
Contents

Acronyms, Abbreviations and Symbols xxi

Foreword to the Third Edition xxxv

Preface to the Third Edition xxxvii

1. Radiation Physics and Radionuclide Decay

I. Introduction 2

II. Discovery and Early Characterization of

Radioactivity 2

III. Basic Units and Definitions 13

A. Properties of Atomic Constituents 13

B. Nuclides, Isotopes, Isobars, Isomers,

and Isotones 13

C. Mass and Energy 14

IV. Properties of the Nucleus 16

A. Nuclear Radius and Density 16

B. Nuclear Forces 1 7

C. Binding Energy 19

1. Nuclear Fission 21

2. Nuclear Fusion 21

D. Nuclear Models 23

1. Liquid Drop Model 23

2. Shell Model 26

3. Collective Model 29

E. Cluster Radioactivity 31

V. Naturally Occurring Radionuclides 32

A. Radionuclides of Cosmogenic Origin 32

B. Long-lived Radionuclides 32

C. Natural Radioactive Decay Chains 33

VI. Artificially Produced Radionuclides 33

VII. Nuclear Reactions 37

A. Reactions Types 37

B. Notation 39

C. Energy of Reactions (Q Value) 39

D. Reaction Cross Section 41

VIII. Particulate Radiation 42

A. Alpha Decay 42

1. Energy and Half-life Relationship 42

2. Decay Energy 43

3. Alpha-particle Interactions with Matter 45

B. Beta Decay 49

1. Negatron (β-) Emission 49

2. Positron (β+) Emission 54

3. Electron Capture (EC) 57

4. Branchingβ-,β+,and EC Decay 60
5. Double-Beta(ββ)Decay 62
6. Beta-particleInteractionswithMatter 65
7. Beta-particleAbsorptionand

Transmission 67
C. InternalConversionElectrons 68
D. Auger Electrons 70
E. NeutronRadiation 72

1. DiscoveryoftheNeutron 72
2. NeutronClassification 73
3. Sourcesof Neutrons 76
4.Interactionsof NeutronswithMatter 84
5. NeutronAttenuationand Cross

Sections 87
6. NeutronDecay 90

IX.ElectromagneticRadiation―Photons 90
A. Dual Nature:Wave and Particle 90
B. Gamma Radiation 92
C. AnnihilationRadiation 94
D. X-Radiation 94

1. X-raysCharacterizedby Discrete
SpectralLines 95

2. Bremsstrahlung 97
3. X-raysfromBeta-particleEmissions 101

E.CherenkovRadiation 102
X.Interactionof ElectromagneticRadiation

withMatter 105
A. PhotoelectricEffect 105
B. Compton Effect 105
C. PairProduction 107
D. Combined PhotonInteractions 109

XI.RadioactiveNuclearRecoil 113
A. RelativisticExpressions 114
B. NonrelativisticExpressions 115

1. NuclearRecoilEnergyfrom
Alpha-particleEmissions 115

2. NuclearRecoilEnergyfrom
Gamma-ray,X-ray,and Neutrino
Emissions 116

C. SampleCalculations 116
1. NuclearRecoilfromAlphaEmissions 116
2. NuclearRecoilfromBetaEmissions 116
3. NuclearRecoilfromGamma-ray Photon,

X-rayPhoton,or NeutrinoEmissions 117



D. Radioactive Recoil Effects 118

1. Szilard-Chalmers Process 118

2. Radioactive Disequilibrium 120

XII.Cosmic Radiation 120

A. Classificationand Properties 121

B. Showers of the Cosmic Radiation 123

C. Cosmic Rays, Underground 127

D. Origins of Cosmic Radiation 128

XIII.Radiation Dose 128

XIV.Stopping Power and Linear Energy

Transfer 130

A. Stopping Power 130

B. Linear Energy Transfer 133

XV. Radionuclide Decay, Ingrowth,

and Equilibrium 135

A. Half-Life 135

B. General Decay Equations 141

C. Secular Equilibrium 141

D. Transient Equilibrium 143

E. No Equilibrium 145

F. More Complex Decay Schemes 145

XVI. Radioactivity Units and Radionuclide Mass 146

A. Units of Radioactivity 146

B. Correlation of Radioactivityand

Radionuclide Mass 147

1. 32P,half-life= 14.3 days 147

2. 14C, half-life= 5730 years 147

C. Carrier-FreeRadionuclides 148

References 148

2. Radioactivity Counting Statistics

I.Introduction 163

II.StatisticalDistributions 164

A. The Poisson Distribution 164

B. The Gaussian Distribution 165

III.Analysis of a Sample of Results 167

A. Best Estimate of the True Value 167

B. Best Estimate of Precision 168

C. ErrorPropagation 168

D. Accuracy of the Mean Value 169

E. Combination of Measurements 170

F. The Statement of the Results 171

1. Combined Standard Uncertainty 171

2. Rules for Expressing Results 171

IV StatisticalInference 172

A. Hypothesis Testing 172

B. Confidence Intervals 173

C. StatisticalInference 173

1. Variance of a Population 173

2. Variance of Two Populations 174

V. Regression 176

A. Linear Regression 176

1. Confidence Intervalsand Hypothesis

Testing 177

VI. Detection Limits 177

A. CriticalLevels 177

B. Gamma-Spectra 179

1. High-ResolutionGamma-Spectra 179

2. Low-ResolutionGamma-Spectra 182

VII.Metrology Applications 183
A. UncertaintyBudget 183

B. UncertaintyCalculation 184

1. UncertaintyTransmissionin

Eqn (2.109) 184

2. Numerical Calculationof Uncertainty 186
References 188

RelevantStatisticalReferencesTables 189

3. Gas Ionization Detectors

I.Introduction:Principlesof Radiation

Detection by Gas Ionization 191
II.Characterizationof Gas Ionization

Detectors 192

A. Ion Chambers 192

B. ProportionalCounters 193
C. Geiger―MullerCounters 193

III.Definitionof Operating Characteristicsof

Gas IonizationDetectors 193

A. Counting Efficiency 194

B. Energy Resolution 194

C. ResolvingTime 194

D. Localization 194

IV.Ion Chambers 194
A. OperatingModes ofIon Chambers 195

1. Ion Chambers Operatingin the

CurrentMode 195

2. Charge IntegrationIonization
Chambers 195

3. Pulse-Mode Ion Chambers 195

B. Examples and ApplicationsofIon

Chambers 195
1. Calibrationof RadioactiveSources 195

2. Measurement of Gases 196

3. FrischGrid Ion Chambers 196

4. RadiationSpectroscopywithIon

Chambers 197
5. ElectretDetectors 199

6. FissionChambers 199

V.ProportionalGas IonizationDetectors 200

A. Examples and Applicationsof Proportional

Counters 201
1. Gross Alpha-Beta Counting,Alpha-

Beta Discrimination,and Radiation

SpectroscopyUsing ProportionalGas

IonizationCounters 201
2. Position-SensitiveProportional

Counters 203

3. Low-LevelCounting TechniquesUsing

ProportionalGas IonizationDetectors 209
4. Applicationin Environmental

Monitoring,and Health Physics 210
VI.Geiger―MullerCounters 214

A. Designsand Propertiesof Geiger―Muller

Counters 214
1. FillGas 214

2. Quenching 214

3. Plateau 215

4. Applications 215

VII.Special Types of Ionization Detectors 216

A. Neutron Detectors 216

1. BF3 Tube Construction 217

2. Detectors for FastNeutrons 218

3. Neutron Counting in Nuclear Analysis of

FissileMaterials and Radioactive Waste 220

4. Moisture Measurements 221

B. Multiple Sample Reading Systems 221

C. Self-Powered Detectors 222

D. Self-Quenched Streamer 223

E. Long-Range Alpha Detectors 223

F. Liquid Ionization and Proportional

Detectors 224

G. Dynamic Random Access Memory

Devices (DRAM) 224

References 225

4. Solid-State Nuclear Track Detectors

Part 1 Elements 234

I.Introduction 234

II.Detector Materials and Classificationof

Solid-State Nuclear Track Detectors 236

A. CrystallineSolids 236

1. Muscovite Mica 237

2. Apatite 237

3. Zircon 238

4. Sphene 239

5. Olivine 239

6. Pyroxene 239

7. Other CrystallineSolids 240

B. Glasses 240

1. Man-Made Glasses 240

2. Natural Glasses 241

C. Plastics 241

1. CR-39 (Polyallyldiglycolcarbonate,

PADC, PM-355, PM-500, PM-600) 241

2. Polycarbonate (PC, Lexan, Makrofol,

Taffak) 242

3. Cellulose Nitrate(CN, LR-115, Daicell) 243

4. Polyethylene Terephthalate(PET, Mylar,

Cronar, Melinex, Lavsan, Terphane,

Hostphan) 244

5. CR-39-DAP Series 244

6. Other New Track Detector

Materials 245

III.Recordable Particleswith Solid-State Nuclear

Track Detectors 245

A. Protons 245

1. Suitable Detectors for Proton

Detection 246

2. Proton IntensityMeasurements 246

3. Proton Energy Measurements 246

4. Proton Spatial Distribution

Measurements 247

5.
Applications

of

Proton

Detection

247

B.

α-Particles

248
1.

Suitable

Detectors

for

α-particle

Measurements

248

2.
α-Intensity

Measurements

248

3.

α-Particle

Energy

Measurements

250

4.
α-Spatial

Distribution

Measurements

250

5.

Applications

of

α
Detection

251

C.

Fission

Fragments

251

1.

Suitable
Detectors

for

Fission

Fragments

252

2.

Fission

Rate

Determination
253

3.

Spatial

Distribution

of

Fission

and

Fission
Fragments

254

4.

Application

of

Fission

Detection

254
D.

Heavy

Ions

(Z

>

3)

254

1.

Suitable
Detectors

for

Heavy

Ions

Z>3

254

2.

Identification
of

Charge

Z

255

3.

Identification

of

Mass
A

of

Isotopes

255

4.

Heavy-Ion

Energy

Determination

255
5.

Applications

of

Heavy-Ion

Detection

255

E.

Neutrons
255

1.

Principles

of

Neutron

Detection

255

2.
Suitable

Detectors

for

Neutron

Detection

256

3.

Neutron

Intensity
Measurements

256

4.

Neutron

Energy

Measurements

256

5.
Neutron

Dosimetry

256

F.

Exotic

Particle

Detection

257
1.

Suitable

Detectors

for

Exotic

Particle

Detection

257

2.
Magnetic

Monopole

Detection

257

3.

Dark

Matter

Particle
Detection

258

IV.

Track

Formation

Mechanisms

and

Criteria
258

A.

Introduction

258

B.

Track

Formation

Mechanisms

258
1.

Ion

Explosion

Spike

for

Inorganic

Solids

258
2.

Chain

Breaking

Mechanism

in

High

Polymers

258
C.

Criteria

of

Track

Formation

259

1.

Primary

Ionization
Rate

Criterion

259

2.

Restricted

Energy

Loss

(REL)
for

Plastic

Track

Detectors

260

3.

Energy

Deposition
Model

(Ev)

260

D.

Extended

and

Transitional

Criteria

261
1.

Zeff/β

261

2.

dE/dx

Transitional

Parameter

262
V.

Track

Revelation

262

A.

Chemical

Etching

(CE)
262

1.

Etching

Condition

262

2.

Track

Etching

Geometry
262

3.

Critical

Angle

of

Etching

263

4.
Techniques

of

Critical

Angle

Measurements

263

5.

Track
Etching

Geometry

264

6.

New

Progress

in

Track

Etching
Geometry

264



B. Electrochemical Etching(ECE) 264

C. Track Etching Kinetics 265

1. Objectives and Required

Parameters 265

2. Forward Calculation 266

3. Inverse Calculation 266

VI. ParticleIdentification 266

A. Maximum Track Length Method 266

B. Track-Etch Rate Versus Radiation

Damage Density Method 266

C. Track-Etch Rate Versus Residual

Range Method 266

D. Track Diameter Method for Identification

of Charge Z at High and RelativisticEnergy 267

E. Track Length Method forIdentification

of Charge Z at High and RelativisticEnergy 269

VII.Track Fading and Annealing 269

A. Track Fading and Annealing 269

B. Mechanisms of Track Fading 269

C. Arrhenius Diagram 269

D. Application of Track Fading and Annealing 270

1. Problems Resulting From Track Fading 270

2. Improving Analysis with the Aid of

Track Annealing 270

3. Apparent FissionTrack Age and Its

Corrections 270

4. Geothermal Chronology 271

VIII.Instrumentation 271

A. Size of Latent Tracks and Etched Tracks 271

B. Optical Microscope 271

C. Track Image Analyzer 271

D. Electron Microscope 271

E. Scanning Tunneling Microscope (STM)

and Atomic Force Microscope (AFM) 271

F. Spark Counter 272

Part 2 Applications 272

I.Introduction 272

II.Physical Sciences and Nuclear Technology 272

A. ClusterRadioactivities 273

B. Heavy-Ion Interactions 273

1. RelativisticProjectileFragmentation 273

2. Sequential FissionafterInelastic

Collisions 273

C. Nuclear Fissionand Neutron Physics 273

1. Nuclear Fission 273

2. Neutron Physics 275

D. Plasma Physics 275

1. Laser Acceleration 275

2. Inertial-Confinement-Fusion 276

E. Astrophysics and Cosmic Rays 276

F. Nuclear Technology 277

1. Nuclear Reactor Physics 277

2. Accelerator ― Driven Subcritical

Reactors (ADS) 278

3. Nuclear Forensic Analysis and Nuclear

Safeguards 278

G. Elemental Analysis and Mapping 280

III.
Earth
and
Planetary

Sciences
280

A.
Fission
Track
Dating

280
1.

Absolute
Approach
280

2.
Zeta
Approach
282

3.
Continental
Drift
and

Ocean-Bottom
Spreading

283
4.

Archaeology
and
Anthropology

283
5.

Tectonic
Up-Lift
Rate

Determination
285

B.
Geothermal
Chronology
285

C.
U
and
Oil

Exploration
and

Earthquake
Prediction

286
IV.

Life
and

Environmental
Sciences

286
A.

Radiation
Protection
Dosimetry

286
1.

Radon
and
Thoron

Monitoring
and

Dosimetry
286

2.
Neutron
Dosimetry
287

B.
Environmental
Sciences
287

1.
Radioactive
Fallout
from

Nuclear
Accidents

287
2.

Drainage
Contamination
of

Nuclear
Plants

289
V.

NanoTechnology
and
Radiation

Induced
Material

Modifications
289

Acknowledgments
289

References
289

5.
Semiconductor
Detectors

I.
Introduction
299

A.
The
Gas-Filled
Ionization

Chamber
299

B.
The
Semiconductor
Detector

300
C.

Fundamental
Differences
Between

Ge
and
Si
Detectors

301
1.

The
Energy
Gap

301
2.

The
Atomic
Number

301
3.

The
Purity
or

Resistivity
of

the
Semiconductor

Material
303

4.
Charge
Carrier
Lifetime

x
303

II.
Ge
Detectors
303

A.
High-Purity
Ge
Detectors:

Merits
and

Limitations
303

B.
Analysis
of
Typical

γ
Spectra

305
1.

Spectrum
of
a

Source
Emitting

a
Single

γ
ray
with

Eγ
<

1022
keV

305
2.

Spectrum
of
a

Multiple-γ-Ray
Source

Emitting
at
Least
One

γ-ray
with

an
Energy

>
1022
keV

307
3.

Peak
Summation
308

4.
True
Coincidence
Summing

Effects
309

5.
Ge-Escape
Peaks
312

C.
Standard
Characteristics
of

Ge
Detectors

312
1.

Energy
Resolution
312

2.
The
Peak-to-Compton
Ratio

315
3.

The
Detector
Efficiency

315
D.

Background
and
Background

Reduction
319

1.
Background
in
the

Presence
of

a
Source
319

2.

Background

in

the

Absence

of
the

Source

319

3.

Background

of

Cosmic

Origin
326

4.

Background

Reduction

326

E.

The

Choice
of

a

Detector

331

1.

General

Criteria

331

2.
Increasing

the

size

of

HPGe

detectors

331

3.
The

Germanium

Well-Type

Detector

332

4.

Limitations

to
the

"Relative

Efficiency"

quoted

for

Coaxial

Detectors

332

5.
The

Broad

Energy

Germanium,

or

"BEGe"

detector

333
III.

Si

Detectors

334

A.

Si(Li)

X-Ray

Detectors
334

B.

Si-Charged

Particle

Detectors

334

1.

Alpha

Detectors
335

2.

The

Si

Drift

Detector

(SDD)

technology
338

3.

Electron

Spectroscopy

and

β-Counting

339

4.
Readout

of

scintillators

339

5.

Continuous

Air

Monitoring

340
IV.

Spectroscopic

Analyses

with

Semiconductor

Detectors

342

A.
Sample

Preparation

343

1.

Sample

Preparation

for

Alpha
Spectrometry

343

2.

Sample

Preparation

for

Gamma

Spectrometry

350
B.

Analysis

―

Analytical

Considerations

351

1.

Analytical
Considerations

in

Alpha

Spectrometry

351

2.

Analytical

Considerations
in

Gamma

Spectrometry

353

References

360

6.

Alpha

Spectrometry
I.

Introduction

364

II.

Alpha

Decay

and

Alpha-Emitting
Nuclides

365

III.

Detection

Systems

368

A.

Detectors
369

1.

Interaction

of

Alpha

Radiation

with

Detector

Materials
369

2.

Characterization

of

Spectroscopic

Detectors

371

3.
Gas

Ionization

Detectors

372

4.

Semiconductor

Silicon

Detectors
373

5.

Scintillation

Detectors

375

6.

Cryogenic

Detectors

379
B.

Electronic

Units

379

IV.

Characteristics

of

the
Alpha

Spectrum

380

A.

Peak

Shape

and

Spectrum
Analysis

380

1.

Peak

Shape

and

Spectrum

Analysis

with
Si

Detectors

380

2.

Peak

Shape

and

Spectrum
Analysis

with

Gas

Ionization

Detectors

386

3.

Peak
Shape

and

Spectrum

Analysis

with

Liquid

Scintillation

Detectors

387
4.

Peak

Shape

with

Cryogenic

Detectors

387

B. Counting Efficiency 388

C. Background and Contamination in Alpha

Spectrometry 389

D. Stabilityof the Alpha Spectrometer 390

V. Radiochemical Processing 390

A. Sample Preparation and Pretreatment 394

1. Preparation of Solid Samples 394

2. Preconcentration of Liquid Samples

and Sample Solutions 394

B. Chemical Separation 396

1. Separations by Liquid―liquid

Extraction(LLE) 396

2. Separations by Ion Exchange 399

3. Separations by Extraction

Chromatography (EC) 401

C. Alpha Source Preparation 409

VI. Determination of Alpha Activityand

Recovery 409

A. Calibration 410

B. Measurement Procedure 410

C. Alpha Spectrum Evaluation 411

1. Principleof Evaluation 411

2. Nuclide Identification 411

3. Peak Area Determination for

Nonoverlapping Peaks 411

4. Peak Area Determination with

Correction for Overlapping Peaks 411

5. Calculation of Results 412

6. Calculation of the Combined

Standard Uncertainty 413

7. Calculation of the Decision

Threshold and the Detection Limit 414

VII.Quality Control 415

A. Quality Control for Alpha Spectrometers 415

B. Validation of the Procedure 415

VIII.Conclusions 416

Terms and Definitions,Symbols and

Abbreviations 416

References 416

7. Liquid Scintillation Analysis: Principles

and Practice

I.Introduction 424

II.Basic Theory 424

A. ScintillationProcess 424

B. Alpha-, Beta-,and Gamma-Ray

Interactionsin the LSC 426

C. Cherenkov Photon Counting 427

III.Liquid ScintillationCounter (LSC) or Analyzer

(LSA) 428

IV. Quench in Liquid ScintillationCounting 430

V. Methods of Quench Correction in Liquid

ScintillationCounting 433

A. InternalStandard (IS)Method 433

B. Sample Spectrum Characterization

Methods 434

C. ExternalStandard Quench-Indicating

Parameters 438



D. Preparationand Use ofQuenched
Standardsand Quench-CorrectionCurves 446

E. Combined Chemicaland ColorQuench
Correction 449

F.DirectDPM Methods 451
VI.AnalysisofX-Ray,Gamma-Ray, Atomic

Electronand PositronEmitters 456
VII.Common Interferencesin LiquidScintillation

Counting 460
A. Background 460
B. Quench 460
C. RadionuclideMixtures 460
D. Luminescence 461
E. Static 464
F.WallEffect 464

VIII.MultipleRadionuclideAnalysis 465
A. ConventionalDual-and Triple-

RadionuclideAnalysis 466
B. Three-Over-TwoFittingand Digital

OverlayTechnique(DOT) 475
C. FullSpectrumDPM (FS-DPM) 476
D. RecommendationsforMultiple

RadionuclideAnalysis 477
E. Complex SpectralAnalysis 477

IX.RadionuclideStandardization 491
A. CIEMAT/NISTEfficiencyTracing 491
B. New Method ofSecondary

Standardizationby LSC 504
C. Triple-to-DoubleCoincidenceRatio

(TDCR) EfficiencyCalculationTechnique 505
D. 4πβ-γCoincidenceCounting 511

X. Neutron/Gamma-Ray Measurement and
Discrimination 512
A. DetectorCharacteristicsand Properties 512
B. Neutron/Gamma-ray(n/γ)Discrimination 516

XI.Double Beta(ββ)Decay Detectionand
Measurement 520

XII.Detectionand Measurement of Neutrinos 522
A. Reinesand Cowan Reaction 522
B. LiquidScintillationSchemesfor

NeutrinoDetectionand Measurement 523
C. CollaborationsforLS Neutrino

Detectionand Measurement 525
XIII.MicroplateScintillationand Luminescence

Counting 526
A. DetectorDesignand Background

Reduction 526
B. Applications 527
C. Advantagesand Disadvantages 528

XIV.PERALS and LS Alpha-Spectrometry
withLAAPDs 528
A. PERALS Spectrometry 528
B. LS Alpha-SpectrometrywithLAAPDs 531

XV.Simultaneousα/βAnalysis 532
A. EstablishingtheOptimum PDD Setting 533
B.α/βSpilloverCorrectionsand Activity

Calculations 534
C. Optimizingα/βDiscriminationin PDA 535
D. QuenchingEffectsinα/βDiscrimination 536

E.

Practical

Applications

of

α/β

Discrimination

and

Analysis

537

XVI.

Plastic

Scintillators

in

LSC

539

XVII.

Scintillation

in

Noble

Liquids

542

XVIII.

Radionuclide

Identification

543

XIX.

Air

Luminescence

Counting

546

XX.

Liquid

Scintillation

Counter

Performance

548

A.

Instrument

Normalization

and

Calibration

548

B.

Assessing

LSA

Performance

548

C.

Optimizing

LSC

Performance

549

References

554

8.

Sample

Preparation

Techniques

For

Liquid

Scintillation

Analysis

I.

Introduction

576

II.

LSC

Cocktail

Components

576

A.

Solvents

576

B.

Scintillators

577

C.

Surfactants

578

1.

Nonionics

578

2.

Anionics

578

3.

Cationics

579

4.

Amphoterics

579

D.

Cocktails

579

III.

Dissolution

579

A.

Anions

582

B.

Low

Ionic

Strength

Buffers

582

C.

Medium-Ionic-Strength

Buffers

582

D.

High-Ionic-Strength

Buffers

583

E.

Acids

584

F.

Alkalis

584

G.

Other

Aqueous

Sample

Types

584

H.

Selection

and

Suitability

of

a

Cocktail

Based

on

Ionic

Strength

586

IV.

Solubilization

586

A.

Systems

586

B.

Sample

Preparation

Methods

586

1.

Whole

Tissue

587

2.

Muscle

(50-200

mg)

587

3.

Liver

587

4.

Kidney,

Heart,

Sinew,

Brains,

and

Stomach

Tissue

588

5.

Feces

588

6.

Blood

589

7.

Plant

Material

589

8.

Electrophoresis

Gels

590

V.

Combustion

592

VI.

Comparison

of

Sample

Oxidation

and

Solubilization

Techniques

593

A.

Solubilization

593

B.

What

is

Sample

Combustion?

593

C.

Advantages

and

Disadvantages

593

1.

Solubilization

Methods

and

Suitability

593

2.

Sample

Combustion

Methods

and

Suitability

594

VII.

Carbon

Dioxide

Trapping

and

Counting

596

A.

Sodium

Hydroxide

596

B. Hyamine Hydroxide 596
C. Ethanolamine 597
D. CarbonTrapand Carbo-SorbE 597

VIII.BiologicalSamplesEncounteredin
Absorption,Distribution,Metabolism,

and Excretion 597
A. Urine 598

1. Sample Preparation 599
B. Whole Blood 599

1. Sample Preparation 599
C. Plasmaand Serum 601

1. Sample Preparation 601
D. Muscle,Skin,Heart,Brains,and Stomach 601

1. Sample Preparation 602
E. Liverand Kidney 602

1. Sample Preparation 602
F.FattyTissue 603

1. Sample Preparation 603
G. Feces 603

1. Sample Preparation 604
H. Homogenates 604
I.Solubilizationand Combustion 604

IX.Filterand Membrane Counting 605
A. ElutionSituations 606
B. SampleCollectionand Filters 606

C. Filterand Membrane Types 606
D. Sample PreparationMethods 606

1. No Elution 606
2. PartialElution 607
3. CompleteElution 607

X.Sample StabilityTroubleshooting 607
A. DecreasingCount Rate 607
B.IncreasingCount Rate 608
C. ReducedCountingEfficiency 608

XI.Swipe Assays 608
A. Wipe Media and Cocktails 608
B. RegulatoryConsiderations 609
C. PracticalConsiderations 609

D. GeneralProcedureforWipe Testing 609
XII.Preparationand Use of Quench Curvesin

LiquidScintillationCounting 610
A. ChemicalQuench 610
B. ColorQuench 610
C. MeasurementofQuench 610
D. Quench Curve 610

1. PreparationofQuench Curves 611
2. Noteson UsingtheQuench Curves 612
3. ColorQuench 612
4. Quench CurveErrors 613
5. Usinga Quench Curve 614

XIII.EnvironmentalSample Preparation 614
A. ExtractionChromatographicSample

Preparation 615
B. Aqueous Sample Preparation 615

XIV.Waste Cocktails―Environmental
Consequences 617
A. GenerationofWaste Cocktails 617
B. DisposalMethods 617

C. Biodegradability 620
1. TestingforBiodegradability 620
2. BiodegradabilityTestMethods 620

D. Incineration 621
E. Legislationand RegulatoryInformation 621
F.WasteCocktails- The Way Forward 622
Acknowledgment 622
References 622

9. Environmental Liquid ScintillationAnalysis

I.Introduction 626
II.Low-LevelLiquidScintillationCounting

Theory 627
A. SourcesofBackground 627
B. BackgroundReductionMethods―

InstrumentConsiderations 627
1. EnhancedPassive/GradedShielding 627
2. ActiveGuard Detectors 628
3. PulseDiscriminationElectronics 628
4. TR-LSC Quasi-ActiveDetectorGuards 630
5. CountingRegionOptimization 631
6. ProcessOptimization 632

C. BackgroundReductionMethods―Vial,
VialHolder,and CocktailConsiderations 633
1. Vials 633
2. VialHolders 634
3. CocktailChoiceand Optimization 634

D. BackgroundReductionMethods―
Environment 634

III.α/βDiscrimination 635
A.α/β-SeparationTheory 635
B.α/βInstrumentation 636

1. The PERALSR Spectrometer 636
2. ConventionalLS Spectrometerswith

Pulse-ShapeDiscrimination 637
C. Cocktailand VialConsiderations 638

1. CocktailChoice 638
2. VialChoice 639

D. α/βCalibration 639
1. MisclassificationCalculations 640
2. Quenchingand Quench Correction

ofPercentageMisclassification 641
IV.Analysisofβ-EmittingRadionuclides 641

A. Tritium(3H) 641
1. EnvironmentalOccurrence 641
2. Sample Preparationand Analysis 642

B. Radiocarbon(14C) 644
1. EnvironmentalOccurrence 644
2. Sample Preparationand Analysis 645

C. Nickel-63(63Ni) 646
1. EnvironmentalOccurrence 646
2. Sample Preparationand Analysis 646

D. Strontium-89and Strontium-90/Yttrium-90
(89Srand 90Sr/90Y) 648
1. EnvironmentalOccurrence 648
2. Sample Preparation 648
3. LSC Measurements 649



E. Technetium-99(99Tc) 651

1. EnvironmentalOccurrence 651

2. Sample Preparationand Analysis 651

V.Analysisof Radionuclidesfrom NaturalDecay

Series 653
A. Uranium 653

1. EnvironmentalOccurrence and Importance 653

2. Sample Preparationand Analysis 653

B. Grossα and βMeasurements 655

C. Radon 658

1. EnvironmentalOccurrence and Importance 658

2. Sample Preparationand Analysis 659

D. Radium 663
1. EnvironmentalOccurrence and Importance 663

2. Sample Preparationand Analysis

of226Ra,228Ra,224Ra,and 223Ra 663

E. Lead-210(210Pb)[Bismuth-210(210Bi)

and Polonium-210(210Po)] 666
1. EnvironmentalOccurrence and Importance 666

2. Sample Preparationand Analysis 667

F. Thorium 669

1. EnvironmentalOccurrence and Importance 669

2. Sample Preparationand Analysis 669

VI.Analysisof Transuranium Elements 670
A. EnvironmentalOccurrence and

Importance 670

B. Sample Preparationand Analysis 671
1. 238Pu,239Pu,240PU/237NP/ 244Cm,

and 241Am 671

2. 241Pu 672

VII.Analysisof 14C in FuelsContaining Biogenic

Materials 672
A. Carbon Dioxide Emissionsand

ReductionMeasures 672

B. TestingMethods forProduct

Biocomponent Verification 673
1. ASTM D6866 StandardMethod 673

2. TestsAccording to theASTM D6866

StandardMethod 673
3. Other StandardMethods 673

4. DirectAnalysisMethod, 'Method D' 674

5. Meritsof the AnalysisMethods 674
VIII.Spectrum Deconvolution Methods in

Environmental Analysis 675
A. Spectrum Deconvolution,Unfolding,

Stripping,and Peak Fitting 675
B. Approachesin LSβ-Spectrometry 675

C. α-SpectrumUnfolding 675

1. Energy Resolution 675

2. High-EnergyTailing 676

3. Software 676

D. BetterEnergy ResolutionEnables

More Complete Separation 677
1. Cocktailand Sample Quench 677

2. VialSelection 677

3. Lower Sample Temperature 678

4. New DetectorDesigns 678

References 678

10. Environmental Radioactivity

Monitoring

I.Introduction:ObjectiveofEnvironmental
Monitoring 695

II.TypesofMonitoringPrograms 696
A. RoutineMonitoring 696
B. EmergencyPreparedness 696
C. EmergencyMonitoring 697

III.Fundamentalsof Environmental
Monitoring 697
A. DesignofEnvironmentalMonitoring

Programs 697
B. SamplingStrategies 699
C. Sample Preparation 701
D. Measurementand Quantification 703
E. QualityAssurance/QualityControl 704

IV.MonitoringforInternalExposure 705
A. Air 705

1. Aerosols 705
2. On-linevs.Off-lineSystems 706
3. GaseousEffluents 706

B. Soil,Sediments,Vegetation,and
Deposits 708
1. LaboratoryBased 708
2. In situGamma Spectroscopy 710

C. Water 711
1. Wastewater 713
2. Rain 713
3. Groundwater 713
4. SurfaceWater 713
5. DrinkingWater 713

D. Foodstuff 714
1. Milk 714
2. Meat and Fish 714
3. Vegetables,Fruits,and Cereals 715
4. Mixed Diet 715

V.MonitoringforExternalExposure 715
A. Dose-RateMonitoring 716
B. Dose Monitoring 716

VI.Mobile Monitoring 716
A. AerialMeasurements 716

B. Mobile Laboratories 717
References 720

11. Radioactive Aerosol Analysis

I.Introduction 727
A. What isa RadioactiveAerosol? 727
B. RadioactiveAerosolFormation 728

II.RadioactiveAerosolSamplingand
Measurement 729
A. AerodynamicParticleSizing 729

1. AitkenNucleiMode Particles 730
2. AccumulationMode Particles 730
3. Coarse-particleMode

Particles 730
B. Instrumentation 730
C. AerosolCascadeImpactors 731

1. Description 736

2. Assembly 739

3. Aerosol Sampling 739

4. Analysis 740

5. Data Interpretation 741

6. Calibration 743

III.Radioactive Aerosols in Ambient Air 744

A. Radon and Thoron Decay-product Aerosols 744

B. Radioactive Aerosols Associated

with the Cosmic-ray-produced

Radionuclides 745

C. Urban Aerosols 749

D. Mine Aerosols 749

E. FissionProduct Radionuclide

Aerosols 750

F. Radioactive Aerosols Associated

with the Operation of High-energy Particle

Accelerators 754

G. Plutonium Aerosols due to Nuclear

Weapons Testing and/or Nuclear

Reactor Accidents 756

IV. Residence Time of Radioactive Aerosols 757

A. Residence Time of Tropospheric

Aerosol ParticlesAssociated with

the Cosmic-ray-produced Radionuclides 760

B. Residence Time of Tropospheric

Aerosol ParticlesAssociated with

the Radon Decay Product Radionuclides 762

C. Residence Time of Tropospheric

Aerosol ParticlesAssociated with

the FissionProduct Radionuclides 764

References 764

12. Marine Radioactivity Analysis

I.Introduction 770

II.Sampling Techniques 771

A. Seawater Sampling 771

B. Sediment Sampling 772

C. Biota Sampling 773

D. Sampling of ParticulateMatter 773

III.Underwater Gamma-ray Spectrometry 774

A. Towed Detector Systems 775

B. Stationary Detector Systems 776

C. Applications of Underwater Gamma-ray

Spectrometry 776

1. Mururoa and Fangataufa Lagoons 776

2. Novaya Zemlya Bays 777

3. Mapping of Coastal Sediments in the

IrishSea 777

4. Monitoring of 137Cs in IrishSeawaters 778

5. Submarine Groundwater Discharge

Studies 778

IV.Analysis of Natural Radionuclides 779

A. Thorium, Protactinium, and Uranium

Isotopes 780

1. Sampling of Seawater 780

2. Sampling of ParticulateMatter

and Sediments 781

3. Dissolvingof ParticulateMatter
and Sediments 781

4. Ion-ExchangeSeparation 781
5. ElectrodepositionofTh,U and Pa 782

B. Thorium-234 782
1. Sediments 782
2. Seawater 782

C. Polonium-210and Lead-210 783
1. Seawater 783
2. DigestionofFiltersand Sediments 784
3. Platingof210Po 784

D. Radium Isotopes 785
1. Measurementof223Raand 224Ra 785
2. Measurementof228Raand 226Ra 785

V.AnalysisofAnthropogenicRadionuclides 786
A. PreparationofSamplesfor

RadionuclideAnalysis 786
B. ShipboardChemistryforSeawater

Samples 786
1. Transuranics 786
2. Cesium 786
3. Strontium 787

C. LaboratoryChemistryforSeawater
Samples 787
1. Transuranics 787
2. Cesium 788
3. Strontium 788

D. LaboratoryChemistryforSediment
and BiotaSamples 789

VI.ActivityMeasurement Techniques 790
A. RadiometricMethods 790

1. Low-levela-spectrometry 790
2. Low-level(3-spectrometry 790
3. Low-levely-spectrometry 791
4. UndergroundLaboratories 791

B. Mass SpectrometryMethods 793
1. 3Hein-growthSpectrometryfor

3H Analysis 793
2. InductivelyCoupledPlasmaMass

Spectrometry 794
3. ThermallonizationMass Spectrometry 795
4. ResonancelonizationMass

Spectrometry 795
5. AcceleratorMass Spectrometry 796
6. Laser-Based14C Spectroscopy 798
7. ComparisonofDetectionLimits 799

Vll.AnalysisofRadioactiveParticles 799
A. RadioactiveParticleStudies 799

1. SafeguardsApplications 800
2. RadiologicalImpactStudies 800
3. Geo-chemicalBehaviorStudiesof

Radionuclides 801
B. ProtocolsforStudyingRadioactive

Particles 801
1. NondestructiveAnalysis 802
2. Semi-destructiveAnalysisof

Particles 806
3. DestructiveAnalysison Particles 807



VIII.Management of Data Quality 808
A. LaboratoryInformationManagement

System 808
B.IntercomparisonExercises 808
C. ReferenceMaterials 809

IX.MarineRadioactivityDatabases 810
X.MarineRadioactivityStudies―

Examples 813
A. WorldwideMarineRadioactivity

Studies 813
1. The 137CsTime Seriesin the

AtlanticOcean 815
2. The 137CsTime Seriesin

thePacificOcean 815
3. The 137CsTimeSeriesin

theIndianOcean 816
4. RadionuclideTracingofWater

Massesin theSouthIndianOcean 818
B. SouthernHemisphereOcean Tracer

Studies 820
XI.Conclusions 822

Acknowledgements 824

References 824

13. Inorganic Mass Spectrometry

of Radionuclides

I.Introduction 833
II.PrinciplesofMass Spectrometric

Techniquesand Instrumentation 835
A. InductivelyCoupledPlasmaMass

Spectrometry(ICP-MS) 835
1. Quadrupole-BasedICP-MS

(ICP-QMS) 836
2. Collision/ReactionCellin

ICP-MS 836
3. Double-FocusingSectorField

ICP-MS withSingleIon
Collector(ICP-SFMS) 838

4. MultipleIonCollectorICP-MS
(MC-ICP-MS) 839

B. LaserAblationICP-MS(LA-ICP-MS) 839
C. Glow DischargeMass Spectrometry

(GDMS) 843
D. ThermalIonizationMass

Spectrometry(TIMS) 844
E. SecondaryIon Mass Spectrometry

(SIMS) 845
F.ResonanceIonizationMass

Spectrometry(RIMS) 846
G. AcceleratorMass Spectrometry

(AMS) 847
III.AnalyticalConsiderationsand Special

Requirements 847
A. Qualitativeand Quantitative

Analyses 848
B.IsotopeDilutionTechniques 849

C. TracerExperiments 850

D. Figuresof Merit(Limitsof

Detection,Interference

Problems) 850

E. Minimizing Sample Amount 851
F. Sample Pre-treatmentand

Trace/MatrixSeparation 852

IV.Applications 852

A. IsotopeRatioMeasurements 852

1. IsotopeVariationin
EnvironmentalSamples 854

2. Nuclear Fuel,Depleted

Uranium, and Radioactive

Waste Characterization 856
3. Medicine 857

4. Geochronology 858

5. Analysisof RadioactiveSingle

Particles 862
B. Traceand UltratraceAnalysis 863

1. EnvironmentalMonitoringof Selected

Radionuclides 863
2. Health Control(Body Fluids,Hair,

Nails) 863
3. Food Control 864

V.Conclusion 864

References 865

14. Radionuclide Standardization

I.Introduction 872

II.Absolute DirectMethods 872

A. Beta―gamma Coincidences 872

1. Principlesof the Method 872

2. RadionuclideStandardization

Methods Based on Beta―gamma

Coincidence 875
3. Applicationsof the Beta―gamma

Coincidence Method in

RadionuclideStandardization.

Differentiationby Type of Beta

Counter 877
4. Applicationsofthe Beta-

gamma Coincidence Method.

Standardizationof Radionuclidesand

Determinationof Nuclear Constants 879

5. Applicationofthe TracerMethod 879
6. Applicationsof a Two-dimensional

Method of Extrapolation 879
7. Beta―gamma Coincidences.

Generationof ExtrapolationCurves 880
8. DigitalSystems forBeta―gamma

Coincidence 880
B. Beta―gamma Anticoincidences 880

1. AnticoincidenceMethod with

Nonextending Dead Time 880
2. Live-timedAnticoincidenceCounting

with ExtendingDead-time Corrections 881

3.
Applications

of
the

Method
of

Anticoincidence
Beta―gamma-

Radionuclide
Standardization

881
C.
Beta―gamma

Correlations
882

1.
Introduction

882
2.
Theoretical

Description
of

the
Beta―gamma
Correlations

Method
882

3.
Applications

of
the

Beta―gamma
Correlations
Method

to
Radionuclide
Standardization

883
D.
Gamma―gamma

Coincidences
884

1.
Introduction

to
the

Sum
Peak
Method

884
2.
Theoretical

Description
of

the
Sum
Peak

Method
885

3.
Dead

Time
and

Pile-up
Corrections
885

4.
Applications

of
the

Sum
Peak

Method
886

III.
Solid-Angle

Primary
Methods

888
A.
4π

Proportional
Counting

888
B.
2π

Proportional
Counting

888
C.
4πγ

Counting
888

D.
4π

Windowless
Sandwich

Detectors
888

E.
4πβγ

+
4π

Sum
Counting
889

F.
Defined

Solid
Angle

889
G.
Internal

Gas
Counting

891
1.
Theoretical

Description
of

Internal
Gas
Counting

891
2.
Some

Experimental
Aspects

of
Internal
Gas

Counting
891

3.
Applications

of
Internal

Gas
Counting

to
Radionuclide

Standardization
891

H.
Liquid

Scintillation
Counting

893
I.
Calorimetric

Detectors
898

1.
Classic

Calorimetry
898

2.
Cryogenic

Calorimeter
902

IV.
Relative

Methods
903

A.
Calibration

Methods
Based

on
Gamma-ray
Spectrometry

903
1.
Description

of
the

General
Method
904

2.
Heath

Method
905

3.
Semi-empirical

Methods
906

4.
Monte

Carlo
Technique

907
B.
Measurement

of
High

Activity:
Ionization

Chambers
909

1.
Calibration

of
lonization

Chamber
Radionuclides
910

2.
Applications

of
Ionization

Chambers
911

3.
Considerations

on
the

Calculation
of

Ionization
Chamber

Efficiency
912

V.
Reference
Systems

914
A.
The

SIR
of

Gammas
914

1.
Measurement

of
Short

Half-life
Gamma-emitters
915

B.
The

SIR
of

Betas
916

VI.
Preparation

of
Radioactive

Samples
917

A.
Introduction

917
B.
Sample

Preparation
for

Radionuclide
Metrology
918

1. Supports for Extended Samples 918

2. Dilutionsin Aqueous Solutions 918

3. Drops Deposit in the Sample Holder 918

4. Determination of Mass 919

5. Methods for Verifyingand Improving

the Quality of the Source 919

References 919

15. Cherenkov Counting

I.Introduction 936

II.Discovery of Cherenkov Radiation 937

III.Theory and Properties of Cherenkov

Radiation 938

A. Interpretationby Il'jaM. Frank

and Igor Y. Tamm 938

B. Threshold Condition 940

C. Threshold Energies 941

D. Photon SpatialAsymmetry 942

E. Photon Spectrum and Radiation Intensity 945

F. Duration of Cherenkov Light Flash 947

IV. Quenching and Quench Correction 948

A. InternalStandardization 948

B. Sample Channels Ratio 948

C. Sample Spectrum Quench

Indicating Parameters 950

1. Counting Region 950

2. Quench Correction 951

D. ExternalStandard Quench Correction 952

V. Cherenkov Counting Parameters 953

A. Sample Volume 953

B. Counting Vials 954

C. Wavelength Shifters 956

D. RefractiveIndex 958

E. Sample Physical State 959

VI. Cherenkov Counting in the Dry State 959

VII.Radionuclide Analysis with SilicaAerogels 962

VIII.Cherenkov Counting in Microplate Format 963

A. Sample-to-Sample Crosstalk 964

B. Sample Volume Effects 964

C. Quench Correction 965

IX. Multiple Radionuclide Analysis 966

A. Sequential Cherenkov and Liquid

ScintillationAnalysis 966

1. Sequential Cherenkov

Counting and EfficiencyTracing 966

2. 89Sr+ 90Sr(90Y)Analysis by

Cherenkov Counting with

Subsequent LSA 968

B. Cherenkov Analysis with

Wavelength Shifters 969

X. Radionuclide Standardization 970

A. Cherenkov Counting Efficiency―

Detection ProbabilityFunction, CHEREN 970

B. Anisotropy Detection Model - CHEREN2 972

C. TDCR Cherenkov Counting 974

1. Anisotropy Detection Model 974

2. Stochastic GEANT4 Model 976

D. Standardization of 210Pb 978



XI.Gamma-Ray Detection 979

XII.ParticleIdentification 979
A. Thresholdand DifferentialCherenkov

Counters 980
B. Mirror-or Lens-focusedRICH Counters 982

C. Proximity-focusingRICH Counters 984

D. Time-of-Propagation(TOP) Cherenkov

Counters 988
E. Time-of-Flight(TOF) Cherenkov

Counters 988
XIII.Neutrino Detectionand Measurement 990

A. LargeWater Cherenkov Detectors 990

B. LargeD2O NeutrinoTarget 991

C. NeutrinoTelescopesin Lake

and Ocean Floors 992

D. NeutrinoAstronomy in ArcticIce 993

E. Radio Cherenkov Counting 993

XIV.Applicationsin RadionuclideAnalysis 995
A. Phosphorus-32 995

B. Strontium-89and Strontium-90

(Yttrium-90) 995

1. Cherenkov Counting of 89Srwith
90Sr(90Y) 1001

2. SequentialCherenkov Counting

and LiquidScintillationAnalysis 1003
C. Strontium-90(Yttrium-90)Exclusiveof

Strontium-89 1004

1. Chemical Separationand
Cherenkov Counting of90Y 1005

2. Chemical Separationand

Cherenkov Counting of90Srwith

90YIngrowth 1006
D. Yttrium-90 1006

E. Other Applications 1006

XV.Advantages and Disadvantagesin

RadionuclideAnalysis 1007
XVI.Recommendations in Radionuclide

Analysis 1008
References 1008

16. Solid Scintillation Analysis

I.Introduction 1021

II.Principlesof SolidScintillation 1022

A. InorganicCrystalScintillators

and TheirProperties 1022
B. ScintillationMechanisms in

InorganicCrystals 1026

C. Conversionof DetectorScintillations

toVoltagePulses 1029
III.SolidScintillationAnalyzer 1029

A. ScintillationCrystalDetectors 1030

B. Photomultipliers 1032

C. PulseHeight Discriminators 1043
D. Single-ChannelAnalyzer 1043

E. MultichannelAnalyzer 1044

F. Other Components 1045

IV.Concepts and Principlesof Solid

ScintillationAnalysis 1046

A. Gamma-Ray Spectra 1046

B. Counting and DetectorEfficiencies 1047

C. Sum-Peak ActivityDeterminations 1049

D. Self-Absorption 1051

E. Counting Geometry 1052

F. Resolution 1052

G. Background 1053
V.Automated SolidScintillationAnalyzers 1054

A. Automated Gamma Analysis 1054

B. MicroplateScintillationAnalysis 1058

VI.Detection of Neutrons 1067

A. InorganicNeutron Scintillators 1067

B. SolidOrganic Neutron Scintillators 1072

C. Neutron Detectorswith Scintillating

and OpticalFibers 1074
VII.ScintillationIn PlasticMedia 1078

A. The ScintillationProcessin Plastic 1078

B. Applicationsof PlasticScintillators 1079
VIII.n/γPulseShape Discrimination 1080
IX.Bonner Sphere Neutron Spectrometry 1081

X. Lucas Cell 1085

XI.Phoswich Detectors 1086

A. SimultaneousCounting ofα-,β-,

andγ-Raysorα-,β(γ)-Rays,and

Neutrons 1086
B. Remote Glass-FiberCoupled

Phoswiches 1088
C. Low-Level Counters 1088

D. SimultaneousCounting of n/γ/pFields 1088
E. Neutron Spectrometry 1089

F.SimultaneousBeta and Gamma

Spectroscopy 1091
G. Other Phoswich Detectors 1091

H. AnalyticalExpressions 1092

XII.Neutrino Interactions 1092
XIII.Double Beta(ββ)Decay

Measurements 1094
XIV.ScintillatingBolometers 1097

A. OperatingPrinciple 1097

B. Search forNeutrinolessDouble Beta

(Ovββ)Decay 1098
C. Search forWeakly InteractingMassive

Particles 1099
References 1100

17. Flow-Cell Analysis

I.Introduction 1117
II.HPLC Flow ScintillationAnalyzers 1118

A. HPLC and ScintillationAnalyzer 1122

B. Liquid(Homogeneous) Flow Cells 1123

C. Solid(Heterogeneous)Flow Cells 1124

D. Gamma and PET Flow Cells 1126

1. High-Energy Gamma Cell 1126

2. Low-Energy Gamma Cell 1127

3. PET Cell 1127

E. Narrow-Bore and Micro-Bore
Flow Cells 1129

F. CriteriaforFlow-CellSelection 1130

III.Principlesof Flow ScintillationCounting 1132

A. Count Rates 1132

B. Background and Net Count Rate 1133

C. Counting Efficiencyand

DisintegrationRates 1134
1. StaticEfficiencyRuns 1134

2. GradientEfficiencyRun 1135

D. Minimal DetectableActivity 1135

E. Sensitivity,Flow Rate,and

Resolution 1136
F. Precision 1136

G. DetectionOptimization 1137

1. MultichannelAnalysis 1137

2. Chemiluminescence Detection

and Correction 1137
3. Time-Resolved Liquid

ScintillationCounting(TR-LSC) 1138

H. InstrumentPerformance

Assessment(IPA) 1139
IV.Flow ScintillatorSelection 1139

V.Dual-FunctionalityFlow-CellDetectors 1140

A. ScintillatingExtractiveResins 1142

B. Composite Bed of Scintillating

and ExtractingParticles 1143
C. Equilibrium-BasedBed 1145

D. PlanarMixed-Bed Flow Cell 1146

E. PlanarDetectorsBased on

Semiconductor Diodes 1146
F. Whole-Column Detector 1148

G. Tritiated-WaterVapor in Air Detector 1151

VI.Flow-cellRadionuclideAnalysisSequential

to Separation 1151

A. 99Tcin Nuclear Waste and Process

Monitoring 1151
B. Actinidesand 90Srin Soil 1152

C. Alpha/BetaDiscrimination 1153
D. 89Srand 90Sr(90Y)Analysis 1155

E. Cherenkov Flow-CellAnalysis 1157

VII.Stopped-Flow Detection 1159
VIII.Flow-CellEffluentWater Monitors 1160

A. 3H EffluentWater Monitors 1160

B. Heterogeneous(α―β)and

γ-DiscriminatingCell 1160

IX.Single-RadionuclideAnalysisin HPLC 1161

X. Dual-RadionuclideAnalysis 1161

XI.On-Line HPLC-FSA and Mass

Spectrometry (MS) 1162
A. HPLC-FSA-MS Instrumentationand

Interfacing 1163
B. RepresentativeData 1164

XII.On-Line FSA and Nuclear Magnetic

Resonance (NMR) 1165
A. Principleof NMR Spectroscopy 1166

B. HPLC-FSA-NMR System 1167

C. HPLC-FSA-NMR RepresentativeData 1168

XIII.On-Line HPLC-FSA-MS-NMR 1170
References 1171

18. Automated Radiochemical Separation,

Analysis, and Sensing

I.Introduction 1179

II.Radiochemical Separations 1180

A. SeparationRequirements 1180

B. Radiochemical SeparationApproaches 1181

C. Modern Radiochemical Separation

Materials 1181
III.Automation of Radiochemical Analysis

usingFlow Injectionor Sequential

InjectionFluidics 1182

A. Flow Injectionand Sequential

InjectionFluidics 1182
B. SequentialInjectionSeparations 1183

C. AlternativeFluidDeliverySystems 1183

D. Column Configurations 1184

E. Renewable SeparationConcepts

and Methods 1185
F. Detection 1186

IV.Selected Radiochemical AnalysisExamples 1187

A. Strontium-90 1187

B. Technetium-99 1188

C. Actinides 1189

D. Renewable SeparationColumn

Applications 1191
V.Automation usingRobotics 1192

VI.Automated Monitors forIndustrial-Scale

Nuclear Processes 1194

VII.RadionuclideSensors and Systems
forWater Monitoring 1195

A. PreconcentratingMinicolumn

Sensors 1195
B. Sensorsfor99Tc(VII)usingQuantitative

Capture 1196
C. Equilibration-BasedRadionuclide

Sensors 1197

D. Sensor Probes and SystemsforWater

Monitoring 1198
VIII.Medical Isotope Generation 1200
IX.Discussion 1202

References 1202

19. High-Resolution Beta Imaging

I.Introduction 1209

II.Autoradiography Principles 1210
A. History 1210

B. General Features 1210
1. IsotopesUsed 1211

2. PhysicalPrinciplesof Beta

Interactionand Applicability

in High-resolutionRadionuclide

Imaging (Autoradiography) 1212
3. Sample Preparation 1214

III.Energy-storageLatentImaging 1214

A. PhotographicEmulsions 1215

1. Macroautoradiographywith Film 1215

2. Microautoradiographywith Emulsions 1217



B. PhosphorScreenTechnology
(Autoradioluminography) 1218
1. History 1218
2. GeneralPrinciples 1219
3. VariousPhosphorScreens 1220
4. Performances 1221
5. QuantificationMethods 1222
6. Advantagesand Drawbacks 1222
7. Applications 1222

IV.Particle-countingImagingSystems 1223
A. GaseousDetector 1223

1. History:fromMWPC toPPAC
(BetaImager) 1223

2. DescriptionofBetaImager 1225
B. SolidMembrane Detector(Digital

microautoradiography) 1227
1. History(MicroImager) 1227
2. DescriptionoftheMicro

Imager 1228
C. Characteristicsand Performances

ofParticle-countingImagers 1229
1. IsotopesUsed 1229
2. Performance 1229
3. Quantification 1230

D. DataAnalysisforParticle-counting
ImagingSystems 1230
1. ListMode Files 1230
2. Multi-isotopeSeparation

AccordingtoEnergy 1231
3. MultipleIsotopeSeparation

AccordingtoDecay 1232
V.ComparativeUse oftheDifferent
Techniques 1233
A. Applicationsin BiochemicalAnalysis 1233
B. Advantagesand Limitationsof Radio

Imagersin HistologicalStudies 1233
C. PotentialitiesforMultiradionuclide

Labeling 1234
VI.Other Applications 1234
VII.Perspectivesand FutureDevelopments 1238

A. AutoradiographyAssociatedwithMass
Spectrometry 1238

B. AutoradiographyIn VivoImaging 1238
1. BremsstrahlungRadiationImaging 1238
2. CerenkovLuminescence

Imaging 1238
VIII.Conclusions 1240

References 1240

20. Analytical Techniques in Nuclear

Safeguards

I.Introduction 1243
II.Photon-basedAssayforSafeguards 1244

A. Introduction;Characteristicsof
U/Pu and theirSpectra 1244
1. AttributeTests 1244
2. CerenkovAnalysisofSpentFuel 1245

3. Active Length Measurements 1246

4. Sample Screening with X-ray

Fluorescence 1246

B. Uranium Enrichment (InfiniteThickness) 1246

1. General Approach 1246

2. Correction Factors 1247

3. Low-Resolution Measurements 1248

4. High-Resolution Measurements 1249

5. Specialized Geometries (Fuel Pellets

and Rods) 1249

C. Isotopic Measurements of Uranium

and Plutonium 1250

1. Characteristicsof the Uranium and

Plutonium Spectra 1250

2. Ratio-Based Measurements of

Isotopics 1252

3. Typical Resultsfrom Fielded Software 1253

D. Mass Measurements 1253

1. Material Test Reactor Fuel 1254

2. Holdup Measurements 1254

III.Neutron-based Assay for Safeguards 1258

A. Neutron Signatures from Plutonium

and Uranium 1258

B. General Neutron Counters for

Safeguards Measurements 1259

C. Neutron Well Counter Properties 1260

1. Efficiency 1260

2. Die-away Time 1260

3. Gate Fractions 1260

D. Singles Neutron Counting 1260

E. Neutron Coincidence Counting 1262

1. Introduction to Coincidence Counting 1262

2. ShiftRegisterElectronics 1263

3. Passive Coincidence Counting 1263

4. Active Coincidence Counting 1264

F. Neutron MultiplicityCounting 1265

1. Introduction to MultiplicityCounting 1265

2. MultiplicityShiftRegisterElectronics 1265

3. MultiplicityMeasurements 1266

IV. Calorimetric Assay 1267

A. Introduction 1267

B. Heat-Flow Calorimetry 1269

1. Operating Modes for Heat-Flow

Calorimeters 1270

2. Calibratinga Heat-Flow Calorimeter 1272

3. Types of Heat-Flow Calorimeters 1272

C. Calorimetric Assay 1274

1. Assay Error Determination 1274

2. Calorimetric Assay Performance 1274

D. Applications 1277

References 1278

21. Nuclear Forensics

I.Introduction 1281

II.The Origins of Nuclear Forensics 1281

A. The Policy Implications of Nuclear

Forensics 1282

B. How the Case Begins 1282

III.NationalObjectives 1284
IV.NuclearAttribution 1284
V.NuclearForensicInterpretation 1285
VI.ValidatedSignatures 1286

A. ComparativeSignatures 1286
B. PredictiveSignatures 1288

VII.AnalyticalResults 1291
A. Categorization 1291
B. Characterization 1291
C. FullNuclearForensicsAnalysis 1291

VIII.ValidatedMethods 1291
A. RadioactiveMaterialAnalysis 1292

1. ElementalandIsotopicBulk
AnalysisTools 1292

2. ImagingTools 1295
3. MicroanalysisTools 1295

B. TraditionalForensicAnalysis 1297
1. Overview 1297
2. DocumentaryEvidence 1298

3. Impressions 1299

4. Chemical Analysis 1299

5. Tissueand HairEvidence 1299

6. Weapons Evidence 1299

7. ToolMarks 1299

8. FiberExamination 1299

9. Floraand Fauna 1299

10. Other MaterialsEvidence 1299

C. Applicationand Sequencing of

Techniquesand Methods 1300
IX.QualityAssurance 1301

X. Sampling 1302

XI.Conclusions 1302

Acknowledgments 1302

References 1302

Appendix A: Tableof RadioactiveIsotopes 1305
Appendix B: ParticleRange―energyCorrelations 1361
Index 1365


	page1
	page2
	page3
	page4
	page5
	page6
	page7
	page8

