-0.011 (parameters for Berger expression)

Data inserted in Eq. 6.3.62 gives

— 245

(6.3.61)

(6.3.62)

(6.3.63)

(6.3.64)

(6.3.65)

B=1+0.33-0.00588-0.040 - 11.35 - 10° - ¢ 0-011:0:00588:0.040-11.35-10” _ 1 g¢
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\
Method 1
*Co §50 om yop
\
\
Method 2
60Co m p

Figure 6.12: lllustration of the irradiation geometry in exercise 6.15.

Data inserted in Eq. 6.3.65 gives

Ki _ 40%-1.86-600- ~0-00588:0.040-11.35-10°

K 502 - 140 =0.35

Method 1 gives the lowest kerma.

The kerma rate in air for method 1 is

200-10°-2-1.25-1.602 - 10713 - 0.00267 - 1.86 - ¢ 0-005880.040-11.35-10°

k= 47+ 0.52

K1=8.75210° Gys'=32mGyh™!

Answer: Method 1 gives lower kerma. The kerma rate in air for this method is
32mGyh™.

Solution exercise 6.16.
The air kerma at the father is obtained both from scattered radiation and from leakage
radiation.

I. Scattered radiation

The air kerma for scattered radiation is given by

_ kts

K = i (6.3.66)

where
t=5 -4 -150=3000s (total treatment time)
$=0.001 (fraction of scattered radiation 1.0 m from the center of the scatterer)
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d=4.0 m (distance from scatterer to the father)

K=air kerma rate at the center of the patient given by

_21.8- 1073 .1.02
0.92

Data inserted gives for the scattered radiation

K Gys™*

. 73 . 2 . .
Ks = 21.8-10 1.20 3000-0.001 Gy
0.9° - 4.0?

The relation, effective dose to air kerma, is 1.09 (given in the exercise text).
Thus, the effective dose Es to the father from the scattered radiation is

Es=Ks-1.09 (6.3.67)

The permissible effective dose Ep to the father shall be below 100 uSv.

The necessary reduction of the kerma is then given by the transmission factor

E
B= E{; (6.3.68)
With inserted data
B 0.9%-4%2.100-10°°
21.8-1073.1.0%-3000-0.001 - 1.09
From transmission data (Fig 26, ICRP 33 (ICRP, 1982)) a thickness of 1.4 cm Pb is
obtained.

=1.82-1072

II. Leakage radiation.

According to ICRP 33 the air kerma rate 1.0 m from the source should be below
0.1% of the primary air kerma rate at 1.0 m.

K =21.8-102-0.1-1072
The effective dose to the father from leakage radiation without shielding during the
total treatment is then given by

~21.8-107°:0.1-107%-3000 - 1.09
= w

To calculate the necessary absorber thickness, the number of TVT (tenth value
thicknesses) is calculated.

E;, = 4.46 mSv

The number of TVT is obtained by

104 4.46-107
NTVT_ 10g7100.1076 =1.65
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According to Table 4 (ICRP 33) 1 TVT=4.0 cm Pb.
This gives the necessary thickness of lead for the leakage radiation to 4.0:1.65=6.60 cm.

The necessary thickness for the scattered radiation is 1.4cm Ph. This is more
than 1 TVT smaller than for leakage radiation. Thus 6.60 cm is enough according the
recommendations of ICRP.

Answer: The necessary thickness of lead is 6.6 cm.

Solution exercise 6.17.
Wall at point A:

The wall is hit by primary radiation and the transmission is obtained by the
relation

B=__P (6.3.69)

where

P = 10 - 10°°Gyh™ (permissible absorbed dose rate taking use and occupancy
factors into account)

dp=5.5m (distance target-point A)

W=4.0 Gymin™! (primary absorbed dose rate)

Data inserted in Eq. 6.3.69 gives

B 10-107°-5.52
~ 60-4.0

From Fig.13 in ICRP 33 (ICRP, 1982) the necessary wall thickness is obtained and
around 190 cm concrete.

=1.26-10° (6.3.70)

Wall at point B:

This wall is not hit by primary radiation but only scattered and leakage radia-
tion. The transmission for scattered radiation is obtained from the relation

_ Pd3
S

B (6.3.71)

where

P = 100 - 10°°Gyh! (permissible absorbed dose rate taking use and occupancy
factors into account)

ds=5.0 m (distance isocenter-point B)

S =0.03 - 1072 (fraction of scattered radiation)
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Data inserted in Eq. 6.3.71 gives

100-107% - 5.0?

B=%0-4.0-0.03-102

=3.47-1072 (6.3.72)

From Fig. 27 in ICRP 33 the necessary wall thickness is obtained and around 32cm
concrete.

The number of tenth value thicknesses for the leakage radiation is given by

Wy

6.3.
2P (6.3.73)

Nyt ='° log

where Wi, = 0.1-1072-4.0 Gy min~! (absorbed dose rate 1.0 m from isocenter). In prin-
ciple the distance should be calculated from the target, but often the distance from
isocenter to calculation point is used.

The other parameters are the same as above. Data inserted gives

0.001-4.0 49

5.07.100. 105/60 ~ 10896 1.98 (6.3.74)

Nyt ='° log

Table 3 in ICRP 33 gives that 1 TVT=33.8 cm concrete. Thus the needed wall thickness
is 1.98x33.8=67 cm

The needed wall thickness for leakage radiation is more than 1 TVT larger than
the wall thickness for scattered radiation. Thus 67 cm is enough.

Answer: The wall thickness at point A should be 190cm and for point B 67 cm
concrete.

Solution exercise 6.18.
The kerma in water at the patient is given by

AT
K= TTB : (1 _f) * (Htr/p)water,air -t (6-3-75)

t=50-3600 s (treatment time)

f=0.30 (absorption in the brachytherapy patient)

E=0.02mSv (effective dose during one week)

K=0.02mGy (kerma during one week as wr=wr=1)

I=20.3-10"% Gys™! Bq! m? (air kerma rate constant)
(Mtr/P)air=0.00294 m? kg™ (mass energy transfer coefficient for air)
(Utr/ P)water=0.00327 m? kg™! (mass energy transfer coefficient for water)
B=transmission through the wall

A=2.60 GBq (activity of the 13’ Cs source)
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Data inserted gives

_2.60- 10°-20.3-107'%.0.00327
22.0.00294

0.02-1073 B-(1-0.30)-50-3600

B=1.08:10"?
Fig 18 in ICRP 33 (ICRP, 1982) gives 42 cm concrete.

Answer: The concrete wall thickness shall be 42 cm.

Concrete wall

2.0m -
Brachytherapy patient The other Tatient

Figure 6.13: Illustration of the ward rooms with beds.

6.3.3 Extended Radioactive Sources

Solution exercise 6.19. The fluence rate @ from a line source (see Fig. 6.14) is given
by

& = S E(01, 3 uxd) + F(01], 3 (o) (6.3.76)

where

Sp =

—_

is the line source strength and

F(6], > (uix)
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0.65 mm Pt

Cs-137 line source
y ¢

‘/__
—>

45 mm

Figure 6.14: Brachytherapy line source in exercise 6.19.

is the Sievert integral.
If P is centrally located then |0,|=|61].

If charged particle equilibrium (CPE) is assumed, the absorbed dose rate D to
water is given by
D= (DhV(Hen/P)water (6.3.77)

Data:

A=575 GBq (source activity)

=45 mm (length of the brachytherapy source)

f=0.85 (number of 0.662 MeV photons per decay)

hv=0.662MeV (photon energy)

h=20 mm (shortest distance to line source)

0, = 60,=0.844rad (48.4°) (opening angle)

(Men/P)water=0.00325 m? kg ! (mass energy absorption coefficient for water)
upt = (U/p)pt - ppe = 0.01062 - 21.45 - 10° m ™! (linear attenuation coefficient for Pt)
Uwater=8.60 m~! (linear attenuation coefficient for water)
dwater=20-0.65=19.35 mm (water thickness)

dp=0.65 mm (platina thickness)

S (uid;) = 8.60-19.35- 1072 + 0.01062 - 21.45 - 10% - 0.65 - 107>=0.3145

F is obtained from Table 6.4 which gives F(0.844,0.3145)=0.593

Data inserted in Eq. (6.3.76) gives

. 57.5-10°-0.85-2-0.593 _ 12, 2.1
P = =7 0.045.0020  _>-i2r107ms

The absorbed dose rate is then

D=5.125-10'%.0.662-1.602 - 1012 - 0.00325 = 1.766 - 10> Gys™!

The required absorbed dose is 2.0 Gy.
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This gives the treatment time

2.0
t=1766-105 1338

Answer: The treatment time is 18.9 min.

Solution exercise 6.20.
The fluence rate at the center of the ring is given by

ZnRS fd S f
L) ax e Hd _ OL
- / Jh e (6378)
The kerma rate to water is
K= Cth(Htr/P)water (6.3.79)
The total kerma during the time T is
T .
K= / Ke™Mdt = %(1 - (6.3.80)
0
Combining Eq. (6.3.78), Eq. (6.3.79) and Eq. (6.3.80) gives
Sif - 1 -
K= %e yth(Htr/p)waterz(l -e™) (6.3.81)

150 decays by B*-decay and the positrons are supposed to be annihilated, giving two
annihilation photons in opposite directions.

Data:

S:=1.30GBgqm™! (line source strength)

f=2.0 (number of photons per annihilation)

hv=0.511 MeV (energy of the annihilation photons)

(Mtr/ p)water=0.00330 m? kg ! (mass energy transfer coefficient for water)
(1/p)re=0.00834m? kg! (mass attenuation coefficient for iron)
Pre = 7.87 - 10° kgm > (density of iron)

A=In2/122.2s7! (decay constant for 1°0)

T=30.0 min (measurement time)

R=0.75m (betatron radius)

d=10 mm (iron thickness)

Brought to you by | Graduate School, CAS
Authenticated
Download Date | 10/15/16 3:02 PM



Solutions in Radiation Protection = 253

Data inserted gives

_1.30- 10°-2-0.511-1.602 - 10713+ 0.00330 - 122.2 - ¢ 0-00834:0.010-7.87-10’
2.0.75-1n2

K

_30:601n2

x (]_ — e 1222 )Gy

K=4.28-10"° Gy

Answer: The kerma to a small mass of water at the center of the betatron is
0.043 mGy.

Solution exercise 6.21.
The air kerma rate at x (see Fig. 6.15) is given by

K = ®hv(uee/pair (6.3.82)

where

b = S F(0,1, 3 uoxd) + F(01], 3 () (63.89)

18F decays by B*-decay and the positrons are supposed to be annihilated, giving two

Figure 6.15: Sketch of the room with a tube containing a radioactive gas.

annihilation photons in opposite directions.

Data:
S;=1.20-10° Bqm™ (line source strength)
f=2.0 (number of photons per annihilation)
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hv=0.511 MeV (annihilation photon energy)

01=26.56°=0.4635rad, 6,=45°=0.7854 rad (opening angles)
d;=2.0mm Fe, d>,=2.0 m air

Upe=0.00834-7.86 - 10° m™!

Uair=0.00865-1.20 m~* (assuming T=293 K and p=101.3 kPa)

>~ (u;d;)=0.131+0.021=0.152 (total attenuation thickness)
(tr/p)air=0.00295m? kg ! (mass energy transfer coefficient for air)

F is obtained from Table 6.4 which gives
F(45, 0.152)=0.663
F(26.56, 0.152)=0.398

Data inserted in Eq. 6.3.82 gives

_1.20- 10°+.2-0.511-1.602 - 1073 . 0.00295

K 4 - 2.0

(0.663 +0.398) Gys™*

K=2.45-108Gys =88 uGyh?

Answer: The air kerma rate is 88 uGy h*. This kerma rate is too high.
Solution exercise 6.22.

The fluence rate decreases due to decay of the activity.

The kerma to tissue is thus given by integrating over time

T
K= / Dohv(i/plissuce™ dt (6.3.84)
0

. 1 _
K=0o- hV(]rltr/p)tissueX(l -e AT) (6.3.85)

The initial fluence rate for an infinite surface area is given by

P - %fEl(yd) (6.3.86)

where E; (ud) is the exponential integral of the first order.

Data:
S,=450 MBgqm™ (area source strength)

Brought to you by | Graduate School, CAS
Authenticated
Download Date | 10/15/16 3:02 PM



Solutions in Radiation Protection == 255

f=0.812 (number of photons per decay)

T=14.0 d (integration time)

hv=0.364 MeV (main photon energy of 31 decay)

(1/P)air=0.00995 m? kg~! (mass attenuation coefficient for air)

Pair = (1.293 - 100 - 273)/(101.3 - 288) kg/m>3(density of air at T=288 K, p=100 kPa)
d=1.50 m (air thickness)

Apst =1n2/(8.04 - 24 - 3600) 57!

(Mtr/ P)tissue=0.00322 m’ kg™

(ud)ir = 0.0181

E1(0.0181)=3.462 (Table 6.6)

Data inserted in Eq. (6.3.85) gives

_450-10°-0.812-3.462 - 8.04 - 24 - 3600
B 2.-1In2

x1.602 - 107 3(1 - e &0 ) = 0.0834 Gy

K -0.00322-0.364

Answer: The kerma to tissue is 83 mGy.

Solution exercise 6.23.
The fluence rate centrally above a circular radioactive area is given by the equation

@ = S%f[El(Z Mix;) - El(z Uix; sec 6)] (6.3.87)

where E; is the exponential integral of first order. 8 is the opening angle (see Fig. 6.16).
The corresponding kerma rate in air is given by

Figure 6.16: Circular surface area source.

k=9 Z hvi(Uee/ p)i.air (6.3.88)
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Data:

$4=80000 Bqm™ (area source activity)

£=0.898-0.946 (number of 0.662 MeV photons per decay)
hv=0.662MeV (photon energy)

Pair=1.293181:3-213:-1 1 205 kg m ™ (T=293.1K, p=101.3 kPa)

(1/p)air = 0.007752 m? kg™! (mass attenuation coefficient for air)
(Mtr/p)air=0.00294 m? kg™! (mass energy transfer coefficient for air)
h=1.5 m (height of calculation point above ground)

(uh)ai = 0.007752 - 1.5 - 1.205

0=89.57 (opening angle)

secf=133.3

Data inserted in Eq. (6.3.87) gives

@ = 80000'0'298'0’946 [E1(7.752-1073-1.5-1.205)-E;(7.752-10>+1.5-1.205-133.3)]

@ = 33980[E1(1.395 - 107%) - E;1(1.868)|m s}

E; is obtained from Table 6.5. This gives
E1(0.01395)=3.721 and E(1.868)=0.059

This inserted gives @ = 33980(3.721 - 0.059) m 2s™ !
and

K = 33980(3.721 - 0.059) - 0.662 - 1.602 - 10™3 - 0.00294 = 38.8 - 10712
Gys!=0.140 uGyh™!

Answer: The maximal air kerma rate is 0.14 uGy ht.

Solution exercise 6.24.
The fluence rate, due to primary photons centrally above the circular area with
infinite radius covered with snow, is given by the equation

. S
Dp p = %fEl (MsnowXsnow + MairXair) (6.3.89)
where E; is the exponential integral of first order.

To calculate the fluence rate from secondary photons the build-up factor given
by the Berger expression
B =1+ auxe®™ (6.3.90)
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Figure 6.17: Circular surface area source for exercise 6.24.

is used. The second factor gives the ratio of the secondary to the primary photons.
Thus the contribution from the secondary photons is given by

3 ~(1-b)ux(p/h)

. auxpe 2nardr

Ds p = SAf/ Hxp 4nph (6.3.91)
0

where px is total attenuation thickness and r is the radius and p = VhZ + 71?2 (see
Fig. 6.17).

Substituting r for p and rearranging, the integral can be rewritten as

. Safa2mux mppe‘(l‘b)“"("/h) dp
Psa=—, / 2 (6.3.92)
h
Solving the integral gives
(g 5 = —MA_ b (6.3.93)

AT 21 -b)

The corresponding kerma rate in air for a fluence rate @ is given by

K= Z hvi(pe/ )i, air (6.3.94)

In principle there should be different kerma factors for primary and secondary pho-
tons as they have different energies. However, assuming that the Berger expression
holds for kerma or dose, the same kerma factor will be applied for primary and
secondary photons.
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Data:

Sa = 10000 Bqm™ (area source strength)

f=0.80 (number of photons per decay)

hv=0.80 MeV (photon energy)

(Utr/P)air = 0.00289 m? kg™t (mass energy transfer coefficient for air)
Psnow = 0.25 - 10° kg m~> (density for snow)

Usnow = 0.00787 - 0.25 - 10> m™! (linear attenuation coefficient for snow)
Pair = 1.297 kgm ™ (density for air if T=268 K, p=100 kPa)

Mair = 0.00707 - 1.297 m™! (linear attenuation coefficient for air)
Xsnow=50 cm (snow thickness)

Xir=100 cm (thickness of air)

a=1.74, b=0.045 (obtained for Berger parameters for water)

Kerma rate without snow
Data inserted gives:

Primary photons
E1(1.50-0.00707 - 1.297) = E1(1.375 - 1072)

Table 6.5 gives E1=3.74
The primary photon fluence rate is then given by Eq. 6.3.89
@p = 10000 - 0.8 - 3.74/2 =1.496-10*m ™2 57!

Secondary photons
Eq. 6.3.93 gives

~10000-0.8-1.74 o~(1-0.045)1.375-107

Dg = =7.19-10°m™2s!
S 2(1-0.045) ? mes

Total photon fluence rate is then
@ =1.496-10* +7.19-10° = 2.215-10*m 2 s?
The air kerma rate is
K =2.215-10%-0.00289 - 0.8 - 1.602 - 1071=8.204-1012 Gy s !
K =0.26 mSv (year)™*
Kerma rate with snow
Brought to you by | Graduate School, CAS

Authenticated
Download Date | 10/15/16 3:02 PM



Solutions in Radiation Protection =— 259

Data inserted gives

Primary photons
E1(100-0.0707 - 1.297 - 10 + 0.0787 - 0.25 - 50) = E1(0.993)

Table 6.5 gives E1=0.220
The primary photon fluence rate is then given by
@p 5 = 10000 - 0.8-0.220/2=880 m 2 s*

Secondary photons

Do s = 10000:0.8 - 1.74 _(1-0.045)0.993
S,A =
2(1-0.045)

Total photon fluence rate is then

=2.823-10°m?s™}

@, =880 +2.823-10° =3.703 - 10> m 257!

The air kerma rate is

K=3.703-10%-0.00289 - 0.8 - 1.602 - 107 3=1.371-10"*2 Gy s~}

K =0.043 mGy (year)™

Answer: The air kerma rate without snow is 0.26 mGy (year)™! and with snow

0.043 mGy (year) ™!

Solution exercise 6.25.
The primary photon fluence rate at P is given by (see Fig. 6.18)

H+L
. SLfe’PwaterHe*Frod(X*H)
dp =

H

dx (6.3.95)

4ix2

where u,oq is the linear attenuation coefficient in the uranium rod, pwater is the linear
attenuation coefficient in water, and S; is linear source strength and f is the number
of photons per decay.
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P Water surface
H=
1 dx
L=4 Uraniumdioxide rod
v X [

Figure 6.18: Uraniumdioxide rod placed in a water basin.

Rewriting the equation gives

H+L
_ SLfe_H(Hwaler _de) e—Hde
dy = 2 - dx 6.3.96)
H
Substitute poqx=Yy, dx=dy/Yoq
Hrod (H+L)
. 3 SLfe_H(Hwater_,urod) Hrode’y
(DP = T T dy (6-3.97)
MrodH

Using the definition of exponential integrals the solution is

Dp (6.3.98)

_ Syfemertied) TE) (uiogH) — Ea(proa(H + L))
4 H H+L

For large z, E;(z) = " and thus E; (i H) = ey"dd;
Also, w is much larger than w This means that the second term

may be neglected.

This gives
. ~H(pwater—Hrod)  p=Hrod H —Hpwater
by = S € _ Sufe (6.3.99)
4m MroaHH — 47ipoqH?
Data:
To calculate (u/p)yoq for uraniumdioxide (UO,) use the Bragg additivity rule.
(1/plvo, = wu(u/plu + wo(p/plo (6.3.100)
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Mass fraction: wy : 238.2/270.3 = 0.8816; wq : 32/270.3 =0.1184

(u/p)y = 0.00754m? kg2, (u/p)o = 0.00637 m? kg™*
(1/P)r0a=0.8816-0.00754+0.1184-0.00637=0.00740 m? kg !
Puo,=10.96-10° kg m > (density of uraniumdioxide)
(1/p)water=0.00707 m? kg ! (mass attenuation coefficient for water)
Pwater=1.00-10° kg m > (density of water)

$.=3.7:10*¢/4 Bqm™! (line source strength)

f=1.0 (number of photons per decay)

H = 2.0m (distance from line source to water surface)

L = 4.0 m (length of line source)

Data inserted gives

3.7 -1016 .1 . ¢=2:0.00707-1000

_ _ 106 p—2a-1
= 4 47-0.00740-10.06 105 .22 ~ 1+640-10"m s

Dp

This solution however probably underestimates the fluence rate at the water surface.
This fluence rate is obtained only just above the line source and photons emitted
nearly parallel with the source will only be absorbed in water. An estimate of the max-
imum fluence rate may be obtained if the attenuation coefficient for uranium dioxide
is exchanged for the attenuation coefficient for water. Then the relation will be

_ NE e™® [EZ(Hwater(z)) _ EZ(Hwater(6))]

Pp=— > : (6.3.101)

This will give the fluence rate
®p =6.63-10" m?s7!

This is 40 times larger than when using the self absorption in the uranium dioxide rod.
Answer: The fluence rate directly above the uranium rod is 1.64-10°m™2s™1.
However close to this point the fluence rate is probably much higher due to less
attenuation in water, compared to in uranium dioxide.

Solution exercise 6.26.
1) Primary photons. Infinite extension of the wall.

a) Without Pb

According to the equation for an infinite volume source, the fluence rate from
primary photons at the surface is given by
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'\
|
|
I
| P
|
hl
| Pb
d . \
'HE IR
z l—> dx
1
R
: Concrete

Figure 6.19: Radioactive concrete wall with lead shielding.

Dpy = i—;’i[l - E»(us2)] (6.3.102)

Data:

Us = 6.495-107>-2.34-10°=15.20m ™! (linear attenuation coefficient for the concrete
wall)

z=0.40 m (wall thickness)

Sy = 7.4 -10° Bqm™ (volume source strength)

f=2 (number of photons per decay)

Data inserted in Eq. (6.3.102) gives (see Table 6.5)

2-7.4-10°

Pev =5 1520

[1-E»(15.20-0.4)] = 4.868 - 10*(1 - 2.91-107%) = 487 m %5}

(bpyv=487 m’z S_1
b) With Pb

With extra shielding material the equation for the fluence rate of primary pho-
tons becomes Sof
Dpy = TLS[Ez(,UPbd) — E>(uppd + ps2)] (6.3.103)

Data:
Mpp = 7.102-107 - 11.35 - 10% = 80.54 m™! (linear attenuation coefficient for Pb)
d=0.020 m (Pb thickness)
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Data inserted in Eq. 6.3.103 gives

. 2.7.4-10°
Prv = 5 1520

Dpy = 4.87 - 102[E(1.611) - E>(7.69)] = 4.87 - 10%[0.064 — 5.51 - 107°]=31m 25!

[E»(80.54 - 0.02) — E»(80.54 - 0.02 + 15.20 - 0.4)] m 2s™*

2) Secondary photons.

Use the expression by Berger for the build-up factor.
B =1+ auxe®™

For a plane source with radius R the fluence rate from secondary photons at a height
h is without external attenuation then given by (see Fig. 6.19).

R B VhZ+R? B
& apsxpe”HXE2rdr  Suf apsxppe 15 dp
5 = Saf h4mp? T2 hp?
0
The equation is reduced to
. —(1—b)}15XE
D4 = S%f / apsxe . "dp (6.3104)
h

Substitute y = £ ; dy=%

2 2
ysx‘/1+);—2 HsX\/l*'%

. -(1-b)y
Ds p = Safa / hysxe dy = Safa / e by gy (6.3.105)

2 Usxh 2

UsX UsX

. 2

Dy = Safa [e—(l—b)usx~/1+§—z _ e—(l—b)ySX] (6.3.106)

’ 2(b-1)
Assume infinite extension of the wall. Then R — oo and
: Safa  _(-bjpuex
Dg = Hs 6.3.10
ST20-h° (63107

The plane source is integrated over the wall thickness z and including the Pb-shield,
the fluence rate will be given by

z z

; Svfa ~(1-B)(uppd-+15) Syfae (-Phnd / ~(1-b)
Dcy = HeodFUsX) o = 27177 HsX 6.3.108

SV=3a-b) ) € = "ha-n )¢ *  (63108)
0
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Solving the integral gives

. Svfae—(l—b)upbd T
Dsy=———3 11— s .3.10
SV = b [1-e ] (6.3.109)
a) Without Pb
Then d=0 and Eq. 6.3.109 is reduced to
T L (6.3.110)

~ 2(1-b)us
Data:
a=1.27, b=0.032 (parameters for Berger equation for concrete)
Data inserted in Eq. (6.3.110) gives

. 2-.7.4-10%-1.27 —(1-0.032)15.20-0.4 -2.-1
Dg y = 1-e : ] =658m s
SV'72(1-0.032)2 15.20| ]

C‘DS,V:658 IIl_2 S_1
b) With Pb
In the Berger expression use data for lead over the whole thickness as lead is the

outermost material (a=0.30, b=-0.015).

Data inserted in Eq. (6.3.109) gives

_ 2.7.4-103-0.30 - ¢ (1+0-015)0.02:80.51 1- ef(1+o.o15)15.zo‘o.4]

@
SV 2(1+0.015)2 - 15.20

d)s’v=27.6 m72 571

This probably underestimates the contribution. If instead the Berger parameters
for concrete are used the secondary fluence rate is 139 m~? s™1. This is then instead an
overestimation.

Total fluence rate is thus

a) Without Pb: 487+658=1145m 2 s™!

b) With Ph: 31+28=59 m % 57!

Discussion of the approximation of infinite wall area.
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Consider only primary photons.

I. Infinite area source
Doo = (Sa/2)E1(usx)

II. Finite area source
(:Darea = (Sa/2)IE4 (HSX) -E; (,uSX(P/h))]

where x is the thickness of the absorber of lead, h is the height from area source to
calculation point, and p is the distance from calculation point to outer radius of the
source.

Assume that the wall may be approximated with a circular area equal to
the real area (6.0x2.0=12.0m?). Then the radius will be R=1.95m. This gives
p/h=+v1+1.952/1=2.19 and uppx - p/h=3.53

This gives the fluence rates
Do = (Sa/2)E1(1.61) = (S4/2) - 8.57-102m 257!
Darea = (S4/2)(8.57 - 1072 - 6.78 - 107%) = (S4/2) - 7.89 - 10> m 2 s7*

The ratio between the two fluences is then 1.08. Assuming a similar relation for
the secondary photons the approximation of an infinite area then overestimates the
fluence with around 10%.

Answer: Assuming infinite extension the fluence rate is without Pb 1.01-10> m 2 s?

and with Pb 1.8-102 m™2 s™1. The assumption of infinite extension overestimates the
fluence rate with about 10%.
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Table 6.4: Data for the Sievert integral (Sievert, 1921) for various values of the parameters 6(5° —
90°)and Zy;x; (0-10).

Zuix;/© 5° 10° 15° 20° 30° 40°
0.00 0.08727 0.17453 0.26180 0.34906 0.52359 0.69812
0.05 0.08300 0.16597 0.24888 0.33169 0.49684 0.66102
0.10 0.07895 0.15784 0.23661 0.31519 0.47261 0.62588
0.20 0.07143 0.14275 0.21384 0.28445 0.42452 0.56116
0.40 0.05847 0.11675 0.17467 0.23204 0.34421 0.45120
0.60 0.04786 0.09549 0.14268 0.18919 0.27912 0.36289
0.80 0.03917 0.07826 0.11655 0.15426 0.22635 0.29196
1.00 0.03206 0.06388 0.09520 0.12577 0.18358 0.23496
1.25 0.02496 0.04969 0.07393 0.09745 0.14131 0.17916
1.50 0.01943 0.03865 0.05741 0.07551 0.10878 0.13668
1.75 0.01513 0.03006 0.04458 0.05851 0.08375 0.10431
2.00 0.01178 0.02357 0.03462 0.04533 0.06449 0.07964
2.50 0.00714 0.01431 0.02088 0.02722 0.03825 0.04649
3.00 0.00433 0.00856 0.01259 0.01635 0.02270 0.02718
3.50 0.00262 0.00518 0.00760 0.00982 0.01348 0.01591
4.00 0.00159 0.00313 0.00458 0.00590 0.00800 0.00933
5.00 0.00058 0.00115 0.00167 0.00213 0.00283 0.00322
6.00 0.00021 0.00042 0.00061 0.00077 0.00100 0.00112
8.00 0.00003 0.00006 0.00008 0.00010 0.00013 0.00014

10.00 0.0000 0.00001  0.00001 0.00001 0.00002 0.00002

Suixi /0 50° 60° 70° 80° 90°
0.00 0.87265 1.04718 1.22171 1.39624 1.57077
0.05 0.82359 0.98346 1.13830 1.28119 1.36517
0.10 0.77725 0.92378 1.06115 1.17832 1.22863
0.20 0.69256 0.81547 0.92368 1.00282 1.02368
0.40 0.55015 0.63677 0.70403 0.74075 0.74521
0.60 0.43743 0.49850 0.54043 0.55782  0.55889
0.80 0.34811 0.39120 0.38776 0.42578 0.42797
1.00 0.27727 030768 0.32411 0.32867 0.32829
1.25 0.20865 0.22858 0.23888 0.23948 0.23949
1.50 0.15755 0.17033 0.17548 0.17621 0.17621
1.75 0.11898 0.12727 0.13018 0.13049 0.13049
2.00 0.09049 0.09534 0.09699 0.09712 0.09712
2.50 0.05159 0.05387 0.05440 0.05442 0.05442
3.00 0.02970 0.03067 0.03084 0.03085 0.03085
3.50 0.01716 0.01758 0.01763 0.01763 0.01763
4.00 0.00995 0.01013 0.01015 0.01015 0.01015
5.00 0.00337 0.00341 0.00341 0.00341 0.00341
6.00 0.00116 0.00116 0.00116 0.00116 0.00116
8.00 0.00014 0.00014 0.00014 0.00014 0.00014

10.00 0.00017 0.00017 0.00017 0.00017 0.00017
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Table 6.5: Exponential integral functions, E; (x) and E(x). for x between 0 and 10. Data taken from
Handbook of Mathematical Functions (Abramowitz and Stegun Eds, 1964)

X E1(x) E>(x)
0.0 oo 1.0000
0.01  4.03793 0.94967
0.015 3.63743 0.93053
0.02  3.35471 0.91310
0.025 3.31365 0.89688
0.03  2.95912 0.88166
0.04  2.68127 0.85353
0.05  2.46790 0.82783
0.06 2.29531 0.80405
0.07 2.15084 0.78183
0.08  2.02695 0.76095
0.09 1.91875 0.74124
0.10  1.82292 0.72254
0.15 1.46447 0.64103
0.20  1.22265 0.57419
0.25 1.04428 0.51773
0.30  0.90568 0.46911
0.35  0.79419 0.42671
0.40  0.70238 0.38936
0.45 0.62533  0.35622
0.50  0.55977 0.32664
0.60  0.45437 0.27618
0.70  0.37376 0.23494
0.80  0.31059 0.20085
0.90 0.26018 0.17240
1.00  0.21938  0.14849
1.10  0.18599 0.12828
1.20  0.15840 0.11110
1.30  0.13545  0.09644
1.40 0.11621 0.08388
1.50  0.10001 0.07310
1.60  0.08630 0.06380
1.70  0.07465 0.05577
1.80  0.06471 0.04881
2.00 0.04890 0.03753
2.50  0.02492 0.01980
3.00 0.01305 0.01064
3.50 0.00697 0.00580
4.00 0.00378 0.00320
5.00 0.00115 0.00010
6.00 0.00036 0.00032
7.00  1.15E-4  1.04E-4
8.00 3.77E-5  3.41E-5
9.00  1.24E-5  1.14E-5
10.00  4.16E-6  3.83E-6
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