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Abstract

Measurements of the three-body photodisintegration of 3He were performed at

the High Intensity γ-ray Source (HIγS). Neutrons emitted in this reaction inside

a 3He gas target were detected with seven 12.7 cm diameter liquid scintillator

detectors. Time-of-flight (TOF) and pulse-shape discrimination (PSD) techniques

were used to identify neutron events. The absolute differential cross sections for

the 3He(γ, n)pp reaction as a function of outgoing neutron scattering angle and

energy were determined from the measurements at the incident γ-ray energies of

11.4, 12.8, 13.5, and 14.7 MeV to within a precision better than ± 6 %.

The absolute cross sections at each incident energy are compared to the mea-

surements of Gorbunov [Gor74], phase space calculations, and state-of-the-art

three-body calculations. The inclusion of the Coulomb interaction in the three-

body problem has been a long-standing challenge in theoretical nuclear physics.

The present experimental data were found to be in good agreement with the

state-of-the-art theory, which includes a full treatment of the Coulomb interac-

tion between the protons in the final state [Del05].

iv



To Lori

v



Table of Contents

Abstract iv

List of Tables xii

List of Figures xiii

List of Abbreviations xviii

Acknowledgments xxi

1 Introduction 1

1.1 Previous Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.1 Total Two-Body and Three-Body Cross Sections . . . . . . 2

1.1.2 Neutron Angular and Energy Distributions . . . . . . . . . 5

1.2 Progress in Theoretical Calculations . . . . . . . . . . . . . . . . . 10

1.3 Present Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2 Theory 15

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2 Empirical Features of the Nuclear Force . . . . . . . . . . . . . . 16

2.3 Nucleon-Nucleon (NN) Potential Models . . . . . . . . . . . . . . 18

2.3.1 Meson-Exchange Theory . . . . . . . . . . . . . . . . . . . 19

2.3.2 Bonn Full Potential Model . . . . . . . . . . . . . . . . . . 22

2.3.3 CD-Bonn Potential Model . . . . . . . . . . . . . . . . . . 26

vi



Table of Contents

2.4 Three-Nucleon Forces . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.4.1 CD-Bonn + ∆ Potential . . . . . . . . . . . . . . . . . . . 30

2.5 Scattering Calculations with Coulomb . . . . . . . . . . . . . . . 32

2.5.1 Scattering Equations . . . . . . . . . . . . . . . . . . . . . 33

2.5.2 Screened Coulomb Potential . . . . . . . . . . . . . . . . . 39

2.5.3 Renormalization . . . . . . . . . . . . . . . . . . . . . . . . 41

2.6 Predictions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.7 Phase-Space Calculations . . . . . . . . . . . . . . . . . . . . . . . 45

2.7.1 Center-of-Mass Energy . . . . . . . . . . . . . . . . . . . . 45

2.7.2 Energetics of Two-Body Decay . . . . . . . . . . . . . . . 47

2.7.3 Three-Body Decay and Dalitz Plots . . . . . . . . . . . . . 48

2.7.4 Phase Space Available in the 3He(γ, n)pp Reaction . . . . 49

3 Description of the Experiment 58

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.2 The High Intensity γ-ray Source (HIγS) . . . . . . . . . . . . . . 59

3.2.1 FEL Production . . . . . . . . . . . . . . . . . . . . . . . . 60

3.2.2 γ-ray Production . . . . . . . . . . . . . . . . . . . . . . . 64

3.2.3 γ-ray Beam Properties . . . . . . . . . . . . . . . . . . . . 66

3.3 Attenuators, Collimators, and Target Room . . . . . . . . . . . . 69

3.3.1 Copper Attenuator System . . . . . . . . . . . . . . . . . . 69

3.3.2 Collimator Hut Layout . . . . . . . . . . . . . . . . . . . . 72

3.3.3 Target Room . . . . . . . . . . . . . . . . . . . . . . . . . 75

3.3.4 Alignment of the Experimental Apparatuses . . . . . . . . 79

vii



Table of Contents

3.4 Targets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

3.4.1 Heavy Water Target . . . . . . . . . . . . . . . . . . . . . 80

3.4.2 Aluminum Target . . . . . . . . . . . . . . . . . . . . . . . 81

3.4.3 High-pressure 3He Target . . . . . . . . . . . . . . . . . . . 81

3.4.4 Low-pressure 3He Target . . . . . . . . . . . . . . . . . . . 82

3.5 Neutron Detectors . . . . . . . . . . . . . . . . . . . . . . . . . . 83

3.5.1 Physical Construction . . . . . . . . . . . . . . . . . . . . 84

3.5.2 Characteristics of BC-501A . . . . . . . . . . . . . . . . . 85

3.5.3 Light Output Response . . . . . . . . . . . . . . . . . . . . 88

3.5.4 Efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

3.5.5 Pulse Shape Discrimination (PSD) . . . . . . . . . . . . . 96

3.6 Beam Monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

3.6.1 NaI(Tl): Beam Energy and Intensity . . . . . . . . . . . . 98

3.6.2 3-Paddle System: Relative Beam Intensity Monitor . . . . 100

3.6.3 d(γ, n)p System: Absolute Beam Intensity Monitor . . . . 102

3.7 Electronics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

3.7.1 Beam Pick Off (BPO) Signal . . . . . . . . . . . . . . . . . 104

3.7.2 DAQ Busy Circuit . . . . . . . . . . . . . . . . . . . . . . 105

3.7.3 Neutron Detector Circuit . . . . . . . . . . . . . . . . . . . 106

3.7.4 NaI(Tl) Detector Circuit . . . . . . . . . . . . . . . . . . . 110

3.8 Data Acquisition (DAQ) System . . . . . . . . . . . . . . . . . . . 112

4 Monte Carlo Simulations 115

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

viii



Table of Contents

4.2 The GEANT4 Simulation Toolkit . . . . . . . . . . . . . . . . . . 115

4.3 Components of the Simulation . . . . . . . . . . . . . . . . . . . . 117

4.3.1 Materials and Physical Volumes . . . . . . . . . . . . . . . 117

4.3.2 Physics List . . . . . . . . . . . . . . . . . . . . . . . . . . 119

4.3.3 Primary Particle Generation . . . . . . . . . . . . . . . . . 122

4.4 Tracking and Interactions . . . . . . . . . . . . . . . . . . . . . . 127

4.5 Event Data Extraction and Storage . . . . . . . . . . . . . . . . . 128

4.5.1 Sensitive Detectors . . . . . . . . . . . . . . . . . . . . . . 128

4.5.2 ROOT Tree Data Structure . . . . . . . . . . . . . . . . . . 129

4.6 Visualization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

5 Data Reduction and Analysis 137

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

5.2 Analysis Cuts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

5.2.1 Self-timing Cut . . . . . . . . . . . . . . . . . . . . . . . . 138

5.2.2 Particle Identification Cut . . . . . . . . . . . . . . . . . . 138

5.2.3 Pulse Height Cut . . . . . . . . . . . . . . . . . . . . . . . 139

5.3 ADC Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

5.3.1 Cesium γ-ray Source . . . . . . . . . . . . . . . . . . . . . 141

5.3.2 Source Runs . . . . . . . . . . . . . . . . . . . . . . . . . . 142

5.3.3 Cesium Edge . . . . . . . . . . . . . . . . . . . . . . . . . 143

5.3.4 Calibration Method . . . . . . . . . . . . . . . . . . . . . . 145

5.3.5 CFD Thresholds and PH Cut Locations . . . . . . . . . . 147

5.4 Pulse Shape Discrimination . . . . . . . . . . . . . . . . . . . . . 147

ix



Table of Contents

5.5 TDC Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

5.5.1 Effects of Analysis Cuts . . . . . . . . . . . . . . . . . . . 150

5.5.2 Calibration Method . . . . . . . . . . . . . . . . . . . . . . 152

5.5.3 Fine Tuning the Calibration Parameters . . . . . . . . . . 155

5.6 Detector Efficiencies . . . . . . . . . . . . . . . . . . . . . . . . . 156

5.6.1 Geometric Efficiencies . . . . . . . . . . . . . . . . . . . . 157

5.6.2 Intrinsic and System Efficiencies . . . . . . . . . . . . . . . 158

5.7 Beam Intensity Determination . . . . . . . . . . . . . . . . . . . . 161

5.7.1 Low Background Environment . . . . . . . . . . . . . . . . 161

5.7.2 γ-flash Event Pile Up . . . . . . . . . . . . . . . . . . . . . 165

5.7.3 Determination Method . . . . . . . . . . . . . . . . . . . . 167

5.8 Extracted Beam Intensities . . . . . . . . . . . . . . . . . . . . . . 169

5.9 Deuteron Photodisintegration . . . . . . . . . . . . . . . . . . . . 171

5.10 3He Photodisintegration . . . . . . . . . . . . . . . . . . . . . . . 173

5.10.1 Normalized Yields and Background Yields . . . . . . . . . 174

5.11 Background Subtraction . . . . . . . . . . . . . . . . . . . . . . . 178

5.12 3He(γ, n)pp Differential Cross Section . . . . . . . . . . . . . . . . 181

6 Discussion of the Results 183

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

6.2 Comparison of Data with Theory . . . . . . . . . . . . . . . . . . 184

6.2.1 Inputs and Outputs of the Simulations . . . . . . . . . . . 184

6.2.2 Point-Geometry and Simulation Predictions . . . . . . . . 185

6.2.3 Effects of Finite Geometry and Multiple Scattering . . . . 191

x



Table of Contents

6.2.4 Experimental Cross Section Results . . . . . . . . . . . . . 196

6.3 Correcting the Data . . . . . . . . . . . . . . . . . . . . . . . . . 203

6.4 Dominant Contributions in the Calculations . . . . . . . . . . . . 207

6.5 Neutron Angular Distributions . . . . . . . . . . . . . . . . . . . . 211

6.6 Partial Photoneutron Cross Section . . . . . . . . . . . . . . . . . 212

6.7 Fully Integrated Cross Sections . . . . . . . . . . . . . . . . . . . 214

6.8 Systematic Uncertainties . . . . . . . . . . . . . . . . . . . . . . . 216

6.9 Closing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

A Pseudocode for Neutron Generators 223

A.1 One . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223

A.2 Two . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225

A.3 Three . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 226

A.4 Four . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229

A.5 Five . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233

List of References 235

Biography 246

xi



List of Tables

3.1 Design and present operational parameters of the booster ring . . 61

3.2 Design and present operational parameters of the storage ring . . 62

3.3 Properties of BC-501A compared to anthracene . . . . . . . . . . 88

4.1 Specification of the target materials . . . . . . . . . . . . . . . . . 120

4.2 Specification of the detector materials . . . . . . . . . . . . . . . . 121

4.3 Specification of the shielding materials . . . . . . . . . . . . . . . 122

5.1 Delay values and raw TDC peak centroids . . . . . . . . . . . . . 154

5.2 TDC scale factors used in the TDC calibrations . . . . . . . . . . 157

5.3 Calculated acceptances for Eγ = 11.4 MeV . . . . . . . . . . . . . 158

5.4 Calculated acceptances for Eγ = 12.8, 13.5, and 14.7 MeV . . . . . 159

5.5 Intrinsic and system neutron detection efficiencies . . . . . . . . . 160

6.1 Percent deviation of partial photoneutron cross section . . . . . . 214

xii



List of Figures

1.1 World data for the total three-body cross section . . . . . . . . . 4

1.2 Neutron energy distributions of Gorbunov . . . . . . . . . . . . . 7

1.3 Angular distributions of Gorbunov . . . . . . . . . . . . . . . . . 8

1.4 Theoretical prediction of Deltuva et al. as a function of γ-ray energy 12

2.1 Feynman diagram of one-boson exchange . . . . . . . . . . . . . . 20

2.2 Basic two-pion exchange diagram for the three-nucleon force . . . 31

2.3 Screened Coulomb potential for different n values . . . . . . . . . 40

2.4 Theoretical cross section with Coulomb at Eγ = 14.7 MeV . . . . 42

2.5 Theoretical total 3He(γ, n)pp cross section with Coulomb . . . . . 43

2.6 Theoretical cross section with Delta isobar at Eγ = 12.8 MeV . . . 44

2.7 Schematic of two particles before collision . . . . . . . . . . . . . 46

2.8 Schematic of a two-body decay . . . . . . . . . . . . . . . . . . . 47

2.9 Schematic of a three-body photodisintegration event . . . . . . . . 50

2.10 Phase-space only Dalitz plot for 3He(γ, n)pp at Eγ = 12.8 MeV . . 52

2.11 Relative momenta configurations in the center-of-mass frame . . . 53

2.12 Triangular Dalitz plot for 3He(γ, n)pp at Eγ = 12.8 MeV . . . . . 56

2.13 Phase space neutron energy distribution at θ lab
n = 90 ◦ . . . . . . . 57

3.1 Schematic of the layout of the HIγS facility . . . . . . . . . . . . . 59

3.2 Schematic of the Compton scattering process . . . . . . . . . . . . 65

xiii



List of Figures

3.3 Full γ-ray spectrum at 12.8 MeV . . . . . . . . . . . . . . . . . . . 67

3.4 Schematic of the Cu attenuator system . . . . . . . . . . . . . . . 70

3.5 Measured attenuation factor for Cu cylinder . . . . . . . . . . . . 71

3.6 Schematic of the layout of the collimator hut . . . . . . . . . . . . 73

3.7 Photograph of the γ-ray beam collimators . . . . . . . . . . . . . 74

3.8 Schematic of the experimental setup at Eγ = 12.8, 13.5, 14.7 MeV 76

3.9 Photograph of the experimental setup in the target room . . . . . 77

3.10 Schematic of the polarized target setup in the target room . . . . 78

3.11 Photograph of the high-pressure 3He target bottle . . . . . . . . . 82

3.12 Photograph of the low-pressure 3He glass target . . . . . . . . . . 83

3.13 Schematic of the Bicron neutron detector . . . . . . . . . . . . . . 84

3.14 Light output curve for a recoiling proton . . . . . . . . . . . . . . 89

3.15 Pulse height distribution of recoiling protons . . . . . . . . . . . . 91

3.16 Pulse height distribution with scintillator nonlinearity distortion . 91

3.17 Pulse height distribution with carbon scattering distortion . . . . 92

3.18 Pulse height distribution with finite resolution distortion . . . . . 92

3.19 Measured pulse height distribution for a Bicron neutron detector . 94

3.20 Calculated neutron efficiency for a Bicron neutron detector . . . . 95

3.21 Time dependence of scintillation pulses . . . . . . . . . . . . . . . 97

3.22 In-beam NaI(Tl) spectrum at Eγ = 12.8 MeV . . . . . . . . . . . . 99

3.23 Photograph of the 3-paddle system . . . . . . . . . . . . . . . . . 100

3.24 Photograph of the d(γ, n)p beam intensity monitor system . . . . 103

3.25 Electronics diagram of electron beam pick off (BPO) circuit . . . 104

3.26 Electronics diagram of the DAQ busy circuit . . . . . . . . . . . . 105

xiv



List of Figures

3.27 Electronics diagram of the neutron detector circuit . . . . . . . . 109

3.28 Timing of the TDC common start and stops . . . . . . . . . . . . 110

3.29 Electronics diagram of the NaI(Tl) circuit . . . . . . . . . . . . . 111

4.1 Virtual target room as defined in the GEANT4 simulations . . . . 118

4.2 Steps of a particle through a volume in a simulation . . . . . . . . 129

4.3 Simulation TTree displayed in a ROOT object browser . . . . . . . 131

5.1 Self-timing peak in the raw TDC spectrum . . . . . . . . . . . . . 139

5.2 Pulse height response of Bicron neutron detector to 137Cs source . 142

5.3 Simulated response of Bicron neutron detector to 137Cs source . . 144

5.4 Cesium edge determination in an ADC spectrum . . . . . . . . . 146

5.5 PSD histogram from the MPD-4 TAC output . . . . . . . . . . . 148

5.6 TOF vs. PSD histogram from the MPD-4 TAC output . . . . . . 149

5.7 Effects of analysis cuts on a TDC spectrum . . . . . . . . . . . . 151

5.8 Determination of the γ-flash centroid . . . . . . . . . . . . . . . . 153

5.9 Comparison of d(γ, n)p TOF with a GEANT4 simulation . . . . . 156

5.10 Intrinsic and system efficiencies as a function of neutron energy . 162

5.11 TOF spectrum for a beam intensity monitor neutron detector . . 164

5.12 PH vs. TOF histogram for a beam intensity monitor detector . . . 165

5.13 TOF vs PSD histogram for a beam intensity monitor detector . . 167

5.14 Beam intensities as a function of DAQ run number . . . . . . . . 170

5.15 d(γ, n)p differential cross section at Eγ = 11.4 MeV . . . . . . . . 173

5.16 Normalized yields for Eγ = 11.4 MeV . . . . . . . . . . . . . . . . 175

5.17 Normalized yields for Eγ = 12.8 MeV . . . . . . . . . . . . . . . . 177

xv



List of Figures

5.18 Normalized yields for Eγ = 13.5 MeV . . . . . . . . . . . . . . . . 179

5.19 Normalized yields for Eγ = 14.7 MeV . . . . . . . . . . . . . . . . 180

6.1 Predicted and experimental differential cross section atEγ = 11.4 MeV187

6.2 Predicted and experimental differential cross section atEγ = 12.8 MeV188

6.3 Predicted and experimental differential cross section atEγ = 13.5 MeV189

6.4 Predicted and experimental differential cross section atEγ = 14.7 MeV190

6.5 Experimental effects on the simulated cross section at Eγ = 13.5 MeV192

6.6 Neutron in-scattering contributions to neutron energy distributions 194

6.7 Initial φn vs. θn in-scattering distribution for the 105 ◦ detector . . 195

6.8 Simulation prediction compared to data at Eγ = 11.4 MeV . . . . 198

6.9 Simulation prediction compared to data at Eγ = 12.8 MeV . . . . 200

6.10 Simulation prediction compared to data at Eγ = 13.5 MeV . . . . 201

6.11 Simulation prediction compared to data at Eγ = 14.7 MeV . . . . 202

6.12 Predicted cross section compared to corrected data at Eγ = 12.8 MeV204

6.13 Predicted cross section compared to corrected data at Eγ = 13.5 MeV205

6.14 Predicted cross section compared to corrected data at Eγ = 14.7 MeV206

6.15 Full calculation compared to E1-only calculation at Eγ = 12.8 MeV 208

6.16 Transition amplitudes of E1-only calculation at Eγ = 12.8 MeV . . 209

6.17 Angular distributions of dominant transitions at Eγ = 12.8 MeV . 210

6.18 Angular distributions at Eγ = 12.8, 13.5, and 14.7 MeV . . . . . . 212

6.19 Partially integrated cross sections at each γ-ray energy . . . . . . 213

6.20 Differential cross sections at Eγ = 12.8, 13.5, and 14.7 MeV . . . . 215

6.21 Total cross section values at Eγ = 12.8, 13.5, and 14.7 MeV . . . . 217

xvi



List of Figures

A.1 Dalitz plot for a three-body final state . . . . . . . . . . . . . . . 231

xvii



List of Abbreviations

3NF . . . . Three-Nucleon Force . . . . . . . . . 2, 5, 15, 30–32, 38, 39, 44

ADC . . . Analog-to-Digital Converter . 105, 106, 108, 109, 111–113, 137,
140–143, 145–147

AGS . . . Alt-Grassberger-Sandhas . . . . . . . . . . . . . . . 15, 38, 39

BPO . . . Beam Pick Off . . . . . . . . . . . . . . . . . . . 104, 108–110

BTR . . . Booster-to-Ring . . . . . . . . . . . . . . . . . . . . . . 59, 61

CDB + C Charge-Dependent (CD) Bonn + Coulomb 184–193, 196–206,
208, 209

CDB . . . Charge-Dependent (CD) Bonn . . . . . . . . . . 185, 187–190

CEBAF . Continuous Electron Beam Accelerator Facility . . . 112, 113

CERN . . European Organization for Nuclear Research . . . . 114, 129

CFD . . . Constant Fraction Discriminator . 97, 101, 104, 106, 107, 111,
112, 138–141, 147, 150, 151, 164

CIB . . . . Charge-Independence Breaking . . . . . . . . . . . . . . 26–28

CODA . . . . CEBAF Online Data Acquisition . . . . . . . . . 112, 113, 137

CSB . . . . Charge-Symmetry Breaking . . . . . . . . . . . . . . . . 26, 27

DAQ . . . Data Acquisition 102–106, 108, 112, 161, 167–170, 172, 174, 181

DAVID . . DAwn’s Visual Intersection Debugger . . . . . . . . 135, 136

DAWN . . Drawer for Academic WritiNgs . . . . . . . . . . . . . . . 135

DFELL . . Duke Free Electron Laser Laboratory . . . . . . . . . . . . 59

DRDY . . Data Ready . . . . . . . . . . . . . . . . . . . . . . 105, 106

xviii



List of Abbreviations

EB . . . . . Event Builder . . . . . . . . . . . . . . . . . . . . . . . . 113

EFT . . . . Effective Field Theory . . . . . . . . . . . . . . . . . . . . . 32

FEL . . . . Free Electron Laser . . . . 59–65, 67, 69, 70, 73, 79, 169–171

FSI . . . . Final State Interaction . . . . . . . . . . . . . . 3, 6, 11, 207

FWHM . . Full Width at Half Maximum . . . . . . . . 66, 67, 70, 72, 154

GEANT4 . GEometry ANd Tracking, Version 4 115–125, 127–130, 133–136,
138, 143, 150, 155–162, 184, 185, 191, 197, 198, 200–203, 223

HIγS . . . High Intensity γ-ray Source iv, 13, 14, 58–60, 62, 65–69, 72, 73,
83, 112, 142, 220

HPGe . . . High Purity Germanium . . . . . . . . . . . . . 66, 67, 70, 72

JLab . . . Thomas Jefferson National Accelerator Facility . . . . . . 112

LTB . . . . Linac-to-Booster . . . . . . . . . . . . . . . . . . . . . . 59, 60

NaI(Tl) . . Sodium Iodide (Thallium) 70–72, 76, 77, 98, 99, 101, 103, 104,
110, 111, 121

NIM . . . Nuclear Instrument Module . . . . . . 104, 106, 107, 113, 154

NIST . . . National Institute of Standards and Technology . . . . . . . 71

NN . . . . Nucleon-Nucleon . . . . . . 3, 4, 10, 13–20, 22–25, 27–32, 185

OBE . . . One-Boson Exchange . . . . . . . . . . . . . 19–21, 23, 24, 29

OK . . . . Optical Klystron . . . . . . . . . . . . . . . 59, 61, 63, 64, 66

PH . . . . Pulse Height 91, 92, 94, 137, 140, 145, 147, 150, 151, 162–167,
178, 193–196, 219

PMT . . . Photomultiplier Tube . . . . . . . . . 84–86, 90, 100–102, 108

PSD . . . . Pulse Shape Discrimination . . . iv, 87, 96, 107, 131, 137–139,
147–151, 163–167, 219

PTB . . . Physikalisch-Technische Bundesanstalt . . . . 88, 89, 132, 217

QCD . . . Quantum Chromodynamics . . . . . . . . . . . . . . 18, 19, 30

xix



List of Abbreviations

RF . . . . Radio Frequency . . . . . . . . . . . . . . . . . 59–62, 68, 108

ROC . . . Readout Controller . . . . . . . . . . . . . . . . . . . . . 113

SBC . . . . Single-Board Computer . . . . . . . . . . . . . . . . . . . 113

TAC . . . Time-to-Amplitude Converter . . . . . 97, 107–109, 147, 148

TCP/IP . Transmission Control Protocol/Internet Protocol . . . . . 112

TDC . . . Time-to-Digital Converter . . . 80, 81, 105, 106, 108–110, 113,
137–139, 147, 149–157, 171

TFA . . . . Timing Filter Amplifier . . . . . . . . . . . . . . . . 111, 112

TOF . . . Time of Flight iv, 66, 68, 104, 110, 133, 134, 137, 149, 151, 152,
155, 156, 163–168, 172, 174, 175, 177, 179, 180

TRAP . . TUNL Real-time Analysis Package . . . . . . . . . . . . . 113

TUNL . . Triangle Universities Nuclear Laboratory 14, 59, 84, 112, 113,
217

VME . . . Versa Module Europa . . . . . . . . . . . . . . . . . . . . 113

xx



Acknowledgments

The journey to the completion of this dissertation has been a long one for me,

and I would have never reached the destination had it not been for the amazing

love and encouragement given to me by Savior, family, and friends.

My sources of encouragement came from many places. The first was the knowl-

edge that my hope is not in my circumstances nor my own abilities but in Christ

in whom I put my trust. Secondly, my wife Lori never ceased in giving love,

support, and encouragement. She spent many evenings listening to me relate my

struggles and stresses, only to, once again and with a kind heart, tell me to “take

it one day at a time” and “you will make it through”. My parents have always

encouraged me in whatever goals I set for myself, and during my time in graduate

school that did not change. I have also received many kind words from my wife’s

relatives over the years that have helped to keep me going. Lastly, having a friend

and fellow graduate student like Seth, who can sympathize with the struggle of

“going through it”, was a blessing.

As with many struggles, much can be gained by embracing them. I have

learned much about nuclear physics, experimental techniques, and analysis meth-

ods in my time here at TUNL. I am indebted to the many people who have played

a part in my scientific education.

I have benefited greatly from the guidance of my advisor Henry. His incredible

xxi



Acknowledgments

zeal for doing physics and learning about the natural world has been inspiring

and, at the same time, somewhat intimidating. I would like to say thank you

Henry for your always-open door, for your willingness to answer questions, and for

pushing your graduate students to be involved in the world-wide nuclear physics

community.

It has been a pleasure working with the high-caliber members of my research

group. I have been introduced to and acquired many of the technical skills needed

to succeed in this field by working with each of you in the lab over the years. This

training will be invaluable to me as I begin my career.

My final acknowledgments go to my undergraduate professors Dick and Mark,

who became my colleagues at TUNL when I came to graduate school at Duke.

While I was at NGCSU, they somehow talked me into becoming a physicist in-

stead of an engineer. So in a way, they are responsible for all of this. I’m still

contemplating on how I should repay them for that.

Brent Perdue
Durham, NC

July 2010

xxii



1
Introduction

Interest in the “photoeffect” on nuclei began in 1934-35 with the experiment of

Chadwick and Goldhaber [Cha34] and the theoretical calculations of Bethe and

Peierls [Bet35] on the deuteron. In a photonuclear reaction, a γ ray interacts

with nuclear material through the electromagnetic interaction. This electromag-

netic interaction is well understood, and the well-known form of the potential and

relatively weak strength of the electromagnetic force permits the separation of

the reaction mechanism from the details of the nuclear system. Thus γ rays can

be excellent probes with which to study the properties of nuclei and the strong

interaction between the nucleons composing them.

The deuteron, a two-body system composed of a proton and a neutron, is

the simplest of all nuclear systems and many experiments and theoretical calcu-

lations in photonuclear physics have been carried out on this nucleus. The next

simplest nuclear system is that consisting of three-nucleons: 3He and the triton

(3H). An exact solution to the three-body problem has, after a long history, been

achieved. Modern three-body theoretical calculations are therefore able to the

test the details of the underlying two-nucleon interactions which are inputs to
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these calculations. In addition, a nucleus composed of three bodies is the sim-

plest testing ground for the existence of three-nucleon forces (3NFs). Tritium

(3H) poses radiation hazards experimentally that are not encountered with 3He,

and therefore a larger body of photodisintegration data exist for 3He. In contrast,

three-body photodisintegration calculations are easier to perform on the triton

since the Coulomb interaction is not present in the final state.

1.1 Previous Work

The first experiment on the photodisintegration of 3He was made by Cranberg

in 1958 using a 22 MeV betatron [Cra58]. Cranberg made measurements of the

3He(γ,p)d and 3He(γ, n)pp reactions with the aid of nuclear photoemulsions inside

a 3He gas target. Much experimental and theoretical work has been carried out

since this pioneering experiment, particularly in the measurement of the total

two- and three-body cross sections as a function of incident γ-ray energy and

investigations of the strength of 3NFs. Differential cross sections for the two-body

channel have been investigated via direct measurement or inferred, using detailed

balance, from radiative capture experiments. Measurements of the neutron energy

and angular distributions of the three-body channel at low γ-ray energies (below

16 MeV) are limited to only those reported by Gorbunov [Gor74].

1.1.1 Total Two-Body and Three-Body Cross Sections

Fetisov et al. [Fet65] found that the current calculations for the total cross section

of the two-body photodisintegration of 3He were 20 – 30 % lower than the experi-
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mentally measured cross section in the maximum region (σmax
tot ≈ 1.0 mb). In the

same paper, Fetisov et al. report that the predicted three-body cross section over-

estimated their experimental data at the peak by no less than a factor of 2.7. The

discrepancies between the theory and experiment in the total two- and three-body

cross sections were shown by Barbour and Phillips [Bar70] to be related to neglect-

ing the rescattering or final-state interactions (FSIs) of the reaction products. By

using Faddeev techniques and including the final-state interactions, the results

of Barbour and Phillips show an enhancement of 20 – 25 % for the 3He(γ,p)d

cross section and a reduction of approximately 100 % for the 3He(γ, n)pp cross

section. Gibson and Lehman [Gib76] refined the technique by generating the

3He ground state and the three-body final state using Faddeev methods and the

same nucleon-nucleon (NN) potentials for both. The refined calculation brought

the peak to about 10 % above the world’s three-body data available at that time

[Ger66, Ber74, Gor74], an improvement of approximately 15 % compared to the

result of Barbour and Phillips. In addition, Gibson and Lehman indicate the im-

portance of including the Coulomb interaction in the calculations of the neutron

energy distributions1.

More recently, Naito et al. [Nai06] measured simultaneously the total two- and

three-body photodisintegration cross sections at Eγ = 10.2 and 16.0 MeV using a

laser Compton-backscattering γ-ray beam and a time-projection chamber. The

3He(γ, p)d data agree with previous data sets that indicate a maximum cross sec-

tion of 0.75 mb and are contrary to data sets that show a cross section maximum

1See Section 1.1.2 on page 5 and Section 1.2 on page 10.
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Figure 1.1: The results of Naito et al. [Nai06] for the total three-body cross
section compared to the world’s data and theory. The “K-B” in the legend denotes
the Krakow-Bochum collaboration, whose members are coauthors on the paper of
Naito et al. [Nai06].

of 1.0 mb and above. The results of Naito et al. for the three-body channel are

shown in Figure 1.1 compared to the world’s total (γ, n) cross section data as a

function of the incident γ-ray energy. The 3He(γ, pp)n data agree with all previous

measurements at Eγ = 16 MeV. At Eγ =10.2 MeV, however, the measured cross

section deviates strongly from all other measurements but one, that of Gerstenberg

and O’Connell [Ger66]. When compared to a modern theory (dashed black curve

in the figure) [Nai06] in which the ground state and scattering states were calcu-

lated in a consistent way using the AV18 NN potential [Wir95] combined with the
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Urbana IX three-nucleon force (3NF) [Pud97] (the Coulomb interaction was not

included), the theory overestimates the two-body data by 24 % at Eγ = 10.2 MeV

and 10 % at 16.0 MeV. At Eγ = 16.0 MeV, the three-body data are 14 % below

the theory. The discrepancy between the theory and the three-body data at Eγ =

10.2 MeV is significantly worse, with the data below the theory by about a factor

of 3. This large discrepancy can not be explained by the lack of the Coulomb

interaction in the calculation. It has been shown (solid red curve in the figure)

that the inclusion of the Coulomb interaction only decreases the three-body cross

section by about 25 % at 10.2 MeV [Fon05].

1.1.2 Neutron Angular and Energy Distributions

Virtually, the only published results on the angular and energy distributions for

the three-body photodisintegration of 3He at low γ-ray energies (below 16 MeV)

are those reported by Gorbunov [Gor74]. Although the data cover a large energy

range in incident γ-ray energy, limited statistics forced the author of that paper

to average the data over γ-ray energy bins of 4 MeV or larger and to integrate over

all scattering angles or all neutron energies. Even still, the resulting error bars

are on the order of 20 % at best.

Gorbunov began studies on the “nuclear photoeffect” on 3He at a time when

“practically nothing [was] known of photonuclear reactions in which two or more

particles are emitted” [Gor74]. A systematic experimental investigation of the

photodisintegration of 3He and 4He2 was performed by Gorbunov and others

2The studies on 4He will not be discussed.
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throughout the sixties and into the seventies at the P. N. Lebedev Physics In-

stitute at the Academy of Sciences in the USSR. A Wilson cloud chamber filled

with 3He gas was placed directly in the bremsstrahlung beam from a synchrotron

accelerator. The beam had a maximum energy of 170 MeV. The use of the cloud

chamber allowed measurements of the energy and momenta of the (charged) re-

action particles to be made near the three-body photodisintegration threshold.

Figure 1.2 on the next page shows the neutron energy distributions extracted

from the measurements for the incident γ-ray energy bins of 8 – 12 MeV and 12 –

16 MeV. The distributions are averaged over the 4 MeV wide γ-ray energy bins and

integrated over neutron scattering angle. The data are compared with a phase-

space calculation normalized to equal area. The Eγ = 8 – 12 MeV distribution

can be described entirely by the phase-space distribution. However, there is a

strong deviation from the phase-space distribution in the 12 – 16MeV bin. The

data show a peaking near 90 % of Emax
n . Barbour and Phillips [Bar70] show

that this enhancement in the neutron energy distribution at the higher neutron

energies for the Eγ = 12 – 16 MeV bin is related to a strong pp FSI, although

their prediction peaks at higher neutron energies (≈ 0.99×E max
n ) than the data

indicate. The refined calculation of Gibson and Lehman [Gib76] reveals the same

peak near 0.99×E max
n , but the authors show that the inclusion of the Coulomb

repulsion between the protons (using an approximation) moves the theoretical

curve to better agreement with the experimental distribution.

The angular distributions of the differential cross section for the outgoing

neutrons reported by Gorbunov for Eγ = 8 – 12 MeV and 12 – 16 MeV are shown

in Figure 1.3 on page 8. The distributions are averaged over the γ-ray energy
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bins indicated and integrated over neutron energy. These distributions are fit to

function of the form A (sin2(θ cm
n ) + δ). The agreement of the differential cross

section with this form of the angular distribution indicates the dominance of

electric dipole (E1) photoabsorption in the reaction. Using standard angular

correlation formalism [Bla52, Fer65], it can be shown that the general form for the

angular distribution of the three-body photodisintegration of 3He in the electric

dipole approximation is A sin2(θ cm
n ) + δ3. Since the ground state of 3He has a

spin and parity of Jπ = 1/2+, E1 absorption can excite a state having Jπ = 1/2−

or 3/2−. If the total angular momentum and parity of the intermediate state

is specified as Jπ = 3/2−, the total angular momentum of the (final state) pp

subsystem as J(pp) = 0, and the orbital angular momentum of the (final state)

neutron relative to the pp subsystem as L(n) = 1, then the angular distribution

of the outgoing neutrons at a specific energy En/E
max
n is given by

dσ

dΩ
(θ cm

n ) = σpartial

[

3

16π
sin2(θ cm

n ) +
1

8π

]

, (1.1)

where σpartial is a normalization constant. The angular distribution for the case

of Jπ = 1/2−, J(pp) = 0, and L(n) = 1 is given by

dσ

dΩ
(θ cm

n ) =
σpartial

4π
. (1.2)

The angular distributions of these two transitions, which are shown in Chapter 6

to dominate the 3He(γ, n)pp cross section at the higher outgoing neutron energies

3This form will be used from now on. Gorbunov chose to use A (sin2(θ cm

n
) + δ). The two

distributions are identical in shape, but the A’s and the δ’s will be different for each.
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and at γ-ray energies below 15 MeV, are plotted in Figure 6.17 on page 210 for

En/E
max
n = 0.86. These curves are predictions from the theory of Deltuva et al.

[Del09], which is introduced in the next section and discussed in greater detail in

Chapter 2.

1.2 Progress in Theoretical Calculations

The 1990s and 2000s have seen much theoretical work on prescriptions for the so-

lution of the Coulomb problem in three-particle scattering with limited success4.

Many of these calculations use approximations in the treatment of the Coulomb

interaction or simplified NN interactions (excluding the works of Keivsky et al.

[Kie01], Chen et al. [Che01], and Ishikawa [Ish03], which treat the Coloumb in-

teraction fully and use realistic NN potentials in calculations of pd scattering

observables and the works of Viviani et al. [Viv00] and Marcucci et al. [Mar05],

where calculations are performed pertaining to pd radiative capture). The calcu-

lations using simplified constructs lead to misleading conclusions when compared

to data or lead to results that are not well converged. Deltuva, Fonseca, and

Sauer [Del08] have developed a calculational method that allows the use of real-

istic NN potentials along with the full treatment of the Coulomb interaction (in

three-body photodisintegration calculations). Using these methods, calculations

for the three-body photodisintegration of 3He were performed for comparison with

results of the current experiments, which predict the three-fold differential cross

section, d3σ
dΩndEn

, the angular distribution of the differential cross section integrated

4See page 29 in Deltuva et al. [Del08] and the references therein for more information.
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over neutron energy, and the total (γ, n) cross section at the incident γ-ray en-

ergies of 11.4, 12.8, 13.5, and 14.7 MeV. The formalism of these state-of-the-art

calculations is outlined in Chapter 2. In that chapter, the effect of including the

Coulomb interaction in the calculation of d3σ
dΩndEn

is shown in Figure 2.4 on page 42,

and Figure 2.5 on page 43 illustrates the effect on the three-body total cross sec-

tion. In Chapter 6, the dominant contributions in the calculations are discussed

in Section 6.4 on page 207.

Figure 1.4 on the next page shows the predictions for the neutron energy

distribution of d3σ
dΩndEn

at the outgoing neutron angle of 90 ◦ of Deltuva et al.

including the Coulomb interaction [Del09] compared to phase space calculations

for different γ-ray energies. The plots in the figure illustrate the evolution of the

theoretical distribution from a phase space shape, where final-state interactions are

small, to a distribution where FSIs dominate the features of the distribution. The

results shown in the figure indicate a gradual evolution and significant deviation

from phase space by Eγ = 11 MeV, in contrast to the data of Gorbunov [Gor74]

where the neutron energy distributions can be described by phase space up to

12 MeV.

1.3 Present Experiment

There is a sparsity of published data available on the neutron angular and energy

distributions of the three-body photodisintegration of 3He. Those data that are

available (Gorbunov [Gor74]) are limited in statistical precision even when inte-

grated over neutron energy (for the angular distributions) or over scattering angle

11
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(for the energy distributions) and averaged over a wide range of incident γ-ray

energies (4 MeV or greater). The energy distributions of Gorbunov averaged over

Eγ = 8 – 12 MeV, which are consistent with a phase-space-only shape, suggest that

nuclear interactions are small at these energies. In sharp contrast, the 12 – 16 MeV

data provide convincing evidence for strong nuclear final-state interactions. When

the two distributions are viewed together, they suggest a sharp transition from a

region of no nuclear dynamics to one with strong nuclear interaction effects. This

is not the case when the situation is approached from a theoretical point of view

as described below.

Presently, sophisticated three-body calculations are available for the 3He(γ, n)pp

reaction which use realistic nucleon-nucleon (NN) potential models (such as the

CD-Bonn potential model [Mac01]) and include a full treatment of the Coulomb

interaction between the protons [Del05]. These state-of-the-art calculations pre-

dict a gradual evolution from a phase-space-only neutron distribution to one that

is dominated by strong nuclear interaction effects. In addition, the calculations

predict that these effects are strong enough to produce neutron energy distribu-

tions that are significantly different from the phase-space-only distributions as low

in energy as Eγ = 11 MeV.

The High Intensity γ-ray Source (HIγS) is a superb tool with which to in-

vestigate the photodisintegration process on 3He. The facility can produce high

intensity γ-ray beams (∼ 108 γ/s) with energy resolutions better than 5 %. The

use of beams with these characteristics allow precision measurements to be made

on photodisintegration reactions, particularly the 3He(γ, n)pp reaction, with which

the predictions of theory can be tested. The results reported in this work will be

13
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compared to the predictions of Deltuva, Fonseca, and Sauer [Del05] in order to

test their treatment of the Coulomb final-state interaction, the inputs to the CD-

Bonn NN potential model used in the theory to describe the strong interaction

between the nucleons, and the treatment of the nuclear final-state interactions

mediated by the NN potential.

Two experiments of the three-body photodisintegration of 3He performed at

HIγS are described in this work. The primary experiment, which was designed,

setup, and executed by the current author and the Capture group from TUNL,

measured the absolute three-fold differential cross section at the incident γ-ray

energies of 12.8 MeV, 13.5 MeV, and 14.7 MeV and is discussed in detail in Chap-

ter 3. A second experiment, in collaboration with the Medium Energy Physics

group, was executed at Eγ = 11.4 MeV and is discussed in somewhat less detail

in the same chapter. The main intent of this experiment at Eγ = 11.4 MeV was

to measure polarized-beam polarized-target cross section differences. These data

were analyzed by the current author to extract the absolute unpolarized three-fold

differential cross section at 11.4 MeV. The polarized data were analyzed by the

members of the Medium Energy Physics group. Chapters 4 and 5 describe the

simulations of the experiments and analysis of the data collected from both ex-

periments. Chapter 6 provides a discussion of the results compared to the current

theory and phase space calculations, which are discussed in Chapter 2.
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2
Theory

2.1 Introduction

The differential cross section measured in the experiments discussed in Chapter 3

will be compared to recent state-of-the-art calculations of the three-body photo-

disintegration of 3He with the Coulomb interaction between the protons in the

final state included. These calculations were carried out by Deltuva, Fonseca, and

Sauer [Del05]. The nucleon-nucleon (NN) interaction used in the calculations is

based on the CD-Bonn meson-exchange potential model [Mac01]. An effective

three-nucleon force (3NF) is included by the use of a two-baryon coupled-channel

potential model where one of the nucleons is allowed to be excited into a ∆ iso-

bar. This model is called the CD-Bonn + ∆ potential. Deltuva, Fonseca, and

Sauer perform their calculations in momentum-space using the three-body AGS

equations [Alt67], with the Coulomb interaction included by using the method of

screening and renormalization [Del08]. The experimental results are compared to

phase-space calculations in addition to comparing to the theoretical predictions.

Aspects of the theoretical calculations, NN potential models, and phase space

15
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calculations are discussed in the following sections.

2.2 Empirical Features of the Nuclear Force

Experimental measurements previously performed have established a foundation

for theoretical models designed to describe the nature of the nucleon-nucleon (NN)

interaction. From these measurements, five empirical features of the nuclear force

have been identified as fundamental.

The nuclear force has a short (finite) range. The range of the the nuclear

force is shorter than the interatomic distances between atoms in a molecule

based on the observation that only electromagnetic forces are needed to ex-

plain the known phenomena at the molecular level. A more precise and lower

limit on the range comes from studying the saturation properties of nuclei.

For instance, the binding energy per nucleon is approximately constant for

nuclei with A > 4. Also, the nuclear density remains roughly the same as

a function of A, with the radius of heavy nuclei being proportional to A1/3.

From these and other observations, Wigner conjectured that the range of

the nuclear force should be roughly equal to the radius of the alpha particle

(∼ 1.7 fm) [Wig33].

The nuclear force is attractive in its intermediate range. The qualifier in-

termediate is meant relative the to the total range of the nuclear force, where

the range of the nuclear force is considered as divided into three regions as

suggested by Taketani, Nakamura, and Sasaki [Tak51]:
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• long-range (“classical”) region (r & 2 fm),

• intermediate-range (“dynamical”) region (1 fm . r . 2 fm), and

• short-range (“core”) region (r . 1 fm).

The fact that nucleons are bound together in nuclei provides proof of the

attractive nature of the nuclear force. Further evidence comes from the

analysis of NN scattering data. An energy-dependent analysis shows that

the S-wave phase shift is positive below about 250 MeV, corresponding to

attraction [Mac89].

The nuclear force has a repulsive core. Evidence for the repulsive core comes

again from the energy-dependent analysis of NN scattering data. The S-

wave phase shift turns negative above approximately 250 MeV, indicating

repulsion at smaller distances.

The nuclear force has a tensor component. The electric quadrupole moment

of the deuteron was first measured in 1939 by Kellogg et al. and determined

to be 2.88±0.2 mb [Kel40]. This indicates that the ground state wave func-

tion of the deuteron is not a pure l= 0 state, which would be spherically

symmetric and have no quadrupole moment, but must include other orbital

angular momentum states. Thus a non-central (tensor) component is needed

that mixes different orbital angular momentum states.

The nuclear force has a strong spin-orbit component. Evidence for this fea-

ture came from a NN phase-shift analysis at high energy [Sta57]. The triplet
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P-waves resulting from the analysis can only be reproduced by adding a

spin-orbit term to the nuclear force.

2.3 Nucleon-Nucleon (NN) Potential Models

The well-accepted fundamental theory describing the strong force is called quan-

tum chromodynamics (QCD). This theory describes the interactions of the quarks,

of which nucleons are composed, and gluons, which mediate the quark interac-

tions. All nuclear phenomena should be able to be derived from QCD in principle.

However, in practice, calculations are difficult owing to the large coupling constant

of the strong interaction1 (preventing the use of perturbative methods at the en-

ergy and distance scales relevant to nuclei) and the large number of degrees of

freedom of a many-quark-gluon system. As a result, effective models are used to

explain the nature of the nuclear interaction and other nuclear phenomena.

Theoretical models have been developed that effectively describe the nuclear

interaction between two nucleons as propagated by the exchange of massive par-

ticles called mesons. This idea was first introduced by Yukawa in 1935 [Yuk35].

These theories construct NN potential models which are fitted with high precision

to the world nucleon-nucleon elastic scattering data up to laboratory energies of

350 MeV as well to the measured properties of the deuteron. Potentials of this

type are Nijmegen [Sto94], Argonne V18 [Wir95], and CD-Bonn [Mac01]. The

CD-Bonn potential model will be discussed in more detail after an introduction

1The coupling constant determines the strength of an interaction. In contrast to the large
coupling constant of the strong interaction (∼ 1), the coupling constant of the electromagnetic
interaction is small (≈ 1/137).
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to the theory of meson exchange.

2.3.1 Meson-Exchange Theory

With the formulation of QCD, the theory2 of massive particle exchange is under-

stood to be an effective description of the nuclear interaction in the low-energy

regime typical for nuclear physics. It is customary to treat the meson-exchange

theory perturbatively, even though the coupling constants of baryon-meson in-

teractions are large (∼ 10). Some justification for this can be attempted when

considering the division of the range of the nuclear force into long-, intermediate-,

and short-range regions [Tak51]. In the long-range region, one-boson exchange

is the dominant process, while multi-meson exchanges become more prominent

in the intermediate-range region. The meson-exchange picture breaks down in

the short-range region, and therefore a phenomenological treatment of the shorter

distances (higher momenta) is implemented in most models.

One Boson Exchange (OBE) Potential

The lowest-order contribution to NN scattering, in the framework of perturba-

tion theory, is one-boson exchange (OBE) represented by the Feynman diagram

shown in Figure 2.1 on the following page. A OBE Feynman amplitude, V̄α, re-

sults by evaluating the Feynman diagram shown in the figure according to the

Feynman rules [Bjo64]. The Feynman amplitude incorporates the dynamics of

2The “meson-exchange theory” is no longer considered a theory in the fundamental sense of
the word, but the term has continued to be used for historical reasons. The concept should be
more correctly referred to as an effective model.
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’qE’, 

 qE , 

’qE’, -

qE , -

αm

(q’ - q)
1Γ 2Γ

1 2

Figure 2.1: Feynman diagram representing a OBE contribution to NN scattering
in the center-of-mass frame. The solid lines denote nucleons, and the dashed line
denotes a boson of mass mα. The nucleons are labeled by the numbers 1 and 2,
and the nucleon-meson vertices are label by Γ1 and Γ2. The notation is consistent
with that used by Machleidt [Mac89].

the interaction propagated by the boson exchange.

The four most important bosons for building up the nuclear potential in the

OBE framework are the π3, ρ, ω, and σ4, and the OBE potential is then defined as

the sum over the OBE Feynman amplitudes of the mesons included in the model

[Mac01]:

VOBE(q ′, q) =

√

M

E ′

√

M

E

∑

α=π0,π±,ρ,ω,σ1,σ2

V̄α(q ′, q) F 2
α (q ′, q ; Λα), (2.1)

3π0, π±

4σ1, σ2
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where M is the nucleon mass, E =
√

M2 + q2, E ′ =
√

M2 + q ′ 2, V̄α is the OBE

Feynman amplitude for a meson with massmα (the full form of each amplitude can

be found in Appendix A of the paper by Machleidt [Mac89]), and Fα(q ′, q ; Λα)

are form factors applied to the nucleon-meson vertices. The σ1 and σ2 mesons

included in the sum are fictitious bosons introduced to approximate multi-meson

contributions to the potential, and the vertex form factors are included to, in a

certain sense, take the extended structure of the nucleons into account. Thus the

form factors allow for a partly phenomenological treatment of the short-range part

of the potential. The analytical form of the form factors is given by

Fα

[

(q ′ − q)2
]

=
Λ2

α −m2
α

Λ2
α + (q ′ − q) 2

, (2.2)

with mα the mass of the meson involved and Λα the “cutoff” mass. The cutoff

mass is the largest mass allowed in the model for the exchanged meson and is

used to suppress meson exchange at small-distances.

At least one boson used in the OBE model can be associated with each of

the five most important features of the nuclear force, giving reason as to why

the meson-exchange picture is so successful for describing the nuclear interaction.

The mass of an exchanged pion (∼ 140 MeV), being the lightest of the exchanged

mesons, puts a limit on the range of the nuclear potential. The π, ρ (770 MeV),

ω (782 MeV), and σ (500 MeV– 700 MeV) all contribute to the central portion of

the nuclear potential. The π providing the long-range portion of the force, and

the ω being mainly responsible for the short-range repulsion. The intermediate-

range attraction is attributed to the contributions of the σ in the OBE picture,
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which is an approximation to multi-meson exchanges5. The (noncentral) tensor

component of the potential can be associated with the exchange of the π and ρ

mesons. The spin-orbit term can be built up from the contributions from the ρ,

ω, and σ. Visualizations of these contributions can be found in Section 3.4.3 of

the paper by Machleidt [Mac89].

2.3.2 Bonn Full Potential Model

A detailed description, predictions, and results of the Bonn full model can be found

in the report published by Machleidt, Holinde, and Elster [Mac87]. A summary

of the model will be given in this section.

The Bonn full model is a “comprehensive field-theoretical meson-exchange

model for the NN interaction below pion production threshold” [Mac87]. This

model preceded the development of the CD-Bonn potential model [Mac01] dis-

cussed in Section 2.3.3 on page 26, whose charge dependence (the “CD” in CD-

Bonn) is based on the predictions of the full model. The Bonn full model was

developed to reliably test the meson-exchange concept for nuclear forces and to

assess the range of its validity in a systematic way. Due to the excellent quality

of the quantitative description of the measured properties of the deuteron and

the relatively low energy NN scattering phase shifts and observables, the model

represents a “benchmark” for any attempt to describe the nature of the nuclear

force in an alternative manner.

5In particular, the contributions of σ1 and σ2 are parametrizations of the ππ + πρ contribu-
tions. These contributions are discussed in Section 2.3.2.
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Features and Assumptions of the Model

The model is considered “complete” by its authors based upon the definition

that all processes which reasonably contribute to the NN interaction below the

pion-production threshold, in the framework of meson theory, are included. Only

existing mesons are included in the model, and the use of fictitious particles,

such as σ in the OBE model, are strictly avoided. The allowed masses of the

exchanged particles are limited by the cutoff mass used in the vertex form fac-

tors (Equation 2.2 on page 21), which can be directly related to hadron size.

Non-relativistic approximations are avoided, and meson retardation (the effect of

recoiling mesons) is taken into account.

The (complete) set of Feynman diagrams which are included in the model and

contribute to the NN interaction forms a sound basis for a consistent generaliza-

tion to three-body forces. In addition, the explicit field-theoretical description

of the processes contributing to the nuclear interaction provides a vehicle for the

consideration of relativistic effects and medium effects when applied in the nuclear

many-body problem.

The calculation scheme is such that nucleons, isobars (the ∆ isobar), and

mesons are treated on equal footing. The interaction potential is constructed from

Feynman diagrams with only nucleon-nucleon-meson and nucleon-isobar-meson

vertices. The potential is built up in a perturbative manner with the one-meson

exchanges contributing at the lowest order. Form factors, applied at the vertices,

are used to suppress the contribution of higher momenta (smaller distances). The

model yields a definite prediction of the vertex parameters (coupling constants
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and cutoff parameters), deuteron parameters (binding energy, D-state probabil-

ity, quadrupole moment, and etc.), and effective range parameters (scattering

lengths and ranges) through a quantitative fit to NN phase shifts and scattering

observables (e.g., differential cross section). Essentially only six fitting parameters

were used: three coupling constants and three cutoff masses.

One-Meson-Exchange Contributions

These contributions are OBE contributions as discussed on page 19. The single-

meson exchanges included in the model are those of the π, ω, and δ. As mentioned

previously, the pion is responsible for the long-range (tensor) portion of the force,

with the ω being the main contributor to the short-range repulsion and the spin-

orbit force. The included δ (983 MeV) has a very small contribution but is included

to obtain a consistent description of the singlet and triplet S-wave phase shifts.

The exchange of the ρ meson is included in two-meson exchange as discussed

below.

Two-Meson-Exchange Contributions

The inclusion of two-meson-exchange contributions means that Feynman ampli-

tudes constructed from diagrams describing the exchange of two mesons are in-

cluded in the sum in Equation 2.1 on page 20 (noting that now the potential is

no longer just a OBE potential). In the Bonn full model, ππ- and πρ-exchange

contributions are included as well as contributions from the ∆ (1232 MeV) isobar.

Both correlated and uncorrelated ππ-exchange processes are taken into ac-

count. A correlated ππ exchange is one in which the pions directly interact with
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one another. The ρ is actually a P-wave ππ resonant state, which is a correlated

ππ-exchange process. Support for these correlated processes comes from empirical

evidence from πN scattering. The correlated ππ-exchange processes are shown to

contribute roughly 2/3 of the intermediate-range attraction of the nuclear force,

the rest being due to the uncorrelated processes.

Comparison of the predictions of the model for the low angular momentum

phase shifts with only ππ exchanges supplemented by single π and ω exchanges

with experimental data shows that the ππ-exchange contribution is, in general, too

attractive to describe all the phase shifts consistently and quantitatively. Thus,

πρ-exchanges are added to the model to counterbalance the effects of the ππ-

exchanges, resulting in improved consistency of the description of all low angular

momentum phase shifts simultaneously.

Higher-Order Contributions

Selected higher-order contributions of 3π and 4π exchange processes are added to

the model in order to account for a noticeable piece of the intermediate-range ten-

sor force missing from the model. The addition of these higher-order contributions

also leads to more consistent values of the cutoff masses and to an improvement

in the quantitative description of the NN scattering data.
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2.3.3 CD-Bonn Potential Model

Charge Dependence of Nuclear Forces

The Bonn full model makes predictions concerning the charge dependence of the

nuclear force [Li98a, Li98b]. In particular, the Bonn full model addresses the

charge-symmetry breaking (CSB) and charge-independence breaking (CIB) of nu-

clear forces. Charge symmetry is the equality of the proton-proton (pp) and

neutron-neutron (nn) forces, after electromagnetic effects are removed. Charge

independence is the equality of the pp or nn and the neutron-proton (np) forces.

CSB has been observed empirically in the difference in the scattering length a

and effective range r of the 1S 0 state for the pp and nn strong interactions. The

values given in the literature for the pp strong interaction are [Mil90]:

app = −17.3 ± 0.4 fm,

rpp = 2.85 ± 0.04 fm,

and

ann = −18.8 ± 0.3 fm,

rnn = 2.75 ± 0.11 fm

for the nn strong interaction [Mil90, Sla89]. The charge symmetry is then broken

in these parameters by the following amounts:

app − ann = 1.5 ± 0.5 fm,
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rpp − rnn = 0.10 ± 0.12 fm. (2.3)

The scattering length is a quantity defined in the zero energy limit of scattering

theory, and it represents the strength of the scattering. The physical meaning of

a is seen in its relation to the wave function describing the two-body system. The

value of the scattering length a is equal to the intercept of the wave function at the

maximum range of the scattering potential6. For a repulsive potential, a > 0 and

is on the order of the range of the potential. For an attractive potential, a < 0,

and if the strength of the attraction is increased a will become more negative.

The strength of the attractive potential can be increased enough so that a > 0,

corresponding to a bound state.

The effective range parameter r is a quantity defined in the low energy region.

Its value is of the order of the range of the force so long as kr ≪ 1 with ~k the

momentum of the incoming particle.

The conclusion made from the above observations (Equations 2.3) is that in the

1S 0 state, the nn strong interaction is slightly more attractive than the pp strong

interaction. The experimental CSB difference in the 1S 0 state (Equations 2.3) is

found to be explained in the Bonn meson-exchange model for the NN interaction

entirely by the difference in the masses of the proton and neutron [Li98a].

A clear signature of CIB in strong interactions is seen in the NN singlet scat-

tering length [Li98b]. The neutron-proton (np) 1S 0 parameters are

anp = −23.75 ± 0.01 fm,

6See p. 414 in Ref. [Sak94] for more information.
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rnp = 2.75 ± 0.05 fm.

Defining the averages

ā ≡ 1

2
(app + ann) = −18.05 ± 0.05 fm,

r̄ ≡ 1

2
(rpp + rnn) = 2.80 ± 0.12 fm,

the CIB strength is defined to be the difference between the np values and the

averages:

ā− anp = 5.7 ± 0.5 fm,

r̄ − rnp = 0.05 ± 0.13 fm. (2.4)

The singlet scattering length difference indicates that the np strong interaction is

more attractive than the pp (or nn) strong interaction. The value of the singlet

scattering length difference calculated using the Bonn full model is about 80 %

of the empirical value, and the effective range difference is consistent with the

reported empirical value[Li98b]. The CIB effect as calculated in the model is

dominated by one-pion exchange and is due to the mass difference between π0

and π±.

Aspects of the Model

The Bonn full model includes multimeson exchange contributions, which are very

involved and are, in general, energy dependent. As a result, the constructed NN
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potential is also energy dependent. An energy-dependent NN potential creates

conceptual and practical problems when applied to nuclear many-body systems.

The (energy-independent) CD-Bonn potential model [Mac01] is constructed

based on one-boson exchange7 (OBE), accurately reproducing the charge depen-

dence predicted by the Bonn full model. The CD-Bonn model includes relativistic

effects through the use of relativistic Feynman OBE amplitudes for meson ex-

change. The Feynman amplitudes are in general non-central, and the CD-Bonn

potential uses these amplitudes in its original form. In other words, no local ap-

proximations are applied. This has important consequences in microscopic nuclear

structure calculations, and predictions made by the CD-Bonn potential in nuclear

structure problems differ in a characteristic way from the ones obtained with local

(central) NN potentials.

The constructed charge-dependent NN potential reproduces the world NN

scattering data below 350 MeV (scattering phase shifts and measured deuteron

properties) more accurately than any other known NN potential. The world pp

data are fit with a χ2/datum of 1.01 and the np data are fit with χ2/datum =

1.02.

2.4 Three-Nucleon Forces

Systematic studies of low-energy properties like the binding energies of the triton

and 3He as well as zero energy scattering of nucleons from deuterons has revealed

the inadequacy of a realistic pairwise NN force to account for these trinucleon

7Described in Section 2.3.1 on page 19.
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observables. The notion of a three-nucleon force (3NF) has been around at least

since 1938 [Pri39], and it has been postulated that the existence of measurable

3NF effects could be a possible explanation of the observed discrepancies between

theory and experiment in the three-nucleon system[Gib88].

In Ref. [Gib88], Gibson and McKellar describe a true 3NF as “one that depends

in an irreducible way upon the simultaneous coordinates, spins, momenta, and

internal quantum numbers of the three interacting particles.” A 3NF is irreducible

in the sense that it cannot be reduced to a sum of pairwise interactions. Because

one-pion exchange describes the long-range part of the NN interaction, it has been

proposed that the two-pion exchange between three nucleons will determine the

long-range part of the 3NF (to lowest order). This was the idea behind the Fujita-

Miyazawa three-nucleon force [Fuj57]. A basic diagram comprising the two-pion

exchange 3NF is shown in (a) of Figure 2.2 on the next page. The cross-hatched

region in the figure represents any contribution to the 3NF. This region can

not be a nucleon line (such as the center line in (b) of Figure 2.2). Since the ∆

isobar8 dominates π-N scattering below 300 MeV, it is assumed to be the dominant

contribution to the three-nucleon force.

2.4.1 CD-Bonn + ∆ Potential

Deltuva, Machleidt, and Sauer [Del03] have developed a potential model which is

an extension to the purely nucleonic CD-Bonn potential9. The constructed poten-

8An isobar is viewed as an excitation of the quark-gluon substructure of the nucleon in the
QCD picture of the strong force.

9Discussed in Section 2.3.3 on page 26.
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(a)

π

π

(b)

π

π

Figure 2.2: (a) Basic diagram comprising the two-pion exchange three-nucleon
force. The cross-hatched region represents the πN → πN amplitude. (b) Diagram
of the iterated NN force. This diagram does not contribute to the 3NF.

tial is a two-baryon coupled-channel10 potential with a single ∆-isobar excitation.

The model couples states comprised of two nucleons and states where one nucleon

is turned into a ∆ isobar. The ∆ is the lowest energy excitation of the nucleon

and is seen as a resonance in π-N scattering at 1232 MeV. It is considered a stable

baryon of mass 1232 MeV with spin and isospin 3/2 in the CD-Bonn + ∆ potential

model. An effective 3NF is obtained in the potential since additional attraction

between two nucleons in the N-body system (N > 2) is provided by the virtual

10A coupled-channel model is one in which the coupling between the entrance channel and a
finite number M of inelastic channels cannot be considered weak. The result is a set of M + 1
coupled equations that must be solved. See Ref. [McC68].
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excitation of a nucleon to a ∆ isobar. This is a first attempt by the authors to

obtain consistent NN and three-nucleon forces11.

The coupled-channel model (CD-Bonn + ∆), when fitted to the world (up

to the year 2000) nucleon-nucleon elastic scattering data below the lab energy of

350 MeV (as was done for the CD-Bonn potential), leads to an overall χ2/datum of

1.02. This is the same level of precision as was achieved by the CD-Bonn model.

Thus the coupled-channel CD-Bonn + ∆ potential is as realistic as any of the

modern purely nucleonic potentials.

A word of caution is put forth by the authors of Ref. [Del03]. The ∆ isobar is,

in principle, a mechanism for pion production and absorption, but the model omits

the coupling of the ∆ to π-N states. Therefore, the CD-Bonn + ∆ potential is

only applicable for phenomena below the pion-production threshold in its current

form.

2.5 Scattering Calculations with Coulomb

Due the long-range nature of the Coulomb force, the inclusion of it in many-

body scattering calculations presents a severe conceptual problem. Many research

groups have developed theoretical treatments following different procedures. Most

have thus far relied on simplified NN forces or introduced approximations for the

inclusion of the Coulomb potential12. Realistic scattering calculations in which

11Modern approaches to achieving consistency between NN forces and 3NFs are based on
effective field theory (EFT). This will not be discussed. Refer to Refs. [Wei79, Wei90, Wei91,
Wei92, Kol99, Epe00, Ent03] for more information.

12See Ref. [Del08] for references.
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the Coulomb interaction is treated fully are needed to compare to experimental

data from reactions such as p-d breakup or the three-body photodisintegration of

3He.

Deltuva, Fonseca, and Sauer have made progress in solving three-particle and

four-particle scattering equations including a full treatment of the Coulomb inter-

action [Del08]. The calculations are made in the framework of integral scattering

equations in momentum space. The calculations use the methods of screening and

renormalization and are implemented in a novel way, allowing the use of a realis-

tic potential model along with the Coulomb potential. The scattering equations,

screened Coulomb potential, and renormalization technique are discussed further

in this section.

2.5.1 Scattering Equations

S Matrix and T Matrix

In the process of scattering from a potential (such as the nuclear potential), an

incident wave travels from far away (relative to range of the strong interaction),

interacts with the potential, and continues to travel away from the interaction

region having been influenced in some way by the potential. This concept can be

represented by the definition of the S matrix operator [McC68]:

|φi(t = ∞)〉 = S |φj(t = −∞)〉, (2.5)
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where |φj(t = −∞)〉 and |φi(t = ∞)〉 are the asymptotic forms of the wave

function before and after the scattering process. The idea that the S matrix tells

us all we can know about a system originated with John Wheeler [Whe37] and

Werner Heisenberg [Hei43a, Hei43b, Hei44]. In two-body elastic scattering, the

only change in the wave function as a result of the scattering is to change the

phase of the scattered wave. The CD-Bonn and Bonn full potential models were

fit to experimental phase shifts as discussed in this chapter. For a three-body

system, there are rearrangement and breakup channels available in addition to

the elastic channel.

The matrix elements of S are given by

〈φi|S|φj〉 ≡ Sij = δij − 2πi δ(Ei − Ej) Tij, (2.6)

where Tij are the matrix elements of the T operator. To obtain the form of the T

operator, a solution of the time-independent Schrödinger equation,

H|ψi〉 = Ei|ψi〉, (2.7)

where H = H0 + V is the full Hamiltonian, H0 the kinetic energy operator, and

V the scattering potential, is required. The solution of Equation 2.7 is given by

the Lippmann-Schwinger equation (with ǫ→ 0):

|ψ±
i 〉 = |φj〉 +G0(E ± iǫ)V |ψ±

i 〉, (2.8)
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where G0(z) is called the free resolvent13 and is given by [Glö83]

G0(z) =
1

z − H0

. (2.9)

The asymptotic wave functions satisfy

H0|φj〉 = Ej|φj〉. (2.10)

The transition matrix operator is defined such that [Sak94]

V |ψ+
i 〉 = T|φj〉, (2.11)

with the + designating the outgoing wave function. Thus the form for the T

operator is obtained by multiplying Equation 2.8 on the preceding page by V :

T = V + V G0(E + iǫ) T. (2.12)

This is the Lippmann-Schwinger equation for the T matrix.

13The resolvent is often called the Green’s function when expressed in the coordinate repre-
sentation.
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Scattering Amplitudes

To cast the Lippmann-Schwinger equation (2.8) into the coordinate representa-

tion, multiply on the left by 〈r| and insert a complete set:

〈r|ψ±
i 〉 = 〈r|φj〉 +

∫

d3r′ 〈r|G0(E ± iǫ)|r′〉 〈r′|V |ψ±
i 〉. (2.13)

This equation is an integral scattering equation in coordinate space (in contrast

to momentum space equations), and it is equivalent to the Schrödinger equation

plus boundary conditions. It can be shown that

〈r|G0(E ± iǫ)|r′〉 = −2m

ℏ2

1

4π

e±ik
i
|r−r

′ |

|r − r′| , (2.14)

with Ei = ℏ
2k2

i /(2m). If |φj〉 represents a plane-wave state with wave vector kj,

the integral equation becomes

〈r|ψ±
i 〉 = eikj·r − m

2πℏ2

∫

d3r′
e±ik

i
|r−r

′ |

|r − r′| 〈r′|V |ψ±
i 〉. (2.15)

Huygens’ principle is expressed in this equation: the scattered wavefunction at

a position r is the superposition of the incident wave and the spherical wavelets

from all points on the wavefront at r′ with amplitudes proportional to the incident

amplitude at r′ and the potential causing the scattering at r′.

At large distance away from the scattering potential (r ≡ |r| ≫ |r′|), the
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outgoing solution (+) of Equation 2.15 on the previous page tends to [Sak94]

〈r|ψ+
i 〉 =

1

(2π)3/2

[

eikj·r +
eiki

r

r
f(ki,kj)

]

, (2.16)

where

f(ki,kj) ∝ 〈ki|V |ψ+
i 〉 (2.17)

is the scattering amplitude. Using Equation 2.11 on page 35, the scattering am-

plitude can be written as

f(ki,kj) ∝ 〈ki|T|kj〉. (2.18)

The differential cross section can be written in terms of the scattering amplitudes:

dσ

dΩ
= |f(ki,kj)|2. (2.19)

Then the method for calculating the scattering cross section is to determine the

T-matrix elements for a given potential from the Lippmann-Schwinger equation

(Eq. 2.12 on page 35).

Three-body AGS Equations

The scattering formalism outlined up to this point applies to potential scattering,

where an incident particle (represented as a plane wave) is scattered from a po-

tential (e.g., the strong potential or the Coulomb potential). The formalism can

be applied to two-particle interactions readily, but calculations for the three-body

system require an expanded mathematical toolbox due to the increased complexity
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of the dynamics of the system. Even though the calculations are more complex,

the three-body formalism employed by Deltuva, Fonseca, and Sauer [Del08] in

their calculations parallels that which is used in potential scattering.

The new dynamical feature in three-body scattering is the occurrence of addi-

tional final state configurations. In the case of photodisintegration of 3He, these

are the two-body and three-body break-up channels. Both of these channels have

two charged particles in the final state and therefore need the Coulomb force

included in the scattering calculations.

Deltuva et al. use a description of the photodisintegration processes based

on the Alt-Grassberger-Sandhas (AGS) equations [Alt67], where, as in potential

scattering, the transition matrix elements are of central interest:

〈φβ|Uβα|φα〉 ≡ 〈φβ|V β|ψ+
α 〉. (2.20)

The letters α and β denote the initial and final configurations, respectively. A

three body initial (final) state is denoted by α = 0 (β = 0). The two body states

are denoted by α = 1,2,3 and β = 1,2,3 with the channel number (1,2,3) referring

to the particle which is not bound. For example, β = 1 signifies the final state

where particles 2 and 3 are bound together and particle 1 is free. The superscript

on V in Equation 2.20 is a shorthand for

V β = Vα + Vγ + V4 = Vβγ + Vαβ + V4, (2.21)

where Vαβ, Vβγ are the pair-wise potentials and V4 the 3NF potential, with
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α = 1,2,3, β = 1,2,3, γ = 1,2,3, and α 6= β 6= γ. The multichannel three-particle

transition matrix elements Uβα satisfy the AGS equations [Alt67]

Uβα = δ̄βαG
−1
0 +

∑

σ

δ̄βσ Tσ G0 Uσα, (2.22)

where Tα are the T-matrix elements of the two-particle subsystems which satisfy

Equation 2.12 on page 35 and δ̄βα = 1 − δβα. Equations 2.22 are a set of coupled

equations for the three-body transition matrix elements. In principle, the equa-

tions can be solved for a given input potential, and from this solution, scattering

amplitudes and cross sections are calculated.

2.5.2 Screened Coulomb Potential

The nucleonic component of the input potential to the AGS equations used by

Deltuva et al. in their calculations was the CD-Bonn potential [Mac01]. To in-

clude 3NF effects in the calculations, the CD-Bonn + ∆ potential [Del03] was

substituted. The Coulomb interaction was included by employing a method of

screening. The use of the screening method is necessary since the 1/r behavior

of the Coulomb interaction does not satisfy the mathematical properties for the

formulation of standard scattering theory. In fact, use of the proper form of the

Coulomb potential results in the standard (integral) equations being ill-defined.

The (coordinate representation) form of the screened Coulomb potential was cho-

sen to be

wR(r) = w(r) e−(r/R)n

, (2.23)
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where w(r) = αe Z1 Z2 /r is the true Coulomb potential, αe the fine structure

constant, Zi the charge of particle i, R the screening radius, and n a parameter

that controls the smoothness of the screening. Deltuva et al. found that values of

3 ≤ n ≤ 8 provide smooth and rapid screening around r = R. A plot of the ratio

of the screened Coulomb potential (Equation 2.23) to the true Coloumb potential

is shown in Figure 2.3. It can be seen from the figure that the n = 4 curve is

r / R
0 1 2

 / 
w

R
w

0

1
∞ →n 

n = 4

n = 1

Figure 2.3: Ratio of the screened Coulomb potential to the true Coulomb
potential as a function of the distance between two charged particles for different
screening parameters n.

nearer to the exact Coulomb potential at short distances than the n = 1 curve.

Thus the screened Coulomb potential approximates the exact Coulomb potential

well at shorter interaction distances. The screening radius R was chosen in the

calculations to be much larger than the range of the strong interaction, but the

40



Chapter 2. Theory

screened Coulomb potential remained short range in terms of scattering theory.

Thus standard scattering calculational methods could be used.

2.5.3 Renormalization

A technical difficulty arises in performing calculations using the screened Coulomb

potential. This difficulty is uncovered when the screened Coulomb scattering am-

plitudes are carried to their R → ∞ limits. In this limit, the unscreened ampli-

tudes do not converge to the proper Coulomb amplitudes. To recover the appro-

priate unscreened results, a diverging phase factor was used to renormalize the

screened Coulomb transition amplitudes. Using this renormalization technique,

the screened Coulomb scattering amplitudes converge to the pure Coulomb am-

plitudes. Please refer to the review article by Deltuva, Fonseca, and Sauer [Del08]

and the references therein for additional technical details on this topic.

2.6 Predictions

The results for three-body scattering calculations for the 3He(γ, n)pp reaction at

the incident γ-ray energies of 11.4 MeV, 12.8 MeV, 13.5 MeV, and 14.7 MeV were

provided by Deltuva [Del09]. Figure 2.4 on the next page shows the theoretical

predictions for the 3He(γ, n)pp differential cross section at an incident γ-ray en-

ergy of 14.7 MeV at the scattering angles covered in the experiments described in

Chapter 3. The dashed blue curves in the figure are the results of the scattering

calculation without the inclusion of the Coulomb interaction between the protons

in the final state. The solid red curves are the results when Coulomb is included.
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Figure 2.4: Comparison of theoretical predictions with and without the inclu-
sion of the Coulomb interaction between the protons for the 3He(γ, n)pp differen-
tial cross section as a function of neutron energy and angle at Eγ = 14.7 MeV.
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The effect, at each scattering angle, of including the Coulomb potential in the

calculations is to reduce the peak cross section near Emax
n by approximately 40 %.

The cross section at lower neutron energies is increased only by a small amount.

 (MeV)γE
8 10 12 14 16 18 20

b
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µ (
to

t
σ

0

200

400

600

800

1000

1200

1400

Without Coulomb

With Coulomb

Figure 2.5: Comparison of theoretical predictions of the total 3He(γ, n)pp cross
section with and without the inclusion of the Coulomb interaction as a function
of incident γ-ray energy. The red points are connected by straight lines to guide
the eye.

The calculated total (γ,n) cross section at the incident γ-ray energy of 12.8 MeV

is reduced from 937µb to 848µb (∼ 10 %) when the Coulomb interaction is in-

cluded. Figure 2.5 plots the prediction for the total 3He(γ, n)pp cross section

as a function of incident γ-ray energy. (Predictions without Coulomb were only

provided by Deltuva at Eγ = 11.4, 12.8, 13.5, and 14.7 MeV [Del09].)

As discussed in Section 2.4 on page 29, Deltuva, Machleidt, and Sauer have
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Eγ = 12.8MeV
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Figure 2.6: Comparison of theoretical predictions with and without the inclu-
sion of the Delta isobar for the 3He(γ, n)pp differential cross section as a function
of neutron energy and angle at Eγ = 12.8 MeV.

developed an extension to the CD-Bonn potential model (called CD-Bonn + ∆)

which includes 3NF effects by allowing single ∆-isobar nucleon excitations [Del03].

Figure 2.6 plots a comparison of the calculational results with and without the ∆

included (the Coulomb potential is included for each case). The curves shown in

the figure are very close to each other, indicating that three-nucleon force effects

are small for this observable at these γ-ray energies.

The theoretical predictions are compared to the experimental measurements

in Chapter 6, and an interpretation of the results is given.
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2.7 Phase-Space Calculations

Three-body phase space alone, without any consideration of interactions, will

determine the relative neutron yields (at a given scattering angle) as a function

of outgoing neutron energy. As a zeroth-order attempt to describe the data, it

is worthwhile to compare the data to the phase-space-only prediction. Phase-

space distributions were generated at each lab angle at which a neutron detector

was placed in the experiment in order to compare with the measured differential

cross sections. Derivations of key relationships used in these calculations and a

description of Dalitz plots are given in the following sections.

2.7.1 Center-of-Mass Energy

Suppose a particle of massmi with energy E ⋆
i is incident on a particle of massmj at

rest. The particles then have 4-vectors given by p ⋆
i = (E ⋆

i , p ⋆
i ) and p ⋆

j = (mj, 0).

This configuration is shown in (a) of Figure 2.7 on the next page. In the center-

of-mass frame, the two particles will have 4-vectors given by pi = (Ei, pi) and

pj = (Ej, pj), where pi = −pj. The center-of-mass configuration is shown in (b)

of Figure 2.7.

The square of the total energy in the center-of-mass, W 2, is given by the scalar

product of the sum of the two center-of-mass 4-vectors, pi + pj:

W 2 = (pi + pj)
2. (2.24)
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im jm

*
i

p*, iE

im jm
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p, iE

j
p, jE

(a)

(b)

jrest frame of m

center-of-mass frame

Figure 2.7: (a) Schematic of two particles before colliding in the rest frame of
particle mj. (b) Schematic of two particles before colliding in the center-of-mass
frame.

Since the scalar product of two 4-vectors is Lorentz invariant,

W 2 = (pi + pj)
2

= (p ⋆
i + p ⋆

j )2 (2.25)

= (p ⋆
i )2 + (p ⋆

j )2 + 2 p ⋆
i · p ⋆

j

= m2
i +m2

j + 2E ⋆
i mj. (2.26)

Thus, Equation 2.26 gives a relation for the total center-of-mass energy in terms

of the masses involved and total energy of the incident particle in the rest frame

of particle mj.
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2.7.2 Energetics of Two-Body Decay

Suppose a particle of mass M decays into two particles with masses ma and mb.

The decay, in the rest frame of the mass M, is schematically shown in Figure 2.8.

Before the decay, the 4-vector describing the system is P = (M, 0). The 4-vectors

am bmM

a
p , aE

b
p , bE

Figure 2.8: Schematic of a two-body decay.

of the two decay particles are given by pa = (Ea, pa) and pb = (Eb, pb), where

pa = −pb. Through conservation of energy and momentum,

pb = P − pa. (2.27)

Thus,

p2
b = (P − pa)

2

m2
b = P 2 + p2

a − 2P · pa

= M2 +m2
a − 2MEa,
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and therefore the total energy of the particle with mass ma is given by

Ea =
M2 +m2

a −m2
b

2M
. (2.28)

An interchange of the labels (a ↔ b) in Equation 2.27 gives

Eb =
M2 +m2

b −m2
a

2M
. (2.29)

2.7.3 Three-Body Decay and Dalitz Plots

Suppose a particle of mass, W , decays into three particles with masses m1, m2,

and m3. The differential three-body decay rate, dΓ, is proportional to the square

of the Lorentz-invariant matrix element M times a phase space factor [Ams08]:

dΓ ∝ |M|2 dm2
12 dm2

23, (2.30)

where m2
12 ≡ (p1 + p2)

2 and m2
23 ≡ (p2 + p3)

2 are the invariant masses involved

in the decay14. The dynamics of the decay are contained in |M|2, and the terms

multiplying |M|2 in Equation 2.30 include the kinematical contributions.

A scatter plot ofm2
23 vsm2

12 is called a Dalitz plot [Dal53]. If |M|2 is a constant,

corresponding to no dynamics, the kinematically allowed region of the plot will be

populated uniformly with events. In other words, the decay is determined entirely

by the available phase space. A variation in the population over the Dalitz plot

would then be due to dynamical effects.

14p
1
, p

2
, and p

3
are the 4-vectors for the particles with masses m

1
, m

2
, and m

3
, respectively.
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2.7.4 Phase Space Available in the 3He(γ, n)pp Reaction

Total Center-of-Mass Energy

In the 3He(γ, n)pp reaction, a γ ray with energy Eγ is incident on a 3He nucleus

with mass mHe at rest in the lab. The total center-of-mass energy (invariant mass)

for this configuration is given by Equation 2.26 on page 46:

W =
√

m2
He + 2Elab

γ mHe. (2.31)

Energy and Momentum in the ⋆ Frame

Relationships between the invariant masses, m12 and m23 (m1 = mp1, m2 = mp2,

m3 = mn), and the energies and momenta of the three particles can be determined

by considering the photodisintegration process in the rest frame of m12 (denoted

as the ⋆ frame). The final configuration of the three-body photodisintegration is

shown in the ⋆ frame in Figure 2.9 on the following page. To obtain a relation

for E ⋆
3 , the total invariant mass is viewed as undergoing a two-body decay W →

m12 + m3 in the rest frame of m12. Thus the energy of particle 3 in the ⋆ frame

is given by Equation 2.26 on page 46 with i = 3 and j = 12:

E ⋆
3 =

W 2 −m2
12 −m2

3

2m12

. (2.32)

The energies for particles 1 and 2 are determined by considering the two-body

decay of the invariant mass m12 into masses m1 and m2 in the ⋆ frame. The

energies are then given by Equations 2.28 and 2.29 on the preceding page with
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E
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p*, 2

E

Figure 2.9: Schematic of a three-body photodisintegration event in the rest
frame of m12 assuming no dynamics (i.e., phase space only). The masses are
m1 = mp1, m2 = mp2, and m3 = mn.

a = 1, b = 2, and M =m12:

E ⋆
1 =

m2
12 +m2

1 −m2
2

2m12

, (2.33)

E ⋆
2 =

m2
12 +m2

2 −m2
1

2m12

. (2.34)

The magnitudes of the ⋆ - frame momenta, |p ⋆
1 |, |p ⋆

2 |, and |p ⋆
3 |, are calculated

from the values of the total energies. The relative directions of the momentum
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vectors are found by considering m2
23:

m2
23 = (p ⋆

2 + p ⋆
3 )2

= (p ⋆
2 )2 + (p ⋆

3 )2 + 2 p ⋆
2 · p ⋆

3

= (E ⋆
2 + E ⋆

3 )2 − |p ⋆
2 |2 − |p ⋆

3 |2 − 2 |p ⋆
2 | |p ⋆

3 | cos (θ ⋆
23) . (2.35)

Thus, Equation 2.35 provides a relationship between m2
23 and θ ⋆

23. It follows that

if m2
12 and m2

23 are known, the energies and relative momenta of the three particles

in the ⋆ frame can be determined from Equations 2.32 to 2.35 on pages 49–51.

Dalitz Plot

The Dalitz plot for the photodisintegration of 3He at Eγ = 12.8 MeV assuming

only phase-space events is shown in Figure 2.10 on the following page. The max-

imum value for m2
12 is determined when particle 3 has zero kinetic energy. By

conservation of energy and momentum,

(

m2
12

)

max
=

[

(p ⋆
1 )max + (p ⋆

2 )max

]2

=
[

P ⋆ − (p ⋆
3 )min

]2

= (W −m3)
2 , (2.36)

with P ⋆ = (W,0) and (p ⋆
3 )min = (m3,0). Similarly, the minimum value for m2

12 is

determined when particles 1 and 2 have zero kinetic energy:

(

m2
12

)

min
=

[

(p ⋆
1 )min + (p ⋆

2 )min

]2
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Figure 2.10: Phase-space only Dalitz plot for 3He(γ, n)pp at Eγ = 12.8 MeV.
Particles 1 and 2 are the protons, and particle 3 is the neutron. The four events
labeled (a), (b), (c), and (d) are discussed in the text.

= (m1 +m2)
2 , (2.37)

with (p ⋆
1 )min = (m1,0) and (p ⋆

2 )min = (m2,0). For a given value of m2
12, the range

of m2
23 is determined by its values when p2 is antiparallel (θ ⋆

23 = 180 ◦) or parallel

(θ ⋆
23 = 0 ◦) to p3 (see Equation 2.35 on the previous page):

(

m2
23

)

max
= (E ⋆

2 + E ⋆
3 )2 − (|p ⋆

2 | − |p ⋆
3 |)2 (2.38)

(

m2
23

)

min
= (E ⋆

2 + E ⋆
3 )2 − (|p ⋆

2 | + |p ⋆
3 |)2 . (2.39)
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Figure 2.11: The relative momenta configurations in the center-of-mass frame
for points (a), (b), (c), and (d) shown in Figure 2.10. The lines are the momentum
vectors of the three final state particles. The direction of particle 3 was arbitrarily
oriented in the positive x direction.

Final State Momentum Configuration

To provide insight into how the total available energy and momentum is shared

between the three final state particles, four individual phase-space events have

been labeled on Figure 2.10 on the preceding page as (a), (b), (c), and (d). These

four final state momentum configurations, (a), (b), (c), and (d), are shown in

Figure 2.11 in the center-of-mass frame. Point (a) is a point where particle 3 has

a larger portion of the available kinetic energy, and the angle between particles 1

and 2 is near 0 ◦. Point (b) is a point where the three particles share the available
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energy more equally. Events falling near this point are sometimes called “star

configuration” events. Point (c) is a point where particles 1 and 2 have most

of the available energy, traveling away almost back-to-back from one another,

and particle 3 has very small kinetic energy. Events that are near this point are

sometimes called “neutron spectator” events (with particle 3 being the neutron).

Point (d) is a point where either particle 2 (or particle 1) has most of the available

energy, and particles 1 (or 2) and 3 travel away together. With particles 1 and 2

the protons and particle 3 the neutron, events of this type are sometimes called

“quasi-two-body” events since a proton and the np pair are emitted almost back-

to-back.

Triangular Dalitz Plot

A triangular Dalitz plot is a convenient tool to display how the available kinetic

energy is shared among the three final state particles. Defining the relationship

between the coordinates (x, y) and the kinetic energy (T ) of the three particles

in the center-of-mass frame by

x =
1√
3

T cm
1 − T cm

2

T cm
tot

and

y =
T cm

3

T cm
tot

,

results in a scatter plot of y vs. x for the kinematically allowed points for 3He(γ, n)pp

at Eγ = 12.8 MeV (phase space only) shown in Figure 2.12 on page 56. The three
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axes for particles 1, 2, and 3 indicated in the figure denote the fraction of the

total center-of-mass kinetic energy possessed by each particle. Thus the axes run

from 0 to 1 as shown. The four phase-space final-state configurations, (a), (b),

(c) and (d) are also labeled on the triangular Dalitz plot in Figure 2.12. In this

plot, it is easier to visualize how the three particles share the available energy. For

example, it is easy to see that with the phase-space point denoted as (b) particle

2 has a slightly higher kinetic energy than particle 1. This observation is verified

by noting that the length of the momentum vector for particle 2 is greater than

that of particle 1 in (b) of Figure 2.11 on page 53.

Phase-Space Neutron Energy Distribution in the Lab Frame

Using the Dalitz plot (Figure 2.10 on page 52), a neutron energy distribution of

phase-space only events can be generated at a given lab angle by employing the

relationships contained in Equations 2.32 to 2.35 and using Lorentz transforma-

tions to boost the 4-vector for the neutron into the center-of-mass frame and then

into the lab frame. The neutron energy distribution at θ lab
n = 90 ◦ generated from

the phase-space events for the 3He(γ, n)pp reaction at Eγ = 12.8 MeV is shown in

Figure 2.13 on page 57. This is the general shape at any lab angle for the incident

γ-ray energies discussed in this work, with the only difference being the maximum

allowed neutron energy.

The phase-space distributions generated from the calculations outlined in this

chapter are compared to the experimental data in Chapter 6. An interpretation

of the results based on the comparison will be presented.
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Figure 2.12: Triangular Dalitz plot for phase-space-only events for the
3He(γ, n)pp reaction at Eγ = 12.8 MeV. Particles 1 and 2 are the protons, and par-
ticle 3 is the neutron. The four events labeled (a), (b), (c), and (d) are discussed
in the text.
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Figure 2.13: Phase space neutron energy distribution at θ lab
n = 90 ◦ for

3He(γ, n)pp at Eγ = 12.8 MeV. In the discussion in the text, the neutron is
denoted as particle 3.
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3
Description of the

Experiment

3.1 Introduction

In this experiment, differential cross sections for the three-body photodisintegra-

tion of 3He were measured as a function of outgoing neutron energy and angle at

the incident gamma-ray energies of 11.4 MeV, 12.8 MeV, 13.5 MeV, and 14.7 MeV.

Intense, nearly-monoenergetic beams of circularly-polarized gamma rays were pro-

duced by the High Intensity γ-ray Source (HIγS). These beams were collimated

to a diameter of 2.54 cm by two lead collimators located upstream of a 3He gas

target. Two 3He targets were utilized for these measurements. At Eγ = 11.4 MeV

a low-pressure 3He gas target enclosed inside a 39.8 cm long aluminosilicate glass

cylinder was used. Above 11.4 MeV the target used was a cylindrical aluminum

gas bottle filled with 170 bar of 3He gas. The outgoing neutrons resulting from the

3He(γ, n)pp reaction were detected in an array of 7 liquid scintillator detectors. A

simultaneous measurement of d(γ, n)p was made to monitor the γ-ray beam in-

tensity and to provide an absolute normalization for the 3He photodisintegration

reaction.
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3.2 The High Intensity γ-ray Source (HIγS)

The High Intensity γ-ray Source is located on the campus of Duke University

at the Duke Free Electron Laser Laboratory (DFELL) and is operated by the

Triangle Universities Nuclear Laboratory (TUNL). The facility utilizes Compton

backscattering of FEL photons from storage ring electrons inside the optical cavity

of a free electron laser (FEL) to produce intense beams of γ rays. This technique

was first demonstrated at the DFELL by V. N. Litvinenko et. al. in 1996 [Lit97].
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Figure 3.1: Schematic of the layout of the HIγS facility. The parts of the lab
which are relevant to γ-ray operation are labeled. The drawing is not to scale.

Since this initial demonstration, the facility has undergone many upgrades to

both the accelerator and FEL [Wel09]. These upgrades have allowed the facil-

ity to achieve total intensities in excess of 109 γ/s at 5 MeV and 15 MeV [Sta08],

exceeding the design specifications for the upgrades [Wu07]. In addition to the

substantial increase in beam intensities below 20 MeV1, the facility is now able

1γ-ray production below 20 MeV is referred to as no-loss mode, where electrons in the storage
ring are not scattered out of the ring due to collisions with FEL photons.
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Chapter 3. Description of the Experiment

to sustain high intensity beams above 20 MeV2. Furthermore, it is now possi-

ble to produce linearly and circularly polarized γ-ray beams with nearly 100 %

polarization.

A schematic of the layout of the HIγS facility is shown in Figure 3.1 on the

previous page. This figure will be referred to in Sections 3.2.1 to 3.3.3 on pages 60–

75.

3.2.1 FEL Production

Electrons, which eventually circulate inside the FEL storage ring, originate from

a photocathode microwave electron gun. The electrons, ejected from the gun

in bunches, are accelerated through the Linac. The Linac consists of 11 linear

accelerator sections which can be tuned to produce 0.18 GeV – 0.28 GeV electron

bunches.

Upon exiting the Linac, the electron bunches are directed into the booster

ring by the Linac-to-Booster (LTB) injector. The booster ring is a compact syn-

chrotron with a circumference of 31.9 m, and it provides the functions of ramping

up the energy of the electron bunches received from the LTB injector to the (de-

sired) full energy of the storage ring, and then injecting the electron bunches into

the storage ring at the full energy. It can be operated at the injection energies

of 0.18 GeV – 0.28 GeV and extraction energies up to 1.2 GeV. Inside the booster,

the energy of the electron bunches is ramped up using an RF cavity located on the

north straight section of the ring. The electron bunches are transferred from the

2Operation above 20 MeV is referred to as loss mode. Also see footnote 1 on the preceding
page.
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Chapter 3. Description of the Experiment

Table 3.1: Design and present operational parameters of the booster ring.

Parameter Value
Design Parameters:

Circumference 31.902 m
RF Frequency 178.55 MHz

Operational Parameters:

Injection Energy 0.18–0.28 GeV
Extraction Energy 0.18–1.2 GeV

booster ring to the storage ring via the Booster-to-Ring (BTR) extractor/injector.

The storage ring is a large synchrotron consisting of two straight sections and

two arc sections. The total circumference of the ring is 107.46m. An RF cavity

is located on the north straight section of the storage ring. This RF cavity is

used to restore energy which is lost by the circulating electrons in the form of

synchrotron radiation as the electron bunches travel through the arc sections.

The south straight section contains the components of two free electron lasers,

the OK-4 [Wu96, Lit96] and OK-5 [Lit01b] FELs, the electron buncher, and two

optical mirrors.

The OK-4 FEL consists of two planar wigglers and the electron buncher. It

produces linearly polarized photons, where the plane of polarization is parallel to

the floor of the laboratory. The OK-5 FEL consists of two helical wigglers [Lit01a]

and the electron buncher. It can produce either left- or right-handed circularly po-

larized photons. The current experiment utilized the OK-5 FEL and the circularly-

polarized photons it produces.

Electron bunches circulating inside the storage ring pass through the helical

wigglers of the OK-5 FEL. The magnetic field produced in the helical wigglers
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Chapter 3. Description of the Experiment

Table 3.2: Design and present operational parameters of the storage ring. The
radio frequency (RF) structure of the storage ring is discussed in the section
describing the time structure of the γ-ray beam on page 68.

Parameter Value
Design Parameters:

Circumference 107.46 m
Length of Straight Section 34.21 m
Length of Arc Section 19.52 m
RF Orbital Revolution Frequency 2.79 MHz
Number of RF Buckets 64

Operational Parameters:

One-bunch Mode FEL Operation
Two-bunch Mode HIγS Operation
Maximum One-bunch Current 95 mA
Maximum Two-bunch Current > 80 mA

causes the electrons to travel in a helical trajectory as they pass through the wig-

glers. Since the electrons are undergoing an acceleration imposed by the magnetic

field, they radiate energy in the form of photons. These photons have circular

polarization due to the helical motion of the electrons.

The main purpose of the buncher, which is located in between the two wigglers,

is to allow the electron bunches to become more compact. The buncher is a one-

period wiggler which has a stronger magnetic field than that of the wigglers. Once

the electrons inside the bunch exit the first wiggler and enter the buncher, their

paths are altered depending on their energies. The higher energy electrons will be

deflected less than the lower energy electrons. In other words, the higher energy

electrons will travel a shorter distance through the buncher than the lower energy

electrons. The result is a more spatially compact electron bunch.

Two highly reflective mirrors located on the axis of the south straight section
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define the optical cavity of the FEL. Photons radiated from the wiggled elec-

trons are captured inside this optical cavity. Each time an electron bunch passes

through the south straight section a photon bunch is created. This photon bunch

is reflected from the downstream mirror of the optical cavity. The photon bunch

then travels upstream inside the south straight section and reflects from the up-

stream mirror. The distance between the two mirrors is half the circumference

of the electron storage ring. This design feature allows the relativistic electron

bunch and the photon bunch radiated by the electron bunch to re-enter the first

wiggler at the same moment.

The round trip time of both the electron bunch and the photon bunch is the

same. As a result, the electrons and photons copropagate through the OK-5

together. While traveling through the first wiggler, the electrons interact with the

electromagnetic field of the photons. This interaction produces a force3 on the

electrons. Upon exiting the first wiggler, the electrons that once were distributed

throughout the full length of the bunch have begun to develop smaller “micro-

bunches” inside the full bunch due to the interaction with the photons. The

electron bunch enters the buncher next, and the buncher allows the micro-bunches

to become well defined in space. Upon entering the second wiggler, the electron

bunch has been separated into micro-bunches, and the distance between the micro-

bunches is approximately equal to the wavelength of the photons. As the electron

micro-bunches propagate through the second wiggler they radiate photons at the

optical frequency, producing coherent light. FEL gain is produced by repeating

3This force is referred to as the pondermotive force [Mar85].
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this process many times a second.

The Duke FEL has many applications in the areas of material science, bio-

physics, and biomedical research [Edw05]. The Duke FEL Laboratory also pro-

duces beams of γ rays for use in research in the field of nuclear physics, such as

in the current experiment.

3.2.2 γ-ray Production

Section 3.2.1 discusses the production of an FEL beam in the context of a sin-

gle electron bunch circulating around the storage ring. Gamma-ray beams are

produced by injecting two electron bunches into the storage ring. The bunches

are injected so that they are on opposite sides of the ring. For example, if the

first bunch were entering the north straight section of the ring, then second bunch

would be entering the south straight section. The trajectory of the second electron

bunch is tuned so that it collides head on with the photons radiated and amplified

by the first electron bunch. This collision point is just before the buncher and is

in a field-free region of OK-5. This is a Compton backscattering process which

produces γ rays in a tight cone along the direction of travel of the electron bunch.

The energy of a Compton-scattered photon can be derived from conservation

of energy and momentum and is given by

Eγ = Eph
1 + β

1 + Eph/Ee − (β − Eph/Ee) cos (θ)
(3.1)

where Eγ is the energy of the scattered γ ray, Eph is the initial energy of the FEL

photon, Ee is the initial energy of the electron, β is the velocity of the electron in
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units of the speed of light, and θ is the angle between the initial electron direction

and the final γ-ray direction (see Figure 3.2).

θ

Figure 3.2: Compton scattering of an FEL photon by an electron in the storage
ring. θ is the angle between the initial electron direction and the final γ-ray
direction.

For the case when γ = Ee/me c
2 ≫ 1 and θ is small, as is true for operations

at the HIγS facility [Lit97],

Eγ ≈ 4 γ2Eph

1 + (γ θ)2 + 4 γ Eph/me c2
. (3.2)

Equation 3.2 indicates that the energy of the outgoing γ ray is peaked at θ =

0 ◦ and is strongly dependent on the angle of the outgoing γ ray. This strong

dependence on θ allows the use of a collimator, placed at a large distance from

the collision point, to define the energy resolution of the beam. In fact, a γ-ray

beam produced by scattering Eph = 2.79 eV FEL photons from Ee = 585 MeV

electrons would produce a beam of γ rays whose energy varies from 14 MeV to

2 MeV in an angle of θ = 2 mrad. The edges of a 1 in diameter collimator would

correspond to an angular separation of approximately 0.2 mrad if placed at a
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distance of 60 m from the collision point.

3.2.3 γ-ray Beam Properties

HIγS is an attractive facility for nuclear physics research using γ-ray beams. High

intensity, high resolution beams can be delivered in the energy range of 1 MeV–

84 MeV. The beam size and energy resolution can be defined by the use of a

collimator located about 60 m downstream of the collision point. The γ-ray beams

produced at HIγS are nearly 100 % polarized. The type of polarization, linear or

circular, is determined by running with OK-4 (linear) or OK-5 (circular). The

pulsed nature of the HIγS beams allows time-of-flight (TOF) techniques to be

employed.

Energy Spread

Figure 3.3 on the next page shows the result of a γ-ray beam energy measure-

ment at 12.8 MeV using a 142 % HPGe detector placed directly in the beam (with

reduced beam intensity). The beam was collimated using a 3 mm diameter lead

collimator. The characteristics for the response of the detector to the beam are

labeled in the figure. A Gaussian fit to the full energy peak of the spectrum re-

turns a value for the FWHM of 165 keV. This indicates that the beam resolution

was 1.3 %. The energy resolution of this detector is about 5 keV for 12 MeV γ rays.

Thus the line width is a direct measure of the beam energy spread.

The results shown in the figure on the following page are consistent with those

in [Lit97] where it is demonstrated “that a simple collimator can be used to
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Figure 3.3: Full γ-ray spectrum at 12.8 MeV measured by a HPGe detector.
The portions of the detector response to the beam are labeled.

generate nearly monochromatic γ rays having a FWHM energy resolution on the

order of 1 %”.

To provide increased beam intensity on target, larger diameter collimators

were used for this experiment. See Section 3.3.2 on page 72 for a description of

the collimators used.

Intensities

The HIγS facility produces beams of high intensity within a narrow range of ener-

gies. HIγS utilizes Compton scattering inside the optical cavity of the FEL which

gives it an advantage over other facilities that produce beams by scattering pho-

tons originating in an external laser off of high energy electrons. Bremsstrahlung
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facilities can produce high total intensity beams, but these beams are spread over

a wide energy range. HIγS produces the highest γ-ray intensities per MeV in the

world in the energy region where it can operate.

Polarization

The HIγS facility can produce γ-ray beams with linear or circular polarization.

In both cases, the degree of polarization is nearly 100 %. Linear polarization is

produced by two planar wigglers. Linear polarization has been used in nuclear

structure experiments, Compton scattering experiments, and experiments measur-

ing polarization observables in photonuclear reactions. Circularly polarized beams

were first produced on August 14, 2005. This type of polarization is produced by

two helical wigglers. Circular polarization can be used in double polarization ex-

periments, where the target is also polarized, as well as unpolarized cross section

measurements since for unpolarized targets, they are identical in their interactions

to unpolarized beams (except for parity violation effects).

Time Structure

The γ-ray beams produced at HIγS are pulsed beams with a time structure defined

by the orbital revolution frequency of the storage ring. The RF frequency of the

storage ring is 2.79 MHz with 64 buckets in which electrons can be injected (see

Table 3.2 on page 62). During γ-ray production, electrons are injected into buckets

1 and 32. This places the electron bunches on opposite sides of the storage ring,

and thus giving bursts of γ rays every 179 ns. The pulsed nature of the γ-ray

beam allows the TOF of reaction products to be measured on an event-by-event
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basis. Timing measurements can aid in particle identification and in determining

the kinetic energy of massive particles. For instance, in the current experiment

the flight time of γ rays that are Compton scattered from the target is shorter

than the flight time of neutrons resulting from a 3He(γ, n)pp event. In addition,

neutrons of differing energy will possess different flight times.

3.3 Attenuators, Collimators, and Target Room

3.3.1 Copper Attenuator System

The primary function of the HIγS copper attenuator system is to attenuate the γ-

ray beam by a known amount. The system was installed just after the downstream

mirror of the FEL optical cavity, which is inside the storage ring shielding walls

(see Figure 3.1 on page 59). At this location, the attenuators are about 50 m

from the target room. The system consists of 6 (natural) copper cylinders that

can be placed in the beam individually or in any multiple combination desired.

The attenuators are remotely controlled by the experimenter. A schematic of the

system is shown in Figure 3.4 on the next page. Attenuator 1 has a length of

2.45 cm. Attenuator 6 is 4.90 cm long, and attenuators 2–5 are each 8.00 cm long.

The length of each attenuator is known to 1 %. These lengths were chosen so that

cylinder 1 will attenuate the beam by a factor of 2 at Eγ = 5 MeV, cylinders 2–5

by a factor of 10, and cylinder 6 by a factor of 4.

With one or more of the attenuators placed in the beam, a γ-ray detector
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Figure 3.4: Schematic of the Cu attenuator system. The attenuators are labeled
1 through 6 from left to right along with their respective attenuation factors at
Eγ = 5 MeV.

(e.g., NaI(Tl) or HPGe) can be placed directly in the beam4. Using the in-beam

detector, properties of the γ-ray beam, such as energy, energy full-width at half-

maximum (FWHM), and beam intensity can be extracted. With the attenuator

system installed 50 m upstream inside the FEL storage ring shielding walls, neu-

tron and γ backgrounds due to the interaction of γ rays with the Cu attenuators

are not a concern for an in-beam detector in the target room since very few of the

scattered γ rays and photoneutrons reach the detector.

The attenuation factor as a function of γ-ray energy of each Cu cylinder must

be known to make precise measurements of the beam intensity. Measurements

4The rates of detectors placed in the beam would be much too high to handle without the
attenuators scattering away much of the incident beam intensity.
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Figure 3.5: Measured attenuation factor as a function of γ-ray energy for an
8.00 cm long Cu cylinder. The errors are statistical only and equal to the size of
the points. The black curve is a calculation of the attenuation factor using the
NIST web program XCOM [Ber98].

of the attenuation factor of one of the 8.00 cm long attenuators were performed

using a 10 in × 14 in NaI(Tl) detector [Sta08]. The results of the measurements

are shown in Figure 3.5, where the measured attenuation factors are compared to a

total attenuation curve calculated by the NIST web program XCOM [Ber98]. This

program uses a photon cross sections database constructed from a combination

of a number of published theoretical cross sections.5 The agreement between

the measured values and the calculation is quite good. With the inclusion of

systematic uncertainties, the error in the measured attenuation factors for the

5See the references in [Ber98].
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HIγS attenuators is ±2 %.

In performing the attenuation factor measurements, different combinations

of the 8.00 cm attenuators were placed in the beam. It was determined that

using different combinations of multiple attenuators had no measurable effect on

the primary γ-ray beam, other than to remove γ rays from the beam. A major

concern that was addressed was whether the use of the attenuators would increase

the beam energy spread. At Eγ = 8 MeV no increase was found in the FWHM of

the beam due to the presence of one or more attenuators. This was determined

using a high-purity germanium detector (HPGe). First, the HPGe detector was

placed in a γ-ray beam of reduced intensity and with all the attenuators out of the

beam. Then, the beam intensity was increased and an attenuator was placed in

the beam. The resulting peak in each in-beam spectrum was fit with a Gaussian

to extract the measured FWHM.

The total unattenuated γ-ray beam intensity can be determined from a NaI(Tl)

detector placed directly in the beam by using the measured attenuation factors.

How the NaI(Tl) detector was used in the current experiment is discussed in

Section 3.6.1 on page 98.

3.3.2 Collimator Hut Layout

The collimator hut houses the primary collimator(s) for the beam, a lead “clean-

up” collimator, an electron sweeping magnet, an alignment laser, and the 3-paddle

beam intensity monitoring system. The 3-paddle system is discussed in Sec-

tion 3.6.2 on page 100. The collimator hut is located approximately 60 m down-
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stream of the electron-photon collision point in the FEL optical cavity (see Figure

3.1 on page 59). A schematic of the layout of the collimator hut (as set up for the

current experiments) is shown in Figure 3.6.
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Figure 3.6: Schematic of the layout of the collimator hut. The γ-ray beam
travels from left to right. The drawing is not to scale.

The γ-ray beams produced at HIγS are collimated by one or more primary

collimators inside the collimator hut. These collimators are typically made of

lead, but aluminum and copper collimators have been used as well. In the current

experiments two lead collimators with 7/8 in diameters (Eγ = 11.4 MeV) or 1 in

diameters (Eγ = 12.8, 13.5, and 14.7 MeV) were used to define the beam size

and energy spread. Figure 3.7 on the following page is a photograph of the 1 in

diameter collimators used in the higher energy experiment. The collimators were

aligned with the axis of the γ-ray beam with the aid of a helium-neon alignment

laser mounted inside the collimator hut. The alignment procedure is discussed in

Section 3.3.4 on page 79.

The γ rays originating at the collision point travel down an aluminum beam

pipe held at high vacuum to the collimator hut. The 4 in diameter evacuated
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Collimators

Magnet

"Clean Up" Collimator

Figure 3.7: Photograph of the two lead collimators used for the current exper-
iment inside the collimator hut. Each collimator is enclosed inside an aluminum
housing. The green enclosure in the photograph contains the electron sweeping
magnet, and the lead “clean-up” collimator can (barely) be seen behind the mag-
net. The γ-ray beam travels from left to right.

beam pipe extends through the front wall of the collimator hut and is capped off

with a thin aluminum cap just after the wall. The γ rays exit the beam pipe

here and travel through the air until they are intercepted by a beam dump at

the rear of the target room. Upon exiting the vacuum pipe the γ-ray beam is

collimated by the primary collimator(s) and then passes through a ∼ 0.1 Tesla

magnet. The purpose of this sweeping magnet is to sweep away any high energy

electrons created by interactions with upstream materials. After the sweeping

74



Chapter 3. Description of the Experiment

magnet the beam travels through a lead wall with a 2 in diameter hole in the

center. This lead wall functions as a “clean-up” collimator which attenuates any

γ rays that are scattered from the primary collimator. The γ-ray beam then

strikes the 3-paddle system which is discussed in Section 3.6.2 on page 100. The

beam exits the collimator hut through a hole in the rear wall of the hut.

3.3.3 Target Room

The target room is where the targets and detectors were set up during the experi-

ment. The components of the experimental setup for the experiment at Eγ = 12.8,

13.5, 14.7 MeV are shown in the schematic in Figure 3.8 on the next page and in

the photograph in Figure 3.9 on page 77. The components for the experiment at

Eγ = 11.4 MeV are shown in the schematic in Figure 3.10 on page 78.

The primary setup for the experiment carried out at the higher γ-ray energies

is shown on the left of the schematic in Figure 3.8. The green rectangles on the

far left represent lead walls that shield the primary detectors from γ rays that

scatter from the collimator and other upstream materials. The primary detectors

were placed at the angles of 50 ◦, 75 ◦, 90 ◦, 105 ◦, 130 ◦, and 160 ◦. The primary

targets were mounted on a target actuator in the center of the detector array.

The target actuator was remote controlled and was used to rotate three dif-

ferent targets into the beam. The movement of the actuator was provided by a

computer-controlled precision stepper motor. The axis of the stepper motor shaft

was placed at an angle of 56 ◦ relative to the γ-ray beam direction. This angle was

chosen to allow each detector an unobstructed view of each target when moved
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Figure 3.8: Schematic of the experimental setup in the target room for the
Eγ = 12.8 MeV, 13.5 MeV, and 14.7 MeV runs. The primary setup (targets and
detectors) is shown on the left. The beam intensity monitor setup is shown on the
right. The green blocks upstream of the primary detectors are lead shielding walls
supported underneath by concrete blocks. The green blocks located on either side
of the beam intensity monitor detectors are shielding walls made of lead.

to the center. The three targets were mounted on an aluminum plate which rides

on top of two pillow block rails. In the center of the mounting plate a D2O target

or aluminum rod was mounted. The 3He target was placed to the left of center,

and the empty target bottle was placed to the right of center. The targets are

discussed more in Section 3.4 on page 80.

A 10 in × 14 in NaI(Tl) detector was set up about 1.5 meters downstream

of the primary target. This detector was also placed on rails and was moved in

and out of the beam remotely. This detector was used in γ-ray beam intensity

measurements and to verify the γ-ray energy. For more information on how the
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Figure 3.9: Photograph of the experimental setup in the target room for the
Eγ = 12.8 MeV, 13.5 MeV, and 14.7 MeV runs. The yellow gas bottle on the left of
the target actuator is the primary 3He target, and the yellow bottle on the right
is identical to the one on the left filled with only air. The primary D2O target can
be seen between the gas bottles. The NaI(Tl) detector and the beam intensity
monitor setup can be identified in the top of the photograph.

NaI(Tl) detector was employed, see Sections 3.3.1 on page 69 and 3.6.1 on page 98.

The target for the beam intensity monitor setup was placed about 1 meter

downstream of the NaI(Tl) detector. Figure 3.24 on page 103 shows a photograph

of the beam intensity monitor setup. The setup consists of a D2O target, two 5 in

diameter Bicron BC-501A liquid-scintillator neutron detectors, and lead shielding

walls. The detectors were mounted at 90 ◦ on the beam left and beam right.

Upstream lead shielding walls were constructed to block γ rays scattered from
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Figure 3.10: Schematic of the polarized target experimental setup for the
experiment at Eγ = 11.4 MeV.

any materials upstream of the monitor detectors. The shielding walls built on

the downstream side of the detectors shielded the detectors from γ rays that are

backscattered from the beam dump which is located in the back wall of the target

room. See Section 3.6.3 on page 102 for further discussion of the beam intensity

monitor system.

The setup for the experiment at Eγ = 11.4 MeV had many of the same com-

ponents as the one at the higher γ-ray energies with the additional apparatus for

the polarized target. The low-pressure 3He target was mounted in the center of

an array of 7 Bicron neutron detectors located at the angles of 50 ◦, 75 ◦, 90 ◦,

105 ◦, 130 ◦, 145 ◦, and 160 ◦. The additional apparatus needed for the operation
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of the polarized target are discussed in the paper by Kramer et al. [Kra07]. The

primary purpose of the experiment at Eγ = 11.4 MeV was to investigate double-

polarization observables. The resulting polarized data were analyzed by another

experimenter while this author extracted the unpolarized observables by averaging

over the target polarizations.

3.3.4 Alignment of the Experimental Apparatuses

Aligning the collimators, 3-paddle, targets, and detectors to the γ-ray beam axis

was accomplished through the use of two alignment lasers.

The first alignment laser was mounted inside the collimator hut (see Figure 3.6

on page 73). The beam emitted from the laser was reflected onto the γ-ray beam

axis by mirrors. The alignment mirror for this laser beam was mounted to the

end of the vacuum pipe extending through the front wall of the collimator hut.

Fine adjustment knobs attached to the alignment mirror allowed the laser beam

direction to be adjusted. The alignment mirror was directed so that the laser spot

was centered on a fudicial target mounted directly in front of the beam dump in

the rear of the target room. The fudicial target defines the center of the γ-ray

beam axis, and was placed at its position in the target room by an extrapolation

of the γ-ray beam axis carried out by the FEL technicians using various methods.

Once adjusted, the laser beam defines the nominal axis of the γ-ray beam.

The second alignment laser was mounted about a foot above the fudicial target

in the rear of the target room. This device was a self-leveling laser that produced

a vertical laser line extending from the floor to the ceiling along the γ-ray beam
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axis. This laser line was aligned to fudicial targets mounted on the front wall of

target room, which define the vertical plane parallel with the γ-ray beam, as well

as to the beam produced by the alignment laser mounted in the collimator hut.

The laser line can be seen in the photograph of Figure 3.24 on page 103.

Once the lasers were aligned to the fudicial points, they were used to align all

the apparatuses used in the experiment.

3.4 Targets

A few different targets were used in the experiment. Along with the primary 3He

targets, aluminum and heavy water targets were also used. These targets and

their uses are described in the following sections.

3.4.1 Heavy Water Target

A D2O target was placed at the center of the detector array at each γ-ray energy

to produce neutrons from the photodisintegration of the deuteron. This target

was a 4.74 cm long, 4.08 cm diameter polyethylene cylinder with a wall thickness

of 0.7 mm containing heavy water.

Since d(γ, n)p is a two-body reaction, the outgoing neutrons are monoener-

getic. The neutron energy, and thus the time of flight, can be calculated from the

reaction kinematics at each scattering angle being measured. This information

aided in the calibration of the TDC.
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3.4.2 Aluminum Target

Once data were taken with the D2O target, it was removed and a 1.27 cm diameter

aluminum rod was placed at the target center. This aluminum rod served as a

Compton scattering target during the experiment. Periodically, this target was

placed in the beam and data was collected for about a minute. The Compton

scattered γ rays entering the detector produce a sharp peak (the rod was essen-

tially a point target) in the TDC spectra. This peak was used to indicate the zero

point of the TDC calibration.

3.4.3 High-pressure 3He Target

The 3He target used at the γ-ray energies of 12.8 MeV, 13.5 MeV, and 14.7 MeV

was 0.4 L (water) capacity cylindrical bottle filled with 170 bar of helium gas.

A photograph of this target is shown in Figure 3.11 on the next page. The

pressurized gas inside the bottle was 99.87 % 3He, with the total helium content

being greater than 99.999 %. The bottle was approximately 22.7 cm in length with

a 6.5 cm outer diameter. The walls of the container were about 0.5 cm thick. The

cylinder was made of aluminum alloy 6082. An aluminum gas bottle was used

as the target vessel instead of steel because aluminum alloys contain a negligible

amount of 57Fe. The photoneutron cross section for 57Fe is roughly 9 times6 that

of 3He at these energies. Use of a steel target bottle would have resulted in an

overwhelming neutron background.

A second aluminum bottle that did not contain 3He was also placed in the

6It is around 7 mb at E
γ

= 12.8 MeV.
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Figure 3.11: Photograph of the high-pressure target used in the experiment at
Eγ = 12.8, 13.5, 14.7 MeV.

beam periodically. The data acquired with this target in the γ-ray beam was used

in the background subtraction step of the analysis.

3.4.4 Low-pressure 3He Target

An approximately 10 bar 3He target was used at Eγ = 11.4 MeV. The target

was a 39.8 cm long, 1.63 cm diameter cylinder made from GE180 aluminosilicate

glass. A photograph of the target is shown in Figure 3.12 on the following page.

This target was developed by Kramer et al. [Kra07] for use in double polarization
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Figure 3.12: Photograph of the low-pressure GE180 glass target used in the
experiment at Eγ = 11.4 MeV.

experiments at HIγS. Data were taken with the 3He in the target polarized.

Analysis of the double polarization data was performed by another experimenter.

The analysis of the unpolarized data, i.e. averaged over target polarization, was

part of the present study and is discussed in Chapter 5.

As with the high-pressure target, a second glass target containing no 3He was

used to find the glass-related background.

3.5 Neutron Detectors

Seven neutron detectors were used in the main experimental setup, and two neu-

tron detectors were used in the beam intensity monitor setup in the back of the

target room. All of these detectors were organic liquid scintillator cells coupled

to photomultiplier tubes.
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3.5.1 Physical Construction
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Figure 3.13: Schematic of the Bicron liquid scintillator neutron detector used
in the experiment. All dimensions are given in centimeters. The drawing is not
to scale.

The liquid scintillator cells were purchased from Bicron Corporation7 and filled

with BC-501A before being shipped to TUNL. The cells are simple aluminum

cylinders with an aluminum plate at one end and a glass window at the other

end. The active volume of each cell has a diameter of 12.68 cm and a depth of

5.08 cm. A Teflon tube is attached to the fluid volume and coiled around the

cell to allow for thermal expansion. Some fluid is inside the tube to prevent air

bubbles from entering the active volume of the cell. All surfaces of the interior

of the cell, except for the glass window are coated with BC-622 reflective paint.

7Bicron was purchased by Saint-Gobain in 1990. In 2000, Bicron was brought under the
business name of Saint-Gobain Crystals & Detectors.
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The glass surface of each cell is directly coupled to a Hamamatsu Photonics model

R1250 PMT with optical grease. A magnetic µ-metal shield encloses the PMT

and base assembly of the detector. Flanges on the scintillator cell and µ-metal

enclosure are joined with screws to ensure the coupling of the PMT to the cell.

3.5.2 Characteristics of BC-501A

The technique of detecting ionizing radiation by the use of scintillation detectors

has been used for many years, and this technique remains one of the most useful

today. Some of the characteristics of the BC-501A scintillating liquid that makes

it appealing for use as a neutron detector are as follows [Kno00].

High hydrogen content: Since neutrons carry no electric charge, they do not

interact with the electrons present in a medium through the Coulomb force

like heavy charged particles. Instead, fast neutrons must interact with a

nucleus within the medium, usually by elastic scattering.8 In the elastic

scattering of a neutron with a nucleus, the neutron can transfer a detectable

amount of energy to the recoiling nucleus. In a collision with a hydrogen

nucleus a neutron can give up to all of its energy to the proton. A collision

with a heavier nucleus will only transfer a portion of the kinetic energy of

the neutron. This can be verified by substituting θ = 0 ◦ in the equation

below (Equation 3.3 on the next page).

Through conservation of energy and momentum, the energy of a nucleus

8Specialized recoil detectors can be used to detect fast neutrons with energies above 1 keV.
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recoiling from a collision with a nonrelativistic neutron is given by

ER =
4A

(1 + A)2

(

cos2 θ
)

En (3.3)

where ER is the kinetic energy of the recoiling nucleus, A is the mass number

of the target nucleus, θ is the recoil angle of the nucleus, and En is the kinetic

energy of the incoming neutron.

High light output: Elastic scattering of incoming neutrons with nuclei in the

BC-501A liquid results in recoiling heavy charged particles (as opposed to

electrons) traveling through the liquid. These recoiling nuclei transfer their

kinetic energy to the BC-501A medium, and a small fraction of the energy

lost is converted into fluorescent energy. The fluorescent light is collected by

a PMT viewing the scintillator. BC-501A is one of the most efficient liquid

scintillators for converting the energy lost by recoiling nuclei to visible light.

Section 3.5.3 on page 88 gives further discussion of the light output response

of the Bicron neutron detectors used in the present experiments.

Low self-absorption: The energy level structure of the organic molecules present

in BC-501A arise from certain symmetry properties of the molecules [Bir64].

The energy level structure is such that the wavelengths of the emission

spectrum are longer than those of the absorption spectrum, with very little

overlap. Therefore, self absorption is not a problem.

Fast timing response: The detector pulse shape resulting from the collection of

scintillation light is mainly due to the prompt fluorescence that is emitted
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from molecules in the scintillator. If τ represents the decay time of the

prompt fluorescence, then the intensity at a time t following excitation of a

molecule is

I = I0 e
−t/τ , (3.4)

where τ is in nanoseconds. The decay constant for BC-501A is τ = 3.2 ns.

With this short decay constant, the Bicron detectors can be used in situa-

tions requiring fast timing, such as time-of-flight measurements, as well as

in high-count-rate environments.

Good pulse shape discrimination: In addition to sensitivity to neutrons, the

Bicron detectors are also sensitive to γ rays. Since the constituents of BC-

501A are low-Z materials (hydrogen and carbon), the photoelectric cross

section is very low. This means that γ rays primarily interact with the

scintillator by Compton scattering. In liquid scintillators, the pulse shape

resulting from a Compton electron differs from the pulse shape resulting

from a recoiling proton. Exploiting this fact in the Bicron detectors allows

unwanted γ-ray events to be discriminated against. Section 3.5.5 on page 96

gives details about how pulse-shape discrimination (PSD) is employed in the

current experiment.

Table 3.3 on the following page gives the basic properties of the BC-501A scin-

tillating liquid compared to anthracene. Anthracene is one of the oldest organic

materials used for scintillation purposes. It also has the highest light output per

unit energy of any known organic scintillator [Kno00].
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Table 3.3: Properties of BC-501A compared to anthracene. Quantities taken
from [Kno00].

Light Wavelength Decay
Output (% of Max Constant H/C

Scintillator Anthracene) Emission (nm) (ns) Ratio Density

Anthracene 100 447 30 0.715 1.25

BC-501A 78 425 3.2 1.212 0.874

3.5.3 Light Output Response

Measurements of the light output response of the Bicron detectors were per-

formed at the Physikalisch-Technische Bundesanstalt (PTB) in Braunschweig,

Germany [Tro09]. From these studies light yield curves were generated for pro-

tons, deuterons, alphas, beryllium nuclei, carbon nuclei, boron nuclei, and elec-

trons. The light yield is given in units of MeV electron equivalent ( MeVee ).

One MeVee is the amount of light energy generated by an electron having kinetic

energy of 1 MeV. Figure 3.14 on the next page shows the the light yield for a

recoiling proton inside one of the Bicron detectors as a function of proton energy.

In general, the response of an organic scintillator to charged particles can be

described by a relation between the light output per unit length, dL/dx, and the

energy loss for the charged particle, dE/dx. A widely used relation, referred to

as Birks’ formula [Bir64], is given by

dL

dx
= S

dE

dx

(

1 + kB
dE

dx

)−1

, (3.5)

where S is the scintillation efficiency. Two assumptions are made in forming the
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Figure 3.14: Light output curve for a recoiling proton generated from the
measurements carried out at the PTB in Germany.

equation on the preceding page. The first assumption is that a high ionization

density is present along the track of the particle, leading to quenching from dam-

aged molecules. The density of the damaged molecules is directly proportional to

the ionization density and is represented by B (dE/dx), where B is a constant of

proportionality. Birks assumes that a fraction k will lead to quenching. The effect

of the
(

1 + kB dE
dx

)−1
term in Equation 3.5 on the previous page is to reduce the

light output per unit length. The second assumption is implicit in the equation.

Setting k equal to zero results in dL/dx being directly proportional to dE/dx.

Semi-empirical formulas have been introduced to match experimental data
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more closely [Cra70]. This is an extension to Birks’ formula

dL

dx
= S

dE

dx

[

1 + kB
dE

dx
+ C

(

dE

dx

)2
]−1

. (3.6)

The quantities kB and C are treated as adjustable parameters used to fit experi-

mental data for specific scintillators. The total light output, L(E), is then given

by

L(E) =

∫ R

0

dL

dx
dx, (3.7)

where E is the energy of the incident particle and R is the total path traveled in

the detector.

The light generated by a particle interacting with the scintillator is viewed by

a PMT, which is optically coupled to the scintillator cell. The PMT converts the

light pulse into an electronic signal pulse. The heights of the signal pulses from

the detectors are recorded during an experiment. If the light output increases

linearly with energy deposition, then the pulse height distribution resulting from

single neutron-proton scattering in the detector would be a simple rectangle for

En < 10 MeV [Kno00]. An example of this type of pulse height distribution is

shown in Figure 3.15 on the following page.

In reality, the pulse height distribution is distorted from this rectangular shape.

Some of the factors that distort the distribution are as follows.

Nonlinear light output: As can be seen in Figure 3.14 on the previous page,

the light output of the Bicron detectors is not a linear function of energy.

The nonlinear behavior of the detectors distorts the pulse height distribution
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Figure 3.15: Pulse height (PH) distribution of recoiling protons produced by
monoenergetic neutrons assuming linear light output response.
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Figure 3.16: Distortion of pulse height (PH) distribution of recoiling protons
produced by scintillator nonlinearity. The dashed curve is the distribution without
distortion.
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Figure 3.17: Distortion of pulse height (PH) distribution of recoiling protons
produced by neutrons scattering from carbon nuclei. The dashed curve is the
distribution without distortion.
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Figure 3.18: Distortion of pulse height (PH) distribution of recoiling protons
produced by the finite resolution of the detector. The dashed curve is the distri-
bution without distortion.
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similar to what is shown in Figure 3.16 on page 91.

Scattering from carbon nuclei: Since organic scintillators contain carbon as

well as hydrogen, incident neutrons can scatter from carbon nuclei inside the

detector. Particles with high dE/dx will not generate much light (refer to

Equation 3.6 on page 90), and thus recoiling carbon nuclei will not contribute

much to the light output of the detector. A distortion to the pulse height

distribution does arise since the scattered neutrons first lose kinetic energy

in a collision with a carbon nucleus and then collide with a hydrogen nucleus.

By inserting A = 12 and θ = 0 ◦ into Equation 3.3 on page 86, it is found

that the neutron can lose up to 28 % of its energy by scattering from carbon.

The maximum energy of a subsequent recoiling proton will be between 72 to

100 % of the neutron energy. This results in a distortion to the pulse height

spectrum as shown in Figure 3.17 on the previous page.

Multiple scattering from hydrogen: As discussed previously, it is possible for

neutrons entering the detector to undergo multiple scatters in the active

volume of the detector. Multiple scattering from hydrogen will increase the

average pulse height since the light from each proton recoil is summed to

produce a pulse that is proportional to the total light output.

Finite detector resolution: The distortion introduced to the pulse height dis-

tribution by the finite resolution of the detector is shown in Figure 3.18 on

the preceding page. The detector resolution is imperfect due to factors such

as nonuniform light collection, photoelectron statistics, and other sources of

noise.
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Figure 3.19 shows the measured pulse height distribution of one of the Bicron

detectors for an incident neutron energy of 8.0 MeV as reported in Trotter et

al. [Tro09]. The distortions discussed above can be identified in this figure.
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Figure 3.19: The measured pulse height (PH) distribution of a Bicron detector
for an incident neutron energy of 8.0 MeV as reported in Trotter et al. [Tro09].

3.5.4 Efficiency

Each event stored in the histogram in Figure 3.19 represents a neutron that has

entered the detector and interacted with the active volume producing enough

light to be detected. Each neutron detected had a kinetic energy of 8.0 MeV.

The discrimination threshold can be seen in this figure to be located near channel

number 10. The integral of this histogram divided by the number of neutrons
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striking the active volume of the detector would be the neutron detection efficiency.

If the pulse height threshold were raised the integral would be smaller, resulting

in a lower efficiency. It follows that the neutron detection efficiency is dependent

on the discrimination threshold chosen. Figure 3.20 shows the dependence of the

neutron detection efficiency on pulse height threshold as calculated for the Bicron

detectors.
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Figure 3.20: Calculated neutron efficiency of a Bicron detector as a function of
incident neutron energy for differing discrimination thresholds. A “one-cesium”
pulse height threshold is considered to be equal to 0.517 MeVee. See Section 5.3
on page 140 for a definition of a “one-cesium” threshold.

Precise knowledge of the pulse height threshold is needed in order to know the

efficiency of the detector. The technique of measuring and setting thresholds for

the current experiment is discussed in Section 5.3 on page 140.
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3.5.5 Pulse Shape Discrimination (PSD)

Organic scintillators react to ionizing particles by emitting scintillation light. Most

of the emitted light results from prompt fluorescence, but some of the light results

from delayed fluorescence. The light intensity as a function of time can represented

by the sum of two exponential decays of the form of Equation 3.4 on page 87.

The prompt component will typically have a characteristic decay time of a few

nanoseconds (3.2 ns for the Bicron detectors). The characteristic decay time of

the delayed component will be several hundred nanoseconds. Observations have

shown that the fraction of light in the delayed component depends on the type of

exciting particle and the rate of energy loss of the exciting particle [Bol61].

Figure 3.21 on the next page illustrates the difference in pulse shapes (light

intensity) resulting from interactions of γ rays and neutrons. Neutrons, producing

recoiling protons with larger dE/dx, will have a larger delayed component than

γ rays.

PSD was used in the current experiment to identify γ-ray and neutron events

in the data. The γ-ray events were discarded in the analysis in order to isolate

neutron events. See Section 5.4 on page 147 for a discussion of the analysis pro-

cedure. The method of pulse-shape discrimination employed is a “zero-crossing”

or “crossover” method [Rub07]. This was accomplished through an electronics

circuit built inside a commercially available pulse-shape discriminator module,

MPD-4, manufactured by mesytec [mes08]. Details about how this module was

used in the experiment electronics can be found in Section 3.7.3 on page 106.

After a pre-amplifier and a gain stage, the input pulse is split into two branches.
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Figure 3.21: The time dependence of scintillation pulses, similar to those in
BC-501A, resulting from excitations due to neutrons and gammas.

One branch utilizes a CFD to trigger the start of an internal TAC. The second

branch is connected to a 6th order trapezoidal filter, which shapes the input pulse

while filtering out noise and preserving the rise and decay times of the input pulse.

The first 20 ns of the signal, corresponding to the prompt component, is integrated

and subtracted from the shaped pulse. The time at which this pulse crosses zero

provides the stop to the internal TAC and is only a function of the shape of

the input pulse and not on the amplitude. Thus, the time interval between the

beginning of the pulse and the zero crossover point is measured and converted to

an amplitude by an internal TAC. Since a neutron pulse would have a longer tail

than a γ-ray pulse, its output TAC amplitude would be greater than the output
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produced by the γ-ray pulse.

3.6 Beam Monitoring

3.6.1 NaI(Tl): Beam Energy and Intensity

A 10 in × 14 in NaI(Tl) detector9 was used during the experiment to check the

beam energy. After each change in γ-ray energy, the NaI(Tl) was placed directly

into the attenuated beam10. The beam was attenuated by factors between 1,000

– 40,000. An in-beam NaI(Tl) spectrum taken at Eγ = 13.5 MeV is shown in

Figure 3.22 on the following page. The full energy peak can not be resolved

from the Compton continuum in the NaI(Tl) spectrum due to the poor energy

resolution of the detector at higher energies. The NaI(Tl) spectrum was energy

calibrated using a radioactive 241Am/Be source and γ-ray background lines. The

right side of the γ-ray response peak was correlated with the γ-ray energy once

the spectrum was calibrated.

Beam intensity estimates were made using the NaI(Tl) detector in conjunction

with the copper attenuators discussed in Section 3.3.1 on page 69. By putting

4 or 5 attenuators into the beam, the beam intensity is reduced sufficiently so

that the NaI(Tl) detector can be placed directly in the beam. The beam intensity

can be estimated by assuming that every non-background event recorded corre-

sponds to a γ ray interacting with the detector, then correcting for dead time and

9The detector can be seen in the photograph in Figure 3.24 on page 103.

10See Section 3.3.1 on page 69
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Figure 3.22: Spectrum taken at Eγ = 13.5 MeV with the NaI(Tl) detector
placed directly in the attenuated γ-ray beam. The response of the detector to the
beam is shown. Also visible are some common natural γ-ray background lines in
the low energy portion of the spectrum.

extrapolating to the unattenuated beam intensity using the known attenuation

factors. Due to high rates in the detector and large systematic error associated

with the total attenuation factor, the error on the beam intensity determined in

this manner was estimated to be 10 % to 15 %.

The NaI(Tl) detector can not be used as a real time beam intensity monitor

since the beam intensity must be reduced by more than three orders of magnitude

for these measurements. The system used to monitor the γ-ray beam intensity in

real time was the d(γ, n)p system. This system is discussed in Section 3.6.3 on

page 102.
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3.6.2 3-Paddle System: Relative Beam Intensity Monitor

Figure 3.23: Photograph of the 3-paddle system. The first two paddles have
two PMTs coupled to the scintillators. The third paddle only has a single PMT
attached. The red dot in the center of the first paddle is the beam from the
alignment laser mounted in the collimator hut. The γ-ray beam travels from left
to right.

The 3-paddle system is located at the back wall of the collimator hut. The

beam interacts with this detector system last before exiting the collimator room

and continuing on into the target room. The system consists of three BC-404

plastic organic scintillators formed into the shape of “paddles”, a thin converter

foil sandwiched between the first two scintillators, and 5 PMTs coupled to the

three scintillators. The first two paddles are very thin. Each is coupled to two
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PMTs via plastic light guides. The third paddle is thicker than the first two and

is coupled to a single PMT.

Figure 3.23 on the previous page shows a photograph of the 3-paddle system

inside the collimator hut. Paddles 1 and 2 each have a PMT mounted on opposite

ends of the scintillator. The two paddles were taped together at right angles,

forming an ‘×’. The third paddle was mounted behind the first two. The PMT

coupled to paddle 3 can be seen in the right side of the photograph.

This system served as a relative monitor of the γ-ray beam intensity during

the experiment. When correlated with beam intensity measurements made with

the NaI(Tl) detector at one γ-ray energy, the 3-paddle system can also be used to

find an order of magnitude estimate of the γ-ray beam intensity at neighboring

energies.

As the γ rays in the beam pass through the 3-paddle system, a small fraction

will interact with the converter foil by Compton scattering or through pair pro-

duction. The electrons scattered or created by these interactions will then deposit

energy in paddles 2 and 3. Any event where sufficient energy was deposited in

both paddles 2 and 3 to produce a signal above CFD threshold will be counted.

It is possible for high energy electrons to be created by interactions of the γ-

ray beam with upstream materials. Counting these electrons when they strike the

3-paddle system would result in an incorrect measurement of the beam intensity.

Paddle 1 serves as an anticoincidence detector in these types of events. If a signal

is produced in paddle 1 and paddle 2 or paddle 1 and paddle 3, then the event is

rejected.

A single logic pulse is generated from the processing of the signals originating

101



Chapter 3. Description of the Experiment

from the 5 PMTs attached to the scintillators in the 3-paddle system. A logic

pulse is only generated when there is a coincidence between paddles 2 and 3 and

an anticoincidence with paddle 1. The logic pulses are sent to a scaler in the DAQ

and to rate meters in the DAQ room and the accelerator control room. The rate

of pulses from the 3-paddle system is proportional to γ-ray beam intensity after

the collimators.

3.6.3 d(γ, n)p System: Absolute Beam Intensity Monitor

A target and detector system was constructed in the rear of the target room to

monitor the γ-ray beam beam intensity via the d(γ, n)p reaction. The target was

a D2O target identical to the one used periodically in the primary setup. The

target was a 4.74 cm long, 4.08 cm diameter polyethylene cylinder with a 0.7 mm

wall thickness filled with heavy water. Two Bicron neutron detectors were placed

50 cm from the target center at 90 ◦ on either side of the target. Shielding walls

were built on the upstream and downstream sides of the detectors. The beam

intensity monitor system can be seen in the photograph in Figure 3.24 on the

following page.

The detector distances were chosen so that the count rates remained low.

Typically, the detector counting rates were 20 Hz – 40 Hz. The detector rate, R,

is directly proportional to the differential cross section, dσ/dΩ:

R =
dσ

dΩ
Φ ∆Ω N ǫ , (3.8)

where Φ is the γ-ray beam intensity in Hz, ∆Ω is the solid angle subtended by
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Figure 3.24: Photograph of the d(γ, n)p beam intensity monitor system,
NaI(Tl) detector, and beam dump. The NaI(Tl) detector is shown in the fore-
ground. The D2O target is shown suspended from a stand in between the two rear
Bicron detectors. The beam dump is buried in the rear wall of the target room,
behind the D2O target. Note the red laser line from the rear alignment laser in
the center of the photo. The γ-ray beam travels from bottom to top in this figure.

the detector, N is the number of target nuclei per cm2, and ǫ is the efficiency

of the detector. The total cross section of the d(γ, n)p reaction has been mea-

sured to a precision of 2 – 3 % in the energy range of the current experiment

[Bir85, Ber86]. The total cross section values were used to extract the γ-ray

beam intensity during each DAQ run in the experiment. Details of the portion of

the analysis dealing with the extraction of the γ-ray beam intensity are found in

Section 5.7 on page 161.
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3.7 Electronics

Each detector used in the experiment was connected to an electronics circuit

in which the detector signals were processed. The key electronics circuits are

described in this section: the beam pick off, DAQ busy, neutron detector, and

NaI(Tl) detector electronics.

3.7.1 Beam Pick Off (BPO) Signal

BPO CFD
150 ns

Discriminator

Delay
Output of

BPO Circuit

Figure 3.25: Electronics diagram of the electron beam pick off (BPO) circuit.
The BPO signal is used in TOF measurements.

A capacitive pick-off detector is located inside the storage ring. Each time an

electron bunch passes through the detector a signal is induced. The amplitude

of the signal is proportional to the amount of electron current in the ring. The

frequency of the beam pick-off (BPO) signal is twice the orbital frequency of

the electron bunches, (2.79× 2 =) 5.58 MHz, when running in two-bunch mode.

This is subsequently the frequency of the γ-ray bursts on target. The electronics

diagram of the circuit used to produce a NIM timing pulse of the electron BPO

signal is shown in Figure 3.25. This NIM signal was used in TOF measurements

in the experiment.
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Figure 3.26: Electronics diagram of the DAQ busy circuit. This circuit is
used to inhibit the acquisition of additional events while a current event is being
processed.

3.7.2 DAQ Busy Circuit

In an ideal experiment every pulse generated by each detector would be processed

by the electronics and stored in the data stream by the DAQ. Of course this is

not possible in a real-world setup. Any module that converts an analog signal to

a digital number takes a finite amount of time to convert a pulse and read out the

data. During this conversion and readout time, any additional pulses cannot be

converted. Thus it is necessary to inhibit the processing of any subsequent signal

pulses while the system is busy. Figure 3.26 shows the electronics circuit that was

used to inhibit the acquisition of additional events while a current event is being

processed.
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The circuit performs as follows. Suppose a neutron detector generates a pulse

that has a pulse height above the CFD threshold and a timing signal that is within

the coincidence window. This pulse is processed, as discussed in Section 3.7.3, and

both the ADC and TDC are triggered. The ADC and TDC begin to convert the

signal received. During the conversion process, the modules send out NIM pulses

that have widths equal to the conversion times of the respective modules. These

NIM pulses are called the TDC busy and ADC busy. A NIM pulse is sent to the

trigger module once the conversion of the signals is complete. This is the DRDY

pulse that tells the trigger module that the “data are ready” to read out of the

ADC and TDC modules. While data are being read out, a pulse referred to as the

DAQ busy is produced by the trigger module. The TDC busy, ADC busy, and

DAQ busy are sent to a Linear Gate Fan In. The output of this Linear Gate is the

overlap of all three busy signals with a total width representing the total time the

modules are busy processing a detector signal. The overall busy is used to veto

the production of any additional ADC gates or TDC stops (see Section 3.7.3).

The width of the veto signal varies, with a minimum width of 30µs.

3.7.3 Neutron Detector Circuit

Neutrons and γ rays impinging on the Bicron detectors in the experiment setup

produce signals which were processed in the electronics circuit diagrammed in

Figure 3.27 on page 109. This circuit was constructed to measure the pulse height

and time of flight of signal-producing particles that hit the detector.

A signal originating in the neutron detector first enters the mesytec [mes08]
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MPD-4 pulse-shape discrimination module. This module is optimized for use with

liquid scintillation detectors, such as BC-501A detectors. The module contains

a fast variable gain amplifier, a zero-crossing pulse-shape discriminator, and a

constant fraction discriminator (CFD). The module was configured to operate in

neutron trigger mode. This mode triggers an output from the module for any event

where the input pulse is above the pulse-shape discrimination (PSD) threshold.

Four outputs where used and one output was unused on the module:

n/g Trig. – In the neutron trigger mode, the neutron/gamma trigger output

emits a NIM pulse if the input signal is above the PSD threshold. This

output was not used in the circuit.

Comm. Trig. – The MPD-4 is a quad channel module. The common trigger

output emits a NIM pulse if any of the four inputs receives a signal that

is above the PSD threshold. This output is logically the OR of all the

neutron/gamma trigger outputs.

Gate – The gate output emits a NIM pulse when the input signal is above the

CFD threshold.

TAC – The TAC output corresponds to the ratio of the prompt to the delayed

component of the scintillator light output. A larger amplitude out indi-

cates a pulse with a larger delayed component.11 This is how the PSD was

implemented in the circuit.

11See Section 3.5.5 on page 96 for a discussion on pulse shape discrimination.
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Ampl. – The amplifier out is the (amplified) integrated PMT charge. The pulse

height of the output is proportional to the energy deposited in the detector.

Three MPD-4 modules were used to process the signals from the 9 neutron

detectors. The output of the Comm. Trig. of each MPD-4 module was an input

to an OR module. The OR module would emit an output pulse if a signal was

received from any of the 9 detectors. The output of the OR is sent to a logic unit

where the trigger is vetoed by the DAQ busy circuit12. One output of the logic

unit goes to a gate generator to create the gate for the ADC. The TAC output

and the Ampl. output are sent to the ADC.

Time-of-flight measurements were carried out by measuring time intervals be-

tween certain events that were correlated with the γ-ray bursts. These bursts

occurred every 179 ns due to the RF structure of the storage ring. A TDC was

used to convert and record the time intervals. The stops of the TDC came from

two sources: output of the BPO circuit (Figure 3.25 on page 104) and Gate output

of the MPD-4 module for each detector. The common start of the TDC was the

OR of the Comm. Trig. output of the MPD-4 modules.

Figure 3.28 on page 110 illustrates the relative timings of the common start

and the stops of the TDC. Two different TDC values were recorded for each

detector event. The first was the time interval between the detector signal and a

delayed copy of the detector signal. This was referred to as the self-timing raw

TDC value. The second TDC value recorded was the time interval between the

time started by the detector signal and stopped by the BPO signal. This was

12See Section 3.7.2 on page 105 for details on the circuit.
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Figure 3.27: Electronics diagram of the neutron detector circuit. This circuit
was used for both the main detectors and the two detectors in the d(γ, n)p monitor
setup.
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Figure 3.28: Timing of the TDC common start and stops. See the text for a
description of the figure.

referred to as the BPO raw TDC value. The time interval started by the BPO

and stopped by the detector signal was formed by subtracting the BPO raw TDC

value from the self-timing raw TDC value. This time interval, referred to as simply

the TDC value, is related to the TOF value of the interacting particle. A short

TDC value indicated a small TOF, and a large TDC value indicated a long TOF.

3.7.4 NaI(Tl) Detector Circuit

The circuit for the NaI(Tl) detector shown in Figure 3.29 on the following page was

a standard circuit where the signal from the detector is split to form two branches.
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Figure 3.29: Electronics diagram of the NaI(Tl) circuit. The NaI(Tl) detector
was used to determine the γ-ray beam energy and to estimate the γ-ray beam
intensity.
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The branch on the left in the figure was used for pulse height discrimination with

a CFD and to form the gate for the ADC. A timing filter amplifier (TFA) was

used just before the CFD. The TFA filters out the low frequency components of

the signal and amplifies the high frequency components. The right branch in the

figure contains one module, a spectroscopy amplifier, which shapes the detector

signal into a form that is acceptable by the ADC.

3.8 Data Acquisition (DAQ) System

The primary goal of any data acquisition system is to take signals from a detector,

digitize them, and store them in a format which can be easily accessed at a later

date for analysis. Experimental data from the current experiments were acquired

using the “CODA at TUNL” data acquisition (DAQ) system. The CEBAF13 Online

Data Acquisition (CODA) software package was developed at the Thomas Jefferson

National Accelerator Facility (JLab) as a modular and scalable Unix-based sys-

tem using modern network hardware (such as Ethernet) and protocols (TCP/IP)

[Abb99]. This software package was installed on the Linux DAQ machines at

TUNL and HIγS and tailored to fit experimental requirements.

Management of the components of the DAQ system is carried out by a single

process called Run Control running on the Linux host computer. The Run Control

program manages the transitions of the DAQ system from one state to another.

The Download transition sets various parameters associated with the run and

makes device drivers for the hardware modules available to the readout controller

13Continuous Electron Beam Accelerator Facility
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(ROC). The task of the ROC is to take data from digitizing electronics (such as

ADCs and TDCs), convert them into a suitable format for storage and send them

to the event builder (EB) for further processing. The Prestart transition initializes

and clears the digitizing hardware modules. After completion of Prestart, the

hardware modules are inhibited from processing any events. The Go transition

lifts the inhibit from the hardware modules and processing of event triggers begins.

The End transition stops the processing of triggers, inhibits the hardware modules,

and performs user specific functions (such as reading out scaler data).

Signals from detectors are processed by fast NIM [Usa64] electronics and then

digitized using VME-based hardware [Iee87]. The set of VME hardware modules

used includes ADCs, TDCs, scalers to count logic pulses, a Trigger Supervisor

module, and a single-board computer (SBC). The SBC is a PowerPC processor

based computer which runs the VxWorks [Win09] operating system. The SBC

serves as the ROC for CODA. When the Trigger Supervisor receives a signal to read

out data, it initiates a process in which the digitizers transmit their data to the

ROC which is running on the SBC. The ROC then passes the data via Ethernet

to the Linux host computer. The data is received by the EB, which parses the

data to be written to hard disk. The event data are written to CODA-formatted

files. This file format is the CEBAF standard event format.

The CODA software does not provide an analysis component. It is up to the

experimenter to choose a method of analysis that suits the needs of the experiment.

A ROOT based program called TRAP (TUNL Real-time Analysis Package) is being

developed. In its current state, the program is a convenient tool to convert the

CODA file format to a ROOT-based file format. ROOT is an object-oriented analysis
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software package developed at the European Organization for Nuclear Research

(CERN) for large-scale data analysis in nuclear and particle physics [Bru96]. The

ROOT analysis package was used for online and offline analysis.
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4
Monte Carlo

Simulations

4.1 Introduction

Experimental systematic effects such as the finite geometry of the targets and

detectors, neutron multiple scattering, and detection efficiencies played a role in

the experiment. These effects and others were unfolded from the experimental

data through the use of the GEANT4 simulation toolkit. The GEANT4 toolkit

was used to model the target room environment and the transportation of particles

through this environment. The simulations constructed served to facilitate data

analysis and aid in the interpretation of the final results.

4.2 The GEANT4 Simulation Toolkit

“GEANT4 is a software toolkit for the simulation of the passage of particles

through matter” [All06]. The toolkit is the result of a world-wide collaboration

of physicists and software engineers. The software package is written in the C++

programming language, and it is a toolkit in the sense that it provides a set of

C++ classes that can be constructed into a virtual experiment by the user. The
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toolkit exploits the object-oriented nature of the the C++ language, and much of

the undergirding architecture of the package is hidden from the user. This allows

the user to think abstractly about the application of the software.

GEANT4 is a functional and flexible package, with applications in particle

physics, nuclear physics, accelerator design, radiation protection, space engineer-

ing, and medical physics. The toolkit provides the components needed to model

the current experiment:

⋆ material specification,

⋆ geometry description and placement,

⋆ physical processes governing particle interactions,

⋆ generation of primary particles,

⋆ transportation and tracking of particles through materials,

⋆ tools for handling detector response to particle interactions,

⋆ run configuration, and

⋆ event management.

The version of GEANT4 used for the simulations was ‘geant4.9.2.p01’.

116



Chapter 4. Monte Carlo Simulations

4.3 Components of the Simulation

To construct a working simulation with GEANT4 requires only that three C++

classes plus the main()1 driver function be implemented. The three required class

implementations are inherited2, or derived, from the following parent classes.

G4VUserDetectorConstruction: Materials and geometries are defined, and “phys-

ical” volumes are placed inside the world volume in the derived C++ class.

G4VUserPhysicsList: Particles and physics processes are defined and added to

a global list in the derived C++ class.

G4VUserPrimaryGeneratorAction: Primary particles are generated with specific

energies and momenta in the derived C++ class.

4.3.1 Materials and Physical Volumes

Any volume that was placed in the world volume of the simulation needed to

be “constructed” in the software. Construction of a volume inside the virtual

environment of GEANT4 parallels the construction of an object in the real world.

First the material is obtained (a G4Material defined). Second a blueprint of

the shape of the object is drawn (a G4VSolid defined). Lastly the material is

molded into the designed shape (a G4LogicalVolume defined). Once a volume is

constructed it can be placed anywhere in the world (a G4PVPlacement3 defined).

1The “()” indicates that main is a function.

2Inheritance is where the child class inherits characteristics from the parent class.

3G4PVPlacement indicates physical volume placement.
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Many materials and volumes were constructed for use in the simulations. Ma-

terials were defined by specifying the density of the material and the number of

components. Components were added to the material either by fraction of the

total mass or by the number of atoms per molecule. Measurements were made of

the dimensions and relative locations of all the objects in the target room, such

as targets, detectors, shielding walls, and mounting apparatus. The virtual target

room in the simulations was filled with virtual volumes to represent real life as

close as could be achieved. Figure 4.1 shows the target room geometry as defined

inside the GEANT4 simulations.

Figure 4.1: The virtual target room with targets, detectors, shielding walls, and
mounting apparatus defined in the GEANT4 simulations. The green line indicates
the γ-ray beam axis, and the beam travels from right to left.
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Target Materials

Table 4.1 on the following page gives a tabulated specification of the materials

defined to construct the target volumes.

Detector Materials

Table 4.2 on page 121 gives a tabulated specification of the materials defined to

construct the detector volumes.

Shielding Materials

Table 4.3 on page 122 gives a tabulated specification of the materials defined to

construct the shielding walls.

4.3.2 Physics List

In the development of a GEANT4 simulation, the user must decide which physics

processes to include in the physics list. There are 32 pre-built physics lists avail-

able in the current GEANT4 distribution. Some lists are better for high energy

applications while others for low energy. Some have been tuned to improve CPU

performance, while others are good for simulations involving radiation shielding

or medical applications. The choice of a physics list, pre-built or custom built, is

highly dependent on the goal of the application.

The choice was made to use a pre-built list available in the GEANT4 distri-

bution. The list used was named LHEP PRECO HP, which is based on the following

naming convention.
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Table 4.1: Specification of the materials (either by fraction by mass or atoms per
molecule) that were used to construct the different targets used in the GEANT4
simulations. The targets were the heavy water, aluminum rod, high-pressure 3He,
and low-pressure 3He targets.

Target Material Density Comp- Fraction Atoms Per
(g/cm3) onents By Mass Molecule

Heavy Water
Inner D2O 1.1056 2H — 2

16O — 1
Outer Polyethylene 0.95 1H — 2

12C — 1

Aluminum Rod Aluminum 2.70 27Al 1.000 —

High-Press. 3He
Inner Helium 0.021 3He 0.9987 —

4He 0.0013 —
Outer Aluminum —

Alloy 6082 2.70 27Al 0.9535 —
natMg 0.0120 —
natSi 0.0130 —
natTi 0.0010 —
natCr 0.0025 —
natMn 0.0100 —
natFe 0.0050 —
natCu 0.0010 —
natZn 0.0020 —

Valve Steel 7.7 12C 0.0400 —
natFe 0.9600 —

Low-Press. 3He
Inner Helium 0.0012 3He 1.000 —
Outer GE180 Glass 2.76 16O 0.4271 —

27Al 0.0757 —
natSi 0.2819 —
natCa 0.0465 —
natSr 0.0059 —
natBa 0.1630 —
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Table 4.2: Specification of the materials (either by fraction by mass or atoms
per molecule) that were used to construct the detectors used in the GEANT4
simulations. Two detector volumes were defined: Bicron neutron detectors and a
NaI(Tl) detector. Note that no thallium was included in the specification of the
NaI(Tl) detector.

Detector Material Density Comp- Fraction Atoms Per
(g/cm3) onents By Mass Molecule

Bicron
Inner BC-501A 0.874 1H — 1331

12C — 1000
Outer Aluminum 2.70 27Al 1.00 —

NaI(Tl) Sodium Iodide 3.67 23Na — 1
127I — 1

LHEP: Low and high energy parametrization modeling for all hadronic interac-

tions and final states. Standard electromagnetic processes are also included.

PRECO: Pre-compound model for generating hadronic final states for energies less

than ≈ 150 MeV. This extends the low energy parametrized model used for

final state generation.

HP: High precision neutron model for energies less than 20 MeV based on cross

section data taken from the ENDF/B-VI [Ros91] evaluated data library.

The LHEP PRECO HP physics list includes the following list of processes for the

relevant particles in the experiment:

γ rays – photoelectric effect, Compton scattering, e+e− production, photonu-

clear processes

electrons & positrons – multiple scattering, ionization, Bremsstrahlung, e+e−

annihilation, synchrotron radiation, electronuclear processes
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Table 4.3: Specification of the materials that were used to construct the shield-
ing walls used in the GEANT4 simulations.

Volume Material Density Comp- Fraction Atoms Per
(g/cm3) onents By Mass Molecule

Shielding Walls Lead 11.35 natPb 1.00 —

Supporting Walls Concrete 2.3 1H 0.01 —
12C 0.001 —
16O 0.529107 —
23Na 0.016 —
24Mg 0.002 —
27Al 0.033872 —
28Si 0.337021 —
39K 0.013 —
40Ca 0.044 —
56Fe 0.014 —

protons & other ions – elastic scattering, ionization, inelastic processes such

as (p,α), (p, n), etc.

neutrons – elastic scattering, inelastic processes such as (n, n′), etc.

4.3.3 Primary Particle Generation

An event is initiated by the generation of a particle, referred to as a primary

particle, in the GEANT4 world volume. The GEANT4 distribution provides a

simple generator called G4ParticleGun for the generation of primary particles.

This C++ class provides methods to specify the type of particle to be generated,

the kinetic energy of the particle, the initial position, and the initial direction.

Custom C++ methods were written to provide randomization of the initial energy,

position, and direction of the primary particles generated with G4ParticleGun.
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In the simulations, primary particles were generated at a random point inside

a cylindrical shape inside the target volume. The cylindrical shape was defined

by the length of the target and the diameter of the experimental collimator. The

initial energy and direction were randomly generated with certain angular and

energy distributions as appropriate for the goal of the application.

Two types of primary particles were used in the simulations: geantinos and

neutrons. A discussion of each type follows.

Geantinos

A geantino is a boson available in the GEANT4 toolkit which has no real-life coun-

terpart. Geantinos do not undergo any physical interactions and therefore travel

along a straight path after creation, which is useful in ray-tracing applications.

Although geantinos do not interact with materials, a volume which has been des-

ignated as a G4VSensitiveDetector can “detect” the presence of a geantino as

it enters the sensitive volume. (See Section 4.5.1 on page 128 for a discussion on

sensitive detectors.)

The solid angles subtended by the Bicron neutron detectors were calculated

by generating geantinos isotropically from a point at the center of the target.

In addition, geantinos were generated isotropically with an extended cylindrical

geometry to calculate the extended-target detector acceptance. This extended

source of geantinos was defined by the length of the target and the diameter of

the collimator. A simulation with geantino primary particles was executed for

each target used in the experiment.
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Neutrons

Neutrons were generated in a few distributions to accomplish different goals: neu-

tron detector efficiency calculations, comparison with d(γ, n)p experimental dis-

tributions, and comparison with 3He(γ, n)pp experimental distributions.

The experimental intrinsic neutron detection efficiency is defined as

ǫ int =
number of signal pulses recorded

number of neutrons incident on the detector
. (4.1)

If the neutron source is sufficiently far away from the detector so that the neutrons

strike the detector normal to its face, ǫ int will depend primarily on the detector

material, the neutron energy, the thickness of the detector and the pulse height

threshold. (Section 3.5.4 on page 94 discusses the dependence of the detector

efficiency on the pulse height threshold.) The configuration of the targets and

detectors in the experiment did not satisfy these criteria. The targets were not

infinitesimally small nor far away from the detectors. This configuration resulted

in neutrons striking the detector face at angles other than 90 ◦ and thus introducing

a dependence of ǫ int on the target-detector distance and target geometry. For

some detectors in the setup, other materials such as lead walls and aluminum

plates were located nearby. Neutrons were scattered from these objects into the

detectors. This introduced an additional dependence of the efficiency for those

detectors on the nearby walls, plates, etc.

A GEANT4 simulation was used to calculate the intrinsic system efficiency,

ǫ sys, whose definition is identical to that of the equation above. The calculation

of the quantity ǫ sys from the simulation results incorporated the dependencies of

124



Chapter 4. Monte Carlo Simulations

target-detector distances, target geometry, and nearby materials. The primary

experimental setup differed from the d(γ, n)p beam intensity monitor setup, and

different types of targets were placed at the primary target position at different

times. So, an intrinsic system efficiency was calculated for each system of target,

detectors, and surrounding objects separately. Details about how the efficiencies

were calculated can be found in Section 5.6 on page 156. The sections following

Section 5.6 describe how these efficiencies were used in the data analysis.

Neutrons were produced in (γ, n) reactions on deuterium or 3He using the

D2O or 3He gas targets in the experiment. These targets had different lengths,

and the neutrons were ejected with different angular and energy distributions

in the (γ, n) reactions. For example, the photodisintegration of the deuteron

produces a two-body final state with monoenergetic neutrons. By contrast, the

photodisintegration of 3He can produce a three-body final state with a continuum

of neutron energies. Having these various configurations required the construction

of a simulation for each configuration.

Five neutron generator C++ classes were written for the GEANT4 simulations.

A description of each neutron generator follows.

1. Neutrons were generated isotropically inside a D2O target volume with en-

ergies specified by d(γ, n)p kinematics. This generator was used in the sim-

ulation constructed for calculating the detector efficiency for the primary

D2O system described in Section 3.3.3 on page 75 and the beam intensity

monitor system described in Section 3.6.3 on page 102.

2. Neutrons were generated isotropically inside the primary 3He target volume
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with a uniform distribution of energies up to 7.0 MeV. This generator was

used in the simulation constructed for calculating the detector efficiency for

the primary 3He system described in Section 3.3.3 on page 75.

3. Neutrons were generated in an A sin2(θ cm
n ) + δ distribution (i.e., assuming

electric-dipole and magnetic-dipole absorption in the deuteron photodisinte-

gration reaction) with energies specified by d(γ, n)p kinematics. This gener-

ator was used in the simulation whose results were compared with d(γ, n)p

experimental distributions from the primary D2O setup.

4. Neutrons were generated inside the 3He target volumes with energy distri-

butions consistent with the phase space4 available for three-body photodis-

integration of 3He, and with A sin2(θ cm
n ) + δ angular distributions assum-

ing pure electric-dipole absorption for the 3He photodisintegration reaction.

The results of the simulations using this generator were compared with the

experimental 3He(γ, n)pp data.

5. Neutrons were generated inside the 3He target volumes with angular and

energy distributions consistent with theoretical predictions by Deltuva et

al. [Del09]. The results of the simulations using this generator were also

compared with the experimental 3He(γ, n)pp data.

Appendix A on page 223 gives pseudocode of the methods and algorithms used

in each of the neutron generators discussed above.

4A space containing all possible final states of the system for which energy and momentum
are conserved. See Section 2.7 on page 45 for a discussion of the phase-space calculations used
in the generator.
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4.4 Tracking and Interactions

The transportation, tracking, and interactions of particles are handled by C++

“manager” classes built into the GEANT4 framework and require no intervention

from the user. The manager classes communicate with one another and can ma-

nipulate the objects and the data members of the objects responsible for tracking.

The structure of the manager classes is hierarchical:

G4RunManager: This C++ class manages every aspect of the application since a

run is the largest unit of simulation. A run is a sequence of the creation of

G4Event objects and is represented by a G4Run object.

G4EventManager: This C++ class is responsible for each G4Event in the run se-

quence. A GEANT4 event begins with the generation of the primary particle

and ends with the “death”5 of the primary particle and all the secondary

particles created by physical interactions. G4Event stores and communi-

cates information about each particle and the G4Track of each particle in

the event.

G4TrackingManager: This C++ class operates as an interface between the G4-

EventManager and the lower hierarchical objects in the tracking category.

G4TrackingManager receives a G4Track from the G4EventManager and takes

the necessary actions to track it through its life. The information contained

in the G4Track object is a snapshot of the current status of the particle

after a tracking step has been completed. Transient information, such as

5A particle is killed when it reaches the world volume boundary, is stopped in a medium, or
is converted to another particle by a physical process.
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energy, momentum, position, time since the beginning of the event, and

static information, such as mass and charge, is kept in G4Track.

G4SteppingManager: This C++ class is essential to the tracking procedure. It

manages the message passing between objects in different categories relevant

to the transportation of particles, for example, physical volumes and physics

processes. In addition to these responsibilities, it also steers the stepping of

the particles through the world volume and any other volumes present in the

world. The step length and step direction are determined by considering the

physics processes available to the particle as well as the distance the particle

is from the boundary of a physical volume. The transient information about

a step is stored in a G4Step object, which is updated by G4SteppingManager.

4.5 Event Data Extraction and Storage

4.5.1 Sensitive Detectors

As mentioned in Section 4.3, a working GEANT4 simulation only requires three

C++ classes and main() to be implemented. Unfortunately, no information about

the particles can be extracted if only this minimal set of classes is used. One way

to get access to tracking information is to implement a C++ class derived from

G4VSensitiveDetector, creating a sensitive detector.

The Bicron neutron detectors were made sensitive in the simulations. Doing

this allowed access to the G4Step object for each step of a particle inside a Bicron

sensitive neutron detector. G4Step gives access to other objects from which infor-
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Figure 4.2: The steps of a particle through a volume in a GEANT4 simulation.
Shown here is a neutron (green trajectory) scattering multiple times inside and
exiting the sensitive volume of a Bicron neutron detector.

mation about the particles, volumes, materials, and processes can be extracted.

Figure 4.2 shows the stepping of a particle (neutron) through the sensitive volume

of one of the Bicron neutron detectors in a GEANT4 simulation.

4.5.2 ROOT Tree Data Structure

The analysis of the results of the simulations and the experimental data was

carried out using the ROOT analysis package [Bru96]. This software package is

written in C++ and maintained by CERN. To facilitate consistency in the analysis
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procedures for both simulation and experiment, a C++ class was developed to allow

the simulation data extracted from the Bicron sensitive neutron detectors to be

saved in a ROOT-based file format.

The C++ class written to save GEANT4 simulation data was named Tree-

Maker. TreeMaker utilized the ROOT class TTree to store the data from the

simulation. TTree was designed to store large quantities of the same type of data

while maintaining the ability to accommodate storage of class objects, arrays,

floating point numbers, integers, and characters. It has been optimized to reduce

hard disk space and to enhance the speed of access to the stored data. These

characteristics made TTree an obvious choice for the storage of data from the

GEANT4 simulations.

A TTree consists of one or more TBranch objects which have one or more TLeaf

objects attached. The TLeaf is associated with the data variable and describes

the variable type. The user decides what type of TTree to make for a particular

application. The choice was made to make the simplest TTree structure for the

GEANT4 simulation data storage: one TLeaf on one TBranch per simulation data

variable. The resulting TTree for the simulations is shown in Figure 4.3 on the

next page.

The ultimate goal of the simulations was to reproduce what was observed

experimentally, aiding in correcting the data for experimental effects and the

interpretation of the results. In the experiment, three quantities were recorded

for each Bicron detector:

1. Pulse height – a measure of the light output of the detector,
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Figure 4.3: Simulation TTree displayed in a ROOT object browser. Each data
variable is a TLeaf attached to one TBranch on the TTree.

2. PSD value – an indication of the type of incident particle (n or γ),

3. Time of flight – related to the energy of the incident particle.

The simulation counterparts of these quantities along with other useful quantities

were extracted from the Bicron sensitive neutron detectors and saved to a TTree in

a ROOT file. The following is a description of a subset of the simulation variables

saved.
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Variables: energyDeposited, lightOutput

As a neutron scatters within the Bicron sensitive neutron detector, producing re-

coiling particles, some energy is deposited in the Bicron sensitive neutron detector

by the recoiling particles. The total energy deposited for one detector event was

summed and stored in the variable energyDeposited.

The light output for each interaction step was calculated from the energy de-

posited using the light yield curves, such as the curve for the protons shown in Fig-

ure 3.14 on page 89, generated from the measurements performed at PTB [Tro09].

The light output, ∆Li, for one step in the detector, i, is given by

∆Li = L(E) − L(E − ∆E), (4.2)

where L(E) is the light yield curve for the interacting particle6 and ∆E is the en-

ergy deposited during the interaction step. The total light output for one detector

event is then given by

∆L =
N

∑

i=1

∆Li, (4.3)

where N in the total number of interaction steps. This quantity ∆L was stored

in the variable lightOutput and is analogous to the experimental pulse height

quantity.

6A proton, deuteron, alpha, beryllium nucleus, carbon nucleus, boron nucleus, or electron.
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Variable: particleName

The collection of scintillation light was not simulated, and thus pulse shape dis-

crimination was also not simulated. Instead the name of a particle crossing the

boundary of the sensitive volume of a Bicron neutron detector was extracted and

stored in the variable particleName. A PID (particle identification) cut can then

be placed on particleName to discriminate against any particles without the

name of “neutron”.

Variable: globalTime

The generation of a primary particle signified the beginning of a GEANT4 event.

The beginning of a detector event was marked by the primary or any secondary

particle crossing the boundary of the sensitive volume of a Bicron neutron detector.

The time since the beginning of the GEANT4 event for every particle entering

the sensitive volume was extracted and stored in the variable globalTime. If the

primary neutron particle was generated inside the target volume and subsequently

strikes a Bicron neutron detector, the globalTime would then be identically equal

to the time of flight (TOF) of the neutron from the target to the detector.

In the analysis of the experimental data, the kinetic energy of the neutron was

calculated from the TOF. This same calculation was carried out using global-

Time for the analysis of the simulation results. Smearing out of the calculated

energy due to extended target geometries7 was seen in both the experimental and

simulated cases.

7Extended targets created differing flight path lengths for neutrons generated at the front
(or back) of the target compared to the center of the target.
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Variable: kineticEnergy

The actual kinetic energy of particles was tracked by the simulation. This quan-

tity was extracted for each particle as it crossed the boundary of the sensitive

detector. The kinetic energy was stored in the variable kineticEnergy. The

kineticEnergy did not get smeared out due to an extended target, since this

quantity is the physical energy and not the calculated energy based on TOF.

Variable: numDetEvents

A detector event occurred each time a new particle entered a detector. The vari-

able numDetEvents was used to keep track of how many particles struck each Bi-

cron neutron detector. This number was used in conjunction with particleName

to determine how many geantinos and neutrons were incident on each detector,

which aided in calculating detector acceptances and efficiencies.

Variables: initialEnergy, initialPhi, initialTheta,

initialX, initialY, initialZ

The initial conditions of the primary particles were recorded and stored in the

simulation TTree. These variables were mostly used for verifying that the primary

particles were generated with the correct energy, momenta, and position.

4.6 Visualization

Visualization output drivers for GEANT4 are available and can be compiled if

desired. The GEANT4 visualization system was developed to fulfill certain re-
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quirements:

⋆ quick response to study volumes and trajectories,

⋆ flexible view point control to debug complex geometries,

⋆ interactive control and gathering of information about visualized objects,

⋆ tools to find and show volume overlaps, and

⋆ high-quality output for publications.

No one graphics system can fulfill all these requirements, and three visualiza-

tion drivers were employed in building the simulations for this experiment.

OpenGL: This driver provides fast viewing directly from GEANT4. It was used

to quickly assess the placement of physical volumes and the generation of

primary particles while the simulations were being developed.

HepRep: This driver produces output files that can be viewed with the HepRep

browser HepRApp [Per07]. The browser provides interactive viewing of

volumes and trajectories of particles. In addition, visualized objects can

be selected and information about the objects viewed immediately. It was

used to debug volume placement and verify the trajectories of the primary

particles were as desired.

DAWN: This driver produces output files that can be read with the Fukui

renderer DAWN (Drawer for Academic WritiNgs) and the DAVID (DAwn’s

Visual Intersection Debugger) programs [Tan05]. The DAWN renderer was
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used with the simulation output files to produce high-quality Postscript

images such as those included in Figures 4.1 and 4.2. DAVID was used to

locate any overlaps of the volumes placed in the GEANT4 world volume.
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5
Data Reduction and

Analysis

5.1 Introduction

The data collected in the experiments described in Chapter 3 were analyzed to

produce absolute cross sections. The data were collected and stored in event-mode

with CODA (see Section 3.8 on page 112) and analyzed using the ROOT analysis

package [Bru96]. The correlation between the parameters of each event were

preserved in the event-mode data storage, allowing each event to be reconstructed

in the offline analysis. Each recorded event possessed ADC values corresponding

to the pulse height (PH) values and pulse-shape discrimination (PSD) values of

each detector. In addition, each event contained TDC values corresponding to the

time of flight (TOF) values for each detector.

5.2 Analysis Cuts

The correlations between the PH, PSD, and TOF parameters were exploited

through the application of cuts on the recorded events. Each data run was re-

played event by event and these cuts were applied to discard undesired data points.
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Both the experimental data and the data resulting from GEANT4 simulations were

sorted in an identical manner. The following sections describe the three analysis

cuts and how they were used in the data reduction and analysis.

5.2.1 Self-timing Cut

The configuration of the start and stops for the TDC module1 produced a “self-

timing” peak in the raw TDC spectrum for each Bicron neutron detector. Fig-

ure 5.1 on the next page shows the self-timing peak in the raw TDC spectrum for

one detector. Each event in the self-timing peak represented an instance where a

particle has deposited enough energy in the detector to produce an output pulse

above the CFD threshold in the MPD-4 module [mes08]. A cut was placed on

the self-timing peak to discard all events which were not in the peak. This was

the first of three analysis cuts placed on the data. Note that the data from the

simulations did not require this cut since the TDC module was not simulated.

5.2.2 Particle Identification Cut

In both the experiment and the simulations, neutrons and γ rays strike the de-

tector and produce signals. A cut was placed on the data to discard γ-ray events,

keeping the desired neutron events. The PSD properties of the neutron detectors2

were exploited to accomplish this task with the experimental data, and the cut

1See Section 3.7.3 on page 106 for more information about the configuration of the neutron
detector electronics circuit.

2See Section 3.5.5 on page 96 for details on the PSD properties of the detectors.
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Figure 5.1: A self-timing peak in the raw TDC spectrum of a Bicron neutron
detector. The peak was created by starting the TDC module with the detector
signal and stopping the TDC module with a delayed copy of the detector signal.

was applied based on the name of the particle3 in the simulation data. Details

on how the PSD cut was determined and used in the analysis are contained in

Section 5.4 on page 147.

5.2.3 Pulse Height Cut

A hardware threshold was set using a CFD in the experiment. This threshold

placed a lower limit on the pulse heights allowed and was used to limit electronic

noise and pulse pile-up effects. The CFD threshold for each detector could be

3See Section 4.5.2 on page 133 for a discussion on particleName.
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slightly different depending on gain differences between the detectors. Since the

pulse height threshold directly affects the neutron detection efficiency (see Sec-

tion 3.5.4 on page 94), a pulse height cut was placed above the highest CFD

threshold for all detectors4. This was done to ensure that the efficiency of each

detector was the same, given that there were no untracked gain shifts in the de-

tectors. The PH threshold was determined after the ADC spectra for the Bicron

neutron detectors were calibrated. The ADC calibration procedure is described

below.

5.3 ADC Calibration

A calibration of the ADC pulse height spectrum for each Bicron neutron detector

was carried out. The calibration yielded pulse height spectra in units of MeVee

(defined on page 88).

A uniform PH calibration for each detector was useful for a few reasons. Pulse

height calibration places the PH parameter for each detector on the same absolute

scale. It removes any small gain differences between the detectors, which allows a

common software PH threshold to be used in the offline analysis. A common PH

threshold ensures a common neutron detection efficiency as a function of neutron

energy for the detectors.

4Noting that the PH threshold for the primary detectors was different than that of the beam
intensity monitor detectors.
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5.3.1 Cesium γ-ray Source

The γ rays emitted from some radioactive sources, such as 137Cs, interact with

an organic liquid scintillator primarily through the Compton scattering process,

producing recoiling electrons inside the volume of the scintillator. It is common

practice to use γ-ray sources to calibrate the pulse height spectrum of liquid scin-

tillator neutron detectors since the light output response to the recoiling electrons

is almost linear for Ee ≥ 100 keV [Che89].

An intense 137Cs source was used to calibrate the pulse height spectra and set

CFD thresholds for the Bicron liquid scintillators used in the experiment. The

source was placed at the primary target position and the beam intensity monitor

target (D2O) position, and data were collected for calibration purposes. A typical

response of a Bicron neutron detector to the 137Cs source is shown in Figure 5.2

on the next page. The prominent feature of the distribution is the rapidly falling

slope from about channel 1000 to channel 1300. This feature is referred to as

the “cesium edge”, and the “one-cesium” location is defined to be at the channel

where the edge reaches one-half its maximum value5. The one-cesium location for

each detector was the reference point used to carry out the calibration of each

ADC spectrum.

5The “cesium edge” and the “one-cesium” location will be used as synonyms from this point
onward. This usage is also common in the laboratory setting.
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Figure 5.2: ADC pulse height spectrum resulting from the response of a Bicron
neutron detector to a 137Cs γ-ray source. No analysis cuts were placed on these
data.

5.3.2 Source Runs

Calibration data from the 137Cs source were collected twice per day during the

experiment, around 08:30 and 22:30. These times roughly corresponded to the

beginning and end of a working day at HIγS6. More source runs were desired,

but a full run schedule and time constraints did not allow more source data to

be taken. The morning and night source runs were used to calibrate the pulse

height spectra for each production run during the same workday. In addition,

gain changes in the detectors over the course of the day were noted. The gain

6HIγS provided beams from approximately 09:00 to 22:00 Monday through Friday.
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changes were accounted for in the calibrations (see Section 5.3.4 on page 145).

5.3.3 Cesium Edge

The majority of the events in the ADC pulse height spectrum shown in Fig-

ure 5.2 on the previous page are from single Compton scattering events. (Multiple-

scattering events do give a non-negligible contribution to the spectrum, and this

contribution is discussed later in this section.) The distribution of energies of

recoiling electrons from single-scattering events is a continuum up to a maximum

energy, EC, called the Compton edge. The maximum energy, EC, for a Compton-

scattered electron occurs when the γ ray back-scatters from the electron and is

given by

EC =
2E2

γ

me + 2Eγ

, (5.1)

where Eγ is the γ-ray energy and me is the mass of the electron. The Compton

continuum resulting from 0.662 MeV γ rays impinging on a Bicron liquid scintil-

lator detector is shown in Figure 5.3 on the following page. This figure contains

the results of a GEANT4 simulation which had a point source of γ rays with

Eγ = 0.662 MeV located at the target center with the 7 primary Bicron neutron

detectors viewing the γ-ray source.

It has been reported that the location of the cesium edge relative to the Comp-

ton edge is strongly dependent on two factors: scintillator volume and detector

resolution [Die82]. Inside a large volume scintillator, such as the Bicron neutron

detectors, incident γ rays can scatter from two or more electrons. These mul-

tiple scattering events will produce output pulses with heights greater than the
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Figure 5.3: Simulated response of a Bicron neutron detector to a point source
of γ rays with Eγ = 0.662 MeV. The Compton edge is located at 0.478 MeVee and
the cesium edge is located at 0.517 MeVee.

Compton edge7. The cross-hatched area in Figure 5.3 is the result of the multiple-

scattering events in the simulation, and the red curve is the resultant pulse height

distribution after folding with the detector resolution. As is noted in the figure,

the cesium edge is located to the right of the Compton edge.

The red curve in Figure 5.3 was produced by matching the experimental res-

olution of the Bicron neutron detectors. To match the experimental resolution,

the total light output for one detector event ∆L (Equation 4.3 on page 132) was

7This occurs because the light created by the multiple electrons was summed into one output
pulse.
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smeared with the following:

∆Lsmeared = ∆L+G(σ1)
√

∆L+G(σ2), (5.2)

where G(σ) is a random number sampled from a Gaussian distribution that

has a centroid of µ = 0 and a standard deviation of σ. The term G(σ1)
√

∆L

incorporates statistical fluctuations present in the light collection process with

σ1 = 0.040
√

MeVee. The additional Gaussian term G(σ2) incorporates any noise

in the detector and electronics with σ2 = 0.005 MeVee. The standard deviations

σ1 and σ2 were determined by fitting the simulated response curve to the 137Cs

source spectra taken during the experiments.

5.3.4 Calibration Method

The formula used for calibrating the ADC spectrum for a given detector is

PH = PHedge
ADC − ADCped

ADCedge − ADCped

, (5.3)

where PHedge = 0.517 MeVee is the location of the cesium edge as determined

by simulation, ADCedge is the ADC channel location of the cesium edge for the

detector, and ADCped is the channel location of the ADC pedestal.

The ADC pedestal is the value readout when no input signal is present. The

pedestal then represents the zero point of the ADC, and this point does not

generally correspond with channel zero on the ADC. Each ADC input has a

different pedestal, and thus designated pedestal runs were taken to determine the
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channel location of the pedestal for each Bicron neutron detector.

The channel location of the cesium edge was determined from the 137Cs source

runs performed each day. The 137Cs pulse height histogram for each detector was

first smoothed, then the maximum of the sloping edge was located on the smoothed

histogram, and finally the one-cesium (cesium edge) location was defined to be the

channel at which the half-maximum occurs. This is illustrated in Figure 5.4. Once

the cesium edge was found for each source run, every production run was calibrated

with Equation 5.3 on the preceding page using an ADCedge value interpolated

between the morning and night source runs.
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Figure 5.4: Determination of the cesium edge in the ADC spectrum of a 137Cs
source. The blue curve is a smoothed version of the black histogram. The maxi-
mum of the cesium edge is indicated by the arrow, and the half-maximum of the
edge is indicated by the vertical line. No analysis cuts were placed on these data.
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5.3.5 CFD Thresholds and PH Cut Locations

During the setup phase of the experiment, online calibrations of the ADC spec-

tra were made. The online calibrations were used to set the CFD thresholds of

the detectors, and the CFD thresholds were placed about 10 % lower than the

anticipated pulse height cuts. This allowed the final PH threshold to be set pre-

cisely using the offline analysis software. After the offline ADC calibrations were

completed, the pulse height cuts (software thresholds) discussed in Section 5.2.3

on page 139 were set to be “quarter-cesium” (0.25 × 0.517 MeVee) for the pri-

mary detectors and “one-cesium” (0.517 MeVee) for the beam intensity monitor

detectors.

5.4 Pulse Shape Discrimination

In addition to amplified-signal inputs to the ADC, the TAC outputs8 from the

MPD-4 module [mes08] for each detector were also inputs to the ADC. The

amplitude of the TAC output is an indicator of the type of particle, γ ray or

neutron, striking the detector, with larger TAC values indicating neutrons. The

MPD-4 module exploited the shape of the input pulses to produce the TAC values.

So to reinforce this relationship and remove any confusion with the TDC values

related to the time of flight, the TAC values were re-labeled as the PSD values.

The PSD histogram for one of the primary neutron detectors is shown in

Figure 5.5 on the next page. The MPD-4 module had a fixed hardware threshold

8See the description of the MPD-4 outputs starting on page 107.
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Figure 5.5: The PSD histogram resulting from the conversion of the TAC
output pulses from the MPD-4 module. The fixed hardware threshold and PSD
cut location are indicated. The self-timing cut was placed on these data.

that can be used to discriminate neutrons from γ rays. The module was operated

in neutron mode, which only emitted an output pulse when the PSD value was

above the hardware threshold. The hardware threshold location is indicated in

the figure. The gain of the output pulses was adjustable, and this gain was set

so that some γ-ray pulses were above the hardware threshold. This was done so

that a PSD cut could be defined in the offline analysis software.

There was no known way of calibrating the PSD scale, and therefore no way

to define a common PSD cut location for all detectors. As a result, the PSD cut

location was determined for each detector individually. The PSD cut location

was set to be at the base of the steep γ-ray peak for each detector as indicated
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Figure 5.6: The TOF vs. PSD histogram after the TDC calibration (see Sec-
tion 5.5) was performed. The PSD cut location is indicated by the black line near
channel 1300. The self-timing cut was placed on these data.

in Figure 5.5 on the preceding page initially using an 241Am/Be source, which

produces both γ rays and neutrons, and then adjusted using the spectra taken

with the 3He target in the beam. Figure 5.6 shows the location of the PSD cut on

the TOF vs. PSD histogram after the TDC calibration was carried out. The TDC

calibration is discussed in the following section. The neutron events of interest

are well separated from the γ-ray background in the TOF vs. PSD spectrum.
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5.5 TDC Calibration

Time-of-flight techniques were used to determine the kinetic energy of the neu-

trons detected in the experiment. A precise TDC calibration was needed since

a continuum of neutron energies resulted from the three-body photodisintegra-

tion of 3He. The scale factor of the TDC module, measured in ns/channel, was

roughly determined using a delay line technique (discussed on page 154). Then a

fine tuning of the TDC scale factor was performed using a GEANT4 simulation,

which was compared to data from runs with the D2O target in place (discussed

in Section 5.5.3 on page 155).

5.5.1 Effects of Analysis Cuts

To compare experimental data with the results of a simulation, the analysis cuts

must be applied. Figure 5.7 on the following page presents what effects the analysis

cuts have on the TDC spectrum of a primary neutron detector resulting from the

detection of neutrons from the 3He(γ, n)pp reaction. Much of the background in

the spectrum was due to γ rays that Compton scatter from the aluminum gas

bottle used to hold the 3He gas and then scatter from nearby materials, such as

lead shielding walls and aluminum mounting plates. These γ-ray events are not

correlated in time with the beam bursts and thus give a flat TDC background

as seen in the solid black line histogram in Figure 5.7 on the next page. The

majority of this γ-ray background was removed when the PSD cut was applied.

The PH cut, applied after the PSD cut, has a small effect on the TDC spectrum

because the CFD threshold was placed very close to the PH cut location during the
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Figure 5.7: The effects of the analysis cuts (self-timing cut, PSD cut, and PH
cut) on the TDC spectrum of a primary detector. The calibration method used
to produce the TOF scale at the top of the figure is discussed in Section 5.5.2 on
the following page.

experimental setup (see Section 5.3.5 on page 147). The largest effect of applying

the PH cut is seen in the difference between the gray filled histogram and the red

filled histogram in the region between channel 1100 and 1500. The events here,

which were discarded as a result of introducing a PH threshold that is higher than

the CFD threshold, are identified as lower energy neutrons by their location in

the spectrum. Discarding neutron events by raising the PH threshold, of course,

directly affects the efficiency as discussed in Section 3.5.4 on page 94.
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5.5.2 Calibration Method

The formula used for calibrating the TDC spectrum for a given detector was

TOF = TDCscale (TDC − TDCγ) + d/c, (5.4)

where TDCscale is the scale factor of the TDC module in ns/channel, TDCγ is

the channel number of the centroid of the γ-flash peak, d is the distance to the

face of the detector from the center of the target, and c is the speed of light.

γ-flash Runs

Runs with a thin aluminum rod placed at the center of the array of the primary

detectors were taken between every production run. Data were acquired for about

one minute in each run. This aluminum rod served as a Compton scattering

target, and some of the γ rays scattered from the target reached the detectors and

produced a peak in the TDC spectra. These peaks were referred to as “γ-flash

peaks”. The channel location of the centroid of each γ-flash peak provided a zero

point for the TDC calibration of each detector.

The centroid of each γ-flash peak was determined by fitting the peak with

a Gaussian function. Figure 5.8 on the next page shows the γ-flash peak with

the Gaussian fit and extracted centroid9. For a production run, the centroid

location, TDCγ , used in Equation 5.4 was an interpolation of the centroids ex-

tracted from the γ-flash runs before and after the production run. The Gaussian

fit was truncated on the right side of the peak since the peak was not perfectly

9Only the self-timing cut was applied to the spectrum.
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Figure 5.8: The γ-flash peak resulting from the detection of γ rays scattered
from a thin aluminum rod placed at the center of the array of primary detectors.
(a) Expanded view of the TDC spectrum. (b) Zoomed view of the γ-flash peak,
a Gaussian fit to the peak, and the centroid extracted from the fit (vertical line).
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symmetrical. The asymmetry most likely arises from γ rays scattering from the

nearby aluminum target bottles and reaching the detector at a slightly later time.

This asymmetry was not a concern since the FWHM of the γ-flash peak is ap-

proximately equal to 1 ns. Thus the path length difference between a γ ray that

scattered from a target bottle and one that did not was very small.

Delay Line Measurements

The TDC scale factor was roughly determined using a delay line technique. A

NIM pulser was used to provide the common start for the TDC module. A copy

of the pulse was delayed by a fixed amount, as measured on an oscilloscope, and

used as the stop for the one input channel of the TDC. The raw TDC spectrum

resulting from data collection using this configuration was a single self-timing peak

whose location was dependent on the delay amount. Four delay-line runs were

carried out, giving four corresponding peak locations. The delay values and peak

centroids are given in Table 5.1.

Table 5.1: Delay values and raw TDC peak centroids used in determining the
TDC scale factor of the TDC module.

Delay (ns) Centroid (channel)

0 3130
22.8 2645
54 2052
105 1069

The four data points shown in Table 5.1 were fit using a linear function. The

scale parameter extracted from the fit gave TDCscale = 0.0512 ns/channel as the
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scale factor of the TDC module. This scale factor value was used in the online

TDC calibration, and it provided a starting point for the scale factors used in the

offline calibration.

5.5.3 Fine Tuning the Calibration Parameters

At each incident γ-ray energy, data were acquired for the d(γ, n)p reaction using a

D2O target. The resulting neutron TOF spectra, after calibration, were compared

with the results of a GEANT4 simulation which generated neutrons with momenta

and energies consistent with d(γ, n)p kinematics. This comparison, after the TDC

scale factors were adjusted, is shown in Figure 5.9 on the next page for one detector

from d(γ, n)p at Eγ = 13.5 MeV.

When the experimental data were first compared with the simulation results,

the locations of the neutron peaks differed. This implied that the calibrations

of the TOF spectra were incorrect. Some investigation revealed that the TDC

scale factor, TDCscale in Equation 5.4 on page 152, extracted from the delay

line measurements needed to be adjusted. Two likely reasons existed for this

inconsistency: systematic errors in the measurements of the delay values and in

the measurements of the detector distances.

The scale factor for each neutron detector was adjusted individually in order

to match the locations of the neutron peaks in the simulation results at one γ-

ray energy. Once adjusted at this one γ-ray energy, the experimental TOF and

simulated TOF spectra were found to agree at the other γ-ray energies. The final

values for the TDC scale factors are shown in Table 5.2 on page 157.
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Figure 5.9: The experimental neutron TOF spectrum for one detector compared
with the results of a GEANT4 simulation for d(γ, n)p at Eγ = 13.5 MeV, after the
adjustment of the TDC scale factors. The blue line histogram is the simulation
result using a delta function timing resolution. The red line histogram is the
simulation result using the experimental timing resolution.

5.6 Detector Efficiencies

The geometric, intrinsic, and system neutron detection efficiencies of the Bicron

liquid scintillator detectors were calculated from the results of several GEANT4

simulations. These calculated quantities were used in the determination of the

γ-ray beam intensities (Section 5.7 on page 161) and the absolute cross sections

for d(γ, n)p (Section 5.9 on page 171) and 3He(γ, n)pp (Section 5.10 on page 173).
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Table 5.2: TDC scale factors used in the TDC calibrations. Detectors 1 – 7
are the primary detectors, and detectors 8 and 9 are the beam intensity monitor
detectors.

TDCscale TDCscale

Eγ = 11.4 MeV Eγ = 12.8, 13.5, 14.7 MeV
Detector (ns/channel) (ns/channel)

1 0.0473 0.0485
2 0.0494 0.0480
3 0.0492 0.0465
4 0.0485 0.0477
5 0.0500 0.0480
6 0.0480 0.0485
7 0.0490 0.0485
8 0.0480 0.0467
9 0.0480 0.0467

5.6.1 Geometric Efficiencies

The solid angles and extended-target acceptances of the Bicron neutron detectors

were calculated from GEANT4 simulations that employed geantino particles10.

Simulations were executed for the primary detectors and beam intensity monitor

detectors separately, and 10 million geantinos were generated in each simulation.

The solid angle for each detector was found by generating geantinos isotrop-

ically from a point at the target center. The extended-target acceptances were

determined by generating geantinos along the length of the target11 and inside

an area defined by the collimator diameter12. The solid angle or acceptance, ∆Ω,

10See Section 4.3.3 on page 122 for information on the types of primary particles used in the
simulations and how they were generated.

1140 cm for E
γ

= 11.4 MeV and 5.1 cm for E
γ

= 12.8 MeV, 13.5 MeV, and 14.7 MeV

127/8 in. for E
γ

= 11.4 MeV and 1 in. for E
γ

= 12.8 MeV, 13.5 MeV, and 14.7 MeV
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was calculated using the following equation:

∆Ω = 4π
number of geantinos striking the detector

total number of geantinos generated
. (5.5)

The results of the calculations of solid angles and acceptances are tabulated in

Table 5.3 and Table 5.4 on the next page.

Table 5.3: Solid angles of the Bicron neutron detectors as calculated from the
results of GEANT4 simulations for Eγ = 11.4 MeV. Detectors 1 – 7 are the primary
detectors, and detectors 8 and 9 are the beam intensity monitor detectors. See
Section 3.3.3 on page 75 for a description of the detector setup.

Distance to Scattering Extended-target
Target Center Angle Solid Angle Acceptance

Detector (cm) ( ◦) (msr) (msr)

1 90 50 15.3 16.0
2 75 75 21.8 22.2
3 75 90 22.3 22.0
4 75 105 22.3 22.1
5 90 130 15.6 15.7
6 75 145 22.1 23.0
7 75 160 22.3 23.4
8 91.4 90 15.0 15.1
9 91.4 90 15.1 15.3

5.6.2 Intrinsic and System Efficiencies

As described below, the neutron detection efficiencies were calculated for the

d(γ, n)p reaction and the 3He(γ, n)pp reaction differently. However in both cases,

GEANT4 simulations were constructed where neutrons were generated isotropi-

cally in a volume specified by the length of the target and the diameter of the
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Table 5.4: Solid angles of the Bicron neutron detectors as calculated from
the results of GEANT4 simulations for Eγ = 12.8 MeV, 13.5 MeV, and 14.7 MeV.
Detectors 1 – 7 are the primary detectors, and detectors 8 and 9 are the beam
intensity monitor detectors. See Section 3.3.3 on page 75 for a description of the
detector setup.

Distance to Scattering Extended-target
Target Center Angle Solid Angle Acceptance

Detector (cm) ( ◦) (msr) (msr)

1 74.8 50 22.3 22.4
2 74.8 75 22.5 22.3
3 75.3 90 21.9 22.0
4 75.5 90 21.8 21.8
5 75.0 105 22.4 22.0
6 75.3 130 21.8 22.1
7 70.4 160 24.8 25.4
8 50.1 90 49.1 49.0
9 50.4 90 48.9 48.7

collimator.

Efficiencies for the d(γ, n)p Reaction

The neutron detection efficiencies for the d(γ, n)p reaction were determined by

generating neutrons with energies and momenta consistent with d(γ, n)p kine-

matics. The intrinsic efficiency for d(γ, n)p for each Bicron neutron detector was

calculated from the simulation results using the formula

ǫint =
number of neutrons detected

number of neutrons incident on the detector
, (5.6)
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Table 5.5: Intrinsic and system neutron detection efficiencies for d(γ, n)p at
all incident γ-ray energies calculated from the GEANT4 simulations in which ten
million events were generated. The statistical errors on the efficiencies are ≈ 1 %.
Detectors 1 – 7 are the primary detectors, and detectors 8 and 9 are the beam
intensity monitor detectors.

11.4 MeV 12.8 MeV 13.5 MeV 14.7 MeV

Detector ǫint ǫsys ǫint ǫsys ǫint ǫsys ǫint ǫsys

1 0.29 0.28 0.25 0.28 0.25 0.29 0.25 0.28
2 0.30 0.29 0.26 0.30 0.26 0.30 0.25 0.29
3 0.30 0.30 0.26 0.31 0.26 0.31 0.25 0.31
4 0.30 0.30 0.26 0.31 0.26 0.30 0.25 0.29
5 0.31 0.31 0.26 0.31 0.26 0.30 0.25 0.29
6 0.31 0.31 0.28 0.30 0.26 0.28 0.25 0.28
7 0.31 0.31 0.28 0.30 0.27 0.30 0.26 0.28
8 0.17 0.20 0.17 0.21 0.16 0.19 0.16 0.20
9 0.17 0.19 0.17 0.20 0.17 0.19 0.16 0.20

and the system efficiency was calculated using

ǫsys =
4π

∆Ω
· number of neutrons detected

total number of neutrons generated
, (5.7)

where ∆Ω is the extended-target acceptance from Equation 5.5 on page 158. The

system neutron detection efficiency includes the dependency on nearby volumes,

such as lead shielding walls and aluminum mounting plates. Table 5.5 relates the

efficiencies as calculated from the results of the simulations.
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Efficiencies for the 3He(γ, n)pp Reaction

The neutron detection efficiencies used in determining the absolute cross sections

for the 3He(γ, n)pp reaction were determined by generating a uniform distribution

of neutrons from zero energy up to 7 MeV. The intrinsic and system efficiencies

were calculated from the results of the GEANT4 simulations using Equations 5.6

and 5.7 applied to each energy window in the 0 MeV– 7 MeV range. The results

of the efficiency calculations performed on the simulation results are shown in

Figure 5.10 on the following page as a function of neutron energy for the primary

detector configuration for the incident γ-ray energies of 12.8 MeV, 13.5 MeV, and

14.7 MeV. The results for the for the Eγ = 11.4 MeV configuration are similar.

5.7 Beam Intensity Determination

The system used in the determination of the γ-ray beam intensity is described

in Section 3.6.3 on page 102. This system of a D2O target, two Bicron neutron

detectors, and lead shielding walls was used to monitor and extract the absolute

γ-ray beam intensity for each DAQ run in the experiment.

5.7.1 Low Background Environment

Care was taken to keep backgrounds as low as possible in the beam intensity

monitor detectors. Low backgrounds were achieved by the placement of shielding

walls and the setting of hardware electronics thresholds.

Shielding walls made of lead bricks were constructed on the upstream and
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Figure 5.10: Intrinsic and system neutron detection efficiencies as a function of
neutron energy calculated from the results of GEANT4 simulations. The PH cut
has been applied to these data.
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downstream sides of the two Bicron neutron detectors as shown in the schematic

in Figure 3.8 on page 76. The upstream walls shielded the detectors from any

γ rays scattered out of the beam by upstream materials. The downstream walls

were placed to intercept any γ rays that backscattered from downstream objects,

primarily the beam dump.

Although the lead shielding walls greatly reduced the flux of γ rays scattered

from upstream and downstream into the two beam intensity monitor detectors, γ

rays Compton scattered from the D2O target still reached the detectors. These γ

rays are correlated with the beam and created a γ-flash peak in the TOF spectra.

The target γ-flash peak can be seen in the TOF spectrum shown in Figure 5.11

on the next page. Also visible in the spectrum is the neutron TOF peak resulting

from the photodisintegration of deuterium.

In Figure 5.11, the TOF spectrum is shown before and after the PSD and

PH cuts are placed. Several aspects of the spectrum should be noted. First,

the peak height of the γ-flash peak relative to the peak height of the neutron

peak is small. This indicates that many of the γ-ray events in the detector were

rejected using the electronics hardware since the raw rate of Compton-scattered

γ rays in the detector was much higher than the raw photoneutron rate. In order

to reject the majority of the γ-ray events, the hardware PSD threshold was set

very near the base of the γ-ray peak in the PSD histogram13 for the two beam

intensity monitor detectors. Secondly, the number of counts in the neutron peak

did not change when the PSD and PH cuts were applied. This indicates that there

13See Section 5.4 on page 147 for details on how the PSD cuts were set.
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Figure 5.11: TOF spectrum for one of the beam intensity monitor neutron
detectors. The number of neutron counts in the peak on the right does not
change when the PSD and PH cuts are applied, a result of the low background
environment.

was essentially no neutron background and the detector efficiency was unchanged

when the software PH cut was set. This resulted from setting the hardware CFD

threshold to 97 % of the software PH cut location and keeping this threshold fairly

high. (The PH threshold for the beam intensity monitor detectors was set to one-

cesium, which is equal to 0.517 MeVee.) Lastly, the application of the PSD and

PH cuts did not remove all the γ-ray events in the γ-flash peak in the spectrum.

This was a result of pile up of γ-ray pulses which placed events into the γ-flash

peak. The γ-ray pulse pile up effect is discussed in the next section.
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5.7.2 γ-flash Event Pile Up

The rate of γ rays entering the detectors was high enough that pulses created by

multiple γ rays overlapped in time14 and produced a single output pulse with a

height greater than the individual pulse heights. As a result, the heights of the

summed γ-ray pulses were greater than the height of the largest neutron pulse.

Figure 5.12 shows the PH vs. TOF histogram after the self-timing, PSD, and PH

cuts were applied. It can be seen in the figure that the γ-flash peak consists of

events with pulse height values up to approximately 3 MeVee.
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Figure 5.12: PH vs. TOF histogram for a beam intensity monitor neutron
detector after the self-timing, PSD, and PH cuts were applied. The peak on the
left is the γ-flash peak, and the peak on the right is the neutron TOF peak.

14The MPD-4 modules had a 1µs shaping time. Individual pulses separated in a time less
than 1µs would be shaped together, producing a single output pulse.
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A γ ray with initial energy of 14.7 MeV scattered from an electron in the

D2O target would have an energy of 0.494 MeV upon entering a beam intensity

monitor detector placed at 90 ◦. The recoiling electrons created in the detector by

0.494 MeV γ rays would not deposit enough energy to produce pulse heights above

the threshold of 0.517 MeVee (one-cesium). Thus, pulses with heights observed in

the γ-flash peak in Figure 5.12 could only be produced by multiple γ-ray pulses

piling up on each other.

Pulse pile up of the γ-flash events also affected the PSD characteristics of

the MPD-4 module. Multiple γ-flash pulses were shaped together in the “zero-

crossing” electronics stage of the module15, producing an output pulse with a

longer tail than a single γ-flash pulse would have produced. The result was that

the MPD-4 emitted a PSD signal with a value equal to that of a neutron. This

pile-up effect of the PSD parameter can be seen in Figure 5.13 on the next page.

The figure shows a TOF vs. PSD for one of the beam intensity monitor detectors

before and after the PSD and PH cuts were applied. The lower band contains

events in the γ-flash peak, and many of the events have a PSD value well above

the PSD cut location.

Although pulse pile-up in the γ-flash peak was observed in the beam intensity

monitor detectors, it was not a source of background since the neutron counts are

easily separated from the γ-flash counts using the differing time of flight of the two

particles. Consequently, an effective TOF cut was set by requiring the integration

region of the TOF histogram to be contained to the limits of the neutron peak.

15See Section 3.5.5 on page 96.
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Figure 5.13: TOF vs. PSD histogram for a beam intensity monitor neutron
detector before and after the PSD and PH cuts were applied. The PSD cut is
indicated by the vertical line, and all events to the left of the cut were discarded.

5.7.3 Determination Method

The γ-ray beam intensity for each DAQ run was determined using the scaler

counts from the beam intensity monitor detectors. All the scaler counts from the

detectors did not originate with neutron events, and so the TOF spectra of the

monitor detectors were used to isolate only neutron counts. The neutron rate in

Hz, Rn, in the scaler for each detector was calculated using the formula

Rn =
Cscaler

clock

Cn

Ctot

, (5.8)
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where Cscaler is the number of counts in the scaler for one DAQ run, clock is the

realtime in seconds of the DAQ run, Ctot =
∑

hTOF is the total number of counts

in the TOF histogram, and Cn =

TOFup
∑

TOFlo

hTOF is the number of counts in the neutron

peak in the TOF histogram. The summation limits for the neutron peak were

chosen to be TOFup = TOF(En = 0.5 MeV) and TOFlo = TOF(En = 1.3 ·E peak
n ),

where E peak
n is the centroid energy of the neutron peak as specified by d(γ, n)p

kinematics.

The equation used for determining the beam intensity, Φ, from the neutron

scaler rate was

Φ =
Rn

∆Ω

(

dσ

dΩ
Nt ǫsys

)−1

, (5.9)

where ∆Ω is the detector acceptance of the beam intensity monitor detectors with

values given in Table 5.3 on page 158 and Table 5.4 on page 159, ǫsys is the system

neutron detection efficiency for the beam intensity monitor detectors with values

given in Table 5.5 on page 160, Nt is the D2O target thickness in nuclei/cm2, and

dσ
dΩ

is the differential cross section of the photodisintegration of deuterium. The

target thickness, Nt, was calculated using the following equation:

Nt = 2
ρNa

2Md +MO

Lt,

where Na is Avogadro’s number, ρ = 1.1047 g/cm3 is the density of heavy water,

Md = 2.0141020 amu is the mass of deuterium, MO = 15.994915 amu is the mass

of oxygen, and Lt = 4.74 cm is the target length. The differential cross section, dσ
dΩ

,

was extracted using the total cross section values for deuteron photodisintegration
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at the current experimental energies reported by Birenbaum et al. [Bir85] and

Bernabei et al. [Ber86] and assuming an angular distribution of the form

dσ

dΩ
= σtot

[

f

4π
+

3

8π
(1 − f) sin2(θ cm

n )

]

, (5.10)

where σtot is the total cross section and f is the fraction of M1 contribution to the

total cross section. Theoretical calculations by Schwamb and Arenhövel [Are04,

Sch01a, Sch01b] predict the % M1 contribution to be approximately 2 % at these

energies, and a recent measurement [Bla07] found the % M1 contribution to be

9 % at Eγ = 14 MeV. Varying the % M1 contribution from 2 % to 9 % resulted in a

variation of about 0.6 % in the γ-ray beam intensities extracted from the present

analysis. Thus the experimentally-determined γ-ray beam intensities are fairly

insensitive to this value. A value for f = 0.05 was used in the determination of

the beam intensities for the present experiments.

5.8 Extracted Beam Intensities

Figure 5.14 on the next page shows the extracted γ-ray beam intensities (using

the method described in the previous section) as a function of DAQ run number

for Eγ = 11.4, 12.8, 13.5, and 14.7 MeV. At Eγ = 11.4 MeV, the beam intensities

are compared to the product of the average power of the FEL optical cavity and

the average electron beam current. The beam intensity is proportional to the

optical power times the electron beam current [Wu09]. At Eγ = 12.8, 13.5, and

14.7 MeV, the extracted beam intensities are compared only to the average power
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Figure 5.14: Beam intensities as a function of DAQ run number. The red
diamonds are the γ-ray beam intensities determined from the Bicron neutron
detector counts. The error bars are statistical only and are smaller than the size
of the diamond markers. The abbreviation A.U. stands for arbitrary units.
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of the FEL optical cavity. The electron beam current values were unavailable at

these energies since the current sensor became inoperable near the beginning of

the experiment. Thus only the optical power values were available for comparison.

The strong correlation observed in Figure 5.14 between the beam intensities and

the optical power at these γ-ray energies suggests that the electron beam current

was relatively stable throughout these runs.

5.9 Deuteron Photodisintegration

Neutron data from the d(γ, n)p reaction were acquired at each incident γ-ray

energy with a deuteron target placed in the primary setup. As described in Sec-

tion 5.5.3 on page 155, these measurements were useful in calibrating the TDC

spectra. In addition, these data were used to extract the angular distribution of

the d(γ, n)p absolute differential cross section. This, of course, is not an inde-

pendent measurement of this cross section since the γ-ray beam intensities used

in this measurement were derived from a previous measurement of the deuteron

photodisintegration total cross section as discussed in the previous section (5.7).

However, extracting the differential cross section was useful in checking the anal-

ysis methods used and in checking the calculations from simulation results such

as the detector acceptances and efficiencies.

The differential cross section for deuteron photodisintegration at a given inci-

dent γ-ray energy was extracted using the following equation:

dσ

dΩ
=

Y

∆Ω

1

vclock ΦNt ǫsys

, (5.11)
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where Y is the background-subtracted yield, ∆Ω is the detector acceptance of the

primary detectors with values given in Table 5.3 on page 158 and Table 5.4 on

page 159, vclock is the livetime of the DAQ run, Φ is the beam intensity extracted

from the data acquired from the beam intensity monitor detectors as described

in Section 5.7, Nt is the target thickness, and ǫsys is the system efficiency of the

primary detectors with values given in Table 5.5 on page 160. The raw yields,

Ypeak, were obtained by integrating the neutron peaks in the TOF spectra. The

background yields, Ybg, were obtained by summing a region that was out of time

with the neutron peak. The background-subtracted yields were then calculated

with Y = Ypeak − Ybg ·∆tpeak/∆tbg, where ∆tpeak is the peak integration window,

and ∆tbg is the background integration window.

The differential cross section for d(γ, n)p at Eγ = 11.4 MeV extracted from the

experimental measurements is shown in Figure 5.15 on the following page. The

data are compared to an angular distribution of the form of Equation 5.10 on

page 169 with σtot = 1257 ± 36µb. This σtot is the value of the total cross section

reported by Birenbaum et al. [Bir85]. The form of the angular distribution assumes

that only the M1 and E1 multipoles were involved in the d(γ, n)p reaction. The

percentage of M1 strength in the total cross section was set to (f · 100 % =) 5 %

based on the arguments outlined at the end of Section 5.7.3. The extracted

angular distribution agrees well with the previous measurement (which was used to

calculate the beam intensity) both in shape and absolute scale, and this agreement

gives confidence in the methods employed in the analysis. In other words, the

measurement made with the primary setup is self-consistent with the measurement

made with the beam intensity monitor setup.
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Figure 5.15: Deuteron photodisintegration differential cross section at
Eγ = 11.4 MeV. The error bars indicate statistical uncertainties. The cross-
hatched band is an angular distribution consistent with the total cross section
σtot = 1257 ± 36µb reported by Birenbaum et al. [Bir85], and the width of the
band indicates the uncertainty in the previously reported value (± 36µb).

5.10 3He Photodisintegration

Measurements of the three-body photodisintegration of 3He were performed at

the incident γ-ray energies of 11.4 MeV, 12.8 MeV, 13.5 MeV, and 14.7 MeV. The

absolute three-fold differential cross section as a function of outgoing neutron

energy and scattering angle at each incident γ-ray energy was extracted from

these measurements.
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5.10.1 Normalized Yields and Background Yields

The data collected at each incident γ-ray energy were summed and normalized

to the DAQ livetime and the γ-ray beam intensity. Target-related neutron back-

ground data were collected using “empty” target vessels at each γ-ray energy,

and the background data were treated in the same manner as the signal-plus-

background data.

Eγ = 11.4MeV

The normalized yields as a function of the neutron TOF extracted at the inci-

dent γ-ray energy of 11.4 MeV are shown in Figure 5.16 on the following page.

The background yields (N2) are shown compared with the signal-plus-background

yields (3He) in the figure.

The main target used in the experimental run was a 40 cm long GE180 alumi-

nosilicate glass cylinder filled with 3He gas (and a negligible amount of N2 gas)

as discussed in Section 3.4.4 on page 82. A second GE180 glass target, nearly

identical in geometry, filled with the same amount of N2 gas was placed in the

γ-ray beam to determine the target-related background. As is seen in Figure 5.16,

the target-related neutron background was large relative to the neutron peak of

interest, especially at the most forward and backward scattering angles.

The large neutron background was mainly due to barium, which composed

roughly 16 % (by weight) of the GE180 glass16. Natural barium has a neutron pro-

duction total cross section of ∼40 mb at Eγ = 11.4 MeV. The large target-related

16The full composition of GE180 glass is given in Table 4.1 on page 120.
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Figure 5.16: Normalized yields for Eγ = 11.4 MeV. The GE180 glass used for
the low-pressure 3He target created much neutron background.
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neutron background and extended target geometry increased the uncertainty in

the measurements and the complexity of the analysis at this γ-ray energy.

Eγ = 12.8MeV

At the incident γ-ray energy of 12.8 MeV, the signal to background ratio was im-

proved significantly. One contributor to the improvement was that the 3He target

thickness was 2.4 times higher for the high-pressure target17 relative to the low-

pressure target. However, the most significant reason for the improvement was the

choice to use an aluminum target bottle to hold the 3He gas. This bottle was made

of the aluminum alloy 6082, which is approximately 95 % 27Al by weight. As with

the glass target, a second, nearly identical, aluminum gas bottle containing only

air was used to determine the target-related background. The neutron separation

energy for 27Al is 13.1 MeV, and thus no neutron background was created from

photonuclear interactions with 27Al at this energy. The normalized yields at Eγ

= 12.8 MeV compared to the lower background yields are shown in Figure 5.17 on

the following page. It can be seen in the figure that some neutron background is

present under the neutron peak from the 3He(γ, n)pp reaction, although not from

interactions with 27Al.

The remaining 5 % of the aluminum alloy 6082 contains small amounts of other

elements (see Table 4.1 on page 120). The presence of these other elements in the

gas bottle accounted for the neutron background in the spectra. Some of the

isotopes of these elements have neutron separation energies below 12.8 MeV and

photoneutron cross sections in the 20 mb – 40 mb range at this energy. Thus,

17The high-pressure target is discussed in Section 3.4.3 on page 81.
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Figure 5.17: Normalized yields for Eγ = 12.8 MeV. Improvement in the signal-
to-background ratio can be seen relative to the 11.4 MeV data.
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neutrons coming from photonuclear reactions with these isotopes produced the

target-related background seen in Figure 5.17 on the preceding page.

Eγ = 13.5MeV

The normalized yields for the incident γ-ray energy of 13.5 MeV are shown in

Figure 5.18 on the next page. This γ-ray energy was above the neutron production

threshold in 27Al, but the energy of the outgoing neutrons produced by 27Al was

too low to produce a signal in the detector above the PH threshold. Thus only

a small increase in neutron background was observed due to the other elements

present in the aluminum alloy 6082.

Eγ = 14.7MeV

This incident γ-ray energy was well above the neutron production threshold of

27Al, and a resultant large background can be seen in Figure 5.19 on page 180.

However, the large background is present at lower neutron energies, and the shape

of the background is represented well by the air target yields.

5.11 Background Subtraction

The normalized background data shown in Figures 5.16, 5.17, 5.18, and 5.19 were

subtracted directly from the signal-plus-background data to form the background-

subtracted yields. The background-subtracted yields were then used to form the

absolute differential cross section as a function of incoming γ-ray energy, outgoing

neutron energy and angle.
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Figure 5.18: Normalized yields for Eγ = 13.5 MeV. The target-related neutron
background was very similar to that at Eγ = 12.8 MeV.
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Figure 5.19: Normalized yields for Eγ = 14.7 MeV. The majority of the back-
ground is from photoneutrons produced by the 27Al in the target bottle walls.
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5.12 3He(γ, n)pp Differential Cross Section

The differential cross section for the three-body photodisintegration of 3He at a

given incident γ-ray energy and outgoing neutron energy bin was formed using

d3σ

dΩ dEn

= (Ypeak − Ybg)
1

∆Ω ∆En Nt ǫsys

, (5.12)

where

Yi =
Ci

vclock i Φi

for i = peak, bg

are the normalized yields (Ypeak is the bin yield determined by the counts from the

3He target, and Ybg is the bin yield determined by the counts from the background

target), vclock is the DAQ livetime, Φ is the beam intensity (see Section 5.7 on

page 161), ∆Ω is the detector acceptance of the primary detectors with values

given in Table 5.3 on page 158 and Table 5.4 on page 159, ∆En is the neutron

energy bin width, Nt is the target thickness, and ǫsys is the system efficiency of

the primary detectors with values given in Figure 5.10 on page 162.

Forming the differential cross section from Equation 5.12 results in a cross

section where finite-geometry and neutron multiple-scattering effects are still in-

cluded. These effects can be seen at each scattering angle, with the finite-geometry

effect being the most pronounced at extreme angles18. The extracted differential

cross sections as functions of incoming γ-ray energy, outgoing neutron energy,

and scattering angle are shown compared to theory in Section 6.2 of the following

18See Section 6.2.2 on page 185, Section 6.2.3 on page 191, and Section 6.2.4 on page 196.
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chapter. The procedure for correcting the experimental data for these effects is

discussed in Section 6.3 on page 203.
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6
Discussion of the

Results

6.1 Introduction

The absolute 3He(γ, n)pp cross sections have been extracted from measurements

described in Chapter 3 using analysis and monte-carlo methods as described in

Chapters 4 and 5. In this chapter, the experimental cross sections are compared

to the theoretical predictions of Deltuva, Fonseca, and Sauer [Del09] discussed

in Chapter 2. The experimental effects of finite geometry and neutron multiple

scattering are discussed, and a procedure for correcting the experimentally mea-

sured cross section for these effects using the shape of the theoretical cross section

is described. The dominant contributions to the predicted cross section are dis-

cussed. The neutron angular distributions are presented. The dominant sources

of systematic uncertainties are discussed.
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6.2 Comparison of Data with Theory

6.2.1 Inputs and Outputs of the Simulations

Simulations of the experiments using the GEANT4 package are powerful tools that

were used to calculate neutron detection efficiencies and to investigate neutron

multiple-scattering effects. These simulations are also essential in examining the

effect of the finite size of the targets and detectors.

Simulations were executed for both the configuration of the 11.4 MeV setup and

for the configuration of the setup at higher energies. To increase the detection

statistics in the simulations, primary neutrons corresponding to photodisintegra-

tion events were generated in the simulations with the initial azimuthal angle (φn)

limited to a 32 ◦ window about the plane in which the detectors were placed. No

limit was placed on the range of values of the initial polar angle (θn). The (polar)

angular and energy distribution of the generated neutrons was specified by an

input cross section. Two cross section shapes were used: a prediction by Deltuva,

Fonseca, and Sauer (CDB + C1) and a phase-space calculation. The resulting

output of the simulations are then a theoretical prediction or phase-space calcu-

lation (depending on the input) folded with the experimental finite-geometry and

multiple-scattering effects.

The phase-space calculations are described in Section 2.7 on page 45. It is

important to note that the phase-space calculations do not provide a prediction

for the absolute scale of the cross section, only the shape of the neutron distribu-

1“CDB + C” denotes “CD-Bonn + Coulomb”
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tion at a given neutron scattering angle. To compare the phase-space simulation

results to the theoretical prediction, the angular distribution was specified to be a

distribution of the form A sin2(θ cm
n )+δ with A = 3

8π
(1−0.15) and δ = 1

4π
· (0.15)2,

and the total number of events in each simulation thrown into 4π (extrapolating

from the 32 ◦ window to the full range of φn) was normalized to the predicted

total cross section at a given γ-ray energy. The predicted total cross section as a

function of γ-ray energy is shown in Figure 2.5 on page 43.

6.2.2 Point-Geometry and Simulation Predictions

The point-geometry theoretical predictions are plotted with simulation predictions

and phase-space calculations produced by the GEANT4 monte-carlo simulations

using the corresponding point-geometry distributions as the input cross sections

in Figures 6.1 to 6.4 on pages 187–190. These simulation predictions include

the experimental effects of finite geometry and neutron multiple scattering. Four

curves are plotted in each figure. The short-dashed blue curve is the theoret-

ical prediction based on the CD-Bonn (CDB) nucleon-nucleon (NN) potential

with no Coulomb interaction included provided by Deltuva. The solid red curve

(CDB + C) is the Deltuva prediction when the Coulomb interaction is included.

The long-dashed black curve is the output of a GEANT4 simulation using the

CDB + C theoretical cross section as the input. The medium-dashed magenta

curve is the phase-space shape generated from the GEANT4 phase-space simula-

tion results, where the total number of primary events (in 4π) was normalized to

2See Section A.4.
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the total cross section predicted by the CDB + C cross section, and where the

angular distribution was specified as A sin2(θ cm
n ) + δ as described in the previous

section. The point-geometry phase-space shape at θ lab
n = 90 ◦ is shown in Fig-

ure 2.13 on page 57. The neutron distribution shown in Figure 2.13 is the general

point-geometry phase-space shape at any given lab scattering angle, with the only

difference being the maximum neutron energy.
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Figure 6.2: Point-geometry predictions (CDB and CDB + C) [Del09], simula-
tion predictions (using the CDB + C prediction as the input), and phase-space
calculations for the differential cross section as a function of neutron energy and
angle at Eγ = 12.8 MeV. A discussion of the four curves is found on page 185.
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Figure 6.3: Point-geometry predictions (CDB and CDB + C) [Del09], simula-
tion predictions (using the CDB + C prediction as the input), and phase-space
calculations for the differential cross section as a function of neutron energy and
angle at Eγ = 13.5 MeV. A discussion of the four curves is found on page 185.
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Figure 6.4: Point-geometry predictions (CDB and CDB + C) [Del09], simula-
tion predictions (using the CDB + C prediction as the input), and phase-space
calculations for the differential cross section as a function of neutron energy and
angle at Eγ = 14.7 MeV. A discussion of the four curves is found on page 185.
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6.2.3 Effects of Finite Geometry and Multiple Scattering

The effects of finite geometry can be seen in the CDB + C curves produced by

the simulations shown in the figures on the preceding pages. The finite-geometry

effects are largest at the extreme polar angles due to path length differences of

neutrons emerging from the end of the target closest to the detector versus the end

of the target farthest from the detector. In addition, the finite-geometry effects

are larger for the Eγ = 11.4 MeV configuration since the target was approximately

40 cm long. The target length for the higher γ-ray energies was 5.5 cm.

The areas under the input CDB + C (point-geometry) and simulation CDB + C

(finite-geometry w/ multiple scattering) prediction curves at each angle are not

equal for the Eγ = 12.8 MeV, 13.5 MeV, and 14.7 MeV configuration. This is

a result of neutron multiple-scattering effects in the aluminum target bottle.

The area under the simulation prediction curves is less than the area under the

point-geometry prediction curves. This an attenuation effect, referred to as “out-

scattering”, of the neutrons that were initially directed toward the active volume

of the detector. These neutrons were scattered away from the detector by the walls

of the target bottle. “In-scattering” contributions, where neutrons that were not

initially directed toward the detector are scattered into the active volume of the

detector by the target bottle, adjacent detectors, or other volumes near the target

and detectors3, can also occur.

A breakdown of the finite-geometry and neutron multiple-scattering effects

generated from GEANT4 simulations (with the initial values of φn limited to a

3Nearby volumes include aluminum plates and lead shielding walls. See Figure 3.8 on page 76
and Figure 4.1 on page 118.
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Figure 6.5: Experimental effects in the simulated CDB + C [Del09] cross
section at Eγ = 13.5 MeV. Blue curves illustrate the effect of the finite geometry
of the target and detectors. Cross-hatched areas illustrate the effect of neutrons
scattered away from the detectors by the target, and green-filled areas show the
contribution of neutrons scattered toward the detectors by all volumes.
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32 ◦ window as discussed in Section 6.2.1 on page 184) is shown in Figure 6.5 on

the preceding page. The red curve in the figure is the point-geometry CDB + C

prediction used as the input cross section to the simulations. The blue curve il-

lustrates the effect of the finite geometry of the target and detectors. No neutron

scattering effects are included in the blue curve. The cross-hatched area illustrates

the attenuation effect of out-scattering from the walls of the aluminum target bot-

tle. The magnitude of the out-scattering from the target bottle was calculated to

be 11 % by comparing the area under the blue curves to the cross-hatched areas.

A calculation of the neutron attenuation in aluminum yields a 10 % attenuation

for a thickness of 0.6 cm, which is in agreement with the 11 % result of the out-

scattering calculation. The green-filled areas show the effect of in-scattering by all

volumes that would intersect the path of a primary neutron within the 32 ◦ initial

φn window. The effective neutron energy threshold, which is implicitly determined

by the application of a non-zero PH threshold and the detection efficiency deter-

mined by this PH threshold, is En = 1.5 MeV. The in-scattering contribution to

the CDB + C (finite-geometry w/ multiple scattering) prediction curve for the

θn = 105 ◦ detector above the En = 1.5 MeV threshold is approximately 5 %.

A breakdown of the total in-scattering contribution in the detector located at

θn = 105 ◦ is shown in Figure 6.6 on the following page. The largest contribution

to the in-scattering of neutrons into the detector is from the aluminum target

bottle. Scattering from adjacent detectors contributes at lower neutron energies,

and the in-scattering from all other volumes is a small contribution.

Figure 6.7 on page 195 shows distributions of all neutrons that were initially

generated in a direction (θn,φn) that was not initially toward the detector placed
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Figure 6.6: A breakdown of the in-scattering contribution shown in Figure 6.5
on page 192 in the detector located at θn = 105 ◦. The contributions, within initial
φn = ± 16 ◦, from the aluminum target bottle, adjacent detectors, and all other
volumes are indicated.

at θn = 105 ◦. The initial φn range was limited as shown in the figure. The red

ellipses drawn on the histograms denote the area of the active volume of each of

the 7 neutron detectors. The distribution of all neutrons reaching the detector

(i.e., no PH cut applied) is shown in histogram (a) of Figure 6.7. In this plot, an

enhancement is seen inside the ellipse for the θn = 90 ◦ detector on the side nearest

the θn = 105 ◦ detector. These events constitute the majority of the in-scattering

contribution from neighboring detectors.

Many of the neutron events shown in histogram (a) of Figure 6.7 do not deposit

enough energy into the detector to produce a PH value above the threshold.
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Figure 6.7: Simulated initial φn vs. θn distributions where neutrons were initially
generated in a direction not toward the detector placed at θn = 105 ◦. Each event
in each histogram is one in which the neutron was generated in a direction (θn,φn)
not toward the detector but was scattering into the active volume of the detector,
i.e., the in-scattering contribution. The red ellipses denote the active volume of
the 7 neutron detectors. Histogram (a) is without a PH cut applied. Histogram
(b) is with the PH cut applied.
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All the events with PH values above threshold are plotted in histogram (b) of

Figure 6.7 on the preceding page, and these events constitute the entirety of the

total in-scattering contribution shown in Figure 6.6 on page 194 (the green-filled

area).

Simulations were performed where the initial values of φn were not limited in

order to investigate any differences relative to the simulations where the initial

φn was limited. It was determined that the in-scattering contribution increases,

especially at the lower neutron energies. However, by subtracting the additional

in-scattering contribution from the unlimited φn neutron distributions, the distri-

butions where the initial values of φn were limited can be recovered.

The area under the CDB + C (point-geometry) and CDB + C (finite-geometry

w/ multiple scattering) prediction curves at each angle are equal for the Eγ =

11.4 MeV configuration. This was a result of only placing the (thin-walled GE180

glass) target and neutron detectors in the world volume in the 11.4 MeV simulation

geometry, thus eliminating much of the effects of neutron multiple scattering in the

simulation results. The actual experimental setup was substantially more complex

than what was modeled in the simulation. However, the multiple-scattering effects

from these additional geometries are expected to be small compared to the large

target-related neutron backgrounds discussed in Section 5.10.1 on page 174.

6.2.4 Experimental Cross Section Results

The absolute experimental cross sections are compared to the CDB + C (finite-

geometry w/ multiple scattering) predictions and phase-space (finite-geometry w/
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multiple scattering) calculations resulting from the GEANT4 simulations using

the point-geometry CDB + C predictions and point-geometry phase-space calcu-

lations as inputs4 in Figures 6.8 to 6.11 on pages 198–202. At all incident γ-ray

energies, the experimental cross sections agree in absolute scale with the predicted

cross sections. A discussion of the comparison of the shapes of the experimental

and (simulated) theoretical distributions follows.

At Eγ = 11.4 MeV, the statistical error bars are large due to considerable

background from the GE180 glass target cell5, and the finite-geometry effects re-

sulting from the long target are significant. The extremely poor statistics and

small signal-to-background ratios made it impossible to extract meaningful re-

sults at the angles θn = 145 ◦ and 160 ◦. Comparing the relatively better quality

data at the other scattering angles to the theoretical prediction and the phase-

space-only calculation leads to the conclusion that both describe the shape of the

neutron distributions at each scattering angle equally well (within the statistical

uncertainty). Even if only the angles near 90 ◦ (where the error bars are smaller)

are considered independently, the data do not favor one curve over the other.

4See Section 6.2.1 on page 184.

5See Figure 5.16 on page 175.
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Figure 6.8: Experimental absolute cross section at Eγ = 11.4 MeV compared
to the CDB + C simulation prediction and phase space calculations. Simulation
predictions were generated using the GEANT4 simulations with the CDB + C
(point-geometry) prediction [Del09] as the input.
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The experimental cross sections at the higher incident γ-ray energies (Eγ =

12.8 MeV, 13.5 MeV, and 14.7 MeV) are consistent with the CDB + C (finite-

geometry w/ multiple scattering) predictions, conclusively ruling out the phase-

space-only neutron energy distributions. The key feature of the predicted neutron

distribution as a function of outgoing neutron energy at a particular scattering

angle is the peaking of the cross section near 90 % of Emax
n . (The physical origin

of this peak is discussed in Chapter 1 and Section 6.4 on page 207.) At each γ-ray

energy and scattering angle, except for θ lab
n = 160 ◦, the measured cross section

data show the same peaking near the maximum neutron energy.
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Figure 6.9: Experimental absolute cross section at Eγ = 12.8 MeV compared
to the CDB + C simulation prediction and phase space calculations. Simulation
predictions were generated using the GEANT4 simulations with the CDB + C
(point-geometry) prediction [Del09] as the input.
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Figure 6.10: Experimental absolute cross section at Eγ = 13.5 MeV compared
to the CDB + C simulation prediction and phase space calculations. Simulation
predictions were generated using the GEANT4 simulations with the CDB + C
(point-geometry) prediction [Del09] as the input.

201



Chapter 6. Discussion of the Results

Eγ = 14.7MeV

 (MeV)nE
2 3 4 5 6

b
 / 

sr
 M

eV
)

µ
 ( n

 d
E

n
Ωd

σ3 d

0

10

20

30 ° = 50nθ

 (MeV)nE
2 3 4 5 6

b
 / 

sr
 M

eV
)

µ
 ( n

 d
E

n
Ωd

σ3 d

0

10

20

30

40

50
° = 75nθ

 (MeV)nE
2 3 4 5 6

b
 / 

sr
 M

eV
)

µ
 ( n

 d
E

n
Ωd

σ3 d

0

10

20

30

40

50 ° = 90nθ

 (MeV)nE
2 3 4 5 6

b
 / 

sr
 M

eV
)

µ
 ( n

 d
E

n
Ωd

σ3 d
0

10

20

30

40

50 ° = 90nθ

 (MeV)nE
2 3 4 5 6

b
 / 

sr
 M

eV
)

µ
 ( n

 d
E

n
Ωd

σ3 d

0

10

20

30

40
° = 105nθ

 (MeV)nE
2 3 4 5

b
 / 

sr
 M

eV
)

µ
 ( n

 d
E

n
Ωd

σ3 d

0
5

10

15

20
25 ° = 130nθ

 (MeV)nE
2 3 4 5

b
 / 

sr
 M

eV
)

µ
 ( n

 d
E

n
Ωd

σ3 d

0

2

4

6

8 ° = 160nθ
Geometry w/ Multiple Scattering)
Experimental Data (Finite-

Prediction
CDB + C (Point-Geometry)

Multiple Scattering) Prediction
CDB + C (Finite-Geometry w/

Multiple Scattering) Calculation
Phase-Space (Finite-Geometry w/

Figure 6.11: Experimental absolute cross section at Eγ = 14.7 MeV compared
to the CDB + C simulation prediction and phase space calculations. Simulation
predictions were generated using the GEANT4 simulations with the CDB + C
(point-geometry) prediction [Del09] as the input.
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6.3 Correcting the Data

Point-geometry data were generated by using the output of the GEANT4 simu-

lations (CDB + C) and the input CDB + C cross sections [Del09] to determine

point-by-point correction factors for the 12.8 MeV and higher energy data sets.

The correction factors used, ci, were simply the ratio of the value of the input

curve to the value of the output curve at the center of each neutron energy bin:

ci =
I(Ei)

O(Ei)
, (6.1)

where I(Ei) is the CDB + C input cross section provided by Deltuva [Del09],

O(Ei) is the output of the GEANT4 simulation using the CDB + C input cross

section, and Ei is the neutron energy value at the center of the ith energy bin.

The corrected data produced when the correction factors are applied are shown

compared to the point-geometry predictions in Figures 6.12 to 6.14 on pages 204–

206.

Corrected data were not generated for the 11.4 MeV data set for three rea-

sons: (1) the error bars were large (± 10 % to 35 %); (2) the observed data are

limited to a smaller fraction of the kinematically-allowed neutron energy range

(En/E
max
n = 0.58 – 0.66); (3) and the experimental data were described equally

well with the CDB + C (finite-geometry w/ multiple scattering) and phase-space

(finite-geometry w/ multiple scattering) curves. However, the experimental data

were integrated from En = 1.5 MeV and up and compared to the CDB + C pre-

diction integrated over the same range. This result is related in Section 6.6 on

page 212.
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Figure 6.12: Corrected data at Eγ = 12.8 MeV compared to the (CDB + C)
prediction by Deltuva, Fonseca, and Sauer [Del09]. The corrected data were gen-
erated by correcting the experimental data using the output of the simulations
given the theoretical cross section as input.
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Figure 6.13: Corrected data at Eγ = 13.5 MeV compared to the (CDB + C)
prediction by Deltuva, Fonseca, and Sauer [Del09]. The corrected data were gen-
erated by correcting the experimental data using the output of the simulations
given the theoretical cross section as input.
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Eγ = 14.7MeV
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Figure 6.14: Corrected data at Eγ = 14.7 MeV compared to the (CDB + C)
prediction by Deltuva, Fonseca, and Sauer [Del09]. The corrected data were gen-
erated by correcting the experimental data using the output of the simulations
given the theoretical cross section as input.
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6.4 Dominant Contributions in the Calculations

In addition to providing full calculations6 of the three-body photodisintegration

cross section of 3He, Deltuva, Fonseca, and Sauer also provided calculations for

the electric dipole (E1) approximation and the individual transition amplitudes

of the E1-only cross section [Del09]. Figure 6.15 on the next page shows the

comparison of the full calculation to the electric dipole approximation. From this

comparison, it is seen that the E1 multipole is the dominant term in the calcu-

lation. Figure 6.16 on page 209 plots the E1-only calculation and its transition

amplitude decomposition. All the calculations provided were made considering

the two protons as a subsystem and the neutron relative to the pp subsystem. In

this construction, the transition amplitudes are labeled by the total angular mo-

mentum of the excited state J , the total angular momentum of the pp subsystem

J(pp), and the orbital angular momenta of the neutron L(n) relative to the pp

state. It can be seen from Figure 6.16 that the peak near 0.90×E max
n is domi-

nated by the contribution of the J(pp) = 0, L(n) = 1 transition amplitudes. This

corresponds to the 1S0 proton-proton final state interaction (FSI). An example

of this final state configuration is shown in (a) of Figure 2.11 on page 53. The

protons have a small relative momentum in this region of phase space, increasing

both the probability of their interaction through the strong force and the mag-

nitude of the Coulomb interaction. The peak at 0.25×E max
n is dominated by the

J(pp) = 1, L(n) = 0 transition amplitudes, which corresponds to the 1S0 neutron-

6They include total angular momenta up to J = 7/2, which means that the E1, M1, E2, M2,
E3, and M3 multipoles are fully included and the E4 and M4 multipoles are partially included.

207



Chapter 6. Discussion of the Results

 (MeV)nE
0 1 2 3 4 5 6

b
 / 

sr
 M

eV
)

µ
 ( n

 d
E

n
Ωd

σ3 d

0

10

20

30 ° = 50nθ

 (MeV)nE
0 1 2 3 4 5 6

b
 / 

sr
 M

eV
)

µ
 ( n

 d
E

n
Ωd

σ3 d

0

10

20

30

40

50 ° = 75nθ

 (MeV)nE
0 1 2 3 4 5 6

b
 / 

sr
 M

eV
)

µ
 ( n

 d
E

n
Ωd

σ3 d

0

10

20

30

40

50 ° = 90nθ

 (MeV)nE
0 1 2 3 4 5 6

b
 / 

sr
 M

eV
)

µ
 ( n

 d
E

n
Ωd

σ3 d

0

10

20

30

40
° = 105nθ

 (MeV)nE
0 1 2 3 4 5 6

b
 / 

sr
 M

eV
)

µ
 ( n

 d
E

n
Ωd

σ3 d

0

5

10

15

20

25 ° = 130nθ

 (MeV)nE
0 1 2 3 4 5 6

b
 / 

sr
 M

eV
)

µ
 ( n

 d
E

n
Ωd

σ3 d

0

5

10

15 ° = 145nθ

 (MeV)nE
0 1 2 3 4 5 6

b
 / 

sr
 M

eV
)

µ
 ( n

 d
E

n
Ωd

σ3 d

0

2

4

6

8 ° = 160nθ Full Calculation (CDB + C)

With E1 Only (CDB + C)

Figure 6.15: The full calculation compared to the E1-only calculation at
Eγ = 12.8 MeV [Del09]. It is easily seen that the calculation is dominated by
electric dipole. At the backward angles, the M1 and higher electric and magnetic
multipoles contribute.
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Figure 6.16: The transition amplitude decomposition of the E1-only calculation
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Figure 6.17: Angular distributions of the four most dominant transition am-
plitudes in the E1-only calculation at Eγ = 12.8 MeV by Deltuva, Fonseca, and
Sauer [Del09] for the neutron energy indicated.

proton final state interaction. Part (d) of Figure 2.11 on page 53 shows this final

state configuration, where a proton and the neutron have a small relative momen-

tum. These findings are consistent with previously published theoretical results

[Bar70, Gib76]. Figure 6.17 plots the angular distributions (at Eγ = 12.8 MeV and

a particular neutron energy) of the four most dominant transition amplitudes to

the E1-only calculation. Only the largest J = 3/2, J(pp) = 0, L(n) = 1 transition

amplitude gives a non-isotropic contribution, which is of the form A sin2(θ cm
n ) + δ

as discussed in Section 1.1.2.
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6.5 Neutron Angular Distributions

A non-zero pulse height threshold (see Section 5.3.5 on page 147) was applied to

the experimental data. This pulse-height threshold implicitly sets a neutron en-

ergy threshold since neutron events with pulse height values less than the threshold

were not detected. Naturally, this affected the neutron detection efficiency as a

function of neutron energy as discussed in Section 3.5.4 on page 94. To avoid

large corrections due to small and relatively uncertain efficiency values, only neu-

tron events with values of En > 1.5 MeV were analyzed. At Eγ = 12.8 MeV and

θ lab
n = 160 ◦, this neutron threshold corresponded to about 50 % of the maximum

neutron energy at this scattering angle. Angular distributions were constructed

for Eγ = 12.8, 13.5, and 14.7 MeV by integrating the corrected neutron energy

distributions7 over the range En/E
max
n = 0.5 – 1.0.

The resulting angular distributions are shown in Figure 6.18 on the following

page compared to the full and E1-only calculations provided by Deltuva, Fonseca,

and Sauer, which were treated in the same manner as the data by integrating

the neutron energy distributions over En/E
max
n = 0.5 – 1.0. It is evident from

the calculations and the data (Figure 6.15 and Figure 6.18, respectively) that the

distributions are dominated by electric dipole photoabsorption, giving them the

characteristic A sin2(θ cm
n ) + δ shape. In addition, the shape and absolute scale

of the experimental data are consistent with that of the theoretical calculations.

The degree of consistency is discussed in the following section. The distributions

are also in qualitative agreement with the distributions of Gorbunov [Gor74] as

7See Figures 6.12 to 6.14 on pages 204–206.
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Figure 6.18: Angular distributions formed by integrating the corrected neutron
energy distributions over the range En/E

max
n = 0.5 – 1.0. The angular distri-

butions are shown compared to a two-parameter fit and the theoretical full and
E1-only calculations [Del09].

shown in Figure 1.3 on page 8.

6.6 Partial Photoneutron Cross Section

The partial photoneutron cross sections were extracted for neutron energies above

0.64×E max
n at Eγ = 11.4 MeV and above 0.5×E max

n at Eγ = 12.8, 13.5, and

14.7 MeV. Both the results at Eγ = 11.4 MeV and for the higher incident γ-

ray energies are plotted in Figure 6.19 on the following page. For both sets, the

results are compared to the theoretical prediction [Del09] integrated over the same
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neutron energy range (as indicated in the figure legend). The percent deviation

of each experimental data point relative to the theoretical curve is summarized

in Table 6.1 on the next page. The percent deviation was calculated using the

formula

% Deviation =
|experiment − theory|

theory
× 100 %. (6.2)
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Figure 6.19: The photoneutron cross section for neutron energies above
0.5×E max

n . The theoretical curve has also been generated for the same neutron
energy range. The error bars on the data are statistical only. Note the suppressed
zero on the horizontal scale.
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Table 6.1: Percent deviation of the measured values of the partial photoneutron
cross section relative to theory for each incident γ-ray energy.

Eγ ( MeV) En/E
max
n Experiment (µb) Theory (µb) % Deviation

11.4 0.64 – 1.0 313± 22 279 12.2
12.8 0.5 – 1.0 507± 8 523 3.0
13.5 0.5 – 1.0 578± 6 574 0.8
14.7 0.5 – 1.0 669± 6 632 6.0

6.7 Fully Integrated Cross Sections

As previously discussed, data below the neutron energy threshold of En = 1.5 MeV

were not measured directly. However, the shape of the neutron energy distribu-

tions at each scattering angle as predicted by Deltuva, Fonseca, and Sauer [Del09]

are very similar to the phase-space-only shape below En = 1.5 MeV. In fact, the

integrations from En = 1.5 MeV down of both the theory curves and the phase-

space-only curves normalized to the local minimum near the middle of the theo-

retical neutron energy distributions are equal to within approximately 5 %. Since

the fraction of the cross section below En = 1.5 MeV is 30 – 40 %, a 5 % correction

in the portion below En = 1.5 MeV would correspond to a 1 – 2 % correction in the

total cross section. Thus the phase-space-only shapes can be used to extrapolate

the experimental neutron energy distributions from En = 1.5 MeV down to 0 MeV.

This extrapolation was performed and the resulting distributions were integrated

over the full neutron energy range (En/E
max
n = 0.0 – 1.0), allowing the angular

distributions of the differential cross section to be formed. In order to take the

uncertainty of the extrapolation into account, an additional uncertainty of 4 %

was assigned to the total cross sections determined in this manner.
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Figure 6.20: Angular distribution of the differential cross sections at Eγ = 12.8,
13.5, and 14.7 MeV compared to the full theoretical calculation [Del09] and the
results of Gorbunov [Gor74], which were averaged over the incident γ-ray energies
of 12 – 16 MeV. The error bars on the current points contain statistical and
extrapolation uncertainties.

The angular distributions at Eγ = 12.8, 13.5, 14.7 MeV resulting from the

extrapolation are shown in Figure 6.20 compared to the full theoretical prediction

of Deltuva, Fonseca, and Sauer [Del09] and the experimental angular distribution

of Gorbunov [Gor74], which was averaged over the incident γ-ray energy bin of

12 – 16 MeV. There is good agreement in the shape and the absolute scale of the

present data with both the previously reported data and the theoretical prediction.

The angular distributions were fit with a function of the form A sin2(θ cm
n )+δ to

extract the total 3He(γ, n)pp cross sections at these energies. The extracted total
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cross sections with statistical (± 1.0 – 1.5 %), systematic (± 6 %), and extrapo-

lation uncertainties (± 4 %) included in the error bars are shown in Figure 6.21

on the next page compared with theory and the world data set. The excellent

agreement found here between the present results shown in Figure 6.21, as well

as those shown in Figure 6.19 on page 213, with the theory of Deltuva, Fonseca,

and Sauer makes it difficult to believe that the factor of ≈ 3 (see Section 1.1.1

on page 2) discrepancy between theory and the experimental result reported at

Eγ = 10.2 MeV [Nai06] is real.

6.8 Systematic Uncertainties

The total systematic uncertainty in the extraction of the absolute cross sections

was estimated to be 6 %. This total systematic uncertainty was determined by

combining the individual sources of error in quadrature. The following is a de-

scription of the sources of error considered and how they were determined.

d(γ, n)p cross section: The γ-ray beam intensity was determined by a measure-

ment of the photodisintegration of the deuteron during the experiment. The

beam intensity was extracted using the cross section values for the d(γ, n)p

reaction reported in Ref. [Bir85] and Ref. [Ber86]. The total uncertainty

(statistical plus systematic) for each of these measurements combined in

quadrature is 3.6 %. This is the largest systematic uncertainty in the present

experiment.

Neutron detector efficiencies: Measurements of the absolute detector efficien-
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Figure 6.21: Total cross section values at Eγ = 12.8, 13.5, and 14.7 MeV
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theory of Deltuva, Fonseca, and Sauer [Del09], the theory of the Krakow-Bochum
collaboration [Nai06], and the world’s experimental data. The error bars on the
present results include statistical, systematic, and extrapolation uncertainties.

cies were performed at TUNL by two independent methods [Set96] and by

another method at PTB in Braunschweig, Germany [Tro97]. The measure-

ments at TUNL were normalized to the 2H(d,n)3He reaction which is known

to 2 %. The measurements at PTB agreed with those performed at TUNL

at the 2 % level. Thus, an overall 2.8 % systematic uncertainty was assigned

to the absolute cross sections as a result of the systematic uncertainty in the

neutron detection efficiency.
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Target lengths: The length of the heavy water target employed in the beam

intensity monitor setup in the rear of the target room was measured to be

47.4 ± 0.3 mm, giving a measurement error of 0.6 %. The length of the

glass target cell used in the Eγ = 11.4 MeV experiment was measured to

have a length of 398 mm with a precision of ±0.3 %. The systematic er-

ror assigned to the internal diameter of the aluminum 3He bottle used in

the measurements performed at Eγ ≥ 12.8 MeV was extracted using the

uncertainty given by the manufacturer for the wall thickness of the bottle

(5.5± 0.3 mm) and the quoted outer diameter (66 mm) of the bottle. Thus

the systematic uncertainty in the absolute cross sections as a result of the

uncertainty in the target length of the high-pressure target bottle is esti-

mated to be
(2) · (0.3 mm)

66 mm − (2) · (5.5 mm)
× 100 % = 1.1 %.

Target pressures: The number density of the low-pressure (polarized) target

used in the Eγ = 11.4 MeV experiment was measured to be 7.27 ± 0.07

amagats, a 1 % uncertainty. The value of the number density was found by

measuring the width and centroid shift of the laser absorption line of the Rb

in the target cell. It has been shown that the width and centroid shift of the

resonance line is directly proportional to the density of the 3He gas in the

cell [Rom97]. The pressure in the aluminum bottle used for the Eγ = 12.8,

13.5, and 14.7 MeV measurements was quoted by the manufacturer to be

170. bar. As a result, the systematic uncertainty in the pressure was taken to

be 2 % since it is unlikely that the pressure was measured exactly. Therefore,

the systematic uncertainty in the absolute cross section associated with the
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uncertainty of the the target pressure is estimated to be 2 %.

Target thickness: The target thickness in nuclei/cm2 is directly proportional

to the product of the the target pressure and the target length. Thus the

systematic uncertainty in the target thickness is found by combining the

systematic errors of the target length and the target pressure in quadrature.

Detector solid angles: The uncertainty for the solid angles of the detectors

comes from the error in the measured distances of the detectors to the target

center. These distances were measured with a precision of ±3 mm. For the

primary detectors (d ≈ 75 cm), this gives an error of 0.8 % in the solid angle.

For the beam intensity monitor detectors (d ≈ 50 cm), a systematic error of

1.2 % for the solid angle results.

Analysis related: The valley in the PSD histograms used to determine the PSD

cut location is approximately 24 channels wide on average. Varying the PSD

cut by ±12 channels resulted in a variation in the integrated cross section of

1 %. Gain shifts were seen in the neutron detectors from the morning to the

night 137Cs source runs. An untracked gain shift would result in changing

the PH threshold and, in turn, the shape of the efficiency curve. The cesium

edge location shifted ±15 channels on average from morning to night, which

is 1.5 % of the nominal cesium edge location (channel 1000). The empty

bottle used for the target-related background determination was said to be

identical to the bottle containing the 3He gas. It was estimated that the

difference in the two bottles could be different by up to 1 %.
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6.9 Closing

Absolute cross sections of the 3He(γ, n)pp reaction as a function of the outgoing

neutron energy and scattering angle were measured at the incident γ-ray energies

of 11.4, 12.8, 13.5, and 14.7 MeV. These measurements are one of the first to

extract absolute cross sections at HIγS. In addition to this, this experiment is the

first to provide angular and energy distributions of the outgoing neutrons at these

specific energies. Previously, only distributions averaged over the incident γ-ray

bins of 8 – 12 MeV and 12 – 16 MeV existed. Angular distributions of the differen-

tial cross sections, integrated over the neutron energy range of En/E
max
n = 0.5 –

1.0, as a function of the center-of-mass neutron scattering angle are reported for

the incident γ-ray energies of 12.8, 13.5, 14.7 MeV. Partial cross sections were ex-

tracted from fits to the dσ
dΩ

(θ cm
n ) distributions at Eγ = 12.8, 13.5, 14.7 MeV. Using

phase-space-only neutron energy distributions to extrapolate the experimentally-

measured neutron energy distributions to En = 0 MeV, angular distributions of

the absolute differential cross sections (integrated over all neutron energies) were

extracted at the incident γ-ray energies of 12.8, 13.5, 14.7 MeV. Total cross sec-

tions were extracted from fits to the extrapolated angular distributions at the

same energies.

Data were taken at Eγ = 11.4 MeV in a polarized-3He-target, polarized-beam

experiment, and the unpolarized cross section was extracted by averaging over

target polarizations8. In this experiment, target-related neutron background was

a major issue. This background was identified as (γ,n) events from the barium

8The polarization observables were analyzed independently by another experimenter.
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contained in the GE180 glass cell. The presence of the large backgrounds resulted

in statistical uncertainties from ± 10 % to 35 %, and systematic uncertainties were

at approximately the same level, most likely due to improper alignment of the

background cell relative to the 3He cell.

The data at Eγ = 12.8, 13.5, and 14.7 MeV were taken using an unpolarized,

high-pressure 3He target, and are of much higher quality. Statistical and system-

atic uncertainties of approximately ± 1 % and ± 6 %, respectively, were achieved.

The data at all energies were compared to phase-space-only calculations and

the state-of-the-art three-body calculations provided by Deltuva et al. [Del09],

which include the Coulomb interaction between the protons in the final state.

With the large uncertainties and extended target effects present in the results at

Eγ = 11.4 MeV, both sets of calculations (phase-space-only and theory) describe

the shape of the three-fold differential cross section data equally well at this energy.

At the higher incident γ-ray energies of 12.8, 13.5, and 14.7 MeV, the three-fold

differential cross sections agree with the calculations of Deltuva, Fonseca, and

Sauer, both in the shape of the distributions and the absolute scale. From these

comparisons, the theoretical technique used in these calculations is confirmed for

this observable at these energies.

The shape of the angular distribution at Eγ = 12.8, 13.5, and 14.7 MeV ob-

tained by integrating over the neutron energies of En/E
max
n = 0.5 – 1.0 indicates

the dominance of electric dipole absorption in the reaction. The theory also

confirms this fact as the pure-E1 prediction is approximately 97 % of the full

prediction. The partial cross section values extracted from fits to the angular

distributions at the three higher γ-ray energies disagree with the theory by 6 %
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at most. The angular distributions obtained by extrapolating the neutron energy

distributions to En = 0 MeV and integrating the full distribution are of equal qual-

ity and in good agreement with the previous measurements of Gorbunov [Gor74]

and theory. The absolute total cross section extracted from these differential

cross sections also agree with theory and the Gorbunov data. Given this excellent

agreement with the theoretical prediction and previous measurements, the large

discrepancy (factor of ≈ 3) between theory and experiment at Eγ = 10.2 MeV re-

ported in Naito et al. [Nai06] seems unlikely to be valid. A direct measurement of

the cross section at Eγ = 10.2 MeV would not be possible with the current detector

system since the energies of the neutrons emerging at forward angles would barely

be above the neutron energy threshold, and the energies of the neutrons emerg-

ing at back angles would be below the threshold. A measurement at this energy

using different detectors that do not have a significant neutron energy threshold

(possibly 6Li-glass detectors) would be very desirable.
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A
Pseudocode for

Neutron Generators

Five C++ classes were written to generate neutrons in GEANT4 simulations. The

pseudocode for each generator is included here. The pseudocode has been sim-

plified for the sake of clarity and does not have a one-to-one correspondence with

the actual C++ code.

A.1 One

Angular distribution: Uniform in cos(θ lab
n ), uniform in φn.

Energy distribution: Specified by d(γ, n)p kinematics.

Use in Analysis: System efficiency of detection of d(γ, n)p neutrons.

Pseudocode:

Initialization steps

Construct the particle gun.

Initialize the masses: γ, e, d, n, p.

Find the particle to be generated in the particle table: "neutron".
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Randomization steps

(In the following steps: θ is the lab polar angle, φ the lab azimuthal angle.)

Pick a random pair, (x, y), within the experimental collimator area.

Pick a random number, z, within the target length.

Pick a random number, cos (θ), in the domain (-1,1).

Define θ = arccos( cos (θ) ).

Pick a random number, φ, in the domain (-180 ◦,180 ◦).

Calculate En(θ) based on d(γ, n)p kinematics

W =
√

m2
d + 2Eγ md

β =
Eγ

Eγ +md

γ =
Eγ +md

W

E cm
n =

W 2 +m2
n −m2

p

2W

term0 = −E cm
n β γ cos (θ)

term1 = (E cm
n )2 γ2 −m2

n γ
4 +m2

n β
2 γ4 cos2 (θ)

term2 = −γ2 + β2 γ2 cos2 (θ)

pn =
term0 −

√
term1

term2

E tot
n =

√

p2
n +m2

n

En(θ) = E tot
n −mn (A.1)
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Particle generation steps

Set the particle definition for the particle gun: "neutron".

Set the particle energy for the particle gun: En.

Set the particle position for the particle gun: x, y, z.

Set the particle momentum direction for the particle gun: θ, φ.

Generate the primary vertex using the particle gun.

Repeat the randomization and particle generation steps for every

primary particle desired.

A.2 Two

Angular distribution: Uniform in cos(θ lab
n ), uniform in φn.

Energy distribution: Uniform from 0.0 MeV– 7.0 MeV.

Use in Analysis: System efficiency of detection of 3He(γ, n)pp neutrons.

Pseudocode:

Initialization steps

Construct the particle gun.

Find the particle to be generated in the particle table: "neutron".

Randomization steps

(In the following steps: θ is the lab polar angle, φ the lab azimuthal angle.)

Pick a random pair, (x, y), within the experimental collimator area.

Pick a random number, z, within the target length.
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Pick a random number, cos (θ), in the domain (-1,1).

Define θ = arccos( cos (θ) ).

Pick a random number, φ, in the domain (-180 ◦,180 ◦).

Pick a random number, En, in the domain (0.0 MeV,7.0 MeV).

Particle generation steps

Set the particle definition for the particle gun: "neutron".

Set the particle energy for the particle gun: En.

Set the particle position for the particle gun: x, y, z.

Set the particle momentum direction for the particle gun: θ, φ.

Generate the primary vertex using the particle gun.

Repeat the randomization and particle generation steps for every

primary particle desired.

A.3 Three

Angular distribution: sin2(θ cm
n ), uniform in φn.

Energy distribution: Specified by d(γ, n)p kinematics.

Use in Analysis: Compare with experimental d(γ, n)p distributions.

Pseudocode:

Initialization steps

Construct the particle gun.

Initialize masses: γ, e, d, n, p.
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Initialize the lab Lorentz vector for the γ-ray projectile.

Initialize the lab Lorentz vector for the deuteron target.

Find the particle to be generated in the particle table: "neutron".

Randomization steps

Pick a random pair, (x, y), within the experimental collimator area.

Pick a random number, z, within the target length.

Define the total lab Lorentz vector: projectile + target.

W = the total lab Lorentz vector invariant mass.

(Particle 1 is the proton, and particle 2 is the neutron.)

E cm
1 =

W 2 −m2
2 +m2

1

2W

E cm
2 =

W 2 −m2
1 +m2

2

2W

p cm
1 = p cm

2 =

√

(W 2 − (m1 +m2)
2) · (W 2 − (m1 −m2)

2)

2W

Define the CM Lorentz vector for particle 1: (−p cm
1 , 0, 0, E cm

1 ).

Define the CM Lorentz vector for particle 2: ( p cm
2 , 0, 0, E cm

2 ).

Pick a random number, ψ, in the domain (0,2π).

Rotate CM Lorentz vectors 1 and 2 about the y-axis ψ radians.

Pick a random number, ψ, in the domain (0,2π).

Rotate CM Lorentz vectors 1 and 2 about the z-axis ψ radians.
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θ cm
n = the theta value from CM Lorentz vector 2

dσ

dΩ
=

3

8π
sin2(θ cm

n ) (A.2)
(

dσ

dΩ

)

max

=
3

8π
sin2

(π

2

)

(These definitions imply that the total cross section

normalization is equal to 1. In the analysis, the

simulated results are normalized to the predicted

total cross section).

Pick a random number, s, in the domain
(

0,
(

dσ
dΩ

)

max

)

.

If s > dσ
dΩ, discard s and repeat the randomization steps.

Particle generation steps

Boost CM Lorentz vectors 1 and 2 to the lab frame.

Set the particle definition for the particle gun: "neutron".

Set the particle energy for the particle gun: En from

lab Lorentz vector 2.

Set the particle position for the particle gun: x, y, z.

Set the particle momentum direction for the particle gun: p̂ from

lab Lorentz vector 2.

Generate the primary vertex using the particle gun.
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Repeat the randomization and particle generation steps for every

primary particle desired.

A.4 Four

Angular distribution: A sin2(θ cm
n ) + δ, uniform in φn.

Energy distribution: Specified by the phase space allowed.

Use in Analysis: Compare with experimental 3He(γ, n)pp distributions.

Notes: The phase space allowed for a three-body final state can be represented

graphically by a Dalitz plot. The Dalitz plot shows the relationship between the

Lorentz invariant quantities m2
12 and m2

23, where m2
ij = (pi + pj)

2 for the four-

vectors pi and pj. Figure A.1 on page 231 shows the Dalitz plot for the npp final

state from the photodisintegration of 3He for an incident γ-ray energy of 12.8 MeV.

Pseudocode:

Initialization steps

Construct the particle gun.

Initialize masses: γ, e, 3He, n, p.

Initialize the lab Lorentz vector for the γ-ray projectile.

Initialize the lab Lorentz vector for the 3He target.

Find the particle to be generated in the particle table: "neutron".

Randomization steps

Pick a random pair, (x, y), within the experimental collimator area.
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Pick a random number, z, within the target length.

Define the total lab Lorentz vector: projectile + target.

W = the total lab Lorentz vector invariant mass.

Picking a valid point inside the Dalitz plot (See Figure A.1):

(Particles 1 and 2 are protons, and particle 3 is the neutron.)

(

m2
12

)

min
= (m1 +m2)

2

(

m2
12

)

max
= (W −m3)

2

(

m2
23

)

min
= (m2 +m3)

2

(

m2
23

)

max
= (W −m1)

2

Pick a random number, m2
12, in the domain ( (m2

12)min , (m
2
12)max ).

(The ⋆ frame is the rest frame of the invariant mass m12.)

p ⋆
1 =

√

(m2
12 − (m1 +m2)

2) · (m2
12 − (m1 −m2)

2)

2m12

E ⋆
2 =

m2
12 −m2

1 +m2
2

2m12

E ⋆
3 =

W 2 −m2
12 −m2

3

2m12

E ⋆
1 =

√

(p ⋆
1 )2 +m2

1

p ⋆
2 =

√

(E ⋆
2 )2 −m2

2

p ⋆
3 =

√

(E ⋆
3 )2 −m2

3

(

m2
23

)

lo
= (E ⋆

2 + E ⋆
3 )2 − (p ⋆

2 + p ⋆
3 )2

(

m2
23

)

up
= (E ⋆

2 + E ⋆
3 )2 − (p ⋆

2 − p ⋆
3 )2
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Pick a random number, m2
23, in the domain ( (m2

23)min , (m
2
23)max ).

If m2
23 is not in

(

(m2
23)lo , (m

2
23)up

)

, repeat picking a valid point

inside the Dalitz plot. (See Figure A.1.)

)2 (GeV2
12m

3.51 3.52 3.53 3.54 3.55

)2
 (

G
eV

2 23
m

3.52

3.53

3.54

3.55
(                2)2 + m1 m

2)
3

     (W - m

(                2)3 + m2m

2)
1

(W - m

(          
up

)2
23m

(
lo

)2
23 m

Figure A.1: Dalitz plot for a three-body final state. The npp final state from
the photodisintegration of 3He for an incident γ-ray energy of 12.8 MeV is shown
here. Conservation of energy and momentum restricts events to the red scatter
plot area.

Once a valid point, (m2
12,m

2
23), inside the Dalitz plot is picked:

cos (θ ⋆
23) =

(E ⋆
2 + E ⋆

3 )2 − (p ⋆
2 )2 − (p ⋆

3 )2 −m2
23

2 p ⋆
2 p

⋆
3

sin (θ ⋆
23) =

√

1 − cos2(θ ⋆
23)
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Define the ⋆-frame Lorentz vector for particle 3: (p ⋆
3 , 0, 0, E

⋆
3 ).

Define the ⋆-frame Lorentz vector for particle 2:

(p ⋆
2 · cos (θ ⋆

23),−p ⋆
2 · sin (θ ⋆

23), 0, E
⋆
2 ).

Define the ⋆-frame Lorentz vector for particle 1:

(−p ⋆
1 · cos (θ ⋆

23), p
⋆
1 · sin (θ ⋆

23), 0, E
⋆
1 ).

Pick a random number, φ, in the domain (0,2π).

Pick a random number, cos(θ), in the domain (-1,1).

Define θ = arccos( cos(θ) ).

Pick a random number, ψ, in the domain (0,2π).

Rotate all the ⋆-frame Lorentz vectors using

the Euler angles φ, θ, and ψ.

Boost all the ⋆-frame Lorentz vectors to the CM-frame.

Pick a random number, φ, in the domain (0,2π).

Pick a random number, cos(θ), in the domain (-1,1).

θ = arccos( cos(θ) ).

Pick a random number, ψ, in the domain (0,2π).

Rotate all the CM-frame Lorentz vectors using

the Euler angles φ, θ, and ψ.

Boost all the CM-frame Lorentz vectors to the lab frame.

θ cm
n = the theta value from CM Lorentz vector 2

dist =
0.15

4π
+

3

8π
(1 − 0.15) sin2(θ cm

n ) (A.3)

distmax =
0.15

4π
+

3

8π
(1 − 0.15) sin2(π/2)
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Pick a random number, s, in the domain (0, distmax ).

If s > dist, discard s and repeat the randomization steps.

Particle generation steps

Set the particle definition for the particle gun: "neutron".

Set the particle energy for the particle gun: En from

lab Lorentz vector 3.

Set the particle position for the particle gun: x, y, z.

Set the particle momentum direction for the particle gun: p̂ from

lab Lorentz vector 3.

Generate the primary vertex using the particle gun.

Repeat the randomization and particle generation steps for every

primary particle desired.

A.5 Five

Angular distribution: Specified by theoretical predictions.

Energy distribution: Specified by theoretical predictions.

Use in Analysis: Compare with experimental 3He(γ, n)pp distributions.

Pseudocode:

Initialization steps

Construct the particle gun.

Find the particle to be generated in the particle table: "neutron".
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Randomization steps

(In the following steps: θ is the lab polar angle, φ the lab azimuthal angle.)

Pick a random pair, (x, y), within the experimental collimator area.

Pick a random number, z, within the target length.

Pick a random number, cos (θ), in the domain (-1,1).

Define θ = arccos( cos (θ) ) × 180 ◦/π.

Pick a random number, φ, in the domain (-180 ◦,180 ◦).

Pick a random number, En, in the domain (0.0 MeV,7.0 MeV).

(

dσ

dΩ dEn

)

max

= the maximum theoretical differential cross section

dσ

dΩ dEn

= the theoretical cross section value at θ, En

Pick a random number, s, in the domain
(

0,
(

dσ
dΩdEn

)

max

)

.

If s > dσ
dΩdE

n

, discard s and repeat the randomization steps.

Particle generation steps

Set the particle definition for the particle gun: "neutron".

Set the particle energy for the particle gun: En.

Set the particle position for the particle gun: x, y, z.

Set the particle momentum direction for the particle gun: θ, φ.

Generate the primary vertex using the particle gun.

Repeat the randomization and particle generation steps for every

primary particle desired.
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