


Chapter 1. INTRODUCTION

Chapter 2. NEUTRON DOSIMETRY

2.1
2.2.

2.3.

2.4.

2.5,

2.6.

2.7.
2.8.

CONTENTS

INtrOAUCTION oottt e e e e ans

Properties of NEULTONS .......cooiiviiiiiiiiiiiiii i
2.2.1. Thermal NEULIONS  .ivveiiiiiieeeeie st eeer e ee s cvrie s baa e
2.2.2. Intermediate NEULTONS ......oivniirieineiiieiieeneeieeineeneenernaeiaeennes
2.2.3. Fast NEULTONS ...ooovviiiiiiiiiiiiiee e eeri e
2.2.4. RelativistiC NEULTONS  ...ooiiiiiiiiiiiii e eeer e e

Interaction of neutrons with matter ..........ccoiiiiiiiiiiieeiineeeees
2.3.1. Elastic scattering (N,N)  .oovriiiiiiiieiieeiee e
2.3.2. Inelastic scattering (n,n’), (N, NY)  oovrrieiiiieee e
2.3.3. Capture (1, 77) ooriiiiieiiiieie e

2.3.4. Non-elastic reactions (n,2n), (n,p), (n,d), (n,a),

(N, 1), (N, P), €LC. werrreririeeeeriieciii et
2.3.5. Fission (N, f) oo

Interaction of neutrons with tisSU€ ......cccovvviviiiviviiiineniinnnes

2.4.1. Interaction of thermal and intermediate neutrons

2.4.2. Interaction of fast NEULIONS  ...coovviiiiiiiiiiiieiiiiennns

Radiation quantities and units  ......ccccceovviiiiiiiiniiin.
2.5.1. Absorbed dose (D) ..iiiriiiiiiiiiiiie e,
2.5.2. Kerma (K) oot
2.5.3. Dose equivalent (H)  ....oooriiiiiiiiiiinn,
2.5.4. Ambient dose equivalent, H*(d) ........ccccoeeeieiininnn
2.5.5. Individual dose equivalent ..........ccoooeiiiiiiiiiininniiin

Distribution of dose and dose equivalent in man ...............
2.6.1. Dose equivalent ........ccccocimiiiiiiimiiiin
2.6.2. KEerma ...o.cooeieeiiiiiiiiicee et
2.6.3. Depth diStributions .........cooeeueverveveeerreeseeercenenn.
2.6.4. Albedo NEULTONS ...ccoivniiirnriiiriiiiniinci e,

Dose-equivalent limits .........ccoooeeeirreiiiiiiiiiiii,

Comparison between the old and the new dose-equivalent

QUANEITIES  eeeeiiiiii i

.......................................

.............

.............

.............

.............

.............

b W w W W

wh b i

—_ O 00 00 3 ~ N N [ox W@

— bt bt et b —
~N O\ N

—
~J

—
\O



Chapter 3. SOURCES OF NEUTRONS ...ooooooiiieeeeeeeeeeeeeeee
3.1. INtrOAUCTION Lo et e e

3.2. Radionuclide neutron sources

3.3. Accelerator NEULron SOUICES  ..........oooovviiiiiiiiiiiiiiiiiiiieeeeeeeeeeee
3.3.1. Neutrons produced by ion beams  ......ccoeevevvvreeeereerernnnn.
3.3.2. Photonuclear reactions  ........cocooeeeeeeeeeeeeereeeeeesereeeesneeaens
34. NUCIEAT TEACLOIS  .ovvviteeiieiiiiieeeieeeeee e e ettt e ee e e e e erte e e st taeaeaeens
3.4.1. Prompt fission NEULIONS ..........covvvimeniiieeeeeriiiieiiiieee e
3.4.2. Delayed nEULIONS  ..ococciieviiiienieeieieieieeeeaetaeeveee e eveeeanen
3.4.3. Photoneutrons ........cccooiiiiiieiiiiiieiccce e
3.4.4. Gamma radiation  ....cccoooiiiiiiiiiiiie e
3.5. Nuclear fuel reprocessing plants ...........cocooviiiieeiiiiiieeeeiiiiieeeeevieen.
Chapter 4. DYNAMIC METHODS OF NEUTRON DETECTION ............
4.1. INtrodUCHION oo e
4.2, [onization chambers ..o
4.3. Recombination ionization chambers ............ccooovveeevviieiieeiiineen.
4.4, Fission ionization deteCtOrs  ......cccciiiiiiiiieeeiriiiieeeeee e e e eeriee e,
4.5. Proportional COUNTEIS .........uviiiiiiiiiiieeiiiieee e e
4.5.1. Recoil-proton proportional counters ...........cccoeevvveeveneennn..
4.5.2. Rossi proportional counters .........cociceiiiiiiiiiiiiineieee
4.6. Semiconductor deteCtOrs  ...viiiiiiiiiiiie et
4.7, Scintillation dETECTOTS ivuiiiniiiie it e e ee e e e e e eteeeiae e aeaa s
Chapter 5. FIELD INSTRUMENTS ...,
5.1. INtroducCtion oo e e eans eeerirraaea,
5.2. Survey meters for measuring neutron dose equivalent ....................
5.2.1. Thermal and intermediate neutrons  .....cc...cccoeevviivvnnernnnnn.
5.2.2. Fast neutron measurements with proton-recoil counters ....
5.2.3. Recombination ionization chambers .........ccccccciiiieniannnnn.
5.2.4. Wide-range neutron survey instruments using moderators ..
5.2.5. Development of the Rossi proportional counter ................
5.3. Simple field SPECITOMELETS ..oooeiiiiiiiiiiiiiiieiiiirer e,
5.3.1. The two-Sphere system ......ccceeeeecriiiiieriiiiiiiiniieciiie i,
5.3.2. The four-detector SYStemM  ......ccooeriiiiieeniieeiiiieierniiiiieeeenians

5.3.3. Multi-sphere neutron spectrometers  ............ccccoeveereernnnnnn.

21
21
21

22
23
30

31
32
32
32
33

33

35
35
35
38
40

40
41
45

45
46

49
49

49
49

51
51
56

56
56
57
57



5.4 Laboratory spectrometers for calibration and field use ................ 60
5.4.1. Time-of-flight neutron spectrometers ..........cccccooeeeviiiiineenn. 60
5.4.2. Organic scintillator neutron spectrometers ...............cceeeees 60
5.4.3. Hydrogen and methane proportional counter neutron
SPECITOMELETS ..vvuiiiiiitiiirireeeiieeeerireeninrserrieesnieannn e aaieenes 61
5.4.4. Helium-3 proportional counter neutron spectrometer ........ 62
Chapter 6. PASSIVE METHODS OF NEUTRON DETECTION  ........... 63
6.1. TNETOAUCTION oeeieeieee e e e et e e e e e et e e e et eeseesa e s asarenneeaaeanarneas 63
6.2. NUCICAT EMUISION oorieeit et e e et e e e e s e ean e eans 63
6.3. ACTIVATION A@TIECTOIS  1irnieitie i eeeeen ettt eteeeaerrasraarenasaeeeanensaneens 71
6.3.1. Intermediate NEULTONS ..uuvinrereiiiiiieeiiieeeeieeeneeeeaneeneeneenns 72
6.3.2. Thermal NEULIONS  covniieeie et s e e e e e er e e e enass 73
6.3.3. Fast NEULIONS  .ivueeeieeiieee et ie e e e e ere et e e ernaeen e enaenes 73
6.3.4. Activation of gamma-ray detectors ...........cccooeeiiiiiiiiiinennins 73
6.3.5. Activation of the body  .ooiiiiiiiii 73
6.4. FiSSIOMN A@TECTOTS civnirnteie et ettt e e et e e ete et et et s e eanetsetannsannaans 76
6.5. Track-etCh AetECLOTS  civnteiieeeeeee ettt e e e e e e e eee e ensaeraannes 78
6.5.1. TeChnIQUES ..ooovviiieiiiiiiieer et 78
6.5.2. Detectors without radiators  ....coveiiiiiirirrverei s 81
6.5.3. Detectors with inactive radiators ......cooevvevevenviiiiiiniiiinnnn, 84
6.5.4. Detectors with radiators of fissionable materials ................ 85
6.6. Thermoluminescent detectors (TLDS) ..coovviiiviiiiiiiiin, 85
6.6.1. Factors influencing the response of TL materials ............ 86
6.6.2. TL response to high LET radiations  ............ococciieiniininn 89
6.6.3. Theoretical TL response to NEULTONS ........ccoevvmiiirririiinnnnnn. 89
6.6.4. Experimental response of TL materials to thermal
TLEUTTOTIS  ooerininerninererenenneeesensaesnesssenrassasnstesnenenrsasesssanens 91
6.6.5. Experimental response of TL materials to intermediate
AN FASE NEULIONS cvvreienerereee e iee et e e eesieesesnanaensaneenenenes 91
6.7. Thermally stimulated exoelectron emission (TSEE) ... 99
6.8. Radiophotoluminescent (RPL) glass detectors ... 100
6.8.1. Direct interaCtiONS ...ooovveiiiiiireeeinerrireieneera e reneenans 100
6.8.2. Activation Methods ......oooviiiiiieiiieiiier e 101
6.9. Other types of neutron doSimeter ........cccooiiiiiiiinieenninis 104
6.9.1. LyOluminESCeNCE  ..ccccoevrerrmirrmiririeeeeeenaennessseineisiesieeea 104
6.9.2 . ELECIICES tvvneeerereiieieeeirieeriieerseearaeesneeenssseinnestierrasensaanenaaes 104

6.9.3. Bubble-damage polymer detectors .........cccccvviiiieieereenennenn. 105



6.10.

Passive detectors for field USE  ......ocoovieeiiviiiieeei e, 105
6.10.1. Neutron telescope spectrometers .............ccccceeeveeeeeenen.... 107
6.10.2. Multisphere SpeCtrometers ..........cccceeeveeeeeevvevereeniiieieeeeennen. 107
6.10.3. The single-sphere albedo system .............ccccvvvvivuviieieennnnnnn. 107
6.10.4. Measurement of low neutron doses ..........ccccccvvvveriieeeeeennnn. 111

Chapter 7. PERSONNEL DOSIMETERS ..ot 113
7.1 INtrodUCHiON oo e 113
7.2. Nuclear emulsion dosimeters ..................cccccociviiiiiiiiiiiiiiiiiieieeee, 113
7.3. Albedo dosimeters using TLDSs  .....cccooooiiiiiiiiiiiiiiiiceceeeeeeeeei, 113
7.3.1. Design of albedo dosimeters .........cccccocvvvvviiinieieeerieriiieinnn. 116
7.3.2. Calibration teChniques  ..........coeviiiiiiiiiiiiiieeieerer e, 119
7.3.3. Properties of albedo dosimeters ............cccoeeeeeeeeevnneeninnann. 123
7.4.  Albedo dosimeters using other methods ...........ccccccvvvvevevieeinnennn... 129
7.5. Fission foil dOSIMEters — ..........ooooiivviiiiiiiiiiiee e 131
7.6. Recoil track-etch detectors ......cooovivieiiiiiieeiiiicceeccee e 136
7.6.1. Polycarbonate track detectors .........cooeevvvuveereiienrieeneeevnnnnn.. 136
7.6.2. CR-39 track detectors ......ccocooeeiiviiiiiiiieeeiiie e 137
7.7. Personal alarm neutron doSimeters ............ccoooviviiiiiiiieieiiiieeeennenns 140
7.7.1. Choice of deteCtors .........oeeviiiiieiiiiiieiiiie e 141
T.7.2. Datad PrOCESSING  ..ooiiiineiiiiii et ee e e e e e e eaaanes 142
7.7.3. Harwell personal alarm neutron dosimeter ...............c....... 143
7.7.4. KFA Jilich personal neutron dosimeter .........ccocceevvvunnn. 145
7.7.5. EG&G pocket neutron dosimeter ...........ccceeeeeevevienninennnnn. 146
7.7.6. Rockwell personal neutron dosimeter .............ccoeeeevvvneennnn.. 149
7.7.7. Soreq NRC personal neutron dosimeter ..........ccccoceeevverneens 151
7.7.8. Comparison between dOSIMELErS .......cccvveveeevnneeerernneereneenenns 153
Chapter 8. DESIGN OF OPERATIONAL SYSTEMS ... 155
8.1. INETOAUCTION oo ettt et s e cai e s e ra e e s e e aaa e 155
8.2. Selection of the appropriate personnel dosimetry system ............ 15§
8.2.1. Neutron field type A (H, < 1.5 mSv/a) ..o 155

8.2.2. Neutron field type B (H, <15 mSv/a; H, <0.2 (H, +Hy)) 157
8.2.3. Neutron field type C (H, < 15 mSv/a; constant

SPECETUITL)  coiiviieeeeeeeeeecieneitineree s e e e e e e e e e e s sb bbb eanae e 157
8.2.4. Neutron field type D (H, <50 mSv/a; variable

spectrum, correlated with a measured ratio) .................... 157



8.2.5. Neutron field type E (H, < 50 mSv/a; variable

spectrum; E <1 MeV, no correlation with a

mMeasurable Tati0) v
8.2.6. Neutron field type F (H, <50 mSv/a; variable

spectrum; E @ 1t0 20 MeV) i
8.2.7. Neutron field type G (H, < 50 mSv/a; E; > 20 MeV)

8.3. Specialized eqUIPMENT  .o.ooiiiiiiiiiii

8.4. Nuclear accident dosimetry systems

Chapter 9. EXAMPLES OF EXISTING STRAY NEUTRON FIELDS
AND NEUTRON DOSIMETRY SYSTEMS ...

9.1. Introduction

................................................................................

9.2.  Nuclear fuel reprocessing plant .........ccciiiiiiiii e
9.3. ReactOr ENVITONIMENTS .vvniiniiniintieieeneen e te e riebe e e e e aneaneenas
9.3. 1. ReESEATCH FCACTOLS  wuirtenitie ittt et e et ae e et raneneeaaenens
9.3.2. POWEE TEACLOTS  oieeeeeieeeeeee e eie e et sirisraneersneaeraanaranaeraaee

94. Radioisotope neutron sources and a radionuclide production

PLANT ittt e e e et e
9.5. Linear accelerator in a gamma-ray therapy department ................
9.6. 14 MeV neutrons and cyclotron used for neutron therapy ............
Chapter 10. CALIBRATION AND INTERPRETATION ..................
101, IAtrOAUCHION  coviiiieiiii et e et e et e e e e et e e s s ta e s e s as e sbaaaea s
10.2. Neutron calibration facility ......c.ccooviiimiiiiiiiiiiiii e
10.2.1. Homogeneity and influence of scattered radiation ............
10.2.2. Fluence standards  .....oooovveeiieiiinceeiiiieeeiiecii e
10.3. Calibration method .....cooevniiiiiiiiiie et
10.3.1. Corrections for scattered NEULIONS .........ccoecvvienniiiiiiinnnnn.
10.3.2. RadiOactiVe SOUTCES ....ccvvvueneireniereeeuinreereseeeriinsertnnneeeaieasans
10.3.3. ACCEIETator SOUTCES ...vuuverriunererieieeerirereriiieaerineermieraiannes
10.3.4. Thermal NEULION SOUICES ....oievvuvnvireineerieaeeetiiisrirnaeriiaaaaes
10.3.5. Frequency of calibration ........ccocoeviiiniiin,
10.4. Development of new neutron sources for calibration ...................

10.5. Routine calibration ......oooviiiiiiiiveimeireiereiereei e et srierrrseraaeananns



10.6. Calibration of particular instruments

............................................ 200
10.6. 1. SUIVEY MELETS ..uoiiiiiiiiiiiiiiieee et eeeee e e e e e e ee e eeeraeeeaeans 200

10.6.2. Personal dOSIMELErS ........cocouuvvieiiieeieeeeeeee e e eeeeeevvaeaens 200

10.6.3. Neutron Spectrometers ............ccccceveevevivieriieireeieeeeeseeeeeens. 200

10.7. INEerpretation ....ooccoooiiiiiiiiiieeiii ittt e e e e e e e e e eeaeenae 201

........................................................................................






	page1
	page2
	page3
	page4
	page5
	page6
	page7
	page8

