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Environmental Dosimetry —
Measurements and Calculations

Mats Isaksson

Department of Radiation Physics, Institute of Clinical Sciences, The Sahlgrenska Academy,
University of Gothenburg

Sweden

1. Introduction

According to UNSCEAR (2008) the largest contribution to external exposure comes from
naturally occurring, gamma-emitting, radioactive elements in the ground. Apart from 40K,
these elements are members of the decay chains starting with 238U and 232Th, respectively.
Both of these radionuclides have half-lives comparable to the age of the earth and have been
present in the earth’s crust since its formation. The half-life of 4K is of the same order of
magnitude. However, nuclear weapons fallout and debris from accidents at nuclear facilities
may at some sites contribute even more to the exposure.

Calculation of the external dose rate from field gamma spectrometric measurements
requires knowledge of how the primary fluence rate, i.e. the number of unscattered photons
per unit area and time, from different distributions of radioactive elements, at or in the
ground, affects the detector response. Likewise, determination of external dose rate based
on gamma spectrometry of soil samples must include a calculation of the primary fluence
rate from the actual soil inventory.

The main topic of this chapter is to describe, and compare, some of the methods that can be
used to estimate external dose rate from environmental sources of ionizing radiation from
radioactive elements. The external dose rate from radioactive sources at or below ground
may be estimated in several ways. One method is to simply measure the dose rate with a
properly calibrated intensimeter or other type of dose meter (e.g. ionization chamber or
thermoluminescent dosimeter, TLD). Another method is to calculate the dose rate based on
gamma spectrometric measurements, e.. field gamma spectrometry or soil sampling.
However, due to assumptions of the relation between primary and scattered radiation, as
well as calibration requirements, the dose rate estimations from these methods seldom agree
in practical situations. The topics mentioned above will be exemplified with reference to
actual measurements by field gamma spectrometry and intensimeter, as well as model
calculations of fluence rates from different environmental geometries.

2. Primary fluence rate from different source geometries

The quantity fluence has been defined by the International Commission on Radiation Units
and Measurements, ICRU, (ICRU, 1998) as @ = dN/da, i.e. the number of particles per unit
area. According to the definition, dN is the number of particles (here photons) incident on
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176 Radioisotopes — Applications in Physical Sciences

the area da, which should be the cross-sectional area of a sphere. This definition of the area
is chosen because the definition of fluence should be independent of the direction of the
radiation field. The fluence rate is defined in terms of the increment of the fluence, d®,
during the time interval dtf as d @/ dt.

Photons emitted from a radioactive source in a medium may undergo different kinds of
interactions. Some of the photons pass through the medium without interacting and these
will constitute the primary fluence at the detector position. Other photons, originally not
directed towards the detector, may undergo Compton scattering and hit the detector. These
latter photons, or scattered radiation, will also contribute to the detector signal. The relation
between primary and scattered radiation is given by the build-up factor, which depends on
several parameters (e.. photon energy and material between source and detector) and must
be determined by experiments or Monte Carlo-simulations.

2.1 Volume source

Figure 1 shows the geometry used for calculating the fluence rate at a reference point
outside the active volume. In this case we consider a homogeneously distributed source in
the ground, as an example. The number of photons emitted per unit time from a volume
element dV at the depth z in the ground is given by Sy(z,7,7)-dV, where dV equals
dr-dR-dp.

{ Detector
do /5
h
Air
[ Soil
o/ L dn |

dRé,s...y r
dr

Fig. 1. The geometry used for calculating the primary fluence rate at the position of the
detector, from a volume element in the ground. The volume element is considered as a point
source.

The differential (primary) photon fluence rate at the detector position, taking into account
self-attenuation in soil (1) and attenuation in air (t,) is given by

S AV e—ys(R—h/cosﬁ)—ﬂa-h/cosﬁ
_ -V )

47 R?

The contribution from the volume element dV is thus simply treated as the primary fluence
rate from a point source at the distance of R from the detector. The exponential function
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Environmental Dosimetry — Measurements and Calculations 177

accounts for the attenuation in the materials between the source and the detector (soil and
air). The source strength, Sy, is related to the activity, A, through the relation Sy-dV = A-Xf,
where f is the probability for emission of a photon (gamma-ray) of a certain energy in each
decay of the radionuclide.

The total primary photon fluence rate can now be determined by integrating the differential
fluence rate over the whole volume, i.e. summing the contributions from each volume element
dV. Changing to spherical coordinates will facilitate the integration and dV is then expressed
as dV =dr-dR-dp=R?sinf-d@-dn -dR. The primary photon fluence is thus given by

21 o  7/2 SV 'R2 sing. e—,us(R—h/cos&)—,uﬂ-h/cose

ép = J. 2
0 h/cos® 0 47 R

dndR dé )

The above expression can be calculated analytically for a few cases of distributions and these
will be exemplified by two kinds of homogeneous distributions: an infinite volume source
and an infinite slab source.

2.1.1 Infinite volume source
An infinite volume source can often be assumed when considering naturally occurring

radionuclides in the ground. These are the members of the uranium and thorium decay
chains, together with 40K. Since the mean free path of photons from naturally occurring
radionuclides is about 10 cm (based on 3 MeV photons and a soil density of 1.5 g-cm-3) a soil
volume of this thickness may be considered as an infinite source.

Integrating Eq. 2, we find that

2 )
T
Idn:[n]o =2r 3)
0
and
n —H;-(R-h/cos@ -h/cos@ 1 —Us-R - 1
I e/ls( / )dR:eﬂb / .{__.e g i| - 4)
h/cos® M h/cos® Hs
The expression for the primary fluence rate then reduces to
) S /2
¢p = v sin@- e_;ua 'h/COSHdH (5)
2u;

This integral can be solved by variable substitution and by using the properties of the
exponential integrals, E,(x), defined as

E,(x) :x”_lj.e—dt (6)

X

The substitution t = y,-h/cos@enables us to rewrite Eq. 5 as
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) /2 i ~Hyh/cos6 Hyh/cos(7/2) 2
¢p= J‘ SV SIHZ e dﬁ:zsv Sinee—t%dt=
0 z A neoso o+ hesin -
0 2 ot
=V [ singeet — 950 g SV [
2. a 2 . 2. a 2
Hs Hoh (#,-h)" -sin@ M ot
By using Eq. 6 with x = y;-h and n = 2, the primary fluence rate can be written
) =5 s (1, h)
¢p_2.ﬂs 2 (M, 8)

The exponential integral E,(x) equals 1 for x = 0 and decreases monotonically to 0 as x
approaches infinity; the value of Ex(x) can be found in standard mathematical tables and
graphs. A special case occurs when the reference point (detector) is at the surface of an
infinite volume source, i.e. h = 0. Hence there is no attenuation in air and ,-h = 0, giving
E;(0) =1. Eq. 8 then reduces to

_ Sy
2. U,

P ©)
2.1.2 Infinite slab source

Ploughing after fallout of radionuclides on arable land may lead to a homogeneous
distribution of the radionuclides in the upper part of the soil, whereas the deeper soil may
be considered inactive with regard to the radionuclides in the fallout. The fluence rate from
such a slab source (of infinite lateral extension) of thickness z can be found by taking the

difference between two volume sources: one extending from the ground surface to infinite
depth and one extending from depth z to infinity (Fig. 2).

Detector

Air

Fig. 2. The geometry of a slab source, extending from the soil surface to depth z.

The fluence rate from each of the two volume sources is given by Eq. 8 and the difference is
then given by
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¢, = 252 |Ex(#-1) = Ey(tts -2+ 14, -h) | (10)

At the surface the attenuation in the air vanishes and Eq. 10 reduces to

_ SV
Z'ﬂs

¢2p [I_EZ (:us Z)] (11)
2.2 Plane source

Fresh fallout may be reasonably well described by a plane, or surface, source. The number of
photons emitted per unit time from an area element dA at the surface of the ground is given
by Sa(r,n)-dA, where dA is given by dr-dp = dr-r-dn. The geometry of the calculations is

shown in Figure 3.
¥ Detector

de /5

dp/ /_Jl
dr r

Fig. 3. The geometry used for calculating the primary fluence rate at the position of the
detector, from an area element on the ground. The area element is considered as a point
source.

The differential (primary) photon fluence rate at the detector position, taking attenuation in
air () into account is given by

~ SA dA.e—ﬂa'h/cose ~ SA'dV'T'dﬂ-e—ﬂ“'h/Cose

dg 12
% 47 R? 47 R? 12
By integrating over all azimuthal angles, 7, from 0 to 2=, according to Eq. 3 we have
) S 'dT"V‘e_ﬂ“'h/COSH
dg, = =4 (13)

2R?

2.2.1 Infinite plane source

The total primary photon fluence rate will again be found by integrating, this time over the
whole plane, which we here will assume is of infinite extent. However, in order to be able to
integrate, we need to find a relation between r and R. By looking at Figure 4 we see that
r=R-sinfand dr-cosé= R-d 6.
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do 0

Fig. 4. Relations between distances and angles for the area element.

Substituting these relations into Eq. 13 gives an expression that may be integrated over the
vertical angle 6.

S, cdreroe Hah/e0s0 g ging. et/ %0

Y
¢p 2R? 2-cosé

de (14)

By making the same variable substitution as for the volume source, t = y;h/cos@, the
primary fluence rate may again be expressed as an exponential integral (see Eq. 6).

Hy-h/cos(7/2)

) _”fSA-sine-e_”“'h/cosede_S_A sing -+ cos’ df =
4 0 2-cos@ 2 41080 cosé M, h-sin@ 13

—t

5 [ et 089y 94 [ “—at
2 U, h /uu'h 2 u,h t

The exponential integral in this case is Ei(u;h) and the final expression for the primary
fluence rate from an infinite plane source is

.S
G =24 E, (1) (16

2.2.2 Disc source — Without attenuating media between source and detector

The primary fluence rate from a plane source of limited extent can be calculated by
assuming a circular source, see Figure 5. The radionuclide is assumed to be homogeneously
distributed over the circular area. The number of photons emitted per unit time from an area
element dA is given by Sa(r,7)-dA, where dA is given by dr-dp = drr-dn as shown in
Figure 3.
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Fig. 5. Geometry for calculating the primary fluence rate from a circular area source of
radius 7max.

Neglecting attenuation in the air and assuming that the area element acts as a point source,
the primary fluence rate at the detector position is given by.

= 17
47 - R? 17)

dg,

In order to carry out the integration to find the primary fluence rate, we need to express the
distance R in more “fundamental” parameters. From Figure 5 we find that

a*=b*+r*=2.r-b-cosn (18)

R*=h*+a* =h*+b*+r*=2-r-b-cosp (19)

The expression for the primary fluence rate is then

S Tmax 270 r
==A [ drdn (20)

Az 7 0 W +b*+1*=2-r-b-cosn

%

The integration over 7 is rather complicated, but could be solved using tables of standard
integrals. Recognizing that the integral is of the form

2
[ ____ 2T (4> p20) (21)
o a+pcosn P B
Eq. 20 now reduces to
. S rmax r
4, =7A | > dr (22)
0 \/(hz +b2+r7) —4er b
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The expression within the square root in the denominator could be rewritten as
(> +b° + r2)2 — 4.7 b2 =1 + 20 K% = 20707 + 210707 +b* + 1 (23)
and substituting ¢ = 72 yields
(12482 +72) =472 02 = 42617 = 2407 4 2007 + b + 1 (24)
By collecting terms we could write the right hand part of Eq. 24 as
P42t h° =260+ 2070 + b + bt =12 42t (7 07 )+ (1 +b2)2 (25)
Now, since r-dr = dt/2, Eq. 22 is given by

5, dr
9, =4 (26)
’ { \/t2+2t-(h2—b2)+(h2+b2)2

The denominator is the square root of a polynomial and using standard integral tables we
can find a solution since

j\/o#ﬂtﬂ/ = \/laln(z\/oc(omc2 + B+ 7) + 200 + ﬁ) 27)

Identifying o =1, f=2(h2-b2), y= (h2+b2)2 and x = t the integral in Eq. 26 is evaluated as

2
Tmax

‘%m(z\/ﬂ 2t (12 =)+ (12407 42t 42(12 —bz)]

0

max m

= 1n(2\/r4 + 212 (K2 =)+ (12 +b2)2 +2r2, +2(n? —b2)j—ln(2(h2 +07)+2(H = 17)) =

a4 202 (12 =8 ) (124 02) 2 (12 = 07)

=In

2h°
(28)
And finally, the unattenuated fluence rate is given by
s, |Racti b \/(r; w1 -0?) +an7p?
¢P = Tln 2h2

‘ (29)
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Detector

Fig. 6. Geometry for calculating the primary fluence rate at the axis of a circular area source
of radius 7max.

At a point centrally over the disc (Fig. 6), b equals zero and the expression for the fluence
rate simplifies to

.S r: +h?
9, :TAIH(—mZz J (30)
In some measurements a plane source is approximated by a point source to simplify
calculations, especially when trying to make a fast first estimation of the activity of the
source. It should be noted that the commonly used “inverse square law”, i.e. that the fluence
rate decreases inversely proportional to the square of the distance between source and
detector, is not generally valid for an extended source. The agreement depends on the
radius of the source. It is clear, however, that beyond a certain distance an extended plane
source may be replaced by a point source in the calculations.

This distance may be found by putting the fluence rate from a point source equal to the
fluence rate from a disc source with the same activity (remember that S4 is the activity per
unit area):

SA T rr%lax SA rr%lax + hz rriax rr%lax + h2
4r-h? zTIn( h? = 12 =In 12 (31)
A calculation shows that

rriax

I I 32)
X <02 > ——=2——_<1.1
h? | r2 +h? (
n ")
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meaning that the error we make is less than 10 % if 7x/h < 0.45 (since 0.452 = 0.2). The disc
source may hence be approximated by a point source if & is larger than 2.2 times the radius
of the disc, ma. In short, it is rather safe to make the approximation when the distance from
the source is greater than the diameter of the source.

2.2.3 Disc source — With attenuating media between source and detector

If we want to take attenuation in the air into account we have to consider the exponential
attenuation factor, which depends on the distance, R, (Fig. 5) and the material between the source
and the detector position through the linear attenuation coefficient 1. Eq. 17 is then given by

. S,-dA 4R

and the integral will be complicated to evaluate. However, if we again consider a point
centrally over the disc the integral can be evaluated, using the exponential integral, as

b= - [ 2] o4

cosx

where « is given by Figure. 6. If the radius of the source is very large we get, in the limit
were 'max approaches infinity, cos & = 0 and hence 1/cos o — eo. In the limit the exponential
integral E; will be equal to zero and Eq. 34 reduces to

by ="y (1,h) @)

which is what we found for a plane source of infinite extent (Eq. 16).

A question that may arise is how large a plane source has to be before it can be treated as a
source of infinite extent. Calculations with Eq. 34 and 35 for 137Cs, assuming S4 = 2 m2 s-!
(giving a unit multiplicative constant), are shown in Table 1. The calculations are made with
h =100 cm and g, = 9.3-105 cm-?, then g, -h equals 9.3-10-3 and E1(w, -h) = 4.1.

o degrees Fmax M E1 (o -h/cos @) ¢, m2sl
10 0.18 4.10 0.015
20 0.36 4.05 0.062
30 0.58 3.97 0.14
40 0.84 3.85 0.26
50 12 3.67 0.44
60 1.7 3.43 0.68
70 2.7 3.05 1.1
80 5.7 2.40 1.7
89 57 0.52 3.6
89.9 570 7.8-104 4.1
90 oo 0 4.1

Table 1. Calculated primary fluence rate for disc sources of different radii, corresponding to
vertical angles of 10° - 90°. The radii of the source for each vertical angle, assuming a
detector height of 1 m, are also shown in the table. In this example the source strength Sx = 2
m2sl,
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The primary fluence rate from a source of infinite extent is thus, in this example, equal to 4.1
m-2 s-1 and we see that the same value is reached for a limited source with a radius of about
500 metres. The table also shows that 90 % of the photons that reach the detector come from
an area within a radius of about 60 metres.

2.3 Spherical source — Dose point inside the sphere

As an example of this geometry we can consider the release of radioactive material in the
atmosphere. The radiation dose to a person submerged in a radioactive plume could be
estimated using calculations based on this geometry. The same applies for a person
surrounded by water containing radioactive elements. Figure 7 depicts the geometry, where
the contribution to the primary fluence rate at a detector position in the centre of the sphere
is due to a volume element dV. The number of photons emitted per unit time from the
volume element dV is given by Sy-dV.

z

Fig. 7. Geometry for calculating the primary fluence rate in the centre of a spherical volume
source. The source extends to the radius 7max.

Just as in the previous examples dV is treated as a point source and if we also take the
attenuation into account we get

Sy dv.e R

36
4 R? (36)

dg,
where g is the linear attenuation coefficient of the source medium. Recognizing that dV =

d7n-dR-d@ can be written in spherical coordinates as dV = R2sin@dn-dR-d@ yields the
expression for the total primary fluence rate at the detector position

27 Tmax 7 2 . —uR
. ™ %S, R -sin@-e
6= [ [~ R dndRde (37)
0 0 0
The integral is then evaluated as
1) _Sv. 2 —LefﬂsR ~|—cos€|” _Sy 1 — e~ Tmax (38)
P 0
4r Hq 0 Hq
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Assume that the source is a cloud or plume of air containing radioactive elements in the
form of gasses or particles and the dose point is at the ground surface. Because of symmetry,
the primary fluence rate is then given by half the value calculated from Eq. 38. This result is
also consistent with what we found for a point at the surface of an infinite volume source,
Eq. 9.

It could be interesting to see how large a radioactive plume can be before the primary
fluence rate reaches equilibrium. The linear attenuation coefficient for 662 keV (gamma
radiation from 137Cs) in air is 9.3-10-5 cm-! and for a plume radius of 495 m the factor within
the parenthesis is 0.99. Figure 8 shows the primary fluence rate as a function of plume
radius for a spherical source in air and for some different photon energies, as well as the
corresponding situation in water. Thus, for a plume of radius greater than about a few
hundred metres, approximate calculations may be performed without knowledge of the
linear attenuation coefficient for air. In water the radius is instead of the order of a few tens
of centimetres.

1,2 -

06 1 "y #0.300 MeV
04 - mO.
N 0.662 MeV

02 1 ¥ A1MeV

ok | | | |

0 200 400 600 800

Radius / m

Water

1,2 -

0,8 A

>l

0,6 -

+ B ¢ 0.300 MeV
04 - 0 M 0.662 MeV
0,2 - A1MeV
.

O - T T T T 1
0 20 40 60 80 100

Radius / cm

Fig. 8. Primary fluence rate at the centre of a spherical source of different radius, 7max,
normalized to Sv/ i, for air and water, respectively, at some different photon energies.
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3. Dose calculations

An important application of the calculations of primary fluence rate is to determine the
effective dose to humans or absorbed dose to other biota. These calculations are often
simplified by using conversions coefficients available from the literature. The concepts of
absorbed dose, kerma and effective dose will be discussed below.

3.1 Absorbed dose rate and air kerma rate

Absorbed dose is defined by the ICRU (ICRU, 1998) and is basically a measure of how much
of the energy in the radiation field that is retained in a small volume. The Sl-unit of
absorbed dose is 1 Gy (gray), which in the fundamental SI-units equals 1 J kg1. Absorbed
dose rate to air in free air can be defined in terms of the fluence rate, photon energy, E, and
mass energy-absorption coefficient, t.,/p, for air according to Eq. 39. The relation is valid for
monoenergetic photons of energy E and if the radiation field consists of photons of different
energies the contribution from each occurring photon energy has to be included in the
calculation of the absorbed dose. In addition, the requirement of charged particle
equilibrium, CPE, has to be fulfilled. This concept is further discussed in several dosimetry
books (e.g. Attix, 1991, McParland, 2010).

DP,E - ¢p,E '(ﬂenj E, (39)
P JE

The total dose rate from primary and scattered photons is then given by
Dt,E = Dp,E + Ds,E = Dp,E "B (40)

where Bg is a build-up factor, which depends on the photon energy, and the distance and
material between the source and the detector. Values of Br can be determined by Monte
Carlo-methods, found in tables and graphs, or calculated by analytical approximations (e.g.
Shultis & Faw, 2000). The analytical expressions are convenient when the radiation field
consists of photons of several energies, such as in environmental measurements. The
contribution from each energy can then be integrated to yield the total absorbed dose. These
calculations can of course be applied directly on the calculations of primary fluence rate
instead.

Calculation of dose rate conversion factors, relating the activity per unit mass in the
ground to dose rate at 1 m above ground, have been made by e.g. Clouvas et al. (2000).
These factors can be applied when the activity in the ground has been determined from an
in situ (field gamma spectrometry) measurement or gamma spectrometric soil sample
analysis. As an example of the use of these conversion factors, consider the naturally
occurring uranium decay series starting with 238U and ending up with the stable lead
isotope 206Pb. To determine the activity of the radioactive elements in the series the
bismuth isotope 214Bi is often used due to the easily identified peak at 609.4 keV in the
gamma spectrum. For this isotope a factor of 0.05348 nGy h! per Bq kg is given by
Clouvas et al. (2000). If secular equilibrium can be assumed, the activities of all members
of the series are equal and the dose rate from all radioactive elements in the series can be
calculated by using the factor 0.38092 nGy h'! per Bq kg, using the activity of the
measured 214Bi.
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One member of the thorium series (22Th to 208Pb) is 208T]1, which also has a convenient
gamma line at 583.1 keV. The activity of this radionuclide, however, can not be used in the
same straight-forward way as 214Bi in the uranium series. The previous radionuclide in the
series, 212Bi, decays both by o (35.9 %) and B-decay (64.1 %) to 208T]1 and 212Po, respectively
and hence the activity of 208T1 is only 35.9 % of the activity at equilibrium. The thorium
series, as well as the uranium series, contains isotopes of radon that easily escape from the
ground or from a sample. The degree of equilibrium therefore ought to be checked by
measuring the activity of some member of each series, above radon.

Related to absorbed dose is the concept of kerma, K. The unit of this quantity is also 1 Gy,
but kerma is a measure of how much of the photon energy in the radiation field that is
transferred, via interactions, to kinetic energy of charged particles in a small volume (ICRU,
1998). Part of this kinetic energy may be radiated as breaking radiation, thus leaving the
volume, and will not be a part of the absorbed dose. To account for this energy loss, kerma
is defined in terms of the mass energy-transfer coefficient, u;/p, insted of w./p. An
expression for air kerma rate in free air can thus be written

Kp,E = ¢p,E '(ﬂﬁj 'E;/ (41)
P JE

For a point source, an air kerma rate constant can be defined, which enables calculation of
the air kerma rate from knowledge of the source activity. Such constants can be found in e.g.
Ninkovic et al. (2005). The air kerma rate free in air is a useful concept in environmental
dosimetry, since published dose conversion coefficients to determine effective dose are often
expressed in this quantity, which will be discussed below.

3.2 Exposure of humans — Effective dose

The quantity absorbed dose is basically a measure of the energy imparted in a small
volume due to irradiation. In some applications, such as radiation therapy, absorbed dose
is used to determine the biological effect on (tumour) tissue but in radiation protection its
use is limited. The effects on tissue depend, apart from the absorbed dose, on the type of
radiation, i.e. whether the energy is transferred to tissue by o-particles, B-particles, y-
radiation or neutrons. For example, to cause the same degree of biological damage to cells
the absorbed dose from y-radiation has to be twenty times as large as the absorbed dose
from a-particles. This dependence is accounted for by multiplying the absorbed dose with
a so called radiation weighting factor (ICRP, 2007). The weighted quantity is then given a
new name, Equivalent dose, Hr, and a new unit, 1 Sv (sievert). Equivalent dose can be
used in regulations to limit, for example, the exposure to the hands and feet in
radiological work.

However, in environmental radiation fields a large number of different irradiation
geometries may occur and to determine the risk for an exposed individual would require
knowledge of the equivalent dose to each exposed organ in the body. Furthermore, risk
estimates for all possible combinations of irradiated organs for each possible equivalent
dose would be needed. It is obvious that such a table would be quite cumbersome (mildly
speaking) and instead ICRP has defined the quantity Effective dose (Jacobi, 1975; ICRP,
1991), with the unit 1 Sv. The effective dose, E, is a so called risk related quantity that can be
assigned a risk coefficient for different detriments (e.g. cancer incidence) and be used for
regulatory purposes concerning populations. The quantity is not applicable to individuals.
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Effective dose is calculated by multiplying the equivalent dose to each exposed organ by a
tissue weighting factor, wr, and summing the contributions from each organ or tissue, T,
according to Eq. 42. The effective dose can thus be described as the dose that, if given
uniformly to the whole body, corresponds to the same risk as the individual organ doses
together.

E:sz “H; (42)
T

The effective dose, E, has replaced the earlier used quantity effective dose equivalent, Hr
(ICRP, 1977; ICRP, 1991). Although the effective dose has been in use for many years, dose
conversion factors published before the replacement and hence given in terms of effective
dose equivalent are still useful (e.g. Jacob et al., 1988). Relations between E and Hr has been
published by ICRP (1996) and the difference is less than 12 % for all photon energies above
100 keV and for all irradiation geometries (see Fig. 9). For rotational symmetry E/Hf is
between 0.95 and 1.0 for photon energies larger than 100 keV. Thus, for environmental
applications the two quantities may often be interchangeable.

3.3 Relation between air kerma and effective dose

The effective dose can be related to the physical quantities photon fluence, absorbed dose
and kerma by conversion coefficients and ICRP (1996) reports conversion coefficients from
both photon fluence, ¢, and air kerma, K,, to effective dose. Conversion coefficients derived
from measurements in a contaminated environment have also been reported (e.g. Golikov et
al., 2007). The determination of effective dose from air kerma requires detailed knowledge
about the energy deposition in the human body, i.e. the absorbed dose to each organ
connected to an organ weighting factor. This can be achieved through Monte Carlo-
simulations using different kinds of models or body-like phantoms. The effective dose will
thus depend on the irradiation geometry and hence the simulations will yield different
conversion factors for different irradiation geometries. Since the actual number of
geometries can be very large, conversion coefficients are given for some idealised
geometries, which approximates real situations (Fig. 9).

The AP & PA geometry approximates the irradiation from a single source in front of or
behind the person, respectively and LAT may be used when a single source is placed to the
left (or right) of the body. When the source is planar and widely dispersed the ROT
geometry will be a good approximation, whereas a body suspended in a cloud of a
radioactive gas can be approximated by the ISO geometry. The most usable geometries for
environmental applications are ROT and ISO and Figure 10 shows the value of the
conversion coefficient E/ K, for these geometries for different photon energies.

According to Figure 10 the conversion coefficient between effective dose rate and air kerma
rate in rotational invariant irradiation situations concerning naturally occurring
radionuclides is around 0.8 Sv Gy, since the mean value of the gamma energy of those is
close to 1 MeV. However, Golikov et al. (2007) reports a value of 0.71 Sv Gy for adults and
1.05 Sv Gy for a 1-year old child, based on phantom measurements in an environment
contaminated with 137Cs. Since the conversion coefficient is based on the absorbed dose to
several organs in the body it will depend on the size of the body (distance from the source
and self-shielding) as well as the energy distribution of the photons from the source. The
photon fluence from a surface source will consist mainly of primary photons whereas the

www.intechopen.com



190 Radioisotopes — Applications in Physical Sciences

contribution from scattered photons (of lower energies) increases when the source is
distributed with depth.
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Fig. 9. Irradiation geometries used for simulation of real exposure situations: AP (Anterior-
Posterior); B: PA (Posterior-Anterior); C: LAT (Lateral, in some applications specified as
RLAT or LLAT depending on the direction of the radiation: from the left or from the right);
D: ROT (Rotationally symmetric) and E: ISO (Isotropic radiation field).
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Fig. 10. Effective dose per unit air kerma for irradiation geometries ROT and ISO. Rotational
symmetry (ROT) is applicable to a planar and widely dispersed source; isotropic symmetry
may be used for a body suspended in a cloud of a radioactive gas. Data from ICRP (1996).

Also the angular distribution of the photons plays a role in this aspect. Figure 11 shows,
schematically, the angular distribution of 662-keV photons from two different sources: an
infinite volume source and an infinite plane source; the detector is placed one metre above
ground. The expressions for the angular distribution of primary photons can be derived
from Eq. 5 and Eq. 14, respectively. For angles of incidence less than about 75° the fluence
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increases with increasing angle of incidence due to the increasing source volume and area,
respectively. At larger angles the attenuation in air limits the fluence at the detector and
both curves in Figure 11 has a maximum. Detailed calculations for this photon energy show
that the maximum for the infinite volume source occurs at 77.91° and the maximum for the
infinite plane source at 89.45° (Finck, 1992). Thus most of the primary photons hitting the
detector are nearly parallel to the ground surface.
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Fig. 11. Angular distribution of primary 662-keV photons from an infinite volume source
and an infinite plane source as a function of angle of incidence on a detector placed one
metre above ground.

4. Measurements

Since the risk related quantities, e.g. effective dose, could not be measured, some measurable
quantities need to be defined. These measurable quantities should then be an estimation of
the risk related quantities. As an example of the use of data from field gamma spectrometry
to estimate the radiation dose, some results from repeated measurements are presented.

4.1 Measurable quantities

The relations between the different categories of quantities, risk related and measurable, are
shown in Figure 12. The physical quantities, such as the absorbed dose, can be used to
calculate risk related quantities by the use of weighting factors (ICRP 1991; ICRP, 2007), but
also by conversion coefficients (e.g. ICRP, 1996). Operational quantities are derived from the
physical quantities through definitions given by the ICRU (ICRU 1993; ICRU, 2001), for
photon as well as for neutron irradiation. These definitions utilises the so called ICRU-
sphere - a tissue equivalent sphere of 30 cm diameter - and the absorbed dose at different

depths in the sphere. Furthermore, relations between risk related and measurable quantities
can be found from data given by the ICRP (ICRP, 1996).
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Detector response Physical quantities: ¢, K, D

Operational (measurable) /W’\ Protection (risk related)
quantity: H*(10) quantity: E

J - J

Fig. 12. Relations between the quantities of interest in radiation protection and
measurements. Only one of the measurable and risk related quantities, respectively are
shown in the figure; several other operational quantities are defined, which are used to
monitor the radiation dose to individuals.

Instruments used for radiation protection purposes, e.g. intensimeters, are often calibrated to
directly show a measurable quantity and guidelines for the calibration of those instruments
have been issued by the IAEA (IAEA, 2000). Other types of detectors, e.g. high-purity
germanium detectors (for determination of activity or fluence rate by field gamma
spectrometry) or ionisation chambers (for determination of absorbed dose), can be used to
measure a physical quantity. The relationship between detector response and the physical
quantity of interest is then found by calibration.

Several measurable quantities have been defined for different purposes. Some are used to
monitor personal exposure and others to monitor the radiation environment. The quantity of
interest in environmental measurements is often the ambient dose equivalent, H*(10), since it is
an estimate of the effective dose. From Figure 13 it is obvious that an instrument calibrated to
show ambient dose equivalent should never underestimate the effective dose. This may cause
deviations if effective dose is estimated from field gamma spectrometry and compared to the
reading of an intensimeter calibrated to show ambient dose equivalent.
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Fig. 13. Effective dose and ambient dose equivalent per unit air kerma, respectively. Data
from ICRP (1996).
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When the effective dose is estimated by detectors worn by individuals, special attention
ought to be given to how the detector is calibrated. In these measurements the detector is
often a TL-dosimeter (Thermo Luminescence Dosimetry, TLD), which is commonly used for
monitoring workers at hospitals or in the nuclear industry. These detectors are calibrated to
show the personal dose equivalent and if the reading is to be used for estimation of effective
dose, the relation between the reading and air kerma must be known. Thereafter the
effective dose can be estimated by the relations given above.

4.2 Measurements in western Sweden

We have made repeated field gamma measurements at 34 predetermined sites in western
Sweden (Almgren & Isaksson, 2009) and the results are shown here to give an example of
the use of these data to estimate the ambient dose equivalent. By a proper calibration of the
field gamma detector, the amount of different radioactive elements in the ground can be
determined. For the naturally occurring radionuclides with an assumed homogeneous
depth distribution the inventory is given as Bq kg1. However, for 137Cs a plane source is
assumed and the activity given as Bq m2. The latter is a common procedure when the depth
distribution is unknown and the reported “equivalent surface deposition” (Finck, 1992) will
underestimate the true inventory due to the absorption of photons in the ground. The
quantity is, however, still a good measure of the photon fluence rate above the ground.
Using published dose rate conversion factors and the relation between absorbed dose and
ambient dose equivalent the field gamma measurements may be compared to intensimeter
measurements made in connection to the field gamma measurements. Figure 14 shows the
sum of the contribution to the ambient dose equivalent from the radionuclides in the
uranium series, the thorium series and 4K, as well as the contribution from 137Cs. The figure
also shows the results from intensimeter measurements, corrected for the contribution from
cosmic radiation. Although a correction has been made to compensate for the fact that the
intensimeter is calibrated for 137Cs (0.662 MeV), whereas the mean energy of the naturally
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Fig. 14. Ambient dose equivalent rate at 34 reference sites shown as the sum of the
contribution from the radionuclides in the uranium series, the thorium series and 4K, as
well as the contribution from 137Cs. Also shown are the results from intensimeter

measurements, corrected for the contribution from cosmic radiation and photon energy
used in the calibration.
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occurring radionuclides are slightly higher, a deviation between the results remains. One
explanation may be that the measured area differs due to different angular sensitivity of the
two measurements systems and that the correction of the intensimeter reading is
insufficient. Still there is a good agreement between the two methods to estimate the
ambient dose equivalent.

Figure 15 shows the contribution from each of the terms in the sum depicted in Figure 14.
The main contributor to the ambient dose equivalent is 4K and the contribution from 137Cs
is practically negligible in this area.
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Fig. 15. Ambient dose equivalent rate at 34 reference sites from the radionuclides in the
uranium series, the thorium series and 4K, as well as from 137Cs.

5. Conclusion

This chapter includes the basic relations for calculating the primary photon fluence rate
from environmental sources of different shapes. Such calculations may be used for
calibrating field equipment and also for estimating the exposure to people in the vicinity of
the source. The chapter also dealt with practical environmental measurements and the
importance to keep in mind the relation between effective dose and ambient dose
equivalent. Measurements made by intensimeters tend to overestimate the effective dose
due to the calibration requirements.

6. References

Almgren, S. & Isaksson, M. (2009). Long-term investigation of anthropogenic and naturally
occurring radionuclides at reference sites in western Sweden, Journal of
Environmental Radioactivity, Vol.100, pp.599-604.

Attix, F H. (1991). Introduction to radiological physics and radiation dosimetry, ISBN 0471011460,
Wiley-VCH Verlag GmbH, Germany.

www.intechopen.com



Environmental Dosimetry — Measurements and Calculations 195

Clouvas, A.; Xanthos, S.; Antonopoulos-Domis, M. & Silva, J. (2000). Monte Carlo
Calculation of Dose Rate Conversion Factors for External Exposure to Photon
Emitters in Soil, Health Physics, Vol.78, No.3, pp.295-302.

Finck, R R. (1992). High resolution field gamma spectrometry and its application to problems in
environmental radiology. Thesis. University of Lund, Department of Radiation
Physics, Malmo, Sweden.

Golikov, V. ; Wallstrom, E. ; Wohni, T. ; Tanaka, K. ; Endo, S. & Hoshi, M. (2007). Evaluation
of conversion coefficients from measurable to risk quantities for external exposure
over contaminated soil by use of physical human phantoms, Radiation and
environmental biophysics, Vol.46, pp.375-382.

International Commission on Radiation Units and Measurements (1993). Quantities and
Units in Radiation Protection Dosimetry, ICRU Publications 51, ICRU Publications,
Bethesda, USA

International Commission on Radiation Units and Measurements (1998). Fundamental
Quantities and Units for lonizing Radiation, ICRU Publications 60 ,JCRU Publications,
Bethesda, USA

International Commission on Radiation Units and Measurements (2001). Determination of
Operational Dose Equivalent Quantities for Neutrons, ICRU Publications 66, ICRU
Publications, Bethesda, USA

International Commission on Radiological Protection (1977). Recommendations of the
International Commission on Radiologicul Protection. ICRP Publication 26. Annuals of
the ICRP 1(3). Pergamon Press, Oxford.

International Commission on Radiological Protection (1991). 1990 Recommendations of the
International Commission on Radiological Protection. ICRP Publication 60. Ann. ICRP
21 (1-3).

International Commission on Radiological Protection (1996). Conversion coefficients for use in
radiological protection against external radiation. ICRP Publication 74. Ann. ICRP 26
(3/4).

International Commission on Radiological Protection (2007). The 2007 Recommendations of the
International Commission on Radiological Protection, ICRP Publication 103, Ann. ICRP
37 (2-4)

International Atomic Energy Agency (2000). Calibration of Radiation Protection Monitoring
Instruments, IAEA Safety Reports Series No.16.

Jacob, P.; Paretzke, H G.; Rosenbaum, H. & Zankl, M. (1988). Organ Doses from
Radionuclides on the Ground. Part I. Simple Time Dependencies, Health Physics.
Vol.54, No.6, pp. 617-633.

Jacobi, W. (1975). The Concept of the Effective Dose - A Proposal for the Combination of
Organ Doses, Rad. and Environm. Biophys. Vol.12, pp.101-109.

McParland, B J. (2010). Nuclear medicine radiation dosimetry, ISBN 978-1-84882-125-5,
Springer-Verlag London, GB.

Ninkovic, M M.; Raicevic, J J. & Adrovic, F. (2005). Air Kerma Rate Constants for Gamma
Emitters used most often in Practice, Radiation Protection Dosimetry, Vol.115, No.1-
4, pp. 247-250.

Shultis, ] K & Faw, R E. (2000). Radiation Shielding, ISBN 0-89448-456-7, American Nuclear
Society, La Grange Park, IL, USA.

www.intechopen.com



196 Radioisotopes — Applications in Physical Sciences

United Nations Scientific Committee on the Effects of Atomic Radiation. (2008). UNSCEAR
2008 Report to the General Assembly, with scientific annexes. Annex B.

www.intechopen.com



; Radioisotopes - Applications in Physical Sciences
RADIOISOTOPES Edited by Prof. Nirmal Singh

PONS [N PHYSICAL SCHENCES

ISBN 978-953-307-510-5

Hard cover, 496 pages

Publisher InTech

Published online 19, October, 2011
Published in print edition October, 2011

The book Radioisotopes - Applications in Physical Sciences is divided into three sections namely:
Radioisotopes and Some Physical Aspects, Radioisotopes in Environment and Radioisotopes in Power System
Space Applications. Section | contains nine chapters on radioisotopes and production and their various
applications in some physical and chemical processes. In Section I, ten chapters on the applications of
radioisotopes in environment have been added. The interesting articles related to soil, water, environmental
dosimetry/tracer and composition analyzer etc. are worth reading. Section Ill has three chapters on the use of
radioisotopes in power systems which generate electrical power by converting heat released from the nuclear
decay of radioactive isotopes. The system has to be flown in space for space exploration and radioisotopes
can be a good alternative for heat-to-electrical energy conversion. The reader will very much benefit from the
chapters presented in this section.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Mats Isaksson (2011). Environmental Dosimetry — Measurements and Calculations, Radioisotopes -
Applications in Physical Sciences, Prof. Nirmal Singh (Ed.), ISBN: 978-953-307-510-5, InTech, Available from:
http://www.intechopen.com/books/radioisotopes-applications-in-physical-sciences/environmental-dosimetry-
measurements-and-calculations

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE EBHIERFEK6SS iEEPrRE ARG DA E4058TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2011 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Atiribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.




