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A STUDY OF RADON EKaNATION FROM WASTE ROCK 
AT NORTHERN TERRITORY URANIUM MINES 

G C Mason, T H Gan and G Elliott 

In July and August 1981 field measurements were made of radon emanation rates 
from waste rock sources at three Northern Territory uranium mine sites: 
Ranger, Nabarlek and Rum Jungle. The study was made in conjunction with the 
Australian contribution to an OECD/NEA working groups ' investigating the 
long-term management of waste from uranium mills. When a large volume of 
waste rock is produced as a consequence of mining it may represent a long-term 
radiological hazard of similar magnitude to that of mill tailings, with 
respect to the dispersal of radon gas to the atmosphere. In situ measurements 
made ot a large number of sites yielded a preliminary mean emanation rate of 

-2 -1 about 50 Bq m s per percent ore grade, over all the sites surveyed, as 
shown in Figure 1. 
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Figure 1. Histogram of emanation rate per unit ore grade for the 
combined sample, including earlier Nabarlek data. 



Tne histogram is well fitted by a log-nomal curve. The waste rock at Ranger 
and at Nabarlek was found to have similar values of ore content and emanation 
rate, while the Run Jungle material was richer in uranium and radium, and had 
a much higher mean emanation rate, as shown in the following Table. 

Site Uranium content* 
(*/ ore grade) 

Emanation rate* 
(Bq of 2 s"1) 

Emanation rate 
per unit ore grade* 
(Bq nf 2 s"1 V." 1) 

Ranger 0.010 
0.015 

0.007 
0.21 

0.40 

0.11 
22 

42 

11 

Nabarlek 0.013 
0.026 

0.0007 
0.26 

0.84 

0.06 
21 

49 

Rum Jungle 0.054 
0.11 

0.025 
2.7 

7.1 

1.1 
49 

106 

23 

* The upper and lower 67*/ quantiles given in the Table are 
derived from log-normal curves fitted to each sample. 

Analysis of the field data has continued, and the results will be published as 
A.R.L. Technical Report ARL/TR044. 

REFERENCE 
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TISSUE TO AIR RATIOS FOR OPEN-CUT URANIUM MINE EMPLOYEES: 

A SIMULATION USING CIRCULAR PLANE SOURCES. 

0 J Wilson and J G Young 

In order to assess the effective dose equivalent received by persons working 
in a uranium mine from external sources of gamma rays, tissue to air ratios of 
absorbed dose were measured for certain organs in an Aiderson Rando 
radiotherapy phantom irradiated by simulated circular plane sources of 
degraded gamma rays from radium-226. The absorbed dose measurements were 
performed using thermoluminescent dosemeters (TLD). 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 
absorbed dose in air at 1 m above the source. Effective dose equivalents have 
been calculated using the above factors in conjunction with ICRP publication 
26 weighting factors. The results indicate that a good estimate of the 
effective dose equivalent can be obtained irrespective of the wearing position 
of the personal monitor on the trunk. 

NOTE: This is the abstract of a paper that has beer accepted for 
publication in Physics in Medicine and Biology. 
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CONSTRUCTION OF RADON/RADON DAUGHTER CALIBRATION CHAMBER 

J Fry, T H Gan, V A Leach, J Saddlier, S B Solomon, 
K K Tarn, E Travis and P Wykes 

In addition to constructing a radon/radon daughter test chamber, the design of / 
a similar chamber for thoron/thoron daughter calibration has been planned. 
Both chambers are copper lined rooms of dimension 1.65 x 1.75 x 2.75 m with an 
effective volume of 8000 litres. A schematic for the first chamber which is 
used for radon/radon daughter measurements and tests is shown in Figure 1. 
The air residence time, and hence the relative radon daughter concentrations, 
are controlled by circulating the air in the chamber through absolute filters 
which remove 99.9*/ of particulates (HEPA filters). There are two 
separate pumping systems for this: 

(1) Two Rootes blowers with combined maximum capacity of 3000 
litre/minute. One blower has a continuous variable speed control, 
while the other blower has two speeds. This gives a continuous flow 
range of 3000 litre/minute to 400 litre/minute. 

(2) Two Thomas compressors with combined maximum output of 400 
litre/minute. By controlling the air flow with a straight-through 
valve the flow rate can be varied continuously down to 30 
litre/minute. 

226 Radon is drawn into the chamber from a 17 yCi RaCl source (in solution) 
using the pressure differential across the blowers (<3 psi). This low 
pressure differential combined with the length of the connection to the source 

226 ensures negligible Ra contamination to the chamber. 

Having established the radon concentration in the chamber, the daughter 
concentrations and F factor (ratio radon activity to WL) are controlled by the 
air flow through the absolute filters. An air flow range of 3000 litre/min to 
30 litre/min corresponds to an "age of air' range of =3 minutes to -180 
minutes. At this stage no attempt is made to keep the radon concentration 
constant. The air flow is determined from the pressure drop across a number 
of orifice plates and a feed back system controlling a motoriscd valve is used 
to maintain a constant air flow. 
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At present there is minimal ability to control temperature, humidity and 
aerosol concentration. At lew rates of air flow an ultrasonic nebuiiser is 
used to inject water aerosol into the chamber. The air for this purpose is 
drawn through a by-pass circuit from the main air flow. The nebuiiser is 
controlled by a humidity sensor so that the humidity may be set to a 
predetermined value. This system is ineffective at ^ery high flow rates (very 
young air), leading to relatively dry clean air. ye have measured 
condensation nuclei (CN) concentrations of less than 30 cm and unattached 
fractions for RaA of >99*/# in this system. A number of aerosol 
generators are being examined and it is planned to use the CN counter* in a 
feed back loop to control the aerosol generator. 

Access to the radon chamber is through an air tight .^tch on the east wall. 
Beside the main hatch is located a small airlock. A pair of rubber gloves are 
mounted above the air lock to allow equipment to be removed and placed on the 
equipment racks in the chamber. A second set of gloves are located on the 
north wall, below a large perspex window. All electrical and sampling 
connections are located on this north wall of the chamber. There is provision 
for AC and DC power and a substantial number of signals and central lines. A 
two filter tube can be inserted through a port in the perspex window. This 
enables air samples to be collected away from the walls. The activity on the 
front filter on this tube can be analysed using the Rolle method to measure 
WL, while the activity on the back filter can be analysed to determine 

(2) the radon concentration. (Two Filter Method). ' As well, radon 
•'3) concentrations in the chamber are measured by means of 'ucas cells,' ' for 

comparison purposes. 

The system is flushea by venting the air in the chamber to the atmosphere, 
through an absolute filter. Since the chamber operates with a single charge 
of radon, the total amount of raoon vented to air is relatively small compared 
with a test chamber using a continuous source of radon. 

Although the radon chamber is not yet completed it has b.?en extensively used 
for the testing and calibration of monitoring equipment. An intercomparison 
with Terradex track etch detectors was made using this chamber with good 
results. The chamber was also used to assess plate-out on the inlet ports to 
a number of radon daughter monitors. 

* (Environment One tfich 200 CN Monitor). 



A second chaaber for thoron and its daughters is located in the sane rooa as 
the radon test chaaber. This chaaber which is not yet ooerational, is less 
coaplex than the radon chaaber. A quantity of thoriua containing aaterial 
will be used as a constant source of thoron within the chaaber and the thoron 
daughter concentration will be controlled by adjusting the rate at which the 
chaaber air is vented to the ataosphere. 

REFERENCES 

1. Rolle R, (1972) Health Physics 22:233. 

2. Tnoaas J y, ami LeClare P C, (1970) Health Physics 18:113. 

3. Lucas H F Jr, (1957) Radiology 68:258. 
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Figure 1. Schematic d'aqram of raoon/radon daughter test chairber. 
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THE APPLICATION OF LABORATORY RADON EMANATION 
MEASUREMENTS IN THE VENTILATION PLANNING OF AN 

UNDERGROUND URANIUM MINE 

T H Gan, K N Wise and V A Leach 

Before Uranium Mining can proceed, companies in Australia are required to 
produce Environmental Impact Statements which must include predictions of 
radiation exposures to workers. A major radiation hazard in the underground 
mining environment arises from the inhalation of short-lived radon decay 
products (radon daughters). The estimation of radon daughter exposures in 
terms of the special unit of the Working Level, (WL), requires predictions of 
the surface radon emanation rates from the ore and a knowledge of the 
diffusion constants for radon through porous media. However, in situ data is 
obviously unobtainable. This paper describes how laboratory measurements of 
the diffusion parameters can be utilized in considerations of ventilation 
design in underground mines. 

This is the abstract of a paper presented at the Second Applied Physics 
Conference of the Australian Institute of Physics, Royal Melbourne Institute 
of Technology, December 1981. The text has been published in the Proceedings 
of the Conference, pages 482-486. 
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ATMOSPHERIC DISPERSION OF RADON GAS FROM A SHALLOW, 

EXTENDED URANIUM ORE BODY 

V A Leach, S B Solomon, R S O'Brien, 
K H Lokan, K N Wise and R Petchell 

1. INTRODUCTION 
The inhalation of radon daughters, arising from the radioactive decay of radon 
gas, is well established as a potential hazard in the uranium mining industry 
(Archer et.al. 1973), and recommendations to limit exposure to radon daughters 
are included in radiation protection codes for uranium mines. Control over 
the concentrations of radon and its daughters, to ensure that recommended 
exposure limits are not exceeded, is achieved by providing adequate 
ventilation. 

Over an open pit, in normal atmospheric conditions, natural ventilation should 
De sufficient to ^ e p the concentrations of radon and its daughters below the 
acceptea limits. During the day, visible solar radiation passes through the 
atmosphere and is absorbea at the ground, which becomes warmer than the 
overlying air. In this situation, strong buoyant convection is set up in the 
lower atmosphere and any radon emanated from the ground is readily dispersed. 
At night the grouna surface loses heat via infra-red radiation. Water vapour 
and clouus are major absorbers and reflectors of this radiation, but they are 
also two of the most variable constituents of the lower atmosphere. Thus, if 
the air is dry the ground surface temperature can fall below that of the 
overlying air so that a temperature inversion is established near the ground 
and buoyant convection is suppressed. If, in addition, the horizontal winds 
are very light, turbulent edaies become the most important mechanism for the 
cispersal of atmospheric pollutants. Under these conditions of temperature 
inversion and low horizontal winds, significant radon daughter concentrations 
may accumulate in the lower part of the atmospheric boundary layer. 

The Yeelirrie ore body in Western Australia (see Figure 1) offers an 
opportunity to investigate the effects of meteorological variables on the 
uispersal of raoon and its daughters, under the simplifying conditon that the 
radon is produced from a reasonably uniform, extended plane surface. The ore 
body lies below a dry lake bea in a wide, shallow valley flanked by low 
granitic hills. The deposit was formed by leaching of uranium from these 
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hills, and consists of a layer of low grade ore, about 2km wide and extending 
some 12km along the vallej ~t depths of 2 to 7m. Over most of the ore body 
the overburden is undisturbed, but ore has been taken from three large "slots" 
near the centre of the ore boay and has been stockpiled nearby. From the 
meteorological point of view, Yeelirrie is situated in a semi-desert area, 
where temperature inversions occur frequently, especially during the winter 
months (Western Mining Corporation, 1978). 

Figure 1. The location of the Yeelirrie uranium deposit. 

Under the conditions of temperature inversion and low horizontal winds 
described above, turbulent eadies are the dominant mechanism for the dispersal 
of radon daughters in the near-ground air. Thus, we are presently 
investigating the dependence of the atmospheric concentration of radon and its 
daughters on various meteorological parameters which characterize those 
conditions, particularly those parameters which take account of the effects of 
vertical buoyancy and horizontal wind shear. One such parameter is the 
gradient Richardson number (Pasquill 1974), which is the ratio of buoyant 
energy to shear energy. This number can be determined from measurements of 
the wind and temperature profiles within the boundary layer. 

2. FIELD MEASUREMENTS 
2.1 Introduction 
A portable, telescopic tower, 21m high, was set up near the centre of the 
Yeelirrie ore body to take measurements of radon and radon daughter 
concentrations, and of wina speed and temperature, at heights of lm, 2.6m, 
7.3m and 21m. In addition, measurements of the raoon emanation rate were made 
over both the undisturbed overburden covering most of the ore body, and the 
stockpiles, mentioned earlier. 
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2.2 Radon Emanation Rates 
The radon emanation rate was determined at the stockpile surfaces, and at 200m 
intervals over the ore body, by placing canisters, filled with freshly 
granulated charcoal, face down on the surface for a known time. These 
canisters, which had previously been calibrated in the laboratory, adsorb 
radon with high efficiency. After the canisters are retrieved from the field, 
the total radon adsorbed in the charcoal is determined by measurement of the 
gamma rays from the radon daughters trapped in the charcoal when the adsorbed 
rauon decays I Countess 1977). 

2.3 Radon and Raoon Daughter Concentrations in Air 
The ridon concentration in air was measured with monitors consisting of a 
scintillation cell optically coupled to a photomultiplier tube. Air is drawn 
through a filter, and into the ceil, at a rate of 1 litre per minute. Alphc 
particles from the decay of radon daughters produced in the cell strike the 
scintillant coating on the walls of the cell, giving rise to light pulses 
which are amplified by the photo-multiplier and counted by conventional pulse 
counting electronics. The scintillation cells in these monitors have a 
response time of the order of 30 minutes. The monitors are sensitive to radon 
concentrations of less than 1 pico-Curie per litre. 

The radon daughter concentrations in the air were monitored by drawing air 
continuously through a filter, of pore size 0.8pm, at a flow rate of 1 litre 
per minute. Disintegration of raoon daughters, deposited on the filter, 
produces alpha particles which interact with a solid state diffused junction 
detector, whose output pulses are amplified and counted. Provided the radon 
daughter concentrations in air remain constant, the count rate is proportions'! 
to the Working Level (WL). The radon daughter monitors are sensitive to 
concentrations of less than 0.001 WL, ano have a response time similar to that 
of the radon monitors. 

2.4 Wind 
The horizontal wind speed was measured at each height with a Rimco cup 
anemometer. These anemometers will measure down to a threshold of O.lm/sec. 

2.5 Temperature 
The temperature differences between successive height levels were measured, to 
an accuracy of 0.05 deg K, using pairs of temperature sensors and differential 
amplifiers. A single sensor was used to measure the absolute temperature at 
the lowest level. These measurements enabled us to calculate the absolute 
temperature of the air at each height. 
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RESULTS AND DISCUSSION 

As shown in Figure 2, the radon emanation rate at the undisturbed soil surface 
over the ore body was found to vary from 0.5 to 8 Becquerel per square met:e 

2 2 
per second i&q/m Is). The average rate of 1.4 Bq/m /s corresponds to an 
integrated radon emanation rate, over the area surveyed, of (13 * 4) MBq/s. 

The emanation rates determined for the exposed ore in the stockpiles indicate 
that removal of the overburden from the ore body is likely to increase the 
emanation rate of radon by at least an order of magnitude. 
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Figure 2. The variation of radon emanation rate at the ground 
surface over the ore body. 

Figure 3 shows some of the results of the measurements of radon and radon 
aaughter concentrations, wind speed, temperature and temperature difference. 
It indicates that, for the period covered by the data, the temperature began 
to drop at all heights at about 4.00pm and that the temperature lapse rate 
became positive at the lowest level at about the same time, indicating the 
onset of a temperature inversion. This inversion propagated upwards over the 
next two hours, and during this period, the radon ard radon daughter 
concentrations increased by one and two orders of magnitude, respectively. 
These concentrations were low during the perioci from 10.00am to 4.00pm when no 
temperature inversion was present. 
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Figure 3. The results of measurements of radon and radon daughter 
concentrations, wind speeds and temperatures on the 21 m tower. The 
radon daughter concentrations are presented as the number of alpha 
particles counted during a one hour sampling period, with the 
corresponding value of Working Level shown on the right of the graph. 

Figure 3 also shows the following prints: 
ll) the average radon concentration measured at 21m was approximately a 

factor of 2 lower than the concentration measured at lm. 
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(2) the average radon daughter concentrations measured at height 21m were 

approximately a factor of 10 lower than the average concentrations 
measured at lm. 

(3) the maxima in the radon and radon daughter concentrations at 21m 
lagged behind the maxima at lm and 7.6m. 

The data sampling rate used in this experiment was too slow to allow 
computation of the gradient Richardson number. To overcome this problem, it 
is planned to use a low power microprocessor to control the data aquisition 
and storage processes. The radon ana radon daughter measuring equipment will 
have to be modified to shorten their sampling periods. The set of 
meteorological equipment will be expanded to enable high frequency sampling of 
temperature, horizontal wind speed and direction, and vertical wind speed. 

Future work will also include the development of a mathematical model to 
simulate the behaviour of radon and radon daughter concentrations in the 
atmospheric boundary layer near an extended source of radon. The model will 
be tested using the observational data and then used to make predictions, 
under a wide range of atmospheric conditions,for ore bodies and other extended 
radon sources such as uranium mill tailings ponds. A number of models have 
been developed to describe dispersal of pollutants (e.g. Pasquill, 1974), but, 
at present, there is no clear evidence that these models can be used 
successfully for extended radon sources such as those encountered in the 
Australian open cut mines, or in tailings ponds. 
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THERMOLUMINESCENCE AND ESR OF UNDOPED AND RARE-EARTH 

DOPED CALCIUM SULPHATE 

R L Calvert and R J Danby 

INTRODUCTION 

Substantial progress has been made with the investigations of the trapping 
sites and thermoluminescent (TL) processes associated with unirradiated and 
x-irradiated CaS0 4. The preliminary results described in the 1980 Annual 
Report were obtained using commercially produced CaS0.:Dy powder which is 
used as a thermoluminescent dosemeter (TLD). Much more detailed information 
however, has now been obtained with measurements using single crystals of 
undoped and rare-earth doped CaSO^ which have been grown at ARL. Electron 
spin resonance (ESR) and TL studies of single crystals of undoped CaSO. (see 
Danby et al., 1982) have provided invaluable information regarding the 
inherent trapping sites in the lattice of this material. Other studies are 
now in progress to investigate the changes that occur as the CaSO. lattice 
is modified by the inclusion of varying quantities of rare earth ions such as 
Eu, Gd and Dy. The main results obtained using ESR and TL techniques are now 
summarised. 

THERMOLUMINESCENCE STUDIES 

X-irradiated undoped CaSO. has TL glow peaks at 80, 115 and 185*C but does 
not thermoluminesce very strongly. The glow peaks are composed of emissions 
at 500 nm and 360 nm which are due to the inherent impurities in the 
material. The 500 nm emission is due to manganese but that at 360 nm has not 
yet been positively identified. Once the material is doped with a rare earth 
ion it thermoluminesces much more efficiently. In the case of CaS0.:Dy, 
doping levels of ~ 1 ppm are sufficient to change the emission wavelengths to 
those characteristic of the Dy ion even though the TL glow peaks are the 
same as those obtained from the ur.dopea material. As the Dy doping levels are 
increased above 200 ppin the glow curve is modified by the inclusion of a 
progressively larger peak at - 2i5°C. It is this peak which is isolated in 
commercial CaS04:Dy for dosimetry purposes. For the 3 rare earths so far 
studied as dopants in CaSO., the glow peaks are all characterised by the 

3+ appropriate RE emission except in the case of Eu. Here there is an 
emission at 380 nm which is associated only with the 115°C glow Deak. All 
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3+ other glow peaks of CaSQ.:Eu however are characterised by Eu emissions. 

The 380 nm emission is not due to impurities in the starting materials used to 
grow crystals but it may be associated with a Eu emission. This is 
currently being investigated. 

ELECTRON SPIN RESONANCE 

ESR measurements on x-irradiated, undoped CaSO. single crystals at 77 K 
reveal two related radiation damage centres (see Oanby et al. 1982). Step 
annealing measurements suggest a connection between these centres and the TL 
glow peaks seen at approximately 395 and 465 K. Analysis of the g-tensor 
associated with each centre (Centre I: g =2.0006, g =2.0091, 
g =2.0395; Centre II: gx=2.0011, g =2.0084, gz=2.0256) in 
conjunction with the known crystal structure indicates that these are electron 
deficient or 'hole' centres, each type associated with a crystallographically 
different oxygen atom. They are formed preferentially at sites neighbouring 
natural Ca vacancies thereby partially compensating the charge inbalance 
in this vicinity. 

Stuuies of these defects performed over a wide range of temperatures and 
microwave power levels show interesting features which are consistent with 
some form of motional transition, the exact nature of which is as yet not 
fully understood. 

ESR spectra have been obtained from CaSO. single crystals doped with various 
. „ 3+ 3+ 3+ concentrations of Dy , Gd and Eu ions in order to study the effect 

of incorporating these dopants in the crystal lattice. It has been found that 
the rare earth ion occupies a number of different sites although one is 
generally preferred. X-irradiation of the sample is seen to alter the 
electronic valence state of the ion, the reaction; 

RE 3 + • e" i l f S RE 2 + 

being directly observable via the ESR spectra. Subsequent heating reverses 
this process, and gives rise to the characteristic luminescence. 

R E 2 + !!£* R E 3 + • e" 

REFERENCE 

1. Danby R J, Boas J F, Calvert R L, and Pilbrow j R, (1982), J. Phys. C: 
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THE EFFECT OF ULTRAVIOLET AND VISIBLE RADIATION ON THE READOUT OBTAINED 

FROM Y-IKRADIATED AND UNIRRADIATED CaSOdiDy IN TEFLON DISCS 

D L Bartnik*, R L Calvert and J G Young 

The effect of ultraviolet and visible radiation on the readout obtained from 
the main aosimetry peak of CaSO.rDy in teflon discs is explained by the net 
result of three separate factors, namely (i) an inherent response, (ii) a 
phototransfer and (iii) an optical bleaching. The dependences on wavelength, 
irradiance and radiant exposure has been studied using a fluorescent light in 
a perspex diffuser and a 200W mercury-xenon lamp in conjunction with narrow 
bandpass filters to isolate specific wavelengths. 

Measurements made with the lamp and filters showed that wavelengths greater 
than approximately 405 nm had no observable effect on the readout from discs 
exposed to Ra y-rays in the exposure range 12.9 to 258.0 pC kg . 
Wavelengths less than 230 nm produced a marked increase in readout due to the 
addition of a dominant inherent response whilst in the 230-405 nm range the 
readout was reduced by optical bleaching. 

Wavelengths less than 300 nm produced a phototransfer in discs which were 
Y-irradiated and then annealed to 266°C prior to illumination, but the 
subsequent phototransferred thermoluminescence (PTTL) was insignificant for 
the y-ray exposure range investigated. 

Measurements using radiation from a fluorescent light indicated that the 
inherent response obtained from a previously unirradiated disc tended towards 
a saturation value equivalent to 0.325 pC kg" after approximately 16 hrs _2 illumination (radiant exposure 3.22 J cm ). Furthermore, discs given a 
22fi 

Ra y-ray exposure prior to illumination by fluorescent light exhibited a 
decreased readout due to optical bleaching which tended to level off after 
about 16 hrs to a value which corresponded to about 90°/ of the actual 
y-ray exposure. During the first few hours of illumination both the inherent 
response and optical bleaching are very small in the range of Y-ray exposures 
usually encounterea in TLD personnel monitoring and consequently no special 
precautions need to be taken to shield the discs from fluorescent light 
sources under normal circumstances. 

* y L Bartnik was employed as a summer vacation student from December 1981 -
February 1982. 
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PULSE RADIOLYSIS STUDIES OF ELECTRON IRRADIATED GAS MIXTURES 

J b Young and R Cooper* 

The investigation into the effects of irradiating 1 torr of nitrogen added to 
varying gas pressures of neon with a 0.6 MeV pulsed electron source of 
duration 6 ns has continued. Similar investigations with varying pressures of 
pure nitrogen and with 1 torr of nitrogen added to varying pressures of helium 
were also performed. The measurements were undertaken to determine what 
effect rare gas additives have on the decay constants ard light yields of the 
Second Positive system (C 3* u _ b3iru) and the First Negative system 
(B ^ u - X YLq) °f nitrogen. 

(i) Nitrogen: In contrast with the B }_ system which exhibited 
a rapid increase in decay constant, indicative of significant 3 quenching of the process involved, the decay constant of the C it 
system did not increase significantly as the nitrogen pressure 
increased. 

(ii) Nitrogen/Neon: The decay constant of the C * system increased 
ft _ rapidly from 0.240 x 10 s~ x at zero neon pressure to 

8 -1 0.268 x 10 s at 77 torr of neon. Further increases in neon 

pressure did not increase the decay constant significantly, 

(iii) Nitrogen/Helium: A linear relationship between the decay constant of the B > ,, system and helium pressure was observed with an 
intercept of 0.134 x 10 s and a gradient of 2.784 x 10 
torr" s~ . Light yield versus helium pressure for the 

2 r— + B 2_ system produced a linear increase in light emission for 
helium pressures up to approximately 250 torr. However, at greater 
helium pressures a significant increase in light yield from this band 
system was observed. 



18 
The light emission observed from the C « system varied markedly as the 
helium pressure increased. A graph of light intensity versus helium pressure 
is shown in Figure 1 for the (0,2) transition of the second positive system of 
nitrogen. 

Measurements are continuing and it is hoped that these will provide 
information that will help to explain the results obtained in the *hree gas 
systems described above. 
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Figure 1. Variation in light intensity from the (0,2) transition of 
the Second Positive system of nitrogen when helium is added to 1 torr 
of nitrogen. 

Physical Chemistry Department, Melbourne University. 
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LUMINESCENCE OF CALCIUM OXIDE AFTER PULSED ELECTRON IRRADIATION 

J F Boas, R Cooper* and J L Grant* 

High purity crystals of CaO and CaO aoped with a nominal i*/# MgO show 
luminescence emission bands at 375 and 410 r** after irradiation at room 
temperature with 6 ns duration pulses of 500 keV electrons from a Febetron 7C6 
source. No other emissions are observed over the range 200 to 800 n as a 
consequence of the electron irradiation. The emission intensity decreases as 
the electron energy is reduced and is not observed below 300 keV. 

The emission is fully developed immediately after the electron pulse, and a 
—ft log-log plot of intensity versus time over the range 10 °s to 10 s shows 

several interesting features. Approximately unimolecular kinetics are 
followed in 3 distinct time zones: 0-3i»s, 30uS-2O0ps; after 10 ms. Higher 
order kinetics are followed over the time intervals 3vS-30ys and 200us-10 ms. 

The emission wavelengths are characteristic of the luminescence emission of 
the F + center (375 run) and the F* center (410 nm) (Hendersoi. 1980). 
The F center is a single electron trapped in an oxygen vacancy and the 
F. center is a single electron trapped in an oxygen vacancy with one 
nearest neighbour calcium cation replaced by magnesium. Since the incident 
electron energy required to displace an oxygen anion is around 330 keV (Chen 
et al., 1970), we may conclude that the emissions arise from centers created 
by irradiation. However, this conclusion is at variance with those of 
Williams et al. (1979) for pulsed electron irradiated MgO, who suggest that 
the emission is oue to an electron-hole recombination occurring at a cation 
vacancy. 

In conjunction with electron spin resonance and thermoluminescence studies, 
these measurements should give information on the processes involved in the 
formation of stable defects in calcium oxide. 

REFERENCES 
1. Chen Y, Trueblood D L, Schow 0 E, and Tohver H T, (1970), J. Phys. C. 

Solid State Physics, 3:2501. 

2. Henderson B, (1980), C.R.C. Critical Reviews in Solid State and Materials 
Sciences 9:1. 

3. Williams R T, Williams J w, Turner T J, and Lee K H, (1979), Phys. Rev. B, 
20:16b7. 

* department of Physical Chemistry, University of Melbourne. 
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X-RAY ATTENUATION COEFFICIENTS 

L J Martin and J F Hika 

INTRODUCTIOH 

A facility is being establisheo for the precise measurement of X-ray 
attenuation co-efficients. As well as provioing accurate values for Materials 
of interest throughout the medically relevant energy range, the sensitivity of 
the results to various aspects of the experiaental arrangement will be 
evaluated. By observing which systematic errors are associate*, with 
particular experimental arrangements, a better comparison with other data will 
be made. 

THEORY 

Tne interaction of X-ray photons with matter is characterised by several 
atomic processes. The most important in the medical X-ray energy range are: 

1. Photoelectric absorption - The photon is completely absorbed by the 
atom which then emits either an electron or another photon of 
different energy. 

2. Compton scattering - A collision occurs between the inicident photon 
and an atomic electron. The resultant, scattered, photon is of lower 
energy and is generally deflected from the original direction. 

3. Coherent scattering - The photon collides elastically with an atom, 
thus changing direction but retaining its initial energy and phase. 

Each of these interactions has the effect of removing energy from the incident 
beam and directing the lost energy to either electrons in the material or to 
scattered photons. 

The overall reduction of incident oeam intensity is described by the total 
interaction cross-section. The magnitude of this quantity depends strongly on 
the incident photon energy and on the atomic number of the absorbing material. 
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If a highly collimated mono-energetic beam of photons passes through a 
thickness t of sample, the ratio of transmitted, I, to incident, I , 
intensity is given by. 

I/I0 = exp (-„t) U) 

The interaction cross-section may be calculated from an experimental 
aetermination of y, the linear attenuation coefficient or, more commonly, from 
(y/p), the mass attenuation coefficient. The latter is derived from y by 
dividing by the sample density, p. 

Many photons will be transmitted with an energy that differs from the inciaent 
photon energy ana will emerge at an angle to the incident beam. These photons 
must be excluded from the measurement of I if the true narrow-beam attenuation 
is to be measured. Hence a detector with good energy resolution, together 
with a highly collimated geometry are essential. 

APPLICATIONS 

A knowledge of attenuation coefficients is required in practically all areas 
of work in which the interaction of X-rays with matter is considered. For 
ex amp 1 e: 

i. A Computer Assisted Tomographic (CAT) scanner provides a map of X-ray 
absorption throughout a region of interest (1), (2). An accurate 
knowledge is then required of the dependence of the X-ray absorption 
on the atomic number of the absorber and the energy of the X-ray beam 
to reconstruct an image of the absorber material itself. 

2. Solia state photon detectors are widely used to accurately measure X 
and gamma radiation from irious sources. Knowledge about the 
interaction of incident photons with the detector itself and its 
surroundings is essential to the proper understanding of the 
detector's energy response and absolute efficiency. To confidently 
model the detector's behaviour using Monte-Carlo or other 
calculations, we not only need to know the total attenuation 
coefficient of the materials involved, but also the components of 
this which are due to different interaction processes (3). 
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3. The use of X-rays for the non-destructive analysis of materials often 

requires data on photon attenuation. For example, given a mixture of 
different elements, the attenuation coefficient is given by: 

(M/PHE) = n HLW i (w/p^E)] (2) 

where W. is the weight fraction of the i'th element in the total 
mixture of elements 1 to n. ( U / P L ( E ) is the attenuation 
coefficient of element i at energy E. 

If a number of measurements of (P/P) are taken at different energies 
and the ( W / P ) - coefficients are well known as a function of energy, 
then the weight fractions, W., can be calculated. This technique 
is useful in the elemental analysis of a bulk material and do ̂  not 
need very elaborate sample preparation. Under optimum conditions, 

-4 -3 and for certain materials, weight fractions of 10 to 10 can 
be measured (1), (4). 

ATTENUATION COEFFICIENT MEASUREMENT 

One is often interested in different physical aspects of an X-ray beam (e.g. 
photon flux, energy flux, absorbed dose) and these quantities alter in 
different ways during interaction with matter. Correspondingly, there are 
many alternate ways to express X-ray attenuation and one must therefore be 
clear about which is applicable (5). 

The most commonly used measure of photon attenuation is the narrow beam mass 
attenuation coefficient. This quantity should be measured by use of a 
perfectly collimated, monochromatic X-ray beam, with the same collimation 
conditions applying to the transmitted photons. For elements it depends only 
on the X-ray energy and «.he type of absorber material, but not on its physical 
state or density. 

Several tabulations of mass attenuation coefficient are currently available 
(e.g. (5), (6)), generally combining measurements from different sources with 
theoretical, and usually approximate, calculations. Indeed the tabulated 
coefficients for some materials have never been measured but rather have been 
obtained by interpolation. Also, as pointed out by Hubbell (7), some of the 
experimental determinations are in disagreement by up to 5 percent ,n the 
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energy range considered here. This is possibly due to difference in 
measurement techniques which would tend to introduce different systematic 
errors in each case. 

It is our intention to measure the attenuation coefficients of interest, using 
a variety of techniques and geometrical arrangements, in an effort to identify 
the errors involved in each case and hence to eliminate them. 

EXPERIMENTAL ARRANGEMENT 

From equation (1) it can be seen that the mass attenuation coefficient is 
given by: 

(U/P) - l/(pt) . l n ( y i ) (3) 

The determination of (u/p) then requires that the ratio of incident to 
transmitted intensities, IQ/I» be mee 
through which the beam passes be known. 
transmitted intensities, I /I, be measured and that the amount of material 

H 

Fig. I - Experimental Arrangement 

The thickness and density of solid sample; can be measured using micrometer 
ana analytical balance to the desired level of accuracy. The experimental 
arrangement for determining the intensity ratio is shown in figure 1: 

1. The primary X-ray source is a MAXIMAR - 220 therapy X-ray generator 
capable of operating at up to 15 mA filament current at tube voltages 
of between 100 and 220 kV. 
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A monochromatic beam is obtained by allowing the primary X-rays to 
strike a perfect Si crystal cut with its faces parallel to the (111) 
planes. When the crystal face makes an angle of 8 with the incident 
direction, a diffracted beam of wavelength x is reflected at an angle 
of 29 to the incident beam, where 

nx = 2dSin8 (4) 
d = 3.136 A for the (111) reflection 

and x = 12.4/E A/keV 

Thus the diffracted beam will have an energy 

E = (6.20n)/(dSin8) keV (5) 

Equation (4) is the Bragg diffraction condition, n is an integer 
l,2,3...n(max), where n(max) is determined by 8 and the maximum X-ray 
energy in the incident beam. Hence we often get more than one 
diffracted beam in a given direction, 28, each with photons of a 
fixed energy given by (5) and corresponding to different values of 
n. The energy width of the monochromatic beam produced depends on 6 
and the angular divergence of the collimators. It ranges from 200 eV 
at 20 keV to about 2 keV at 80 keV for the first order (n=l) 
reflections. 

A high-purity Ge solid-state detector is used to measure the incident 
and transmitted beam intensities. Due to its ability to separate 
photons of even slightly different energy, the various orders of 
Bragg diffracted beams are easily separated. Thus it is possible to 
simultaneously measure the transmission for a number of energies at 
each setting of crystal and detector angles. Its excellent energy 
resolution also aids in reducing the background contribution to each 
peak. 

The sample changer consists of a multi-position horizontal motion 
bed. A stepper motor and special rotary-to-linear motion device 
allows both rapid changing, and precise positioning, of samples. It 
is located before the analysing crystal so that radiation scattered 
in the forward direction by the sample, and which is not considered 
to be part of the transmitted intensity, will fail to satisfy the 
Bragg condition and hence not be detected. 
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To obtain narrow beam geometry, we require that the incident and 
transmitted beams should have low angular divergence. This condition 
is attained by means of two area defining collimators together with a 
pair of Soller slits. The collimators are placed in the primary and 
Bragg-diffracted beams and can be adjusted both horizontally and 
vertically to obtain the desired beam size and position. The Soller 
slits serve to limit the horizontal divergence to 0.075 degrees. 

A CAMAC based LSI-11 micro-computer acts as the system controller and 
data acquisition device. Because of high radiation levels in the 
experimental area, the detector 28 lead screw, the analysing crystal 
0 angle micrometer ano the sample changer are controlled remotely by 
means of three stepper motors. 

Amplified pulses from the X-ray detector are input to a CAMAC ADC, 
the output of which is directed to one of four regions in a 16K by 24 
bit woro store. A gate generator inhibits the ADC during that part 
of the mains cycle in which no X-rays are being produced. 

Spectra can be displayed and partially analysed during acquisition 
and all parameters relating to motor movements, ADC activity and data 
analysis can be altered by operator command. A feature of the systeir 
is its ability to send acquired spectra directly to the main 
Laboratory computer for storage and more elaborate analysis. A block 
diagram of the system is given in figure 2. 
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A typical measurement of the III ratio is undertaken as follows: 

1. With no absorbers in the b°am, the desired energy is selected by 
altering the 6/26 angles and the count rate optimised by finding the 
best transverse position for the crystal. 

2. The collimators are adjusted to give the required beam size and 
location. t 

3. One or two absorbers are placed in the sample changer, together with 
a thick lead absorber for background determination. 

4. To lessen the effect of any possible variation of X-ray output with 
time, the spectra for the absorber(s), no-absorber and background are 
acquired in a cyclic fashion with the sample position being altered 
frequently and the ADC output switched to the corresponding word 
store region. 

With this arrangement, high statistical accuracy in the I II ratio can be 
attained. Since this accuracy increases continually, although at a 
decreasing rate, with acquisition time, the limiting factor is the 
experimental time available. 
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A DETECTOR FOR USE IN HIGH ENERGY BREMSSTRAHLUNG 

SHIELDING STUDIES. 

O.J. Wilson and J.E.M. Thomson 

INTRODUCTION 
The use in therapy, research and industry of high energy (> 5 MeV) 
bremsstrahlung X-ray beams, requires massive and expensive shielding. The 
design of such shielding requires an accurate knowledge of broad beam 
attenuation parameters for the shielding materials. Our previous laboratory 
report (Thomson and Wilson 1980) outlined the general areas of calculation and 
measurement of these parameters that are being investigated at this 
laboratory. That report also included the results of preliminary measurements 
which showed that a Moxon-Rae detector of the type described in references 1 
to 5 could be used to measure energy fluence of photons transmitted through 
thick shields. This type of Moxon-Rae detector, however, was designed for 
measurements of neutron capture Y-rays and has certain drawbacks when used 
with a pulsed high energy bremsstrahlung beam. We describe below the design, 
development and calibration of a detector, based on the principle of the 
Moxon-Rae detector, which is ideally suited to the measurement of the energy 
fluence of photons transmitted through a thick shield which has been 
irradiated with high energy bremsstrahlung. 

MOXON-RAE DETECTOR PRINCIPLE 
The principle of operation of a Moxon-Rae detector is shown in figure 1 and 
can be summarized as follows: 

Converter 
plate. 

Incident 
gamma 
photon. 

\ 

Light tight casing. 

/ 

Photomultiplier tube. 
^Light photons. 
Scattered electron. 
Scattered gamma 
photon. 

Beta 
scintillator. 

H.V. Supply 

Amplifiers, discriminator 
and counter-timer. 

OR 
Electrometer. 

Figure 1. Principle of operation of a Moxon-Rae detector. 
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Gamma rays or x-rays which are incident on the front of the detector may 
interact within the converter plate by the photo-electric effect, Compton 
scattering or pair production. For monoenergetic incident photons, the 
average range of the electons resulting from these interactions is 
approximately proportional to the photon energy. Therefore for a given number 
of incident photons the number of electrons detected will increase with 
increasing photon energy. By careful choice of converter materials and 
thickness it is possible to construct a detector with an efficiency that is 
proportional to the incident photon energy. Such a detector will have an 
output which is proportional to the energy fluence of any photon field which 
is incident on its front face. The conversion technique, outlined above, is 
similar to that used in a P2 ion-chamber (Pruitt and Domen 1962) in which 
ionization is produced in the chamber which is proportional to the photon 
energy fluence. However, a Moxon-Rae detector is far more sensitive than the 
P2 because a beta scintillator and photomul tip Tier tube is used to count the 
escaping electrons rather than an ion-chamber. 

DESIGN AND DEVELOPMENT OF A NEW MOXON-RAE DETECTOR 
The preliminary experiment (Thomson and Wilson 1980) showed that a Moxon-Rae 
detector might be suitable for attenuation measurements, provided certain 
design criteria were met. There were three main features that required 
attention. The first was that the diameter of the detector should be small so 
that it could be used to scan across a beam or across the field at the back of 
a shield so as to measure the total transmitted photon energy. The total 
transmitted energy, for a narrow incident beam geometry, is equivalent to the 
energy fluence measured at a single location for a plane parallel incident 
field. The second requirement was to modify the energy response of the 
detector, by suitable choice of converter materials and thickness, such that 
the response of the device (coulomb/joule) was constant from 0 to 20 MeV. The 
third requirement was to extend the linear response range of the detector so 
direct beam intensity measurements of beams with end point energies up to 20 
MeV could be made. 

Another consideration, mentioned in the literature (Macklin et al 1963), was 
activation of the converter. These detectors were intended for neutron time 
of flight measurements and neutron activation was particularly important. To 
overcome this, converters were made of graphite or a combination of graphite 
and a high atomic weight material such as lead, instead of tin or copper which 
are otherwise good converter materials. In the present application only 
photon activation needs to be considered and, for incident energies less than 
about 20 MeV copper, iron, tin and PVC are suitable converter materials. 
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DESCRIPTION OF THE NEW MOXON-RAE DETECTOR 
This Moxon-Kae detector used a 50mm diameter EMI 6097B photomultiplier tube 
and a 0.25 mm thick N.E.102 beta scintillator. A variable thickness 
(6.5-8.5 mm) brass converter, a 10 mm brass converter with a 12 mm diameter 
PVC plug insert, a 12 mm mild steel converter and a 30 mm PVC converter were 
made in such a way that each could easily be attached to the detector by a 
threaded collar. The dynode chain circuit uses the earthed anode 
configuration for pulse and current mode operation. Dynode capacitors and 100 
k.ohm dynode resistors were used to give high current linearity when used with 
pulsed beams of high intensity. 

In the current node the output current from the photomultiplier tube was 
measured using an electrometer. An external dark current offset module was 
connected to the circuit. In the pulse mode the output pulses were amplified 
by a standard spectroscopy preamplifier and main amplifier and were counted on 
a scaler timer. 

ENERGY RESPONSE OF THE NEW MOXON-RAE DETECTOR 
Calibration of the Moxon-Rae detector was carried out using bremsstrahlung 
from the Melbourne University betatron together with various radioactive 
sources. The experimental setup for the calibration is shown in figure 2. 
The transmission chamber produced little attenuation in the beam and was used 
to provide a measure of the beam intensity in arbitrary units. The Moxon-Rae 
output relative to that of the transmission chamber was measured as a function 
of bremsstrahlung endpoint energy for each of the converters. The 
transmission chamber was then calibrated against the P2 chamber by making 
measurements at a series of bremsstrahlur.j endpoints without the Moxon-Rae 
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Figure 2. Experimental arrangement for calibrations of 
the new Moxon-Kae detector. 
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detector in the beam. The P2 chamber used was a replica of a National Bureau 
of Standards secondary standard ionization chamber (Pruitt and Domen 1962). 

The above data was used to produce a Moxon-Rae response relative to that of 
the P2 chamber, as a function of bremsstrahlung endpoint energy. This was 
then converted to Moxon-Rae response per unit energy in the bremsstrahlung 
beam (coulomb/joule) by using the P2 calibration data of Pruitt and Domen. A 
more desirable calibration is the response of the Moxon-Rae per unit energy in 
a beam of monoenergetic photons. This was extracted from the above using a 
matrix analysis technique similar to that of Penfold and Leiss (1959). Figure 
3 shows the resulting calibration curve for the brass-PVC converter. Points 
at the lower energy region have been obtained from the radioactive sources 
indicated. The response of the Moxon-Rae detector per unit energy in the beam 
is essentially constant for photon energies from 300 keV to 20 MeV. The 
detector is therefore close to ideal for measuring the energy fluence of an 
unknown beam whose photon energies are within this range. 
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Figure 3. Kesponse of Moxon-Kae detector to a beam of 
monoenergetic photons as a function of photon energy. 

PRACTICAL EVALUATION OF THE DETECTOR 
During the calibration experiment the new Moxon-Rae detector was used to 
repeat the shielding measurements described in the preliminary experiment 
(Thomson and Wilson 1980). It was found that this detector easily measured 
the attenuation of a concrete wall that was 76 cm thick for an endpoint energy 



above b MeV. However, a gain factor of 70 was possible by increasing the H.V. 
to the PMT from 700 volt to 1200 volt. This increase in gain would enable 
measurements to be made for thicker slabs of up to 150 cm or greater. 

CONCLUSIONS 
The new Moxon-Rae detector with the brass and PVC converter meets the three 
initial design criteria of size, energy response and direct beam intensity 
measurement. The Moxon-Rae detector is much smaller than the P2 ionisation 
chamber and is also less sensitive to movement and to changes in atmospheric 
conditions. It requires a far shorter warmup time and has a detection 
sensitivity (coulomb/joule) of the order of 10000 to 100000 times that of the 
P2. The high sensitivity, together with the excellent energy response 
discussed above, makes this Moxon-Rae very suitable for measuring the energy 
fluence of photons transmitted through thick shields which arc irradiated with 
high energy bremsstrahlung. 
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THE LINEAR ACCELERATOR FACILITY 

D V Webb and J E M Thomson 

INTRODUCTION 
The electron linear accelerator (linac) acquired from the University of 
Toronto is being refurbished to provide a facility for applied research in 
areas of radiation physics, radiation chemistry, dosimetry and shielding 
design. Fundamental atomic and molecular measurements will also be possible. 
The implementation is anticipated to proceed in three stages: 

(a) Stage 1 - one accelerator section is to be used to produce a direct, 
unanalysed beam (energy spread approximately 5 per cent) with a 
maximum energy of 20 MeV and a maximum average current of 100 uA. 

(b) Stage 2 - the beam is to be magnetically bent between 90" and 120* 
and analysed to give an energy resolution of 0.1 per cent with a 
maximum average current of 2 »A. 

(c) Stage 3 - a second accelerator section is to be added to give 
electron energies up to 45 MeV. The last stage is not expected to be 
functional earlier than five years after the initial installation. 

A suitable area within the laboratory for the location of the linac facility 
is the large chamber previously intended as an anechoic microwave facility but 
which has been replaced by a smaller chamber elsewhere in the laboratory. The 
environment must be adequately shielded from the intense radiation that can be 
produced by the linac. A design for this shielding has been carried out 
taking into account the requirements for suitable locations for the rf drive 
modulator, an operator control area and an experimentation area to support 
research programs using the linac. Adjacent areas of specific concern for 
radiation protection are the microwave laboratories at the north end on both 
ground and first floor levels and the X-ray measurement laboratories on the 
ground floor in the east wing. This latter area includes the Exposure 
Standards Laboratory which has maximum background requirements more stringent 
than for personnel protection. 

SHIELDING STRUCTURE 
The essential elements of the structure, shielding the surrounding building 
areas from the linac, are a concrete slab ceiling, nominally 180 cm thick, 
supported on three sides by structural shielding walls inside the existing 
chamber walls. Internal shielding walls partitioning the enclosed space are 
not permanent but can be oriented to some extent to suit the disposition of 
the linac and its beam lines. The shielding plan for the initial 
implementation of the linac is indicated in Figure 1(a). Figure 1(b) shows 
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the layout of facilities on the floor above. The high potter rf amplifier and 
modulator, and the secondary heat exchanger for the accelerator cooling 
circuits, are housed in an acoustically isolated room along the west side of 
tne upper level. Wave guides are taken from the modulator down through the 
floor slab directly to the input feeds on the accelerator sections. Outside 
this room are the control racks and operator's console, and space for 
equipment for experimenters. 

Figure 1. Plan drawings of the electron linear accelerator facility 
showing details of (a) the lower level machine chamber and (b) the 
upper level areas for the rf drive modulator and control equipment. 

Two configurations were considered in the design of the shielding. The first 
represents Stage 1 with a typical electron beam energy of 14 MeV at 0* likely 
to produce the maximum average current. Conversion to bremsstrahlung occurs 
at the ena of a beam line approximately 3 m beyono the end of the 
accelerator. The conversion target is taken to be of high Z material ie.g. 
tungsten) of intermediate thickness (roughly C.2 radiation lengths). The 
unintercepted, full intensity X-ray beam is caught in a cylindrical beam dump 
in the south wall under the courtyard. 



34 
In the secc.ia configuration, a 2 uA electron beam of the saae energy is bent 
115* and taken through the internal shielding wall such that, if allowed to 
continue, it would strike the east structural wail about 6 • from the south 
end of the chamber. The bremsstrahlung is produced, in the same manner as 
above, at a point just beyond the internal wall. In both configurations the 
beam is in a horizontal plane 120 cm above the floor. 

After preliminary studies of the second configuration, adaitional shielding 
was added to the east structural wall, in the form of a thick steel slab with 
the concrete wall thickened around it, to enhance the attenuation of the 
direct beam and reduce the intensity of the scattered components. This 
composite wall has been replaced in the final specification by one of uniform, 
equivalent high density, iron loaded concrete. 

HONTE CARLO SHIELDING CALCULATION 
To evaluate the effectiveness of the primary shielding in providing adequate 
protection to the adjacent areas, the design has been studied with a general 
purpose shielding Monte Carlo computer code for gamma-ray transport, 
"MORSE' . The consequences of an X-ray beam froc the linac were simulated 
by combining the effects of both directed and isotropic components and worse 
case situations were created by the placement of scatterers in the beam path. 

The version of HORSE that we have used incorporates a geometry package which 
takes logical conjunctions of simple bodies (spheres, cylinders, boxes, etc.) 
to describe the complex structure of interest. Over 26 bodies were required 
to define the linac shielding and its immediate environment. The input to 
HORSE itself generated the appropriate X-ray source (beam or isotropic), the 
size and number of batches of X-ray photons, the material specifications (e.g. 
concrete) and the relevant interaction cross sections fo. the range of 
energies being considereo. The input also enabled detectors to be distributed 
as required to evaluate the radiation intensity distribution and to define the 
detector response function to relate this distribution to quantities of 
interest, which in this case is the exposure rate (R/hour). 

The code was run on the Department of Health IBM 370/168 computers and both 
configurations required many hours of computation in order to obtain 
sufficient statistical accuracy. For those detectors located some distance 
away from the source and behind substantial layers of shielding there was 
Still significant uncertainty. The low exposure seen by such detectors was on 
the whole consistent from run to run, however, occasionally a high value would 
be obtained that was attributed to a relatively improbable close scatter by an 
X-ray photon. 
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The 14 MeV X-ray beam for both configurations, was generated from the Schiff 
Integrated-Over-Angles spectrunr ' . Only a pencil beam was considered which 
was then scattered by a thick concrete cylinder. While this provides a good 
estimate of the scattered component of the radiation distribution, it does not 
account for the so-called leakage or angular distribution of the source 
bremsstrahlung. Berger and Seltzerv ' have described the angular 
distribution from thick targets. It is difficult to include this information 
directly in the MORSE calculations as the computational time required would be 
increased exhorbitantly. A reasonable working estimate has been 
suggested^ ' for the radiation field at 90° for beams up to 100 MeV, by 
considering the 90° yiela to be equivalent to tremsstrahlung produced at 0* by 
electrons of energy roughly two-thirds that of the original beam. To take 
into account this radiation leakage, we have combined the 14 MeV pencil beam 
scattering results with the calculated radiation patterns from isotropic 
sources of 3 MeV and 4 MeV X-rays at the bremsstrahlung target, weighted to 
approximate the distrioutions given by Berger and Seltzer 3'. Exposure? 
obtained in this way for the two configurations are listed in Tables 1 and 2 
at the detector locations indicated in Figures 2 and 3. 

LOWER LEVEL LINAC CHAMBER UPPER LEVEL DRIVE/OPERATOR AREA 

4j 

.63 

* 4 » 

j.82 

,<6 

! I *. 

mlt r i 

Figure 2. The ,ocation of detectors Figure 3. The location of detectors 
distributed in the horizontal plane ccr.taining distributed in the horizontal plane 
the beam, that were used in the MORSE just above the concrete surface 
calculations for both configurations, A subset the upper level floor. Again, only 
of those shown, as indicated in Table 1, were a subset of those shown, as indicated in 
selected to investigate the radiation pattern Table 2, were used in the calculations 
in each case- for a particular configuration. 
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TABLE 1 

Exposure rate values calculated using the MORSE Monte Carlo code, at 
detector locations indicated in Figure 2 for a 14 MeV bremsstrahlung 
beam produced by the linac. 

Detector Exposure Rate (R/hr) Detector Exposure Rate (R/hr) 
Config. I Config. II Config. I Config. II 

Lower Level 
1 3.103(a) 
2 70.103(a) 
3 5.103 

4 3.103 

5 300 
6 100 
7 200 
8 90 
9 500 
10 2.103 

11 2.103 

12 500 
13 
14 

80 
80.10"3 

15 200.10"3 

16 50.10"3 

17 100.10~b 

18 200.10"9 

19 500.10"6 

20 6.10"3 

21 100.10"9 

22 9.10 - 6 

23 40.10"6 

24 8.10"3 

700.10 -3 

30.10 
800.10 
600.10 

-3 
-6 
-b 

200.10 -6 

30.10 -9 

25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 

1 
10.10 
100.10 
900.10 
50.10 
2 

100.10 
50.10 

200.10 

60.10 

700.10 

800.10 

-3 
-3 
-3 
-3 

-3 
-3 

-3 

-3 

-6 

-9 

5.10 -10 

20 
30 
6 
8 

9 
10 
60 

50 

1 

100.10 -6 

20.10 
400.10 
8.10 
30.10 
600.10 
3.10 

300.10 
200.10 
60.10 

-6 
-6 
-6 
-6 
-6 
-6 
-6 
-6 
-6 

(a) Because MORSE uses an idealised pencil beam, the exposure rate 
at these points represents only the exposure rate due to the 
scattering of this beam. In reality the exposure rate from the 
beam at these points is at least an order of magnitude higher. 



37 
TABLE 2 

Exposure rate values calculated usinq the MORSE Monte Cat .->.e, at detector 
locations indicatcu in Figure 3, for a 14 MeV bremsstrahlung beam. 

Detector Exposure Rate (R/hr) Detector Exposure Rate (R/hr) 
Config. I Config. I I Config. I Config. I I 

Upper Level 
49 
5u 
51 
52 
53 
54 
55 
5b 
57 
58 
59 
60 
61 
62 

6.10 
50.10 
7.10 

80.10 
3.10 
6.10 

50.10 
200.10 
500.10 
200.10 
40.10 
40.10 
90.10" 
10.10 

-3 
-6 
-6 
-6 
-6 
-6 
-6 

r* 
-6 
-6 
-6 
-6 

-6 80.10 -6 

63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 

50.10 -6 

30.10 
700.10 

-9 
-6 

200.10"* 
500.10 ° 
700.10" 

2.10 
2.10" 

?0.10 
..10 
9.10 

20.10 
1.10 

500.10 

-6 

-6 
-6 
-9 
-9 
-6 
-9 

10 ' 

(O 

a 'o-

; io 4 

V_-No Steel 

i i i I i 
8 6 4 2 0 -7 

Distance along East Wall (meters) 

Figure 4. The scattered radiation 
intensity profile in the 
horizontal plane of the beam, 
jehind the eastern wall inside the 
X-ray Exposure Standards 
Laboratory. In order to minimise 
calculation times for the code, 
runs for this study discarded 
detectors elsewhere other than 
those needed to check 
normalisation. The distribution 
does not include leakage 
contributions as they are not 
expected to be large this close to 
the beam axis and are difficult to 
estimate. 
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At all critical locations where it was possible to use conventional shielding 
calculations* ', these have been performed. The results are in satisfactory 
agreement with the MORSE Monte Carlo calculations, with differences being 
consistent with uncertainties and approximations in both methods. The 
advantage of the MORSE calculation is the ability to handle complex geometries 
beyond the scope of the simpler calculations and to estimate properly the 
scattered component of the radiation field. In general the code is not 
efficient for large, extended configurations. However its flexibility has 
allowed us to focus on specific aspects to clarify the consequences of 
possible modifications. 

The radiation pattern behind the east wall in the Exposure Standards 
Laboratory, was studied in detail. More detectors were distributed across the 
rear face of the wall and their response was obtained to a scattered 14 MeV 
pencil bremsstrahlung beam incident on the front face at 65* as in 
configuration II. Runs were made with and without the steel slab in the wall, 
the space being filled with concrete. The profile in the horizontal plane of 
the beam is shown in Figure 4. The effect of the 50 cm thick steel slab is 
strongly evident. The primary beam intensity is much reduced to a level 
comparable with the scattered intensity outside the edges of the slab. After 
allowing for leakage, the level, for a 2 yA beam, would be equivalent to an 
exposure of less than 1 mR/hr in the Standards Laboratory. An improvement 
could be made by increasing the area of the slab as well as the thickness. 

LINAC INSTALLATION 
The refined design has been the basis of the final specifications to the 
Department of Construction who are responsible for the building of the 
shielding and the provision of services. Construction is anticipated to 
commence in mid 1982 and it is expected that installation of the linac itself 
can begin in early 1983. Design is being carried out on a microprocessor 
control lea, secondary heat exchanger system needed to thermally stabilise the 
accelerator sections. Control systems are being reconditioned and upgraded, 
and units such as the gun and the modulator, are being fully checked and 
rebuilt where necessary in preparation for tne next phase of implementation. 
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THE DOSE DUE TO PHOTONUCLEAR REACTIONS IN TISSUE 
DURING RADIOTHERAPY WITH HIGH ENER6Y GAMMA RAYS 

P D Allen and M A Chaudhri* 

INTRODUCTION 
when a patient is irradiated with bremsstrahiung of energy greater than about 
10 MeV, high LET particles (neutrons, protons and alpha particles) are 
produced through photonuclear reactions in the tissue itself and contribute an 
additional dose to the patient. The secondary charged particles have a very 
limited range and are absorbed in the irradiated volume, whil_ the neutrons 
can travel many centimetres in tissue. A knowledge of the additional dose 
component from these secondary particles, especially that due t r neutrons, is 
important not only for estimating the exact dose-equivalent beirij imparted to 
the treatment and neighbouring areas, but also to assess any possible 
carcinogenic effects of these high LET radiations. 

MEASUREMENTS AND CALCULATIONS 
The absolute yields of photoneutrons from tissue irradiated with 
bremsstrahiung of end-point energies from 10-30 MeV have been measured using 
the 35 MeV University of Melbourne betatron and a 4* Halpern type neutron 
detecting system (Allen, 1979). The photon irradiation dose was determined 
using a transmission ionisation chamber calibrated against a standard P2 
ionisation chamber. From the measured yields and a knowledge of the 
photoneutron energy spectra (Allen, 1982) the absorbed dose contribution due 

-4 -4 4 to secondary neutrons is estimated to be 2.2x10 , 3.8x10 , 5.2x10 
and 6.2x10" Gy per photon Gy, at 24, 26, 28 and 30 MeV respectively. 

The dose contribution due to protons and alpha particles was obtained from the 
relative yields and average energies of the secondary particles from (y,xn), 
(r,xp) and (y.xo) reactions in tissue. These yields and energies were 
estimated using the known bremsstrahiung spectrum shape (Schiff, 1951) and the 
cross sections for the various photoreactions in the constituent elements of 
tissue ( C C H 4 O ° I Q N ) ' T n e c r o s s section measurements used are listed in 
the full report of this work, which has been accepted for publication in 
Medical Physics. 

RESULTS 
The relative yields from tissue irradiated with 24 MeV bremsstrahiung are 
shown in taDle 1. At this energy the photoneutron, photoproton and photoalpha 
yields were calculated to be in the ratio 1.0 : 1.8 : 0.14. The corresponding 
absorbed dose ratios are 1.0 : 2.9 : 0.32. Based on an absorbed dose of 



40 _4 2.2x10 Gy per photon Gy due to photoneutrons, the absorbed dose due to _4 photoprotons is 6.5x10 Gy per photon Gy, and that due to photoalpha -4 particles is 0.7x10 Gy per photon Gy. The total absorbed dose due to 
photonuclear particles is then 9.4x10" Gy per photon Gy, which is less than 
half of the previously accepted result (Horsley et al, 1953). Even if a 
quality factor as high as 10 is applied to the neutrons, protons and alpha 
particles, the dose equivalent due to photonuclear reactions within tissue 
irradiated with 24 MeV bremsstrahlung is still only l*/o of the photon 
dose. At 30 MeV this dose equivalent would increase to about 3°/ of the 
photon dose. 

* Department of Medical Physics, Austin Hospital, Heidelberg, 3084. 
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16 12 TABLE 1. Relative reaction yields from the elements 0, C 

14 
and N in tissue normalised to a total (y,xn) yield of 1. 

I6T vr rr 777 
0 C N Total 

Reaction Relative Relative Relative Relative 
Yield Yield Yield Yiela 

( y , x n ) 0.73 0.16 0.11 1.00 
(y.xp) 1.38 0.34 0.12 1.84 
(Y.O) 0.099 (a) 0.002 ) 
U,2a) (a) (a) 0.0001 ) 
U,3a) (a) 0.025 0.0 ) 0.14 
(Y.4«) 0.015 (b) (b) ) 

(a) Not applicable because 0(y,2o) and 0(y,3o) are intermediate 
16 1 ? 

stages of the reaction 0 ( Y , 4 O ) : similarly C(y,a) and 
12 12 

C(Y,2O) are intermediate stages of the reaction C ( Y , 3 O ) . 
12 14 

(b) Not applicable because C and N do not contain four alpha 
particles. 
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ENERGY SPECTRA OF SECONDARY NEUTRONS PRODUCED BY HIGH ENERGY 

BREMSSTRAHLUNG IN CARBON, NITROGEN, OXYGEN AND TISSUE 
P D Allen and M A Chaudhri* 

INTRODUCTION 
When tissue is irraaiated with bremsstrahlung of energy greater than about 
10 MeV, neutrons are produced through photonuclear reactions in the tissue 
itself. These secondary neutrons, against which various organs and tissues 
cannot be conveniently shielded, will contribute an additional component to 
the total aose received by a patient unaergoing radiation treatment. To 
estimate this dose, it is sufficient to know the neutron fluence, together 
with the percentage depth-dose characteristics and RBE of the neutrons. These 
latter properties are determined in turn by the shape of the neutron energy 
spectrum. 

No direct measurement of the photoneutron energy spectrum from tissue has been 
maae. It could be estimated by summing the measured photoneutron energy 
spectra from the constituent elements of tissue; oxygen, carbon and 
nitrogen. However, consistent sets of these spectra at different energies are 
not availaDle. Fortunately, an alternative approach is possible since enough 
other experimental information is available to allow a reasonable estimate to 
be made. The alternative method, described here, has the advantages that the 
spectrum can be quickly ana easily calculated for any bremsstrahlung energy, 
and that allowance can be made for different experimental conditions. 
Moreover, it is equally applicable to other elements for which the appropriate 
photonuclear cross sections and branching ratios are available. 

METHOD 
The method involves folding the known bremmsstrahlung spectrum shape (Schiff 
I9bl) with the cross section for each possible decay mode in each element 
which leads to neutron production. The partial photoneutron cross sections 
(i.e. the cross sections for reactions by which a neutron is released and 
where all the states of the residual nuclei are specified) used in these 
calculations have been taken or derived from published experimental data. To 
obtain consistency all values of partial cross sections have been normalized 
to total cross sections obtained at the Lawrence Livermore Laboratory (Berman 
et al 1970, Caldwell et al 1965, Fultz et al 1966). Over the energy range of 
interest, 10-30 MeV, only [y,n) and (y,np) reactions are significant. 

* Department of Medical Physics, Austin Hospital, Heidelberg, 3084. 
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The contribution to the neutron energy spectrum due to absorption of a photon 
of given energy by any one of these processes will be proportional to the 
product of the partial cross section for that process and the number of 
photons at that particular energy. The energy of the released neutron is 
obtained from the kinematics of the process and the energy of the final 
state. The total spectrum is obtained by summing over the possible decay 
modes and integrating over the photon energy. For a compound the sum is also 
over the constituent elements with a weighting proportional to the relative 
abundances. 

RESULTS 
Neutron energy spectra in carbon, nitrogen and oxygen were calculated for 
various bremsstrahlung end-point energies and, from these, tissue spectra were 
calculated using the tissue equivalent molecular formula C 5H._0 1 f tN. As 
an example of the results, the photoneutron spectrum from tissue for a photon 
end-point energy of 28 MeV is shown in figure 1, together with the 
contributions from the constituent elements. The neutron spectra from tissue 
over the energy range from 12-30 MeV are summarised in table 1, where average 
neutron energies and kerma conversion factors are displayed. 

Full details of this work can be found in the published report (Allen and 
Chaudhri 1982). 
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TABLE 1. Parameters of neutron energy spectra from tissue irradiated with 
bremsstrahlung of different end-point energies E . The second column shows 
the average neutron energy E . The energy transfer (kerma factor) to tissue 
E. obtained by combining the estimated spectrum with the energy transfer to 
tissue approximation calculated by Caswell et al (1980) is shown in the third 

-11 2 - 1 - 9 2 -1 column. The units of E. are 10 Gy cm n (10 rad cm n ). 

E 0 (MeV) E n (MeV) Et 

12 0.78 1.96 
14 1.73 2.76 
16 2.44 3.22 
18 2.12 2.95 
20 2.53 3.26 
22 3.27 3.59 
24 3.84 3.76 
26 4.15 3.87 
28 4.46 3.99 
30 <*.Q0 4.11 

Figure 1. The calculated photoneutron energy spectrum (curve a) from 
tissue using bremsstrahlung of end-point energy 28 MeV. 
The contributions of oxygen (b), carbon (c) and nitrogen 
(d) to this spectrum are also shown. 
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KILQVOLTAGE CALIBRATION OF MbUioMt X-RAY GENERATORS 

J F Mika, L J Martin and B Young 

INTRODUCTION 

There are many applications of X-ray generators for which the peak kilovoltage 
(kVp) of the X-ray beam should be known as accurately as possible. Such 
knowledge is important for techniques aimed at reducing patient dose and 
improving the quality of radiographs. For example, Ardran and Crooks^ ' 
suggest that a 10 kV error may alter patient dose by as much as 40 per cent. 
Clearly, if any research into dose reduction techniques is to be carried out, 
the kVp should be known to within 1 or 2 kV rather than 10 kV. However, the 
instrumentation commonly provided for this purpose may easily be in error by 
amounts of 5 kV or more for a veriety of reasons. In many cases the meter 
does not monitor the tube voltage directly or may respond to the average 
rather than the peak voltage. The apparent calibration of the meter may also 
depend on the tube current. 

Measurements of the actual kVp may be made on either the voltage applied to 
the X-ray tube or the X-ray beam itself. Voltage measurements generally rely 
on the accuracy of very high value resistors and involve access to 
high-voltage sections of the tube. Moreover, voltage differences between the 
point of measurement and the tube electrodes may exist and can cause 
substantial error. Techniques which make use of the actual X-ray beam are to 
be preferred for several reasons. Generally these methods do not require any 
alteration or attachment to the X-ray equipment and are therefore portable. 
Furthermore, the measurement is being made on the quantity of interest itself, 
the maximum photon energy, rather than on an analogue of it. 

This report describes a technique for undertaking such a calibration which has 
been developed and used successfully in this Laboratory. 

DISCUSSION OF TECHNIQUE 

A number of approaches to the problem of measuring the kVp of an X-ray tube 
has bee.1 described in the literature (2), (3), (4). The methods vary widely 
in the sophistication of the equipment required, their ease of application and 
in their precision. Most of the methods involve monitoring the scattered or 
transmitted radiation when a sample of some element is placed in the primary 
beam. The intensities are monitored over a range of tube kilovoltage around 
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the K-edge energy of the sample. As the maximum X-ray photon energy is 
increased up to and beyond the K-edge there are two observable phenomena. 
Firstly, those photons with energies above the edge are attenuated very 
strongly. At the same time the number of scattered X-rays begins to increase, 
due mainly to the onset of fluorescent radiation emitted isotropically from 
excited atoms following K-shell ionization. The individual components of 
these fluorescent X-rays occur at known energies with well-defined intensity 
ratios (5). Hence when either the absorption or fluorescence is observed, it 
is known that the tube kilovoltage is greater than the K-edge energy for that 
scattering material. By using different scattering elements, a series of 
calibration points can be obtained over the energy range 5-110 keV. 

The method developed relies on the observation (6) that the increase in 
fluorescent intensity above threshold can be well described by a power law of 
the form 

Y(E) = K ^ E - E ^ 1 * 6 3 

where Y(E) is the yield of vluorescent photons for a kVp of E associated with 
an absorption edge of energy E f. This relationship can be traced back to 
the shape of the bremsstrahlung spectrum and the increase in total x-ray 
output with kVp (7). 

Hence, if the yield of fluorescent photons can be determined at a number of 
kVp values, the graph of Y ^ 1 / 1 , 6 3 ^ against E (where E > E f) should be a 
straight line which may be extrapolated to find the nominal kVp at which the 
yield is zero. The corresponding actual kVp is the K-edge for the material 
used. 

i.e. Y<l»-«> = K' (E-E f) 
where E, = E when Y = 0. 

DETAILS OF CALIBRATION METHOD 

The equipment is arranged as in figure 1. The primary X-ray beam is directed 
onto a scattering foil at 45°. A lead box with an exit port at 90° to the 
initial photon direction totally surrounds the beam and scatterer. Removed 
from this shielding, and collimated by a Soller Slit with a 0.075° acceptance 
angle, is a 1.5" x 0.5" (38mm x 13mm) sodium iodide (Nal) detector directed 
towards the foil. 
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2 : S c i t t t n n g Foil 
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Figure 1. The experimental arrangement, showing the collimation and 
shielding which provided effective reduction of background radiation. 

The output from the scintillator's photomultiplier is fed into a normal 
preamplifier/amplifier chain. The resulting pulses are analysed by a 1024 
channel analogue-to-digital converter (ADC) with a bin width of 130 eV, giving 
a spectrum of the scattered X-rays. Due to the fact that most of the X-ray 
generators provide pulsed beams and that the ADC has a de-randomizing buffer, 
dead-time corrections were considered too complicated to be practically 
applied. The peak count rate was therefore kept to about 1000 cps to avoid 
the need for such corrections. 

Starting at a nominal kVp of about 20 kV above the K-edge energy of the 
scatterer a series of spectra were taken at 5 kV intervals (figure 2). The 
first spectrum taken (that with the highest peak photon energy) has a large 
fluorescent peak dominating background. As the kVp is lowered in steps, the 
peak diminishes in size until it can no longer be resolved. While all 
geometric and other machine factors are kept constant, the acquisition time 
should be increased as the edge is approached to maintain good counting 
statistics in the fluorescent peak. 

The aata points in a region around the fluorescent peak were fitted to a 
combination of two gaussian shaped peaks and a quadratic background. The 
gaussians are used for both the K-alpha and the K-beta contributions to the 
fluorescent peak. These are easily resolved in the case of higher Z 

•nt 
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9 0 

65 

K fluorescent X-rays at various Figure 2. Spectra showing K and 
nominal kVp (normalised to give equal bremsstrahlung contributions). 

scattering foils. The spectrum from the highest kVp measurement is used to 
determine the positions and widths of the two gaussians. This data is then 
employed to fit all spectra with a linear combination of gaussians and 
components of the quadratic background. 

The total fluorescent yield is taken to be the sum of the two gaussian 
contributions divided by the acquisition ime. Fig. 3 shows Y(E) and also 
Y(Er ' as a function of E for t k case of a lead scattering foil and 
half-wave rectified X-ray generator. It is seen that the straight line fit to 
the plot of yield to the power 1/1.63 against nominal kVp has a zero 
fluorescence intensity intercept at a nominal kVp of 83.8. The true value is 
88.07, the K absorption edge for lead (5). It can be seen that the linear 
extrapolation gives a better defined intercept than the simple yield curve, 
Y(E) versus E. 
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Figure 3. Fluorescent yield and fluorescent yield to power 1/1.63 
versus nominal kVp. 
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THE LF.̂ D EQUIVALENCE OF PLATE 6LASS FOR DIAGNOSTIC XRAYS. 

5 F Young and N D Morris 

Recently, there have been several enquiries regarding the efficacy of plate 
glass as a radiation protection barrier. This material has been used widely 
for viewing panels in protective cubicles. Lead glass, at present, is 
extremely expensive and leaded PVC does not seem any less so. Other 
variations have been suggested such as a sandwich of two sheets of plate glass 
with either an air gap or a radio-opaque liquid filling. For the basic ranges 
of diagnostic radiographic equipment, it does not seem necessary tc go to such 
sophisticated lengths. Plate glass is an effective and cheaper alternative 
but its use is limited due to its greater bulk. 

In order to determine the effectiveness of plate glass when used in radiation 
protection, measurements were made of the transmission of diagnostic quality 
radiations through plate glass up to a thickness of 40 mm. As the shielding 
requirements for primary radiation are greater than those for scattered 
radiation, the measurements were made on transmissions for the primary beam 
only. 

The Xray equipment used for the measurements was a single phase Baratron 300 
unit and the transmission through the glass was measured with a Capintec 
dosemeter together with a 30cc ionisat ion chamber. Measurements were made of 
the transmission of radiation through lead and a correlation between the 
percentage transmission through various thicknesses of lead and plate glass 
was made. Xray energies ranged between 60 and 140 kVp and the results are 
shown graphically in Figure 1. It was found that for Xray energies between 80 
and 140 kVp, the lead equivalence of plate glass is energy independent but 
below 80 kVp there is an apparent dependence. 

Measurements were also made on laminated plate glass (bullet resistant) and it 
was found that for the same nominal thickness of glass, the transmission was 
greater. This is due to the presence of the plastic lamination which, for 
example, is 2 mm in a 25 mm thickness. The plate glass equivalence is in fact 
23 mm. 

II 
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The ICRP recommendations for protection against ionising radiation from 

external sources are set out in ICRP (1973) and this document lists the 
thickness of lead required to attenuate the primary or scattered radiation to 
1 mSv per week for specified workloads and Xray energies. It is clear that 
although it would be impractical to use plate glass for protection in most 
situations, there could be a limited application for the use of plate glass in 
viewing panels. A thickness of plate glass of 25 mm for radiation energies 
between 80 and 140 kVp is equivalent to lead of .3mm thickness and the 
limitation of the use of the plate glass would depend on the maximum usable 
thickness of qlass. 

REFERENCE 

1. ICRP (1973) Data for protection against ionising radiation from external 
sources: Supplement to ICRP Publication Mo. 15 Oxford: Pergamon Press; 
ICRP Publication No. 21. 

0 .6 • 

0 . 5 

e 0 .4 

0 . 3 

0 .2 

0 . I -

0 .0 4-
0 

Direct xray beams with 2mm Al added f i l ter. 

Glass density : 2 .5 gm/cm 3. 

8 0 - I 4 0 kV 

60 kV 

I 0 
1 i 
20 

i 
30 40 

Glass thickness ( m m ) . 

Figure 1. Plate glass lead equivalents. 
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THE DETERMINATION OF FACTORS FOR THE CONVERSION OF EXPOSURE 

TO ABSORBED DOSE TO WATER FOR X-RAYS LESS THAN 150 kV. 
N J Hargrave, N D Morris and H M Letwin 

INTRODUCTION 
One of the funaamental problems in the measurement of absorbed dose to a 
patient undergoing X-ray procedures is the calculation of absorbed dosa from 
exposure measurements. In order that Standards Laboratories can be 
consistent, the International Bureau of Weights and Measures, (BIPM), through 
the Consulative Committee for Standards of Measurement of Ionising Radiations 
Section I (X-rays, Gamma rays and Electrons), CCEMRI(l), has set up a working 
group to determine the component factors concerned in converting exposure to 
absorbed dose to water. (The CCEMRI(l) has agreed that for the measurement of 
absorbed dose, the standard conditions are to be at a depth of 0.07 mm for 
X-rays generated between 10 - 100 kV having HVL's less than 3.0 mm Al, 20.0 mm 
for 50 - 150 kV and 50.0 mm for over 150 kV, up to an effective energy of 1.2 
MeV.) 

The conversion of exposure to absorbed dose, D, can be made using the formula: 

0 = M.Nc.(W/e).kjJp. U e n/p)a-P.k 
where: 

M is the instrument reading (corrected for temperature, 
pressure, humidity, etc.) 

N is tne calibration factor relevant to the chamber used 
based on free air measurements. 

(W/e) is the energy required to produce an ion pair in dry air. 

k7r D is the correction for lack of electronic equilibrium due to XEP the volume of phantom material displaced (averaged 
according to the distribution of the energy absorbed). 

(n Jp)*J is the mass-energy absorption ratio for water to air en'^'a 
is the displacement factor (sometimes referred to as the 
perturbation or replacement factor). 
is the correction required because the factor N has been 
obtained in air whereas the chamber has been used in the 
phantom, for the chamber which is used in this study and 
which is relatively insensitive to radiation energy, this 
factor should be very close to 1.000. 
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These factors are known to varying degrees of uncertainty. 

Most dosemeter chambers used in this type of work are air equivalent or gas 
filled. The volume of the chamber has the effect of displacing some of the 
phantom material at the point of interest and this will introduce an error 
into the calculation of absorbed dose from the exposure measurements. This 
correction factor is listed above as the displacement factor (p). Although 
there are specific corrections to be used for the displacement factor for the 
gamma rays from Co, there are little or no data for X-ray energies. The f 

fiO * 
uncertainty in this factor used for o u C o is at present of the order of 
l*/ #. A recent paper by McEwan* ' has suggested that the commonly used 
factor of 0.985 for the 0.6cc Farmer type thimble ionisation chambers should 
be 0.978. 

This work is concerned with the experimental determination of p for Xrays. 
The ffect is small for chambers used in radiotherapy but is expected to be 
larger for the larger chambers generally used for diagnostic patient dose 
measurement. We have therefore chosen to investigate the displacement effect 
for a wide range of volumes. 

MEASUREMENTS 
Tne variables involved in determining the displacement factor are: 

1. Half value layer (HVL) 
2. Kilovoltage (kV) 
3. Field size 
4. Source-surface distance (SSO) 
5. Depth of the point of measurement in the water 
6. Effective air volume of the ionisation chamber 

In order to evaluate these variables a phantom consisting of a thin walled 
30 cm cube perspex container filled with water was used. Four tubes of 
perspex were constructed having a 2 mm wall thickness. The internal heights 
of the cylinders were 50 mm anci the internal diameters 28, 22.8, 18 and 

w 

13.1 mm. The cylinders were used to introduce a volume of air in the water 
phantom in which an ionisation chamber can be placed. Positioning of the 
tubes within the phantom was adjustable to permit exposure measurements at 
depths of 2.5, 5, 7, 10, 13, 16 and 20 cm. 

A monitor chamber was used and the current output from the ionisation chamber 
was normalized to the current output from the monitor. This was necessary so 
that any variations in the X-ray output would be taken into account. The 
monitor used was a Diamentor chamber attached to a light beam diaphragm. The 
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current from the monitor was measured with a Keithley 616 digital 
electrometer. The ionisation chamber used in the perspex cylinders was a 
Farmer 0.6cc thimble chamber attached to a Nuclear Enterprises Ltd measuring 
assembly Type 2560. The polarising voltage for both the monitor chamber and 
the 0.6cc chamber were set according to the manufacturer's specifications. 
Ultimately the measurements will be made for a full range of kV's, HVL's, 
field sizes, etc. but to date only a limited number of measurements have been 
completed. 

Detailed measurements have been made for a beam of 100 kV, and 2 mm Al added 
filtration using an SP140 superficial therapy X-ray unit with the water 
phantom at 50.0 cm SSD. A field size of 6.5 cm x 6.5 cm on the entrance 
surface of the phantom was obtained using the light beam diaphragm as a 
collimator. The range of air volumes and depths, previously mentioned, was 
investigated and the results are shown in fig. 1., extrapolated back to zero 
volume. 

For any ionisation chamber used under our measuring conditions, the 
displacement correction is the ratio of the exposure extrapolated to zero 
volume to the exposure for the volume of the chamber. This correction has 
been calculated from the data used to produce figure 1 and is shown as a 
function of depth in fig. 2. The displacement correction factors for some 
common ionisation chamber volumes are given in Table 1. The factors given in 
figure 2 and Table 1 are believed accurate to within 0.3 per cent. 

Plotting the exposure extrapolated to zero volume as a function of depth 
enables the calculation of percentage depth doses. These calculated depth 

(2) doses agree quite well with the published values of Harrison^ ' (see 
Table 2) which apply for fields and SSD's similar to those which we have used 
ana which may be used in radiography. 

CONCLUSION 
Although the displacement correction is small, for the accurate conversion of 
exposure to absorbed dose to water all corrections must be derived to the 
utmost accuracy. We intend to extend the measurements so that the effects of 
all relevant variables can be evaluated. These measurements will also be 
compared with the results derived from theoretical calculations. Calculations 
will be made using McEwans method and the recent data of Harrison with which 
our results have agreed. It is hoped to present more complete results to 
CCEMRI(l) at its next meeting in April 1983 and the full results in an ARL 
technical report. 
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Table 1: Displacement factors for common thimble chamber volumes 
at different depths in a water phantom for incident 
X-rays 100 kV, 2 mm Al added filtration, HVL 3.2 mm Al, 
50 cm SSD. 

Depth in Chamber volume (cubic centimeters) 
phantom 0.6 3.4 6 30 
(cm) 

2.5 0.994 0.969 0.951 0.875 
5.0 0.995 0.975 0.961 0.906 
7.0 0.995 0.976 0.962 0.915 

10.0 0.995 0.975 0.961 0.919 
13.0 0.997 0.984 0.974 0.935 
16.0 0.999 0.994 0.990 0.953 
20.0 0.998 0.991 0.985 >.943 

Table 2: Percentage depth doses based on the present work 
and those of Harrison (converted to 50 cm SSD) 
.'or incident X-rays 100 kV, HVL 3.2 wn Al. 

Depth in 
phantom 
(cm) 

Harrison 
7 x 7 cm 
field 

100 
62 
34.2 
21.5 
10.7 
2.8 

Present work 
6.5 x 6.5 cm 

field 

0 
2.5 
5.0 
7.0 

10.0 
16.0 

100 
60.5 
34.4 
21.8 
10.9 
3.1 
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Figure 1. Current collected by a 0.6cc ionisation chamber in an air 
volume as a function of the depth of the centre of the air volume in 
a water phantom. Data normalised to a constant X-ray output. 
Incident beam 100 kV, HVL 3.2 mmAl, SSD 50 cm. 

I 0.92 
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Figure 2. Displacement correction as a function of depth in a water 
phantom for some common ionisation chamber volumes. Incident X-rays 
100 kV, HVL 3.2 mmAl, 50 cm SSD. 
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CORRECTION FOR THE EFFECT OF HUMIDITY IN FREE AIR IQNISATIQN CHAMBERS 

FOR X-RAYS OTHER THAN THOSE GENERATED AT 50 kV.* 

N J Hargrave 

Recent experimental studies by Hofmeester and Somerwil1 ' and 
(2*1 Referowskiv ; have shown considerable agreement between the experimentally 

Determined humidity correction to be applied to free air and cavity ionisation 
chambers. As a result of these studies, the CCEMRI Section V ' has 
recommended the use of a correction tor humidity in these chambers as shown in 
the curves given in figures 1 and 2. 

In I960, Barnard, Aston and Marsh* ' proposed theoretical corrections for 
the effect of humidity which had been used until the recent CCEMRI 
recommendation. In their paper, Barnard et al note that a cavity chamber will 
perform similarly to a free air chamber except that the air equivalent wall of 
the chamber should be regarded as dry. A free air chamber may be thought of 
as a mass of moist air from which charge is collected surrounded by an 
infinite mass of moist air and a cavity chamber as a mass of moist air 
surrounded by an infinite mass of dry material which is then by use of cavity 
theory exchanged to an infinite mass of dry air. The only real difference 
between the two cases is in the extent to which the stopping power ratio of 
the dry cavity wall to either moist or dry air is known. This ratio has been 

(5) calculated by Niatelv and the humidity correction determined. This 
correction agrees well with experimental data for a metal walled cavity 
chamber due to Guiho/ ' If it is assumed that the stopping power ratio is 
humidity independent then the use of the same humidity correction for free air 
or cavity chambers is implied. Barnard et al in fact showed that for the free 
air chamber the humidity correction was energy dependent and at high energies 
tended towards the value for cavity chambers. 

The factor by which the free air chamber current under ambient conditions must 
be divided in order co convert it to the current for standard temperature 
^20*C) and pressure (101.325 kPa), is 

"a x 293.15 x
 P - P S H M ' (1) 

m 

where to * 1 - 0,62:166 

T 2 °a 
— +1.11204 -a 

"1 
p 

!s JA 
(2) 
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w /U is the ratio of the energy required to form an ion pair in dry air 
to that required to produce an ion pair in moist air, P is the saturated 
water vapour pressure at operating temperature T and pressure P, H is the 
relative humidity expressed as a percentage, o f l/p 1 is the mass absorption 
coefficient for dry air, and r

l h l and T ^ p ^ the mass photoelectric 
absorption coefficients for dry air and water vapour. The term M is 
readily evaluated using standard data. Good experimental data for the value 
of W /W is available from Niater ' and use of this data is considered a m /4\ better than using the estimated values of Barnard et al. v 

The appropriate term of expression (1) which accounts for the effect of 
humidity alone, expressed as a dividing factor, is 

I h W a P - P . H . M ' W a P H , 
F = r = r * —r—-r *- + ^ < 3 > 

o m m 
The values of some humidity corrections calculated using equation (3) have 
been plotted in figures 1 and 2, and are tabulated in Table 1. It will be 
seen that the calculated humidity corrections fall between the two curves of 
values recommended by CCEMRI(l) and suggest the use of energy dependent 
corrections, especially at higher humidities. 

Table 1: Values of Humidity Correction expressed as F « L/I calculated 
using equation (3) and using the values of W /U which have been 
estimated from Niatel (7). 
Values have been calculated for the Xray qualities recommended for use 
in intercomparisons with BIfM. 

Relat ive HUMIDITY CORRECTION FOR X RAY BEAM OF KV AND HVL 
Humidity w /y lOkV 30k V 50k V 50kV* 50k V lOOkV 135kV 180kV 250k V 

'/. (0.036A1) (0.18A1) (1.0A1) (1.0A!) (2.3A1) (O.lSCu) (0.5Cu) (l.OCu) (2.5Cu) 

0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

5 0.9979 1.0017 1.O017 1.0017 1.0015 1.0017 1.0017 1.0017 1.0017 1.0017 

10 0.9966 1.0026 1.0026 1.0026 1.0021 1.0026 1.0025 1.0026 1.0026 1.0028 

20 0.995-1 1.0031 1.0030 1.0029 1.0029 1.0029 1.0029 1.0030 1.0031 1.0032 

30 0.9948 1.0029 1.0028 1.0026 1.0028 1.O026 1.0026 1.0028 1.0029 1.0030 

40 0.9942 1.0027 1.0025 1.0024 1.0024 1.0024 1.0U23 1.0026 1.0027 1.0029 

50 0.9934 1.0027 1.0025 1.0023 1.0020 1.0023 1.0022 1.0026 1.0028 1.0030 

60 0.9930 1.0023 1.0021 1.0019 1.0015 1.0018 1.00)8 1.0021 1.0024 1.0026 

70 0.9924 1.0022 1.0019 1.0016 1.0011 1.0016 1.0015 1.0019 1.0022 1.0025 

ao 0.9922 1.0016 1.0012 1.0009 1.0006 1.OO09 1.0OO8 1.0013 1.0016 1.0020 

90 0.9918 1.0012 1.0008 1.0005 1.0001 1.0004 1.0003 1.0009 1.0012 1.0017 

100 0.9912 1.0010 1.U006 1.0002 1.0002 1.0001 1.0007 1.0011 1.0015 

Values taken from graph given in reference (3) and shown in figures 1 and 2. 
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Figure 1. Ratio of the measured ionization current 1., at relative humidity 
h, to the reference current 1 , at zero relative humidity, for constant 
temperature and total prpssure. The two curves are taken from reference 3. 
The points have been calculated for BIPM Intercomparison qualities. 
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Figure 2. Ratio of the measured ionization current 1. , at relative humidity 
h, to the reference current 1 , at zero relative humidity, for constant 
temperature and total pressure. The two curves are taken from reference 3. 
The points have been calculated for BIPM Intercomparison qualities. 

As a result of formula (3) being presented to CCEMRI(l), a subsequent 
simplification has been proposed in a working paper by Niatel and 
Perroche* . Ththr formula is: 

F — -2 
1* = w

m o m 
P s H ( w e n / p K Ll--4-U-d ,, eV ,w)j 

p e n / p K (4) 
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where d = M /M, is the ratio of the water and air molar masses and equals 

W a 
0.62197 - compare factor of 0.62166 in expression (2) 
using different data 

U /p) is the mass energy absorption coefficient for water 
(w /p) is the mass energy absorption coefficient for air 

A benefit of this simplification is that the factors can be obtained from the (g\ detailed data of Hubbell. ' However, there is essentially no difference 

between the two proposed corrections and either could be used. 
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DISSEMINATION OF SURVEY METER CALIBRATIONS 

P 0 Allen and N J Hargrave 

The Australian Radiation Laboratory as an agent of the CSIRO Division of 
Physics (National Measurement Laboratory) has the authority to maintain 
primary standards of the quantity exposure and secondary standards of the 
quantity absorbed dose. The Laboratory has facilities to permit the routine 
calibration of dosemeters for these quantities. Over the past few years there 
has been an increasing awareness of the need for accurate measurement in 
radiation protection and as a result increasing demand for calibrations of 
survey meters at protection levels. 

The ability to provide calibrations of survey meters varies from one State to 
another. The use of a common system for calibration throughout Australia 
would ensure that any systematic errors are common thereby improving the 
agreement between States in the calibrations they can perform. All 
calibrations would be uniformly traceable to national standards, and 
experience gained in one State in the evaluation of a given type of meter 
could be readily transferred elsewhere. Such a system is presently being 
developed. 

It is proposed that each State be issued with one basic set of equipment and 
given the relevant factors and instructions for its use. The Laboratory would 
own the equipment and recall it at 3 yearly intervals (or more often if 
necessary) for checking. Ultimate responsibility for the accuracy attainable 
would thus reside with ARL providing the set procedure in the use of the 
facility was followed. 

137 The equipment proposed includes a set of encapsulated Cs sources encased 
in a suitably shielded container providing collimated beams having exposure 
rates of 30 yR/h to 300 mR/h at 1 metre. The use of a collimated facility 
reduces operator exposure and reduces the requirements of both room size and 
shielding where the container is stored and used. The design of the shielding 
container and collimator is based on International Standard IS0-4037-1979 "X 
and gamma reference radiation for calibrating dosemeters and dose ratemeters 
and for determining their response as a function of photon energy". A 
standard jig used with this facility would provide accurately known radiation 
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levels to enable the checking of instruments for saturation, deadtime, range 
ratio, meter linearity, etc. In order to extend the facility to x rays an 
ionization chamber of appropriate volume together with an appropriate 
measuring assembly will also be included. Various commercially available 
chambers have been investigated. A 100 cc spherical ionisation chamber is to 
be purchased and evaluated exhaustively. Construction of the prototype 
assembly is hoped to be completed during 1982. It is expe ted that the 
recommended facility Mill be available during 1983. 

The Laboratory will participate in an intercomparison of the ability of 
national standardising laboratories to deliver accurate exposures at low 
exposure rates which is to take place between October 1982 and February 1983. 
The intercomparison is being run by a Swedish dosimetry group on behalf of 
ClfcMRI(l). This should enable the proposed calibration system to be related 
to both the Australian national standard and those of overseas countries. 

At present the use of the facility for calibration of instruments with e-rays 
or very low energy x rays is not proposed. If there is a need for such 
facilities this will be considered separately. 
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MULTIPLYING FACTORS USED FOR THE CALCULATION OF EFFECTIVE 

POSE EQUIVALENT 

h 0 Morris 

The prescribed annual liaits for radiation workers as set out in the National 
Health and Medical Research Council document (NHMRC 1981) refer to the annual 
dose-equivalent liait for unifora uhole-bcdy exposure. As such exposure 
rarely occurs in practice, recourse aust be to the evaluation of the effective 
dose equivalent. This requires the calculation of the absorbed dose to 
several organs fror the reported personal aonitor doses and the application of 
appropriate weighting factors to these organ doses. As it is iapossible to 
take into account the physique of individual radiation workers, the 
calculations in based on "reference man". 

It is assuaed, for the purposes of the calculations, that the radiation worker 
is exposed in a unifora radiation field which is incident on the front surface 
of the body. The calculation of the effective dose equivalent was performed 
for the organs recoanended by the NKMRC. These organs are listed in Table 1, 
together with the NHMRC recoanended weighting factors. The organs which are 
included in the "reaainder" are those organs that would receive the highest 
doses other than those specifically listed. 

The radiation absorption factors for tissue for different energy X-rays and 
gaaaa rays were derived froa published depth dose d d a (Cohen 1972}. This 
data was extrapolated to obtain the depth doses for large field sizes and 
infinite source-skin distances. 

The dose to the red bone marrow was determined using the data froa Solomon 
(1980). The dose to the bone surfaces, for the purposes of these calculations 
was taken to be the saae as the dose to the bone aarrow. 

The depth and size of each of the other organs were derived froa Eycleshyaer 
(1970) for "reference roan". For most of these organs, it was sufficient to 
use an effective depth and the appropriate absorption factor to calculate the 
organ dose. However, for organs having a large thickness such as the liver 
and lungs, the average dose was calculated by determining the integral dose to 
the organ and then dividing by the organ volume. An effective depth of these 
organs can be estimated by calculating the depth which would give the same 
effective dose. The effective depths for the organs are also given in Table 1. 
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Table 1 

Effective Depth and Weighting Factors for the Various Organs used in 
the Calculation of Effective Whole 3ody Dose Equivalent 

Organ We ighting Effective 
Factor Depth (cm) 

Gonads : Male 
Female 

.25 

.25 
1.0 
6.0 

Breast : Male 
Female 

.15 

.15 
1.5 
5.0 

Red Bone Marrow .12 Not estimated 
Lung .12 10.0 
Thyroid .03 1.5 
Bone Surfaces .03 Not estimated 
Remainder : Stomach 

Small intest ine 
.06 
.06 

5.0 
7.0 

Upper large intestine .06 3.5 
Lower largt intestine .06 5.0 
Liver .06 8.0 

Table 2. 
Multiplying Factors for Cal culation of Effective Dose Equi valents. 

Radiation 
type 

Effective 
Energy (keV) 

Multiplying factor 
Male Female 

30 kV Xrays 
50 kV Xra^s 
75 kV Xrays 
75-100 kV Xrays 

140-180 kV Xrays 
180-220 kV Xrays 
230-250 kV Xrays 
2bU kV Xrays 
99m T c 

300 kV Xrays 
5 lCr 
131j 
137 r c 192. Cs, Ir 
226 R a > 60 r Co 

17 
20 
23 
33 
60 
70 
95 
122 
140 
170 
320 
360 
660 
1200 

.20 .10 

.30 .10 

.40 .20 

.60 .40 

.80 .60 

.80 .65 

.85 .70 

.90 .75 

.90 .75 

.90 .75 

.90 .80 

.90 .80 

.90 .80 

.90 .80 
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The dose to the organs were then multiplied by the appropriate weighting 
factors for the various organs in order to obtain the multiplying factors 
which are shown graphically in Fig. 1 and listed for different radiations in 
Table 2. These factors must be multiplied ty the skin dose in order to 
calculate the effective whole body dose equivalents. 

These multiplying factors were used in the calculation of the annual effective 
dose equivalents received by radiation workers as described in Swindon (1981). 

ICO IOOO 

e r r « c t i * c Eft i ' f j r ( M V ) 

Figure 1. Multiplying Factor for Effective Dose Equivalent versus 
Effective Energy. 
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MICROCALORIMETRIC STANDARD OF ABSORBED DOSE 

R B Huntley 

A progress report entitled "The uesign of a Calorimetric Standard of Ionising 
Radiation Absorbed uose". (ARL/TR032) *as publishea in May 1981. The report 
inaicates the backgrouna to the project, and gives a brief history of the 
relevant pnysical quantities ana units of measurement. The report continues 
with a summary of the literature, followea by detaiiea design considerations 
for the calorimeter. The methods of relating results to national measurement 
stanaaras are then inaicated, including the need for various correction 
factors. Finally, the progress report inaicates the status of the 
construction and testing program, incluaing the solutions tc several technical 
proDlems that have been encountereo to aate. 

A graphite "phantom" of the microcalorimeter has now been constructed (see 
figure 1). This is a cylindrical block of graphite having the same outside 
dimensions as the microcalorimeter, so tnat the ionising radiation field at 
the centre of the block has the same characteristics as for the 
microcalorimeter absorber. A cylindrical hole is provided along a diameter of 
the phantom, in which may be placed a variety of sleeves and plugs, to 
accommodate different ionisation thimble chambers. Part of the block consists 
of a series of discs of various thicknesses, which may De used to determine 
correction factors for the air cavity createa by the insertion of the thimble 
charters. Pluggea holes are provided for the determination of correction 
factors, neeaea to allow for the effect of evacuation and wiring channels in 
tne calorimeier. Anotner plugged hole is provided for a thermometer to 
measure the temperature of the phantom. The graphite block is supported by an 
aluminium ring inside an aluminium shell, having the same dimensions as tne 
microcalorimeter vacuum vessel. The thimble chamber stem emerges through the 
sioe of tne shell, the graphite sleeve being held in place b. a perspex 
sleeve, through whicn alignment marks on the thimble chamber stem can be 
seen. This allows adjustments to be made to ensure proper irradiation of the 
thimble chamber at the beam centre line; the graphite plug and sleeve are 
axially adjustable, for fine adjustment of the thimble chamber position on 
assembly of the phantom. Initially, three types of thimble ionisation 
chambers will be catered for; the 0.3 cc Nuclear Enterprises model 2661, the 
0.6 cc Farmer, and the 0.2 cc Farmer types. The last mentioned is primarily 
intended for beam uniformity measurements, and can have a range of external 
aimensions, as measurements on several samples have indicated. In this case, 
the pnantom may have to De aojustea for each individual chafer. 
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The graphite plug could be replaced by a second sleeve if it is desired to 
evaluate a stem effect for the thimble chambers. The second sleeve would 
contain a dummy thimble chamber and stem. The graphite aiscs may be separated 
by air spaces or layers of epoxy resin, to evaluate the effect of these 
materials on the radiation field at the centre of the block. Thus the effect 
of the heaters and vacuum gaps may be found for the real calorimeter. The 
phantom may be irradiated from underneath, and the graphite discs used to 
evaluate the effect of backscattereo radiation, to evaluate a correction for 
the finite size of the calorimeter. 

Gratkitt •!•• 

Tklakl* ckiakar 

Gratklt* <l»e» 

Gratklta • ! • • » • 

Cktnktr • ! • • 

Gratklt* kaljr 

AlualRiva f l»| 

Aluminlua akall 

ParaH* •!•#»• 

FIG. I GRAPHITE MICROCALORMETER PHANTOM 

An existing water phantom has been modified to allow each of the above types 
of thimble ionisation chancer, ana other types as necessary, to be calibrated 
in terms of absorDed dose to water. Initially the NE2bbl tnimble chamber will 
be used as a working standard for this work; this chamber has been calibrated 
as a working stanoard of absorbed aose to both graphite ana water by the AAEC, 
against their primary standard graphite calorimeter. This work was reported 
in the 1980 annual report. The water phantom will allow thimble ionisation 
chambers of different sizes to be compared at the standard depth of 50 mm in 
vater, for a vertical Deam. 

A second water phantom has been constructed for use in horizontal beams. This 
is a copy of the phantom used by the AAEC to calibrate the NE2561 thimble 
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chamber for absorbed dose to water. It is also the same design as the phantom 
used by the Bureau Internationale de Poios et Mesures (BIPM) for international 
standards comparisons. 

A caesium-137 teletherapy source was installed, adjacent to the existing 
cobalt-60 source, to extend the range of radiation types available. The 
cobalt ana caesium source housings have been modified and manufactured 
respectively, so as to permit the rotation of the beams from vertical to 
horizontal. This allows larger distances to be used between the sources and 
detectors, and gives greater flexibility to the mounting of experimental 
equipment in the beams. 

Work commenced on the provision of laser sighting equipment to facilitate the 
rapid and repeatable positioning of radiation detectors etc. at the centre of 
the radiation beams, as determined by radiography. Special film holders were 
designeci ano constructed for this purpose, incorporating radiopaque markers 
ana assembly pins, to allow the beam centre to be accurately transferred from 
the radiographic image to a clear plastic sheet. 

work has commenced on establishing a dc voltage calibration facility, to 
provide voltage measurements traceable to Australian national measurement 
standards. A special voltage divider is used to transfer the precision of a 
calibrated standard cell (50 ppm) to a stable dc voltage calibrator. The 
voltage dividier has been compared with another high quality divider, and was 
found to agree to within 10 ppm. Future improvements to the system will 
permit the absolute calibration and adjustment of the special voltage divider 
to a precision of a few ppm. 

The low thermal conductivity of some materials can result in long thermal time 
constants, leading to uncontrolled oscillation or "hunting" of temperature 
control circuits. Some difficulties of this type have arisen, and 
investigations have commenced into possiDle improvements to the electronic 
control circuits to avoid this effect. Investigations have included the use 
of multiple temperature sensors connected in various ways to provide 
"anticipatory" control, and electronic differentiation of bridge off-null 
signals to provide a phase shift in the control loop. These measures have met 
with varying degrees of success, the latter appearing to be more promising at 
present. An adaptive control system ,nay be considered using a microprocessor 
to make aecisions about heating rates, in order to achieve the best possible 
stability of temperature. The use of "distributed" heaters rather than 
"lumped" heat sources is also under consideration. 
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RISK TO PATIENTS FROM ADMINISTRATION OF RADIOPHARMACEUTICAL 

Li *s team 

The administration of radiopharmaceuticals to patients is generally aimed at 
diagnosis of the patient's condition or, in a much smaller proportion of 
cases, at therapeutic treatment. In addition to these possible benefits there 
is a small risk of deleterious somatic effects to the individual and of 
hereditary effects on future generations. It is the aim of this study to 
assess the risk of deleterious effects due to the current usage of 
radiopharmaceuticals in Australia. 

Details of administration of radiopharmaceuticals (route, intended use, 
activity, age and sex of patient) during a 28-day period at the end of 1980 
was requested of all nuclear medicine centres in Australia. Comparison of 
these results with those obtained from a si^.lar survey in 1970* ^ indicates 

99ri a large increase in the use of 'Tc radiopharmaceuticals compared with 
those labelled with other raoioisotopes as can b* seen in Table 1. 

fable 1. Number of studies of various body organs over 
99m 28-day period in 1970 and 1980 surveys using Tc 

and non- ^Tc radiopharmaceuticals. 

Orga* studied No, of studies (1970) No. of studies ' 1 c ,*n) 

5 9 m T c Non- ̂ n , T c 

Brain 969 - 1657 
Thyroid 266 1186 855 94 
Lung 516 9 1017 305 
Liver 441 91 1933 
Bone - 49 2201 
Kidney 15 112 123 49 
All others 8 345 231 546 

TOTAL 2215 1792- 8017 994 
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99m Although the absoroed aose to body organs per unit activity for Tc 

labelled raaiopharmaceuticals is generally less than that for most other 
labelling raaioisotopes, the total absorbea dose is not necessarily reduced 
and may even be increased because of the larger recommended administration 
activities. In addition the frequency of in vivo use of radiopharmaceuticals 
has almost doubled over the ten year period. 

The survey results will be usea in calculations of both the genetically and 
somatically effective dose equivalents for the in vivo use of 
radiopharmaceuticals. These will then be combined with the appropriate risk 
factors to estimate the expected fatal malignancies. Full details will be 
publishea in an A.R.L. technical report. 
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EFFECT OF MILKING EFFICIENCY ON 99"Tc CONTENT 

OF 99mTc DERIVED FROM 99mTc - GENERATORS 

J Bonnymar. 

INTRODUCTION 

Technetium-99m has founa widespread use in nuclear medicine because of its 
ohysical properties and the readiness with which it can form chelates. 
99m 99 99 

Tc obtained by separation from its parent Mo always contains Tc 
99m QQ 

produced by decay of Tc and also by decay of j ; 7Mo. The presence of 
99 99m 99 

Tc in Tc - pertechnetate has usually been ignored since the Tc 
calculated to be present was thought to lead to an insignificant increase in 
radiation dose and to be present at a molar concentration far below that of 
the reducing agents and chelating agents present. 99 However, increased levels of Tc have been shown to have an adverse effect 1 2 oi some radiopharmaceutical preparations. Smith ' found that the presence 99 of 25 ng Tc would lead to reduced labelling with his blood cell labelling 

3 4 
tecnnique, whereas Srivastava and Porter found the presence of 100 ng 99 and 500 ng Tc respectively would produce reduced labelling efficiency with 99niT n • •* 99m T ,,_„ a Tc-lung Kit ana a Tc-HSA preparation. 

99 99m 99m 
The Tc/ Tc ratio of Tc-sodium pertechnetate at milking depends 
chiefly on the time between milkings of a Tc generator but can be 
influenced by the milking efficiency of the generator. Lamson et al. 5 

calculated the specific activity of 9 Tc milked from a generator but 
igncrea the effect of generator milking efficiency. In their calculations, 
Husak and Vlcek considered the effect of milking efficiency but assumed 99 99m that Tc and Tc present were extracted with equal efficiency. The 
validity of this assumption may be questioned. The other factor which effects 

99 99m the Tc/ Tc ratio is the time between milking of the generator and the 
99m time at which the Tc-pertechnetate is usea to prepare a 99m 

Tc-radiopharmaceutical. This is particularly significant in the use of 
"instant pertechnetate" where users obtain bulk Tc-pertechnetate from a 
central supplier. These suppliers normally use either a methyl ethyl ketone 
(MEK) extraction process or a sublimation process to separate the 9 9 ,"Tc from 

99 parent ho. The time of separation may be of the order of 24 hours before 
use leading to 4n increase in the 9 9 T c / 9 9 m T c ratio by a factor of more 
than 16 to that obtained at milking. 



99 Several reports have been made of measurements of the Tc content of 
in generator eluates. Srivastava determined Tc levels 

QQm _ 
by liquid scintillation counting of decayed " TcO. samples, while 

7 99 
Mattson prepared a thin solid source and determined the Tc level by 
beta counting the decayed source with and without a 4.2 mm perspex absorber 
between the source and detector. Both methods are subject to error due to 99m -long lived beta emitting impurities present in the original Tc0 4, 
particularly in the case of & 9 m T c o : produced from fission produced 
Q<* ft 
^Mo. Zodda et al. recently described a HPLC method for the 
determination of 9 9 T c in 9 9 mTcO;. TcO* was separated by 
isocratic elution of an amino bonded phase column with acetate buffer and 
subsequent u.v. detection of 9 9TcO". This method is not subject to the 
interferences above although the sensitivity of detection is not as high. 

g In the present study a HPLC method has been developed to measure the 99 _ 99m TcO^ content of sodium pertechnetate ( Tc) from generators with a 
detection limit of 0.9 ng 9 9 T c for a 500 ul aliquot of 9 9 mTcOT. 

QQ QQm 
Using this method the Tc content of a number of TcOT samples was 
measured and compared to that calculated for the milking efficiency of the 
generator used. 

RESULTS AND DISCUSSION 

99 99m First eluates of 10 chromatographic generators gave Tc/ Tc ratios 
99m ranging from 3.5 - 46 ng Tc/mCi Tc measured at the time of milking. In 

99 99m all cases the initial Tc/ Tc ratio was of the order of that expected 
for the time that had elapsed between generator production and first milking 
of the generator. The 9 9 T c / 9 9 m T c ratio of the first generator eluate was 
higher with imported generators reflecting the longer elapsed time between 

99 production ana first use of the generator. The value of 46 ng Tc/mCi 
mTc was obtained for a generator that had suffered shipping delays in 

transit. 

99 The mean value of the Tc content of 36 "inscant pertechnetate" samples 
99 99m received during 1981 was 13.6 ng Tc/mCi Tc at calibration time 

(standard deviation 9.8). These samples were produced using a MEK extraction 
99 QQ 

process. The range in Tc content measured was 3.4 - 51 ng Tc/mCi 
mTc and is similar to that reported by Srivastava for U.S.A. producers 

but is less than that reported by Mattsson (2.9 - 290 ng Tc/mCi 
Tc). As the samples measured in this study were prepared approximately 

12-18 hours before calibration time, the values reported correspond to a 
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uo 99 99m 

Tc content ranging from 0.4 - 6.5 ng Tc/mCi Tc at milking. 99 99m 9 Calculation of the effect of milking efficiency on Tc/ Tc ratio 
shows that the higher values observed could be explained by the incomplete 
milking of the generator at times when generator capacity exceeded demand. 

The above measurements indicate that Tc/ ""TC ratios high enough to 
cause adverse labelling effects could be found in "instant pertechnetate" and 
in the first eluate from ^c-generators for the activities normally used 
in radiopharmaceutical production. 

Results^ also demonstrate the need for producers of "instant pertechnetate" 
and users of MEK systems to milk generators fully each day to minimise 
build-up of Tc in the system. If this precaution is taken, it should be 

99 99m 99m -
possible to maintain Tc levels below 10 ng/mCi Tc for TcO^ 

prepared 18-24 hours before calibration. 
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CHEMISTRY AND STRUCTURE OF TECHNETIUM COMPLEXES 

J Baldas, J F Boas, J Bonnyman and G A Williams 

Technetium-99m complexes are widely used as functional and imaging agents in 
nuclear medicine. Knowledge of the structure of these radiopharmaceuticals is 
important to the study of the mechanisms of in vivo localisation, 
structure-distribution relationships and to enable the design of better 
radiopharmaceuticals. We have continued our studies of the structure and 
fundamental chemistry of technetium complexes with these objectives in mind. 
The use of the long-lived technetium-99 nuclide (t,,^ 2.12 x 10 years) 
allows these studies to be performed by conventional chemical and 
spectroscopic techniques. Full references to previous publications in this 

1 2 3 area are given. ' ' 

The structures of trisi2-aminobenzenethiolato)technetium(VI), [Tc(abt)3J, and 
dichlorobis(dJethyldithiocarbamato)thionitrosyltechnet.ium(V), [TcClp(dtc)2NS], 
have been determined by single-crystal X-ray diffraction analysis. ORTEP 
drawings of Tc(abt) 3 are shown in Figures 1 and 2. The coordinated N and S 
atoms in Tc(abt)-, are arranged about the central technetium atom in a 
slightly distorted trigoi.al prism. This is the first example where this 
uncommon coordination geometry has been shown for technetium. Attempts to 
prepare tris(l,2-benzenedithiolato)technetium(VI), in which the bonding of 
each ligand is through two S atoms, appear to have been successful. 

The structure of LTcCUidtckNSj is at present being refined by a 
least-squares process. An initial data set was collected from a crystal grown 
by slow evaporation from an ethyl acetate/dichloromethane mixture and the 
attempted structure solution showed the crystal to be disordered with a 
non-crystallographic mirror plane present. A second bat- set was collected 
from a crystal grown from a benzene/acetone mixture. This crystal had 
slightly different unit cell dimensions to the first, but was of similar space 
group with no evidence of the disorder problem. The structure solution shows 
two chemically similar seven-coordinate [TcClpldtc) JIS] molecules in the 
asymmetric un s , with Tc-N distances of 1.74(3) and 1.71(3) A indicating \/ery 
considerable multiple-bond character in those bonds. The Tc-N-S portion is 
linear in each molecule. 



74 

Figure 1. An ORTEP drawing of the Tc(abt), molecule. The thermal 
ellipsoids are constructed at the 50°/ probability 
level. Hydrogen atoms are omitted for clarity. 

The preparation ano chemistry of thiocyanato complexes of technetium are being 
investigateo. This ligand (NCS'j is of particular interest since it may 
bind to technetium either through the N or S atom. Crystals suitable for 
X-ray analysis have been obtained for [^AsLl.TcNCKSCN),.], a 
i.bis(diphenylphosphino)ethanejthiocyanatotechnetium and a nitridothiocyanato-
technetium complex. The structure determinations of these compounds are in 
progress. 
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Figure 2. An ORTEP view of the Tc(abt) 3 molecule along the pseudo 
C~ axis. Hydrogen atoms are omitted for clarity. 

The study of ligand substitution and ligand modification has continued. A 
nitrosyloxalatotechnetium and a bromonitrosyltechnetium complex have been 
prepared where the oxalato and bromo ligands are labile to substitution. 
These compounds are being investigated as a route to a variety of 
nitrosyltechnetium complexes. 
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tiectron spin resonance (fc:>K) is a technique capable of giving aetailed 
information about the structural irra electronic bonding properties of the 
technetium, ion. Very few ESR studies of technetium complexes have been 
reported, even though three of the valence states found with technetiua are 
paramagnetic, namely Tc (outer shell configuration 4a ), Tc (4d ) 
and Tc 6 +(4d 1). 

The ESR spectrum of the low spin 4c technetium(II) ion in 
L$.Asj?LTc(N0)(SCN)5j has been measured in a number of non-aqueous 
solvents. Analysis of the spectrum indicates that the thiocyanato ligands 
are bonded to technetium through the S atoms. The spectra of the d* 
technetium (VI) ions in the trigonal prismatic Tc(abt), and Re(abtK 
complexes are being investigated. Detailed experimental work indicates that 
previous interpretations of the spectra in terms of localisation of the 
unpairea electron on the ligarni aromatic ring systems may be incorrect. 
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TECHNETIUM-99H) DITHIOCARBAMATES: THE DEVELOPMENT 

OF A NEW HEPATOBILIARY AGENT 

J Baldas and P M Pojer 

INTRODUCTION 

Dithiocarbamates have long been used as chelating agents for transition 
metals,' * ' many of the resulting complexes being uncharged and therefore 
non-polar (lipophilic). A Japanese g r o u p ^ has found that the uncharged 
Q Q r 

'Tc-kethoxalbis(thiosemicarbazone) had excellent hepatobiliary properties 
and Loberg and his co-workers^ ' in their studies of two ^-substituted 
iminodiacetic acids complexes found some correlation between lipophilicity and 
hepatobiliary clearance. 
These reports suggested that the technetium-99m dithiocarbamato complexes 
might exhibit unusual biological behaviour. 

PREPARATION Cr DITHIOCARBAMATO LIGANDS 

Although several of the simpler, more commonly encountered alkali metal salts 
of the ligands are commercailly available, the synthesis of any 
dithiocarbamato ligand is simple, cheap and we11-documented. ' ' The 
reaction of most primary or secondary amines (including, for example, arr.ino 
acids) with carbon disulphide in the presence of sodium hydroxide gives the 
sodium salt of the corresponding dithiocarbamate in good yield (equ. tion 1). 

R, R, S 
N-H + CS, + NaOH N-C, + H o0 (1) 

Rj k 1 Z Na 
R. and R ? can be H, alkyl or aryl. 

Eight dithiocarbainato ligands were prepared, their structures (shown below) 
varying from the conventional diethylditriocarbamate to a bisdithiocarbamate 
and a dithiocarbamate of the amino acid glycine. 
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CH. 

\ _ + 
v-N-CS2 Na 

CH. 

sodium dimethyldithiocarbamate 

CH~ - CrL 

^ N - C S 2 Na + 

CH 3 - CH 2 

sodium diethyldithiocarbamate 

CH 0 - CH, 
2 N _ • 

.N-CS2 Na 
CH„ - CH„ 

sodium pyrrolidyldithiocarbamate 

CH-XHLCH^CHo 

y\<-Z%~z Na + 

CH0CH^CH_CH0 o c c c 

:odium dibutyldithiocarbamate 

PhCH, 

N-CS„ Na 

PhCH, 

PhCH 
X N - C S ~ Na + 

sodium benzyldithiocartamate sodium dibenzyldithiocarbamate 

CH 0CHo 
/ \ 

Na + "S„C-N /N-CS7 Na + 

H H 

NH 4 "00C CH 2 

y N - C S 2 NH* 
H 

disodium ethylenebis(dithiocarbamate) diammo">ium dithiocarbaminoacetatp 

PREPARATION OF 99mTc-DITHI0CARBAMAT0 COMPLEXES 

Stannous chloride, the conventional reducing agent for pertechnetate, formed 
insoluble precipitates with the ligands and was therefore unsuitable. 
Formamidine sulphinic acid (FSA), the organic reducing agent introduced by 
Fritzberg and his co-workers* , gave good yields of the required 
technetium-99m complexes. 

PHYSICAL PROPERTIES OF ̂ Tc-DITHIOCARBAMATO COMPLEXES 

Diethyl-, dibutyl-, pyrroldyl-, benzyl- and dibenzyldithiocarbamato complexes 
were colloidal and highly lipophilic. They were completely soluble in organic 
solvents. On paper chromatography, these materials migrated to the solvent 
front when ethyl methyl ketone (MEK) was used as eluent .\nd remained at the 
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origin in saline. The dimethyldithiocarbamato complex was of intermediate 
polarity while Tc-ethylenebis(dithiocarbamate) and Tc-
dithiocarbaminoacetate were very hydrophilic. 

BIODISTRIBuTION OF DITHIOCARBAMATO COMPLEXES 

The in vivo distribution of the complexes in mice correlated with their 
polarity. The lipophilic complexes were rapidly extracted by the liver and 
were then either retained by the liver or were slowly excreted. (Table 1). 
The soluble, polar complexes were characterised by slow blood clearance which 

QQm 
occurred concurrently with rapid liver excretion. The more polar Tc-
dithiocarbaminoacetate had a much greater rate of urinary excretion than did 
any of the other materials. The ethylenebis(dithiocarbamato) complex enabled 
gallbladder visualisation over a period greater than 2*/2 hours (Table 1). 
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99m Table 1. Organ distr ibut ions of some 

complexes in mice 1 hour post in ject ion 

Tc-d i th i ocarbamato 
a 

99mTc-diethylditnio- 99mTc-Ethylenebis 9 9 mTc-Di th iocarb-
carbamate (dithiocarbamate) aminoacetate 

Urine 8.8 M 1 11.0 ± 6.1 38.8 ± 4.6 

Carcass 13.3 ± 2.9 15.0 * 7.0 23.0 ± 4.0 
Bladder 1.0 ± 0.7 2.2 ± 1.7 4.6 ± 1.5 
Heart 0.3 ± 0.1 0.2 * 0.1 0.4 ± 0.1 
Lung 1.9 ± 0.4 0.6 ± 0.4 1.1 ± 0.2 
Liver 56.8 ± 3.9 15.3 ± 2.1 17.0 ± 1.5 
Spleen 0.8 * 0.2 0.1 ± 0.1 0.1 ± 0.1 
Kidneys 2.6 ± 0.4 3.5 ± 1.4 4.3 ± 0.5 
Stomach 0.5 ± 0.1 0.5 ± 0.3 0.2 ± 0,2 
Small Intest ine 15.3 * 2.9 46.4 ± 9.3 38.2 ± 6.5 
Caecium and Large 
Intestine 7.3 * 5.6 14.9 ± 16.4 9.7 ± 10.5 

Teal Intestines 22. 6 ± 3.0 61.3 ± 9.7 47.9 ± 6.7 
Gallbladder - 1.6 ± 1.4 1.4 *. 0.3 

a Percentage of retained ac t i v i t y . Mean results fo r 3 to 7 mice + 1 s.d. 

b Percentage of injected ac t i v i t y . 
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MAGNETICALLY RESPONSIVE PARTICLES LABELLED WITH 

TECHNETIUH-99m AND PHOSPHORUS-32 

M Lichtenstein*, P M Pojer and R J Spokas 
* Royal Melbourne Hospital, Royal Parade, Parkville, Victoria, Australia. 

INTRODUCTION 

Intravenously injected carbonyl iron particles have been shown to localise in 
the reticuloendothelial system or to be trapped in various regions of a dog by 
applied magnetic fields (Meyers, 1963, 1966). Hoffcr and Huberty (1977) 
subsequently labelled these particles with technetium-99m (iron oxide 
particles were not labelled with their procedure) and employed implanted 
magnets to investigate the utility of the preparation for angiography. 

We have developed an improved method for labelling a variety of magnetic 
particles with technetium-99m and then labelled these particles with 
phosphorus-32. This preparation is a model of a radiotherapeutic agent which 
can be both visualised and targeted. 

LABELLING OF MAGNETIC PARTICLES WITH TECHNETIUM-99M 

Carbonyl iron powder samples (',ize 2 urn average diameter) and magnetic ferrous 
and ferric oxide samples (sizes 0.3 ym to 0.5 Mm diameter) were labelled 
simply by the addition of stannous chloride (200 wg) in saline (0.2 ml) to a 
mixture of the magnetic powder (about 10 mg) and a solution of sodium 

OOm 
pertechnetate ( Tc) (4-20 mCi). The labelled particles were either 
precipitated by centrifugation or by the application of a weak magnetic field 
and, after removal of the supernatanc liquid, were resuspendad in saline or 
6*/ dextran 70. Labelling efficiency was 70 to 80°/ . 

LABELLING OF MAGNETIC PARTICLES WITH PH0SPH0RJS-32 

"0 

The magnetic powder (typically 10 mg) was mixed with i/'Pj phosphoric acid. 
The mixture was shaken and the particles were precipitated with a magnet. Tne 
carbonyl iron particles were only partly "'abfelled but ferrous a».d ferric oxide 
samples resulted in over 80*/ labellinQ. Tha*. the oxides of iron showed 
superior labelling efficiency to the pure iron samples is in keeping with t.i;e 
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"phosphating" process in which corroded iron is immersed in dilute phosphoric 
acid solution to produce a corrosion resistant phosphate layer (Machu, 1950). 
This label was quite stable in saline but rapidly exchanged with added 
phosphate over a wide pH range. 

BIOOISTRIBUTION OF PARTICLES UNDER INFLUENCE OF MAGNETIC FIELD 

When the technetium labelled particulate preparation was injected into mice in 
the absence of a magnetic field, more than 90*/ of the activity 
accumulated in the liver (Table 1). This distribution pattern changed 
markedly when a magnet was placed over the head of the mice during injection; 
activity now predominated in the upper part of the body (Table 1). Removal of 
the field allowed the activity to gradually drift back to the liver. 

TABLE i. Organ Distribution of Magnetic Particles in Mice* 

No magnetic With magnet with magnet for 15 mins 
field for lb mins followed by 30 mins without 

magnet 

Carcass 4.8 * 0.7 7.4 ± 2.8 5.2 ± 2.0 
Lung 2.0 ± 0.4 53.7 ± 0.7 31.6 ± 3.1 
Liver 90.9 * 0.5 32.2 * 6.4 58.1 ± 5.7 
Spleen 1.3 * 0.2 0.5 ± 0.2 2.7 * 1.0 
Heart 0.2 * 0.1 0.5 ± 0.3 0.2 * 0.2 
Stomach 0.2 ± '.J 0.1 * 0.1 0.1 ± 0.1 
Head 0.6 * (!. i 1.3 ± 0.6 2.3 * 1.4 

Percentage of retained activity. Mean results for 3 mice * 1 s.d. 
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Scintigrams of a sedated rabbit whose head was placed on 3 magnet immediately 
after intravenous injection of the preparation showed activity concentrating 
in the head (Image 1); when the magnet was removed, the activity gradually 
left this region (Image 2). 

IMAGE 1 Rabbit's head resting on magnet IMAGE 2 Thirty mins after 
removal of magnet 

The use of the jbelleo particles ir. diagnosis and in the treatment of 
experimental tumours, is being investigated. 
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blOAVAILABlLITY OF VALPROATE AFTEk GASTRIC AND DIRECT 

INTESTINAL ADMINISTRATION IN RATS 

N D Yeomans,* F J E Vajda* and J Baldas 

SUMMARY 
1. The chemical characteristics of sodium valproate suggest that it miy.... oe 

absorbed from stomach as well as from intestine. 

2. Absorption from these sites was assessed in rats by measuring plasma Cruq 
levels after administering ( C)-valproate or unlabel led valproate 
separately into (a) intact animals (by gavage), (b) ligated intestine, sr 
(c) ligated stomach. 

3. After gastric administration, mean plasma valproate at 1 h„ and the mean 
area under the 0-3 h plasma radioactivity-time curves were 53*/ and 
64*/ respectively, of the corresponding values efter intestinal 
administration. 

4. It is concluded that sodium valproate is absorbed from rat stomach, 
although at a slower rate rate than from the who^e intestine. 

* Departcient of Medicine and Clinical Pharmacology, University of ?1elbourii3, 
Austin Hospital, heiaelberg, Victoria. 

This paper has been published in Clinical and Experimental Pharmacology 
and Physiology (1982) 9, 173-177. 
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IMPROVED MEASUREMENT SYSTtM FOR THE WHOLE BODY MONITOR 

L H Kotler 

As has been described previously, ' a static four-detector system has been 
established as a whole body radioactivity measurement system. A technique is 
being developed to position the detectors in such a manner as to minimise 
longitudinal distribution effects within a subject. This technique which 
represents the human body as a simple geometric model,* ' requires the 
determination of efficiency at any point within this model. 

I* a point source is positioned, a vertical distance h below the geometric 
centre of the detector, its efficiency e(h) is given by an expression of the 
form 

kl 
E i h ) = i-y (1) 

(h-r)' 
where K, is tne constant in the inverse square law (I.S.L.) expression and r 
is the displacement of the effective point of measurement from the geometric 
centre. 

It. has been noted previously* that a point source also obeys the I.S.L. as 
it moves on any horizontal plane, along a line whose origin is a normal 
through the detector centre. In this case there is also a displacement of the 
effective point of measurement towards the source, by an amount R(h) from the 
geometric centre of the detector (see also Ref. 1) 

unoer these conditions the efficiency at any point along this horizontal plane 
is given by 

cih.d) = I » kH 2 (2) 

where d is the horizontal distance of the point from the normal through the 
letector centre and M h ; is the appropriate I.S.L. constant. 

i'hese two expressions can be combined to form the general expression which 
generates the efficiency at any point (n,d) relative to the geometric centre 
of the detector, viz., 
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dh,d) = kx L — h ~ R ( h U — ? — - J2 (2) 
(h - r) . l/h^ • <T - R(h)) 

The parameters k and r have been determined experimentally as a function of 
energy over the range 121 keV r'Co) to 1836 keV (°°Y). The values 
obtained fall upon a smooth curve and thus interpolation is a simple process. 

Tht relationship between R(h) and h at a fixed gamma energy has been 
approximated by a simple quadratic relationship. However there is no simple 
or obvious manner to interpolate between values of R(h) as a function of 
energy. 

If an absorber is interposed between source and detector, the calculation of 
the resultant attenuation is complex, as a cone of photons interacts with the 

> 2) detector. A technique has been developed* ' which determines the solid 
angle subtended by a disc by dividing the disc into a series of segments. 
These segments can be sub-divided into smaller segments and the solid angle 

(2) subtended by these minor segments can be easily determined* . Under these 
conditions the detector is replaced by a disc centred at the geometric centre 
of detector. The attenuation between source and detector is determined from a 
weighted mean of the attenuation of a series of rays from the source to each 
of the suD-segments of the disc. However, calculations have demonstrated that 
at least for higher energies (above 1 MeV) there is no significant difference 
(within 5*/ ) between results determined by this complex method, and the 
use of a single ray extending between the source and the centre of the 
detector. 

however, there is a complicating factor. Preliminary comparisons with 
22 experiment demonstrate that for certain photon energies inot Na - see 

below) the apparent position of the detector centre required to match the 
actual measured absorption is substantially lower than the actual position of 
the detector. This behaviour is being investigated. 

47 A study of renal patients with Ca was initiated during the year. Thus it 
was necessary to use the optimisation techniques to determine suitable 

47 placement for the cietectors. The isotope Ca with its half life of 4.5 
days is not suitable for routine use in determining the appropriate 

22 experimental parameters. Therefore it was decided to use Na as a 
substitute, as its gamma energy is within 2b KeV of that emitted by Ca. 

The optimisation technique in the X ana Y planes ' was performed on two 
geometric models whicn represented subjects of height 1.60 m and 1.80 m and 
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weight 55 kg and 85 kg respectively. The two sets of detector positions that 
were determined were not identical. Thus it was necessary to vary them in an 
ad-hoc mannar, until the variations in efficiency along the central line of 
the central plane of each model were roughly equal. These variations in 
efficiency for the compromise in detector positions are depicted in Figure 1. 
The optimization was performed in the third (z) dimension for the larger model 
only, on the basis that such results would be suitable for the samller 
geometric moael. Subsequent calculation of the variations of efficiency for 
the smaller verified this assumption. 

Efficiency (%) 

o.i5 r 
i I j 

0.14 i-

0.13 I-

0.12 -
B 

0.1 l '— 
0.4 

Longitudinal Distance (m) ( x - a x i s ) 

Figure 1. The variation in efficiency along the central line of the 
central longitudinal axis of the model. (A, 160 cm length; B, 180 cm 
length). 

In practise, the variation in detector positioning is limited by a maximum 
allowed separation of 1600mm between the first and fourth detectors. 
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Therefore it was necessary to modify the optimization procedure to fix the 
position in the X dimension for the first and fourth detector. The height of 
the fourth detector was fixed at the maximum physically available. The 
positions of the detector centres in the X,Y and X,Z planes are depicted in 
Figure 2. 
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x 0.0 (-

-0.5 L 

i.C r 

Y 
A 
X 0.5 
i 
s 

r 
0.5 1.0 

X -Longitudinal Axis 
1.5 

i 
2.0 

Figure 2. Relative positions of the centres of the detectors 
compared to shape of larger geometrical model. 

In oroer to determine the efficacy of the optimization procedure, a radiation 
equivalent manikin (Alder'^n Research Laboratories) was used to simu'ate a 
person. This manikin has a height of 1.75m and weighs about 74 kg. A point 
source was placed at various positions along a longitudinal tube which runs 
from the top of the skull to the crutch of the manikin. A source was also 
placed in a tube running along both the fibia ana femur of the Manikin. The 



89 
results are summarized in Figure 3. The higher efficiency for the source in 
the neck is purely an artifact of the design of the manikin in that the neck 
in the manikin is defined more clearly that in the ordinary human body. 
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j 

2.0 

Position of source along longitudinal axis (m) 

22 Figure 3. Variation of efficiency of a rta source placed roughly 
along the longitudinal axis of the Remcal manikin. 

The manikin also contains a lateral tube roughly at the kidney position. The 
behaviour of a point source placed within it (Figure 4; indicates the 
significance of the use of the geometric rather than the arithmetic mean of 
measurements taken in the prone and supine positions. 
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Efficiency (%) 
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Figure 4. Mea.i of prone and supine measurements. 
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STUDIES ON THE CALCIUM METABOLISM OF SUBJECTS WITH RENAL DYSFUNCTION 

L H Kotler 
(in collaboration with Dr D Brown, Austin Hospital, Heidelberg, Melbourne) 

A common consequence of renal dysfunction in a person is a possibly severe 
disturbance of the calcium homeostasis. This disturbance may generate various 
forms of renal bone disease which relate to inadequate calcification of the 
bone. Although dialysis and transplant techniques are available to alleviate 
these problems, these techniques are not universally successful as they may in 
turn generate further difficulties. Furthermore, since dialysis and renal 
transplants are only a relatively recent development, there is much that is 
not understood about the reaction of the body to these techniques. 

A series of detailed studies of the calcium metabolism of various subjects 
with renal dysfunction has commenced. Emphasis in this study is to be placed 
on those persons who are not responding satisfactorily to their present course 
of treatment. It is also proposed to perform repeat studies on those patients 
who are to undergo a significant change in treatment in order to monitor the 
effects of these changes. As there are difficulties in obtaining subjects to 
act as "normals" in this study, "base-line" data will have to be obtained from 
work performed elsewhere. 

In order to perform a detailed study of calcium metabolism, it is necessary to 
differentiate between intestinal absorption and its subsequent behaviour in 
terms of either uptake onto the bone or excretion. The availability of a 

47 radioactive tracer such as Ca allows such detailed investigation to be 
performed. 

The measurement of calcium absorption involves two separate intakes of the 
tracer. In the first part, the subject orally ingests a known activity of 

Ca in a standard carrier (CaClJ solution. The subsequent appearance of 
the isotope in the blood is determined from measurements on blood samples 
which have been taken from the subject in the 5 hours following ingestion. A 
smoothed curve describing the appearance of the activity in the plasma is 
determined from the data. This curve is derived using a combination of spline 
fitting and repeated smoothing of the spline data and the best fit is 
determined "by eye". There is no analytic function available by which the 
data may be fitted. 
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47, About 4 weeks after oral ingestion, a known activity of ""Ca is injected 

into the subject. As in the first part of the study, a series of blood 
samples are taken over the following five hours and a smooth curve determined 
in an identical manner to that described above. There are various analytic 
functions available in the literature to describe the behaviour of the 
tracer/ ' However, as there is no means of differentiating between these 
functions, none are used. 

A curve describing the differential transfer of calcium from the intestine to 
the blood stream can be derived by performing a deconvolutior procedure^' 
on the two curves described above. The area under this deconvolution curve is 
the total absorption in 5 hours under the standard conditions. An example of 
the 3 curves is depicted in Figures 1 to 3. 
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Figure 1. Appearance of Ca in 
plasma after oral ingestion. 

Figure 2. Appearance of 
plasma after injection. 

47 Ca in 

47 The whole body retention of Ca is determined directly by measurements in 
the whole body monitor. However, there is a complication in that faecal 
excretion is not instantaneous. As a consequence, the whole body count 
inevitably includes both tracer still properly within the body and tracer 
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47 Figure 3. Curve describing differential absorption of Ca. 

which has been excreted into the colon but not eliminated. A technique is 
(3) available* which allows corrections to whole body counts on the assumption 

there is an "average" transit time from entry into the intestine until 
elimination. As a by-product, this technique determines the average daily 
faecal Ca loss. 

In order to determine the excretory loss of the tracer after injection, all 
urin 1 and faeces is collected and measured. There is no attempt to determine 
losses through sweat, though this may be significant* '. Urine samples are 
measured directly in a standard geometry. Faeces samples are measured 
following addition of water to the container until the water level is above 
the level of the faeces. During measurement, the container is slowly rotated 
in the central position between two 150 mm x 75 mm sodium iodide detectors. 
Measurements on different volumes of the tracer solution indicate that the 
response of the detectors is independent (within 1°/ ) of the height of 
the solution. 

The estimation of the rate at which calcium is initially taken up by the 
skeleton (accretion rate) will depend on the particular physical model of 
calcium kinetics which is used1 , although many models do appear to provide 
similar results* . As there is no experimental reason to prefer any model 
it was decided to use a basic model with a minimum of assumptions. 
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The conventional expression which describes the conservation of the tracer 
within the body is 

R(t) = E(t) . S(t) • ^ Alt) • S(t) dt (1) 

where R(t) is the percentage of initial activity remaininq in the body after 
time t, S(t) is the specific activity of the blood plasma [*/# of initial 
activity per g Ca ], A(t) is the calcium accretion rate [g day" ] and 
E(t) is the exchangeable calcium pool. This parameter is purely a functional 
concept* ' to allow for the existence of an exchangeable sink for calcium. 

If we assume E and A are constant, equation (1) can be re-arranged as a linear 
expression 

v i z. m— . E . m— + A ( 2 ) 
jfh{t)dt /WJdt 

Data obtained from the few subjects that have been studied has verified this 
assumption of linearity. A comparison will be made between data obtained in 
this manner and tha 
listing is obtained. 

(5) this manner and that obtained from a more complex model when a computer 

In the first part of the study, the subjects orally ingest about 250 kBq of 
47 Ca. This allows the activity in 10 ml of blood to be counted with 
5*/ # accuracy even with only 1*/^ absorption of the tracer. In the 
second part of the study, performed 4 weeks later; about 200 Bq is injected. 
This magnitude of activity should allow 15 ml blood samples to be counted up 
to 14 days after injection of the tracer. 
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FLUORESCENCE YIELD AND C0STER-KR0NI6 TRANSITION PROBABILITY 

FOR THE L? SUBSHELL OF Ra, Th, Pa, U, Np and Pu. 

P N Johnston, J R Horoney and P A Burns 

INTRODUCTION 
The nuclear and atomic properties of the elements ggRa to Q*PU are of 
considerable interest (Burns et al. 1981). Within this range of atomic 
number, the Coster-Kronig transitions Lp-LJI. and L2~ L3 M5 become 
energetically available causing a large change in the probability of 
Coster-Kronig transitions between the L„ and L 3 subshells ( f ? J and 
smaller changes in the L 2 subshell fluorescence yield ( wj and Auger yield 
(a 2). An investigation is being undertaken to make preliminary 
determination of f 2 3 and « 2 for Ra, Th, Pa, U, Np and Pu. The 
experimental method is o-particle gated L x-ray spectrometry (a, Lx) (Burns et 
al IQftiM n n

 2 3 0 T h 2 3 4 . i 2 3 7

W

 2 3 8 D 2 4 1 « A 2 4 4 r t . , 
al. 1982) on Th, U, Np, Pu, Am and Cm, respectively. 

L-SUBSHELL VACANCY DISTRIBUTION 
In order to determine f 2 3 and » experimentally, it is essential that the 
chosen method gives explicit definition of the distribution of vacancies in 
all three L subshells. The nuclides under scudy decay predominantly to 
excited states of low energy in the daughter nuclei, which tend to de-excite 
by electromagnetic transitions of energy lower than the K-absorption edges. 
The transitions are highly internally converted in the L subshells and the 
vacancies so created provide the basis for the experimental method. 

The distribution of vacancies is determined mainly by the strengths of the 
o-branches and the internal conversion coefficients (ICC) for the L-
subshells. In general, actinides are high'y deformed nuclei with numerous 
rotational band structures that determine Jecay paths and nuclear branching 
ratios. The parent and aaughter nuclides ur.der study fall into two categories 
- those having ever 1 and even A ana those cf odd L and odd A. 
Even-Z, Even-A Nuclei ^ 
The decay schemes for Th, i U, 2 3 8 P u and 2 4 4 C m are given in 
Figure 1. The daughter nuclei have J* = 0 ground states and, commonly, 
2 , 4 and 6 first, second and t.hird excited states. For 2 3 0 T n . 
234.. 238 D . 244 r . , 

U» Pu and Cm o-decay is rm.mly to the ground state of the 
daughter nuclei, with a 20-30*/# braich to the 2 + first excited state 
and < l"/o branching to all higher states. Thus the most abundant 
electromagnetic transition is the 2 to 0 + transition which is 40-70 keV 
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and of electric quadrupole character. For these transitions, the internal 
conversion coefficients are well known, both experimentally and 
theoretically. PreiiMinary estiaates of the L subshell vacancies per decay 
are given in Table 1; vacancies ir. the L2 and L3 subshells predominate. 
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Figure 1. The decay schemes of Th, u, Pu and Cm. 

Table 1 
Primary vacancy distribution per 100 decays of 2 j 0Th, 2 3 3Pa*, 2 3 7Np*. 2 3 8 P u and 2 4 4Cm 

Decay L*-subshell Lp-subshell L.-subshell 

2 3 6 T h > 2 2 6 R a 
2 3 4 U > 2 3 0 T h 
238D 234.. Pu » U 
2 4 4 r m 240-

Cm * Pu 
237.. * 237,, Np*» Np 
233D # 233D Pa** Pa 

0.291 * 0.001 
0.354 * 0.004 
0.3613 * 0.0007 
0.323 * 0.003 

23.7 * 0.5 
not yet calculated 

9.13 * 0.04 
10.8 ±0.1 
JO.58 * 0.02 
9.00 * 0.08 
28.1 * 0.5 

7.59 * 0.03 
9.4 * 0.1 
9.41 * 0.01 
7.78 * 0.07 
11.4 * 0.1 

237 * Np in the 59.5 keV excited state. 
233 

Pa in the 86.5 keV excited state. 
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Odd-Z, Odd-A Nuclei 
241 ?37 

Am and Np o-decay predominantly to rotational bands for which the 
base states are not the nuclear ground states (Figures 2 and 3). Prompt 
de-excitation leaves the daughter nuclei in the lowest energy states of the 

237 favoured rotational bands, the 59.5 keV state in Np and 86.5 keV state in 233 Pa, which have half-lives of 68 and 37 ns, respectively. Use is made 
experimentally of the strong retardation of the 59.5 keV and 86.5 keV states, 
by accepting only those photons which are delayed after a-particle emission 
(a, delay Lx). Thus it is possible to reduce the problem to one in which we 
only need to know the properties of three electromagnetic transitions in each 
c*cay, as shown in Figures 2 and 3. 
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241 Figure 2. The decay scheme of Am. 

The delayed de-excitation of the 59.5 and 86.5 keV states results from the 
considerable rearrangement required when the nuclei go from one rotational 
band structure to another. The strong retardation - or suppression of 
gamma-ray emission - brings into favour internal conversion of orbital 
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237, 

233 Pa 

Figure 3. The decay scheme of Np. 
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electrons, within the nucleus, in 'penetration effects' The probability of 
an electron being within the nucleus is less than 10 , even for very heavy 
atons, so that 'penetration effects' become important only when gaana-ray 
emission is suppressed. 

For Am and Hp, however, four of the six transitions of interest 
suffer anomalous internal conversion due to such effects. Experimental data 
for the transitions are incomplete and must be supplemented with theoretical 
values. 

In the absence of 'penetration effects', internal conversion is a process of 
virtual photon interaction with electrons outside the nucleus. The matrix 
element describing normal internal conversion may be factorized into two 
parts, the matrix element for gamma-ray emission times the conversion 
amplitudes. The ICC - the ratio of the rates of internal conversion and 
gamma-ray emission - is then dependent only on the the orbital and continuum 
electron wavefunctions and the energy and multipolarity of the nuclear 
transition. The normal ICC has been the subject of extensive calculations 
based on relativistic Hartree-Fock-Slater wavefunctions (Rosel et al. 1978); 
the theoretical values are within a few percent of the best experimental 
determinations. 

A complete theoretical description of internal conversion, including 
'penetration effects', entails matrix elements of nuclear wavefunctions, 
which, as yet, are not calculable. The available treatments (Pauli 1967, 
Pauli and Alder 1967, Hager and Seltzer 1969) give expressions for the 
complete ICC as the product of the normal ICC and a series of terms made up of 
ratios of the nuclear matrix slements, which can only be determined by 
comparison with experiment. 

241 2<? The experimental data for the six transitions following Am and Np 
decay are being compiled so that the 'penetration* parameters can be 
extracted. Some preliminary values have been usea to obtain the L- subshell 
vacancies, included in Table 1, for de-excitation of the 59.5 keV state in 
237 

Np. The vacancy distribution contrasts somewhat with those of the low 
energy E2 transitions in the even-mass nuclei. 

(o. Lx) COINCIDENCE SPECTROSCOPY 
Preliminary (a, Lx) coincidence measurements have been made for Pu and 
244 

Cm to determine the number of L x-rays emitted from each L subshell. 
Experimental details are discussed elsewhere (Burns et al. 1982). 
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MEASUREMENT OF ABSOLUTE EMISSION RATES OF L X-RAYS 

P A Bums, P N Johnston and J R Noroney 

INTRODUCTION 
Many radionuclides of high atoaic aass eait L x-rays froa internal conversion 
as their only substantial photon eaissions. With a solid state detector of 
aoderate resolution these x-rays fall into discemable groups which have been 
designated LI, La, LB and L*. The intensities of the groups are often not 
well known and the need for aore accurate deterainations has been Mentioned 
previously (Burns et al 1981). 

pa* *Aa is probably the aost coaaonly used nuclide for the ca1ibration of low 
energy photon spectroaeters because of the aultitude of x and y-rays produced 
in its decay and because its low energy eaissions have been studied in greater 
detail than the eaissions of other nuclides. On closer inspection, one finds 
that the intensities of the Np L x-rays are krwm to 3-5*/# and the low 
energy t-rays - other than 59.5 keV - have intensity uncertainties greater 
than 4*/ . In the decay cf Aa, photons are eaitted in coincidence 
due to transitions in cascade. Raking suaaing losses a serious problem for 
high efficiency detectors. In addition, soae states are delayed, making 
summing corrections difficult. It is hoped that by aaking careful 
aeasureaents of the x and -r-ray intensities of other actinides aore suitable 
nuclides for low energy standards aight be found. 

The following six nuclides were selected in oroer to determine the absolute 
emission rates of their L x-ra>s by alpha-particle gated L x-ray spectrometry 
(a, Lx): thorium 230, uranium 234, neptunium 237, plutonium 238, americium 
241 and curium 244. 

EXPERIMENTAL PROCEDURE 
The six nuclides decay by alpha particle emission. Solutions of the nuclides 
were prepared as nitrates in nitric acid with low chemical and low 
radionuclide impurities. Electrodeposition on a thin substrate *^en produced 
thin sources suitable for high resolution alpha spectrometry from the front 
surface ana x-ray spectrometry though the substrate (127 micron thick Kapton) 
iMoroney et al. 1962). By measuring the x-ray and alpha particles in 
coincioence it is not necessary to standardize the source. In addition, if 
the alpha spectrometer has sufficient energy resolution, it is possible to 
discriminate against impurity nuclides which are often present in actinides. 



i02 2 The coincidence apparatus comprises a 450 mm , 100 m thick Ortec silicon 
surface barrier detector (SiSBD), with a measured resolution for o-particles 
of 28 keV full-ridth at half-maximum (FWHM), and a 200 mm , 7 mm thick Ortec 
hyperpure germanium (HPGe) detector, with a measured resolution of 230 eV FWHM 
for Mn Ko x-rays at 5.9 keV. The radioactive source is located between the 
detectors. 

The coincidence electronics form a fast-slow coincidence network - fast 
coincidence to select the 'true' coincidences and slow coincidence to energy 
discriminate in the x-ray and o-particle channels. The fast coincidence is 
derived from a time-to-amolitude converter (TAC). 

Amplitude and Risetime Compensated (ARC) timing units are employed in both the 
a-particle and x-ray channels to provioe the START and STOP signals for the 
TAC. The measured time resolution of the fast coincidence is less than 10 
ns. A time-window of 60 ns is used for nuclides with prompt decays to ensure 
that all true coincidences were included. 

In these (a, Lx) investigations there is no attempt to measure time rate of 
emission, rather the aim is to measure the number of L x-rays emitted per 
disintegration, signalled by o-particle detection. Thus an accurate live time 
of the count is not required, however it is necessary to take proper account 
of dead-time in both channels. 

It is necessary to use small source-to-detector distances in order to increase 
the efficiency and reduce the counting time. This is particularly so for 
those nuclides which have a very long half life and therefore a low specific 
activity. Small source to detector distances require accurate positioning of 
the source in relation to the x-ray detector (Moroney et al. 1982). 
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EFFICIENCY CALIBRATION OF LOW ENERGY PHOTON SPECTROMETERS 

P A Burns, P N Johnston and J R Moroney 

INTRODUCTION 
In the series of investigations being undertaken into the radionuclide 
metrology and innershell physics of the heavy elements (Burns et al. (1981)), 
extensive use is made of low energy photon spectrometers of high resolution. 
In current studies (Burns et al. (1982); Johnston et al. (1982)) the energy 
region of interest is 8 to 25 keV and methods are being developed for t!>e 
efficiency calibration of the spectrometers. 

The efficiency calibration of high resolution spectrometers at low energies 
presents particular problems and has been discussed by many authors including 
Hansen et al (1973) and Campbell and McNel les (1972 and 1975). In order to 
perform measurements to high accuracy it is necessary to consider the 
uncertainties involved in the calibration and these are evaluated below for 
tHe four methods employing radioactive sources. 

1. The use of absolutely standardized sources; the low energy photon 
emission rate is determined from the absolute activity of the source 
and atomic and nuclear data. 

2. The x-ray gamma-ray, ratio method (X/gamma); the gamma-ray emission 
rate for a source is determined on a calibrated detector and the 
x-ray emission rate is then given by the known ratio of total x-ray 
to total gamma-ray emission for the nuclide. 

3. Calibration of low energy photon emission rate from a source; a 
detector of known calibration is used to determine the low energy 
photon emission rate for the source. 

4. Coincidence techniques; nuclides where low energy photons are 
emitted in coincidence with photons or particles can be used provided 
the probability of a coincidence is known. 

There are few radionuclides that are readily available, have a sufficiently 
long half life and which emit photons, of adequate intensity, whose energy 
lies in the region of interest. Seven nuclides are considered in the 
fo'ilowing discussi,i and their properties, appropriate to the four methods, 
are included in Tables 1 to 3. From this basis, an assessment is made of the 
uncertainties in calibrating a spectrometer by each method. However, neither 
the selection of nuclides, nor the data presented for them, is intended to be 
any more than illustrative. Of the seven nuclides listed only one emits a 
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gamma-ray, the others emit X-rays as a result of electron capture, internal 
conversion or both. 

UNCERTAINTIES FOR THE CALIBRATION METHODS 
Table 1 shows the uncertainties in the parameters for each nuclide needed for 
calibration of a detector using method 1. First there is the uncertainty in 
the standardization of the source; a commercial supplier of standardized 
solutions, Amersham International, quotes the uncertainties listed in column 
2. Using atomic and nuclear data given in Lederer and Shirley (1978) values 
for the probability of producing K-shell vacancies, and their uncertainties, 
were calculated; these data are presented in columns 3, 4 and 5. The 
fluorescence yields in column 6 are taken from Bambynek et al (1972) and the 
K-alpha to K-total ratios in column 7 are from Salem et al (1974). The 
abundance of low energy photons per decay, in column 8, is calculated from the 
parameters in columns 2 to 6. The uncertainty in column 8 is a combination of 
the uncertainty in the photon emission rate, the uncertainty in the 
standardization of the source and the uncertainty in the peak area 
determination when the calibration is performed, which was estimated to be 
0.5*/e. The overall uncertainty for the standardization represents the 
random error of three standard deviations, which is usually 0.3*/ , plus 
systematic error. The uncertainties quoted in columns 8 and 9 represent two 
standard deviation plus systematic uncertainty. 

Table 1 
Uncertainties associated with the standardized source Method 

nuclide Overall Pk 1 1 ' 
Uncertainty 

Abundance 
ek<2> 

Total K 
Vacancies 

Nk<3> K alpha 
K-total 

Photons 
per decay 

Uncertainty Energy 
In Calibration keV 
point 

5 7Co 1.5*/ 0.870*.O15 0.92*. 10 1.79*.10 0.347*.008 0.881*.002 0.54 7*.033 7.2*/ 6.40 Ks 
0.098*.006 7.2*/, 14.41 

*5Zn 2*/, 0.86*.Ul 8 x 10"* 0.86*.01 0.44S*.O09 0.880*.002 0.337*.008 4.2 ' / , 8.05 Ka 

7 55e 4 .5* / , 0.88b*.018 0.105*.012 0.99*.02 0.567*.031 0.868*.002 0.487*.028 10.1* / , 10.54 Ka 

8 5 Sr 2 ' / , 0.885*.008 0.006*.003 0.891*.008 0.669*.008 0.864*.002 0.515 .̂008 3.4*/, 13.39 Ks 

" r 1.5*/, 0.877».O03 4 x 10"3 0.881*.003 0.691*.026 0.847*.002 0.516*.020 5 . 1 ' / , 14.16 Ks 

WCd 2*/, 0.814*.0O2 0.432*.014 1.246*.014 0.830*.025 0.826*.002 0.854*.028 5.0*/, 22.16 Ks 

U 3 S n 5 ' / , 0.859*.H6 0.280*. 006 1.139*. 017 0.850*. 029 0.822*. 002 0.796*.030 8.6'/, 24.21 Ka 

' l * Pk is K-shell capture probability 

' * ' ek is nmbtr of K-shell conversion electrons per nuclear transformation 

l 3 ) *k 1s K-shell fluorescence ylelo 
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Method 2, the X/gamma method, as the name implies rel ies on knowledge of the 
ra t io of the X-ray to gamma-ray tota l emission rates of the nuclide. The 
source is f i r s t measured on a detector, calibrated for energetic gamma-rays, 
to determine the gamma-ray emission rate and from this the X-ray emission rate 
is calculated. Campbell and McNelles (1975) derived the set of X/gamma 
intensity rat ios presented in Table 2. 

Table 2 
Uncertainties associated with the X/Gamma method * 

Nuclide Photon (keV) Gamma-ray X/gamma Uncertainty in 
(keV) intensity ratios cal ibrat ion point 

122.1 0.573*0.011 2.3°/ 
0.112*0.002 2.1°/ 

1115.5 0.660 * 0.005 1.4°/ 
514.0 0.502 * 0.003 1.3°/ 

o 

898.0 0.549 * 0.006 1.7°/ o 

88.0 22.02 * 1.08 5 .0°/ o 

391.7 1.219*0.042 3.7*/ 
e 

The uncertainty in the cal ibrat ion point was calculated by adding, in 
quadrature, the uncertainty in the X/gamma intensity ra t i o , the uncertainty in 
the K-alpha to K-total ra t io (0.2°/ ) , the uncertainty in the cal ibrat ion 
of the gamma-ray detector (1.0*/ ) and the uncertainty in the peak area 
during the cal ibration procedure ( O . S ' / J . 

In method 3, direct cal ibrat ion of the emission rate of low energy photons 
from the source can eliminate many of the uncertainties associated with 
methods 1 and 2. A cal ibrat ion system with l igh efficiency for low energy 
photons and a f l a t energy response for the range of energies of interest can 
achieve great accuracy for th is purpose. Plch et al (1973) used two Nal(Tl) 
sc in t i l l a t ion crystals to determine the absolute emission rate of Ag K X-rays 
from Cd-109 and reported an uncertainty of 0.25°/ . Taking into 
consideration the K-alpha rat io and peak area determination, mentioned above, 
th is gives an overall uncertainty of C.6'/ in the cal ibrat ion point. 
CaF(Eu) crystals, or a pressurized proportional counter, could also be used. 

Method 4 d i f fers from method 2 in that i t is applicable only to nuclides which 

emit radiations in true coincidence. Five of the seven nuclides decay by 

electron capture to excited states in the daughter nuclides and so emit 

57 r Co 

65 7 Zn 

Sr 
M Y 
1 0 9C<I 
1 1 3 S n 

6.40 
14.41 
8.04 

13.38 
14.12 
I? 10 
24.14 
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gamma-rays in coincidence with the X-rays. These nuclides are Co-57, Se-75, 
Zn-65, Sr-8b end Y-88. By choosing gamma-rays emitted in transitions to the 
ground state, X-rays from internal convertion can be avoided; Pk.Wk is then 
the probability of emission of an X-ray, per gamma ray. For Cd-109 and Sn-113 
which undergo electron capture to isomeric states in the daughter nuclides, K 
X-rays from internal conversion are emitted in coincidence with conversion 
electrons; the ratio of the two is simply Wk. Pk.Wk can be measured directly 
and is often better known than Wk. The experimental values for Pk.Wk and Wk, 
in Table 3, were compiled by Bambynek et al (1977); note that the Wk values 
differ somewhat from those in Table 1. 

Table 3 
Uncertainties associ ated with coincidence methods 

Nuclide Pk.Wk Wk Uncertainty in 
calibration point 

57 r Co 0.3044 
0.317 

* 0.0043 
± 0.006 

0.344 * 0.008 1.5*/ 

6b T Zn 0.3927 
0.386 
0.400 

* 0.0026 
* 0.010 
* 0.006 

0.441 ± 0.009 

7 5 c 
Se 

0.3894 
0.460 
0.462 
0.516 

± 0.0016 
± 0.004 
* 0.012 
± 0.021 

0.576 * 0.031 
0.7*/o 

1.0*/] 

8 6Sr 0.5959 ± 0.0035 0.676 * 0.008 

88y 

0.586 
0.6290 

± 0.003 
± 0.0032 0.700 * 0.009 

0.7°/e 

0.7*/" 

1 0 9 C C 
1 1 3 S „ 

0.613 * 0.004 
3.0°/, 
3.4*/" 

Accepting the best value for Pk.Wk from those given in Table 3, the 
uncertainty in the calibration point was calculated using 0.2°/ 

0 

uncertainty in the K-alpha abundance ana 0.5*/ uncertainty in the peak 
area. For the two examples of internal conversion, the uncertainties in the 
fluorescence yields for Ag and In are 3.0°/ and 3.4*/ (Table 1), 
respectively, giving uncertainties in the calibration points of 3.0°/ and 

o 
3.4 / after provision for K-alpha abundance and peak area, as above. 
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DISCUSSION 
Methods 1, 2 ana 4 are limitea in the accuracy attainable by uncertainties in 
the available atomic ana nuclear data. In contrast, method 3 does not entail 
direct use of such data. For method 1, there is the added uncertainty from 
standardization of the source which combines to give uncertainties in 
calibration points ranging from 3.4*/^ to 10°' . In method 2, the 
total uncertainties range from 1.4*/o to 5.0*/ o. For method 4, they 
are 0.7*/o to 1.5*/%, where Pk.Wk is available, and 3.0*/o and 
3.4*/ , where Wk must be used. Methoc 3 offers the potential of 

Q 

uncertainties of less than 1*/^ by use of a suitable system for direct 
calibration of the source. This method could be especially beneficial for the 
higher end of the energy range - with the nuclides such as Cd-109 and Sn-113 -
where uncertainties are highest for the other methods. 
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PREPARATION OF ULTRA-THIN SOURCES AND CALIBRATION STANDARDS 
FOR COINCIDENT STUDIES, AT HIGH RESOLUTION, OF RADIATIONS 

EMITTED BY THE HEAVY ELEMENTS 

J R Moroney, P A Burns and P N Johnston 

Sources of radionuclides are being prepared for alpha-particle gated L x-ray 
spectrometry (a, Lx) in studies of heavy elements (Burns et al. 1982a, 
Johnston et al. 1982), as well as other gated studies for spectrometer 
calibration (Burns et al. 1982b). 

The source geometry is the same for all radionuclides under study and for 
calibration. The sources are 7.0mm in diameter, mounted centrally on the 
backing and located coaxially with the pair of detectors being used. The 180* 
coincident arrangement is employed. The back surface of the source is 
positioned 1.7mm from the beryllium window of the hyperpure germanium (HP6e) 
detector of the L x-ray spectrometer; the crystal is 6mm behind the entrance 
window. The front surface of the source faces the gating detector. 

The front of the source must remain uncovered to enable o-particle or 
conversion electron spectroscopy to be performed at high resolution. The 
source backing must have minimal attenuation for low energy photons passing to 
the HPGe aetector. The efficiency of the L x-ray spectrometer must be 
accurately determined; elementary solid angle considerations indicate that 
the efficiency of the spectrometer will change by 15"/ per mm of 
source-detector separation and by 4°/ o per mm of radial displacement. 
Thus the sources must be locatable in the coincidence apparatus to better than 
50 Mm. 

The need for a rigid, self-supporting backing of low attenuation means that a 
material of very low effective atomic number is required. A polyimide, 
( C 2 2 H l o N 2 0 J Kapton, was chosen as a backing material because of 
its chemical inertness and electrical, thermal and mechanical properties. The 
radionuclides are deposited on discs of Kapton, 25.6mm in diameter and 0.13mm 
thick. 

TECHNIQUES FUR DEPOSITION OF RADIONUCLIDES 
The techniques most commonly used for preparation of t.nin sources are drop 
evaporation, vacuum sublimation, precipitation and electrodeposition. 
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Drop evaporation tends to deposit large crystals which cause degradation of 
emitted o-particles or electrons. While better results are obtained by the 
use of Dispersing agents, it is difficult to achieve a uniform deposit as the 
material tends to remain in the regions from which the final evaporation 
occurs. Vacuum sublimation requires extensive apparatus that is not widely 
available. Thus we have concentrated on the methods of precipitation and 
jlectrodeposition. 

li) Precipitation 
By applying a r^ng of grease, of the required geometry, to the surface of the 
Kapton disc, it is possible to dispense, chemically manipulate and, finally, 
deposit the radionuclide, from a droplet of solution, using microchemistry 
techniques. A uniform deposit can be obtained, with geometry defined by the 
grease ring. 

Most of che radionuclides of interest are available in acid solution and many 
have insoluble hydroxides which can be formed as finely-divided precipitates. 
Thus, of the several systems explored to date, simple neutralization has 
proved to be the most promising method for general application. It has the 
disadvantage, however, that the hydroxide precipitate is accompanied by an 
inorganic salt after evaporation. Investigations are continuing and they 
include the use of co-precipitation for some radionuclides and procedures for 
avoiding or removing the unwanted salts. 

(ii) Electrooeposition 
234 238 241 244 Sources of U, Pu, Am and Cm have been made on 

stainless-steel discs, and on copper-coated Kapton discs, by electrooeposition 
from an electrolyte of nitric acid and isopropanol. 

Initial investigations were performed with a cell of simple design (Cooper and 
Ralph 1981). However, contamination of the discs outside the 7mm deposit, and 
cross-contamination into the deposit, proved unavoidable and a new design was 
developed. 

Tne new electrooeposition cell uses a replaceaole polycarbonate tube of 6.bmm 
nominal bore, tach tube is cut from stock and machined to finished surfaces, 
of 7.0umm diameter at the tip, to define the deposit on the disc. An 0-ring 
seals the disc to the outside of the tube and holds the electrolyte in 
position for electrodeposition. The tube and 0-ring are replaced after a set 
of sources is maae for a radionuclide. Contamination ana cross-contamination 
are effectively eliminated by the sealing arrangement, ana by replacement of 
the tube, respectively. 
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The sources produced by eiectrodeposition fulfil all of the requirements 
stipulated for the (a, Lx) studies of uranium and transuranic elements. It is 
likely that the method will prove successful for other actinides; and it might 
be useful for those radionuclides, forming cationic species, which are to be 
prepared for spectrometer calit ration. However, where the most stable form of 
the radionuclide in solution is an anion, precipitation could become the 
preferred technique of source preparation. 

The investigation of eiectrodeposition is continuing, and the method is being 
extended to other radionuclides of interest. 
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BRANCHING RATIOS IN Th. a-DECAY OF THE HEAVY ELEMENTS 

P N Johnston, K N Wi. •. J R Moroney and P A Burns 

Because of the predominance of o-instability among tb' elements of atomic 
number 80 £ Z £ 98, accurate data on o-decay is of great importance, for 
practical purposes (Burns et al. 1981) and in research studies (Johnston et 
al. 1982). The underlying metrological problem in accurate determination of 
branching ratios •' • o-decay is the need for both high resolution and high 
efficiency. None of the available methods simultaneously fulfils both of 
these requirements. Magnetic spectrometry offers the best resolution (1.5-3.0 
keV, full-width-half-maximum (rfcHM)), but at high cost in efficiency (10~ 2 -
10" 5"/ of 4w) (Baranov et al. 1976). Spectrometry utilizing silicon 
surface barrier detectors (SiSBD) gives modest resolution (FWHM _> 10 keV) at 
relatively high efficiency (~ 3*/ o). The objective of the present work, 
therefore, is to develop a method, based on SiSBD, for the determination of 
branching ratios to an accuracy of better than l*/ #; and to apply the 
method to radionuclides of particular interest. 

The o-decay schemes shown in Figures 1, 2 and 3* of Johnston et al. (1982) for 
even-Z, even-A and for odd-Z, odd-A, respectively, are typical of the 
o-unstable nuclides of interest. In particular, the even-7, even-A group is 
characterized by dominant branching to the ground state of the daughter, a 
major branch to the first excited state and minimal branching to all higher 
states. The o-spectrum, therefore, has the distinctive shape of Figure 1, 
where the energy separation of the two o-particles - corresponding to the 
energy of the first excited state in the daughter - ranges from 40 to 70 keV 
for nuclides of interest. 

Because of rapio loss of energy in passage through matter, o-particles emitted 
from sources unaer study are noticeably degraded in energy on emerging from 
the source. As a result, an o-energy peak recorded by the o-spectrometer is 
asymmetrical in shape, with the magnitude of the low-energy tail varying from 
source to source. This is the most serious difficulty encountered in 
determining branching ratios accurately with SiSBD. It is especially severe 

234 for nuclides such as U, which have long half-lives and, hence, low 
specific activity. The most direct procedure for obtaining a branching ratio 

Pages 96, 97 and 98 of this Report. 
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234. Figure 1. The o-spectrum of U from a SiSBD, showing the ground 
state branch, o Q (4.777 MeV), and the first excited state branch, 
o 5 3 (4.724 MeV). 

experimentally is to extract it from the spectral data as the ratio of the 
area of the lower energy peak to the total. For spectrometry with SiSBD, such 
a procedure entails the deconvolution of a spectrum where the spectral peak 
shape is source dependent. This contrasts with the corresponding situation in 
high resolution photon spectrometers, where the peak shape is a characteristic 
property of the spectrometer and is independent of the source. 

We have considered several alternative techniques for overcoming this problem 

1. during preparation of the source material, add a nuclide which emits 
monoenergetic a-particles of energy remote from those of interest, for 

T 2lO n example Po, 
2. perform a supplementary measurement on the source to select only the 

a-particles branching to the first excited state of the daughter, gating 
on the f-rays or X-rays emitted in de-excitation of the state and 

3. estimate the branching ratio, without formal deconvolution, by using 
distribution-free methods. 
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Because it is the tail of the peak shape distribution that is of importance to 
the problem, the tail should be highly defined if its use is to yield accurate 
value of the branching ratio. For techniques 1. and 2., therefore, more than 
a million counts are neeaed in the spectral peak of the isolated a-particle. 
While this is an obvious drawback to both techniques, it does not necessarily 
rule them out. However, in the first interest, our attention has been given 
to technique 3. and, to date, three methods have been explored; they are 
identified as 3(i) to 3(iii) in the following discussion. 

Two nuclides have been chosen as the basis for the preliminary investigations 

934 
U: because the aata for it are inadequate (Table 1) and 

238 
Pu: because the data for it are in conflict in terms cf the 

reported accuracies (Table 2). 
238 234 Thin sources of Pu and U were prepared by electrodeposition (Moroney 

et al. 1982v md o-spectra were obtained with an energy resolution of 14 keV. 
The three methods for estimating branching ratios all rely on the observation 
that the count contributed by the higher energy peak, under the lower energy 
one, is a monotonic function of energy when the peaks are well separated. 

Method 3(i) uses three regions 

the ground state peak 
the first excited state peak plus the tailing under it from the 
ground state peak and 
the overlayed tails of both peaks 

From these data, ana an iterative argument, it is possible to set bounds on 
the magnitude of the tailing under the lower-energy peak. As shown in Tables 
1 and 2, the method yields a useful result for 2 3 4 U , but not for 2 3 8 P u ; 
the difference in performance derives from the energy separation of the pairs 
of peaks. 

In method 3(ii), the lower energy peak is stripped from the spectrum using the 
higher peak as the model for the peak shape. Iteration allows the tailing 
under the lower energy peak to be estimated. The major difficulty with this 
procedure is in quantifying the goodness-of-fit; an accuracy cannot be 
assigned to the estimate. 
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Method 3(iii) is predicated on the ratio of height of the two peaks being an 
adequate neasure from which to derive the branching ratio. From this basis, 
and the nonotonic character of the tailing, an iterative argument gives bounds 
on the height of the tail at the location of the lower energy peak. The 
method provides useful estimates for both U and T>u and is being 
developed further. 
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Table 1 

234 Branching Ratios in U «-decay 

Method •53 O ) *174 ('/ ) 

Baranov et al. (1960) Mag 27.5 * 1.5 £0.37 * 0.11 
Goldin et al. (1955) Mag 28 0.3 
Kocharov et al. (1961) ion ch. 28 -

Method 3 li) SiSBO 27.9 * 0.3 0.18 * 0.02 
Method 3 (ii) SiSBO 27.9 
•ethod 3 (iii) SiSBO 27.6 * 0.5 

Table 2 
Branching Ratios 238 in Pu a-decay 

Method "43 C M "143 ('/.) 

Kondratov et al. (1957) Mag 28.7 * 1.2 0.13 * 0.01 
Baranov et al. (1970) Mag 27.8 0.068 
Soares et al. (1971) SiSBO 29.3 * 0.2 0.1 
Asaro et al. (1954) mag 28 0.09 
ttaranov et al. (1976) Mag 27.87 * 0.03 

methoa 3 (i) SiSBD 28 * 4 
method 3 (li) SiSBO 28.3 
method 3 Iiii) SiSBO 28.6 * 1.4 

(The results shown are preliminary) 

mag - magnetic spectrometer 
ion ch. - ionisation chamber 
SiSBO - Silicon surface barrier detector. 
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DERIVATION OF ABSOLUTE INTENSITIES IN L X-RAY LINE SPECTRA 

P N Johnston, J R Moroney and P A Burns 

There is need for reliable data on absolute emission rates in L x-ray line 
spectra for both stable and radioactive isotopes. The need is greatest for 
the heavier elements where the analytical potential of energy resolved L 
x-radiation is now receiving more attention (Lyon 1981, Berdikov et al. 1982, 
Burns et al. 1981). In contrast to de-excitation of the atomic K shell of an 
element, which produces a characteristic K (+ L + M + ...) x-ray line 
spectrum, de-excitation of the L shell yields three characteristic line 
spectra - or a combination of them - depending on which of the three L 
subshells carried the initial vacancies. The distribution of orbital electron 
vacancies among the K shell and L subshells - and, hence, the intensities of 
the characteristic lines emitted - is determined by the mode of ionisation of 
the shells. For analytical work, therefore, reliable quantitative data are 
required, not only for the particular element under study, but also tor the 
mode of ionisation being employed. 

Precise determinations of L x-ray spectra are available for several isotopes 
which undergo radioactive decay (e.g. Campbell and McNelles 1974) and thorough 
calculations of L x-ray intensities have been made for some groups of isotopes 
of special interest (e.g. Martin and Blichert - Toft 1970, Dillman and 
Von der Lage 1975). However, no broadly based set of data has yet been 
assembled on which the spectroscopist can draw. 

Data from direct measurement are to be preferred, but, in their absence, 
adequate estimates of the absolute intensities of the L x-ray emissions can be 
obtained. The underlying principles are well-established (Craseman 1975) and 
have been the subject of an extensive review (Bambynek et al. 1972). 
Moreover, relativistic calculations of radiative and radiationless emission 
rates are now available (Scofield 1974 a, b, c, 1975; Chen et al. 1979, 1980, 
1981) and they show good agreement with experimental values. Despit^ their 
excellence, however, these methods and theoretical data tend to remain 
inaccessible to the spectroscopist. For that reason, we have reviewed the 
methods and compiled the data for application to the 18 elements fiQHg to Q8Cf« 

An initial publication, for the use of spectroscopists, will outline the 
methods, and give reference to recent data, for calculating the primary 
vacancy distribution for three modes of ionisation - internal conversion, 
electron capture and photoionisation - which are of greatest interest for 



117 
analytical purposes. In addition, tabulations will be provided of the x-ray 
emission rates for primary vacancies in each of the K-shell and L- subshells, 
derived from the recent relativistic calculations. 
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SOLID STATE TRACK DETECTION 

USING CR-39 

M K Langroo 

In solid state track detectors the passage of heavily ionizing nuclei through 
insulating solids creates paths of radiation damage and the resulting tracks 
are made visible by means of suitable etching. The tracks can then be viewed 
through a medium powered optical microscope. The explanation of track 
formation in plastics is based on the hypothesis that chemically preferred 
reaction zones are formed by the breaking of bonds and creation of free 
radicals along the charged particle trajectory in the material. These regions 
of damage are etched away at a rate higher than the bulk etching rate of the 
material. 

The track etch technique is now well established, and has been widely applied 
(Fleischer et al, 1965) in fields where there is a need to detect charged 
particles using a passive detector. In general, track identification is 
simplest when the density of ionisation is high, and the method finds ready 
application in the detection of fission fragments, heavy ions and alpha 
particles. More recently, some successes have been reported (Griffith et al 
1981) in the quantitative measurement of recoil protons in selected plastics 
following collisions between hydrogen atoms and fast neutrons. This 
development offers the prospect of fast neutron personnel dosimetry of 
improved sensitivity and performance. 

CR-39, a thermosetting homopolymer with an empirical formula C 1 2 H l g 0 7 , 
has been shown to have both a high sensitivity for recoil nuclei and a low 
background (Cartwright et al 1978) and offers much promise as a neutron 
dosimeter. We have investigated its sensitivity using an americium-beryllium 
neutron source and have found that its performance, even without 
electrochemical track enhancement, (Gammage and Chaudhury, 1982) is superior 
to conventional emulsion dosimeters. Optimum conditions for the use of CR-39 
are yet to be determined. 
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The continuous nature of the neutron energy distribution from our source makes 
it difficult to compare the measured and theoretical neutron sensitivities. 
Further studies are in hand, using 14 MeV neutrons, to provide data which is 
easier to model. 
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ULTRAVIOLET LASER INDUCED REACTIONS IN 

ORGANIC AND INORGANIC SYSTEMS 

V Delpizzo, H P F bies, D Tomlinson and C R Roy 

INTRODUCTION 

The initial stage of this project involves the development of UV lasers and 
the establishment of a data acquisition and handling system. 

i. DEVELOPMENT OF TEA UV LASERS 

U ) Nitrogen (N ) laser 

11-4) A simple atmospheric pressure N„ laser based on previously published* ' 
aesigns was constructed ana is shown schematically in figure 1. The flat 
blumlein circuit* consists of a Kapton sheet 127 um thick sandwiched 
between metal sheets. The aluminium electrodes were cylindrical (18 mm diain.) 
rounded at the ends into an approximate Rogowskr 0' profile and carefully 
polished in order to minimise arcing. The optimum electrode spacing was 
3.2 mm, corresponding to an E/P of 82 V/cm/torr, the line being charged to a 
maximum of 20 kV. A perspex cover was placed above the electrodes and 
nitrogen was used to flush the enclosed volume. The discharge appeared to be 
reasonably uniform and preionization was not attempted although some arcing 
near the extremities of the electrodes was still observed. The laser output 

Figure 1. Schematic representation Figure 2. Laser pulse. 
of laser. Horizontal scale: 500 ps/div. 

Vertical scale: uncalibrateci. 
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energy, measured with Scientech 36-0203 energy meter was - 295 WJ. The 
temporal profile of the laser pulse (figure 2) was examined with a fast 
(risetime lOOps) planar photodiode (ITL Mod HSD 185) and a Tektronix R7912 
transient digitiser. The FWHM of the pulse is - 1 ns, hence the peak power is 
of the order of 300 kw, comparable to that found for similar desiqns and 

(1-3* dimensions. ' 

(b) Krypton fluoride (KrF) laser. 

A small (- 15 cm long) prototype laser, designed to be used mainly with KrF 
and incorporating a UV-preionisation device to ensure a uniform discharge was 
built and is shown schematically in figure 3. The energy storage side of the 
Blumlein circuit (cf 1^ laser) was replaced by a bank of five 1 nF ceramic 
capacitors (Murata#DHS 3025V 102 2-20). The capacitors were located inside 
tne gas cell to minimise the length of the electrical connections and hence 
the inductance. The other half of the transmission line consisted of a double 
sided circuit board also having a capacitance of 5 nF. The copper electrodes 
had a near rectangular cross-section but with the discharge region rounded (9 
mm radius of curvature). 

^ 33n»m—*^ 

Figure 3. Laser Head 

Preionisation was provided by flashboard consisting of a piece of double sided 
circuit board with one sioe etched so as to form four 12 pF capacitors. Five 
pairs of steel pins formea the spark electrodes (Figure 4a) 
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Figure 4a. Flashboard Design Figure 4b. Laser Electrical Circuit 

The spark-gap, SGI (Figure 4b) may either be triggered externally or (by 
adjusting the gas pressure and/or the electrode spacing) allowed to break-down 
spontaneously, thus discharging the capacitor C, into the flashboard. This 
causes a series of arcs whose UV emission provides the required preionisation. 

The first pin of the spark-board is capacitively coupled to the trigger 
electrode of the laser spark-gap. Delay between the preionisation discharge 
and the firing of the laser can be adjusted by varying the length of the 
coaxial cable connecting the two, but so far no attempt has been made to 
optimise this parameter. 

The laser spark-gap (SG2) is pressurised to 1.5 - 2 atmospheres. The risetime 
of the voltage pulse appearing at the high-voltage electrode of the laser was 
measured to be ~ 1.7 kV/ns. This in conjunction with the preionisation is 
sufficient to ensure an arc-free discharge (7). 

The laser has operated successfully with N 2 at atmospheric pressure but 
problems which have arisen with the vacuum seals of the laser head have 
limited its use with rare gas mixtures. A scaled-up version which will 
eliminate the difficulties encountered so far, is being designed. 

2. GAS HANDLING SYS i EM 

Excimer laser gas mixtures typically contain three components (usually 2 rare 
gases ana a scurce of halogen). Gases to be used incluae He, Ar, Kr, Xe, F 0 
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(as a 10*/ in He mixture), HC1, etc. A glass vacuum line has been 
constructed for the handling, purification and the precise preparation of gas 
mixtures. 

Extra precautions will be taken in the handling of fluorine mixtures including 
prior passivation of all vessels and equipment and the trapping of fluorine 
prior to the venting of the used gas mixture. 

3. DEVELOPMENT OF A FAST DETECTION AND DATA ACQUISITION SYSTEM 

Figure 5 shows schematically the system to be used for the detection of laser 
induced fluorescence from organic and inorganic systems. Briefly the main 
components are as follows: 
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Figure 5. Schematic of Fluorescence Detection and Storage System 

Monochromator - Spex 1404 double grating (blazed for 300 nm) instrument of 
0.8b m focal length. 

Compudrive - microprocessor based scan controller - capable of scanning in 
continuous burst of triggered modes between selected wavelength limits. 

"Mango" - Z80 based S100 system with fine graphics capability and 
incorporating several RS232 and parallel ports. 

Transient digitiser - Techtronics R7912 moael with a time resoltuion of 500 ps. 

Plotter - Hewlett Packard 7470A Model with RS232 interface. 
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The system is operational apart from tu inal version of the transient 
digitiser memory board. 

For CW experiments the transient digitiser is replaced by a electrometer 
(Keithley Model 480-1792) which has both analog (to drive a X-Y recorder) and 
digital output. 
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SPECTRORADIOMETRIC MEASUREMENT OF 
SOLAR ULTRAVIOLET (UV) RADIATION 

C R Roy, H P F Gies, G Elliott and K Kennedy 

INTRODUCTION 

Exposure to solar UV radiation can result in short ana long term effects on 
the human body including erythema, premature skin aging, eye damage and 
various forms of skin cancer. 

The effectiveness of different wavelengths (the action spectrum) for most 
biological effects (apart from erythema) is not accurately known. However, in 
general, for the UVB region (285 to 320 nm) the relative effectiveness 
increases by approximately four orders of magnitude with decreasing wavelength 
over this range. Therefore any measurement of solar UV radiation should 
provide quantitative information on the spectral distribution. 

Measurements of the spectral distribution of Australian daylight have been 
reported by Dixon (1) for a limited time span while Paltridge and Barton (2) 
have reported results from a network of erythemal UV meters but without 
providing information on the spectral distribution. There is a need for 
quantitative spectroradiometric measurements of solar UV over an extended time 
i.e. at least one year. 

EXPERIMENTAL APPARATUS 

A measurement programme has commenced using an Optronics 740A 
Spectroradiometer. This incorporates a small single grating monochromator 
(with a useful range of 230-1020 nm) a detector and radiometer. For the solar 
measurements a solar blind photomultiplier, calibrated for the range 230-400nm 
is used. A calibrated solid state photodiode (useful range 300-1020 nm) is 
also used as a check on the photomultiplier. Resolution of the instrument can 
be varied from 1 to 20 nm depending on the choice of slits and the amount of 
light available. 

The 740A has an automatic filter wheel control lea by the scanning drive 
motors, which positions optical filters in the light beam and greatly reduces 
higher orders and stray light, normally a significant problem in the 
ultra-violet with single grating monochromators. 
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Before and after solar measurements a calibration is performed against a 
standard lamp (with a calibration traceable to N8S). 

The lower detection limit of the system is governed by a noise equivalent 
-11 2 irradiance of approximately 10 w/cm /nm at 300nm. Data are stored by 

the Mango (a Z80 based system) and subsequently transferred to the laboratory 
computer for analysis. 

RESULTS 

The initial phase of this programme has commenced and the preliminary results 
will help in establishing the base criteria for the long term monitoring. At 
this stage a number of decisions have to be made including: 

(1) the minimum acceptable measurement frequency 
(2) the proposed duration of the programme 
(3) what other parameters need to be measured 
(4) what variation in light intensity is acceptable over the time of a 

scan (approx. 5 mins) 
(5) what meteorological parameters (ie cloud cover, total radiation, 

erythemal radiation, total ozone, etc) are measured in Melbourne on a 
regular basis and which would be valid for this programme. 

Two typical corrected scans are shown in Fig 1 and 2. The scans are 3 days 
apart and are for noon time winter days under clear (250682) and cloudy 
(220682) condition. The large day to day variation is quite apparent in Fig 1 
and it thus becomes very clear that precise meteorological observations or 
monitoring is required before the solar results can be accurately evaluated. 
From Fig 2 it can be seen that the lowest detected wavelength is approximately 
2B$ nm. Daily and seasonal variations will be correlated with total ozone and 
compared to northern hemisphere results and theoretical predictions. 
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TENPERATURE INCREASES DUE TO THE ABSORPTION 

OF ELECTROMAGNETIC RADIATION 

K H Joyner 

Within a biological system exposed to electromagnetic radiation, internally 
induced ele~tric and magnetic fields give rise to ionic currents and molecular 
excitations which ultimately lead to a thermal load on the tissue. A great 
deal of work has been reported on the induced thermal patterns in tissue as 
functions of tissue shape and frequency of irradiation. However, little work 
has been reported on the physiological responses such as temperature 
increases, cardiac output, etc. of the system as a whole. It is physiological 
responses that are of interest. 

The physiological model of the human body used in this study is based upon a 
model proposed by Stolwijk (1970). The model body consists of eleven 
appropriate sized cylinders representing the neck, trunk, left and right arms, 
hands, legs and feet; the head is represented as a sphere. The cylinders and 
sphere or segments are each subdivided into four concentric layers or 
compartments representing the core, muscle, flat and skin layers. An 
additional central blood compartment representing the large arteries and 
veins, exchanges heat with all other compartments via the convective heat 
transfer occurring with the blood flow to each compartment. For each of the 
compartments heat balance equations account for the heat flow into and out of 
the compartment via conduction and convection, and the metabolic heat 
production within the compartment. For those compartments in contact with the 
environment, appropriate equations express the heat exchanges by radiation, 
convection and evaporation. 

Absorption of electromagnetic energy by the model man will be according to 
Ho (1976) and Neuder (1979). The frequencies of particular interest in the 
calculations will be those in the I.S.M. (Industrial Scientific and Medical) 
bands. Eventually phantoms filled with saline and with circulating saline 
will be irradiated in order that temperature changes may be measured. 
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ELECTROMAGNETIC INDUCTION OF LOCALISED HYPERTHERMIA 

K H Joyner, N Lichtenstein* and P H Pojer 

INTRODUCTION 

Interest in the use of electromagnetic radiation in the treatment of cancer 
(1 2 J has been on the increase over the past ten years.* * ' planted 

probes^ ' ana injected iron oxide particles1 ' have been proposed and used 
experimentally as antennas for localised heating with electromagnetic 
radiation. Recent work at this Laboratory*5' has shown that inj^ctad 
magnetic particles can be targeted using powerful magnets. 

HEATiNG OF IRON OXIDE SUSPENSIONS IN OIL ANO OTHER MOOEL SYSTEMS 

Preliminary experiments aimed at using targeted magnetic particles and 
electromagnetic radiation to create localised hyperthermia via their 
hysteresis loss have proved to be only partly successful, with high 
frequencies > 27 MHz it was found that the undoped medium was heated 
excessively and that the temperature differential was limited to several 
degrees (typically no more than 2*C). Work is now being carried out on a high 
pow^r radiofrequency induction coil in which the undoped medium ..ill not be 
heated to anywhere near the same extent and a greater temperature differential 
between doped and undoped material Mill be achieved. 
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LASER RADIOMETRY 

W.A. Cornelius and R.V. Sargent 

INTRODUCTION 
Work continued on the development of a fast response electrically calibrated 
pyroelectric radiometer (ECPR) for use as a laboratory radiometric standard. 
The basic design concept of the ECPR is described in our previous report (1). 

ANALOG COMPUTER 
The electrical versus optical inequivalence errors arising from the different 
modes of heat input to the pyroelectric detector must be known in order to 
achieve the desired measurement accuracy and response time. An analog 
computer was therefore designed to enable accurate characterisation of 
pyroelectric response and the study of pyroelectric activity distributions 
within the pyroelectric material. 

The original design of the analog computer (2) was modified slightly by 
addition of some passive circuitry to the output in order to convert the 
voltage output into a low current output. The current output may then be 
added to the signal current from a pyroelectric detector (thermal input 
stimulus 180° phase shifted with respect to the analog computer input 
signal). The resultant current is then fed into a F.E.T. preamplifier (1). 
The preamplifier output can be viewed directly on a cathode ray oscilliscope 
(C.R.O.) or used with a lock-in amplifier. Further design improvements were 
maae to allow simulated adjustment of the properties of the gold black and 
selection of different substrate materials. 

The experimental configuration shown in figure 1 is used in a null balance 
mode so that the analog compute- may be used to accurately determine the 
parameters of the pyroelectric detector under test. A pyroelectric detector 
is initially tested without any gold black absorber on the front surface. 
This enables the pyroeler.tric activity distribution of the polyvinylidene 
fluoriae (PVDF) layer to be determined. A coating of gold black is then added 
and the electrical and optical heating mode inequivalence can be determir.:d in 
addition to the thermal resistance of the gold black. The thermal capacitance 
of the gold black is easily determined by gravimetric means. 
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FIGURE PYROELECTRIC DETECTOR TEST SCHEMATIC 
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Figure 2 shows the frequency response, measured with a wideband r.m.s. ac 
voltmeter, of a simulated 16 m PVDF detector and preamplifier combination, 
derived from the analog computer for various pyroelectric activity 
distributions.The rear boundary of the PVDF analog was held at constant 
temperature (corresponding closely to aluminium substrate) for this data. 
Figure 3 shows the frequency response of a similar simulation derived in the 
same manner; but with uniform pyroelectric activity and different substrate 
materials. The simulated pyroelectric wavefonns of a uniformly poled 16 urn 
PVDF detector and preamplifier for various substrates, with an input square 
wave stimulus at 390 Hz, are shown in figure 4. 

FIGURE 4 I 6^m PVDF DETECTOR RESPONSE WAVE FORMS AT 390 Hz 
WITH VARIOUS SUBSTRATE MATERIALS 

FABRICATION OF PYROELECTRIC PVDF FILM 
Early attempts to produce suitable PVDF film using a solvent evaporation 
technique (1) were disappointing due to the low pyroelectric coefficient 
obtained. This technique has therefore been abandoned in favour of a thin 
film stretching technique. The latter method is known to be highly efficient 
in converting the antipolar a phase (form II) structure of PVDF crystallites 
into tfe polar a phase (form I) (3). The stretched film is then readily poled 
to produce high pyroelectric activity. 

Extruded homopolymer PVDF film (Kynar 450, manufactured by Penwalt Corp.) of 
approximately 70 pm thickness was stretched using a device constructed from a 
design oescribed by Barrus and Blake (4). The design had to be modified 
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somewhat for use with PVDF (Barrus and Blake designed the device for 
stretching very thin films of polypropylene). It was found necessary to use 
an additional heating element close to the outer rim of the heating disk in 
order to achieve the uniform temperature profile (at 145*C) required to 
stretch the PVDF film. It was also necessary to drill a 1 mm diameter hole in 
the centre of the disk in order to allow the escape of air otherwise trapped 
between the heated aluminium stretching disk and the PVDF film. 

Initial studies show that the uniaxially stretched film which flows off the 
edges of the aluminium disk is best suited to our needs. Large areas (about 
100 cm ) of uniform (within a few percent) thickness material can be 
produced with the desired thickness of aproximately 16 pm. Pyroelectric 

—2 1 coefficients as high as 3.8 nC.cm . *K~ can be achieved by corona poling 
in air at room temperature. Preliminary results also indicate that 

—7 —1 pyroelectric coefficients of about 2 nC.crrf . *K~ are relatively easy to 
achieve. 

In contrast, the biaxial ly stretched film that remains in contact with the hot 
aluminium is found to have a relatively low pyroelectric coefficient after 

-2 • —1 poling (approximately 0.6 nC.cnf .*K ). It is probable that the rapid 
temperature quenching that occurs due to air cooling of the uniaxially 
stretched film is responsible for a higher proportion of 0 phase crystal than 
that which remains in the biaxially stretched film. 

A lb kV corona discharge from a sharp pointed electrode held a few centimetres 
away from the PVDF film is used for poling, when a flat metal earth electrode 
was used in contact with the PVDF film during poling severe wrinkling of the 
film occurred due to lateral expansion. This wrinkling may lead to early 
electrical breakdown of the film and may also cause uneven poling. This 
problem was overcome by floating the PVDF film on water at earth potential 
during poling. This method appears to have the additional advantage of 
allowing large areas of high charge density to be repelled downward away from 
the high voltage poling electrode and this may help to prevent premature 
breakdown. 

Infrared spectral analysis within the wavenumber range 600 cm" to 1000 
cm" of highly stretched PVDF film (e phase) and film of identical thickness 
annealed above the melting point of PVDF (o phase) is summarised in table 1. 
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The infrared spectral characteristics observed for both forms of PVDF are 
consistent with the reports of others (3) (5) (6). Clearly identifiable 
spectral changes at 855, 1278 aid 1383 cm" are also noted. 

Regions of electrical breakdown in poled PVDF films are identified by placing 
the film on a flat polished metal plate and wiping the exposed surface of the 
film with methanol. A breakdown region is easily observed due to seepage of 
methanol between the PVOF and the metal plate. 

Table 1. I.R. Spectral Absorption Peaks of PVDF 

Annealed (chiefly a phase) 
cm" 

* - 1450 
* - 1430 

+ 1400 
• - 1383 

- 1335 
- 1295 
- 1278 
+ 1215 
+ 1185 

* + 1150 
* + 1070 
* + 975 

- 950 
+ 875 

* 855 
- 842 

* + 795 
* + 763 
* + 615 

Stretched (chiefly B phase) 
cm" 

* - 1450 
* - 1430 

* + 1400 

- 1335 

* + 1278 

+ 1185 

* + 1070 
* - 975 

- 950 
+ 875 

* + 842 
- 795 

* - 763 
* - 615 

Notes to table 1: 
+ 
* 

indicates weak absorption 
indicates strong absorption 
indicates sharp well defined absorption peak 
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PYROELECTRIC DETECTOR DESIGN 
The design details of our pyroelectric detectors are shown in figure 5. 
method of construction is as follows. 

The 

FIGURE 5 

Gold t t » » 

PYROELECTRIC DETECTOR DESIGN 

Nicktl litattr Gold tlack 

. G«I4 pillttiam laytr 

PVDF 

SECTIONAL VIEW 

A perspex ring is initially coated on the inner diameter with electrically 
conducting silver paint. The perspex is then glued onto a poled PVDF film 
with a thin layer of rapid curing epoxy. Excess PVDF film is then cut away 
from the outer edge of the perspex ring. A very thin layer of gold-palladium 
alloy is vacuum evaporated onto the PVDF so that electrical connection is 
formed with the silver paint. An aluminium heat sink is used in contact with 
the other side of the PVDF film during the coating process so that 
depolarisation due to heating will be kept to a minimum. The gold-palladium 
layer on the PVDF is subsequently covered with approximately 3 mm of epoxy. 
The epoxy forms the substrate heat sink for the detector. Epoxy was chosen 
because it has good thermal impedance matching to PVDF. A brass bolt is glued 
into place (this forms a mounting bolt and charge collection electrode for the 
detector). Silver paint is again used to complete the electrical connection. 
Another layer of epoxy is then addeu to give the detector additional 
mechanical strength. 

A nickel heater electrode is vacuum evaporated onto the front surface of the 
PVDF detector. Electrical connection to this nickel electrode is made via 
relatively thick gold connector tabs which are deposited by vacuum 
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evaporation. Final connection to electrical leads is made with silver paint. 
A gold black optical absorbing layer is deposited over the nickel electrode 
after the detector has been partially characterised with the analog computer. 

The finished detector mounts directly onto a circuit board which incorporates 
our earlier F.E.T. preamplifier design (1). The detector/preamplifier board 
is housed in a shielded metal box which contains a battery power supply for 
the preamplifier together with shielded coaxial signal lead connectors for 
preamplifier output, heater current supply, heater voltage sensing and virtual 
earth sensing. A 7 mm diameter aperture allows optical input to the detector. 

DIGITAL LOCK-IN AMPLIFIER DETECTION 
A functional block diagram of the detection circuitry presently under 
construction is given in figure 6. The voltage controlled oscillator (V.C.O.) 
performs a voltage to frequency conversion on the output from the 
detector/preamplifier module. Pulses are routed to the "positive event" or to 
the "negative event" 16 bit counters by a "switch" controlled by a conditioned 
gating square wave synchronised to the reference wave form. The counters are 
cleared after each complete gating cycle and the data held in the latch 
registers is read by the microprocessor before they are cleared for the next 
cycle. 

The microprocessor system in use is Z80 based. Assembly language routines are 
used to support hardware functions. At present we are using BASIC language 
with calls to the assembly routines to allow maximum versatility in system 
development. 

FIGURE 6 DIGITAL LOCK-IN AMPLIFIER DETECTION 
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AN INVESTIGATION OF THE SPECIATION 

OF RADIONUCLIDES IN SEDIMENTS AND SOILS 

M B Cooper and G A Williams 

A sequential chemical extraction procedure has been used to investigate the 
?10 226 speciation of the radionuclides Pb and Ra in three soil and sediment 

samples from the Mt. Brockman area in the Northern Territory. The analyses, 
D> T-ray spectrometry, are in terms of those species that are exchangeable, 
bound to carbonates, bound to iron or manganese oxides, bound to organic 
matter, and tightly bound in the crystal lattices or various minerals 
(residual material). Complementary speciation studies of the stable trace 
elements zinc, iron, lead, and calcium have been performed by use of atomic 
absorption spectrophotometry. The results for the radionuclides indicated 

210 226 significant differences between Pb and Ra in their distribution 
226 among the fractions, with very little Ra present in all residual 

fractions. Very low concentrations of both radionuclides were present in the 
226 fractions representing species bound to carbonates, with Ra 

210 concentrations greater than Pb. Where the iron content of the sample is 
high, and in the form of iron oxides, both radionuclides are associated 
largely with the iron oxide phase. The fraction representing species bound to 
organic matter contained relatively high concentrations of both radionuclides 
in all samples. 

These speciation studies are being extended to include samples from other 
areas in the vicinity of the Northern Territory uranium deposits. A field 
trip in June, 1982 will be used to obtain further samples for analysis. The 
studies are also being extended by the use of an alternative sequential 
extraction procedure developed at the Australian Radiation Laboratory using 
organic reagents. 

These studies have importance in the understanding of the mechanism for the 
environmental transport of natural radionuclides in the vicinity of uranium 
ore deposits. 

REFERENCE 

1. Cooper M B, Stanney K A and Williams 6 A, An Investigation of the 
Speciation of Radionuclides in Sediments and Soils, Australian Radiation 
Laboratory Technical Report No. ARL/TR039, 1981. 



139 
NATURAL RADIOACTIVITY IN THE PRODUCTION OF TITANIUM DIOXIDE 

PIGMENT: A STUDY OF THE LAPORTE PLANT AND ENVIRONMENTAL BEHAVIOUR 
OF RADIONUCLIDES AT BUNBURY, WESTERN AUSTRALIA. 

M B Cooper, J R Statham and G A Williams 

A study of radioactivity levels in samples collected at the Laporte Australia 
Limited titanium dioxide plant at Bunbury in Western Australia is 
described.^ ' The radioactivities of the principal radionuclides present in 
the ilmenite feed l 2 2 6Ra, 2 2 8 R a , and 2 2 8 T h ) are followed throughout the 
pigment production process. It is found that approximately 67 MBq/day of 

ops 228 activity due to each of fc °Ra and c Th enters the plant (equivalent to 
226 17.8 kg of thorium), and approximately 14 MBq/day of activity due to Ra. 

Essentially all of this radioactivity leaves the plant in the form of acidic 
effluent, which is pumped to disposal lagoons and allowed to neutralise and 
drain away. A preliminary study of possible environmental effects of 
radioactivity in the effluent is presented. It was established that in the 
presence of high sulphate ion concentrations in both the plant feed liquor and 
the effluent, thorium remains in solution whereas radium, which forms an 
insoluble sulphate compound, tends to coprecipitate and is found in solid 
residues throughout the process. 

The study is being extended to analyse for radioactivity levels in crabs, 
shellfish, algae, and sediments taken from the vicinity of the Laporte plant 
(specifically from the Leschenault Inlet) and from other areas along the 
Western Australian coastline where heavy mineralisation of beach sands is 
either present or absent. These studies will be used to estimate the possible 
effects, if any, of the radioactivity in the Laporte factory effluent on 
people in the area. 
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RADIUM (226Ra) IN ENVIRONMENTAL SAMPLES 

M B Cooper and M J Wilks 

226 A method has been developed for the determination of radium ( Ra) in 
226 

environmental samples. The technique requires the separation of Ra from 
other radionuclides as a co-precipitate with barium sulphate. The 
radium/barium sulphate is then dissolved in ammonium ethylinediaminetetra 
acetate (EDTA) in a scintillation vial and a toluene based scintillant 
solution, immiscible with water, is added. Radon is extracted from the 
aqueous layer into the toluene layer and after a suitable ingrowth period 
samples are counted using a liquid scintillation counter. 
226 

Ra analysis of water samples and environmental samples indicate that the 226 method is applicable to samples having a wide variation of Ra 
concentrations and chemical composition. The method offers a sensitive and 
reliable alternative to those methods which use radon emanation or alpha 
spectrometry. Full details have been published in an A.R.L. technical report! 
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NATURAL RADIOACTIVITY IN BOTTLED MINERAL WATER 

M B Cooper, B J Ralph and M J Wilks 

The levels of naturally-occurring radioactive elements in bottled mineral 
water, commercially available in Australia, have been assessed I The survey 
covered some 28 Australian and imported brands of natural mineral water, and 
concentrated upon those radionuclides which have a high toxicity in drinking 
water, namely radium-226 ( 2 2 6Ra), radium-228 ( 2 2 8Ra) and lead-210 ( 2 1 0Pb). 

Detectable levels of 2 6Ra were found to range from 0.02 Bq/1 (0.5 pCi/1) to 
0.32 Bq/1 (8.6 pCi/1) in locally-bottled water that is currently available to 
the public and from 0.02 Bq/1 (0.5 pCi/1) to 0.44 Bq/1 (11.8 pCi/1) in 

210 imported brands. Pb levels were found to be generally very low 
(<0.08 Bq/1). From the analysis of bottled mineral water and unprocessed 

228 water from Australian mineral springs it was concluded that the Ra 
226 content of bottled water will have a similar distribution to that of Ra. 

228 Concentrations of Ra in excess of 0.7 Bq/1 were measured in a number of 
samples. 

The radiological health implications of the consumption of bottled mineral 
water from natural sources are discussed with reference to existing drinking 
water standards and also in terms of radiation exposure and the increased risk 
to health. It was concluded that, although some brands of water contain 
radioactivity in excess of the drinking-water limits recommended by Australian 
and overseas authorities, the annual radiation dose to an individual,even in 
an extreme case, will be below the dose-equivalent limits recommended by the 
International Commission on Radiological Protection for life-long exposure. 
The increased risk of radiation-induced fatal disease due to the consumption 
of bottled 
negligible. 
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RADIOLOGICAL IMPACT OF THE OPERATION OF COAL-FIRED 

POWER STATIONS WITHIN AUSTRALIA 

M b Cooper and I S Leith 

This work is a continuation of the investigation into the levels of natural 
radioactivity in coal and coal residues from power stations throughout 
Australia. The sampling program has been expanded to cover five major power 
stations in N.S.W. - Liddell, Munmorah, Wangi, Wallerawang and Vales Point. 
Coal samples from the various colleries which supply these power stations have 
been received, together with samples of bottom ash and fly ash gathered over 
the last 12 months. 

Typical results for the content of radionuclides in N.S.W. coal ash and coal 
samples from the five power stations are presented in Tables 1 and 2. Data 
was obtained by analysis of the samples using high-resolution f-ray 
spectrometry following an initial preparation which was described in the 1980 
A.R.L. Research Report. 

Table 1. Radionuclide Concentration in Ash Samples 
from N.S.W Power Stations 

Power Station 210 Pb 2 2 6 R a 
Radionuclide 

2 3 8 u 
Concentrat 

2 2 8 T b 
ion Bq/g 

2 2 8 R a 40 K 

Liddell 0.191 0.133 0.094 0.210 0.152 0.55 
Munmorah 0.143 0.172 0.101 0.261 0.182 1.40 
Wangi 0.111 0.122 0.140 0.120 0.118 0.80 
Wallerawang 

Precip. Ash 0.132 0.105 0.118 0.214 0.173 0.81 
Bottom Ash 0.004 0.088 0.083 0.098 0.097 0.51 

Vales Point 
Precip Ash 0.150 0.142 0.154 0.133 0.136 0.53 
Bottom Ash 0.006 0.088 0.110 0.098 0.099 0.53 
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Table 2. Radioactive content of Mew South Hales Coals 

Power Coal Approx. Rat, lonuclide concentration Bq/g 
Station Source Ash Content 

2 1 0 P b 2 2 6 * a 2 3 8 0 2 2 8 T h 2 2 8fta « \ 

Liddell Swamp Creek 31 0.023 0.041 0.035 0.055 0.050 0.089 
Costains 24 0.022 0.046 0.037 0.046 0.037 0.131 
C.A.F. 25 0.029 0.036 0.018 0.066 0.051 0.095 

Munmorah Newvale 17 0.026 0.028 O.019 0.055 0.037 0.100 
State Colliery 33 0.042 0.049 0.040 0.090 0.064 0.521 
Huntley (washed) 25 0.024 C.026 0.018 0.045 0.038 0.134 

Wangi C.A.F. 0.028 O.024 0.020 0.022 0.014 0.132 
Newstan 0.027 0.020 0.025 0.024 0.024 0.228 
Ravensworth 0.020 0.015 0.021 0.016 0.017 0.062 
Awaba 0.046 0.031 0.041 0.039 0.039 0.065 

Wallerawang Ivanhoe 19 0.03O 0.028 0.029 0.033 0.033 0.170 
Charbon 22 0.035 O.038 0.052 0.036 0.037 0.174 
Angus Place 19 0.010 0.014 0.023 0.025 0.025 0.184 
Mt. Piper 21 0.026 O.019 O.033 0.044 0.042 0.177 
U'wang Gully 19 0.027 O.013 0.030 0.028 0.030 0.229 
Blue Mountains 20 0.008 0.014 0.018 0.052 0.041 0.259 
Eastern Main 27 0.026 0.032 0.054 0.042 0.040 0.155 

Vales Point Awaba 20 0.G39 O.028 O.031 0.033 0.035 0.057 
C.A.F. 24 0.023 O.025 0.022 0.030 0.029 0.113 
Uyee 26 0.020 O.025 0.019 0.029 0.025 0.249 
Newvale 27 0.024 0.033 0.035 0.032 0.032 0.245 
Chain Valley 17 0.045 0.C32 0.037 0.031 0.031 0.053 
Stockton 32 0.016 0.025 0.033 0.031 0.033 0.166 
Wyee Rail 25 0.022 0.026 0.022 0.030 0.028 0.073 

The levels of radioactivity in NSW coal and coal ash samples *re as expected 
on the basis of the results of analyses of samples from Queensland and Western 
Australia and having regard to coal type and mineral content. The completion 
of the acquisition of analytical data for NSW power stations will enable the 
radiological impact of the operation of major coal-fired power stations 
throughout Australia to be fully assessed. 
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USE OF SOLID STATE DETECTORS FOR SPECTROMETRY OF CONVERSION ELECTRONS 

EMITTED IN THE DECAV OF LEAD-210 

I S Leith 

INTRODUCTION 
One area of responsibility of the Laboratory is the potential impact on 
occupational and public health of radioactive contaminants in the environment 
such as naturally occurring radioactivity in minerals and in ash from 
coal-fired power stations. Hence we are interested in measurement of the 
various radionuclides in the uranium, actinium and thorium series. The 
member* of these series decay by emission of alpha and beta particles, gamma 
rays and conversion electrons, characteristic X rays and Auger electrons. 
Therefore a number of different types of detector could be used for 
measurement of the radionuclide of interest depending on its particular mode 

210 of decay and the presence of any daughters or contaminants. Pb is an 
example of such a radionuclide. 

RADIOACTIVE DECAY OF 2 1 0 P b 
The decay scheme of Pb anc its daughters is shown in Figure 1. 
Emission of beta particles with 17 keV maximum energy occurs in 80*/ c of 
disintegrations, but, due to internal conversion, the 46.52 keV gamma rays are 
emitted in only 4.05*/ of disintegration?. The energies and intensities 
of the L and M conversi 
in some 73°/ of decays. 
of the L and M conversion electrons are given in Table 1, ' they arise 

210 
Pb could be determined directly using either its beta ray, conversion 210 electron or gamma-ray emission. Alternatively, the activity of Pb could 210 be obtained through measurement of the beta or alpha particles from Bi or 

210 
Po and knowledge of their in-growth following chemical separation of 

210 
Pb. There are problems in measuring the low energy beta rays or the low 210 abundance low energy gamma-rays of Pb; and waiting for adequate 

in-growth has its drawbacks. Work has commenced, therefore, on an 210 investigation of the measurement of Pb using silicon surface barrier 
detectors (SiSBD) for spectrometry of the conversion electrons, CE.. , from 
the 46.52 keV transition. 
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TABLE 1 

Theoretical conversion electron energies (E ) and intensities (I_ o v) 
C6X Olfi CGX 

for the 46.52 keV Ml t ransi t ion in ^ u B i . 

Subshell cex 
(keV) 

cex 
C/ ) 

•II 
"III 

30.13 
30.81 
33.10 

59 

II 
'in 

42.52 
42.82 
43.34 

> 14 

o* J22.3 

" > •/..17k«V) 

V(20*/.. 
iro9'fc) \aun 

46.52 Ml 405'/. X 

^ d 
210 Q . »JBI 

fT(9*7.),noI 
H61.bk*V 

ocdOOV.J.no* 
5JCK8M«V 

v , f 

J 3 M m 
210 PO 

M H L 
Pb 

210 Figure 1. Decay scheme of Pb and its radioactive daughters. 
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EXPERIMENTAL METHOD 
Several SiSBD's are available for use in the investigation. They differ in 
energy resolution for electrons, ranging from 7.5 keV to 12.8 keV 
full-width-at-half-maximum (FWHM). Figure 2 shows a schematic of the 

?10 anticipated electron spectrum of Pb, plus daughters, for the detector of 
lowest FWHM, neglecting the addition of system noise. It is evident that, 
given adequate resolution, the proposed method should enable useful 
measurements to be made. 

The CE, M will be degraded by energy loss in the source, in the air path 
between source and detector, if present, and in the gold contact and 'dead 
layer' of insensitive silicon through which the electrons must pass before 
reaching the sensitive volume. There will be further degeneration of energy 
resolution should the SiSBO have inherently high noise generation or have high 
capacitance (forcing the pre-amplifier to operate in a noisier part of its 
characteristic) or should there be excessive electronic noise. It might prove 
appropriate to consider cooling the detector, as was done by II'in et al.* ' 
to enhance electron energy resolution in a lithium-compensated P-type SiSBD, 
or cooling the detector and first stage of pre-amplification. 
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Figure 2. Schematic of anticipated electron spectrum of 
daughters with high resolution detection system. 

210 Pb and 
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Two areas were selected for preliminary investigation - the effect of an air 
path and the adequacy of resolution of the SiSBO's on hand. 

The investigation of air path was made by measurements in air and vacuum. The 
highest resolution detector was mounted in an evacuabie can and connected to a 
pre-amplifier, amplifier, analogue-to-digital converter and multichannel 
analyser. This system was also used to assess resolution. 

THE EFFECT OF AIR - RESULTS 
The effect of an air path on the Auger and conversion electron spectrum of 

This suggested that, in air, the 133, 

CE 
Ba was evaluated as shown in Figure 3 

210, 
LM of Pb would merge into the Fermi distribution of the 17 keV beta 

particles. 

,KLL AUGER. KLX AUGER. 
.CEK81.CEK80, CEL53 

m Bo IN VACUUM 

81, CEM81 
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CHANNEL NUMBER 

133n Figure 3. Low energy electron spectrum of Ba for air and 
Pb plus daughters in vacuum for vacuum. Low energy spectrum of 

same detector. 
210 



RESOLUTION - RESULTS 
210 The adequacy of the highest resolution 51SBD for CE, M from Pb is shown 

in Figure 3. It is obvious that the detector does not give useful results. 

FURTHER WORK 
The method offers promise for the intended purpose provided the energy 
resolution of the total system can be significantly improved. A detector of 
higher resolution is an obvious step, but (CE., L„) coincidence methods 
might be beneficial in reducing interference from electronic noise and the 
underlying beta continuum. The investigations are continuing. 
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ENVIRONMENTAL RADIATION MONITORING 

J C Duggleby, P A Smith, R A Lauder and G Dixon 

Radioactive fallout in Australia from nuclear weapons tests in the atmosphere 
has been monitored on a continuous basis since the i950's. Since 1974, when 
the last series of atmospheric nuclear weapons tests of significance to 
Australia took place, the extent of the monitoring program has been reduced as 
the levels of long lived fallout have decreased. In more recent years, the 
measurement of the long-lived radionuclides, strontium-90 and caesium-137, had 
been allowed to assume a lower priority and only sufficient work was done to 
confirm that there existed no health hazard to the Australian population from 
this source. As a result, a considerable quantity of environmental material 
had been collected but not fully analysed to obtain data of scientific, rather 
than community health, importance. The radiochemical analysis of this 
accumulated material was carried out during 1981 and is expected to continue 
well into 1982. 

The surveillance program for the early detection of fresh fission products in 
ground-level air nas been maintained. Since the beginning of 1980, data from 
this program have been routinely forwarded to the International Reference 
Centre for Radioactivity (a part of the World Health Organisation) for 
publication in their quarterly reports. No fresh fission products were 
detected in 1980 but traces of short-lived radionuclides attributable to an 
atmospheric detonation of a nuclear device in China on 16 October 1980 were 
detected in air filters from all six Australian sampling centres during 1981. 

In December 1980, amendments were made to the "Guidelines for Environmental 
Radiation Monitoring During Visits by Nuclear Powered Warships to Australian 
Ports" which (i) allowed quarterly environmental sampling to be discontinued, 
subject to Commonwealth/State agreement, at berths not receiving frequent 
visits by nuclear powered warships, and (ii) provided means of measuring the 
integrated radiation doses which might result in the vicinity of a nuclear 
powered warship berth from accidental release of radioactivity. 
Implementation of these amendments resulted in the Laboratory terminating 
quarterly environmental sampling at all ports except Perth. Each quarter and 
before and after each visit of a nuclear powered warship to Perth, specified 
marine samples are collected by the local authorities in and forwarded to the 
Laboratory. The samples are analysed for the presence of cobalt-60 or any 
other artificial gamma-emitting radionuclide known to characterise the 
radioactive waste likely to be held in a nuclear powered warship. Similar 
sampling and analysis procedures would apply before and after an occasional 
visit of a nuclear powered warship to any other approved port and there would 
be a follow-up sampling ana analysis three months later. In order to satisfy 



the second amendment to the Guidelines, thermoluminescent dosemeters were 
provided for placement at selected locations in the vicinity of each visiting 
nuclear powered warship. The results of the monitoring are published annually 
by the Department of Home Affairs and Environment. 

All liquid effluent from areas of the Laboratory where unsealed radioactive 
sources are used is collected in a number of large holding tanks. Before 
release of the effluent, the activity must be shown, by radiochemical ^ 
analysis, to be below the limits specified in the appropriate Victorian 
Government Regulations (1959). All such samples analysed during the year were t 
found to meet that requirement. Regulations governing the limits of 
radioactivity in effluent vary from State to State and the Laboratory was 
requested by the Radiation Health Committee of the National Health and Medical 
Research Council to develop a suitable set of limits which could be 
recommended by the Council for incorporation into the regulations of all 
Australian States ar.d Territories. A set of limits based on ICRP Publications 
26 and 30 was developed by the Laboratory and later approved by the Radiation 
Health Committee for recommendation by the Council. 

Owing to the higher priority placed on completing the analysis of accumulated 
environmental samples for fallout from nuclear weapons tests and the use of 
all available manpower on that project, further work on the comprehensive 
study of natural radiation background and the influence of man's activities on 
it was temporarily suspended. 
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