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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.



Table of contents

D C AT AtIO e e e ceeeeereeeeercsencocnerececcosssscssessssrsecscsssonsaccossessssscsssssssscsssssss ) |
AcKNOWIEdZMENTS..cccuerurierereiesiieneintercmrencsecrecscaressesescssessressscncnnsacnse i
DediCaAtiON....ueieeereeeeeeeeecererneceeccessosscsccscsssssscssssensasssassssssssscssssssnssses I
PN 1115 ¢ T OO U S v
TabIe Of COMEENME.cccereereereeereaneecencsesnccsnssscssssccsssscsssssssssssssasssacssssasssns \%211
List Of FiUIeS..cieeeeereeienreterareiereensecnceatetssencesaseesesseseenseesncessosesennss X1
LSt Of TADIeS . uueeeeeeeeceecececenencccrssectosassscssescsssscnsacsasascsssacsssssssnce Xvil
Chapter 1

Measurements of body radioactivity by external radiation detection

1.1 INtFOAUCHION ..ot e e 1

1.2 Review of whole-body COUNtING ...........ccooiiiiiiiiiiiiii e 6

1.3 Purpose ( Aims of the research work)................c.o 8

1.4 The main radiation emission properties of actinides....................c....cccveeeeinnns 10

1.5 Detailed experimental research procedures ....................cccceeeveeieeiiieiieeeneennn. 12

2.1 SURRC shadow-shield design.............ccccoooiiiiiiiiiiiiic e 14
Chapter 2

A description of the whole-body counting equipment and its

development
2.2 The hybrid SYSteIM ....cceooiiiiiiee e 20
2.2.1 The LOAX HPGe-detectOors ........ecoueriemmiiioiiiiieiecieieieeeeeeeeeee e 20
2.2.2 Large-Volume HPGe-detector.............ccoovoiiiiiiiiiciicieeeeee ...23
2.3 ElECITONIC SEt=UP ....eiiiiiiiiiieeiii et 24
2.4 Summing amphifier ... 26
2.5 Optimization of the SURRC shadow-shield desig................ccccocooeiiiii. 28
2.5.1 Facility design.........ccoooiiiiiiiiiee e, 30
2.6  In vivo measurement SEOMELTIES . .........ccoceuvvrrriiriiiieeeeeeeeieeeeiee e eeeeeee e 31
2.7 Data processing of 2amma SPeCtra............cccovviiiiiiiiiiiiiie e 31
2.7.1 Gamma-ray spectra deSCrpPtiOn..........cocuuiieiiiiiiiiiiiiiiieeee e, 31
2.7.2 Well defined gamma peaks..............ccccoeeeeiiiiiiiiiiie e, 32
2.7.3 Poorly defined low-level peaks ............ccccoocooeiiiiiiiiiiiceeee e 33
2.7.4 Detector Calibration ..............ccoeieiiieeieriiieiieeceeeeeeeeeee e 36
2.8 Synthesized SPECITA.........cccoioiiieiiiiieeiieeeeeeee e 44



Chapter 3
Background studies

3.1 Background SOUTCES...........cccciriiriiiiiiiieiceee ettt 47
3.1.1 Natural external radioactivity and radiation..................cccoccoeveierrnrnenn. 47
3.1.2 Natural radioactivity in the construction materials of the shield

ANd  AELECTOT ....oiiiiiiii et 48
3.1.3 Man-made CONtamination. .........ccueerireerireiiiiaeieeneeeeeeesieeeeieeeieeeeieeas 50
3.1.4 Radioactivity in the subjects being measured.................ccccovveeerrieennn.... 52

3.2 Observed background effects.............ccoociiiiiiiiiii e 53

3.3  Shadow-shield effectiveness study..........ccccooivieeeiiiiiiiiii e 54
3.3.1 The LOAX backgrounds..........ccccormiiiiiiiiiiiiiiiie e 57
3.3.2. The 80% HPGe-detector data...............cooveiiiiiieiiieeeiieeieeeeeeeee e 59

3.4 Methods of subject background determination.................cccooveviviiiciiiennnee.. 60

3.5 Background determination for low-energy peaks using HPGe-detectors ....... 62
3.5.1 The statistical significance of background ................ccccceccoeeviiiiiiennni. 62
3.52  Crtical Dmit (L) .oooviioeieeiieieee e 62
3.5.3 Minimum Detectable Activity (MDA ).........ccoooiiiiiiiiieeeeeeeee 64

3.6. Calculation of the background using trapezium methods...................ccceee... 65

Chapter4

Calibration of the Whole-body Monitor using Surrogate
Human Phantoms

4.1 IDTOAUCHION ...t 67
4.2 “BOMAB” Phantom Calibration Standards .................cccoooiviiiniiiiiiiee, 67
4.2.1 K-phantom MeEasUrEments. ............cccceeriiiiniiririiieeiieeeciee e 69
422 Mixed uranium and K measurements (K/U) .............cccooevvvveeeiein . 72
4.2.3 Uranium bottle phantoms..............cccccooiiiiiiiiiin e 79
4.2.4 Depleted uranium metal samples.........................oooiiiiiiieeiiieie 81
425 Cs and "Cs BOMAB PhantOms ................oovvreeeeeeeeereesorerreennn. 84
4.3 Tissue equivalent phantoms (TEP) .........cocooiiiiiiiiiiiiiee e 90
4.3.1 Historical background.............cccooooiiiiiiiiiiiiiii e 90
4.3.2 Tissue equivalent phantom characteristics.................ccceeveevivienireeenn. 91
433 Field of view (FOV) measurements..................ccc.ococvveeevveeranveeeacnnnnen.. 92
4.3.4 Static and scanning MEasUremMEenNtS ................c..cceereerieereereereeneeaanneennnn. 95
4.3.5 Comparison of static counts between detection systems......................... 97
4.3.6 The effect of subject-detector distance....................ccooeoeiveicvenennnnenn. . 97
43.7 Sensitivity for counting **'Am and *°Pb in the head-calibration with
phantoms prepared from real skulls..............c.coooiii 99
43.8 Realarm and leg bone phantoms labelled with **'Am ....................... 102

VI



439 The effects of four LOAX detectors summed..............ccceivvveeeernereaeen. 103

4.4 Measurements of an *'Am disk reference sOUrCe................cccocovvevveeruennee. 104
441  Source deSCTIPLION.......c.oiuiieriiieiiieeeteee ettt e e e eae e see e 104
442 Measurement ProCeAUIE ..........cccooieruiiiiriiiiiiiiieeiieceeee e erne e 104
443  Discussion Of TESUILS..........ccoccereiireriiiiiiiiircceece e 105

45  The Lawrence Livermore National Laboratory (LLNL) tissue equivalent

phantom measurements and data analysis ..............cccccocoiiiiiiii s 106
4.5.1  Details of the Lawrence Livermore Phantom design...............cc........ 107
4.52  Chest wall thickness studies by other workers............c...cccoeveeeiinnnn. 110
4.53 Mapping of LL-phantom actiVity .........ccccoeeeeeiieiieenieenceeeeceeeneeene 111
454  Muscle equivalent versus count rates .................... [OOSR 113
4,55  Scanning counts of the LL-phantom ..............cc.c.ccoccoiinnne. 117
4.5.6  Calibration graphs and equations ...............ccceeeeiinieiiieniecicceeeieenn 119

4.6 The Inter-comparison study of /n vivo Systems in Europe ..............c.ccc...... 121
4.6.1 Measurements and reSUIS ...........cocceiieiiiiiiiiiiniicee e 122

4.7 Important relationships in /77 Vivo measurement. .................ccoccoocevinvienenenncn 127

4.8 Summary and CONCIUSION ..........c.ooiuiiiiiiiiiii et 127

Chapter 5

5.1 INErOQUCHION ......ooiitiieiie ettt 128

5.2 Preliminary whole body i7 vivo measurements....... s 128
5.2.1 SCANNING COUNS. ... .ooiiiiiiiiiiieeiiie e eeeeeeeiitee e ee e e seeeeeaieeesaeoeeanneeeans 129
5.2.2 Static counts Of SUDJECES .........cccevvieeiiiiiiiiiiii e 132
5.2.3 Discussion of the subjects measured data....................oceoieeeiiiinneenne, 132

5.3 Invivo identification and calibration with injected 23TPU e, 136
5.3.1 INETOQUCHION .....oooiiiieiiie ettt ettt 136
5.3.2 Measurement ProCeUTIES ...........ccuetriuiririiriiie e eeieeeteee e 136
5.3.4 Results and diSCUSSION ..........ccoeviuieriiiiiiiiieiiieeiice e 137
5.3.5 CONCIUSION .......ooiiiiiieiiieie ettt e et 141

5.4 Attempts to measure radon via its daughters by body counting .................... 142
5.4.1 Radioactivity background in mines...................cccccoeeeieieiieenieeeniieneae 142
5.4.2 Description of subject exposed to underground radon..................cc... 142
5.4.3 The first examination of subject B...................cccooiiiiiini 143
5.4.4 Second examination of Subject B...................oooiiiiii 149

5.4.4.1 In vivo measurement procedures ..............cccceeenreeerenennn. 149
5.4.4.2 Conclusion and discussion of in vivo results...................... 155
5.4.43 Soil sample associated with subject B................................ 157
5.4.4.4 Sellafield Soil sample comparison............cc.cceoeeeeeieniene. 161

5.5 Heather honey ingestion (Subject C ) ........ccoeoiiiiiiiiiiiieecccece 162

5.6 The **'Am-Test Phantom SAmPpIes...................cocooovoiuieevoceeeeeeeeesreeeeeeeens 165
5.6.1 Preparation of the Test Phantoms ..................cccoeeiieiiiieiiicecc 165
5.6.2 Measurement ProCEAUIES...........cccoriiiiiiiiemuireaiieeaeeenieesieesreeeaaeeennees 165
5.6.3 Results and DiSCUSSION ...........ceecvieeiiuieeiiieiir oo 166

5.7 The study of radioactivity in sheep samples from South West Scotland......... 168

5.7.1 Measurements of a whole sheep ................occoooiiiiiiiiiiiii 170



5.7.1.1 Results and diSCUSSION ... n.eeeieeee et 171

5.7.2 Measurement of sheep bones...........cccoiiiiiiiiiiiiiiiii e 174
5.7.2.1 Methods of Bone Measurement .................ccooooiimmmmimicceeeeeeeeeeeeeenenan. 175
5.7.2.2 Bone measurement reSults .................ccooiiiiiiiiee, 177

5.7.3 Measurement of sheep WOOl ..........ccoccoiiiiiiiiiii e 180
5.7.3.1 Methodsand results............cooooiiiiiiiiiiiee e, 180

5.8 In vivo calibration and measurements of **'Am ... 182
5.8.1 Calibration ProCedures..........ooooviiiiiieiimiiiieieeeeeeeee e 182
5.8.2 Results and diSCUSSION .........ccoeriiriiiiieieeicee e 186

Chapter 6

Conclusion ,summary and recommendations

6.1 INFOQUCIION ....oeiiiieiiiieiie ettt e 193
6.2 The construction, optimisation and calibration of the detection system............ 194
6.3 Calculation methods for low activity peaks..............cccooeiiiiiiiiiiiiiiee 197

6.3.1 Data @NalYSIS .....c.vieeeiiieeiiieeiie ettt et 197

6.3.2 Spectrum SYNthesis ...........c.ccoiiiiiiiiiiii e 197
6.4 APPICALIONS .....veimeiiie ettt 198
6.5 ReCOMMENAAIONS ......coouiiiiiiiiiiiii et ceiit ettt e e e 200
R T ONICES. .. .o e 202
APPEIAIX ..ot 212



List of Figures

Chapter 1

Figurel.l Total annual quantities of: (a) alpha emitting radionuclides and; (b) beta
emitting radionuclides released from Sellafield ( MAFF, 1971-1989)............ 3
Figurel.2 MAFF estimate for: (a) critical group internal exposure (0) and internal
exposure assuming an enhanced gut uptake factor for actinides (A), and; (b)
critical group external exposure to radiation as a result of the Sellafield

discharge (MAFF, 1971-1989).......cccoerireeiiriieeee ettt 4
Chapter 2
Figure 2.1 Shows the preliminary prototype Shadow-shield arrangement. ............. 15
Figure 2.2 Gamma-ray spectrum of the background count of the initial set-up of
shadow-shield showing the ®Co and ’Cs contamination.......................... 16
Figure 2.3 The detector arrangement at the modified Shadow-shield whole-body
MONItOr CONAGUIALION. .....cviviiiieiiieeiieieeeiiee e e et eeeeeeieeeeeeee e eeeanreeeaans 16
Figure 2.4 Photograph of the shadow-shield configuration..................c.......o..... 18

Figure 2.5 Gamma-ray spectra of the final shielding arrangement after
decontamination; (a) the 80% HPGe-detector count; (b) the two LOAX

ELECTOTS. ....eeieeeie ettt ettt e et ee e e e e e e e e e e e etbeeeeeateeeaeessannsnnnnens 19
Figure 2.6 Photoelectric to Compton scattering ratio for germanium and silicon
CTYSEALS. ..ooeeiiiiiieee e OO 21
Figure 2.7 A profile of LOAX detectors. .........cceveieiiieerieeiieeiieiee e, 22
Figure 2.8 Cross section of various types of HPGe-detector crystal contacts and
their ion implantation outhine. ...............ccocoovviieiiiiiii e 23
Figure 2.9 Electronic block diagram of the semiconductor whole-body monitor
SEE=UD. ..eeeiuriiteeeente et e et e ettt e et e e e ettt et e e e et e e e e an e e e e e r e et e e eeee s 25
Figure 2.10 Presents the two spectra of LOAX detectors measuring **'Am, '**Ba
and *’Co: (a) single detector; (b) summed spectra of four detectors............. 27
Figure 2.11 The internal arrangement of the three detector systems inside the
shielding cOnfigUration. ................ccoiveiieeeiieeiiieeececee e 29
Figure 2.12 Characteristic X-ray reduction of gamma-ray spectrum of two LOAX
HPGe-detectors: effects of Cu/Cd sheild. .............ccoooveviieieciiiieeeea 30
Figure 2.13  Depicting the various types of gamma-ray interaction around a detector
shield arrangement. ..............coooiiiiiiiiiieee e 32
Figure 2.14  Peak area calculation using single channel method. ........................... 34
Figure 2.15 Net peak area and background calculation using the trapezium
MELHOA. ..o e 35
Figure 2.16 Energy calibration curves for both HPGe-detectors: (a) 80% HPGe-
detector; (b) two LOAX-detectors.............ccceeeeeeereeriiiceeeeeeeeeeeeeeeeean 38
Figure 2.17 Efficiency calibration curve for the two LOAX detector using **'Am,
13383 57Co in Static MOAe ONIY. ........c.ouvveereeeeeeeeeeeeeeeeeeeeeeee e, 39
Figure 2.18 Efficiency calibration curve for the 80% HPGe-detector in scanning and
static counting modes using “°Ra standard Source. .................cc.cccooceerrnn. 40

X1



Figure 2.19 A typical gamma-ray spectrum of the radium source measured using
two LOAX detectors summed. ...........ccoeiieiiemiiiiiiiiieeeiee e 40
Figure 220 A typical gamma-ray spectrum of **!Am, "’Ba, *’Co, and *Co
standard source measured using the 80% HPGe-detector..............occceeeeee. 41
Figure 2.21 A typical gamma-ray spectrum of #5Ra standard source measured
using the 80% HPGe-detector. .........cccceiiiiiiiiiiieiececce e 42
Figure 2.22  Efficiency curves for the 80% HPGe-detector measuring standard
sources of 2*'Am, ®*Ba, *’Co, and ®Co using scanning counting mode with
and without absorber. ..o 42
Figure 223 LOAX detector y-ray spectra: (a) measuring >°Fe standard point
source alone at 2 cm distance; (b) measuring *°Fe and *’Co simultaneously.43
Figure 2.24  Synthesized spectra from Table 2.4 of the standard **'Am-skull

phantom added to in vivo subject Spectrum. .............c..ccceeiviniieiiiiiie, 45
Figure 2.25 Two synthesized low activity **'Am spectra in comparison with

background 7 VIVO COUNL. ........ccccooiiiiiiiiiiiiiiieie e 46
Chapter 3

Figure 3.1 Gamma-ray spectrum of the 80% HPGe-detector showing the main

activation background peaks. .............ccocoiiiiiiiiiii e 48
Figure 3.2 Half-Thickness Values vs. energy for commonly used shield materials
(EG&G Ortec Catalog, 1994 ). 49

Figure 3.3 Dismantled shadow-shield arrangement for decontamination purposes. 50
Figure 3.4 Count rates of various gamma-ray energies of the shadow-shield lead
(A) before and (B) after decontamination process of the shield at Nal(Tl)
whole-body MOMItOT. ........ocoiiiiiiiiii e 51
Figure 3.5 *K decay scheme ( ICRP 38, 1983 )......ccccooooimiimiiicececeee e, 52
Figure 3.6 Gamma-ray spectra for the three shielding arrangement using the two
LOAX detectors summed.: (a) detectors out of shield; (b) two sides open;

(c) one side of the turret closed..............coooiiiiiieiiiiii e 56
Figure 3.7  Relationship and description of the Critical and Detection Limit
COMNCEPLS. .eoenvieiieeieeeeeeeeiieee e ettt 63
Chapter 4
Figure 4.1 A typical BOMAB “Bottle-Manikin-Absorption” phantom. ............... 68
Figure 42 Comparison between water; K; and K/U phantoms y-ray spectra
using two LOAX detectors summed. ..............ccooiiiiiiiiiii e 70
Figure 43 Comparison between typical gamma-ray spectra obtained using the 80%
HPGe-detectors measuring K- and water phantoms .............ccccoeeeenennnnn... 71
Figure 44 The reduction of scanning count rate with the removal of different parts
of the K/U phantom using the 80% HPGe-detector...............ccoceeivenreennnnen. 73
Figure 4.5 K/U phantom scanning counts of the various parts using the four LOAX
detectors SUMMEQ. ..........c..ooviieiiiieeiiee ettt 73
Figure 4.6 Comparison of scanning counts using one LOAX detector measuring
K/U and K-phantoms for one hour. ............ccooooiiiiiiiiie 74

XI1



Figure 4.7 Gamma-ray spectra of K/U-phantom: (a) using the four LOAXSs and; (b)
the 80% HPGe-detector. ...........ooiiiiiiiiiiiiciic et 75
Figure 48 A comparison between the complete K and K/U phantoms in static
mode under the 80% HPGe-detector. .............cocciiveiiiiiiiieieeeeceeeeee 78
Figure 4.9 The gamma-ray spectrum obtained for 10 mg U at 4 cm from the four
LOAX HPGe-detectors summed............ccocoeeiiririiinieiieneesieericesee e 79
Figure 4.10 The stepwise increase of activity for the spectra obtained measuring the
set of uranium phantoms; 1, 10, 100, 1000 mg with the four LOAX detectors
SUITIMIEA. ..ottt ettt er e et s et et e st saeeeeeeeneeens 80
Figure 4.11 Comparison of detection limits between gamma-ray spectra of blank,
one mg, and 10 mg of metal uranium using four LOAX detectors summed. . 81
Figure 4.12 Comparison of detection limits between blank and 10 mg metal uranium

using the 80% HPGe-detector. ...........ccooviiiiiiiiiiiiiecieeceee e 82
Figure 4.13 Calibration curve of the sensitivity of 80% HPGe-detector using the net
count rate versus different Uranium metal weights. ....................ccccoeeieeeeee 84
Figure 4.14 A Typical y-ray spectrum of ’Cs using two LOAX detectors summed
in comparison with K-phantom. ................ccoii 86
Figure 4.15 Gamma-ray spectra obtain using the 80% HPGe-detector measuring;
(@) for PCs; (B) For 7CS. oo, 87
Figure 4.16 All the tissue equivalent phantoms that were used for the
MEASUTEIMEIES. ...ttt eiiiii ettt e e e e et e e e e e ee et aa et e e s ee st eeeeaaeaaeaaaeaes 93
Figure 4.17 Combined field of view of **'Am thorax measured using two LOAX
detectors and the 80% HPGe-detector. ...............cccooiieiiiiiiiiicecec e 94
Figure 4.18 Combined field of view of sensitivity for the externally labelled *'°Pb
skull using the two LOAX and 80% HPGe-detectors. ..............c..ccouveeennne... 95
Figure 4.19 Typical gamma-ray spectrum of combined **'Am-thorax, 2°Pb-skull
and pelvic *’Cs sources using two LOAX detectors summed...................... 96
Figure 420 Gamma-ray spectra of the *’Am thorax measured using: (a) two
LOAX detectors summed; (b) the 80% HPGe-detector..................ccceveeennee 98

Figure 421 Gamma-ray spectra of the two different labelled **'Am skulls
measured using two LOAX detectors summed: (a) externally labelled; (b)

internally labelled. ...............cc.oooiiiii e 100
Figure 422  The Lawrence Livermore Torso Phantom with its chest layer
PLALES. ... 108
Figure 423 A profile of field-of-view of the LL-phantom of the 63 and 93 keV
energy peaks using the two LOAX detectors summed........................coce... 112
Figure 424 A profile of the field-of-view for the LL-phantom for the main
energies measured using the 80% HPGe-detector. ................ccoceveeriiennenn 112
Figure 425 A profile of the lung and the heart models in an anterior
COTONAl PIANE. .....oooviiiiiiiiiiieee e 113

Figure 426  Typical gamma-ray spectrum of LL-phantom and *'°Pb skull phantom
simultaneously with '*’Cs-pelvis phantom using the 80% HPGe-detector. .. 118
Figure 427 Gamma-ray spectrum of LL-phantom and the PB-skull simultaneously
with *’Cs-pelvis phantom using two LOAX HPGe-detectors summed. ...... 118
Figure 428  Sensitivity calibration for the 63 and 93 keV of LL-phantom measured
in static mode using the 80% HPGe-detector. ...................cccoeeeiiiinieeennne. 119

XIII



Figure 429  Regression graphs for the main energy peaks 63 and 93 keV of LL-
phantom measurements counts using: (a) one LOAX detector; (b) two LOAX

. detectors summed; (c) four LOAX detectors summed. .....................___ 120
Figure 4.30 The Ego phantom in relation to three detection system geometry
- showing: (a) side view and; (b) frontal view.......................___ 123
Figure 431  Gamma-ray spectrum of the multi-nuclides detected in the Ego
. phantom (a) two LOAX detectors and (b) 80% HPGe-detector. .......... . 124
Figure 432 Two representative graphs depicting the final results of all
participating laboratories for the radionuclides: (a) *’Cs and (b) “K....125

Chapter 5

Figure 5.1 Typical gamma-ray spectrum of subject scanning count using two LOAX

detectors: (a) single spectrum and; (b) 10 summed spectra................... 130
Figure 5.2 Typical gamma-ray spectrum of subject scanning count using the 80%
HPGe-detector: (a) single and; (b) 8 summed spectra....................... 131
Figure 5.3 Typical gamma-ray spectra of subject static counts using two LOAX
detectors: (a) single and (b) summed spectra..............cccooiiiiiin, 134
Figure 5.4 Typical gamma-ray spectra of subjects static counts using the 80%
HPGe-detector: (a) single and ; (b) summed spectra............ccccccccreiiieanee 135

Figure 5.5 a & b Gamma-ray spectra of subject A injected with Z7Pu measured
using two single LOAX-detectors: (a) vertical liver count; (b) liver side
(o010 o | S S PR U UPR O PP PUPUPPRRURRPPRUPR 138
Figure 5.6 Gamma-ray spectra of subject A injected with 57py measured using
two different single LOAX-detectors: (a) head count (b) water phantom... 139
Figure 5.7 Efficiency calibration curves for both LOAX detectors connected
separately using 2MAM AN 77C0. oo, 141
Figure 5.8  Comparison of the count rates for the main gamma-energy peaks of
single and summed spectra obtained measuring subject B and control
SUDJECL. ..ottt e e et et st e e s e e 144
Figure 5.9 Typical gamma-ray spectra from static measurements using the four
LOAX detectors to monitor the chest (lungs) region: (a) Volunteer; (b)
SUDJECE B ..o 146
Figure 5.10 Typical gamma-ray spectra from static measurements using the 80%
HPGe-detector to monitor the chest (lungs) region: (a) Volunteer; (b)
SUDJECE Bt 147
Figure 5.11 Scanning count of the subject B on both days in comparison with water
phantom background and the control subject’s count using the four LOAX-
QOLBCLOTS. ..ottt et e s e e et s 148
Figure 5.12 a & b Gamma-ray spectra of the subject B liver second static count
using two LOAX detectors in comparison with water phantom count of
SIMILAT GEOMELTY. ..ottt et 150
Figure 5.13 a &b  Gamma-ray spectrum of subject B second count of lower
abdomen using the 80% HPGe-detector in comparison with the water
PRAMTOML L.ttt 151
Figure 5.14 Count rates per second of the main peaks of two LOAX detectors
measurements of three lower abdomen counts of subject B along the water
PRANTOML. ..o 152

X1V



Figure 5.15 Count rates (cps) of the main peaks of both liver counts posterior and
anterior of subject B in comparison with water phantom count using the 80%
HPGE-AEtECIOT. ..ottt e e e 152

Figure 5.16  Typical gamma-ray spectra of the subject B liver static count using
tWO LOAX deteCIOTS. ..ooviiiiiiiiiieie ettt e e e 153

Figure 5.17 A typical gamma-ray spectrum of the 80% HPGe-detector measuring
the liver of subject B......ooooiiiiiiiee e 153

Figure 5.18 Comparison of net count rates between: water phantom; low-abdomen;
two upper abdomen; for static count on subject B using the 80% HPGe-
o (o1 o) SRR P S TUUPUPPRRSR 154

Figure 5.19 A typical gamma-ray summed spectrum of all the various counts using
the two LOAX deteCtOrs ......cccoeiiiieiieiiie et 156

Figure 5.20 A typical gamma-ray summed spectrum of all the various counts using
the 80% HPGe-AeteCtOr. .........ccuuiiiiiiiiiiiiceeee e 156

Figure 5.21 A typical gamma-ray spectrum of subject B soil sample measured using
two LOAX detectors summed. .............coeoiiiiiiiiiieeiec e 157

Figure 5.22 A typical gamma-ray spectrum of subject B soil sample measured using
80% HPGe-AeLECLOT. ......cuuiiiiieeeiiie e 158

Figure 5.23 Net count rates for soil sample using different geometries with two
LOAX detectors sSUMmed. ..............ccoooiuiriiiiieeiieeieeccece e 159

Figure 5.24 Comparison of count rates between water phantom and subject B
subtracted count of soil sample count. .....................ocoooiiii 160

Figure 5.25 Typical gamma-ray spectrum for the Sellafield soil sample using the
tWO LOAX-AELECLOTS. ......ooiiiiiieeiiii et 161

Figure 526 Typical gamma-ray spectrum for the Sellafield soil sample using the
80% HPGE-AetECOT ......ouioiiiiiiieeiie et 162

Figure 5.27 Gamma-ray spectrum of the subject using: (a) the 80% HPGe-detector;

"(b) two LOAX detectors summed and (c) two Nal(Tl) detectors. .............. 164

Figure 5.28 A comparison of the gamma-ray spectra of blank water phantom with
three 2'Am test-phantOmS. ...........covoveereeeeeeeeeeeeeeeeeeeeeeeee e 166

Figure 5.29 Transuranic production of *Pu by the neutron irradiation of
UTATUIIL ...eooeteeeiiieeeteeeeiee et e e eeeeeesee et ee e mee e e e e anaeaeennbeansesennseeeannsseeeennnnees 169

Figure 5.30 Gamma-ray spectrum of the whole sheep counted at a distance of 2
cm from two LOAX detectors summed over the liver region..................... 172

Figure 5.31 Gamma-ray spectrum of the fleece counted at a distance of 2 cm from
the two LOAX detectors summed............ccocveerenireeveniieeieee e 172

Figure 5.32 Gamma-ray spectrum of the whole sheep counted directly under the
80% HPGE-AELECLOT. .......oeieenieeiiieiie ettt 173

Figure 5.33 Gamma-ray spectrum obtained using a single LOAX detector for the
measurement of the complete collection of sheep bones. ........................... 175

Figure 534 Gamma-ray spectrum of the complete collection of bones using the
80% HPGE-AELECIOT. .......eoiiiiiiiiieeit ettt e 176

Figure 5.35 Gamma-ray spectra of two LOAX-detectors summed measuring the
skull at 2 cm distance: (a) top surface; (b) base surface. ............................ 179

- XV



Figure 5.36 a & b Gamma-ray spectrum of the complete two sets of fleeces

(wool) of sheep counted using single LOAX-detector...............ccoceeueenne 181
Figure 5.37 Calibration curve for the **'Am strips measured in the closed head
shield arrangement.................ocooiiiiiiiie e 183
Figure 5.38 Calibration of LOAX-1 using **'Am strips wrapped around the head
section of the water phantom in the WBM-shield. ......................cccoceie 184
Figure 5.39  Calibration data for the LOAX-4 using **'Am strips wrapped around
the head section of the water phantom in the WBM-shield. ....................... 184
Figure 5.40  In vivo calibration curve for LOAX-1 obtained by counting **'Am
strips placed around subject’s head. ........... ettt 185
Figure 5.41  In vivo calibration curve for LOAX-4 obtained by counting **'Am
strips placed around subject’s head. ..............ccoeviiiiiiiiiiin 186
Figure 542  Gamma-ray spectrum of the in vivo calibration of LOAX detectors
using the various activity **'Am labelled StHps. ...........cocoovvrviveeiireennn 187
Figure 543 Gamma-ray spectra for in vivo measurement using one LOAX
detector: (a) volunteer; (b) subject D. ..........cccooeiiiiiiiiie 190
Figure 5.44 Gamma-ray spectrum obtained for measurement of subject D using
the 80% HPGe-detector. ............oociiiiiiiieiieie e 191
Figure 5.45  Summed and stripped gamma-ray spectrum of subject D................ 192



List of Tables

Chapter 1
Table 1.1 Main energies of radiation, emitted by **' Am, ®*Pu and **'Pu along witheir
percentage abundance. (Sharma et al., 1989) & (ICRP 38)................. 10
Table 1.2 Linear attenuation coefficient of various human tissues for the significant
energies of aCtinides..... ... .. ..ot 11
Chapter 2
Table 2.1 Characteristic data for the LOAX and 80% HPGe-detectors............ 22
Table 2.2 Main low-energy radionuclide characteristics used for energy and
efficiency calibration for the LOAX HPGe-detectors.............coceeeveeieiennn.ne 3
Table 2.3 List of the major **Ra-decay data for the energy and their relative
IIEEIISTEY . ...oveeeeti ettt ettt ettt et ettt 39

Table 2.4 Net and gross count rates for the synthesized **'Am activity extracted
from externally labelled **'Am-skull phantom and added to a subject

background spectrum( **' Am phantom activity 5.14 kBq ) .....ccoueeceviueennnn. 44
Chapter 3
Table 3.1 Main background peaks and neutron activation processes in the 80%
HPGe detector taken from 40 hour count. ............cccccoeviieiiiieniiiieeee. 48
Table 3.2  Various endogenous radiation levels of activity in a human body
(Bertrand et al., 1983 ). ..o 53
Table 3.3  Various counted phantoms, subjects and their relative effect on the count
rates of different energy peaks, one hour counts...............cocoeeviiienineennn.. 54
Table 3.4 Gross count rates of measurement of subject and various shielding
arrangement using two LOAX detectors summed. ..................cccoeeeineeni... 58

Table 3.5 Total count rates of specific energy region of the y-ray spectra of
different shielding phantom arrangements for two LOAX detectors summed.58
Table 3.6 Total count rates (cps) of specific energy regions of the y-ray spectra of
different shielding and phantom arrangement using the 80% HPGe-detector.60
Table 3.7 Net background count rates (cps) of the main energy peaks for the 80%
HPGe-detector and the calculated limit of detection L. ..ovvvvvveeenieeeeeee, 64
Table 3.8  Net background count rates and one hour error percentage for the main
energy peaks using the trapezium method. .......................ccoocoii 66
Table 3.9 Net background count rates and calculated percentages error for one
hour using the 80% HPGe-detector using the trapezium methods. .............. 66

XVII



Chapter 4

Table 4.1 K-phantom preparation details. ...............ccoooeriiiioiiiiicece e 70
Table 4.2 Scanning count rates and measured sensitivities of various sections of K
phantom using the 80% HPGe-detector. *Normalised factors in
PEICENMEAGE. ..ottt ettt e e e e e e e et e e e e e e e e e e s e e e ees 71
Table 4.3 Z%U phantom preparation data. .................cocooovivoiieeeieeeeeeeeeeeean. 72
Table 4.4 Measured sensitivity and calculated MDA for main energy peaks of (chest
of K/U phantom) **U main peaks using the two LOAX HPGe-detector at
three different diStanCes. .............cooiiiiiiiiiiiiii e 77
Table 4.5 Count rates and calculated values of sensitivity and MDA for main energy
peaks of chest section of (K/U phantom ) **U main peaks using the 80%
HPGE-AtECTOT. ... ittt 77
Table 4.6 Main energy peaks calculated sensitivities and MDA for measuring chest
section of K/U-phantom by one, two and four LOAX-detectors summed.... 77
Table 4.7 Measured counts per minute, calculated sensitivity and MDA for whole
K/U phantom measured in static geometry under the 80% HPGe-detector for

one and four ROUTS. .........ooiiiiii e 78
Table 4.8 Calculated detection sensitivities and MDA values for the uranium bottle
phantoms using four LOAX detectors.........cccooieiiiiiiiiiiie e 80
Table 4.9 Net counts per minute for the depleted uranium metal sample counted in
static mode using two LOAX and the 80% HPGe-detectors. ....................... 83
Table 4.10 Data were taken using calibration curves of count rates verses >°U metal
weight of samples at 8.5 cm distance of 80% HPGe-detector..................... 83
Table 4.11 "™’Cs activity values and phantom preparation data............................... 85
Table 4.12 '*Cs activity values and phantom preparation. ..............cccccoceeeeen..... 85
Table 4.13 "'Cs X-and gamma-ray energies and abundance .................ccococoo..... 85

Table 4.14 Count rate per minute and sensitivities of the main energy peaks for
scanning measurements of various parts of the '*’Cs-phantom using the 80%
HPGe-detector. *Normalised factors in percentage. ................cccccvvevneeeennn. 88

Table 4.15 Count rate per minute of the main energy peaks for scanning
measurements of various parts of the *’Cs-phantom using three LOAX-
detectors summed. *Normalised factors in percentage. .............ccceeeeveeennn... 88

Table 4.16 Count rates, calculated sensitivities and MDA for the whole *’Cs
phantom scanned using different scanning times by the 80% HPGe-detector.89

Table 4.17  Calculated sensitivities and MDA for the **Cs phantom measurement
using the 80% HPGe-detector for 1 hourcount. .....................cccceoieeee.. 89

Table 4.18  Activity content of tissue equivalent phantoms. ..................ccocceeeenene 92

Table 4.19 Measured sensitivities (one hour count) in cps Bq' **'Am thorax
measured in static mode using the 80% HPGe-detectors at two different
QESEAIICES. ...ttt 95

Table 4.20 Measured sensitivities in cps Bq' (lhour count) for **'Am-thorax
measured using two LOAX HPGe-detectors summed at two different
distances from detectors SUrfaces. ..............cccoeeviioiiiiiiii e 96

Table 421  Sensitivity factors for measuring the *' Am-thorax directly under the
two LOAX detectors compared with the simultaneous response of the 80%
detector. *Percentage normalised factors. ... 99

XVIII



Table 422  Externally labelled **°Pb-skulls measured count rate and the respective
sensitivities for the various counting positions for both detector systems. ... 100
Table 423  Measured sensitivities in cps Bq" and MDA (lhour count) for **'Am
skulls, measured at two different distances from detectors surfaces using two
LOAX -detectors SUMMEQ. ...........cooiieioiieiiieeeiie et eee e 101
Table 4.24 Measured sensitivities in cps Bq‘l (lhour count) for *'Am skulls,
measured using one LOAX and the 80% HPGe-detectors at two different
distances from detectors SUTTACES. ..........ccouieieiiieeriiie ettt 101
Table 425 Measured sensitivities in cps Bq" (1hour count)and MDA for *°Pb
labelled skulls, measured using two LOAX and 80% HPGe-detectors at two
different distances from detectors surfaces. ............c.cceeieiieiieneecieniene. 102
Table 426  Measured sensitivities in cps Bq™' and MDA (1hour count) for **'Am,
arm and leg measured using two LOAX HPGe-detectors summed at two
different distances from detectors surfaces. ...............cccooevieeeniiieienienn.. 102
Table 427  Measured sensitivities in cps Bq™' and MDA (1hour count) for **'Am,
arm and leg measured using 80% HPGe-detectors summed at 4cm distances

from detectors SUMTACES. .........eieieiieiiicii e 102
Table 428 Four LOAX detectors summed count rate, sensitivities and, MDA of
the various tissue equivalent phantoms. (one hour counts). ........................ 103

Table 4.29 Measured sensitivities and calculated 2c MDA for the main energies
of **'Am extended circular source using four LOAX detectors summed. ... 104
Table 430  Densities of tissue and tissue equivalent plastic material measured by a

computerized axial tomograhic SCanner...................occcoooeieviieiieeeee 107
Table 4.31 Comparative values of organs volumes between reference man and
LL-Phantoms. ........oouiiiiiii ittt ettt 110
Table 4.32 Sensitivity factors for 63 keV of the LL-phantom single and summed
LOAX deteCIOTS. . .eeieiiiiiee ittt e 114
Table 4.33 Measured sensitivity factors for 93 keV using single and summed
signal of LOAX-detectors measuring the LL-phantom. ............................ 114
Table 434  Measured sensitivity of the main energy peaks of the 80% HPGe-
detector measuring the LL-phantom with its various chest overlays. .......... 115

Table 435  Count rates of the main energy peaks for the LL-phantom with its
different chest thickness layers measured using the two LOAX summed under
two counting geometries. *Normalised factors in percentage. ................... 116
Table 436  Relative percentage count rates of the LL-phantom measured using the
80 % HPGe-detector under two counting geometries. *Normalised factors in

PETCEIEAZE. ...t et 116
Table 4.37 Measured sensitivities for scanning counts of the LL-phantom using
both two LOAX and the 80% HPGe-detectors. .............cccceeeeverieninennn.n. 117

Table 4.38  The activities (Bq) for the unknown (Ego) phantom and the K of the
subject (study coordinator) measured at SURRC using “hybrid” whole-body
monitor using the three detection SyStems. ...............c.ooociiiviiiiiiienieeen. 122

XIX



Chapter S

Table 5.1  Average count rates of gross and net counts of the scanning
measurements of subject using the two LOAX HPGe-detectors. *L¢c=in cps

13} 112U U USROS 129
Table 52  Average count rates for gross and net counts of scanning subject for the
main energy peaks using the 80% HPGe-detector......................... 129

Table 5.3  Statistical analysis of detected count rates for the main energy peaks of
subject static counts using two LOAX detectors...............................
Table 5.4a  Statistical analysis of the measured subject’s static counts using two

LOAX AEtECLOTS ..ottt 133
Table 5.4b Statistical analysis of detected count rates for the main energy peaks of
subject static counts using the 80% HPGe-detector..............c..cccveeeeennnn 133
Table 5.5 Main energy peaks of Z’Pu and their decay probability (ICRP 38)..... 136
Table 5.6  Calculated deposited Bpy activity in liver, skeleton and head. .......... 137
Table 5.7 Measured in vivo sensitivities for two LOAX detectors counting *’Pu in
SUDJECE A oo 140
Table 5.8  Net counts per second of the various measurements carried out on the
subject A ( Z7py) using the two LOAX detectors. ............cccoeveeeeerenn., 140
Table 5.9  Measured efficiency for both LOAX detectors using **'Am and *’Co
standard POINt SOUTCES. ...........oocereiiiiieiireiiieiiteetieeetieeeiieeeeeeeneeesneeeteeeeans 140

Table 5.10 The measurement protocol for static and scanning counts carried out
on subject (B) using the three detectors over various parts of the body. . 143
Table 5.11 Count rates of the various static measurements of: water phantom
subject B chest region; the volunteer; and the K/U phantom chest raised and
inverted using the four LOAX HPGe-detectors as one summed signal....... 145
Table 5.12 Comparison of static count rates {(cpm) between subject B and
volunteer for the main energy counts of chest and abdomen regions using
the 80% HPGe-AeteCtor. ...........oeeviiiiiiiieee e 145
Table 5.13  Scanning count rates of both detection system four LOAX and the 80%
HPGe-detectors for the first and second counts along with the respective
water phantoms MeasUremMEeNtS. .........oooourieiiiieriiiie e e 148
Table 5.14 Net count rates (cps) of in vivo subject B calculated using the trapezium
method for the main peaks using the two LOAX HPGe detectors, taking one

ROUT COURL. ...t 154
Table 5.15 Calculated activities (Bq) for the main energies of the net count rates of
subject B of Table 5.14...........ccoiiiiiei e 155

Table 5.16 Measured “’Cs activities of volunteer using the two Nal(Tl) and 80%
HPGe-detector during one year following the intake of the 92 Bq of “’Cs.163
Table 5.17 **'Am test phantom activities compared with the measured values using
three methods: (a) net cps of report files; (b) channel by channel and; (c)

SPECLTUM SYNERESIS. ....oovtiiiiieiiieeiiieeiiieeiie ettt e eea e 167
Table 5.18 Discharged levels of various radionuclides in liquid waste ( TBq ) from
the Sellafield reprocessing plant during 1989-1994..................cccooooieei. 168



Table 5.19 The measured activities of the main radionuclides of the sheep and its
separate organs counted using the two LOAX-detectors summed and the 80%

HPGe-AEtECIOT .....ooviieiiiiiieii ettt e 173
Table 5.20 Detailed data analysis of activity of *°Pb and **'Am for the various
sheep bones measured using the two LOAX detectors. ...........cccoeeeeniennenns 177
Table 5.21 Measured activities of **'Am and *°Pb for both wool sets using two-
LOAX detectors connected separately...............cccoeeviiiiiiiiieiciieiiieeeeeee 180
Table 522 Results for the **!Am strips measured at 59.5 keV using LOAX-4
positioned in a closed lead shield arrangement......................ccocoeeiiiinnnne 182

Table 5.23 Background count rates and net count rates (cps ) for all energies of
LOAX-1 measuring **'Am strips placed around the water head phantom. .. 183
Table 5.24 Background count rates and the net count rates (cps) of LOAX-4
measuring **'Am strips placed around the water head phantom. ............... 184
Table 5.25 In vivo blank and net count rates for the main energy 59.5 keV
measuring the **'Am-strips around the subject head using both LOAX-

detectors for 1800 seconds COUNtS. ..............ccccuiiiiiieiiiiiiii e 185
Table 5.26. Sensitivity factors for the low-energy peaks of **'Am-strips measured
using single LOAX detectors. ............ccovviiiieeiiiiiciiie e 188
Chapter 6
Table 6.1 Minimum detectable activity of different whole-body monitoring facilities
for the nuclides of Interest...................ocooiviiiiiiiiccee e 196
Table 6.2 Synthesized spectra of *'°Pb-externally labelled skulls: data and error
Propagation factors. .............ooiiiieiiiiiii i 198
Table 6.3 Synthesized spectra of **'Am externally labelled skulls: data and error
Propagation faCtors. ..............oeiuiioiiiiecee e 198



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

2



(a)

(TBq)
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example, after the Russian accident at Chernobyl in 1986, in order to estimate
internal intake from the consumption of contaminated food caused by world-wide
radiation fallout. A large number of the Scottish general public were screened and
their intake pattern of 13Cs and 134Cs was followed over a long period of time (2
years) using two large Nal(Tl) detectors housed in the shadow-shield whole-body
counter (East and Robertson, 1988) and (Watson, 1988). This demonstrated the
applicability and usefulness of this type of monitoring which, ifit could be extended to
radionuclides such as 41Am, would be extremely relevant. There is great interest in
plutonium and americium and their possible contribution to human radiation exposure
resulting from nuclear fallout in general and from particular situations such as the
liquid waste discharges of British Nuclear Fuels Ltd. (BNFL) from their nuclear fuel
reprocessing plant at Sellafield. This plant has discharged low-level radioactive
waste within the permitted levels (authorized limits) into the Irish sea since 1952. The
quantity of caesium, plutonium and americium radionuclides discharged annually has
varied considerably from the 1970s up to the 1990s as indicated by Figure 1.1 a & b
(MacKenzie & Scott, 1993) and ( MAFF, 1990 ). A major review of the historical
discharges to sea and atmosphere from the Sellafield site was presented in 1995 by

Gray et al. ( Gray et al., 1995 ).
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Figure 1.1 Total annual quantities of: (a) alpha emitting
radionuclides and: (b) beta emitting radionuclides released
from Sellafield ( MAFF, 1971-1989 ).
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Latterly, a general trend of decreased discharge of both alpha and beta emitters by
two orders of magnitude or more has been observed (BNFL, 1971-1990). Therefore,
it is important to evaluate the radiological significance of these discharges into the
environment, and identify “critical pathways” leading to the maximum human
radiation exposure (Pentreath, 1980). The external and internal exposure resulting
from the Sellafield discharges has been assessed by the Ministry of Agriculture
Fisheries and Food (MAFF) and their main estimates ofthese exposures are plotted in
Figure 1.2 a & b (MAFF, 1971-1989). It can be seen that while the discharges over
the same period have decreased two orders of magnitude, the internal exposure has

fallen by only one order of magnitude.
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Figure 1.2 MAFF estimate for: (a) critical group internal exposure (0)
and internal exposure assuming an enhanced gut uptake factor for
actinides (A), and; (b) critical group external exposure to radiation as
a result ofthe Sellafield discharge (MAFF, 1971-1989).

As can be seen that from figure 1.2, the internal exposure for the critical group has
decreased from a maximum of 2.3 mSv in 1981 (3.45 mSv if enhanced gut uptake of
actinides is assumed) to 0.19 mSv in 1989 (0.4 mSv if enhanced gut uptake of
actinides is assumed). It is also noted that the external exposure has dropped from a
maximum of 0.55 in 1980 to 0.079 mSv in 1989. This fact implies that during the

period of reduced effluent releases, radionuclides present in the environment from
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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.




By reviewing previous work on the methods of assessment of internally deposited
radionuclides (Palmer et al., 1988) and studying the latest ICRP Lung model ( ICRP
66, 1994) and the biokinetics models for specific nuclides, it is evident that the
detection of low- energy photon emitting, low-level internally deposited radioactivity
in the lung, liver and skeleton from exposures which have occurred many years

earlier, is a formidable task.

1.4 The main radiation emission properties of actinides

The term low-energy photon emitter (LEP) in this context, mainly refers to the
alpha-emitting heavy elements or actinides, namely uranium and the transuranic
elements, in particular 241Pu and 241Am. A list of the radiations from actinides of

interest in this work is given in Table 1.1.

In vivo counting techniques are based on the direct detection and quantitation of
gamma and or X-ray photons emanating from within the body by the use of

appropriate detection systems located externally.

UlAin  i*=432.7y 239Put,=2. x °% 24,Pu u =14.4y

Energy keV % Abundance  Energy keV % Abundance  Energy keV  %Abundance

Alpha Alpha Alpha

5477 85% 5156 73.3 4854 2.92x1 04
5435 12.6% 5143 151 4896 2.01x10'5
5378 1.7% 5106 11.5 4972 3.08x10'5
Gamma Rays % Intensity Gamma-Ravs % Intensity Gamma-Rays % Intensity
26.345 2.4 38.66 0.0105 59.543 8.29x10'4
59.537 35.9 51.624 0.0271 103.680 1.02x10'4
X-rays % Intensity X-ravs % Intensity X-ravs % Intensity
13.9 133 13.6 1.48 13.6 2.29x10'3
17.5 19.4 17.06 2.09 17.04 3.07x10'3
20.98 4.9 94.66 2.42x10'3 20.3 7.12x10~4

Table 1.1 Main energies ofradiation, emitted by 21 Am, :39Pu and 2 Pu along
with their percentage abundance. (Sharma et al., 1989) & (ICRP 38).
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Radionuclides that emit photons with energies in the range 10-100 keV, such as those
shown above can only be measured with great difficulty because of attenuation of
their radiations in body tissues. Table 1.1 presents the main emitted particles,

gamma-ray and X-rays for 24Am, r,.9Pu, and 24IPu. It has to be noted that 24’Pu is
overwhelmingly a low energy beta emitter with negligible alphas. For 24lAm only
17.8 keV low-energy x-rays are emitted in 19.4% of its disintegrations which are
severely attenuated in the body. Lead-210, which is found in small quantities in the
bones of uranium mine and mill workers (Palmer et al., 1984) emits 46.5 keV y-rays
in 4% ofits disintegrations.

In contrast, radionuclides such as 6Co and 13/Cs that emit high energy y-rays are
easily measured, even when present only in very small amounts in the body (Toohey
et al.,, 1991). Table 1.2 lists a range of photon emissions from actinides along with

the total linear attenuation coefficient of the main human tissues ( Sharma et al.,

1989 ).

Photon energy  Total Linear Attenuation Coefficient

Radionuclide keV (mm'l) of human tissues.
Muscle Adipose Lung Rib

239F U 13.6 0.205 0.107 0.0506 0.82
45Pu 17.06 0.107 0.0591 0.0263 0.414
A Am 20.98 0.0714 0.0422 0.0176 0.261
AU Am 59.54 0.0197 0.0171 0.0048 0.0299

63 &93 0.0173 0.0159 0.0045 0.022
pAv)l 186 0.0143 0.0131 0.0037 0.0182

Table 1.2 Linear attenuation coefficient of various human
tissues for the significant energies of actinides.

It can be seen from this table, the measurement ofthese low-energy photons is a very
difficult task due to the severe attenuation within the body tissues and their low
relative abundance and low specific activity. The principal aim of any radiation

monitoring programme for a radiation worker is to be able to determine the
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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
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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.
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Figure 2.1 Shows the preliminary
prototype shadow-shield arrangement.
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Figure 2.2 Gamma-ray spectrum of the background count of the
shadow-shield showing the 60Co and [}7Cs contamination.
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Figure 2.3 The detector arrangement at the modified
Shadow-shield whole-body monitor configuration.
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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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Figure 2.4 Photograph of the shadow-shield
configuration.
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Figure 2.5 Gamma-ray spectra of the final shielding arrangement
after decontamination; (a) the 80% HPGe-detector count; (b) the
two LOAX detectors.
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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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Figure 2.6 Photoelectric to Compton scattering
ratio for germanium and silicon crystals.

For the 17.75 keV photon (*“"u), it was calculated that, the HPGe-detector would
have approximately a 14:1 photopeak area-to-totai area advantage over the Si(Li)
detector of similar resolution. This result is expected because the probability of
Compton scattering is proportional to the atomic number (Z). However, for the
photoelectric process the absorption cross section coefficient varies with energy
approximately as E'35 and also varies as Z3 (Knoll, 1994). Therefore, for energy
above the K-absorption edge of germanium at 11 keV, a significant advantage in
sensitivity is gained over the silicon detector. For LOAX detectors, typical
sensitivities for 235U for a 30 minute count at 10 cm distance are about 3 Bq for a

single detector and about 0.1 Bq for a seven-detector array (Cohen et al., 1992).

The four HPGe LOAX detectors (EG&G ORTEC) in the monitor were closed-end
coaxial n-type detectors, each detector being nominally 51 mm in diameter and 20 mm
long giving an active volume of approximately 40 cnT. They were fitted with
beryllium windows. Table 2.1 gives the complete technical data for all the detectors
and a profile ofthem is shown in Figure 2.7. Their diameter-to-length ratio is 2.5 or
greater and this gives a lower capacitance than larger HPGe detectors. The detector
assemblies are coupled to a low capacitance, field-effect transistor (FET) preamplifier

which is cooled to 77 K. Such a set up produces very low electronic noise relative to
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which is cooled to 77 K. Such a set up produces very low electronic noise relative to
its large area entrance window (EG&G Catalogue, 1994). The detector assemblies are
mounted in PopTop™ transplantable capsules so they can be interchanged from one
dewar to another. The small size compact dewar can be used to provide
approximately 48 hours of operating time. Also because of their compactness, the
detector elements could be closely packed to obtain useful efficiency for body

counting. “Wrap-Around" Ton Implanted Contact Lithium Contact

\ 7 A

r~\
20 mm
12 mm
8 mm
51 mm
figure 2.7 A profile of LOAX detectors.
LO-AX Model 51370/20-P Dimensions
Crystal diameter 51.1 mm
Crystal length 18.9 mm
End-cap-to Crystal 3 mm
Volume 38.8 cm3
Operating Voltage 2500 V
Resolution W arranted EG&G SURRC
5.9 keV of 5Fe 370 eV 328 eV 400 eV
122 keV of 5Co 625 eV 557 eV 650 eV
80% HPGe-detector Gem-80220-P Dimensions
Crystal diameter 75.7 mm
Crystal length 75.2 mm
End-cap-to Crystal 4 mm
Volume 338.8 cm3
Operating Voltage 3500 V
Resolution W arranted EG&G SURRC
122 keV of 5Co 1.4 keV 0.787 keV ~ 1.38 keV
1332 keV of “Co 2.2 keV 1.9 keV 1.9 keV
Peak-to Compton ratio 74:1 76:4 65:1

Table 2.1 Characteristic data for the
LOAX and 80% HPGe-detectors.
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2.2.2 Large-Volume HPGe-detector

One of the most significant developments in recent years for practical whole-body
counting is the availability of large-volume HPGe-detectors which can now provide
much improved sensitivity as well as the very high energy resolution for which they
are renowned. (High purity means less than 1010 atom cm® of impurity). Use of these
large volume HPGe-detectors either singly or in arrays, is providing fast subject
counting and radioactivity localization information (Palmer, 1991). A significant
number of counting laboratories throughout the world are now using them for low-
level measurements. HPGe detectors have replaced earlier technology which used the
lithium drifting process. They have the advantage that they do not require continuous
cooling and can be allowed to warm to room temperature from time to time without
damage (Knoll, 1994). This makes them very convenient to use, especially when
experimental designs are being tried. There has also been significant development in
the production technology of high purity germanium crystals with regard to their
volume. A crystal with an efficiency of 30% for detection of the 1332 keV o0Co
gamma-ray relative to a 7.6 x 7.6 cm Nal detector has a volume of 120 ml and has
been available for some years. Crystals with relative efficiencies of up to 150% are

now being produced.

-600 Microns
P-Type
HPGe Radiation
GEM HPGe Crystal
0.3 Microns
N-Type
HPGe Radiation

GAMMA-X Crystal

Very Thick Contact -600 Microns
Very Thin Contact -0.3 Microns

Figure 2.8 Cross section of various types of HPGe-
detector crystal contacts and their ion implantation outline.
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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 Spectrum Master, was interfaced to a personal computer (PC) to provide data
handling functions of acquisition/ storage/ display and analysis shared between the
specific hardware and PC-based software. With the high speed multiplexer / router
up to four separate detectors, each with a maximum of 16 k-channel allocation, and
with independent start/ stop/ pre-set and pileup rejection circuitry could be run. This
instrument can be configured to provide from 2 k up to 16 k channels for each pulse
height spectrum and the four memory segments may be of unequal sizes, making the
919 an ideal solution for a system in which germanium detectors are mixed with other
types of detectors such as Nal.

A detailed block diagram of the whole system is given in Figure 2.9, showing the
80% HPGe-detector connected separately to the 919 MCB and the two or four
LOAX detectors connected either separately or through a summing amplifier (Ortec
model 533) to the 919 MCB. The PC ran an MCA emulation programme called
MAESTROnl MCA for the display and the quantitative analysis of the collected

spectra and final printout ofthe report files.

80% Detector 671 Amp
459 Bias
LO-AX 1 570 Amp
660 Double
Bias Supp
LO-AX 2 570 Amp
660 Double
Bias Supp
LO-AX 3 570 Amp
919
HO-axd 572 Amp 533 Summing ADCAM
Amplifier
Printer
PC
Plotter Maestro I ;

Figure 2.9 Electronic block diagram of the
semiconductor whole-body monitor set-up.
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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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Fieure 2.10 Two spectra of LOAX detectors measuring
241Am, 13Ba and 57Co: (a) single detector; (b) summed

spectra of four detectors.
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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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Figure 2.11 The internal arrangement of the
three detector systems inside the shielding
configuration.
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Figure 2.12 depicts the reduction of the characteristic X-rays in the LOAX detector
after covering with copper tubes and cadmium sheet. A reduction factor of almost
two was observed for the main characteristic X-rays at 74 and 77 keV. This reduction
is clearly shown in the lower spectrum of Figure 2.12. But due to the fact that the
measuring surface ofthe detectors cannot be covered by this graded shield, therefore,

there will always be characteristic X-ray in spectra obtained.

1UO00.QOE
One LOAX detector
Live time = 14 hours
toua.ook’
p
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Figure 2.12 Characteristic X-ray reduction of gamma-
ray spectrum of one LOAX HPGe-detector: effects of
Cu/Cd shield.

2.5.1 Facility design

The laboratory area and the monitor were kept clean by the use of door floor mats, in
addition to the routine daily mopping ofthe whole laboratory floor, in order to reduce
the dust transport. Also an additional heating system was installed to keep the room
at constant ambient temperature while maintaining an adequate air flow to prevent the
build up of the radon progeny in the air. The mild steel bed rail track and its
supporting structure, which could possibly have a trace source of 60Co, was removed
and replaced by one made of aluminum. A special very low-background foam

material was used as an auxiliary bed support to raise the measured subject as
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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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the interaction processes of gamma photons namely; photoelectric effect; Compton
scattering; and pair production. The total absorption of the incoming gamma-ray
produces a spectrum consisting of a full-energy peak which is proportional to the
gamma-ray energy of the source. The photoelectric effect will produce a full-energy
peak with a marginal contribution from the other types of interactions. Along with
this peak the Compton continuum extending from zero energy up to the Compton
edge is observed. The total counts in the peak are a combination ofthe counts arising
from the measured source in addition to background. The main contributor to the
background especially at the lower energy end of the spectrum, is the Compton
continuum. It mainly arises from gamma-ray interactions within the detector or from
other gamma-rays in the background radiation interacting with the shielding and the
detector crystal. They cause non-specific counts as a result of partial capture of full-
energy gamma-ray or full capture of photons that have been degraded outside the

detector crystal as shown in Figure 2.13.

Photo«4«ctric Absorption

X [— m
Source
J I Comoton
Detector Scattering
Pair
Prod.
Annihilation
£ Photons
<>
o
y

Figure 2.13 The various types of gamma-ray interaction
around a detector shield arrangement.

2.7.2 Well defined gamma peaks

The distribution of counts in a given gamma-ray peak is approximately Gaussian

about a central point and is a measure of the photon energy and emission
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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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In the literature there are a number of methods used to calculate the total and the net
peak area. One method was found to use the first channel on each side of the peak
region as representative of the gross (or integral) area ofthe peak by the use of G =

Z Ci, where Q are the counts in the i* channel as shown in Figure 2.14.

L-i u+i

Figure 2.14 Peak area calculation using single
channel method.

The background beneath the peak is estimated as:
B=n (CL+i +CLH) /2 Equation 2.1

Where; n is the number of channels within the peak region and CL-I and CLH a single
channel at the upper and lower edges of the peak region to estimate the background
beneath the peak. The net peak area (Net) is calculated by; Net =G - B, where G is
the gross peak area counts and B is the background counts as calculated with
equation 2.1.

The background is considered to be the area ofthe trapezium beneath the peak. It is
actually the mean background count per channel beneath the peak multiplied by the
number of channels within the peak region. It has to be noted that using a single
channel, the number of total counts beneath the peak can be estimated, but it could
not differentiate which channel to be used as background and which channel to be
included in the true peak counts. For this reason background under the peak can be
made more precise ( i.e. less uncertain ) and best be estimated using more channels to
estimate the mean count per channel under the peak. Figure 2.15 shows the general

principle of the channels distribution. A number of channels on each side of the peak
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are taken and averaged, the area ofthe trapezium beneath the peak calculated to give

the background.

region m=12 Upper background
region m = 12

L U
Figure 2.15 Net peak area and background
calculation using the trapezium method

This method of background calculation is called the trapezium method for the
calculation of the net peak counts of a number of gamma spectra in this research
work. This method was carried out by labelling a fixed number of channels above
and below the main peak area manually with the aim of obtaining a better allowance
for the background variation. Thus, the estimate of the background was obtained by
printing the files that contained all the labelled channels for the main peak and the
selected extra channels above and below it. In order to calculate the main counts
under the peak, the gross counts from the associated channels above and below the
main peak were taken to delineate a trapezium beneath the peak, Wasson and
Quittner methods (Neton, 1988). The area of this trapezium was subtracted from the
given gross peak area using the following equation;

U

A=2 C-n 2 + 2 /2m Equation 2.2

U+m

The statistical uncertainty of the net peak area calculations using this method was
carried out by taking the variance of the net peak area given by the sum of the

variances ofthese two terms giving: var. (Net) =var. (G) + (var.(B). Substituting for
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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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end-caps. Table 2.2 lists the main energy data and gamma intensities of the nuclide

used for the LOAX energy calibration while Table 2.3 lists the main radium

Nuclide Half-life ;Energy : Rel. intensity
*1Am 432y 1595 | 36
**Ba 1057y 181 | 34
1 276 | 7.17
1 302 | 18.32
| 356 | 62
| 384 | 8.93
Co 272d 1144 19.6
1 1221 1 85.6

Table 2.2 Main low-energy radionuclide characteristics used for
energy and efficiency calibration for the LOAX HPGe-detectors.

decay radionuclides, energies and relative intensities for the 80% detector. The
detector efficiencies were also determined and the curve for two LOAX HPGe-
detectors summed is presented in Figure 2.17. Using the radium standard source two
efficiency curves were constructed for the 80% HPGe-detector shown in Figure 2.18
for static and scanning counting modes and the respective gamma-ray spectrum is
shown in Figure 2.21. Also a typical radium gamma-ray spectrum is presented for
the two LOAX in Figure 2.19 and the spectrum of standard sources for the 80%
HPGe-detectors in Figure 2.20. An efficiency curve was made for the 80% HPGe
measuring the standard point source in scanning counting mode in air and the sources
under a water chest phantom for comparison purposes is shown in Figure 2.22. It
could be clearly seen that the detection sensitivity dropped by an order of magnitude
when sources were measured under 20 cm of water thickness. In addition gamma-
ray spectra for the two LOAX detectors were obtained measuring the *°Fe standard
point source, demonstrating the very low-energy 6 keV detection capability with the
LOAX system in Figure 2.23 a & b. The spectrum shown in: (a) used the *’Fe alone
while in; (b) *’Fe was counted simultaneously with *’Co. It could be seen that both
low-energy photons, namely 6 and 14 keV, can be clearly distinguished in the

measured spectrum.
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Table 2.3 List of the major 226Ra—decay data for the energy

Nuclide
2Ra
24Pb
24Pb
214Pb
214B1
214B1
214B1
214B1
214B1
24B1
214BI1
214B1
214B1
214B1
214B1
214Bi

Energy (keV)

186.2U0.01
241.98+0.01
295.200.01
351.92+0.01
609.30U0.01
768.36+0.01
934.06+0.01
1120.29+0.01
1238.100.01
1377.67+0.01
1509.23+0.02
1729.59+0.02
1764.49+0.01
1847.42+0.03
2118.55+0.03
2204.22+0.04

and their relative intensity.
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Figure 2.17 Efficiency calibration curve for the two LOAX detector
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Figure 2.18 Emciencv calibration cur/e for the 80% HPGe-detector
in scanning and static counting modes using  Ra standard source.
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Figure 2.19 A tvpicai gamma-ray spectrum of the radium

source measured using two LOAX detectors summed.
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Figure 2.21 A typical gamma-rav spectrum of 226Ra standard

source measured using the 80% PIPGe-detector.
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Figure 2.22 Efficiency curves for the 80% HPGe-detector measuring

standard sources of 21Am, 133Ba, 3o, and “Co using scanning counting
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Figure 2.23 LOAX detector y-ray spectra: (a) measuring 5Fe
standard point source alone at 2cm distance; (b) measuring 5¥Fe
and 57Co simultaneously.
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2.8 Synthesized spectra

In order to obtain an appreciation of the practical detection limits of the monitoring
system, and as an alternative to calculation methods, a series of synthesized spectra
were produced. The aim was to add spectra, representing decreasing activities of the
radionuclides of interest, to the spectrum of the background or blank until the
associated gamma peaks became undetectable. This simulated the situation where
trace quantities of radioactivity were being measured at very low levels.

A water phantom and a subject were measured to obtain background or “blank”
spectra. Tissue equivalent phantoms with known activities were also measured in the
same geometry for the same counting time. Using the Maestro II programme,
multiple fractions of the spectra from the known activities were successively added to
the background spectra. Table 2.4 shows the results of adding fractions of the
spectrum from an “externally” e.g. surface labelled **' Am skull phantom to an in vivo
skull background. This added fraction is labelled as “stripping factor” which is
defined as: the activity value subtracted from a standard phantom and consequently
added to the background spectrum. The multiple factors used to modify the original
14 Am spectrum are given together with the gross and net values computed for the

59.5 keV synthesized peak.

Stripping Synthesized Gross counts Net counts
factor activity Bq cps +o 1 cpso ]
0.0000 0.000 0.038+0.003 0.002+0.001
0.0001 0.051 0.038+0.003 0.002+0.001
0.0002 1.028 0.039+0.003 0.003+0.001
0.0004 2.056 0.042+0.003 0.006+0.001
0.0006 3.084 0.043+0.004 0.009+0.002
0.0008 4.112 0.046+0.004 0.011+0.002
0.001 5.140 0.047+0.004 0.016+0.002
0.002 10.28 0.058+0.004 0.029+0.003
0.004 20.56 0.077+0.005 0.043+0.003
0.006 30.84 0.099+0.005 0.053+0.004
0.008 41.12 0.119+0.006 0.066+0.004
0.01 51.40 0.139+0.006 0.134+0.006

Table 2.4 Net and gross count rates for the synthesized **' Am activity extracted
from an externally labelled *'Am skull phantom and added to a subject
background spectrum ( 2 Am phantom activity 5.14 kBq ).
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Figure 2.24 Shows all the synthesized spectra from Table 2.4
ofthe standard 21 Am skull phantom added to in vivo subject

spectrum.
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COUNTS

Figure 2.24 shows most of the gamma-ray spectra obtained from this synthesis
procedure and illustrates the appearance of the americium peak for each activity.
Where, Figure 2.25 shows only three of these spectra on a larger scale to show the
difference of the appearance of the low-level activity spectra. These synthesized
spectra were used for comparison with other collected spectra to verify the presence
or otherwise oftrace activities. A number of practical application of this method was

employed in the analysis of some samples in sections 5.6 and 6.3.2.

30
Two LOAX summed
Live time = one hour
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Figure 2.25 Two synthesized low activity 20Am
spectra in comparison with background in vivo count.
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Chapter 3

Background studies
3.1 Background sources

There are four principal sources of background radiation which need to be considered
when performing in vivo measurements of low-energy photon emitters using a
shadow-shield configuration. These are; natural external radioactivity and radiation;
natural radioactivity in the construction materials of the detector; man-made
radioactivity in these materials; and radioactivity in the body of the subject not
immediately of interest. Background spectra obtained using the 80% and two LOAX
detectors in their final shield configuration are shown in Figure 2.5 a & b. These
spectra can be taken as illustrative examples of the main peaks to be found in a
background count. They were used as standards for other measurements and as
references when monitoring possible background changes or alteration of detector

characteristics with time.

3.1.1 Natural external radioactivity and radiation

Sources of natural activity were the pn'xﬁordial and cosmogenic radionuclides and
cosmic radiations. Cosmic-rays produce high energy particles, mainly m-mesons, p-
mesons and electrons which interact with both the shielding and the detectors to
increase the background inside the detector area. Neutrons and gamma-ray photons
arose from meson decay and interactions with the shielding material surrounding the
detector. These in turn cause a number of activation products with peaks which
appear in the gamma-ray spectrum recorded over a period of 40 hours in the final
shielding arrangement as shown in Figure 3.1. The nuclear reactions involved are
presented in Table 3.1. It was noticeable that the highest contribution was due to the
e’-e" annihilation peak.
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Figure 3.1 Gamma-rav spectrum of the 80% HPGe-
detector showing the main activation background peaks.

Accepted Measured energy Intensity Nuclear reaction
energy keV  keV cps x 10'3

53.53 53.40 1.07 TGe(n,y) BnGe
66.70 67.0 3.59 ~Gefay) BnGe
139.69 139.77 2.16 74Ge(n,y) ™Ge
159.71 160.1 0.35 76Ge(n,y) ThGe
198.31 198.4 4.44 M0Ge(n,y) 7InGe
511.00 510.69 42 e'- e~ annihilation
558.20 558.15 4.02 113Cd(n,y) 14Cd
843.76 843.0 1.50 27A1( n,n’) 27Al
1460.81 1460.09 10.8

Table 3.1 Main background peaks and neutron activation
processes in the 80% HPGe detector taken from 40 hour count.

3.1.2 Natural radioactivity in the construction materials of the shield and

detector

Gamma emitting daughters from the decay of the U, U and

1500 H

Th decay

series were present at different trace levels as contaminants in the detector material

and in the massive 8 tonnes of lead in the shield structure.

Since the HPGe-detectors

were made of crystal material with an impurity concentration of less than one part in
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1012 and there were no naturally occurring radioactive germanium isotopes, there was
no contribution to the background from this source.

Lead is used as the main shield and for 10 cm a 1 MeV y-ray would be attenuated by a
factor of a 3200. Figure 3.2 shows the half-thickness values for gamma attenuation
in lead and some other materials. Clearly, greater thicknesses would provide
additional attenuation, but this would also increase the probability of undesirable
cosmic-ray interaction within the shield so increasing the background.  Thus
increasing the lead thickness could add to the background undesirably. However, a
further source of contamination was 210Pb ( 46.5 keV, T\n = 21 y ) occurring as a
natural gamma-ray emitter of the 238U decay series. Also, the lead shielding could
contain other impurities due to the addition of antimony or due to external surface
contamination arising from the moulding processes. In addition to this, excitation of
the lead could give rise to characteristic lead X-rays with energies in the range 74-85

keV. This could be reduced by the use ofthe graded shielding as described earlier.

Legend:
Pb
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Cd
Cu
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Figure 3.2 Half-Thickness Values vs. energy for commonly
used shield materials ( EG&G Ortec Catalog, 1994 ).
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3.1.3 Man-made contamination

A number of man-made radionuclides appeared in the background gamma-ray
spectrum shown in Figure 3.1. These were identified as °"HCo and |j'Cs and found to
be mostly surface contamination. An attempt was made to reduce these contaminants
by completely dismantling the shadow-shield as shown in Figure 3.3. A
decontamination process was carried out by washing individual bricks with hot water
and 5% “Decon* ” solution Also the lead bricks that were located close to the
detector were buffed with an electric tool to remove about 1mm of their outer
surface. Figure 3.4 shows the reduction factors obtained by this decontamination
procedure for both radionuclides. It can be seen that the reduction factors were

approximately 10 times for <0Co and 15 times for 137Cs.

Figure 3.3 Dismantled shadow-shield arrangement for
decontamination purposes.

Commercial name for a totally effective surface-active cleaning agent used for de-contamination
procedure. Manufactured by Decon Laboratory Ltd., England.
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In addition to the above, it was found that two of the four purchased LOAX
detectors had traces o fZHAm contamination with count rates of 0.08-0.1 cps in the
59.5 keV region. On return to the manufactures EG&G Ortec, it was confirmed that
the 41Am was present as a trace contaminant ofthe crystal housing. Replacement of
this successfully solved the contamination problem and the level fell to the average

background range of 1.3x10° -1.5x10" cps.

Finally, it was also noted that when the UTR300 research reactor was operating, the
80% HPGe-detector and the two Nal(Tl) detectors detected the 1295 keV gamma-
ray peak of 4lAr which appeared as an activation product in the reactor exhaust to
the atmosphere. It was thought that traces of this could reach the laboratory
atmosphere. No in vivo measurements were carried out when this elevated

background was present. This problem is specific to counters located at reactor sites.

0.04 EB Couiit iate of shield 7A
o Count rate of shield B

0.03

£ 0.02

0.01

46 93 238 352 609 766 1120 1237 1461
63 186 424 583 662 911 1172 1332 1764

Energy (keV)

Figure 3.4 Count rates of various gamma-ray energies of the shadow-shield
lead (A) before and (B) after decontamination process of the shield at
NalI(T1) whole-body monitor.
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3.1.4 Radioactivity in the subjects being measured

Apart from the 4lAr, it would be expected that the various contributing background
factors to the detector would remain fairly constant. However, a significant source
of variability in body counting is due to the amount of natural and man-made
radioactivity present in the body of the measured subject. The human body maintains
about 140 g of potassium in homeostatic equilibrium, of which 0.0117 % is
composed of shown in Figure 3.5 which corresponds to about (4.4 kBq) of
activity (ICRP, 1975). This activity is mostly distributed through out the soft tissue
of the body. There are a number of factors that effect the 4K levels in human
subjects, the main ones being height and weight as well as the muscle to fat ratio (the
lean body mass factor). They all have an important effect on the activity of 40K in
different subjects. Thus different subjects will produce different contributions to the

background.

Op- = 1.33 MeV 20

Qic = 1.505 MeV

Figure 3.5 decay scheme ( ICRP 38, 1983 )

An additional source of variation is 1j7Cs that can be present in different levels in
human subjects due to the world-wide spread of fallout from atmospheric atomic
bomb tests and the Chernobyl accident in 1986. Several other activities are also
present in the body as shown in Table 3.2 (Bertrand et al., 1983). Carbon-14,
although it has a comparable activity to potassium, does not contribute to the gamma

background because it is a pure beta emitter.
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Activity

Nuclide Bq
m 4440
HC 3700
210Pb 22.2
22Rn 3.7
Natural Uranium 25.9
2Ra 1.85
2SRa 0.925
Total 8195

"able 3.2 Various endogenous radiation levels of
activity in a human body ( Bertrand et al., 1983 ).

The possibility of external traces of contamination was also an important
consideration for this highly sensitive in vivo measurement procedure. For this reason
subjects were asked to remove outer clothing and change into a clean overall before
entering the monitor for measurement. At some other laboratories preparation for in
vivo monitoring includes taking a shower in addition to changing into clean overalls.

However, long years of experience had shown that this was not necessary at SURRC.

3.2 Observed background effects

The two nuclides, 13/Cs and 40K, gave the highest Compton scattering in the body,
hence, they constituted the principal component of background radiation when
measuring subjects. Table 3.3 presents comparative count rate data for the 80%
detector measuring: a water phantom; a subject; a K-phantom; and a mixed K/U
phantom. Both phantoms contained five time the physiological (140 x 5= 700 g) level
of K. It can be seen that there was no significant increase of counts in the peaks of
interest at 46.5, 63 and 93 keV between the water phantom and the subject. However,
the effect is more significant for Nal detectors as has been has been reported by (

Droughi, 1992 ) and Grag (Rahola et al., 1984). It also has to be noted that, the
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background per unit area of the germanium detectors over the body is three times
higher in the 12 to 25 keV energy region and 1.7 times higher in the 50 to 65 keV
region than that for the phoswich detectors (Palmer and Rieksts, 1984). At the same
time because of the superior energy resolution of the germanium detectors their
background levels are more than 10 times better (lower) than the Phoswich detectors.
Even though the human body is an ideal scattering medium, the observed effect of “’K
gamma-rays at 1460 keV on the lower energy peaks below 200 keV was not
significant and found to be approximately 1-5% in comparison of the water phantom
and a subject. It must also be noted that Berger and Lane (Berger and Lane, 1981)
demonstrated that for in vivo measurements of a typical subject with no other
contaminants than those expected to occur from natural processes, the background
could triple the count rate in the *°Pu X-ray region (13-20 keV) compared to that
count rate obtained from just an empty shielded room. It could be seen when
measuring a subject or phantom containing radioactive materials the counts of low-

energy peaks increases accordingly.

‘Energy | Water . phantom | Subject - _count | K-phantom .} K/U-phantom. -
o (opstE20) X107 | (cps #20) X107 | (epsi2s) x1074 ] (cpst2o) x107*
46.5 6.0+4 6.4+4 7.8+4 9.6+5

63 8.0+5 8.4+5 10.5+5 19.3+7

93 10.0+5 11.1£5 13.8+6 21.6+7

186 6.0+4 8.0+4 11.2+5 21.0+£6

352 5.0+£3 4.6+3 5.8+4 5.6+4

609 | 3.0£1 2.8+2 | 3.3%3 3.643

662 3.0+£2 3.5+2 3.943 3.8+3

1461 2.0£1 18+7 59+12 6113

1764 0.7+1 0.7+1 0.6+1 0.6+1

Table 3.3 Various counted phantoms, subjects and their relative
effect on the count rates of different energy peaks, one hour counts.

3.3 Shadow-shield effectiveness study

The effectiveness of the shadow-shield arrangement was investigated by the
comparison of the main energy peaks present in the background with the two detector
systems, the LOAX array and the 80% HPGe, under the following shielding

conditions;
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1 Detectors completely out of the shield in the laboratory (open count).
2 Detectors in the shield in the normal counting position with the configurations:

a) both sides (front and back entrances) of the counting space open.
b) one side (back entrance) of the counting space closed.

The partial shield enclosure of the detectors was of interest because these
configurations could be used for special counts such as particular static counts of
subjects or in vitro samples.

A large number of background counts were taken with configuration (a) with and
without a water phantom in position. This simulated the static counting position for a
subject and provided reproducibility data. Figure 3.6 a, b, and ¢ shows the gamma-
ray spectra obtained using the two LOAX detectors summed and the following

sections describe in more detail the results for both detection systems separately.
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Figure 3.6 Gamma-ray spectra for the three shielding arrangement using the two
LOAX detectors summed.: (a) detectors out of shield; (b) two sides open; (c)

one side of the turret closed.



3.3.1 The LOAX backgrounds

Although the shielding system was designed to hold up to four LOAX detectors, they
were not always available, so many counts were taken using two summed LOAX
detectors. All the detection systems were left running all the time, so most of the
background counts were obtained overnight and over weekends. Because it was
intended to adjust the position of the subject to optimise sensitivity, counts were taken
by placing the complete water phantom in the static counting position at different
heights from the detector surface in order to determine the variability of the
background. Counts were also made with the counting space empty and the gross
and net count rates of the main peaks and the characteristic X-rays were found to be
higher for an empty counting space and to decrease as the water phantom was raised-
up closer to the detector surfaces. This fact was due to the shielding effect of the

water phantom which reduced backscatter into the detectors.

The detailed count rates for the main low-energies for the two LOAX detectors are
presented in Table 3.4. Four shielding configurations were used namely: the detectors
being out of shield; detectors in shielding position with one side of the chamber being
closed; the last two counts having the two sides open while the chamber empty and
the other with subject in position. The count rates are shown for the three shielding
configurations along with the subject count in the normal operating arrangement. The
detected gross count rates for 63 keV were 1.16+0.18 cps , 0.033+0.003 cps,
0.044+0.004 cps and 0.063+0.004 cps for the four shielding arrangements respectively.

It was noted that the highest difference was between the open and normal condition
while the difference was minimal between the complete enclosure and one side open
i.e. the normal operating condition. = This proved that the shadow-shield was
effective and the slight background increase was not affecting the detection capability
of the detector assembly. The increase of count rate for the LOAX detectors for the
particular low-energy peaks was minimal and less than 3%, but the overall increase

was noticeable in the whole spectrum continuum.
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Energy Detector out of One side of the Two sides of the Subject count
shield completely ~ chamber closed chamber open both sides open
keV cps*la for 1hour cps*lodor 1hour cps*la for 1 hour cps*la for lhour
13 0.619*0.013 0.058%*0.004 0.063*0.004 0.062*0.004
16 0.675*0.014 0.072*0.004 0.077*0.005 0.078*0.005
26 0.649*0.013 0.018*0.002 0.024*0.003 0.029*0.003
46.5 0.708*0.014 0016*0.002 0.021*0.002 0.034*0.003
59.5 0.789*0.015 0.012*0.002 0.021*0.002 0.027*0.003
63 1.16*0.018 0.033*0.003 0.044*0.004 0.063*0.004
93 1.67%0.022 0.041*0.003 0.055*0.004 0.071*0.004
186 1.02*0.017 0.023*0.003 0.035*0.003 0.034*0.003

Table 3.4 Gross count rates of measurement of subject anc various
shielding arrangement using two LOAX detectors summed.

This means that they were slightly affected by the interaction of the high energy
1461 keV of photons 40K. Also data for the background index (cps keV"I) for the
three configurations for the three energy ranges: 0-100 keV, 100-200 keV and 200-
300 keV are outlined in Table 3.5. This clearly shows that the background index of
the complete enclosure shield was compatible with that for the shadow-shield
configuration arrangements. It is doubtful whether the increase of the background

index when measuring K- phantoms due to the 1461 keV gamma-ray is statistically

significant.

Energy range Closed turret Water phantom K-phantom

keV cps cps cps
10-100 7.37x10'3 1.84x1 02 1.91x10"2
100-200 4.81x10° 1.43x10'2 1.49x1 O2
200-300 3.23x10"3 6.76x10'3 7.13x'3

Tabic 3.5 Total count rates of specific energy region of the
v-ray spectra of different shielding phantom arrangements for
two LOAX detectors summed.

The LOAX detectors were assembled into an array in order to increase the volume of
germanium available and thereby increase the sensitivity. The effect of summing the
backgrounds from these detectors was investigated at the gamma energies of interest.
It was found that the backgrounds with different numbers of LOAX detectors for the
63 keV peak of 24Th were; 0.007*2x10° cps, 0.017*2x10" cps and 0.040*3x10° cps
for one, two and four summed LOAX detectors respectively. Also the backgrounds

for the 93 keV peak were 0.008*3x10° cps, 0.021*2x10° cps and 0.061*4x10° cps
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for one, two and four detectors respectively. It was noticed that the background
going from two to four summed detectors was increased by almost two and four
times for the 63 and 93 keV energy ranges respectively. The explanation for this, was
that two of the detectors were located towards the outside of the array where the
background was expected to be slightly higher. Although the detector volume had
been increased, there was thus a slight increase in background which could influence

the ultimate limit of detection.

3.3.2. The 80% HPGe-detector data

A typical long background count spectrum for the 80% HPGe detector in the final
shield is shown in Figure 2.5b. The average count rates (cps) for the 46.5, 63, 93
keV peaks were (0.0006+4x10™), (0.0008+5x10™) and (0.0011+6x10™), respectively
when measuring the water phantom statically. A one hour count of a normal subject
under the same counting conditions gave (0.0007+4x10™* cps), (0.0009+5x10™* cps)
and (0.0012+6x10* cps ) for the same gamma-ray energies. The “°K in the measured
subject appeared to have no significant effect on the count rate for the main low-
energy peaks as shown above.

Table 3.6 presents the various count rates (cps) for the energy ranges of interest for
the three shielding arrangements: having the chamber completely closed; both sides
open with water phantom; again both sides open and K-phantoms in place. The
difference can be noticed between completely closed especially at low-energy end of
the spectrum where lead X-rays play an important role in the increase of the count
rate. This effect was reduced when both sides of the chamber were open and a
phantom was in place. Also, comparison of columns 3 and 4 shows the effect of the
K-phantoms where the count rates of the low energy ranges were increased due to
“K by approximately 24.8 %.

Scattered radiation due to the open-ended nature of the counting space, did not
contribute appreciably to the low-energy region of the spectrum. It has to be noted
that the external background and the lead x-rays contribution will be completely
restricted and its effect would be much reduced in a complete shielded room type of

whole-body monitor.
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Energy range | Close chamber | Water phantom | K-phantom
keV cps x10” cps x10” cps x10°
40-100 6.86 1.28 1.55
100-200 3.30 1.16 1.40
200-400 4.01 5.90 7.15
400-600 220 2.80 3.45
600-700 1.60 2.10 2.41
700-1000 1.03 1.27 1.67
1000-1500 0.58 0.74 1.34
1500-2000 | 0.26 0.40 0.34

Table 3.6 Total count rates (cps) of specific energy regions of
the y-ray spectra of different shielding and phantom arrangement
using the 80% HPGe-detector.

3.4 Methods of subject background determination

The accurate high sensitivity determination of low-level low-energy radionuclides in
the human subject requires a reliable method for background prediction. There are a
number of methods being used for HPGe-detectors which have been extensively
investigated by a number scientists at different laboratories (Falk et al., 1979, Spitz et
al., 1983; Hickman and Cohen 1988; Newton et al., 1981 and Palmer and Riesksts,
1984). Some of these methods will be presented and employed for the background

prediction of human subjects in this research study and will be discussed further.

The background of human subjects was usually influenced by two main processes.
The first was the non-stochastic process caused by “K and other deposited nuclides in
the body of the measured subject. The second was mainly a stochastic process
caused by the photon scattering within the detection system and its surrounding
materials as shown in Figure 3.6. Because of these two process, the background
contribution from each subject had to be estimated using a special mathematical
function determined from a database of control subjects (Hickman and Cohen, 1988).
The prediction of the background variance was also based on mathematical functions.
As will be discussed further in section 3.5, the statistical analysis of the background
shows the lower the variance of the predicted background, the better the overall
detection capabilities of the system. It was also important that the function used to
estimate the background must not introduce any bias and should accurately represent
the background population. However, this method is not dealt with in this research

and further explanation could be found in Debertin and Helmer (1988). The various
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methods and techniques used for human background prediction and applied in
different parts of this research work were based on net count rate calculations. Each
of these methods of measuring the subject background has its own advantages and
limitations depending on the level and type of contamination being evaluated. Due to
the high peak-to-Compton ratios for the main HPGe-detection system used, the
following background determination methods were used;

1- The most common method was the utilization of anthropomorphic phantoms filled
with water and a certain amount of potassium chloride (KCl) usually about 140 g to
simulate the “K present as the natural body content ICRP 54 (ICRP, 1988) of
reference man. Phantoms could be simple to construct and were easily measured
routinely. A limitation was that a correction factor was sometimes needed to allow

for differences between simple phantom models and the human body.

2---The second method which could be used was the “ matched subject ” method
which, as the name implies, meant the selection of a subject known to be free of
contamination from the general public who matched the height and weight of the
subject being measured. The main disadvantage of this technique was the difficulty of
obtaining a control subject for each individual contaminated subject. Although an
attractive method, it has been found that subjects with the same body dimension did
not necessarily produce the same background count rate (Cohen, 1984). This was
also seen in the data collected from two matched subjects measured by our own
detection systems under the same counting conditions. The pulse height gamma-ray

spectra of two matched subjects were (slightly) different as shown in Figure 5.9a & b.

3--- The third common method used when contamination was thought to be likely to
occur, is to use the subject as his own background. Thus a background measurement
was recorded for the subject prior to starting work with radioactive material. This
measurement could be used as an accurate estimation of the subject's normal
background due to the scattering effects of his “’K and any other radionuclides
present at the time of measurement. A requirement was that the individual maintained
a constant body weight and shape. Also, the energy calibration of the detection

system had to be stable.
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3.5 Background determination for low-energy peaks using HPGe-detectors

3.5.1 The statistical significance of background

The low counts observed in the Compton continuum in HPGe detectors allowed the
possibility of observing low-energy peaks with low activities. The identification of
full energy peaks that rise above the continuum is easy visually or by use of special
peak search algorithms. While this fact holds for prominent peaks, low-count peaks
in the low-energy region (16-100 keV for the LOAX and 40-200 keV for the 80%
HPGe-detector) of the spectrum might be hidden under the Compton continuum.
This fact puts more stringent requirements for the overall sensitivity for the
identification of those unseen “hidden” peaks for in vivo measurements. To detect the
lowest possible activity for the low-energy photons required the predetermination of
the background peaks and the levels of the smallest possible indication (or peak rise)
of positive net activity that could be identified and detected. = To study these
phenomena further, the following sections will describe the various parameters in

more detail.

3.5.2 Ciritical limit (L¢)

In order to determine whether the net count of the measured peak area is significant
or not, it is essential that some statistical criterion has to be used to establish whether
or not a peak is significant. Since a peak becomes non-significant only when it
becomes “lost” in the background, identifying the presence of a peak cannot be done
by reference to the peak area alone but must take into account the uncertainties of the
tackground. To determine whether a net count near zero is truly zero or represents a
true positive count, there must be some level which can be called the critical limit,
above which the count can be accepted as a valid net count. Operationally this is
applied by comparing the net count rate obtained with quoted values for the Lc for
the same energy. If the net counts obtained are above the L¢ then an activity has been
dztected and could be quoted as a value with its associated uncertainty. Graphically
this could be illustrated in Figure 3.7 for a series of background counts having a mean
nzt count of zero but distributed in a Gaussian fashion above and below zero. The
standard deviation, or the distribution of the counts was represented by &o. The
count is taken to be statistically significant if A > k, x oo and the count is not
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significant if A < ka x a(0. The ka factor is taken to be a predetermined degree of
confidence limit of 95%. Further discussion ofthese concepts has been presented in
detail elsewhere ( Currie, 1968; Summerling et al., 1981 & 1985; Brodsky, 1986
and Droughi, 1992).

Background Net Signal (S)

Figure 3.7 Relationship and description of the
Critical and Detection Limit concepts.

This critical limit was defined as the lowest number of counts in a specified peak of a
particular radionuclide that could be detected with a given level of statistical
significance (e.g. 95% confidence limit) above the background level. According to
this definition it was obvious that the background of the detection system governed
the limit of the detection. The critical limit was coincident with the point at which the
peak was “lost” or “disappeared” into the background. Thus, the limit could only be
found by reference to the energy range of the peak. The formula used for calculating

the critical limit was that derived by Currie ( Currie, 1968 ):

Lc=234db (at 95%confidence limit)  Equation 3.1
where the main parameters defined as:
2.3 is the value ofthe standardized normal deviate (false positive and false negative)
that is expected with a probability of 0.05.

arb is the standard deviation of background counts from a K-phantom taken as the
blank. Table 3.7 presents the critical limit for the 80% HPGe-detector based on the
background counts ofthe main energy peaks ofinterest.
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Energy Net count rate | Calculated error | Calculated L= 2.330,
nuclide keV | cps x10” (o) for net cps 1h | cps

2y 465 |7.44 1.4x10° 33x10°
1Am59.5 | 1.11 5.6x10* 1.3x10°
24Th 63 1.12 5.6x10™ 1.3x10°
Z4Th 93 131 6.0 x10™ 14x10°
2%Ra 186 | 0.093 1.6 x10™ 3.7x10*
2pp 295 | 0.057 1.3 x10™ 3.0x10™
2pp 352 | 0.049 1.2x10™ 2.8x10*
25 609 | 0.026 8.5 x107 2.0x10*
Bics 662 | 0.032 9.4 x107 22x10*
2Bi 1120 | 0.014 6.2 x107 1.4x10*
®Co 1332 | 0.026 8.5 x10° 20x10*

YK 1461 | 0.094 1.6 x10™ 3.8x10*

Table 3.7 Net background count rates (cps) of the main energy
peaks for the 80% HPGe-detector and the calculated limit of
detection Lc.

3.5.3 Minimum Detectable Activity ( MDA )

To determine clearly the least amount of activity that can be measured by any
detection system, the minimum detectable activity has to be defined. The MDA is
defined as the lowest amount of activity which could be detected with a particular
level of statistical significance above background levels. When measuring a subject
there is a 95% probability that the measured activity has a statistical probability, § of
non-detection (type II error) known as false negative and o, the type I error also
known as false positive (Storm and Stansbury, 1992). This implies that a great care
has to be taken when measuring a low count activity so that neither type of error
would occur.

This activity should be high enough to be just above the critical limit for it to be
detected and defined as activity, which in turn, will be above the detection system’s
background. However, in the literature a number of more elaborate formulae for the
calculation of MDA can be found in various references. The formula of particular

interest and used through out this research work is given by the following:

MDA = 20y / f ---—---——-Equation 3.2
where:
o ---—- Standard deviation of blank or background count.
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f ---- Calibration factor that convert counts into units of radioactivity
( sensitivity factors ).

It has to be noted that even though the values for the L¢ are quoted it, is the MDA
values are widely used and considered to be of greater importance for evaluating the
detection systems.

For the purposes of comparing the results of this research work with that of previous
workers in the field the above formula will be applied. Brodsky (1986) found MDAs
for >*°U and **U to be 7.4 Bq and 110 Bq, respectively, for in vivo counting, and the
best state-of-the-art values were attained by Palmer et al. (1991 and Toohey et al.
(1991) with MDAs of 4 Bq and 70 Bq for the same uranium radionuclides
respectively. Using the same above formula, the Canadian human monitoring
laboratory quote 220 Bq and 6 Bq for the 17 and 59.5 keV photons of *'Am
respectively and 4.4 Bq for >°U using 4x70 mm germanium detectors in 1800 sec
static count. [private communication through the Internet system with Kramer, G. (

the director of laboratory) ].

3.6. Calculation of the background using trapezium methods

The trapezium method uses “predictor” regions taken immediately above and below
the peak of interest. 