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ABSTRACT 

Factors to convert a personal monitor badge reading to an effective dose 
equivalent are given for several exposure geometries encountered in uranium 
mines. Factors are also given that relate a free air absorbed dose 
measurement to an effective dose equivalent. In addition, factors are 
reported which can be used to estimate the dose equivalent to the testes, 
ovaries and active bone marrow. The conversion factors have been derived from 
the experimental results of Jones (1964 and 1979), Ashton and Spiers (1979) 
and Wilson and Young (1982). 
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1. INTRODUCTION 
The major raoiation hazard in a uranium mine arises from the inhalation of 

the aecay products of radon gas. To a lesser extent, hazards may also arise 
from external i-radiation and from the intake into the body of radioactive 
contaminants other than radon daughters. The hazard from external y-radiation 
may become significant when high grade uranium ore is mined and it may be 
necessary to estimate the organ dose equivalents and the effective dose 
equivalent from this source. The dose equivalents can be estimated by the 
application of appropriate conversion factors to the readings of the personal 
monitors used to measure the external y-ray exposures. 

The present work reports factors which can be used to estimate the organ 
dose and the effective dose equivalents for external y-radiation from personal 
monitoring results for various exposure situations encountered in a uranium 
mine. The factors proposed for omni-directional exposure have been taken from 
the results of Ashton and Spiers (1979), whilst the results of Jones (1964 and 
1979) have been used for exposure situations where the miner receives either 
an anterior or posterior exposure. For the exposure situation in an open-cut 
mine where the miner is standing at the centre of a high grade ore 'pocket' or 
working on the stock pile the factors were determined from the results of 
Wilson and Young (1982) (see Appendix). 

Factors have also been derived from the papers of Jones (1966 and 1979), 
Ashton ana Spiers (1979) and Wilson and Young (1982) which relate a radiation 
survey monitor measurement to an estimated organ dose equivalent or an 
effective dose equivalent. The contribution to a worker's effective dose 
equivalent or to the gonadal or active bone marrow dose equivalents can then 
be estir<ited from the radiation survey monitor reading and the exposure time. 

2. CALCULATION OF THE EFFECTIVE UOSE EQUIVALENT 
The National Health anii Medical Research Council of Australia (NH and MRC, 

1981)in its publication "Recommendea radiation protection standards for 
inoiviauals exposed to ionising radiation" has formalised the methoo for 
calculating tne effective dose equivalent H p; 

H- £ w T HT 
T 

where W T is the weighting factor for tissue T and H T is the annual dose 
equivalent in that tissue. 
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The weighting factors, which represent the proportion of the stochastic 

risk to the total risk for the different tissues, are listed in Table 1. 

Table 1. Weighting factors (W,) for tissues. 

organ or tissue weighting factor (wj) 
gonads 0.25 
breast 0.15 
red bone marrow 0.12 
lung 0.12 
thyroid 0.03 
bone surfaces 0.03 
remainder 0.30 

The contribution of the "remainder" to the effective dose equivalent is 
calculated by applying a weighting factor of 0.06 to those five organs or 
tissues not listed in Table 1 that receive tne highest dose equivalent. The 
stomach, small intestine, upper large intenstine and lower large intestine are 
treated as four separate organs when the gastro-intestinal (GI) tract is 
irradiated, which is the case in uranium mining. 

It should be noted that no distinction is made on the basis of the age or 
sex of radiation workers and a single annual effective dose equivalent limit 
of 50 mSv is recommended for all workers. 

3. EXPOSURE SITUATIONS AND CORRESPONDING CONVERSION FACTORS 
There are many different external y-ray exposure situations and geometries 

that can be encountered in a uranium mine. It is therefore not practicable to 
present conversion factors for every conceivable exposure situation. However, 
most situations may be categorised into one of four general exposure 
geometries or are a combination of more than one of these categories. For 
situations which vary significantly from these four general exposure 
geometries a radiation safety officer could determine appropriate conversion 
factors based on those given in this report. The four general exposure 
geometries ire; 

(i) anterior exposure, 
(ii) posterior exposure, 

liii) exposure from below, ana 
(iv; omni-directional exposure. 
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Asnton and Spiers (1979) ana Jones (1964 and 1979) reported their 

conversion factors in non-SI units e.g. as the ratio of the absorbed dose to 
the whole body measured in rads to the exposure recorded by the personal 
monitor measured in roentgen. To remove any confusion that may arise 
regarding the units of the conversion factors (i.e. the conversion factors as 
reported by Ashton and Spiers, ana Jones), the factors have been first changed 
to the appropriate SI unit and then made a dimensionless quantity by 
converting from an exposure in air to an absorbed dose in air. Hence the 
effective dose equivalent or the organ dose equivalent can be determined by 
multiplying tne personal monitor assessment or radiation survey monitor 
reading by the appropriate conversion factor. The majority of radiation 
survey monitors measure radiation levels in terms of exposure rate (R h~ ) 
or absorbed dose rate in air (rad h~ ). In order to apply the conversion 
factors to instruments which give readings in R h~ or sub-multiples thereof 
the reading must first be converged to an absorbed aose rate by multiplying 
the reading by 8.69 x 10 . In addition the monitor reading must also be 
multiplied by the exposure time as well as the appropriate conversion factor 
when estimating a worker's effective dose equivalent. 

Ashton and Spiers (1979) and Jones (1979) were not concerned with specific 
occupational situations where internal irradiation of organs and tissues might 
occur, hence they used the five organs (not listed in Table 1) which would 
have received the largest absorbed dose when calculating the contribution of 
the "remainder" to the effective dose equivalent. 

3.1 anterior exposure 
This situation occurs when a miner preferentially faces a large ore body. 

For example, a miner operating a front end loader at an ere face will be 
shielded from behind by the power plant of the loader and from above and below 
by the metal structure of his cabin and hence the major contribution to his 
dose equivalent will be from the ore face. 

In this situation the results published Dy Jones (1979) can be applied. 
Jones exposed an Alderson Kando standard man phantom containing 
thermoluminescent aosemeters (TLu's) placeo at selected critical organ sites 
to Co and Cs radioactive sources and eight filtered X-ray beams of 
varying effective energy. The pnantoni was exposed from in front and from 
behind. Ratios of tne whole oody aose to both personal monitor reading and 
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free air exposure were derived as a function of inciaent photon energy. An 
ion chamber ana TLO's were used to measure the free air exposures with the 
phantom removed. 

In oroer to apply Jones' results to a mining situation, an effective 
energy of 0.8b MeV was calculated from spectroscopic analysis measurements 
performed at the Australian Radiation Laboratory on ore samples taken from the 
Ben Lomond uranium mine, Queensland and the Nabarlek uranium mine, Northern 
Territory. Using this effective energy and the results of Jones a conversion 
factor of 0.9 to determine the effective dose equivalent is applicable. This 
factor is independent of the personal monitor wearing position i.e. waist or 
chest. 

The corresponding conversion factor for an absorbed dose measurement in 
air at the location where a mine employee will work is 0.8. 

3.2 posterior exposure 
This situation is similar to 3.1 above except that the major contribution 

to the miner's exposure is from behino. This siti ation may apply to an ore 
truck driver who spends a large proportion of his time with a large quantity 
of ore in the back of his truck. The metal structure of the ore trucK 
provides the driver with some protection from being exposed from above and 
below. Exposure from the sides would also contribute to his total exposure 
but the close proximity of the ore in the back of his truck should be the 
major source of his exposure. 

In this exposure situation the "exposure from behind" results of Jones 
(1979) are appropriate. As expected, his results indicate that a personal 
monitor greatly underestimates the effective dose equivalent due to the 
significant attenuation of the incident radiation in the torso of the wearer. 
For an effective y-ray energy of 0.85 MeV a conversion factor, independent of 
personal monitor wearing position on the front of the trunk, of 1.7 to 
determine the effective dose equivalent is applicable. Although the cabin of 
the truck will offer some protection to the driver and increase the effective 
energy of the incioent radiation the results of Jones have shown that the 
conversion factor is reduced as the effective energy of the incident radiation 
is increased. However, as the increase of effective energy may not be known, 
the use of a factor ot 1.7 will tend to overestimate the effective oose 
equivalent received t>y tne driver. 
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Tne corresponding conversion factor for an absorbed dose measured in air 

at tne location where a mine employee will work is 0.6. 

3.3 exposure from below 
In this situation a miner in an open-cut mine spenus the major proportion 

of his time standing on the ore oody or stock pile or on a high grade ore 
pocket. An ore spotter could be placed in this category. 

For this exposure geometry the results of Wilson and Young (1982) are 
appropriate. They reported conversion factors for open-cut uranium mine 
employees working on an ore body or on the stock pile. Their laboratory 
experiment involved exposing an Alderson Rando standard man phantom to 
circular plane sources of oegraded Ka y-rays of varying diameter. The 
doses absorbed by several major organs of the body and the exposure received 
at the surface of the phantom were measured using TLD's. Free air absorbed 
dose measurements were carried out using a Nuclear Enterprise 
secondary-standard oose-rate monitor and TLD's with the phantom removed, 
tffective dose equivalents were calculated using the weighting factors listed 
in Table 1 and the results of the TLD measurements. In their paper the GI 
tract was treated as four separate organs which, together with the spleen, 
were jieo to calculate the contribution of the "remainaerM to the effective 
oose equivalent. 

If the miner spends the major part of his time on a high grade ore pocket 
and wears a personal monitor on his chest, the conversion factors to give 
effective oose equivalents vary from 0.9 to 1.0 for cylindrical volume sources 
of diameter 2.24 to b.28m respectively. The corresponding factors for a 
personal monitor worn on the waist range from U.8 to 0.9. For practical 
radiation protection purposes the source diameters have been divided into two 
regions i.e. sources whose diameters are < 3.bm and those sources whose 
diameters are _> 3.5m. 

In situations where the sources are much more extensive (e.g. on the stock 
pile) and an individual ooes not maintain a fixeo orientation, the conversion 
factors should not increase significantly above the values reported above for 
larger diameter sources. Hence, for radiation protection purposes the 
personal monitor reading gives a reasonable estimate of an individual's 
effective dose equivalent irrespective of the wearing position of tne monitor 
on the trunk. 
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The corresponding conversion factor for an absorbed dose measured at waist 

height in air at the location where a mine employee will work is 0.7. 

3.4 omni-directional exposure 
This situation arises when the miner is almost completely surrounded by 

ore and is therefore exposed from all directions. For example a miner working 
in an underground mine could be consioered to be exposed in this manner. 

Ashton and Spiers (1979) have reported a laboratory experiment in which 
they irradiated a phantom omni-oirectionally. Eighteen 2 2 6 R a radioactive 
sources were evenly distributed on the surface of a hemisphere of radius 
1.9Sm. A oried human skeleton impregnated with wax and set inside a polythene 
skin of normal human shape was placed at the centre of the hemisphere and 
given an anterior and posterior exposure. The absorbed doses to the organs of 
the phantom and the free air absorbed dose measurements with the phantom 
removed were performed using LiF dosemeters. Standard personal film monitors 
were used to measure the exposure at the surface of the phantom. 

226 Although tne y-ray spectrum of Ra will be different from the spectra 
found in uranium mines it is considered that the differences in the spectra 
would not alter their results significantly (Jones 1979). Ashton and Spiers 
did not quote the effective dose equivalent using the weighting factors 
recommended by ICRP publication 2b (ICRP 1977). However, they stated that 
calculations using the recommended weighting factors produced results that 
were not significantly different from their measured mean whole body dose. In 
addition, their results indicate that the personal monitor reading gives a 
resonable estimate of the effective dose equivalent and is independent of the 
personal monitor wearing position. An appropriate conversion factor for this 
type of exposure is 1.0, irrespective of the wearing position of the personal 
inonitor. 

The corresponding conversion factor for an absorbed dose measured in air 
at the location where a mine employee will work is 0.9. 



3.5 Summary of conversion factors 
The conversion factors given in sections 3.1, 3.2. 3.3 and 3.4 are 

summarised in Table 2. 

Table 2. Effective dose equivalent conversion factors 
for several different exposure situations. 

EXPOSURE PEkSONAL MONITOR SURVEY MONITOR* 
SITUATION WEARING POSITION CONV. FACTOR CONV. FACTOR 

anterior any 0.9 0.8 
posterior any 1.7 0.6 
below 
(source dia < 3.5m) 

chest 0.9 -

below 
I source oia 2 3.5m) 

chest 1.0 -

below 
(source dia < 3.5m) 

waist 0.8 0.7 

below 
(source dia _> 3.5m) 

waist 0.9 0.7 

omni-directional any 1.0 0.9 

Survey monitor reading taken at waist height. 

4. URbAN POSE EQUIVALENT 
As the whole body, bone marrow and gonads nave the same annual dose 

equivalent limit as stated in the Code of Practice prepared under the 
Environment Protection (Nuclear Cooes) Act 1978 (Commonwealth of Australia, 
1980) and compliance with these limits will generally ensure that the limits 
for otner organs will not be exceeded, it may therefore be more convenient to 
determine the dose equivalent to the gonads and the red bone marrow, rather 
than to all the organs. Conversion factors have therefore been derived which 
relate the organ dose equivalent to a personal monitor reading from the 
experimental results of Jones (i964), Ashton and Spiers (1979) and Wilson and 
Young (1982). These factors are shown in Table 3. The corresponding 
conversion factors for a survey monitor reading are shown in Table 4. 
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Table 3. Factors to convert a personal Monitor reading to the 
dose equivalent for the testes, ovaries and bone •arrow. 

EXPOSURE SITUATION PERSONAL NUKITOR CONVERSION FACTOR 
wEARINb PUS IT 10* TESTES OVARIES BONE 

HARROW 

any 0.9 0.6 0.7 
any 1.1 1.6 1.3 
cnest 1.5 1.0 0.8 
chest l.i 1.0 0.9 
waist 1.2 0.8 0.6 
waist 1.0 0.9 0.8 
any 1.0 0.8 0.9 

anterior 
posterior 
froa oelow (source dia <3.5a) 
from below (source dia >3>Sa) 
froa below (source dia <3.Sa) 
froa below (source dia >3-5») 
oani-airectional 

Table *. Factors to convert a survey aonitor aeasureaent taken 
at waist height to the dose equivalent for the testes, ovaries 
and bone warrow. 

EXPOSURE SITUATION CONVERSION FACTOR 
TfcSTtS OVARIES 80NE 

HARROW 

1.1 0.8 0.8 
0.6 0.8 0.8 
0.9 0.6 O.b 

anterior 
posterior 
from below (source oia <3.5m) 

from below (source oia >j.bm) 0.9 0.7 0.7 

omni-oirectional o.y 0.7 0.8 
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5. CONCLUSION 

Factors have been proposed for converting a personal monitor reading to an 
effective dose equivalent or to the organ dose equivalents for uranium mine 
employees. The factors vary from 0.6 to 1.7 depending on the exposure 
situation and the monitor wearing position. 

Except for the situation in which exposure is from behind, the variation 
in the conversion factors is small. In practical situations where sources are 
more extensive than the sources used in the laboratory, and where a mine 
employee does not maintain a fixed orientation, the conversion factors should 
not vary significantly from the values given here. Hence, for radiation 
protection purposes, personal monitor reaoings give a good estimate of the 
effective dose equivalent irrespective of the wearing position of the monitor 
on the trunk and hence a conversion factor of 1.0 is satisfactory. However 
for the situation where a mine employee receive:, the major contribution to his 
exposure from behind, a conversion factor of 1.7 shoula be used. 

In practice if more accurate assessments of the effective dose equivalent 
and the organ dose equivalents are required for external ^-irradiation then 
the conversion factors given in this report should be used. However, the 
contribution from internal irradiation must also be determined to obtain the 
total effective dose equivalent. 
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APPENDIX 

Tissue to air ratios for open-cut uranium mine employees: 
a simulation using circular plane sources* 

0 J Wilson and J G Young 

ABSTRACT 
Tissue to air ratios of absorbed dose have been measured for certain 

organs in a Standard Man radiotherapy phantom irradiated by simulated circular 
plane sources of degraded gamma rays from radium-226. The absorbed dose 
measurements were performed using thermoluminescent dosemeters. Factors were 
determined which relate the absorbed dose received by the organ of interest to 
(i) the absorbed dose in air at the height of the organ, (ii) the absorbed 
dose measured by a personal monitor worn at the chest and waist, and (iii) the 
dosorbed dose in air at lm above the source. Effective dose equivalents have 
been calculatea using the above factors in conjunction with ICRP 26 weighting 
factors. 

1. INTRODUCTION 
The major radiation hazard in a uranium mine arises from the inhalation of 

the decay products of radon gas. To a lesser extent, hazards may also arise 
from external y-raaiation and from the intake into the body of radioactive 
contaminants other than radon daughters. The hazard from external y-radiation 
may become significant when high grade uranium ore is mined and it may be 
necessary to estimate the organ dose equivalents and the effective dose 
equivalent from this source. The dose equivalent is calculated by the 
application of an appropriate conversion factor to the reading of the personal 
monitor used to measure the external y-ray exposure: however, the conversion 
factors used in a uranium mine situation are different to those determined for 
other exposure conditions (see for example Jones 1966, Beck et al 1971, 
Stranden and Wohni 1978, Ashton ana Spiers 1979). 

* Reprint of an article published in Physics in Medicine and Biology 1982, 
27, 10, I2b3. 



The differences arise in part because in a uranium mine large areas of 
low-grade ore may be interspersed with 'pockets' of higher-grade ore of 
various sizes and activities. In an open-cut uranium mine the exposure rate 
is relatively constant with height above large areas of low-grade ore, but can 
vary significantly with height above 'pockets' of higher grade ore (Boas et al 
1982). Thus the organ dose to a miner working on a high-grade ore 'pocket' 
will not only depend on the position of the organ in the body, but also on the 
height of the organ above the ground. 

Measurements of y-ray exposure rates have been made by Miller (1977) and 
by Leach et al (1980) in open-cut mines and by Frank and Benton (1981) in 
underground mines, but the doses which would be received by the organs of a 
miner were not evaluated. Although Frank and Benton made some depth-dose 
measurements in underground mines using LiF:Mg,Ti dosemeters placed in Lucite 
slabs, they did not correlate these with the doses which would have been 
received by the various organs. 

The present work reports an experiment undertaken to estimate the organ 
dose equivalents by measurement of the absorbed dose in the organ sites of a 
radiotherapy phantom exposed to sources which simulate a high-grade ore 
pocket. The results are expressed as (i) tissue to air ratios, defined as the 
ratio of the absorbed dose in LiF:Mg,Ti at a particular organ site, to the 
absorbed dose in LiF:Mg,Ti in air, at the same height above the source as the 
organ but with no phantom present; (ii) the ratio of the absorbed dose at the 
organ site to the absorbed dose measured by a personal monitor when worn at 
the chest and at the waist of the phantom; and (iii) the ratio of the 
absorbed dose at the organ site to the absorbed dose in air at lm above the 
source. The effective dose equivalents can then be calculated from these 
results. 

2. EXPERIMENTAL PROCEDURE 
For the purposes of this experiment, it was convenient to use a circular 

plane source to simulate the variation of the absorbed dose rate with height 
observed above a volume source such as a high-grade ore pocket. Thomson and 
Wilson (1^80) have shown that the variation in absorbed dose rate at a point 
above a source is directly proportional to the solid angle subtended at this 
point and that the variation is independent of the shape of the source. From 
their results it is possible to calculate the relative variation in absorbed 
dose rate with height above a volume source of arbitrary shape if the solid 



angle subtended by the source is known. For ease of calculation, cylindrical 
volume sources were used to approximate high-grade ore pockets. By varying 
the diameter 0 of a cylindrical volume source it was possible to produce by 
calculation a variation of absorbed dose rate with height which was similar to 
the measured variation for a circular plane source of diameter d. The 
measured variations in absorbed dose rate in air with height above circular 
plane sources with d=3.10, 7.00 and 9.84m are shown in figure 1. The 
diameters of the cylindrical volume sources which give a similar variation 
with height are 2.24, 4.23 and 5.28m respectively. This comparison of 
absorbed dose rate was only carried out over the range of heights of the 
critical organs. 

1.0 n 

0.9 

0.8 

£<>.7i 
c? 0.6 
<u «/> 
•§ 0.5 
•o at 

o 
XI 
< 

0.4 

0.3-I 

0.2 

0.1 

0 
0.5 1.0 — i — 1.5 7.0 

Height (m ) 

Figure 1. Variation of the normalised absorbed dose in air (D . ) 
air 

as a function of height above the circular plane sources with 
diameters 3.10m (•), 7.0Um (O) and 9.84m (+). The diameters of the 
corresponding cylindrical volume sources are 2.24m, 4.23m and 5.28m 
respectively. 



The circular plane sources were simulated in the laboratory in the 
following way. An anthropomorphic phantom was suspended vertically from a 
beam located at one end of a room 10.5m x 5.8m x 6.7m high and 2.9m from the 
5.8m end wall. The phantom was rotated at a constant angular velocity of 
30rpm. A radium source was placed at the centre of a concrete sphere of 
approximate wall thickness 4cm, which was placed on a wooden trolley. The 
trolley moved along a track 8.0m long centrally located on the floor of the 
exposure room and at right angles co the end wall. One end of the track was 
directly underneath the phantom. The speed of the trolley was controlled by a 
microprocessor and stepping motor and was inversely proportional to the 
distance from the phantom. The rotation of the phantom abo-'t its vertical 
axis coupled with the movement of the radioactive source simulated a person 
standing on the centre of a circular plane source. 

Spectroscopic analysis of the t-rays emitted from the radium source 
(shielded by the concrete sphere) gave an effective energy of approximately 
0.85 MeV. The spectral distribution was similar to those obtained from ore 
samples taken from the uranium mines at Nabarlek (Northern Territory, 
Australia) and Sen Lomond (Queensland, Australia). 

The pnantom used in this experiment was an Alderson Rando standard man 
phantom. It consists of the head and torso of a natural human skeleton set in 
a tissue-equivalent material moulded to the shape of a man and is divided into 
thirty-two horizontal slices of 2.54cm thickness, each with a series of plugs 
made of mix-D material (Jones and Raine 1949). Upper legs and a dummy scrotum 
made of mix-D material were attached to the phantom. Because of the changing 
characteristics of the work force in mining and other industrial occupations 
it was considered that it would be appropriate to determine the dose 
equivalent for the testes, ovaries, lungs, liver, thyroid, kidneys, spleen, GI 
tract Istomach, small intestine, upper large and lower large intestine) and 
the bone marrow. At the organ sites of interest the plugs existing in the 
phantom were replaced by Perspex inserts containing gelatin capsules filled 
with TLD-100 (Harshaw, LiF:Mg,Ti) thermoluminescent dosimetry powder. The 
shape of the gelatin capsules was such that the TLD powder formed a sphere 3mm 
in diameter. Several TLD capsules were placed at the site of each organ and 
the average of the TLD readouts was then used to calculate the organ dose. 
Personal monitoring film badges and TLD capsules were used to measure the 
exposure at the chest and waist of the phantom during irradiation to obtain 
conversion factors which relate these measurements to the aoses received by 
the various organs. 
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A Nuclear Enterprises secondary-standard dose-rate monitor, supported by a 

thin metal rod, and TLO capsules suspended on cellulose tape were used to 
measure the variation of the absorbed dose in air with height above the 
circular plane sources. 

The dose to the testes was measured by placing two TLD capsules at an 
effective depth of 2cm in the dummy scrotum. An effective depth of 7cm was 
used for the ovaries. Although the latter depth may vary considerably with t 
individuals, the measurements showed that with the experimental set-up used, 
the doses only changed by up to 7*/^ for increases in depth up to 10cm. 

Because bone marrow sites did not exist in the phantom for the sternum and 
pelvic region, the nearest available sites were used. It was considered that 
the absorbed doses measured at these sites would not differ significantly from 
the doses in the bone marrow as the mass energy absorption coefficients in 
bone and tissue differ by only a few per cent for the range of energies 
involved. The locations of representative bone marrow sites are given in 
table 1 and were chosen according to the data of Ellis (1961). The total 

Table 1. Distribution of the bone marrow and the sites 
used for the absorbed dose measurements. 

Number of Red marrow (*/•) 
Location of TLD capsules TLD capsules (Ellis 1961) 

Cranium - level of orbits 4 13.1 
- within the orbits 2 
- above the pituitary fossa 2 

Sternum - level of the third thoracic 2 2.3 
vertebra 

Thoracic and lumbar vertebrae 
- level of the twelfth thoracic 2 25.0 

vertebra 

Sacrum and lower limb girdle 
- level of the fourth and fifth 4 40.0 

lumbar vertebrae 

Ribs - head of the twelfth rib 2 7.9 

Sub total 88.3 
Not included in this stuoy 

- upper limb girdle 8.3 
- cervical vertebrae 3.4 

Total 100.0 



absorbed dose to the active bone marrow was calculated using the fractional 
distribution of the active bone marrow in the body and the equation 

where D. is the absorbed dose to the bone marrow, W. is the fractional 
distribution of bone marrow in the itn class of bone and D- is the absorbed 
dose to the bone marrow in the ith class of bone. 

The factors used to convert exposures measured by the TLD capsules in 
tissue and in air to absorbed dose were 37.2 Gy/C kg and 33.7 Gy/C kg 
respectively (ICRU 1963). Any errors introduced by using a conversion factor 
of 37.2 Gy/C kg" for bone surfaces were considered not to be significant 
for the calculation of the effective dose equivalent. This is because most 
•y-ray energies in a uranium mine are above 200 keV and any dose to bone cells 
resulting from photoelectrons produced at bone-tissue interfaces would be 
small. In addition bone surfaces have a weighting factor of only 0.03. 

3. RESULTS 
The tissue to air ratios (i.e. the ratio of the absorbed dose in LiF:Mg,Ti 

at a particular organ to the absorbed dose in LiF:Mg,Ti in free air at the 
height of the organ) for the organs studied are given as a function of 
circular plane source diameter in table 2. Generally the tissue to air ratios 
increase with source diameter. 

Tissue to air ratios were also measured for a 13.78m diameter circular 
plane source for radium-226 -y-rays without the shielding provided by the 
concrete ball and were found to be within * 5°/ of the ratios obtained 
for the degraded radium-226 y-rays. 

Tne ratios of the organ dose for the testes, ovaries, thyroid, lungs and 
bone marrow to the dose measured by a personal monitor worn at the chest or 
waist are shown in figures 2 and 3 respectively as a function of the circular 
plane source diameter. These results show that the dose to the testes and the 
ovaries for the largest source diameter considered is within ± 15*/ of 
the dose measured by a personal monitor irrespective of whether the monitor is 
worn on the chest or waist. However, for the smallest source diameter 
considered, a personal monitor worn on the waist or chest underestimates the 
dose to the testes by approximately 20'/ and 5U°/ respectively. 



Table 2. Tissue to air ratios for degraded radium-226 -r-rays 
for circular plane sources of various diameters. 

Organ 3.10 
Plane source diameter (m) 

5.34 7.00 9.84 13.78 

Testes 0.71 0.80 0.74 0.74 0.81 
Ovaries 0.54 0.63 0.62 0.65 0.71 
Bone marrow 0.47 - 0.71 0.63 0.69 
Lungs 0.52 - 0.69 0.71 0.76 
Thyro;d 0.44 0.55 0.62 0.65 0.77 
Kidneys 0.53 0.67 0.62 0.65 0.76 
Spleen 0.54 0.67 0.73 0.74 0.81 
Upper large intestine 0.51 - 0.62 0.73 0.77 
Lower large intestine 0.55 - 0.64 0.66 0.73 
Stomach 0.51 - 0.67 0.69 0.77 
Small intestine 0.49 - 0.67 0.76 0.80 
Liver 0.52 0.60 0.68 0.69 0.82 
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Figure 2. Variation with source diameter of the ratio of the 
absorbed doses to the testes (•), ovaries ( D ) , bone marrow ( + ), 
lungs (O) and the thyroid (!) to the abosrbed dose as measured by a 
personal monitor worn on the chest. 
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Figure 3. Variation wit!, source diameter of the ratio of the 
absorbed doses to the testes (•), ovaries (•), bone marrow ( + ), 
lungs ( O ) and the thyroid (•) to the absorbed dose as measured by a 
personal monitor worn on the waist. 
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Figure 4. Variation with source diameter of the ratio of the 
absorbed doses to the testes (•), ovaries ( D ) , bone marrow ( + ), 
lungs ( O ) ana thyroid (•) to the absorbed dose in air lm above the 
circular plane source. 



Figure 4 shows the ratios of the doses to the testes, ovaries, bone 
marrow, lungs and thyroid to the abosrbed dose in air when measured lm above 
the circular plane sources. 

The major factor contributing to the error in the tissue to air ratios is 
the inherent variation in the TLO readouts. It is estimated that the maximum 
experimental error in the tissue to air ratios, the ratio of the organ dose to 
the absorbed dose measured by the personal monitor and the organ dose to the 
absorbed dose in air at lm is * 12*/ for each ratio. 

4. DISCUSSION 
Although different y-ray sources and irradiation geometries will produce 

different tissue to air ratios (see Clifford and Facey (1970)), it is 
worthwhile comparing our results for the 13.78m diameter circular plane source 
with those of other theoretical and experimental studies. In table 3 the 
tissue to air ratios of several authors have been converted to the ratios of 
absorbed dose in various organs to the absorbed dose in air. The dose 
conversion factors used by Ashton ano Spiers (1979) and Bennett (1970) for the 
testes, ovaries and bone marrow were 37.2 and 37.4 Gy/C kg~ respectively; 
Jones (1964) used the conversion factors from ICRU Report lOd, whilst O'Brien 
and Sanna (1976), Koblinger (1981) and Regulla et al (1979) approximated the 
absorbed dose in the tissue of interest through the quantity 'kerma'. 

For the testes and active bone marrow our results are in good agreement 
with Ashton and Spiers (1979). However, their ratio for the ovaries is 
12*/ lower than ours. The results of Jones (1964) are generally lower 
than ours and this could be due to differences in irradiation geometry. Ours 
are in close agreement with the theoretical results of Koblinger (1981), but 
our results for the ovaries and bone marrow are greater by 31"/ and 
21*/ e respectively than the results of O'Brien and Sanna (1976). 

Two other investigations, by Wilson and Carruthers (1962) and by Facey 
(19b&) report ratios of the absorbed dose in the bone marrow to the absorbed 
dose in air of approximately 0.9 and 0.& respectively for rotational exposure 
with the radiation beam at right angles to the phantom axis and a y-ray energy 
of 79U keV. These results are approximately 16*/ and 5*/ respectively 
greater than ours. 



Table 3. Absorbed dose in tissue (Gy)/absorbed dose in air (Gy) 
for several sources and irradiation geometries. 

Absorbed dose ratio 

Research 
t-ray 
source 

Irradiation 
geometry 

Type of Active 
investigation Testes Ovaries marrow 

Wilson and 
Young 
(this work) 

Ashton and 
Spiers (1979) 

Degraded 
2 2 6 R a 
T-rays 

226, Ra 

14m two-dimensional 
plane 

Near 
omnidirectional 

Experimental 0.90 0.78 0.76 

Experimental 0.92 0.69 0.79 

Jones (1964)+ 790 keV Rotational, beam 
Y-ray perpendicular to 

phantom 
Experimental 0.82 0.68 0.76 

noblinger U(Ra) and Source distributed 
(1981) Th series homogeneously in Theoretical 

walls of rectangular 
room 

0.89 0.77 0.83 

O'Brien and 790 keV 
Sanna (1976) r-ray 

Bennett 
(1970) 

238, U 

Omnidirectional 

Source uniformly 
distributed in 
soil (infinitely 
thicx) 

Theoretical 0.86 0.54 

Theoretical 0.98 0.86 

0.60 

• Obtained by linear interpolation from figures 4, b and 6 of Jones 1964. 



Our results for the ratios of the absorbed dose in the testes, ovaries, 
lungs and bone •arrow to the absorbed dose in air la above the 13.78a circular 
plane source are coapared in table 4 with the results of a Nonte Carlo 
calculation perforaed for the HIRO-5 phantoa for a plane disc source 40a in 
diaaeter (Regulla et al 1979). 

Table 4. Comparison of the ratio of the absorbed dose in the organ 
to the absorbed dose in free air la above the 13.78a diaaeter 

circular source with the theoretical results of Regulla et al (1979). 

Organ This work Regulla et al (1979)+ 

Testes 0.92 0.84 
Ovaries 0.74 0.72 
Red bone marrow 0.71 0.70 
Lungs 0.68 0.77 

• Forty a diaaeter plane circular source of natural terrestrial t-radiation 
.•*0„ -* *.• * 226 D 232T. . ( K and daughters of Ra ana Th) 

Good agreement was obtained between the theoretical calculation of Regulla and 
our experimental results. 

5. CALCULATION OF THE EFFECTIVE DOSE EQUIVALENTS 
Fro": the tissue to air ratios, the organ dose to personal monitor reading 

and the absorbed dose in air at lm it is possible to calculate in three ways 
the effective dose equivalent using the weighting factors recommended by the 
International Commission on Radiological Protection (ICRP 1977) for the 
various organs and tissues of the body. For this purpose, however, it is 
necessary to determine the dose equivalents to the various organs listed in 
paragraph 105 of the ICRP recommendations. For the 'remainder' as required in 
paragraph 105 it was considered that the GI tract and the spleen would be the 
appropriate organs to include in the assessment of the effective dose 
equivalent. The Commission recognises that for radiation protection purposes 
'sufficient accuracy is obtained by using a single effective dose-equivalent 
limit for all workers regardless of age or sex' (ICRP 1977, 1978). This limit 
is based upon the average risk levels for the various organs or tissues. 



Accordingly no distinction is maoe in this paper with respect to sex and age 
of radiation workers in correlating personal Monitor readings, survey Monitor 
readings or tissue to air ratios when assessing the effective dose 
equivalent. In each case the average gonadal dose, obtained from the dose to 
the testes and to the ovaries, was used in the calculation of the effective 
dose equivalent. 

Since our pnantoa had no sites specifically for the measurement of the 
absorbed dose in the breast a consideration of the experimental values of the 
tissue to air ratios for the testes, thyroid and lungs, and use of an 
effective depth for the breast of 2ca, led to tissue to air ratios for the 
breast of 0.6 and 0.8 for scurce diaaeters of 3.1 and 13.78a respectively. 
These and intermediate values were used in the assessment of the dose 
equivalent to the breast. A weighting factor of 0.15 was used for the breast 
in accordance with ICRP recommendations as discussed above. 

Effective dose equivalents of 0.60 and 0.84 were calculated using the 
results of our tissue to air ratios for the 3.1 ana 13.78a circular plane 
source diameters respectively. Although such comparisons are tot strictly 
valid, Decause ot differences in source and irradiation geoaetries, our value 
of O.b* agrees with the theoretical calculation by Koblinger (1981) of 0.85 
and the experiaental value of Ashton and Spiers (1979) of 0.86. 

Tne effective dose equivalent normalised to tne absorbed dose in air at Ira 
above the 13.78m circular plane source was calculated to be 0.74. This value 
is in close agreement with that of Kegulla et al (1979) who obtained a value 
of 0.75 for natural terrestrial gamma radiation using the MIRO-5 phantom and a 
Monte Carlo calculation for a 40m diameter plane source. 

Finally, the effective dose equivalent was calculated from the ratios of 
the organ dose to the personal monitor reading. For a personal monitor worn 
on the chest the effective dose equivalent varies from 0.87 to 0.99 for the 
3.1 ana 13.78n- circular plane sources respecitvely. The corresponding factors 
for a personal monitor worn on the waist range from 0.77 to 0.89. 

b. CONCLUSION 
Tissue to air ratios have been measured for several organs of the body 

when it is irradiated by simulated circular plane sources. Ratios vary from 
0.44 to 0.81 depending on the organ and the diameter of the source. 



Although it has been demonstrated that the effective dose equivalent 
increases with source diameter, this increase is small. In practical 
situations, where sources are much more extensive and an individual does not 
maintain a fixed orientation, the effective dose equivalent should not 
increase significantly from the values reported here. Hence, for radiation 
protection purposes in an open-cut uranium mine personal monitor readings give 
a good estimate of the effective dose equivalent irrespective of the wearing 
position of the monitor on the trunk. 
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