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Abstract 

The planning of operations associated with uranium mines often 
requires that estimates be made of the exposure rates from various ore 
bodies. A straight-forward method of calculating the exposure rate from 
an arbitrarily shaped body is presented. Parameters for the calculation 
are evaluated under the assumption of secular equilibrium of uranium uith 
its daughters and that the uranium is uniformly distributed throughout an 
average soil mixture. The spectral distribution of the emitted gamma rays 
and the effect of air attenuation are discussed. Worked examples ate given 
of typical situations encountered in uranium mines. 



CONTENTS 

SECTION 1 Introduction 

SECTION 2 Exposure rate due to unscattered gamma rays from 
thick sources 

SECTION 3 Contribution of scattered gamma rays to the exposure 
rate from thick sources 

SECTION 4 Calculation of the gamma ray exposure rates from 
uranium ore bodies 
4.1 Evaluation of the specific source strength 
4.2 Attenuation and buildup coefficients for soil 
4.3 Evaluation of the specific gamma ray constants 
4.4 Exposure rate from an infinite slab 
4.5 Calculation of exposure rate per unit solid 

angle 
4.6 The spectrum of gamma rays from an ore body 
4.7 The effect of air attenuation 

SECTION 5 Worked examples of typical problems 

APPENDIX 1 Determination of the solid angles subtended by common 
shapes 

REFERENCES 

GLOSSARY OF SYMBOLS 



1. Introduction 

Exposure to gamma rays emitted from ore bodies represents a significant 
radiological health hazard to employees involved in the mining of high grade 
uranium ore. When planning operations associated with these mines it is often 
necessary to make estimates of the exposure rates from ore bodies of various ore 
grades and geometric configurations. The purpose of this document is to show 
how these exposure rates may be calculated in a straightforward manner uith an 
accuracy sufficient for radiological health protection purposes. 

For clarity and ease of presentation, the problem has been broken up 
into several distinct components. In Section 2, an expression is derived for 
the exposure due to the unscattered gamma rays from a thick source of arbitrary 
shape. Section 3 discusses the contribution to the exposure rate from gamma rays 
uhich have scattered prior to their emission from the source. A simple relation
ship, involving buildup coefficients, is derived to account for this contribution 
to the exposure rate. Section 4 deals specifically uith gamma ray emission 
from uranium ore and the evaluation of the parameters necessary to calculate 
the exposure rate from ore bodies. Finally, in Section 5, worked examples of 
some typical problems are presented. 

2. Exposure Rate due to Unscattered Gamma Rays from Thick Sources 

Consider an infinite material, of density p(gm/cm ), throughout uhich 
there is a radionuclide uniformly distributed uith an activity density 
Sv (mCi/cm ). Suppose that at some point in the material there is a spherical 
cavity of radius R (see Figure 1). IT the source emits gamma rays of energy 
E , the exposure rate at the centre of the cavity due to unscattered gamma rays 
from the spherical shell of material betueen r and r + dr is given by 

dl = Sv T 4I1 e ^ R " r ) dr (R/hr), 2.1 

where n = linear attenuation coefficient for the gamma rays in the material 
and r = gamma ray exposure factor (R-cm /hr-mCi) (i.e. the exposure rate 

at 1 cm from a 1 mCi source). 

Integrating (2.1) from R to oo we obtain 

= 4 n .svr ( R / h r ) 2 # 2 

let Sm = — be the source activity per unit mass 
(mCi gm" ) 

and |im = *• be the mass attenuation coefficient, 
/ -1 2v 
(gm cm ) 
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t n e n i = * n -Sml" (R/hr) . I 2.3 
I :- m 

It should be noted that this result is independent of the radius of 
the cavity or the density of the material. Further, the presence of the mass 
attenuation coefficient in the bottom line of equation 2.3 means that the 
observed spectrum from polychromatic source material will be considerably 
harder than that from a point source. That is to say, the observed spectrum 
will be weighted in favour of the high energy gamma rays. 

It is tempting to split equation 2.3 into two parts, one representing 
Q r the solid angle of a sphere (4 (1) and the other, , representing the 

exposure rate per unit solid angle subtended by the source. To substantiate this 
for a body of arbitrary shape, consider the exposure rate at the apex of a 
truncated cone shown in Figure 2. 

The expression for the expo=:"rc rate at the apex of this cone reduces to 

I, = - ~ . 2fl 0-E2(jih)-cos (1-E2(hn secG)) , 

where 

f°°£l 
Jv t2 

E2(y) - e y \ £ 1 dt 

Noting that E7(y)-*0 as y-*co, the exposure at the apex of an infinitely thick 
truncated cone is given by 

_TSm _ 2n(l-cos6) R/hr 2.4 

The only dependence the exposure rate given by equation 2.A has on the 
geometry is the factor 2|"l(l-cos0 ), which is the solid angle subtended by the 
cone at the point P. The exposure rate is independent of the position of the 
front face and can also be shown to be independent of the shape of the front 
face provided the solid angle subtended at P is unaltered. By considering any 
infinitely thick source of arbitrary shape as being made up of a series of 
small cones which cover its surface, then the exposure from this body is given 
by 

r Q 
*-„ = "''m' "" x (Solid angle subtended by R/hr 2.5 

the source al 
of interest) 
the source at the point 

+Infinitely thick as seen from point of interest. 
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This equation may now be used to write down an expression for the 
exposure rate due solely to the unscattered gamma rays from some simple source 
shapes. The exposure rate at any point above an infinite plane is given by 

= 2jLJ_Sm R / h r 2 > 6 

Y H-m ' 
The exposure rate at a point along the line formed by the intersection of an 
infinite plane and an infinite vertical wall is 

= 3 H . r Sm R / 

Appendix 1 is devoted to expressions for the solid angle subtended at 
various points from a variety of simple shapes. With this information the 
geometries of most situations occurring in a mining situation may be handled. 

3. Contribution of the Scattered Gamma Rays to the Exposure Rate from Thick 
Sources 

In Section 2, only the exposure rate due to unscattered gamma rays 
emitted from thick sources has been considered. In reality many of the gamma 
rays undergo scattering or multiple scattering before they are emitted from 
the source material. These scattered gamma rays make an appreciable contri
bution to the exposure rate at a point outside the source. This contribution 
is usually handled by introducing an exposure buildup factor. For a point 
source which emits isotropically into an infinite n.edium the exposure rate at 
a distance r from the source is given by 

Iy = B(nr) x (Exposure rate due solely to unscattered 
gamma rays) 

where B(fir) is the exposure buildup factor which is a function of the 
distance from the source, the energy of the gamna rays and the 
type of medium. 

In general, buildup is also dependent upon the geometry of a situation. 
For example, parallel beam of photons incident on a slab will exhibit different 
buildup from an isotropic source placed inside an infinite material. 

For our current purpose the exposure buildup factor for an isotropic 
source in an infinite medium is most applicable. The use of this factor is 
valid for a thick source which subtends a sizeable solid angle at the point 
of interest. When considering sources with small solid angles the use of this 
buildup factor will tend to overestimate the exposure rate. 
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Buildup factors for a wide rango of materials are readily available 
in tabular form as a function of energy and material thickness (e.g. reference 1). 
It is also common practice to fit buildup data with appropriate functional 
forms. Two such forms for uhich the fitting parameters are readily available 
are listed below. 

(1) Pplyr)ptnial_Zxpapsiop_ 
2 

B(KIT) = a Q + a 1 (nr) + a? (̂ r) , 3.1 

where a is often equal to 1. 

(2) £e£0£r__Fo_rm 

B^r) = 1 + C(^r)e D (^ r ) . 3.2 

Consider again the example of a spherical cavity within an infinite 
material. If the contribution of the scattered gamma rays to the exposure rate 
is taken into account with a buildup factor, the- exposure rate is given by 

I v = 4 n . Sv . r (̂  B(n(r-R)) e ^ ( r - R ) dr Y 

n . sv . r I 
00 

= 4 n . Sv . r \ B(nr)e ^ dr . 3.3 
0 

Substituting the polynomial form for the buildup factor and integrating, 
the exposure rate is 

! = ± J l S v r f = 4T]SmJ_ ( J 3 4 a 

r n o n |im o n 

When t h e Berger fo rm f o r b u i l d u p i s u s e d , t h e exposure r a t e i s g i v e n 

by 

T 4 n SmT ,. C v „ ., 
'v-T5— ( 1 + ^7 ) -

It should be noted here that the exposure rate given by equation 3.4a 
is that due to the unscattered gamma rays multiplied by £nja . and that the 
exposure rate given by 3.4b is the unscattered exposure rate multiplied by 
d + — £ - = • ) . 

(D-1) 2 

Assuming the same arguments, regarding geometry, hold for scattered 
gamma rays as for unscattered gamma rays, the exposure rate at a poir t P 
due to a thick source of arbitrary shape is given by 

5m r °° I„ = —•—•" ( 2 nj a ) x (Solid angle subtended at P) 3.5a \ nm o n * 
or I v = "* (1 + „ ) x (Solid angle subtended at 3.5b 

f " m (D-1) 2
 p ) # 

depending upon which form is chosen to represent buildup. 
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In general, the coefficients a„, a .... and D are small compared to 
C unity. It is often useful to approximate In.'a and (1 + 2 ) by the 

tabulated value of the buildup factor at one mean free path. In this case 
the exposure rate is given by 

I,. = — — B(n.r) x (Solid angle subtended at P), 3.6 

evaluated at |ir = 1. 

4. Calculation of Gamma Ray Exposure Ratps from Uranium Ore Bodies 

In the previous section, general equations were derived for the exposure 
rate from a thick monoenergetic source. In this section it is shown how these 
may be applied to determine the exposure rates from uranium ore bodies. 

The results presentee* below are based on the following assumptions: 
(i) that the soil composition is similar to the average for the 

earth's crust; 
238 (ii) that U is in secular equilibrium with its daughters; and 

(iii) that the ore body is at least 30 cm thick. 

The effect of small variations from these assumed conditions are 
discussed in the relevant sections. However, if conditions are very different 
from those assumed, the exposure rate parameters should be re-evaluated using 
more appropriate values for the soil attenuation, source concentration or 
buiJdup coefficients. 

The gamma rays which are emitted from uranium ore originate predominantly 
I the 

226r 

238 from the U decay. Over 999& of the exposure rate results from the decay of 
Ra and its daughters. Of particular significance are the high energy (up to 

214 2.5 MeV) gamma rays from Bi. Table 4.1 gives the energies and abundances 
226 of gamma rays emitted from Ra and its daughters. 

The exposure rate from uranium ore, pei unit solid angle, may be 
evaluating by weighting the exposure rates for each gamma ray given by equation 
3.5 (a and b) by the abundance of that gamma ray and summing over all gamma 
rays. 

This exposure rate per unit solid angle is 

I.® = Sm I Ai Tj y n! a . R/hr/sr 4.1 
100 ^mi n m Q 



- 6 -

or 
I s = Sm I Ai 

100 jimi (1 Ci 
(Di-1)' 

) R/hr/sr , 4.2 

depending on the form to represent the buildup. 

Where Ai is the % abundance of the i gamma ray 
.th and Ti is the exposure rate factor for the i gamma ray. 

(The superscript s on I,, implies the exposure rate per unit solid angle.) 

4.1 Evaluation of the Specific Source Strength 

It is most convenient to evaluate the source strength Sm in terms of 
the percentage of uranium by weight in the ore body. To do this we assume 
226 238 

Ra and its daughters are in secular equilibrium with U, (i.e. 1 curie of 
238 22fi 21A 

U = 1 curie of Ra = 1 curie Bi etc.). For most Australian ore deposits 
this has proved to be true to a high degree of accuracy. Should, however, 

226 ground water have leached a significant amount of Ra from the soil, the source 
strength derived below should be suitably weighted to account for this loss. 

Assuming secular equilibrium, the source strength per unit mass 
is given by 

where 

Sm = No 0.693 
PI t$ x 3.7 x 10' 

*1 r- * 2 2 6 D of - ^ mCi of Ra per % 

uranium in the soil, 

238 17 
t£ = half life of U = 1.42 x 10 seconds , 23 No = Avogadro's number = 6.023 x 10 per gm-mole 

238 PI = Mass number of U = 238 . 

Substituting these gives a source activity per unit mass of 

Sm = 3.34 x 10" mCi/gm per % U in the soil 
by mass . 

4.4 

It should be noted at this point that the amount of uranium in an ore 
body is often quoted as a percentage ore grade, which refers to the fraction 
by weight of U„0„ present in the ore. If the concentration of uranium is 
expressed in this way then we have 

,-6 Sm = 2.83 x 10 mCi/gm per % ore grade . 
(i.e. % of LL0 Q in the soil) 

J o 

4.5 
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U 0 is not the only oxide of uranium which is found in an ore body, j o 
The percentage ore grade is therefore not an exact way of expressing the 
uranium content. In the remainder of this document the concentration of 
uranium will be always expressed in terms of the percentage by mass of uranium 
in the soil. 

4.2 Attenuation and Buildup Coefficients for Soil 

For the purpose of the current example, the composition of the soil/rock 
found in the ore body is taken as that for average soil in references 1 and 8. 
That is to say, 50/S oxygen, 39% (sodium, aluminium or magnesium), 6.1% calcium 
or potassium and 5% iron. The mass attenuation coefficients for this mixture 
were computed by adding the coefficients, for the each individual element, 
obtained from reference 2, in proportion to its abundance given above. The 
values of these attenuation coefficients are shown in Table 4.1. 

There is a lack of reliable data on the buildup coefficients for soil. 
Because of this it was decided to use coefficients for ordinary concrete. This 
is justified by the fact that the average atomic number for concrete is very 
similar to that for the soil mixture above. The coefficients for the Berger 
form and the polynomial form of buildup for concrete were interpolated from 
the data given in reference 1. 

It can be demonstrated that variations in the soil composition have 
little effect upon the resulting exposure rate,providing the soil does not 
contain a substantial amount of elements with atomic number greater than 40. 
For soils containing large amounts of heavy elements,it is recommended that the 
attenuation and buildup coefficients be re-evaluated for the particular case in 
hand. One instance of such a case occurs when dealing with very high grade 
ore (>10%), for which the soil will contain a substantial fraction of uranium. 
The effect of this will be discussed later in this section. 

4.3 Evaluation of Specific Gamma Ray Constant 

The specific gamma ray constants for a gamma ray of energy E is defined 
as 

r = 1.56.E.iaa R-cm /hr-mCi , 4.6 

where na is the air energy absorption coefficient for a gamma ray of energy E. 

Taking the values of na from reference 1 we obtain the values for T 
shown in Table 4.1. 
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Exposure Rate per Unit Solid Angle 

The data in Table 4.1 can now ba used to evaluate the exposure rate 
per unit solid angle given by equations 4.1 and 4.8. This gives 

I® = Sm x 300 R/hr/sr 4.7 

if the polynomial form for buildup is used and 

1^ = Sm x 318 R/hr/sr 4.8 

if the Berger form for buildup is used. 

The tuo values above are very similar and assuming the best value is 
obtained by averaging one obtains 

I® = Sm x 309 R/hr/sr 

and using the value Sm = 3.34 x 10 mCi/gm per % uranium gives 

4.9 

For very high grade ore, the uranium in the soil should be taken into 
account when evaluating the attenuation and buildup coefficients of the soil. 

o 
A plot of I.y as a function of uranium concentration in the soil is shown in 
Figure 4.1. These values should be used whenever the ore grade exceeds 10$. 

4.4 Exposure Rate from an Infinite Slab 

The exposure rate above an infinite slab of low grade ore may be estimated 
by multiplying the valueof I in equation 4.9 by 2 H (i.e. the solid angle 
subtended by an infinite plane at any point above it). This gives a value of 
6.5 mR/hr/% uranium, which is compared with the results of other works in 
Table 4.2. As can be seen,the present value is in good agreement with that of 
Beck (ref. 10) which has often been quoted as a standard exposure factor 
(e.g. UNSCEAR-1977, ref. 9). 

4.5 The Spectrum of Gamma Rays from an Ore Body 

The current method of calculation does not explicitly enable an 
evaluation of the energy spectrum of the gamma rays from an ore bbdy. Some 
general comments, however, may be made. The presence of the mass attenuation 
coefficient in the denominator of equation 2.5 implies that the low energy 
gamma rays from tne source material will be heavily weighted against with 
respect to their contribution to the unscattered flux. That is to say, they 
are preferentially absorbed by the soil. This together with the high energy 
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nature of Ra implies that the unscattered flux is predominantly high energy 
with a mean energy of about 1.5 Mel/. On the other hand, \-he scattering of 
gamma rays before emission from the body will no doubt increase the number of 
low energy gamma rays emitted. This effect is insufficient to change the 
overall high energy nature of the spectrum. 

The spectrum of gamma rays emitted from an infinite slab has been 
calculated by Beck (ref. 10) using a rigorous mathematical technique. This 
spectrum is shown in Figure 4.2 and indicates that approximately 62% of the 
exposure rate is due to gamma rays with energies in excess of 0.5 CleU. The 
shape of this spectrum would not be expected to change significantly for 
different shaped sources. It is therefore suggested that this spectrum be 
used whenever it is necessary to calculate the effect of a shield introduced 
between an employee and an ore body (e.g. the steel cabin of a truck). 

Beck has also computed the angular distribution of *"he gamma rays 
from an infinite slab and this is shown in Figure 4.3. It is interesting to 
note that the maximum differential exposure rate occurs for gamma rays emitted 
at about 70 from vertical (i.e. almost horizontal). 

4.7 The Effect of Air Attenuation 

The gamma rays emitted by an ore body will to some extent be attenuated 
by the air between the ore and the point of interest. Because of bhe high 
energy nature of the gamma ray spectrum, this attenuation may be considered 
to be negligible for distances of less than 10 metres. A corollary of this 
is that since a circle of radius 10 metres contributes more than 90$ of the 
solid angle subtended by an infinite plane at a point 1 metre above it, then the 
effect of air attenuation at this point is small. 

For distances greater than 10 metres from an ore body a correction 
should be made for air attenuation. Beck (ref. 10) has calculated the 
exposure rate at various distances above an infinite slab and Figure 4.4 
shows a plot of exposure rate versus height which has been interpolated from 
this data. It is recommended that for large distances, a correction for air 
attenuation be made using thi9 curve. In order to do this it rr3y be necessary 
to break the problem up so as to consider sections of the ore body which lis at 
various average distances from the point of interest. An example of this is 
given in the following section. 
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c. !'!r.rl/cH Worked Examples of Typical Problems 

Example 1 
Consider a cylindrical pit, 10 
metres in diameter and 4 metres 
deep. Given that the floor of 
the pit contains 1.5% uranium by 
weight and that the sides contain 
0.5% uranium, what is the exposure 
rate 1 metre above the centre of the 
floor? 

(a) Contribution of the pit floor to the exposure rate. 

Exposure rate = I, x Solid angle subtended by floor x % uranium 
! 

I„ = 1.04 mR/hr/sr per % uranium from equation 4.9 

Solid angle = 2 fl ( 1 -
(RZ + x ^ ) : 

-j—) sr from appendix 1 (a) 

2 n ( 1 - ~ T - ! 1 ) = 5.05 
(5 2 + 1)* 

sr 

Exposure rate from pit floor = 1.04 x 5.05 x 1.5 = 7.88 mR/hr. 

(b) Contribution of the pit walls to the exposure rate. 

Exposure rate = I x Solid angle subtended by walls x % uranium 

Solid angle = 2 PI ( — — - — r ~ r + — 9 ~ o 1 ) sr from Appendix 1 (b) 
(RZ + *V (R2 + (h-xr)* 

= 2 n (-rferi + -£) = 4.46 126? " ~(W 
Exposure rate from pit walls = 1.04 x 4.46 x 0.5 = 2.32 mR/hr. 

Total exposure rate = 7.88 + 2.32 = 10.2 « 10 mR/hr. 

ExampLe 2 

Consider a cylindrical pit as in Example 1 but with a diameter of 
100 metres and a height of 40 metres. Ulhat is the exposure rate 1 metre above 
the centre of the pit floor? 

In this case the floor can be considered as an infinite slab and will 
therefore contribute 6.5 mR/hr per % uranium. 

•'• Exposure rate due to floor - 6.5 x 1.5 = 9.75 mR/hr. 
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Because the pit walls are approximately 50 metres from the point of 
interest the effect of air attenuation should be taken into account. At 50 
metres Figure 4.4 gives a factor of 0.6 for air attenuation. 

Note: 

Exposure rate due to walls = I x solid angle 
of walls x 0.6 x % uranium walls 

1 39 
mR/hr 

1.04 x 2 n ( r—! r- + 0 "' „ i) x 0.6 x 0.5 mR/hr 
(50 Z + 1)* (3<T + 50 2)* 

1.16 mR/hr 

.". Total exposure rate = 9.75 +1.16 = 10.9 mR/hr 

this is a similar result tc Example 1. 

Example 3 

Consider a rectangular ore bench a metreswide, b metres long and 
containing q% uranium by weight. Along the side of length b there is a 
vertical rectangular ore face of height c metres which contains p% uranium. 
What will be the exposure rate at 1 metre above an arbitrary point P on the 
ore bench? (See Figure). 

This problem is 9olved by using the expression, from Appendix 1c, 
for the solid angle subtended for each of the eight rectangles shown. 

Exposure rate at P = I x q x (Solid angle of bench) 

+ I x p x (Solid angle of wall). 
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where I is the exDOSure rate oer unit solid anale oer % uranium for the bench 
and wall respectively. 

The solid angle subtended by the bench at the point P (Appendix 1(c)) 

T -1 / x.y v _ -1 / x ( a - y ) ^ _ x T -1 t (b-x)y \ 
= Tan (—r-*- r) + Tan ( - * ~ " — r ) + Tan ( ^ 9

 l \ r) 
( x + y + O 2 ( x^ +( a_ y)^ + 1)2 ((b-x)+y +1) 5 

T -1 / (b-x) (c-1) 
+ Tan ( o i —X*) 

((b-x)%(a-y)%l) t 

and the solid angle subtended by the wall is 

T -1 , x.1 . T -1 , (b-x).1 N T -1 / x.(c-l) v 
= T a n ( . 2 2 ̂  + T a n ( „) A 2 J * T a n ( . 2 2 1$ 

y(x +y + 1) 2 y((b-x) +y + 1 ) Z y(x +(C-1) +y ) 2 

sr 

+ T a n - i ( H H ) _) 
y((b-x) 2+(c-l) 2+y 2)* 

sr 

For a numerical example consider an ore bench 10 metres long and 10 metres wide 
and with a wall 5 metres high. Further, suppose the wall and bench consist 
of 5% ore grade uranium ore. What will be the exposure rate at 1 metre above 
the centre of the bench. 

The uranium concentration is expressed in terms of percentage ore grade 
(% U„0_), which must first be converted to percentage uranium by weight. J o 

238 „, . 3 x Atomic weight of U x % ore grade % uranium = — ; • r~T—P ,, n — Molecular weioht of U 0. 
J O 

3 x 238 „, = — — — x % ore grade 

= .848 x % ore grade 
So 5% ore grade is equal to 4.24% uranium by weight. 
So for the above example p = q = 4.24 
and I = 1.04 mR/hr/sr/jS uranium 

also a = 10 b = 10 c = 4 and x = y = 5 

Substituting, 
— 1 25 Solid angle of bench = 4 x Tan ( i) = 5.17 sr 

(25+25+1V 

So l i d angle of wa l l = 2 x Tan" 1 ( T - ) + 2 x Tan" 1 ( %JLA _) _ 1 # 2 0 sr 
(25+25+1)% 5(25+16+25) ? 

To ta l exposure ra te at P = 1.04 x 4.24 (5.17 + 1.20) mR/hr 

= 28 mR/hr 
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Example 4 
Calculate the exposure rate at a point 
P at a height h and a distance d from 
the corner of a square ore body with 
sides of length e and containing p% 
uranium. 

Exposure rate = I,, x p x (solid angle of squarp at P) 

Solid angle of square = (solid angle of rectangle (d + e) x e) 
- (solid angle of rectangle d x e) 

= Tan" ( e ^ + e' i) - Tan" ( r-^—s-r) sr 
h(e 2+h 2+(d+e) 2)* h ( e + h % d 2 ) * 

Exposure rate = 1^ x p x (Tan" ( % * + e' i)- Tan" ( s—f—r-r)) mR/hr 
Y h(e 2+h 2

+(d +e) 2)* h ( e + h z
+ d 2 ) * 

What mill be the exposure rate at 1 metre above and 1 metre away from the corner 
of a square of ore with 1 metre sides and containing 70% uranium. 

In this case ue must take into account the attenuation of the uranium in 
the soil when evaluating I v. 

Figure 4.1 gives Y 

1^ = 0.6 4 mR/hr/sr/% uranium for ~7C$ 

—1 2 —1 1 .'. Exposure rate = 0.64 x 70 x (Tan ("~T̂  ~ ^ a n ^ ^ T ^ "iR/hr 
6 3 

Exposure rate =7.25 mR/hr 



The solid angle subtended by a 
circle of radius R at a point P 
a distance h above its centre is 
given by 

0= 2no-cos(e)) = 2nd- h 

(RW 

The solid angle subtended by an 
open ended cylinder of radius R 
and height h at a point P on the 
axis of the cylinder is given by 

_ „ n / X (h-x) % 
Q = 2n( 2 2 1 + , ' f

2 i ) 
(R+x 2)* (R%(h-x) 2r 

where x is the distance of P from 
one end of the cylinder. 

The solid angle subtended by a 
rectangle, with sides of length 
a and b, at a point P a height h 
above one of its corners is given 
by 

Q= Tan" ( , ,—7-r) 
h(a +b +h 2)* 



The solid angle subtended by a 
rectangle, with sides of length 
a and b, at any point P a height 
h above it, is given by 

Q=Tan- 1( 0
X V •) 

h(x*+y +h 2)* 

+Tan- 1( < a-Y? 2* •) 
h((a-y) +x +hlj* 

T -1/ y(b-x) » 
+ T a n ( 2 2 2 4 ) 

h((b-x) +y +h 2)* 

h((a-y) +(b-x)+h Z)^ 
where x and y are the distances of 
the point P from the sides of 
length a and b respectively. 

The solid angle subtended by a 
right triangle at a point P a 
height h above an acute angle 
vertex of the triangle is given 
by 

Q = T a n - 1 ^ (a 2
+b 2

+h 2)*) - Tan"1 (&) 

where a and b length of the sides of 
the triangle as shown in the figure. 



REFERENCES 

"Engineering Compendium on Radiation Shielding". Edited by R.J. Jaeger. 
Springer-Verlag Press (1968). 

"Radiological Health Handbook", U.S. Dept. of Health, Education and 
Welfare. 

"Handbook of Chemistry and Physics", Chemical Rubber Publishing 
Company (1976). 

E.U.A. Lingeman, 3. Konijn, P. Polak and A.H. Uapstra. 
Nucl. Phys. A133 (1969) 630. 

H.L. Beck and G. de Planque, USAEC Report H.A.S.L. - 195. (1968). 

K. O'Brien, W.M. Louder and L.R. Solon. USAEC Report H.A.S.L. - 258 
(1972). 

H.L. Beck, J. De Compo and C. Gogalak, USAEC Report H.A.S.L. - 258 (1972). 

3.L. Swift, J.M. Hardin and H.U. Calley 
"Potential Radiological Impact of Airborne Release and Direct Y-
Radiation to individuals Living Near Inactive U. Mill Tailing Piles" 
USEPA, 1976. 

U.N. Scientific Committee on the Effects of Atomic Radiation 
"Natural Sources of Radiation Annex B" A/AC 82/R341, Jan 1977. 

H.L. Beck "The Physics of Environmental Gamma Radiation Fields' in 
'The Natural Radiation Environment II' (eds. JAS Adams, U.M. Louder and 
T.F. Gesell). U.S. Energy R. A D. Administration report CONF-72 0805, P. 
2 (1972). 

P.J. Rafferty "Employee Exposure to External Radiation at Nabarlek 
during Mining and Milling" (1978). Report by Queensland Mines Ltd 
prior to commencement of mining at Nabarlek in the Northern Territory of 
Australia. 



Glossary of Symbols 

|i - Linear attenuation coefficient - cm 

-1 2 txm - Mass attenuation coefficient - gm cm 

-a - Energy absorption coefficient for air - cm 

_3 Sv - Source strength per unit volume - milli Curie cm 

-1 Sm - Source strength per unit mass - milli Curie gm 

-1 I — Exposure rate due to gamma rays - Roentgen hr 

s I - Exposure rate from gamma rays per unit solid angle suhtended by 
' -1 -1 

source - Roentgen hr sr 

T - Gamma ray exposure factor which relates the strength of a point source 
in milli Curies to the exposure at a distance from the source. (In 
this work T refers to the exposure from„a monoenergetic gamma 
ray source) - R cm hr mCi 

n - Solid angle subtended by a source - sr 



TABLE 4.1 

Gamma 
Ray 
Energy 
keV 

Abundance 
A* 

(ref 4) 

H mass 
soil (a) 
2 -1 cm gm 

r 
R hr - 1 

cm mCi 
(b) 

Berger 
Buildup 
1 + _C 

(D-1)2 

(c) 

Polynomial 
Buildup 
£n!an 

(c) 

AT 
100 fi mass 

x (1 + - £ — ) 
(D-1)2 

AT 
100 n mass 
x I n!an 

185 6.4 .13? 0.99 2.7 4.0 1.3 2.0 
241 7.6 .118 1.35 2.8 3.9 2.43 3.4 
295 18.9 .108 1.71 2.7 3.1 8.1 9.2 ( 

351 36.3 .10? 2.05 3.4 3.0 24.6 21.9 
609 42.8 .08D 3.61 2.9 2.5 55.0 49.0 
665 1.4 .0785 3.94 2.75 2.4 2.0 1.7 
768 8.0 .0720 4.49 2.68 2.4 13.4 11.8 
806 1.0 .0708 4.65 2.48 2.35 1.6 1.5 
934 3.0 .0660 5.36 2.35 2.26 5.7 5.5 
1120 15.0 .0610 6.11 2.19 2.14 32.9 32.2 
1238 6.1 .0570 6.75 2.14 2.06 15.4 14.8 
1377 4.3 .0540 7.08 2.09 1.98 11.7 11.2 

-1410 4.1 .0535 7.25 2.07 1.97 11.5 11.1 j 
1509 2.2 .0520 7.77 2.04 1.93 6.7 6.3 ' 
1661 '.6 .0492 8.25 2.00 1.89 3.4 3.2 
1729 3.2 .0480 8.49 1.96 1.85 11.1 10.4 
1764 16.4 .0474 8.66 1.96 1.84 58.7 55.2 
1847 2.3 .0464 8.93 1.90 1.81 16.9 16.1 
2118 1.3 .0435 9.91 1.85 1.71 5.3 5.0 ( 
2204 5.3 .0422 10.1 1.84 1.68 23.3 20.8 
2447 1.7 .0397 10.8 1.78 1.63 8.09 

= 318 
7.3 
= 300 

(a) Evaluated using the mass attenuation coefficients given in ref. 2. 
for the components making up average soil given in ref. 1. 

(b) See text. 

(c) Extrapolated from data for concrete given in ref. 1. 

t 



TABLE 4.2 

Reference Exposure rate per 
% Uranium for infinite 

slab 
mR/hr per % U 

Present Work 6.5 
H.C. Beck and G. de Planque 

calculation (ref. 5) 6.6 
H.C. Beck calculation (ref. 10) 

(also see ref. 7 and 9) 6.2 
3. Swift et al (ref. 8) 8.35 
P.3. Rafferty from a measure

ment at Narbalek in N.T. 
(ref. 1) 5.7 



Figure captions. 

4.1 Exposure rate factor for uranium ore as a function of uranium content. 

4.2(a) Contribution to the total exposure rate above an infinite slab from 
gamma rays in the energy ranges indicated (from ref 10). 

(b) Contribution to the total flux rate above an infinite slab from gamma 
rays in the energy ranges indicated (from ref 10). 

4.3 Differential angular distribution of exposure rate at 1 metre above an 
infinite slab ore body. 
(normalized to total exposure rate of 1) (ref 7). 

4.4 Exposure rate as a function of height above an infinite slab expressed 
as a percentage of the exposure rate at 1 metre. This illustrates the 
effect of air attenuation on exposure rate (evaluated from ref 10). 
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