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ABSTRACT

Development of High Resolution counting
techniques for body radioactivity measurement

In vivo whole- and partial-body counting has been dominated by scintillation
detectors because of their high counting efficiency for gamma-rays. However, large
semi-conductor detectors are now becoming available and it is logical to apply them
to body counting in order to take advantage of their very high resolution since they
can give usable efficiencies. With the increasing interest in low-energy gamma and X-
ray emitters such as plutonium and americium in the body, semi-conductor detectors
namely the Low Axial - to diameter length- known as LOAX (a product name of
EG&G Ortec), specifically designed for this energy region, can also be used for these
measurements. Efforts to measure internally deposited transuranic elements in vivo
have largely been concentrated on the accurate detection of the radionuclides in
various parts of the body. This requires that the detectors are reliable and adequately
sensitive.

As an integral part of this study a great deal of effort has been spent on the
modification of the shadow-shield whole-body counter at SURRC. The shadow-
shield was reorganized to accommodate up to four n-type LOAX detectors and one
80% p-type HPGe-detector along with the two Nal(TI) detectors already present.
This detector arrangement has transformed the monitor into a “ hybrid ” detection
system capable of measuring low, intermediate and high energy gamma-emission from
radionuclides. This research work has investigated the detection characteristics of the
hyper-pure germanium detectors in the shadow-shield monitor as an improved method
for quantitative measurement of internally deposited radionuclides. It provides a
comprehensive background data analysis of the shadow-shield arrangement and
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discusses the various methods of background prediction for the HPGe-detectors

used.

The detection capability of the “ hybrid ” counter has been thoroughly examined by
measuring standard sources and a number of different types of anthropomorphic
phantoms. Specially made tissue equivalent phantoms labelled with various activities
of isotopes of **'Am, *°Pb and U have been measured and used for the
calibration. Combining the results of the calibration factors in terms of sensitivity,
minimum detectable activity (MDA) and the scattering contribution of human subject
measurements a number of optimum methods for data analysis have been presented

for HPGe-detectors in the shadow-shield arrangement and discussed.

To establish the usefulness of the equipment for body measurement, the MDA is what
is of interest. The main criterion tried for carrying out data analysis of the small ( low
counts ) peaks expected was to see whether the collected counts constituted a peak
above established background or not. The utilisation of the available computer
programs was not very helpful in this respect and the straight-forward method of
visually comparing the spectrum with background from controlled subjects was
examined. Using this method, the MDA taking 2o as the definition, corresponded to
3 Bq for *'Am 59.5 keV for a one hour count and to 10 Bq for *°Pb. Other
methods were also used to define the exact region of interest for the low energy
peaks, for example, the counts within each peak were manually calculated and their
respective activity and MDA were tabulated.

The results of special measurements of four human subjects that were known to
contain various levels and types of the radioactivity of interest due to their various life
styles, are presented. Also a number of whole dead sheep and various bones
collected from decayed animals in the South West of Scotland area have been
measured and found to contain a significant level of americium radionuclide mainly
due to contamination by Sellafield discharges and lead radionuclide due to the

presence of natural uranium decay products. The final reported activity levels were
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determined using calibration factors that were calculated using their appropriate
phantom “ internally ” deposited activities. An activity of as low as 4 Bq was
determined in one subject and as high as 100-150 Bq of *)Am in sheep and bone
samples from the South West Scotland.

These final results have proved the applicability and the considerable sensitiﬁty of the
detection system in the actual detection of real cases of internally deposited low-level
and low-energy radioactivity. A number of interesting and valuable in vivo gamma-
ray spectra obtained from the measurements of human subjects as well as soil samples
showing various activities of *'Am, *'°Pb and other radionuclides are presented in

the appendix A.
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Chapter 1

Measurements of body radioactivity by external radiation detection

1.1 Introduction

Mankind is continuously subject to exposure from internal radioactivities naturally
present in the body, These internal exposures arise from the presence of *“K, '“C
and traces of the long-lived uranium and thorium series radionuclides and their
daughters. The detection or dosimetry of internally deposited radionuclides is
generally termed in vivo or Internal Dosimetry. The first ever internal measurement
carried out on human subjects was on the radium dial painters going back to the year
1929 (Raabe, 1994 ) where an ionization chamber was used to estimate the amount
of radium intake.

The use of man-made radionuclides and ionizing radiations in various scientific,
medical and technological fields, including nuclear energy, will also potentially add to
these “natural” exposures and under extreme circumstances could pose potential
health hazards. One important objective in radiation protection programmes is to
prevent or limit the intake of radioactivity by radiation workers and the general public
both under normal operating conditions and accidents.

During the last three decades a greater awareness of radiological protection issues
has developed; more conservative radiation protection philosophies have evolved;
there have been revisions of the regulations relating to occupational and public
exposures; and greater interest in the possible effects of low-level radiation doses has
been taken. In particular, the public has become concerned about the apparent health
effects near nuclear installations where materials like plutonium are handled. This
radionuclide is very difficult to detect in vivo because of the low-energy of its

1Am, is somewhat more

electromagnetic emissions but an associated radionuclide,
energetic giving a greater possibility of detection in vivo. Consequently, there has
been a marked increase in the emphasis which has been placed on the counting of

low-energy low-level radionuclides in the body.



The accurate assessment of internal exposure to radioactive materials requires reliable
and adequately sensitive methods for the activity measurement in specific organs and
in the whole-body.

Also, in recent years, a number of scientific documents have reported an apparent
increased risk of various types of cancer following exposure to low dose radiation.
Some of these reports have noted an increased incidence of childhood leukemia
around some British nuclear establishments (Roman et al., 1987). Part of the increase
of childhood leukemia was attributed to early paternal exposure in nuclear workers
(Gardner et al., 1990), but apparent effects were also noticed in residents in the close
proximity of operating nuclear installations such as Sellafield and Dounreay (Gardner
and Winter, 1984) and (Mole, 1987). All of these reports have caused a certain alarm
and triggered further investigative studies by various medical and scientific
committees. After the investigation in 1983 by Yorkshire Television and their
programme about the increased induction of childhood leukaemia in Seascale in
Cumbria, close to the Sellafield nuclear facility, the British government set up an
advisory group chaired by Sir Douglas Black to study further and investigate the
causes of the so-called leukaemia “cluster”. After a preliminary investigation a report
confirmed the findings and made a number of important recommendations (Black,
1984). Based on these recommendations a Committee on Medical Aspects of
Radiation in the Environment (COMARE) was further established which added to the
list of reports concerning the various aspects of the same phenomena (COMARE,
1986,1988,1995). Almost all of these reports have recommended that critical
population groups (i.e. a small homogenous group of individuals who, due to their
habits or ways of life represent the most highly exposed individuals in the population),
be screened for low-level activity to establish further the link with disease or eliminate
it as a possibility.

In the nuclear industry, internal radiation measurement procedures consisting of
biological monitoring and in some cases, body counting, are routinely carried out to
monitor radiation workers handling radioactivity or working in a radioactive
environment. These are intended to ascertain the effectiveness of the various safety
procedures and to ensure that the internal dose is well within the recommended safe

limits. Similar measurements have been carried out on the general population, for
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previous discharges continued to make a significant contribution to the critical group
exposure. One additional fact that might explain the unmatched reduction of
discharge to exposure is due to the difference in half-lives of both **'Pu (14.4y) and
241 A (433y) which means there is continuous growth of Am from the decay of Pu .

Because of its toxicity and widespread use plutonium has been studied exhaustively.
It is known that reactor produced plutonium consists of a mixture of isotopes such as
(238, 239, 240, 241, 242). The relative amount of each isotope depends upon the
irradiation history of the material being measured and time since separation but >*°Pu
and 2**Pu cannot be separately analysed by alpha spectrometry so they are normally
quoted as a composite fraction- 2>***Pu. However it is established that the ratio of
(Z*Pu / #***Pu ) is about 0.03-0.05 for the global fallout plutonium and about 0.5 for
the Chernobyl derived plutonium (Kozhevrov, 1991). When dealing with plutonium
contamination assessments, the isotopic composition is determined from mass- or
alpha-spectrometry. This procedure enables the determination of the specific
activities and X-ray yields of all plutonium isotopes involved in the accident and thus
the Pu: Am activity ratio analysed (Burns et al., 1994) and (Palmer and Rhoads, 1989).
For these reasons the **' Am is therefore used as a tracer for plutonium especially for
cases of class (y) ( which refers to its biological half-clearance times from certain
pulmonary compartments in the lungs of 500 days) intake or fresh intakes of soluble
aerosols. However, due to the differential metabolism of plutonium and americium,
it may be prudent to rély on the measurement of plutonium lung burden by means of
the low-energy X-rays. On the other hand **'Am with its alpha, photon, and X-ray
emission has more than 50 individual practical applications which make it by far the
most used actinide element. Among other things, it has been widely used in smoke
detectors through the use of its alpha emission ionization properties. Although most
of the americium produced in nuclear reactors is regarded as a contaminant, its
separation method and uses of this radionuclide in numerous applications increase
the potential for exposure of both occupational i.e. radiation workers and
environmental exposure i.e. the general public as whole. For these reasons, its
measurement characteristics will be emphasized and thoroughly studied in this

research work.




1.2 Review of whole-body counting

Whole-body counting is a colloquial term used for the measurement of X- and
gamma radiations emitted from radionuclides deposited inside the body by using
external detectors close to the body surface. As the name implies, the whole-body is
measured simultaneously. Where external detectors are used to measure radiation
from a specific organ, this is referred to partial body counting, such as lung counting,
liver counting, skull counting etc. The method is a “ direct ” measurement and can
provide data which can be used to verify uptake models, resulting from environmental
contamination etc. A limitation is that only activity present at the time can be found
and to fix the activity present at some previous time, metabolic models or retention
curves that describe the behaviour of the radionuclides in the body must be used.

A typical whole-body counting facility consists of a detection system and radiation
shielding components. Shields commonly used fall into two categories. The first type
are complete iron or steel rooms often made of pre-World War II naval armour
plating which has a low radioactive content, for housing the detectors and the
measured subjects in a very low background environment. They are expensive and
difficult to build. The second type is a considerably cheaper approach consisting of a
“ shadow-shield ” form of shielding which uses a minimum amount of lead so that the
subject is not completely shielded, but the parts of the subject being measured pass
into or are placed in the shielded compartment during counting. This is the type of
arrangement used in this work.

As mentioned, the first ever in vivo measurement of radioactivity in the human body
was carried out by Schlundt in 1929 using an ionization chamber (Johnson, 1989 ).
All through the years of World War II and for the period up to 1957, there was
steady progress in the development of various techniques of in vivo measurements
using different types of detectors. However, the real breakthrough came when
Marinelli, 1957 used a single large Nal(Tl) scintillation detector suspended over the
body of a subject to be counted (Knoll, 1994). The subsequent production of larger
and larger Nal-crystal sizes has made them the mainstay of direct internal monitoring
techniques. The first results to be published using a shadow-shield facility,

constructed of lead, iron and wood, were reported by Palmer and Roesch in 1965,
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(Hickman, 1994). In most whole-body counting systems, Nal(Tl) detectors were
used to measure the gamma-rays emitted by internally deposited radionuclides in the
body. Their counting efficiency was sufficient to detect naturally occurring “’K in the
human body. It was also possible to measure other radionuclides in vivo such as *’Cs
from radioactive fallout (Boddy, 1966) and those used in medical procedures such as
*Fe, *’Co, *Co and “'L

During the last two decades, the uses of whole-body counting systems have been
diversified. Because of increasing concern about the effect of low-level radiation,
high resolution semiconductor detectors, namely Ge(Li) and HPGe-detectors have
been a prime focus for developing the latest state-of-art whole-body monitor
technology. Their potential precision and accuracy for whole-body counting,
permitting the measurement of very low-level natural and man-made gamma-ray
radioactivity has been the attraction.

These detectors have been used in a number of laboratories throughout the world
(Palmer and Rieksts, 1984). The first such system consisting of eight planar HPGe
detectors, mounted in arrays of four on two downward looking cryostats, was
described in 1976 (Falk et al., 1979) and (Falk and Tyree, 1984) . The Oak Ridge
National Laboratory (ORNL) HPGe-system was next to be reported and consisted of
six planar detectors arranged in a closely packed rectangular array designed to cover
one lung field (Berger and Lane, 1981). Following this, a single HPGe-detector was
used to evaluate the performance of an array for in vivo detection of uranium
(Pomory and Malm, 1984 a & b). The potential of a planar HPGe-detector vis-a-vis a
“phoswich” detector for the assessment of Pu in lungs was investigated by Newton
(Newton et al., 1984). He used a single HPGe detector, SOmm diameter x 10mm
thick to simulate a four detector array. The Atomic Weapons Research Establishment
(AWRE) in the UK, have used two arrays of planar HPGe detectors in addition to
phoswiches for monitoring of actinide lung contamination (Lane et al., 1985). One
array of six planar detectors is placed over each side of the chest of the measured
subject. Palmer (Palmer et al., 1984) employed six individual HPGe-detectors in an
array for the measurements of radioactivity in lungs. Palmer and Lane have compared
the limit of detection for actinides in the chest for a Ge array and two phoswich

systems and concluded that the former were superior in many respects particularly for
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recognizing the radionuclides in cases of low-level internal contamination. They also
found that Ge-arrays can complement the findings from phoswich detectors (Sharma
et al., 1989) and (Pomroy and Malm, 1984 a & b). However, they also found that Ge
arrays appear to be less suitable than phoswiches for measurements in the 14-20 keV
region of Z°Pu.

In recent years the results of Cohen et al. (1992), Hickman and Cohen, (1988);
Boecker, (1991); Pushparaja, (1992); Bunl et al., (1993), and Smith et al., (1994)
have shown considerable improvements in sensitivity, which is defined as the least
amount of a radionuclide in the body that can be quantified by a whole-body count.
The current detection system with greatest sensitivity for the detection of >*°Pu and
' Am is located at the Pacific Northwest Laboratory (PNL) and consists of an array
of high purity germanium detectors used for in vivo monitoring of workers (Palmer
and Rieksts, 1984). Their reported minimum detectable activity (MDA) for the low
energy X-rays (17 -20.4 keV) of Pu is in the range of 3000-6000 Bq while it is in the
range of 7-13 Bq for the 59.5 keV photon of **'Am (Toohey et al., 1991).

The high energy resolution of these detectors and the steady improvement in detection
efficiencies which have been achieved is mainly due to the manufacturing advances in
germanium technology which can produce bigger and bigger crystals. In addition,
there has been a decrease in relative costs, which has helped their more widespread
use for in vivo measurements. There is a large volume of published literature
covering the development of whole-body counting and in vivo counting techniques:

(IAEA, 1970, 1984, Swinth et al., 1978, NCRP, 1985 and Palmer et al., 1988 ).
1.3 Purpose ( Aims of the research work)

The main purpose of this research was firstly to apply the design criteria outlined in
the previous M.Sc. research work by the author (Droughi, 1992) and build up an
optimum semiconductor shadow-shield whole-body counter comprising two types of
HPGe-detectors capable of detecting low, medium and high-energy gamma-ray
emitters. The ultimate and extremely difficult aim was to construct a detection system

with a low enough limit of detection for actinides to be able to measure them in



members of the public. This work took the form of constructing a shadow-shield
“Hybrid” detection system comprising a number of two to four n-type low-energy
photon-detectors and one p-type 80% high purity germanium detector added on to an
existing Nal configuration. It has to be noted that the number of LOAX detectors
used through out the experimental procedures varied according to the availabi]ify of
these detectors since they are required for some other purposes.

Secondly, the aim was to calibrate the detection system using various point sources
and different organ models and tissue equivalent phantoms. Adapted computational
stripping procedures and synthesized gamma-ray spectra techniques were to be
applied in order to elucidate the low count-rate spectra involved which often do not
lend themselves to reduction by available gamma analysis programmes . A number of
synthesized gamma-ray spectra were produced for this purpose as activity reference

data for the various counting geometries.

Thirdly, to utilize this system to investigate in vivo the variability of background levels
for the main energy peaks of interest and to determine the particular minimum
detectable activity (MDA) for the shadow-shield system. The high resolution
obtained with germanium detectors enables easier identification of radionuclides
compared with Nal detectors and can offset problems of variable scattering when
measuring the human body. An important aspect of calibration was to assess the
effects of scattered radiation on the background in different phantoms and different

individuals.

Fourthly, to make practical in vivo measurements of individuals from affected areas,
such as South West Scotland thought to be effected by Sellafield discharges to test
the detection capability and sensitivity of the system. In addition, it was also possible
to use the system for counting in morto samples such as whole sheep and their
skeletons found in the open in affected areas. Where possible, trial measurements of
non-exposed subjects from the general population and other special subjects known to
be injected or exposed to certain types of radiation were to be tested along with some
animals and soil samples known to be contaminated by nuclear installation effluent

discharges.
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Committed Equivalent Dose Effective (CEDE) or Collective Effective Dose (CED)
when a significant intake has occurred. The current legislation in the UK requires the

assessment of CEDE to whole body or CED to an organ based upon 3/10ths of the
annual limit of 50 mSv to the whole body or 500 mSv to an organ and so any

monitoring procedure must at least have sufficient sensitivity to achieve this.

The general population that might be exposed directly or indirectly to nuclear effluent
discharges into sea and air, or fallout due to a nuclear explosion is subject to much
lower dose limits, namely a recommended maximum of 1 mSv per year, so that even
greater sensitivity is necessary to meet the recommendations of COMARE committee
reports ( Black Report, 1984 ) such as that chaired by Sir D. Black. The mechanisms
and further description of the various models of biological effects of low level ionising
radiation have been provided in a number of references namely the UNSCEAR
(United Nation Scientific Committee on the Effect of Atomic Radiation ) reports of
the united nations (UNSCEAR 1990 & 1994).

1.5 Detailed experimental research procedures

Since it is known that the main organs that accumulate the actinide radionuclides are
the lung, liver and skeleton it is necessary to design and outline appropriate methods
for their measurement. The principal factors that influence the detection sensitivities
and errors of low-energy photon measurement in these organs are: detector
geometries; number of detectors used; detector positioning; configuration and the

distribution of activity.

The aim of the research studies is to obtain detailed experimental data for subject and
background measurements using HPGe-detectors. Comprehensive measurements of
calibration factors and MDA levels for static and scanning geometries of various
point sources, a commercially available phantom called the Lawrence Livermore
phantom and tissue equivalent phantoms will be used to assess the HPGe-detector’s
capability. As a trial of detection capability, the system was used to measure two
subjects, one being injected with Z7Pu as part of a Harwell experiment (Newton,
1994) and the second known to be exposed to high levels of radon in her capacity as

12



an amateur mineral prospector and collector in Devon and Cornwall. The latter
subject measurements led to the measurement of a number of a special soil samples

for further scrutiny and comparison purposes.

In order to evaluate the monitor for the high energy gamma photon measurement, a
volunteer who ingested a known amount of Heather honey which contained 92 Bq
of "Cs was monitored over a one year period. Also, further tests measuring sheep
and sheep internal organs from an area affected by nuclear reprocessing plant effluent
discharges (Dumfries) provided useful data. To investigate further the effect of man-
made radioactivity in the area on the general population, a farmer, taken to represent
the farming community, was measured and the collected results are analyzed and
discussed. The subject from the area is known to be involved with farming activities

in the surrounding area.

In addition, a special phantom (Ego) containing several radionuclides emitting both
low and higher energy photons was measured as part of a European inter-comparison
study carried out by the German authority Bundesamtfur Strahlenschutz (BfS). Since
Nal detectors, an 80% Ge detector and low-energy photon (LOAX) HPGe-detectors
were all mounted in the body monitor shielding, cross-comparisons were readily

carried out.
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CHAPTER 2

A description of the whole-body counting equipment and its development

2.1 SURRC shadow-shield design

A separate prototype shadow-shield design was initially built in the health physics
laboratory at SURRC using available 10 cm thick chevron lead bricks. This lead was
washed thoroughly and the construction followed the design criteria from work
carried out earlier by the author (M.Sc. thesis, Droughi, 1992). The aim was to
provide an experimental shadow-shield arrangement as shown in Figure 2.1, utilizing
one large volume p-type 80% HPGe-detector having an L-shaped crybstat, inserted
at the top side-wall of the shield while the two n-type low-energy HPGe-detectors
were inserted horizontally from the top surface of the shield using two separate
apertures. ( These low-energy detectors were characterized by a low axial-to-
diameter length and given the name “ LOAX > by the manufacturer ( EG&G Ortec
Instruments 1993/1994 ) ).

From preliminary background studies it became apparent that the lead bricks were
contaminated giving a much higher background than expected. This rendered the
system unusable for low background in vivo measurements. Despite the cleaning, it
was found that *°Co and ’Cs were present in the lead bricks used, as shown in the
pulse height spectrum in Figure 2.2. In an attempt to decontaminate the lead bricks,
further cleaning was carried but the reduction factor obtained by this procedure was
only 10 with the contamination still persisting. The background was therefore
considered to be unacceptable for the intended purpose of the counter for low-level
low-energy in vivo measurements and the decision was taken to relocate the
detectors to an existing whole-body monitor shield originally described in full detail by
Boddy ( Boddy et al., 1975 ).

As shown in Figure 2.3, the right side of the roof surface of the shadow-shield was
reorganized in order to accommodate the 80% HPGe-detector and two LO-AX
detectors. The 80% HPGe-detector was inserted from the side about 20 cm from the
upper Nal(Tl) detector and at (18 + 57 ) = 75 cm from the edge of the side-shield at
the copper holder.

14
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To the right side of the 80% HPGe-detector and at a distance of 20 cm, four
separate apertures (10 cm x 10 cm) were made to accommodate the semi-vertical
insertion of LOAX detectors from above. The four crystals were positioned inside
14 cm thick lead and protruded only about 3 cm beyond the inside roof surface. The
separation between the four apertures was only 2.5 cm, and the maximum distance
between the detector surfaces and bed surface was about 29 cm. A photograph
depicting the detector set-up is shown in Figure 2.4. The LOAX HPGe-detectors
were located at a distance of 57 cm from the right side edge of the shielding and the
turret was lined from all sides by the 10 c¢m thick lead forming the top of the monitor.
In addition lead shot, contained in polyethylene bags, was used to fill small, irregular
gaps around the detector probes.

Detailed background assessments were made and again due to the high resolution of

¥7Cs contamination were again detected. This

these detectors traces of *°Co and
had not previously been observed so clearly with the Nal(Tl) detectors over many
years of use. Therefore, a decontamination procedure was followed for all the
chevron lead bricks used around areas where the shield was modified. In order to
ensure the effectiveness of the decontamination operation, the whole lead turret
surrounding both Nal(Tl) detectors was dismantled and a comprehensive cleaning

procedure for the lead and steel plates followed.

The final background gamma-ray spectra obtained for both detection systems are
shown in Figure 2.5 where it can be seen that some improvement was obtained. This

is discussed in more detail in chapter 3 particularly section 3.1.3, 3.2 and 3.3.
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2.2 The hybrid system

The final structure of the shadow-shield configuration provided a unique combination
of detectors with various characteristics which made it a potentially very versatile
"hybrid" system. The essence of the “hybrid” system was that two-Nal(Tl) detectors
(29.5 ¢cm x 29.5 cm) provided high sensitivity while one large volume p-type 80%
HPGe-detector and two or four n-type LOAX detectors provided high gamma-ray
resolution. The following section describes the Ge-detectors in detail and outlines all
their performance results. Descriptions and detection characteristics of the NaI(Tl)
system can be found in a number of references (Boddy, 1966), (East & Robertson,
1989 ) and ( Droughi, 1992 ).

2.2.1 The LOAX HPGe-detectors

The principal advantages of the n-type LOAX detectors used to build the system are
related to the lower capacitance of their coaxial configuration along with their large
active frontal area (Seymour et al., 1989). They are supplied with 0.3 pm Be-
windows. These technical characteristics along with the inherent higher interaction
probability (efficiency) of germanium than for Si(Li), for photons provides a good
specification for in vivo measurement of actinide radionuclides. In comparison with
Si(Li) detectors, which also have high efficiency for the detection of X-and gamma-
rays in the range from 1 to 20 keV the germanium types have a larger energy range

extending up to 200 keV which is useful in this context.

Although the energy resolution of the Si(Li) and HPGe-detectors may be comparable,
their sensitivity to the background will differ. It has been demonstrated by the
Mossbauer experiment, that germanium detectors are advantageous in the detection
of photon of energy greater than 14 keV, and results in more counts in the full-energy
photon peak relative to background continuum ( Knoll, 1994 ). Figure 2.6 gives the
ratio of the linear absorption coefficients (cm™) for both silicon and germanium for the

photoelectric to incoherent as a function of energy (Seymour et al., 1989).
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The measured peak to Compton ratio for the coaxial 80% detector used for this
research work was found to be 65:1. This greater resolution allows a smaller region
of the background to be used under the photopeak and also a more accurate
prediction of the background contributed by the human body because there is less
interference from higher energy gamma-rays from other activity in the body. In
addition the peak-to-background ratio will be better for the coaxial configuration than
for the planar configuration because there is a greater probability that events will
deposit their full energy in the detector up to some maximum energy at what is called
the “knee” of the efficiency curve after which the efficiency starts to drop ( Seymour
etal, 1989).

Germanium detectors are very stable in gain and in multiple arrangements, the output
of each detector goes to a preamplifier and then to an amplifier which has an
adjustable gain, as well as an adjustable DC level (Ortec Model 571 & 572) which

allows a complete matching of all detectors over the entire energy range.

2.3 Electronic set-up

The two detection systems, that is, the 80% and two or four LOAX HPGe-detector
array were connected to a Multi Channel Buffer (MCB) (EG&G ORTEC Model 919
Spectrum MASTER™ ) via a multipexer to route the signals appropriately. The 919
MCB is an Advanced Data Collection And Management system (ADCAM). The
individual signals can be fed to a mixer / router system which allows either combined
or individual signals from up to four detectors to be analysed using this high
performance technology MCB which acts as a multichannel analyzer. The multiplexer
is used to take a number of inputs from separate detectors through a single analog-to-
digital converter (ADC), which means that, while it is digitizing one pulse, the other
inputs have to queue, which can cause considerable dead times, especially for high
count rate measurements. This was the only drawback of the system, but due to the
low count rates being measured in most of the work, it only gave significant effects
when measuring standard sources with higher activities. Where possible, it was better

to calibrate one detector at one time to reduce the dead time effect.
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The MAESTRO™ emulation software was capable of providing a number of
advanced functions: peak centroid and shape calculation; net and gross area of peaks
with statistical uncertainty; spectrum strip / normalization / compare / and summation
/ energy calibration; setting and analysis of region-of-interest; spectral plotting and

complete control of the MCA hardware.

2.4 Summing amplifier

This type of summing amplifier accepted up to four input signals and provided an
algebraic sum of them at its output. The most difficult aspect of its utilization was the
adjustment of the different input signals so that the resolution of a given gamma peak
was not degraded appreciably. In order to be certain that all the energy peaks fell in
the same channels, widely spread energies, such as either 59.5 and 122 keV were used
with 276 and 302 keV for calibration purposes. Energy linearity needed to be
maintained throughout measurement procedures and regularly checked and adjusted.
The main purpose of the summing amplifier was to utilise fully the detector outputs
when dealing with spectra containing low counts. Counts of the main energy peaks of
1Am (59.5 keV), '**Ba (276, 302, 356 and 384 keV), >’Co (122 keV) confirmed that
the summed count for four detectors was four times that of a single detector. At the
same time the resolution (FWHM) deteriorated only by 15% for the 59.5 keV and
18% for the 122 keV peaks. Figure 2.10 shows examples of gamma-ray spectra of
the four LOAX detectors both for single and summed data.

As well as the summing amplifier, spectra were also analysed using computer software
that was capable of adding up to 200 different spectra of similar energy calibration.
This method of spectra summation and the results obtained are discussed in detail in

chapter 5.
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2.5 Optimization of the SURRC shadow-shield design

As the name implies, the ideal shadow-shield arrangement is that which covers a
minimum space around the detector and the measured subject such that no external
gamma-ray can reach the detector. The shield built around the detectors can thus be
visualised as casting a shadow on the detectors and counting space. Figure 2.11 gives
an impression of the disposition of detectors and counting space in the SURRC hybrid
shadow shield. Where the LOAX detectors penetrated the roof of the space, gaps in
the shielding were filled with bags of lead shot. The 80% detector can just be seen in
the roof channel behind the two LOAX detectors while the two original Nal detectors
are above and below behind it. The dewar of the 80% detector which is outside the
shield was also completely surrounded by 5 cm lead bricks to ensure that no radiation

reached the detector crystals directly by streaming through gaps.

The inside surfaces of the shadow-shield were covered with sheets of cadmium (3
mm) and copper (5 mm) to produce a “graded” shield. The copper can be seen in the
photograph. Graded shielding was used to absorb the characteristic X-rays which
were produced when gamma-rays interacted with the lead shield. These appeared at
70-85 keV and could interfere with the low-energy photons such as those from
2 Am at 17.5, 26.3, 59.5 keV and the 46.5 keV from *'°Pb. The way in which the
graded shield worked was that the cadmium absorbed the lead X-rays and emitted
further X-rays at 28 keV (Sharma et al., 1989). These were in turn absorbed by the
copper which emitted X-rays at 8 keV, thus effectively removing them from the
working background range. In addition, the LOAX detector crystals were covered by
polyethylene sheet and 2mm thick copper tubing, 3.8 cm diameter and 20 cm long.
These components were held in place tightly by the plastic cap. The whole length of
the 80% detector housing was also covered on the top and sides with graded

shielding.
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required. This manoeuvre was sometimes used to reduce the distance between

detector and subject to increase sensitivity.

2.6 In vivo measurement geometries

Two main requirements for an ideal in vivo counting geometry are; high sensitivity of
detection and an invariant response to internally deposited radioactivity. To achieve
these requirements two main in vivo counting methods were used. The first was the
static method, whereby the subject is positioned as close as possible to the detector
crystals concentrating for example, on the anterior surface of an organ in the body
with the subject in a supine position. The three main organs of interest in the present
work were the lung, the liver and the skull. This method is effectively partial body
counting and it depends very much on how well the calibration of the detectors
simulates the true distribution of radionuclides in the human subject. It is extremely
useful for measuring low-energy photons, where the sensitivity of the detection
system needs to be maximized. With the present spatial arrangement of the two or
four LOAX detectors in their fixed counting position as shown in Figure 2.11, either
one or two LOAX detectors will be positioned on top of each lung. Using Monte
Carlo simulation techniques Scott et al. (Scott et al., 1977) showed that the optimum
configuration for two detectors is to position each detector approximately 20 cm
below the top of the shoulder and 10 cm from the midline of the sternum and this

was done.

The second counting method is known as the scanning count whereby the subject, in
a supine or prone position is moved on a motorized bed past the detectors. This

method was also used extensively in the present work.

2.7 Data processing of gamma spectra

2.7.1 Gamma-ray spectra description

The main features of the gamma-ray spectra in germanium detectors and in particular,
the background, depend on the energy of the incoming photons, the shielding and the

construction of the detector. These features may be explained by the examination of
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rate ( Debertin and Helmer, 1988 ) of a radionuclide. In order to handle complex
gamma-ray spectra, a number of commercial computer programmes were available
which used routines consisting of an algorithm which searched the spectrum for
peaks, statistically fitted them to Gaussian or modified Gaussian shapes, and then
computed the background under the peak by extrapolation. The computer software
programme used for the analysis of some of the data in this study was called Minigam
as an independent peak search programme and was supplied in addition to the
Maestro™ II (A63-BI) emulation software (EG&G Ortec). The functions provided
by this software were to: locate the peaks in a spectrum; determine their resolution;
identify the radionuclide from each energy peak; differentiate between single and
multiple peaks;, determine the gross and net area of the peak. Most of these
programmes were based on the Mariscotti method of analysis (Mariscotti, 1967),
which provided a method of automatically identifying peaks in the spectrum by testing
the derivative of the gross counts of the data collected. The data were then smoothed
by averaging the entire spectrum channel by channel, and setting the centroid channel

from the average value.

2.7.3 Poorly defined low-level peaks

For ill-defined or non-apparent peaks frequently encountered in in vivo measurements,
these programmes could not handle the data adequately. For this reason a different
method of spectral analysis was employed. Low-level peaks were selected by careful
inspection and their energy range specified manually. Quantitative analysis was then
carried out using the Maestro II programme to print a report file of the gross and net
counts in the peak. This manual tracing of the specified energy ranges was carried out
for both the suspected contaminated and “clean” subjects or the blank. The obtained
gross and net counts of the collected gamma-ray spectra are compared and analysed
statistically for the verification of presence or absence of trace activity levels of the
suspected contaminant. This method of peak identification of ili-defined peaks was
applied through out this research study.
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the individual variances and using equation 2.2, the following equation can be

deduced:

1 U+m

var(A)=i (:-+nl[ LZ—: + 2 ]/4,7,1 ...... Equation 2.3
iml i

jwlem imU+l
It has to be noted that the total uncertainty in the peak background channels is used
unlike the single background counts where the variance of the count is numerically
equal to the count itself. For this reason the standard deviation expression to be used
for a peak area calculation is :

6 na =[ Net +B(1+n2m )1 .......... Equation 2.4

Where: B-is the background count rate,

Net- is the net count rate,

C;- counts in the i channel,

Cr.1 -counts in the channel immediately beyond the lower channel,

CL+1- counts in the channel immediately beyond the upper channel,

Onet - Standard deviation of the net count rate
The uncertainty of this method depends upon the number of channels used to estimate
the background regions. This method was more precise in determining the low counts
under the peaks, especially if the peaks were small and were situated on top of a
Compton continuum region. Its main disadvantages were that it did not provide
satisfactory results for overlapped peaks or for two peaks that lie in close proximity of

each other, in addition to its being a time consuming method of analysis.
2.7.4 Detector Calibration

In order to identify the radionuclides responsible for the peaks in a gamma-ray
spectrum, energy calibration of the spectrum is required using standard radionuclides
which emit gamma-rays of known energy. Figure 2.16 a & b shows the energy
calibration curve obtained using both the 80% and LOAX HPGe-detectors. In
addition, to ensure that the germanium detector’s energy response is stable and linear
over long counting periods, a number of point standard sources were measured on a
regular, routine basis. The point sources used were mainly **'Am, *’Ba and *’Co for
the LOAX detectors, while a 2°Ra standard source of 18.5x10* Bq ‘activity (in
equilibrium with its decay products) was used for the 80% HPGe-detector. They

were positioned in reproducible geometries at a distance of 25 cm from the detector
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