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PREFACE

This document provides the background, review of
scientific applications, description, and policy for use of the
Intense Pulsed Neutron System (IPNS). The document has been
prepared to assemble the relevant information in a concise and
integrated forms.t so that the scientific community and other
interested parties are provided an accurate impression of the
planned facilities and their intended use.

Chapters III-VI describe the background information
for the design of the first phase of the IPNS facilities, which
has been identified as IPNS-I. Some of the design bases for
the second phase of
Appendixes A and B.
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The principal authors are:

B. Ancker-Johnson
J. R. Ball
T. H. Blewitt
B. S. Brown
J. M. Carpenter
R. K. Crawford
M. A. Kirk, Jr.
R. L. Kustom
G. H. Lander
B. A. Loomis
M. V. Nevitt
D. L. Price
J. D. Simpson
S. K. Sinha
N. J. Swanson
S. A. Werner

Chapter VII
Chapter IV; Appendix F
Chapters II, V, and VI; Appendix B
Chapters II, V, and VI; Appendix B
Chapter IV
Chapter VI; Appendix B
Chapters V and VI; Appendix B
Chapter III; Appendix A
Chapter II
Chapter IV; Appendix F
Chapter VII
Chapters I, II, and VII; Appendix F
Chapter III; Appendix A
Chapter II
Chapters IV and V; Appendixes C and D
Chapter II



4



5

TABLE OF CONTENTS

Page

ABSTRACT ..................................... . . . 19 1/B7

I. INTRODUCTION . . . . . . . . . . . ... . .. ... . .. . . .. .. . . . . . 21 1/B10

A. Background and Summary........ . ................... 21 1/B10

B. Need for High-flux Neutron Sources ....................... 22 1/B11

C. Pulsed versus Steady-state Neutron Sources . .. . . . . .. . . . 24 1/B13

D. Spallation versus Other Kinds of Pulsed Sources.............. 29 1/C4

E. Reasons for Siting at Argonne ............................ 30 1/C5

F. Development of Argonne Pulsed Neutron System Program . .. 31 1/C6

G. Other Pulsed Neutron Sources ..... .... ........... .... 35 1/C0

1. Spallation Neutron Source, Rutherford Laboratory, U. K.. . 35 1/010
2. KEK Neutron Source (KENS), Tsukuba, Japan.......... 37 1/C13

3. Weapons Neutron Research Facility, Los Alamos ....... ... 37 1/C13

References................................................38 1/C14

II. SCIENTIFIC APPLICATIONS.......................... 40 1/D2

A. Introductory Comments........................... 40 1/D2

B. Fundamentals of the Neutron Scattering Technique.......... 44 11/D6
C. Dynam ics.................................... 46 1/D8

D. Structures ................... .............. . 55 1/E3

E. R aviation Effects... . ........................ . 60 1/E8

F. Fundamental Neutron Physics . . . . . . . . ........ . . . ... 63 1/El1

G. Technological Applications . . ....... . . . . . . . . . . . . ... 64 1/E12

III. ACCELERATOR SYSTEMS...... . . . . . . . . . . . . . . . . . . . . . 65 1/E13

A. General Plan ..... . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 1/E13

B. IPNS-I Accelerator System. . . . . . . . . . . . . . . . . . . . . . .. 67 1/F3

1. General Description . . . . . . . . . . . . . . . . . . . . . . . . . . 67 1/F3
2. Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72 1/F8

C. IPNS-II Accelerator System (HIS). . . . . . . . . . . . . . . . . . . . 73 1/F9

References..... ..... . ... . . . . . . . ............... . 75 1/F11



6

TABLE OF CONTENTS

Page

IV. NEUTRON SCATTERING FACILITIES.. .. .... ... . . . . . . . .

A. General Layout.......... . ..... . . . ..... . . .. .. .. .

1. Neutron Scattering Facility: IPNS-I and IPNS-I Upgrade .
2. IPNS-II Neutron Scattering Facility . . ...... .... .. .

B. IPNS-i 'Iarget-system Design and Analysis.. .. .. .... .. .

1. IPNS-I Target Design......... ................. .
2. Analysis of Target Design for IPNS-I ............. ...
3. IPNS-I Target Cooling System.... ................

C. Description of Moderator and Reflector Assembly.. .... .. .

D. Moderator and Reflector Performance . .. . . .... . ... .. .

1. General Performance . . ... .... ... . ... . .... .. .
2. Pulse at High Energies......... . ..............
3. Spectrum of Neutrons at High Energies.............. .
4. Pulse at Low Energies... ..... . ........ . .... .. .
5. Spectrum of Neutrons at Low Energies ................
6. Reflectors ......................................
7. Pulse Widths at Low Energies . . . . .. . . .. .... .. .. .
8. Pulse Mean Emission Time.. .. .... . . . . . . .. .. .. .
9. Liquid Parahydrogen . . .. . . . . .... . .. .. .. . . .. . . .

10. Effective Peak Flux... .. ... ..... .... .... .... . .
11. Peak Phase Space Density of Neutrons ...............
12. Neutron-beam-current Calculations .. ..............
13. Verification at ZING-P'.. .........................

References... .......................................

V. RADIATION EFFECTS FACILITY. . .... ......... .... .. .

A. Introduction ...... ............ . . . . . . .

1. IPNS-I Radiation Effects Facility................ .
2. IPNS-II Radiation Effects Facility ................ .

B. Design of Proton Targets for Spallation Neutron Production . .

1. IPNS-I Target ................ . . . . . . .. . .. .

2. IPNS-II Target . .............. . . . . ....... . .

C. Irradiation Facilities........................... .

1. IPNS-I Facilities . .. .. .. .. .. .. .. .. .. . .. . . . . .

2. IPNS-II Facilities .. .. . .. .. ... . .. .. .. . .. .. .. .

76 1/F12

76

76
78

80

80
82
89

101

103

103
104
106
107
108
116
119
120
120
122
123
124
127

1/F12

1/F12
1/G1

1/G4

1 /G4
1 /G7
1/G14

2/B4

2/B6

2/B6
2/B7
2/B9

2/B10
2/B11
2/C5
2/C8
2/C9
2/C9
2/C11
2/C12
2/C13
2/D2

129 2/D4

132

132

133

133

133

133
134

134

134
135

2/D7

2/D7

2/D8

2/D8

2/D8

2/D8
2/D9

2/D9

2/D9
2/D10



7

TABLE OF CONTENTS

Page

D. Neutron Flux and Energy Spectra . . . ....................

1. IPNS-I Performance.. . . . . . .
2. IPNS-II Performance . .... . .

E. Sum m ary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

References,. ..........................................

VI. INSTRUMENTATION,.. ... .... ........... ........ .

A. Neutron-scattering Instrumentation. ... ....... 0. ...

1.
2.

3.
4.

5.

Introduction. . . . . . ...................... . . . .

Diffractometer Designs . . . . . . . . . . . . . . . . . . . . . . .
Spectrometer Designs . ... ... .. .. . .............
Other Ins Lruments...............................

Auxiliary Equipment and Data Analysis .. ........... .

B. Radiation-effects Instrumentation .......... . . . . . . .......

1.
2.

3.

4.

5.
6.

Electronic Equipment and Computers.
High-magnetic-field Capabilities....
Van de Graaff Accelerator.... ... .
Mechanical Measurements ..... ....
Scattering Studies............. .
Electron Microscopy........... .

References..........................................

VII. POLICY FOR OPERATION AND USE.....................

A. Objectives. ... ................................ .
B. Organization.............................. . . .

1. Operator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2. AUA IPNS Committee........................ .
3. Program Committee .... ........................
4. 1PNS Users Group . .. . . . . . . . .. . . . . . . . . . . . .

5. Program Director . . . . . . . . . ....... . . . . .

6. Technical Director . . . . . . . . . . . . . . . . . . . . . . . . .

7. Instrument Scientists . . . . . . . . . . . . . . . . . . . . .
8. Project Manager . . . . . . . . . . . . . . . . . . . . . . . .

9. Operations Manager . . . . . . . . . . . . . . . . . . . . . .

10. ZGS-IPNS Coordinating Task Force. . . . . . . . . .. .

11. ZGS-IPNS Project Office in DOE-CH . . . . . . . . . .

135 2/D10

136 2/D11
136 2/D11

138 2/D13

139 2/D14

140 2/El

140 2/El

140

144
154
168
170

170

170
171
171
172
172
172

2/El
2/E5
2/Fl
2/G1

2/G3

2/G3

2/G3

2/G4
2/G4
2/G5

2/G5
2/G5

173 2/G6

174 2/G7

174 2/G7

174 2/G7

174 2/G7
176 2/G10

176 2/G10
177 2/G11
177 2/G11
177 2/G11
177 2/G11
178 2/G12
179 2/G13

179 2/G13
179 2/G13

. . 0. 0. 0. 0. 0 .0 . . .0 . . . . .

. . 0. 0. 0. 0. 0 .a . . .0 . . . . .

. ." ." ." ." ." ." ."

. ." ." ." ." ." ." ."

. ." ." ." ." ." ." ."

. .0 .0 .0 .0 .0 .0 .0

.
.

.
.
.
.

."

." ."

."

."

."

."

."



8

TABLE OF CONTENTS

Page

APPENDIXES

A. High Intensity Synchrotron Conceptual Design. .

1. General Description...................
2. H- Source and Preaccelerator. . . . . . . . . .

3. 100-MeV Linac..... .. ... .......... .
4. Synchrotron... .. . . . . . . . .. . .. .. .. .

References . . . . . . . . .... .. ........0 ..0...... ...

B. General Principles of Time-of-flight Scattering Instrument
Design...............................................

1.
2.
3.
4.
5.
6.
7.
8.
9.

Diffractometer Resol'" ion . . .
Chopper Inelastic Sr trometer.
Crystal Inelastic r rometer
Constant-Q Geomet . . . . . .
Intensity Calculatioins.......
Detector Efficiency. . . . . . . . ...

Guide Tubes...............
Air Scattering . . . . . .. . . . . .
Gravitational Effects ....... .

References..............

C. Time and Cost Schedules

1. Time Schedule........f.f..0.0.. ..... 0..............
2. Capital Costs and Obligation Schedules. ... . .. ... ... .
3. Summary of Operating History and Plans.............
4. IPNS Operating Expenses . . .. . . .... ... . ... .... . .

D. Environmental Assessment.. . . . .. . . . . . .. . . . . . . . . . .

1. Proposed Action............................. .

2. Existing Environment............. ............ .
3. Potential Impacts on Environment ......0... .........
4. Conflicts with Federal, State, Regional, or Local
5. Environmental Implications of Alternatives . . . .
6. Summary..... ........................

Reference . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

E. Projected Level of Use . . . . . . . . .... . . .

1. Neutron Scattering .....................

2. Radiation Effects . . . . . .. . . . . . .

Plans .

. .0. . . ." .

. ."." ." ." ." ."

. . . . . .." "

.0

.0

.
.
.
.

.
.
.
.

.0 .
.
.
.

."

.
.
.
.

.
.

.
.

180

180
180
180
181

203

204

204
206
208
212
213
215
217
219
219

220

221

221

222
227

228

229

229
230
231

234
235
235

235

236

236
236

236

2/G14

2/G14
2/G14
2/G14
3/A6

3/B14

3/C1

3/C1
3/C3
3/C5
3/C9
3/C10

3/C12
3/C14
3/D2

3/D2

3/D3

3/D4

3/D4
3/D5
3/D12
3/D13

3/D14

3/D14
3/El
3/E2
3/E5
3/E6
3/E6

3/E6

3/E7

3/E7
3/E7

3/E7

."

."

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.

.
.
.
.
.
.
.
.
.

.0 .
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.

.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

. . . . . . . . . . . . . . . . . . . . . . . .." " " " " "

. ." ." ." ." .0 .0 .0 .0 .0 .0 .0 .0 ." .0 .0 .0 .0 .0 .0 .0 .9 .0 .0 .0

.
.
.

."

References .. ... .............. ... f.e.e ..0 . .o.0 ..0.6 . . .0 .0.0 .9.0.. . . . .



9

TABLE OF CONTENTS

Page

F. IPNS-II Neutron Facilities Design .... ... ............... 237 3/E8

1. General Description ................................ 237 3/E8
2. IPNS-II Target System Design and Analysis........... 240 3/E13
3. Cost Estimates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 282 4/B5
4. Target Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . 283 4/B6

References ............................................. 285 4/B8

ACKNOWLEDGMENTS .... . .0.0..9..... . 0....... 0. ... . . . .... 2 86 4/B9



10

LIST OF FIGURES

No. Title Page

1. Schematic Diagram of Pulsed Spallation Neutron System........ . 21

2. Schematic of Neutron-diffraction and Inelastic- scattering
Techniques for Steady-state and Pulsed Neutron Sources . ... . . 26

3. IPNS-II and ILL Peak Effective Neutron Spectra and IPNS
Neutron Pulse Width . ... . . ... . . . . . .. . . .. ... .. . .... . 28

4. Regions of Energy-Momentum Space Available to Different
Scattering Techniques.. . .. ... . . . .. .. . . .. .. . . . . . . ... 42

5. IPNS Site Plan........................ . .... .... ... 66

6. IPNS-I Preaccelerator . ....... . . . . .. . ... .. .. .. .... . 68

7. 50-MeV Linac for IPNS-I....... ....................... 69

8. IPNS-I Rapid-cycling Synchrotron . . . . . . . ... .. . . . . ... .. 70

9. Plan View of IPNS-I Experimental Areas.. .. . . . . . . . . . . .. . 77

10. Plan View of IPNS-I Target Shield . . . . .. . . . . . . . . . . . . . . . 79

11. IPNS-I Reference Target Design . .. . . .. .. . . . . . . . . .. . . . 81

12. Time-average Surface Neutron Flux vs Axial Position . . . .. . .. 84

13. Instantaneous Neutron Flux vs Axial Position . . . .. . . . . . . . .. 85

14. Neutron-energy Spectrum in Uranium Target . . . .. . . .. . . . .. 85

15. Axial Temperature Distribution in Uranium Cylinder . . . . . . . . . 90

16. Radial Temperature Distribution in Uranium Cylinder . .. .. . . . 90

17. Axial Temperature Distribution in Uranium Target Disk. ... ... 91

18. Radial Temperature Distribution in Uranium Target Disk.........92

19. Radial Tresca Stress in Zircaloy-2 Cladding of Uranium Disk .. 93

20. Edge Tresca Stress in Zircaloy-2 Cladding of Uranium Disk. .. . 93

21. Hydrogen and Helium Production Cross Sections for 800-MeV
Protons as a Function of Target Atomic Weight . . . . . ... . . . . 95

22. Effect of Temperature on Radiation-induced Swelling in "Ingot"
and Alloyed Uranium . . .. . . . .... .. . . .. .. .. .. .. . . . .. 98

23. IPNS Target, Moderator, and Reflector Arrangement:. . .. . . ... 101

24. Neutrons from Moderator Surface. . . . . . . . . . . . . . . . . . . . . . 103

25. Time-dependent Neutron-leakage Spectrum Emerging from a
296 K Polyethylene Moderator.................................107



11

LIST OF FIGURES

No. Title Page

26. Low-energy Neutron Spectrum Measured at ZING-P for a 10 x

10-cm2 x 2-in. Room-temperature Polyethylene Moderator . . . . . 108

27. Pulse Widths for 10 x 10-cm Room-temperature Polyethylene

Moderators. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

28. Pulse Widths for Several 10 x 10-cm Room-temperature

Polyethylene Moderators. . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

29. Normalized Neutron-leakage Spectra from 10 x 10-cm Room-

temperature Polyethylene Moderator . . . . . . . . . . . . . . . . ... . 113

30. Slow-neutron Spectra in 20-cm-dia, 20-cm-high Methane

Moderators as a Function of Temperature . .... .... .... ... 113

31. Effective Temperature for Heterogeneously Poisoned 10 x 10 x

5.1-cm 300 K Polyethylene Moderator . . . . . .. . .. . .... ... 114

32. Effective Temperature for 20-cm-dia, 20-cm-high Methane
Moderator . . . . . . . . . ... . . . ........ . . . . .... .... ... 114

33, Time-dependent Neutron Spectrum as Affected by Reflector
Boron Times. . . . . . . . . . . . . . . . . ......... ............... 118

34. Pulse Widths for Methane and Ammonia Moderators for Various
Temperatures . . . . . . .. . . . . . . . . . . . . . . . . ... . . ... ... 119

35. Pulse Widths for 10 x 10 x 7.65-cm 77 K Polyethylene
Moderators. . . . . . . . . . . . . . . . . . . . . . . . .. . ... . .... ... 120

36. Emission Time Delays for Heterogeneously Poisoned 10 x 10 x
5.1-cm 300 K Polyethylene Moderators with 0.05-cm Cadmium
at Various Depths beneath the Viewed Surface . . .. . . . . . . ... 120

37. Leakage Flux Spectra Computed for 20 x 30 x 6-cm and 20 x 30 x
9-cm Parahydrogen Moderators at 20 K . . . . . . .. . . . ... . .. 121

38. Pulse Deviation and Mean Emission Time of Leakage Pulse for
20 x 30 x 9-cm Liquid Parahydrogen at 20 K................... 122

39. Source-Moderator Coupling Efficiency vs Proton Energy Com-
puted for Various Uranium-target Diameters . . . . ... .... .. . 125

40. Beam-current Spectra Computed for IPNS Moderators, for a
10-cm-dia Uranium Target and for 800-MeV Protons......... 126

41. Peak Thermal-neutron Flux Spectrum for IPNS-II Moderator C. . 128

42. Pulse Width as a Function of Neutron Energy for IPNS

Moderator C . . . . ..... .... .......... ................ 129



12

LIST OF FIGURES

No. Title Page

43. Neutron Flux vs Total Heating Rate in Various Fast-neutron

Irradiation Facilities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

44. Schematic Diagram of Radiation- effects -facility Target- reflector
Assembly, with Irradiation Thimble . ... . . . . . . .. . .... ... 136

45. Neutron-flux Spectrum at 6-8 cm Axial Distance along
Horizontal Target . .. . . . . . . . . . . ... . .... . . .. . .... .. . 137

46. Neutron-flux Variation in Vertical Thimble along Horizontal
Target 6-8 cm Axial and 1 cm from Target Surface . . . . . . .. . 138

47. Comparison of Diffractometer and Spectrometer Configurations

at Steady and Pulsed Neutron Sources, Showing Various Combi-
nations of Crystal and TOF Analysis . . . . . . . . . . . . . . . . . . . . 141

48. ". -ial and Schematic Representations of High-intensity
1 1! - tom eter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

49. Calculated Data-collection Rate I for Each Detector Bank of

High-intensity Diffractometer . . . . . . . . . . . . . . . . . . . . . . . . 145

50. Schematic Diagram of High-resolution Diffractometer . . . .. .. . 146

51. Reciprocal Space Representation of Single-crystal Diffraction. .. 147

52. Schematic Representation of Small-angle Diffractometer . . . . . . 150

53. Instrument-calibration Function g(Q, Qmax) and Weighted Reso-
lution for Two Configurations of the Small-angle Diffractometer . 152

54. Schematic Diagram of Medium-energy Chopper Spectrometer . . . 155

55. Range of Q and E Available to Medium-energy Chopper Spec-
trometer for Two Different Incident Energies . . . . . . . . . . .... 155

56. Calculated Performance of Medium-energy Chopper
Spectrom eter . . . . . . . . . . . . . . . . .. .. . . . . . . . . . . . . . . . . 156

57. Range of Q and E Available with Low-energy Chopper Spec-
trometer for Three Different Incident Energies. . . . . . . . . . . . . 157

58. Calculated Performance of Low-energy Chopper Spectrometer . . 158

59. Schematic Representation of Ultrahigh-resolution Chopper
Spectrometer.. . . . . . . ................................... 159

60. Calculated Performance of Ultrahigh-resolution Chopper

Spectrometer.. . . . . . . ................................... 160

61. Schematic Representation of Constant-Q Spectrometer . .. . . .. . 161



13

LIST OF FIGURES

No. Title Page

62. Range of Q and E Available to Constant-a Spectrometer for
Two Different Analyzer Crystals . . . . . . . . . . . . .. . . .. . . . 162

63. Calculated Performance of Constant-Q Spectrometer. . ... .. . 163

64. Schematic Representation of General-purpose Crystal-analyzer
Spectrom eter . . . . . . . . . . . . . . . . . .. . .. .. . . . . . . . . . . 164

65. Range of Q and E Available to General-purpose Crystal-
analyzer Spectrometer for Two Different Choices of Analyzer
Crystals. . ............................................ 165

66. Calculated Performance of General-purpose Crystal-analyzer
Spectrom eter . . . . . . . . . . . . . . . . . .. . . . . . . .. . . . . . . . 166

67. Organization for Pulsed Neutron System Program... .... ..... 175

A. 1. HIS Building Plan and Section .............. ............. 183

A.2. HIS Cell Structure . . . . . . ... . .. . .. ... ..... . .... . . 183

A.3. HIS Layout.... ....................................... 184

A.4. HIS 0 Functions.. . .... . ... . .. . . .. ...... . . ... ..... 185

A.5. Injection Geometry . ................................. 185

A.6. Extraction Optics........... . . . . . .......... ... . .. 187

A.7. Acceleration Requirements ................... ...... 188

A.8. Schematic of Cavity ... . .. .... .. ................. . 190

A.9. Schematic Design of HIS RF Final Amplifier........... .... 191

A.10. Bending-magnet Gap and Core Geometry.................... 193

A.11. Quadrupole-magnet Gap and Core Geometry........... . .. 194

A.12. HIS Tune Map.............. . . ........ . . . . . . ... . 200

B. 1. Pulsed-source Diffractometer Geometry Defining Geometrical
Time-focusing Parameters......................... 205

B.2. Parameters for Curved-slit Choppers................... 208

B. 3. Schematic Diagram of Inverted-geometry Crystal-analyzer
Spectrometer with a Planar Analyzing Crystal. . . . . . . . . . . . 210

B.4. Detector Efficiencies ........... . . . . . . . . . . . . . . . . . . . 217

B.5. Guide-tube Gain G for Total Length L = 52 m and Cross
Section ,I = H = 10 cm ..... . . . . . . . . . . . . . . . . . . . . . . 219



14

LIST OF FIGURES

No. Title Page

C.1. IPNS-I Design and Construction Schedule.. . . . . . . . . . . .. . 223

C.2. IPNS-II Design and Construction Schedule.. . . .. . . . . . . .. . 224

F.1. IPNS-II Proton Beam and Target Areas . . . . . ... . . .. . . .. . 237

F.2. IPNS-II Neutron Scattering Facility: Plan... . ........... 238

F. 3. IPNS-II Neutron Scattering Facility: Elevations.. . . . . . . . . . 239

F.4. IPNS-II Radiation Effects Facility . . . . . . . . ... .. . . . . .. . 241

F.5. IPNS-II Neutron-scattering Target . . . . . . . . ... . .. . . . .. . 242

F.6. Radiation-effects Target . . . . .. ... . . ... . . . .. .. . .... 244

F.7. Energy Deposition as Function of Distance from Point of
Proton Incidence... . . ... . .. . . .. . . ... ... . . . . . . . . . 246

F.8. Neutron Current by Alsmiller Calculations . . . .. . ... . . .. . 247

F. 9. HETC-calculated Energy- deposition Curves Compared to
3-cm FWHM Gaussian and 6-cm Truncated Paraboloid
Distributions . . . . . . .. . .. . . . .. .. .. .. .. ..... . . ... 247

F.10. Maximum Disk Thickness vs Axial Distance..... .... ... . . . 251

F.11. Effect of Coolant-channel Width on Target Performance.. . .. . 253

F.12. Effect of Coolant-channel Width on Neutron Leakage and
Energy Deposition . . . . . . . . . . . .. . . .. . ... . . .. .. ... 254

F.13. Coolant-flow Subchannels across the Disk... ............ 261

F.14. Heat-transfer-system Primary Loops... ... ... .... .. .. . 264

F.15. Heat-transfer-system Secondary Loop . ... . . . . . . .. .... . 265

F. 16. Steady-state Temperature Profile for Unclad Uranium-
Molybdenum Disk with Maximum Energy Deposition from
Parabolic-type Proton Beam Truncated at 3 cm... . .. ...... 267

F. 17. Temperature Profiles on Center Axis for Various Irradiation
Tunes for 0.6-cm-thick Uranium Disk............. . . . . .. 267

F. 18. Effect of Cladding and of Heat-transfer Coefficient on Temper-
ature Distribution ....... . .. . .... .. .. . ..... . . . . 268

F.19. Radial Temperature Profile at Midpoint of Uranium Disk..... 269

F.20. Illustration of Disk Sector Used in Stress Analysis . . . . . . . . . 272

F.21. ar and az Isostress Lines for Clad Uranium-Molybdenum Disk . 273



15

LIST OF FIGURES

No.. Title Page

F.22. Thermal Stresses along Radial Elements on Center Plane of
a Zircaloy-clad Uranium-Molybdenum Disk. . . . . .. . . . . . . . 273

F.23. Thermal Stresses along Radial Elements on Surface of
Zircaloy-clad Uranium-Molybdenum Disk....................274

F.24. Thermal Stresses along Axial Elements of Zircaloy-clad
Uranium-Molybdenum Disk. . . . . . . . .. . . . . . . . . . . . . . .. 275

F.25. Thermal Stresses along Edge Elements of Zircaloy-clad
Uranium-Molybdenum Disk . . . . . . . . .. . ... . . . . . . .. . .. 276

F.26. Uranium-disk Midplane Stress History for Periodic-boundary
Configuration with Zircaloy-2 Cladding... .. . .. .. . ... . .. 279

F.27. Maximum Cyclic Tensile Stress as a Function of Distance
from Disk Center ........ . ....... .... ..... ... .... 280

F.28. Cumulative Axial Stresses at Axial Center of Uranium-
Molybdenum Disk .............. .............0.....0.... 282



16

LIST OF TABLES

No. Title Page

I. Neutron-scattering Techniques........... . ... .. .. ... 23

II. Pulsed Neutron Sources ..... . .... ... ... . .......... 24

III. Methods of Neutron Production . . . . .. . . .. . . . . . . ... .. 29

IV. Chronology of Events Relating to IPNS.. . ... . ... .... ... 32

V. Argonne Pulsed Neutron System Program . . . . . . . . . . . . .. 33

VI. Pulsed-neutron-source Projects Worldwide.. .. . . .... . . . 36

VII. Highlights of Applications of IPNS-I . . ........... ...... 43

VIII. Highlights of Applications of IPNS-II............... .... 43

IX. Machine Parameters of IPNS-I Rapid cycling Synchrotron. ... 71

X. HIS Parameters.. . ... . ... . ... . .. . . .. . ... .... . .. 74

XI. Target Parameters for IPNS-II Reference Design.......... 80

XII. Neutron Production in Pure Uranium Cylinder.. . . . . .. . . .. 83

XIII. Neutron Flux from Pure Uranium Cylinder... . . . . .. . . . .. 83

XIV. Energy Deposition in a Pure Uranium Cylinder by 500-MeV
Protons .. .......................... ......... .... .87

XV. Reference Energy Deposition in Uranium Target by Parabolic
Proton Beam.................................. . 87

XVI. Maximum Operating Surface Heat Flux.............. . . . 100

XVII. Neutron Slowing-down Properties of Some Materials..... ... .. 106

XVIII. Large-moderator Moderating Ratios . . .... .... .. .. .... 111

XIX. Spectral Parameters of Some Moderators.... ........ . . . 112

XX. Pulse-shape Parameters for ZING Mockup Calculations ..... 118

XXI. Source-Moderator Coupling Efficiency EIp(E)I 1 eV for 10-cm
Target Diameter and 800-MeV Protons................... 126

XXII. Peak Thermal-neutron Fluxes for IPNS Moderators....... .. .. 127

XXITI. Summary of Instruments Considered in Detail, Including
Prototype Development Status Where Applicable ... . .. . . .. 142

XXIV. Design Parameters of IPNS Small-angle Diffractometer. . . . . 150

XXV. Specifications for Design CS2 Low-energy Chopper
Spectrometer...................................... 157



17

LIST OF TABLES

No. Title Page

A.1. HIS Param eters . . .. . . . .. ... . .. . . . .. ..... . . . . . . . 182

A.2. RF System Parameters . . . . . . . . . . . . . . . . . . . . .. . . ... 189

A.3. Output Impedances vs RF Frequencies.................... 192

A.4. Magnet Parameters.. . . . . . . . . . . . . . . . . . . . . . . . . . .. . 196

C.1. IPNS-I Cost Breakdown ... . . . . . .. . . ... . .. . . . ... ... 225

C.2. IPNS-I Upgrade Cost Breakdown.. .. . . . .. . .. . . . . ..... 225

C.3. IPNS-II Cost Breakdown.. . . . . . . .. . . ... . .. .. ...... . 226

C.4. Schedule of Obligations for IPNS-I and IPNS-I Upgrade.....0. 226

F. 1. Parameters Used in Deposition Calculations.. ... . . . . . . . . 245

F.2. Design-basis Peak-energy-deposition Values.. ............ 250

F. 3. Disk Dimensions Governed by Maintenance of Centerline

Temperatures..........................................252

F.4. Performance Parameters for Alternative Target Designs. . . . . 255

F.5. Target Geometries with 0.14-cm Coolant Channels . . . . . . . . . 256

F.6. Target Performance Compared for 0.1- and 0.14-cm Coolant-
channel Widths . . . . . . . ........ ............... . . . 257

F. 7. Ninety-day Swelling Contributions at Point of Maximum
Swelling........... . . . . . . . . . . . . . . . . . . . . . . . . . . . 258

F.8. Elastic Properties of Uranium, U-10% Mo, and Zircaloy-2. . . . 277

F.9. PUFFInput Parameters.... ... . . ............... ... 278

F. 10. Costs for Proposed Modified Coolant System. . . . . . . . . . . . . 283

F.11. Cost of Target Fabrication for Clad Disks. . . . . . . . . . . . . . . 284



18



19

IPNS- -A NATIONAL FACILITY FOR
CONDENSED MATTER RESEARCH

Compiled by

J. M. Carpenter, D. L. Price,
and N. J. Swanson

ABSTRACT

This report has been prepared to present a summary
description of the Intense Pulsed Neutron System (IPNS). The
principal purpose of the document is to assemble the relevant
information in a concise and integrated format so that the sci-
entific community and others interested can obtain an accurate
impression of the IPNS facilities and their intended purpose.

The background and technology for pulsed neutron
sources are summarized. This technology will be applied in
the IPNS-I facility where construction has been authorized and
which will be operational in 1981 at its location at Argonne
National Laboratory near Chicago, Illinois. The IPNS-I is to
be a user-oriented national facility; the policies for its opera-
tion and use are defined. The technology for a proposed more
advanced facility, called IPNS-II, is also summarized. Cost
estimates, schedules, and the environmental impact of all
IPNS facilities are given.
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I. INTRODUCTION

A. Background and Summary

During the last five years there has been extensive discussion in the
American scientific community about new high-flux neutron facilities, es-
pecially since the two major U. S. research reactors are nowmore than10 years
old. These discussions have become increasingly focussed on pulsed neutron
sources. One reason is that, with present technology, the constraints of heat
removal and fuel cost place a limit on the available flux of a research reactor
at levels not much higher than that of the world's most advanced research
reactor, the High Flux Reactor at the Institut Laue-Langevin (ILL),
Grenoble, France. Pulsed sources avoid these limitations by producing
neutrons for only a small portion of the time, during which the available
neutron flux can be much more intense than that obtainable in a reactor.
Furthermore, as discussed in Sec. C, pulsed sources have unique features
which open up qualitatively new areas of science that are not accer sible to
steady-state reactors.

At Argonne, the concept of the pulsed spallation neutron source has
been extensively investigated in the form proposed by Carpenter' in 1972. In
this type of source, pulsed proton beams are accelerated in a synchrotron to
medium energy (~1 GeV) and then projected onto a heavy metal target, large
quantities of neutrons being emitted by the excited target nuclei. A schematic
drawing of such a system is shown in Fig. 1. Workshops held at Argonne in

197 3,2 and 1975,3 attended by
H' ION SOURCE scientists from across the country

LINEAR ACCELERATOR representing the various disciplines
involved, have led to the conclusion

ELECTRON STRIPPER that a facility of this type will have
+ 'broad-ranging impact on solid-state

H IONS science, molecular chemistry and
crystallography, metallurgy and

PROTON SPALLATION TARGET ceramics, biology, and polymer
SYNCHROTRON (RADIATION DAMAGE)

science. Details of this expected

-/ impact are given in Chapter II.

PROTON
EXTRACTION IRRADIATION

SWITCHING MAGNET THIMBLES

NEUTRON BEAMS.
TO EXPERIMENTS

SPALLATION TARGET
(NEUTRON SCATTERING)

Fig. 1. Schematic Diagram of Pulsed
Spallation Neutron System

Argonne is an ideal site for
such a facility for several reasons.
First, the IPNS-I Accelerator System
is one of the best proton accelerators
for these purposes in existence.
Second, the ring tunnel and other
facilities shortly to be vacated
when the Zero Gradient Synchrontron
is closed down will provide an ex-
cellent home for a very high-flux
pulsed neutron source based on a
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new, dedicated High-Intensity Synchrotron (HIS). Third, Argonne has one of
the nation's largest materials-sciences research programs, including fore-
front activities in neutron-scattering and radiation-damage studies. In fact,
Argonne scientists carried out the first experiments ever performed on a
source of this type with a prototype proton synchrotron in 1974-1975; they

have continued to develop the instrumentation needed for a major pulsed

neutron facility. Fourth, as one of the multipurpose National Laboratories,
Argonne has the necessary support facilities for, and a successful history
of, a major user-oriented research operation. These considerations are

discussed more fully in Sec. E.

The first phase of the Intense Pulsed Neutron System, IPNS-I, will
provide peak thermal-neutron fluxes approaching 1015 n/cm2 -s, peak epithermal-
neutron fluxes of 2 x 1015 n/cm2 .- s-eV (at 1 eV), and average fast-neutron fluxes
of 3 x 1012 n/cm2 .s. It will be ready for use in 1981. The construction cost
of IPNS-I, including the cost of instrumentation for neutron-scattering and
radiation-damage research, is $6,800,000 (including contingency and escalation)
spread over three fiscal years. Of this, $400,000 has already been spent on
Construction Planning and Design expenses. An additional $3,000,000 is being
requested to construct research instrumentation.

The second phase, IPNS-II, is based on HIS and would provide peak
thermal fluxes of 1016 n/cm2 .s, peak epithermal fluxes of 2 x 1016 n/cm2 .-s-eV
(at 1 eV), and average fast fluxes of 1014 n/cm2 -s. The additional construction
cost has been estimated at $69,400,000, distributed over a five-year con -
struction period. A decision on IPNS-II construction is expected to be made
following an evaluation of initial performance of IPNS-I.

The staged development of the IPNS project is described briefly in
Sec. F. Activities leading toward the construction and use of pulsed neutron
sources are being carried out at many places in the world. There are several
types of pulsed sources but, for reasons discussed in Sec. D, the spallation
source is coming generally into favor for the highest intensity facilities.
For comparison, three spallation-source projects being carried out elsewhere
are also briefly described in Sec. G.

The succeeding chapters cover the scientific applications of IPNS, the
various components of the facility, the development of instrumentation, and
the policy for operation and use.

B. Need for High-flux Neutron Sources

The vast range of problems in condensed-matter science that are being,
or potentially can be, attacked with neutron techniques have been amply doc-
umented in reports of recent studies.2 -9

The most important applications fall into two classes:
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1. Microscopic structural and dynamical studies with scattering
techniques. This kind of information is being increasingly demanded by solid-

and liquid-state physicists, metallurgists, ceramicists, solid-state and
molecular chemists, polymer scientists, and biologists. Typically, the neutron

energies used lie in the thermal region (0.005-0.150 eV), although the new

pulsed sources promise to open up almost totally unexplored areas accessible
to epithermal neutrons (0.150 to 10 eV).

2. Neutron- radiation damage studies. Although this field is practiced

by fewer people, it is scientifically interesting and technologically important.

Here the fast-neutron spectrum, 0.1-14 MeV, is important.

Any new neutron source constructed in the U. S. must be designed with
these two important uses in mind.

The advantages of the neutron-scattering technique for structural and
dynamical studies of condensed matter are summarized in Table I. The
principal disadvantage is that the technique is intensity-limited; that is, the
range of problems that can be successfully studied is usually limited by the
intensity of the source rather than by an intrinsic property of the sample.
This is due to the generally weak interaction of slow neutrons with target
material, and is therefore the price one pays for two of the important
advantages -- that the neutron can penetrate the sample volume uniformly, and
that the scattering can be described in the direct and simple formalism of the
first Born approximation. The history of the progress of neutron scattering
has been one in which major breakthroughs have been associated with sig-
nificant increases in the available intensity.

TABLE I. Neutron-scattering Techniques

Advantages

1. Neutrons carry no charge -- penetrate volute of sample.

2. Wavelength and energy are well matched to atomic spacings and exci-

tation energies in condensed matter.

3. Scattering length varies irregularly with nuclear A and Z -- can

distinguish light elements and different isotopes of same element.

4. Nuclear scattering provides direct structural and dynamical informa-

tion -- no uncertainty about matrix elements.

5. Scattering from unpaired electrons represents unique probe

of magnetism.

Disadvantage

Technique is intensity-limited.
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High fluxes are also important in neutron-radiation damage studies
since they enable one to study damage-rate effects over a wide range and
also saturation phenomena. In this field, however, other features are im-
portant, including the nature of the energy spectrum, the ability to control
irradiation conditions, accessible sample volume, and low gamma heating.
Since there are important applications of neutron-scattering techniques for
investigating damage phenomena, it is essential to have powerful scattering
capabilities close to the irradiation facility and the ability to transfer samples
between the two under a controlled environment. The ideal source for such
damage studies in one that combines high flux with these other attributes.

Since the potential range of applications of neutron techniques is so
large, and since source intensity is such a paramount consideration, it follows
that the nation's scientific community requires access to the highest possible
flux facilities to exploit these applications.

C. Pulsed versus Steady-state Neutron Sources

The relative merits of pulsed and steady-state neutron sources have
been much discussed in the last 15 years, most recently in the National
Academy of Sciences panel study. 9 Typically, a pulsed source consists of
accelerating charged particles in a pulsed mode and letting these impinge on
a target to produce neutrons through a nuclear reaction. The steady-state
sources are nuclear-fission reactors. For scattering studies, the fast neutrons

produced by either source must be moderated to epithermal or thermal
energies.

The advantages and disadvantages of pulsed sources versus steady-
state ones for neutron-scattering applications are summarized in Table II.

TABLE II. Pulsed Neutron Sources

Advantages

1. Very high instantaneous neutron intensity throughout thermal-energy
range.

2. Neutrons are used more efficiently since they are pulsed at source,
thus eliminating one stage of pulsing or monochromatizing outside
the source.

3. Low background; source is off most of the time.

4. Intense epithermal neutron spectrum.

5. Pulse width is proportional to inverse velocity, so resolution is
approximately constant.

6. Pulsed nature enables "real-time" experiments.

7. Moderators can be easily temperature-controlled to produce "cold,"
thermal, or "hot" neutrons.

Disadvantage

Time-of-flight techniques are obligatory, since steady-
state methods are inefficient due to low duty cycle.
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The principal advantage of pulsed sources for most users lie3 in the

very high instantaneous fluxes that can be produced. The flux of a fission

reactor is limited by (a) the problem of dissipating the heat produced in the
fission processes and (b) the cost of fuel. The history of research reactors

suggests that the ILL High Flux Reactor, with a flux of 1.5 x 1015 n/cm2 -s,
may be near the end of the evolutionary line. Available fluxes in research

reactors have increased by only a factor of three in the last 20 years!

Pulsed neutron sources, on the other hand, can produce very intense

instantaneous fluxes, because the neutrons are produced over a very short

time while the heat can be dissipated over all of time. For example, peak
fluxes of 1016 n/cm2 -s are entirely feasible, and even these are dictated by
economic, rather than technological, constraints. One must now ask how to
compare the peak flux of a pulsed source with the continuous flux of a steady-

state source.

The answer is that, for many important classes of experiments, the

two numbers are equivalent. To understand this, we must consider how a

particular experiment is carried out at the two sources. Let us consider
neutron diffraction. Like any other diffraction measurement, this consists of
the scattering of waves from a sample and subsequent determination of the
structure by Fourier-transforming the measured intensities. Thus, for every
scattering event, one needs to know the wavelength of the wave and the angle
of scattering. The scattering angle 20 is easily deduced from the relative

geometry of source, sample, and detector. The neutron wavelength can be
determined by one of two methods:

1. Continuous-wave (CW) in which a particular wavelength is selected
out of the total spectrum by a band-pass filter--typically a single crystal set

in a position of Bragg reflection.

2. Time-of-flight (TOF) in which the beam is chopped into pulses
and the velocity v determined by timing the neutron over a known path length,
from which the wavelength X is determined by X = h/mv.

The experimental arrangements are illustrated in the upper part of
Fig. 2. At a given steady-state source, the two techniques yield, in principle,
the same information with equal efficiency. The CW method uses a fraction
of the wavelength spectrum all the time, the TOF uses the full spectrum part
of the time; the two fractions are related to the resolution of the experiment
in a similar way. Actually, the TOF method has an advantage in that it is
easier to have large-area detectors in this case.

Similar considerations apply to neutron inelastic scattering, in which
the energy transfer in the scattering event is measured also and the dynamical
structure obtained by a double Fourier transform in space and time variables.
Here, of course, the wavelength of both incident and scattered neutron must
be measured. The experimental arrangements for inelastic scattering are
illustrated in the lower part of Fig. 2.
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Schematic of Neutron-diffraction
and Inelastic-scattering Techniques
for Steady-state and Pulsed Neutron
Sources

At a pulsed source, the choppers in Fig. 2 can be removed, and all the

neutrons in the beam can be used. Clearly, if the peak flux is the same as

the flux of the steady-state source, and if the duty cycles are the same, the

TOF method yields the same intensity in both cases. On the other hand,

CW methods are very inefficient because the time-average flux in a pulsed

source is deliberately very low. Thus, if the duty cycle has the right order
of magnitude, the peak flux of a pulsed source is equivalent to the continuous

flux of a steady-state source, as long as TOF methods can be effectively used.
Actually, there is a slight gain with the pulsed source since the beam is pulsed
at the source, whereas the equivalent "tailoring" of a steady-state beam
involves some losses since choppers or wavelength selectors are never perfect.

How serious is the limitation of TOF techniques? For both diffraction
and inelastic-scattering experiments, each method has certain advantages,
and at a steady-state source, the choice depends on which factor is most
important for the experiment in question. Roughly speaking, the main advantage
of TOF methods is the ability to use large-area detectors and multiple-
detector arrays; the main disadvantage is the low duty cycle, which is only
compensated if many of the data collected simultaneously are scientifically
valuable. There are several reasons why the restriction to TOF techniques
for pulsed sources is not a severe limitation:

1. The present emphasis on steady-state sources and CW techniques
has provided (and will continue to provide) good coverage of those classes of
experiment that are well suited to CW techniques, so that there is likely to be
more unexplored science in those classes more suited to TOF.

2. Certain classes of experiments are performed almost equally well
by either method, for which the greater intensity obtainable with pulsed sources
will be the overriding consideration.

26
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3. The increasing emphasis on more disordered systems will put

increased premium on the larger overall data rates possible with TOF methods.

4. The growing interest in extreme ernvironments (high pressure,

temperature, etc.) favors TOF methods using the full wavelength spectrum,

because complete data can then be obtained at a small number of scattering

angles.

Typical neutron spectra provided by IPNS-II and the ILL reactor, as

examples of the two types of source, are illustrated in Fig. 3. The much

larger peak thermal flux of IPNS-II (the area under the "humped" part of the

spectrum) is immediately apparent.

Two other advantages of pulsed sources are demonstrated in the figure.

The lowest curve shows the pulse width as a function of neutron energy E to
vary as approximately E-"2. Since the time taken by the neutron to travel a

fixed distance has the same dependence, this means that time, and therefore

wavelength, resolution tends to be constant over the entire spectrum. This

is a valuable attribute in a diffraction measurement, not obtainable either

with the conventional CW or TOF-chopper techniques on a reactor.

Third, the peak flux remains very high in the epithermal region
(E > 0.15 eV). Even in a reactor equipped with a hot source, the flux falls
away rapidly above E = 1 eV. On the other hand, the flux per unit energy
interval for IPNS-II at 5 eV is equal to the value at ILL at thermal energies.
This provides capabilities to open up entire new scientific areas, as will be
apparent in Chapter II.

Other unique features of pulsed sources are (a) the pulsed nature itself,
lending itself to "real-time" experiments and (b) the extreme simplicity, com-
pared with a reactor, of controlling moderator temperatures to either hot or
cold extremes. These are discussed in later chapters in the context of IPNS.

Neutron-radiation damage studies are mainly concerned with the time-
averaged fast-neutron flux. The main emphasis of the experiments is to
study the defects in the as-formed state and migration of these under controlled
thermal activation. This requires irradiation at temperatures below the
thermal-activation temperature, which in most c&.ses means liquid-helium
temperature. The nature of the neutron production from a spallation source
is advantageous from this point of view. The number of y's (and therefore
heating to the cryostat and sample) per neutron is about a factor of 10 less
for spallation neutrons compared to reactor-produced fission neutrons. There-
fore, it is much easier (and cheaper) with spallation neutrons to perform
liquid-helium-temperature experiments at the same fluxes, or with no increase
in refrigeration costs, it is possible to irradiate at much higher flux levels
and use larger irradiation cryostats and samples. The higher flux allows
shorter, and therefore more, experiments to be done in the same facility. The
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larger irradiation volume permits a greater variety of experiments, in par-

ticular, the in situ measurement of mechanical properties of irradiated speci-
mens, a type of experiment that has been severely limited in reactor facilities.

Some radiation-damage experiments can use the pulsed nature of the

source. These are concerned with measurements of phenomena where the

relaxation time of the perturbation induced by the defects is similar to the
pulse period. The pulsed nature of the source can also be used in sputtering
experiments that use time-of-flight collection of the sputtered atoms to

measure the velocity distribution.

D. Spallation versus Other Kinds of Pulsed Sources

As discussed in the previous sections, the problem of heat removal
presents one of the principal limitations to the flux achievable in a research
reactor. It is also an important consideration in high-intensity pulsed sources.
Table III lists the most common methods of neutron production in order of
decreasing energy dissipated per neutron, i.e., increasing favorability from
the viewpoint of heat removal. The most favorable is the fusion reaction;
however, presently attainable neutron yields from either magnetically con-
fined or imploded plasmas are a long way from providing a competitive
neutron source. The spallation reaction (excitation of heavy nuclei with high-
energy charged particles and subsequent emission of neutrons) combines
favorable energy production with high intensity when used in conjunction with
present state-of-the-art proton accelerators.

TABLE III. Methods of Neutron Production

Method Example Energy/neutron

(D,T) solid target T(d,n) 2500 MeV

Electron photoneutron U(e-,Y, xn) 2000 MeV

Fission 235U(n,f) 200 MeV

Spdllation Bi(p,xn) 23 MeV

Fusion T(d,n) 3 MeV

Fission is less favorable and has the additional disadvantages of li-
censing and containment problems and of higher background between pulses
caused by delayed fissions. Moreover, if the criticality is produced by me-
chanical means, the pulse is longer than desired for scattering experiments,
since achieving the required resolution means having long flight paths and
therefore large and highly expensive detector arrays and shielding.

Electron bremsstrahlung and subsequent photoemission of neutrons is
much less favorable than the three methods just discussed from the point of
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view of energy production. However, it has the advantage that pulsed electron
beams of rather high intensity can be provided at relatively low cost and the

earlier low-to-moderate flux sources were based on this method. (See Table VI
later.)

Spallation' 0 is clearly the most favorable method for production of
neutron pulses in the present state of technology. As can be seen from
Table VI, except for the Soviet IBR-II project, which is generally regarded as
less competitive due to the low repetition rate and large pulse width, all major
pulsed neutron sources now under design or construction use the spallation
technique.

E. Reasons for Siting at Argonne

There are compelling technical and institutional reasons for siting a
high-intensity pulsed spallation neutron source at Argonne.

The principal technical reason is the imminent availability of facilities
and buildings occupied until now by the Zero Gradient Synchrotron (ZGS). The
IPNS-I Accelerator System (see Sec. III.B), one of the highest current pulsed
proton machines that currently exist in the required energy region, will be
dedicated to the IPNS. The ZGS ring tunnel is well matched to the requirements
of the High Intensity Synchrotron on which IPNS-II based (see Sec. III.C). There
are large experimental areas (two contiguous structures, Buildings 369 and 370,
105 ft wide x 240 ft long and 105 ft wide x 330 ft long, respectively) ideally
suited for high-resolution neutron-scattering instrumentation. (One may
compare the guide-tube hall at the Grenoble high-flux reactor with dimensions
of approximately 200 x 100 ft.) The commitment of these and other facilities
by Argonne National Laboratory to the IPNS makes possible a considerable
saving in the construction cost of the project.

The institutional reasons for siting such a facility at Argonne are the
following:

1. Argonne has a broadly based team of accelerator experts with
15 years' experience of successful operation of the ZGS.

2. A tradition of operating major research facilities for the benefit
of outside users has developed during the lifetime of the ZGS and the other
accelerator facilities at the Laboratory. At the ZGS, for example, outside
experiments account for three-fourths of the available machine time.

3. Vigorous in-house neutron-research programs have been developed
during the past 24 years of operation of the CP-5 research reactor to study
the structure and dynamics of condensed matter and the effects of radiation
damage. In 1976, for example, 81 publications resulted from the work at CP-5,
out of an equivalent national total of 313.9 A number of these programs, on
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the dynamics of classical liquids and liquid 3He, on the magnetic and atomic
structures of actinide compounds, on the structure of one-dimensional con-
ductors, and on radiation damage in metals at low temperatures, have obtained
a leading international position in their field.

4. Argonne scientists have unique experience in pulsed-neutron dif-
fraction and inelastic-scattering techniques, and until this year had been the
only group to have actually carried out experiments at a pulsed spallation
neutron source.

5. Despite the fact that CP-5 has been funded as a programmatic,
rather than user-oriented, facility, there has been considerable participation
by university, industrial, and other government laboratory scientists in the
ongoing programs. A total of 91 outside scientists have been involved in the
last 5 years.

6. Argonne is a multipurpose laboratory with activities ranging from
basic research in the physical and life sciences to applied energy technology.
Argonne scientists can provide a valuable resource of consultation and col-
laboration for the wide range of potential uses of IPNS by the national scientific
community.

7. Argonne is the site of a unique facility, unparalleled anywhere in
the world, for the biosynthesis of deuterated biological materials on a large
scale. This resource is of crucial importance for the use of neutron scattering
in biology.

8. As one of the three National Laboratories of the U. S. Department
of Energy, Argonne has a first-class complement of auxiliary facilities, in-
cluding computer services, libraries, and machine shops. On-site accom-
modation is available for outside users of Laboratory facilities.

9. Argonne has a convenient central location within easy access
(about 3/4-hour drive) from the nation's busiest airport.

F. Development of Argonne Pulsed Neutron System Program

In the academic year 1971-1972, John M. Carpenter, then Professor of
Nuclear Engineering at The University of Michigan, spent a sabbatical at
Argonne determining the most promising directions for future intense sources
of neutrons for condensed matter research. This was a timely matter for
consideration, since the Institute Laue-Langevin was coming into operation as
an experimental facility just at that time. Concentrating on pulsed sources for
the reasons discussed, Carpenter realized that, with some innovative features
in design of targets and moderators, 1 the Booster II synchrotron then being
designed for the high-energy program could produce peak thermal fluxes as
high as the flux of the ILL reactor. The peak epithermal flux could be orders
of magnitude higher, despite the provision at ILL of a 2000 K graphite
moderator.
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This was the genesis of the IPNS concept. Table IV presents a brief
chronology of events relating to the subsequent development of the concept
and its realization.

TABLE IV. Chronology of Events Relating to IPNS

April 1972 IPNS concept introduced in connection with ZGS Booster
II as "ZGS Intense Neutron Accelerator (ZING)" with
1015 peak thermal flux (Ref. 1).

April 1973 Workshop on "Applications of a Pulsed Spallation Neutron
Source" (Ref. 2).

February 1974 First diffraction and inelastic scattering experiments
-March 1975 on a pulsed spallation neutron source carried out at

ZING Prototype (ZING-P) based on ZGS Booster I (Refs. 11-15).

July 1975 IPNS-II proposed with 1016 peak thermal flux (Refs. 16,17).

October 1975 Workshop on "Uses of Advanced Pulsed Neutron Sources"
(Ref. 3).

December 1975 KEK Neutron Source (KENS), pulsed spallation neutron
source at High Energy Laboratory, Tsukuba, Japan,
funded (Ref. 18).

January 1976 First meeting of Pulsed Neutron Source Users Group
(PNSUG) at Argonne.

July 1976 First meeting of ZING Prototype Advisory Committee
(ZPAC).

September 1976 Plan for ZGS shutdown announced by ERDA.

September 1976 IPNS proposed to be constructed with ZGS facilities at
substantial cost savings (Ref. 19).

June 1977 Spallation Neutron Source (SNS), pulsed spallation neutron
source to be constructed with NIMROD accelerator faci-
lities at Rutherford Laboratory, Chilton, U.K., funded
(Ref. 20).

July 1977 IPNS Design Review, external peer review of conceptual
design and performance specifications (Ref. 21).

November 1977 Second ZING prototype (ZING-P') operational.

Fall 1977 National Academy of Sciences Panel Report on Neutron
Research on Condensed Matter (Ref. 9).

January 1978 IPNS-I construction funds included in President's Budget for
Fiscal Year 1979.



33

The Argonne Pulsed Neutron System Program consists of a phased

development of an escalating series of four sources, the design and operating
experience derived at each stage being fed into the subsequent one. The four
stages are summarized in Table V.

TABLE V. Argonne Pulsed Neutron System Program

Proton Energy No. of Peak Thenal
Proton frequency, Protons/ (MeV) and Neutrons/ Neutron Neutron Flux,

2acIiLty Accelerator Hz Pulse Taryet Proton Beams n/cm -s Operation

ZING-P ZGS 10 2.5 x 1010 200 Pb 2 2 5 x 1011 Jan. 1974
booster I

LING-P' ZGS 30 1 x 1012 500 W 8 5 1014 Nov. 1911
booster 11

IPNS-1 ZGS 45 3 x 1012 600 U238 25 12 7.5 x 1014 Apr. 1981
Booster II

IPNS-I1 High 60 b x 1013 800 U238 30 12 1016 To be
Intensity determined
Synchrotron

The ZING Prototype (ZING-P) was a small-scale pilot facility set up
at very low cost at the ZGS Booster I accelerator, the former Cornell electron
synchrotron reincarnated at Argonne as a test bed for development of the IPNS
Accelerator System. Booster I and ZING-P were operated during three ap-
proximately one-month periods in February 1974, September 1974, and
March 1975. Experimental results with both diffraction and inelastic scattering
techniques were obtained."- 1 5 We believe that these were the first (and, to
time of writing, only) published research results from a pulsed spallation
neutron source. Despite its very low intensity,* the successful operation of
ZING-P not only yielded significant scientific data but gave confidence in the
calculations of predicted performance and provided the scientists involved
with essential experience in the use of such sources.

ZING-P', the second stage in the program, came into operation at the
end of 1977 and is now producing scientific results. With a peak thermal flux
of about 1014 n/cm2 -s, it is a moderately intense neutron source in its own
right, but still prototypic in the sense of being a low-cost, crudely engineered
facility, which will eventually be replaced. Four instruments for neutron-
scattering research have been built: a high-intensity powder diffractometer,
a high-resolution powder diffractometer, a crystal analyzer spectrometer,
and a chopper spectrometer. These interface to a common on-line computer
system (ND-6600).

ZING-P' is expected to (a) produce scientific results and (b) act as a
testbed for source and instrument development. It was decided that, in the
course of the scientific program, it would be useful to derive operating ex-
perience with a user-oriented mode along the lines that IPNS will operate on

*ZING-P bears the same intensity relationship to IPNS-II as CP-2 (the original Fermi graphite reactor reassembled

at the first Argonne site) does to the ILL High Flux Reactor.
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(see Chapter VII). At a meeting of the Pulsed Neutron Source Users Group
in January 1976, potential interested users were informed about the plans and

invited to submit proposals. A ZING Prototype Advisory Committee, appointed

by the Director of ANL and composed of representatives of a number of

scientific areas from ins ide and outside Argonne, was set up to advise on the

experimental facilities and set priorities for the initial scientific program. *
As a result of these activities, 37 proposed experiments were chosen for the

first period of operation. Over two-thirds of these originated with scientists
from outside Argonne, including four from overseas. In addition to the dif-
fraction and inelastic-scattering experiments, a proposal to perform neutron-
damage studies on materials of interest for the Tokomak Fusion Test Reactor,
and one to make a pilot experiment on an ultracold neutron bottle device, were
received and approved.

In addition to refining concepts and hardware for the four instruments
now in operation and the neutron-bottle-facility development, plans exist for
the following additional instruments:

1. High-pressure sample cell.

2. Single-crystal diffractometer.

3. Small-angle scattering instrument. (Items 2 and 3 involve two-
dimensional position- and time-sensitive detectors.)

4. Polarized neutron facility.

5. Resonance detector spectrometer.

Also, a cold moderator will be tested at ZING-P' to investigate. the

benefits at the low-energy end of the spectrum. The ZING-P' facility activity
appears to represent the limit of what can be achieved with operating funds.

The two final stages of the Argonne program, IPNS-I and -II,19 require

capital construction funds. IPNS-I will be a fully instrumented facility com-
prising two separate and fully instrumented target areas for neutron-scattering
and damage studies. The proposed IPNS-II represents a very intense source
based on a new, state-of-the-art dedicated synchrotron (HIS), which can be
built in the ring tunnel formerly occupied by the ZGS. Both IPNS-I and -II
will use buildings and facilities vacated by the ZGS, thereby eliminating sig-
nificant construction costs. Summary descriptions of the IPNS-I and -II
programs and facilities appear in Chapters III-V.

The IPNS Project was the subject of a Design Review held at Argonne
on July 19-20, 1977. A team of external experts, appointed by ERDA, were

*Present membership: D. L. Price (Argonne) and G. Shirane (Brookhaven), co-chairmen, J. M. Carpenter (Argonne),

G. H. Lander (Argonne), H. A. Mook (Oak Ridge), S. W. Peterson (Argonne), P. B. Sigler (The Univ. of Chicago),
G. D. Stucky (Univ. of Illinois), and S. A. Werner (Univ. of Missouri).
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members of the review team. This team consisted of L. C. Teng (Fermilab),
chairman, L. C. Smith (Berkeley), G. Rees (Rutherford Lab., U.K.),
R. G. Fluharty (LASL), G. Shirane (Brookhaven), and R. Balluffi (Cornell).
The team was charged with the task of assessing whether the technical design

was sound and reasonably optimal and whether the performance claimed could

realistically be achieved. The team concluded that the proposed project was
technically sound, would perform approximately as predicted, and would pro-

vide an important and unique research facility for the scientific community.

They recommended that it be funded with high priority.2 1

Construction funds for IPNS-I were included in the President's Budget
for Fiscal Year 1979. A decision on construction funds for IPNS-ll has been
deferred by the Department of Energy.

G. Other Pulsed Neutron Sources

The more important pulsed-neutron-source projects are listed in
Table VI. These fall into two categories: (1) relatively low-powered sources,
based on either electron Linacs or reactivity modulation, which have served
to develop instrument design and produce a limited number of scientific
results, 22 and (2) the more recent spallation sources, which, for reasons dis-
cussed in Sec. D and Ref. 10, are potentially more powerful. Since IPNS is of
the latter type, it may be helpful to briefly describe the other sources of this
type to indicate the relation to IPNS.

1. Spallation Neutron Source, Rutherford Laboratory, U.K.

On June 20, 1977, the British government announced the decision
to fund construction of "a new facility to provide intense neutron beams" at
the Rutherford Laboratory. This is the Spallation Neutron Source (SNS),20 a
facility similar in design, mode of construction, and performance to IPNS-II.
It is to be built with buildings and components from the NIMROD 7-GeV proton
accelerator, which will be closed down in 1978; the history of NIMROD itself
has been, in many respects, parallel to that of the ZGS. The principal dif-
ference is that the SNS is able, for a combination of technical and administra-
tive reasons, to use a larger component of the NIMROD facilities: Lin.::
injector, beam-handling magnets, vacuum and control equipment, and steel
and concrete shielding, thereby achieving a greater cost saving. Other dif-
ferences are that a radiation facility will not be provided, and that the flux
estimate is lower by a factor 2. This is due to the lower injection energy
and lower btnching factor compared with the HIS, and a slightly more %.on-
servative estimate of space charge limits. The capital cost is estimated at
.11 million (about $19 million). Taking into consideration the more extensive
use of existing accelerator components, the lack of radiation-damage facilities,
and the fact that in-house effort costs, escalation, and contingency are not in-
cluded in the SNS estimate, the cost estimate is similar to that of IPNS-II.



TABLE VI. Pulsed Neutron Source Projects Worldwide

Frequency, Peak Thermal Flux,
Name Location Method Hz n/cm2 -s Status

Tohoku Linac Sendai, Japan Electron- 110 1012 Operational 1967
photoneut ron

Harwell Linac I Harwell, U.K. Electron- 192 1.5 x 101 2  Operational 1967
photoneutron

Harwell Linac II Electron- 150 1.5 x 1013 Under construction
photoneutron for 1978 operation

ORELA Oak Ridge, USA Electrcn- 500 3 x 1012 Operational 1965
photoneutron

ORELA + Booster Electron- 500 1.5 x 1014 Proposed
photoneutron
+ fission

IBR-I Oubna, USSR Fission 5 3 x 1012 1960
IBR-30 Fission 5 1014 1969
IBR-II Fission 5 1016 Under construction

for 1979 operation

ZING-P Argonne, USA Spallation 10 5 x 1014 Operational 1974
ZING-P' Argonne, USA Spallation 30 iu14 Operatioral 1977
IPNS I Argonne, USA Spallation 45 7.5 x 1014 Under construction

for 1981 operation
IPNS II Argonne, USA Spallation 60 1016 Proposed

WNR I Los Alamos, USA Spallation 120 5 x 1013 Operational 1977
Spallation 120 3 x 1014 Planned for 1979

(LAMPF beam at 1 ma)
WNR II + Spallation 40 1015 Under construction
Storage Ring for 1983 operation

KENS Tsukuba, Japan Spallation 15 1014 Under construction
for_1980_operation

SNS Chilton, U.K. Spallation 53 5 x 1015 Under construction
for 1982 operation
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Argonne and the Rutherford Laboratory have agreed to cooperate

to the fullest extent possible in facility and instrument design, thereby reducing

the development work to be done by each institution. Several visits of key

personnel have already been exchanged.

2. KEK Neutron Source (KENS), Tsukuba, Japan

While SNS is analogous to IPNS-II, the spallation neutron source 1 8

being built at KEK (the Japanese High Energy Physics Laboratory in Tsukuba,

near Tokyo) is a similar concept to IPNS-I, being based on the 500-MeV

injector-booster to the 12-GeV proton synchrotron. The peak flux is 1/10th

of that in IPNS-I, due to the lower number of protons per pulse in the booster,

which is limited by beam instabilities. The effort is being spearheaded by

scientists from Tohoku University, who have the advantage of considerable

experience in the design and use of pulsed neutron sources derived from the

Tohoku Linac. In December 1975, the Japanese government approved funds to

construct the project (about $5 million), which is expected to be completed

by 1980. Two moderators (cold and room temperature) and an initial com-

plement of four neutron-scattering instruments will be provided.

3. Weapons Neutron Research Facility, Los Alamos

The Weapons Neutron Research Facility (WNR) 2 3 is a neutron

source designed and built for vulnerability measurements on weaponized

systems and for the study of weapon-related energy-deposition mechanisms.

It is intended to be available, however, part-time for neutron-scattering

studies. Unlike IPNS and the other sources described above, which are based

on pulsed, fast-cycling synchrotrons, LAMPF is a proton Linac producing

protons in relatively long (0.5-ms) pulses. The WNR is designed to take 2%
of the protons in each pulse, giving a pulse width of 10 p s on the neutron

target. The LAMPF beam is expected to reach the design value of 1 mA

by 1981, which will yield peak thermal fluxes of 3 x 10"4 n/cm%-s at 120 Hz,
a performance comparable to that of IPNS-I. The 10-ps proton pulses are

suitable for thermal-neutron scattering by TOF, but too long to enable good-
resolution epithermal neutron experiments. A storage ring funded by the

Weapons Program will allow shorter proton pulses of variable repetition rate

to be directed toward the neutron target. This will have the advantage of being

able to accommodate a larger fraction of the LAMPF beam, perhaps as high
as 10% if the neutron facility were to be modified, and of permitting high-
resolution epithermal scattering. In this case, overall intensities (peak flux x

repetition rate) would be one-fifth of those at IPNS-II.
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II. SCIENTIFIC APPLICATIONS

A. Introductory Comments

During the past several years, two series of workshops have been held

on the applications of advanced pulsed spallation neutron sources--one at

Argonne National Laboratory in the U. S. and the other at the Rutherford

Laboratory in England. This summary draws strongly on the information and

conclusions in these workshop reports. The dual-purpose facility proposed

in this document is for low-energy neutron -scattering studies of matter and

for radiation -damage research in solids.

1. Thermal -neutron Scattering

This technique has developed over the past 30 years to become,
perhaps, the most general experimental technique in condensed matter

research. In many cases, it yields direct microscopic information, which is
inaccessible to any other technique. Applications in biology, chemistry,

physics, and materials science are widespread and growing constantly. For

example, the neutron technique has been of fundamental importance in the
following areas:

The static and dynamic structure of liquids (liquid metals, molten

salts,and aqueous solutions) and glasses.

Voids and defects in solids.

Magnetic. crystallographic, and electronic phase changes.

Diffusion in solids and liquids

Lattice ibrations.

Spin waves in magnets.

Magnetic structure of atoms and solids.

Structure and dynamics of surface-adsorbed films.

Structure of polymers and biological materials.

This is, of course, only a partial list encompassing just a fraction

of the fields of scientific research that have benefited from the unique proper-

ties of neutron radiation. The nation's neutron -scattering facilities are ex-

pected to increasingly form a complementary experimental tool in the research
programs of many scientists.

The availability of the Intense Pulsed Neutron System will enor -
mously expand the realm of scientific problems accessible to neutron scat-
tering in many directions. The reason for this is attributable to three general
characteristics of the source:
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Very high intensity throughout the thermal-energy range.

High epithermal flux (E 2 0.15 eV).

Pulsed nature of the source.

a. Very High Intensity throughout the Thermal-energy Range.
An extremely important feature for large classes of potential users is the
ability to perform experiments on much smaller samples. This includes

materials that are very rare (such as transuranic) or very expensive (such

as separated isotopes). Perhaps most important, it will open up the possi-

bility of studying single crystals that can only be obtained in very small vol-
umes, a frequent situation in the areas of biochemistry and organometallic

chemistry and the study of low-dimensional materials. The high intensity

can also be used to provide higher resolution for experiments in which the
peak widths of interest are narrower than the resolution now available.

Furthermore, the fluxes available in IPNS-II will allow the routine use of

polarization analysis techniques. These can be used to separate magnon
from phonon scattering (particularly important in amorphous magnets) and to

separate incoherent from coherent scattering in disordered alloys and hydrog-
enous materials.

b. High Epithermal Flux (0.15-10 eV). The availability of neu-
trons in this energy region in sufficient intensities for scattering experiments
opens up a radically new field to the application of neutron techniques.

Figure 4 compares the range of energy-momentum space accessible to the
scattering of. for example, 5-eV neutrons to that accessible to existing
techniques. It can be seen that three new types of experiments are made
possible:

(1) Those involving high-energy transfers (several electron
volts), to study, for example, molecular and electronic
excitations in solids (Sec. C.10).

(Z) Those involving moderate-energy transfers (0.1-1 eV)
at low values of momentum transfer (Q < 1 A-1), to study,
for example, molecular vibrations in fluids (Sec. C.4).

(3) Those involving very high-momentum transfers
(Q > 50 k'), to make structural studies with very high
spatial resolution (Sec. D.3) and dynamical studies in the
regime where the scattering is essentially from individ-
ual particles (Sec. C.7).
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c. Pulsed Nature of the Source. Because the source is pulsed,

samples can be studied under conditions of very high pulsed magnetic fields

(hundreds of kOe), electric fields, or pressures. This is especially important

for dynamical studies. Also, time-dependent phenomena with relaxation times

in the appropriate time regime can be investigated following the application of

pulsed conditions such as laser pulses, pulsed electric fields, and shock waves.

Time-resolved neutron spectroscopy is at present an almost totally unexplored

area that IPNS can open up.

2. Radiation Effects

IPNS is also an attractive facility for basic radiation-damage

studies with neutrons. Such studies include low- and high-temperature damage

production and annealing, mechanical properties, and microstructual changes.
The advantages of this facility over existing neutron-radiation-damage facil-
ities are the low level of gamma heating, the high flux level with the possibility
of varyi&,L the energy spectrum, easy access, and a large irradiation volume.

It is a dedicated radiation damage source, which can be adapted to users' needs.
In addition, neutron-scattering techniques can be used to study neutron damage
effects while maintaining a controlled environment in transferring from one
target to the other.

A few highlights of potential scientific applications of IPNS-I are
listed in Table VII. Table VIII lists some of the applications currently fore-
seen to be feasible with the higher intensities that would be available at
IPNS-II.
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Fig. 4

Regions of Energy-Momentum Space Avail-
able to Different Scattering Techniques
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TABLE VII. Highlights of Applications of IPNS-I

Lattice Vibrations and Superconductivity; Surface Vibrations

Static and Dynamic Structure of Liquids (Liquid Metals, Molten Salts
and Aqueous Solutions) and Amorphous Solids

Defects, Voids and Aggregations in Materials

Structure and Dynamics of Physisorbed and Chemisorbed Species on
Powdered Samples

Fast Diffusion in Solids (e.g., Hydrogen in Metals, High Temperature
Superionic Conductors) (T < 10-10 s)

Structure and Phonon Excitations in Polymers

Structures of Medium-size Molecules and Small Proteins

High-Frequency Magnetic Excitations in Solids

Ground State Momentum Distributions in Condensed Matter

Real-Time Relaxation Effects in Solids (T > 10 us)

TABLE VIII. Highlights of Applications of IPNS-II (As Currently Foreseen)

Diffusion and Molecular Reorientation Studies in Solids at Moderate
Temperatures ( < <10' s)

Electronic Level Spectroscopy

Diffusional Excitations and Reorientations in Polymers and Macromolecular
Systems

Protein Structures

Tunnelling States in Amorphous Materials

Real Time Relaxation Effects in Solids (T t 1 us)

Structure and Configurations of Molecules on Single Crystal Surfaces
of Catalysts

Phonons in Very Small Crystals--New Materials, Low-Dimensional
Solids, Polymers, Biological Materials

Basic Mechanisms Involved in Radiation-Enhanced Creep and Embrittlement

Transient Defect Reactions
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The neutron-scattering applications of IPNS are discussed in the
three following sections. Radiation -damage studies are discussed in Sec. E.
We discuss some fundamental neutron-physics experiments for which IPNS is
uniquely suited in Sec. F and technological applications in Sec. G.

B. Fundamentals of the Neutron-scattering Technique

The essential feature of low-energy neutrons (and the reason for their
impact on condensed matter research) is that their wavelength is well matched
to the interatomic spacings and their energy to the thermal excitation energies
in condensed matter.

Two interactions of a low-energy neutron with a target (solid, liquid,
or gas) dominate all others:

The nuclear interaction, which can be taken to be a series of Fermi
pseudo-potentials centered at each nucleus in the target, that is,

V(,t) = Z b r[h-j(t)];

j

and the magnetic interaction, for which

v(7, t) = -pn -BY)

Here m is the neutron mass, bj is the scattering length of the jth nucleus, and
ij(t) is the position of the jth nucleus at time t. The magnetic moment of the
neutron is pn, and A is the magnetic-induction field generated by the unpaired
electronic spins and electron orbital motion inside the sample.

By measuring the scattered neutron intensity as a function of scattering

angle and energy transfer, we obtain the Fourier transform of the space (r) and
time (t) dependence of these potentials, within a phase factor. The Fourier
variables are, of course,

Q = k2 - kI momentum transfer

and

w = - (k? - k1) energy transfer,
2m

where the wave vectors of the incident and scattered waves are 10 and k4,
respectively.
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Using the nuclear potential given above, we can show that the differen-

tial scattering cross section dZa/dQdw is directly proportional to the space-

time Fourier transform of the pair correlation function of the sample; this is
the scattering function commonly called S(0, w). In the magnetic case, S(Q,w)

is directly proportional to the imaginary part of the generalized susceptibility

x(d, w) (fluctuation-dissipation theorem). For the atomic motions in liquids and
the continuous magnetic excitations in metallic magnets, it is advantageous to
formulate the theory in terms of S(6, w) or x(6, u). Thus, neutron scattering

provides dynamical information in many-body systems, which can be directly

compared with the results of theory.

Slow-neutron scattering experiments are usually divided into two

classes:

Inelastic scattering, in which one measures both energy and momen-

tum transfer in the scattering processes, and hence the functions

S(Q, w) or x(Q, w).

Diffraction, in which one measures momentum transfer irrespective

of energy transfer, and hence the function

S(0) = S(Cl, w)dw

or

[Since the integrals are usually dominated by the values of the integrand for
zero (or very small) w, this is sometimes referred to as elastic scattering,
although the scattering is never completely elastic.]

Inelastic scattering measures the dynamics of the sample, the atomic
motions in nuclear interactions or the magnetic motions in magnetic

interactions. IPNS opens up dramatically new opportunities for studies of
this type, which are discussed in Sec. C. below. The excitations involved in
the dynamics of condensed matter may generally be divided into two broad
categories:

Those that are localized in energy-momentum (Q,w) space.

Broad excitations extending over a wide range of w for a fixed 0,
or vice versa.
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Examples of the first class are phonons or magnons in solids; vibra-

tional excitations in liquids fall into the second category. The experimental

techniques most suitable for a given experiment in either category depend on

a variety of considerations. For sources of equal flux, the triple-axis tech-

nique on a steady-state source is generally best matched to the first category

and time-of-flight techniques on a pulsed source to the second category. The

need for high-flux reactors will continue, and in terms of scientific research,
these two types of sources will be highly complementary. The sum of the

science done on both types of sources will be far greater than that obtained

from each of them individually.

Diffraction measures the instantaneous structure of the sample, the

atomic structure in nuclear interactions or the magnetic structure in mag-

netic interactions. The reason for this is that the integrals over w in the

above expressions for S(d) and X(d) correspond to the evaluation of the appro-

priate correlation functions at t = 0. IPNS has important advantages for cer-

tain classes of structural measurements, which are discussed in Sec. D below.

C. Dynamics

Measurements of the energy spectrum of inelastically scattered neu-
trons provide a powerful method for studying the dynamics of condensed mat-

ter on a microscopic scale of space and time. As discussed in Sec. B above,

such measurements involve two types of study. In one, the neutron couples

via its interaction with the atomic nuclei to the dynamics of the nuclei of the

sample material; in the other, the neutron couples via its magnetic moment

to the dynamics of the electrons. Nuclear scattering can be further divided

into two categories: coherent and incoherent scattering. Coherent scattering

probes collective excitations in condensed matter, such as phonons; incoherent

scattering probes the dynamics of individual particles.

The relative amounts of each type of scattering may be varied by

careful choice of the sample material. Thus, for example, hydrogen has a

large (80-barn) incoherent cross section while its coherent cross section is

relatively small. On the other hand, deuterium has a mainly coherent cross

section. This type of isotopic difference may be exploited to isolate and iden-
tify various features of the dynamics of a system.

1. Phonons

a. Dispersion Curves. The natural matching of phonon energies
and wavelengths with those of thermal neutrons makes the latter an ideal probe
for studying phonon spectra in solids. Pulsed sources will advance this field
in several ways. At present, one of the greatest obstacles to users of neutron-
scattering facilities is the unavailability of sufficiently large single crystals.
This is particularly true in some of the areas in which information on the
phonon spectrum would be particularly interesting, such as low-dimensional
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materials, polymers, high-temperature superconductors, and materials of

biological interest. The unrivaled thermal flux of a source such as IPNS-II

would compensate in such cases for the inconvenience of not using the

"constant-Q" technique. The same is true for materials with large neutron-

absorption cross sections, such as solid He3 . (In such cases, the high abun-
dance of higher-energy neutrons will be an additional advantage, because of

the 1/v nature of the absorption cross section.)

In addition, for crystals of large complexity and low symme-

try, e.g., molecular crystals, it is important to measure phonon frequencies

throughout the Brillouin zone and perform a "least-squares fit" of the inter-

atomic potentials to the observed spectra. Such methods provide a rapid and

powerful means of obtaining vitally needed information on interactions between

the atomic constituents of molecules. For other molecular crystals (e.g.,

polyethylene or iodine) or metallic hydrides, where it is important to measure

the dispersion in high-lying vibrational modes (at energies > 100 MeV), the

unrivaled epithermal flux of the pulsed neutron source makes it a uniquely

powerful facility for this purpose.

b. Frequency Spectra of Solids. When single crystals are un-

available, important information can still be obtained by measuring the phonon

frequency distribution from either incoherent scattering or coherent scattering

from powdered samples, averaged over several values of momentum

transfer Q. Since information over several Q and w (energy-transfer) values

is required simultaneously, the technique is ideally suited to time-of-flight
spectroscopy, and such measurements can be done rapidly and with great

precision using IPNS. A knowledge of the frequency-distribution function is
essential for understanding the basis of superconductivity in high-temperature
superconductors such as the A-15 group of superconductors and the recently
discovered ternary superconducting compounds. It is also required for a

detailed understanding of various thermodynamic and transport properties of
solids.

In the absence of dispersion-curve measurements, various
theoretical models of phonon spectra may also be tested against the observed
frequency-distribution function. The frequency spectra of very small particles
is an area of great theoretical interest currently, since they involve a consid-
erable contribution from surface vibrational modes. Such studies are in their
infancy at present, but we may anticipate them to become a significant area of
investigation with the advent of powerful pulsed sources such a IPNS-II, with
a corresponding impact on the field of surface physics. The "size effect" in
superconductivity is an outstanding problem which may become better under-
stood as such data become available.

In all these studies, the large beam area of the pulsed source
offers definite advantages over present methods of performing such
experiments. The effects of pressure, temperature, and magnetic fields on
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frequency spectra of solids may also be routinely investigated during such

studies. At present, little systematic information of this type exists.

2. Disordered Solids

One of the least understood areas of solid-state physics is the

dynamics of disordered systems. For many such systems--e.g., random

alloys, or nonstoichiometric compounds with vacancies (such as nonstoichio-

metric metallic hydrides and oxides of importance in energy technology)--

the study of phonon dispersion curves is not rewarding, since the wave vector
is not a well-defined quantity. In such cases, the measurement of the frequency

spectrum provides the necessary information which can be directly compared

against theoretical predictions using varying degrees of sophistication, such as

the virtual crystal approximation, the averaged t-matrix approximation, the

coherent potential approximation, or "molecular dynamics" -type supercell-
based computer calculations.

Amorphous materials, which themselves are of great technological

importance, provide an added degree of complexity in that spatial periodicity

is completely absent, and no satisfactory analytical theories currently exist to

explain their dynamics. Studies of the frequency spectra of such solids are

still in their infancy. What is required at present are (a) accurate, high-
resolution studies of the "acoustic" part of their spectra (unavailable by tech-

niques other than inelastic neutron scattering), which requires an abundant

flux of thermal neutrons and also, for many such materials, high incident

neutron energies in order to reach the small-Q regime--both of which will be

available with IPNS- -and (b) systematic studies of the high-lying "opticlike"
modes characteristic of "intramolecular" types of vibration in such solids.

Further exciting possibilities are the study of the glass-liquid transition, and
investigation of the frequency spectra of the low-lying "tunneling" states,

postulated to account for the anomalous linear temperature dependence of the

low-temperature specific heat of these materials, which might be possible

with IPNS-II.

We may safely anticipate that the field of disordered systems will

remain a major thrust area of solid-state physics for several years and that

the pulsed neutron source will be one of the most powerful tools brought to

bear on such problems. Undoubtedly such experiments will go hand-in-hand

with sophisticated computer modeling and dynamics simulation studies.

3. Dynamics of Dense Fluids

A principal application of time-of-flight spectroscopy to date has
been the study of the dynamics of fluids, since only scattering information as
a function of the magnitude of Q and w is required. The classic example has
been the study of phonons and rotons in liquid 4 He. More recently, definitive
studies have been performed at Argonne National Laboratory on liquid and
gaseous argon, gaseous argon-helium mixtures, liquid rubidium and rubidium
fluoride, and liquid 3He.
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The very small-Q region (Q s 10-5 A) in liquids is most accu-

rately probed by laser light scattering. The dynamical response of simple

fluids in this hydrodynamic regime is now well understood. For larger Q's,

neutrons represent the only possible probe. Of particular interest is the

region of crossover from the hydrodynamic regime at small Q to the collision-

dominated large-Q regime. For many fluids, particularly liquid metals, the

high velocity of the collective modes necessitates the use of neutrons of high

incident energy combined with very good resolution, for which the pulsed

source is uniquely suited.

Measurements of this type are difficult, since accurate absolute

values of S(Q, w) must be obtained over a range of Q and w and shown to

satisfy the known zeroth and second frequency moments. In addition, the

fourth frequency moment of S(Q, w) can be used to give a determination of the

effective pair potential between atoms. The theoretical treatment of the dy-

namics of even simple fluids presents one of the most challenging many-body

problems in statistical mechanics, and the impact of such neutron studies,

still in their early stages, along with molecular-dynamics computer-simulation

studies is expected to play a profound role in its development.

Further developments to be expected are studies of gaseous mix-

tures (in which the effect of light gaseous impurities on the collective modes

can be studied in detail), molecular liquids, and molten salts, in which the
long-range nature of the Coulomb interaction and the requirements of charge

neutrality play a dominant role in the dynamics. By an appropriate choice of
ionic sizes, charges, and nuclear-scattering amplitudes, inelastic neutron

scattering can be used to determine the various partial dynamic scattering

factors, and bring into focus different aspects of the dynamics of such systems.

4. Molecular Vibrations

Although the spectroscopy of molecular vibrations is usually stud-
ied by laser techniques, inelastic neutron scattering is a valuable complemen-

tary tool in several important cases. Molecules containing hydrogen are

particularly well suited to such studies, since the large incoherent scattering

of hydrogen emphasizes the importance of hydrogen motions. In addition, un-
like infrared or Raman techniques, there are no selection rules for such

scattering other than the requirement of significant proton amplitude. For

vibrational spectroscopy on molecular liquids, the recoil (Doppler-broadening)
effect makes vibrational lines unobservable, unless the measurements are

performed at low Q values and also at the necessary high-energy transfers.

Kinematic restrictions thus force one to use very high-energy incident neu-
trons and make pulsed neutron sources the logical facilities at which to per-
form such experiments.
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5. Low-frequency Motions in Solids and Liquids

One of the most interesting instruments available in the IPNS

facility will be the ultrahigh-resolution chopper spectrometer capable of

measuring inelastic-scattering spectra with a resolution of 1-10 peV in the

energy-transfer region of 1-20 MeV, with simultaneous detection capability

at a large number of angles. With such an instrument it should be possible

to perform experiments in fields which have not yet been fully explored, such

as the following.

a. Diffusion. For incoherent scatterers such as hydrogen, the
quasielastic peak-width is proportional to the rate of diffusion of the individ-

ual atoms. This makes it possible to study diffusional motion in liquids (e.g.,

the diffusion of ions in aqueous electrolytes) and the diffusion of light inter-

stitial atoms (or vacancies) in solids. In the latter case, due to limits on the

energy resolution afforded by conventional neutron spectrometers, studies

have been restricted mainly to higher temperatures (corresponding to relax-

ation times < 10-" s). With IPNS-I, it should be possible to study relaxation

times up to 1010 s, with the high-resolution spectrometer on IPNS-II, it
would be possible to probe relaxation times as large as 10~9 s.

Diffusion of hydrogen in transition and rare-earth metals and

compounds, vacancy diffusion in certain oxides, and ionic diffusion in solid

electrolyte materials such as p-alumina, CaF2, LiAl, and RbAg 4IS are some
of the important problems that may be studied. For some of these cases, the
diffusing atoms will scatter coherently. The quasielastic scattering may then
be analyzed in terms of a theoretical or computer-simulation model, and in-

formation can be obtained about the effect of interactions between the diffusing

particles on their dynamics. Neutrons are the only known probe for studying
diffusive dynamics at finite wave vectors, thus prviding a crucial test for our

understanding of diffusion in solids, and we may expect experiments on IPNS

to contribute to important advances in this field.

b. Molecular Rotations and Reorientations. Low-frequency ex-

citations such as molecular rotations and rotational diffusion in plastic crys-

tals, rotational tunneling of ammonium ions and methyl groups, and internal

molecular rearrangements in condensed phases may also be studied by this

type of neutron spectroscopy. Such motions are often optically inactive and

difficult to observe by resonance or relaxation techniques, but have recently
begun to be studied by inelastic neutron scattering at the high-resolution

spectrometer at ILL. Since many such molecular groups involve large num-

bers of protons, the large incoherent cross section of hydrogen may be

conveniently exploited in such studies. For coherent scatterers (e.g., for

deuterated groups), the simultaneous measurement of Q and w means that,

for the first time, information can now be obtained about phase correlations
in rotational motions, although very few such experiments have been done.
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c. Polymers and Biological Molecules. The IPNS facility will

open up the possibility of studying the dynamical properties of polymeric sys-

tems. i.e., the diffusive modes in solution as well as the phonons in the solid

phases. At the moment, the only tool available for solution dynamics is light

scattering, which is restricted to molecules of molecular weight greater than

106. In rubbers and gels, for example, it would be very exciting to be able to

probe the dynamical response over a wavelength scale spanning the charac-

teristic distance between cross-linking points. Such experiments have never
been done, but should be possible with the high fluxes that would be available

at IPNS-II. Eventually, the same kind of information may be obtained for
molecular systems of importance in biology, where the large contrast in the
coherent-scattering amplitudes of hydrogen and deuterium may be exploited

by using partially deuterated samples.

6. Dynamics of Physisorbed and Chemisorbed Atoms and Molecules
and of Intercalated Compounds

Although neutrons are not a surface-specific probe, substrates
with large specific areas, such as activated alumina, carbon, platinum black,

and. in particular, grafoil (partially oriented exfoliated graphite) have made

it possible to look at the dynamics of monolayer and submonolayer films of
rare gases and hydrocarbons absorbed on these surfaces. In fact, neutron

scattering has provided the first determination of the collective dynamics of
such monolayers, i.e., of their phonon spectra. In addition, neutrons can be
used to measure the internal vibrational frequencies of the absorbed molecules
and their rotational spectrum to study the effect of the surface potential on the
molecular orientation and conformation. Inelastic neutron scattering can also
yield direct information on the surface binding energy of the molecule. Finally,
quasielastic scattering techniques can be used to measure the surface diffusion
of the adsorbed particles (not susceptible to macroscopic techniques because
of the finite grain sizes of the substrate particles).

For such types of measurements, neutrons provide a direct and
unique probe. Since one is not dealing with single crystals, time-of .flight
techniques are well suited for a rapid mapping of the dynamical spectrum.

For these reasons, we expect IPNS to be used extensively for neu-
tron studies of physisorption and chemisorption. The experiments already
undertaken have scarcely touched the vast number of possible systems to be

studied.

Similar studies can be carried out for a related class of systems,
namely, atoms and molecules intercalated in layered materials such as graph-
ite and TaSZ, which are of technological interest as catalysts, as well as mol-
ecules adsorbed in zeolites and molecular sieves.
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7. Ground-state Momentum Distributions in Condensed Matter

When neutrons are scattered with sufficiently high momentum

transfer Q, the scattering may be thought of as taking place from the individ-

ual atoms, and collective effects are not important in the scattering process.

When the momentum transfer is large enough, the impulse approximation is

valid, and the scattering function S(Q, w) is given by (see Sec. B above)

S(Q,W) =ZnP - - M/

where p is the initial momentum of the atom, M its mass, and np the momen-

tum distribution. Differentiating the above equation, we obtain

a s = 4 M 22 I [P n p ],a- 417Q Z n '~.
Pmn

where p is the density of the material and Pmin = [w - fQ/2M](M/Q). Thus

an accurate determination of S(Q, w) can yield np.

In practice, so-called "final-state-interaction" effects produce

corrections to this result, except in the limit of asymptotically large Q.
However, recent Q-averaging techniques have proved successful in determin-
ing np for liquid 4 He from S(Q, w) measured at relatively modest values of
Q (5 A-'). The IPNS facility would enable greatly improved experiments of

this type to be performed, since much larger Q values would be available
(~40 A') with the high epithermal flux and because the Q-averaging procedure

can be performed easily with the simultaneous scattering angles possible

using time-of-flight techniques.

Similar experiments on liquid 3 He at a few millidegrees K would
be extremely important for our understanding of interacting degenerate Fermi
liquids, particularly since we would be able to establish the magnitude and
position of the discontinuity in np at the Fermi momentum. In this case, the
high incident neutron energies used would help to offset the disadvantage of
the large capture cross section of the He3 nuclei.

Another potentially important area for such research is the mo-
mentum distribution of protons in transition metal hydrides and in hydrogen-
bonded crystals and molecules. This would afford unique information on the
nature of the potential wells in which the protons sit.

8. Magnon Spectra of Solids

As stated in Sec. B, the cross section for scattering of neutrons
by the electrons in a solid is proportional to ImX( ,w) where x(d,w) is the spin
response function of the electrons. In general,X(Q, w) will have poles due to



53

collective electronic-spin excitations, e.g., spin waves, or a broad spectrum

in regions of Q and w space where single-particle (electron-hole-pair) ex-
citations are possible, e.g., in the "Stoner continuum" region in itinerant

electron ferromagnets. In addition, x(1, w) will have discrete poles for sys-

tems of weakly interacting localized spins corresponding to transitions be-
tween different crystal-field states. The high epithermal flux of IPNS will
enable measurements of ImX(d, w) to be extended to higher values of w than

those now attainable. Such measurements are vitally important to our under-
standing of the fundamental nature of magnetism.

The TOF technique is especially well suited to the study of magnon
dispersion curves in amorphous metallic ferromagnets, and a large number of
experiments will be possible with IPNS. Initial triple-axis experiments at

Brookhaven, NBS, and Oak Ridge have yielded interesting results in such

systems. In particular, in certain cases we observe remarkably well-defined
spin waves at long wavelengths. Currently, because of kinematical consider-

ations, such experiments are limited to either small Q or very large Q. The
intense epithermal flux of IPNS will open up the entire Q spectrum. The dy-

namical behavior of the so-called "spin glasses" is also ideally studied with
high-resolution TOF techniques. Currently there exists no theory for the

magnetic excitations in such systems.

In itinerant ferromagnets, ferrimagnets, and antiferromagnets,

the magnon dispersion curves are very steep, and considerable theoretical
interest exists in the high-energy region (>60 MeV). This region is yery

hard to probe with existing steady-state sources due to lack of a sufficient
epithermal neutron flux. Currently, spin waves in iron and nickel have been

followed into the Stoner continuum region with some difficulty, while high-
energy measurements are unavailable for ferrimagnetic systems such as

rare-earth intermetallic compounds, or antiferromagnets such as chromium

and certain invar alloys. The establishment of the Stoner threshold for such
systems, the determination of its variation with temperature, and the detailed

study of the dispersion and damping of the collective mode once it enters the
Stoner continuum region are important areas for future investigation with

IPNS, as is the investigation of higher-lying "optic" -type collective spin ex-
citations in itinerant electron and rare-earth systems.

9. Single-particle Excitations in Paramagnetic Solids and in Molecules

For all the non-S-state rare earths, as well as certain transition
metal ions including Fe3+ and Coe+, the crystal field lifts the degeneracy of the

lowest Hund's rule multiplet, giving a set of energy levels with splittings typi-

cally about 10-100 meV. For solids in which the exchange interaction between
the magnetic ions is weak, such excitations are essentially dispersionless and
ideally suited to the TOF neutron-scattering technique where one can look at

the spectra in several banks of counters simultaneously. There are several
other magnetic excitations of this sort including atomic fine-structure split-
tings, pair spectra, and singlet-triplet excitons in which IPNS-based experi-
ments are expected to provide important spectroscopic information.
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Using the high epithermal flux of IPNS, we can also study the

transitions between different 4f J-multiplets in the rare earths. The spatial

information about excited-state wavefunctions obtained in this way is unique

to neutron-scattering techniques. Crystal field splittings in salts containing

5f-shell ions (actinides) are believed to be quite large (~100-300 MeV) due to

the larger spatial extent of the 5f wavefunctions, and neutron spectroscopy on

these transitions will be possible for the first time using IPNS.

In many metallic actinide systems and the so-called "mixed-

valence" or "interconfiguration-fluctuation" systems (such as metallic com-

pounds containing cerium, samarium, europium, or ytterbium), we have the
unique situation of localized 4f shells of electrons that are in the vicinity of

the Fermi level and hybridized with the conduction bands. The theoretical

interest in this problem, probably one of the last "frontier" fields of basic

magnetism, centers on the relative importance of the strong intra-atomic

correlations in the f-shell and the itinerancy caused by the hopping in and out

of the conduction band. The magnetic excitations in such systems extend to

quite high energies, of the order of hundreds of MeV. Present sources are
unable to measure such excitation spectra in a definitive way, due to a lack

of sufficiently high epithermal fluxes. IPNS would be a unique facility for im-

portant experiments of this kind.

10. Electronic-level Spectroscopy

IPNS experiments performed at energy transfers of 0.5-2 eV

(possible with the resonance detector spectrometer described in Chapter VI)

open up the possibility of electronic-level spectroscopy with neutrons--i.e.,

looking at intra- and interband electronic transitions in solids and molecules.

In this sense, the method would be complementary to optical spectroscopy,

X ray, and inelastic electron-scattering spectroscopy. Unlike the first of the

above, it will give information at finite wave vectors, and unlike the latter two,
it will not be surface-sensitive. For example, we may directly probe the

wave vector dependence of the excitations across the band-gap of a semicon-
ductor, or singlet-triplet transitions in O2 and NO (forbidden by optical selec-

tion rules). Because they are long-lived sources of energetically excited
molecules, the triplet states of organic molecules are important intermediates
in many chemical reactions, and it is essential to have a spectroscopic tech-

nique for their direct observation and characterization.

For intra- and interband transitions in metals, a direct comparison
of the neutron and electron (or X-ray) scattering cross sections would be of

great interest, since the former looks at the spin response function of the inter-

acting electron system, while the latter look at the electron density response
function. Thus information can be obtained on the Q dependence of the ex-

change enhancement of the spin-response function and on the screening of the
density-response function.
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Such experiments require very high incident energy neutrons

(-7-10 eV) in order to satisfy the requirements of large energy transfers at

Q - 5-8 A1, but they would appear to be feasible with IPNS-II under condi-

tions of slightly relaxed energy resolution.

I1. Pulsed Phenomena and Real-time Relaxation Effects

An exciting but totally unexplored area of research possible with
the IPNS facility pertains to studies when the sample is pulsed under extreme

conditions of pressure or magnetic or electric fields, or excited by laser
pulses synchronous with the neutron pulses. First, this will allow studies of

materials under more extreme conditions than can be achieved under steady-
state conditions. In such a case, we arrange for the neutrons to arrive at the

sample simultaneously with the applied pulse. For example, we can then mea-

sure the phonon frequency spectrum of a solid under extremely high pressures
or magnetic fields, or the molecular reorientations of molecules in a liquid

crystal under high electric or magnetic fields.

Second, by phasing the applied environmental pulse to arrive at
preset times before the arrival of the neutron pulses, we can measure the

real-time relaxation processes in the dynamics of the sample on a scale of
microseconds to milliseconds. Thus we can determine, for example, how the

energy of excitation by a laser pulse redistributes itself among the phonon
modes of a crystal as a function of time. how diffusion effects and reorienta-

tion effects in solids relax after a pressure pulse, or how collective modes
in fluids relax after a pressure or temperature pulse. Significant advances
in our understanding of nonequilibrium phenomena will be made possible

through such experiments.

D. Structures

1. Crystalline Systems

a. Organic and Inorganic. One of the first important applications
of neutron diffraction was solving a number of crystal structures that contained
hydrogen atoms, e.g., NH4 C1 and KHzPO 4 . The properties of the neutron-

nuclear interaction that are particularly valuable for chemical crystallography

are that it varies in a nonuniform manner through the periodic table and that it
is independent of the momentum transfer except for thermal effects. Structural
studies will be of continuing importance within the IPNS scientific program, and
a number of unique advantages will be gained from the pulsed nature of the
source. The scope and complexity of structural studies undertaken with poly-
crystalline samples have recently greatly increased, due to the development of
the profile refinement technique. For example, the structures of the many dif-
ferent phases of potassium niobate and the origin of their dielectric properties
were recently established in a few months with neutron studies, whereas this
problem had been occupying X-ray diffractionists for 10 years. The profile
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refinement technique is ideally suited to TOF studies with a pulsed source, and
we can also anticipate a considerable increase in the resolution. Studies on
many materials of technological importance. which are often unavailable as
single crystals. will then become feasible -- for example, complex hydrides,
superconductors, one-dimensional conductors, and polymeric sulfurnitrides.

Time-of-flight techniques are also an advantage for using with
high-pressure cells or furnaces, in which there is restricted access to the
sample for the neutron beam. We envisage many studies using such equipment

(possibly pulsed pressure techniques as well) to examine the response of ma-

terials at a microscopic level.

Today single-crystal studies are concentrating more and more
on obtaining very accurate data, often aiming to subtract the X-ray and neutron
Fourier maps to obtain information on the chemical bond. Since interactions
among hydrogen atoms dominate nonbonded interactions in organic systems,
such studies are important for calculations of the conformational energy and
the interatomic potentials. Frequently a major problem in single-crystal
studies is the presence of extinction, and present efforts are therefore directed

at collecting data at shorter wavelengths, where the extinction effects are
minimized. The continuous wavelength spectrum at IPNS, extending to much
shorter wavelengths than are currently available at steady-state reactors will
give a new impetus to the search for better and more realistic extinction

theories. The very high intensity of IPNS-II would permit neutron-diffraction
studies of smaller crystals than are now measurable.

The technique of anomalous dispersion, e.g., '4 9Sm and " 3 Cd,
promises to prove particularly useful in solving the structures of large or-
ganic and biological molecules. For neutrons, these anomalous effects are an
order of magnitude greater than those observed in X-ray diffraction and are
markedly wavelength-dependent. Since the number of nuclei exhibiting ab-
sorption resonances increases at higher energies, the availability of a high-
energy neutron spectrum will enable more extensive use of this anomalous
dispersion in neutron crystallography.

b. Protein Crystallography. Neutron diffraction is now playing an
important role in helping to solve the structure of large biological molecules.

The important advantages of neutrons as compared to X rays are the sensitivity
to H and D atoms, the lack of significant radiation damage in the crystal, and
the possible use of special isotopes to exploit anomalous dispersion techniques
(see above). A further advantage of neutrons over X rays in such studies is
the ability to distinguish components with large scattering-density differences

such as nucleic acid and protein in low-resolution density maps. For example,
the combination of neutron and X-ray measurements on virus crystals, even
at relatively coarse spatial resolution, should reveal significant details of the
protein nucleic acid interaction.
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c. Magnetic Systems. Neutron scattering plays a central role in

the study of magnetic properties of matter and their correlation with other
physical properties. In the field of magnetic structures, the profile-refinement
technique is likely to lead, as in the study of atomic structures, to the unam-

biguous solutions of many magnetic structures without the need of obtaining

single crystals.

The use of polarized neutrons is a rapidly growing field in
neutron scattering. Originally confined to the measurement of spin densities
in ferromagnetic materials, polarized neutrons are now being used to study

chemical systems (by measuring the spatial extent of the wave functions in

the solid), to separate incoherent from coherent scattering from hydrogenous
samples (using polarization analysis), and to construct high-resolution in-
elastic spectrometers (the Mezei spin-echo technique). A special feature of
the neutron magnetic interaction is that it takes place between vector quan-

tities--the neutron spin and the magnetic induction in the sample. To obtain

the maximum information, not only must the momentum and energy transfer
be defined, but also the initial and final neutron spin. Polarization techniques

for white neutron beams are presently being developed (a promising method
is based on polarized-proton targets as used in high-energy physics experi-
ments) and will be particularly valuable in separating magnetic from nuclear

scattering.

2. Defects

Many crystalline systems exhibit some degree of static disorder,
which gives rise to elastic diffuse scattering in addition to Bragg peaks.
Although neutron diffraction has been used for some years to investigate such

areas, intensity limitations have always dictated that only a few idealized
cases could be studied. The special advantage of the pulsed source in these
experiments may well turn out to be the very low background (because time
discrimination can eliminate the fast neutrons) and the resulting improvement
in the signal-to-noise ratio. Areas of particular importance for neutron ex-
periments include local atomic arrangements in ferrous alloys, in which the
X rays cannot distinguish between the constituents, and the study of the loca-
tion of interstitials such as carbon, nitrogen, and oxygen in metals, as well as
self-interstitials. The details of precipitate nucleation and growth at elevated
temperatures require the separation of the elastic component of the scattering,
and this can be readily achieved with TOF techniques.

Another important area is the measurement of magnetic-moment
distributions in disordered systems. This is a difficult task, again limited by
intensity, because several competing mechanisms, such as nuclear disorder
and multiple scattering, must be considered. Ideally, polarization analysis
provides direct answers to these questions, but higher incident intensities may
also be used to look at more dilute systems in which theoretical models are
often more tractable.
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In summary, neutron-scattering experiments on defect and dis-
ordered systems represent an area likely to show considerable growth. This

growth will be greatly accelerated by an intense neutron source, together with

the use of large two-dimensional position-sensitive detectors and low back-

ground levels at a pulsed source.

3. Amorphous Systems

Structural studies in both glasses and liquids are characterized by
the need to obtain neutron data to large values of the momentum transfer Q.
Such studies enable a reliable determination of the pair-correlation function,

and measurements of S(Q) up to Q 50 A are needed for high spatial resolution.

The pulsed source is particularly appropriate, because the high intensity of
epithermal neutrons makes studies at high Q relatively easy; indeed, the group

at the Harwell Linac have reported data out to 100 A-'. For systems containing
more than one atomic species, the method of isotope substitution will be of

great importance, and the proposed facility will enable information to be ob-

tained in the high-Q range with the necessary accuracy, without which the

Fourier inversions cannot be reliably compared with theoretical models.

The pulsed source will offer unique advantages for the study of

amorphous systems, and we foresee major new programs in this area. In
terms of variety of materials, we can list liquid metals and mixtures of met-

als, molten salts, liquid hydrocarbons, glasses, and aqueous solutions. For
example, in the latter area, we could hope to answer the questions of how H2O

(or D20) molecules arrange themselves around an ion by a series of neutron
experiments using different concentrations and isotope ratios. Such a study
is completely outside the realm of X ray or light scattering. Many of these
investigations will also need some energy discrimination as well as polariza-
tion analysis (especially studies on spin glasses) to ensure that the results are
unambiguous. Such investigations will require the neutron intensities provided

by IPNS-II.

4. Systems with Large-scale Order

One of the most rapidly growing areas of neutron investigations

involves systems with large-scale order in metals and ceramics, polymers,
and biological materials. These are usually examined by measuring the
small-angle scattering (SAS) around the forward beam. Steady-state reactors

currently use large two-dimensional position-sensitive detectors, together
with some form of energy discrimination, and both these techniques will be
possible at the pulsed source.

a. Metals and Ceramics. The research on metals and ceramics
is a natural extension of that described in Sec. 2 above. Configurations ex-
amined by SAS range of 102-105 A, which is intermediate between the atomic
resolution of Bragg scattering and the micron-size resolution possible with
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radiographic techniques. In many cases, SAS is a complementary tool to the

electron microscope, except that neutron studies are not limited to thin film

material. Current programs of research include the study of vacancies and
interstitials created by irradiation, of quenched-in thermal vacancies, and of

constitutional vacancies in nonstoichiometric compounds. The combination of
diffuse scattering and SAS allows the site symmetries, local environments,

and clt.stering behavior to be characterized.

b. Polymers. SAS is a unique tool to investigate the conformation

of polymers in solution and polymer melts. The initial impact of neutron scat-

tering has been on the understanding of amorphous polymers. Until the advent
of neutron scattering, the conformation of chains in bulk rubbers, in glasses,
and in other than very dilute solutions were inaccessible. The great advantage
of neutrons, as compared to X rays in this field, is the difference between the

scattering lengths of H and D, the availability of appreciable intensity at
wavelengths in excess of 10 A, and the very small absorption (and concomitant
low level of radiation damage) of thermal neutrons.

Elastic scattering yields information on osmotic pressure,
radius of gyration, and internal molecular distribution functions of macro-
molecules in both solid and liquid phases. Specific deuteration allows us to
investigate the effects on intermolecular interactions on conformations.

Neutron scattering provides a unique method to study the response of rubbers,

gels, solutions, and solids to external perturbations such as mechanical stress,
flow fields, and electric and magnetic fields. Such studies should lead to a
microscopic understanding of plasticity and rubber elasticity exhibiting the
various roles of transient topological entanglement and chemical cross-linking.

In polymer science, a large number of structural problems,

many of them directly related to questions of technological importance, will
be solved when a high-intensity small-angle-scattering instrument becomes

available at IPNS.

c. Biological Macromolecules. In the study of biological macro-
molecules, neutron small-angle scattering is opening up new areas of interest.
Neutron studies on macromolecules in solution provide more accurate deter-
minations of volumes and radii of gyration of the dissolved macromolecule than

X-ray scattering. Since a wide variation of solvent contrast is possible with
H2O/DZO mixtures, the scattering density of the particle or the constitutents
of a particle such as lipid, protein, or nucleic acid can be exactly matched.

In the study of organelles, neutron-scattering studies on solu-
tions of differentially labeled ribosomes are a dramatic illustration of the kind
of information obtainable with neutrons for which there is no comparable X-ray

experiment. The isotopic labeling technique involves the incorporation of a
pair of deuterium-rich proteins into the otherwise normal ribosome subunits.
The neutron-scattering curve then gives the distance between the centers of
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mass of the two labeled proteins. If this is repeated many times, the distances

between all possible pairs can be determined and a triangulation procedure

leads to the complete mapping.

For cellular structures such as muscle, tendon, nerve myelin

sheath, and retinal rod photoreceptors, the high degree of molecular order
makes diffraction studies (at low angles) possible to be performed. The com-

bination of neutron and X-ray diffraction techniques promises to be a new and

powerful method of ultrastructural analysis.

E. Radiation Effects

The field of radiation effects is concerned with the changes brought

about by the bombardment of materials by energetic particles. The net effect

of the interaction of these particles with the atoms in a solid is the displace-

ment of atoms, leaving behind a vacant lattice site with the displaced atom ul-

timately coming to rest in an interstitial site in a crystalline solid. Fast-

neutron (~ I -MeV) bombardment transfers energy on the order of tens of keV

and produces a few hundred interstitials and vacancies. The deposition of

these defects in a highly localized area creates highly complex distributions

of vacancies and interstitials called displacement cascades. Although there

is some rudimentary understanding of the displacement cascade, its full nature

is far from being understood. In particular, the manner in which these defect

cascades change at elevated temperatures to form agglomerations of defects
is not understood.

Also, studies of the size, defect densities, and defect configurations as

a function of bombarding energy and irradiation temperature are needed. These

defect cascades and the resulting defect complexes are primarily responsible

for the substantial changes in the macroscopic mechanical and physical prop-

erties of irradiated materials. Therefore, radiation-damage investigations are

of great economic significance in the commercial application of thermal- and
breeder-fission and fusion reactors.

IPNS offers a significant improvement over experimental facilities cur-

rently available. The present neutron-irradiation facilities are at research

reactors and were retrofit to the existing reactors. As a result they are lim-

ited in experimental volume, accessibility, and instrumentation capability.

Since the IPNS radiation facility will be designed by the experimenters and

dedicated to radiation-damage studies, most of the experimental difficulties

of reactor facilities can be avoided. In addition, due to the nature of the pro-

duction of neutrons by the spallation process, there will be a factor of ten less

gamma heating per neutron in IPNS than in reactor facilities. This reduction

in heating permits larger experiments to be done in a higher neutron flux with

no increase in refrigeration requirements.
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With IPNS-II, experiments on various mechanical properties can be

performed that have not been possible at research reactors. Radiation-
produced changes in the microstructure of a metal include the formation of

cavities (voids or bubbles), defect clusters, and dislocation structures (loops
and networks). These structures are important due to their influence on such

properties as swelling, strength, and fracture. These effects are generally

produced in the range of operating conditions proposed for both fission and
fusion reactors, that is, conditions of high neutron fluences at irradiation

temperatures in the range 0.2-0. 6 Tm, where Tm is the melting point. These

structural features result from the agglomeration of vacancies and intersti-

tials, and are influenced by transmutation products, temperature, displacement

damage rate, and perhaps other variables. IPNS-II would be used to create

microstructures (fluence and temperature effects) and then to study the in-
fluence of these microstructures on flux-dependent effects such as radiation-

enhanced creep.

These experiments could be done at IPNS-II, since the mechanical

testing machine (such as an Instron) that is necessary for testing bulk mate-
rials can be mounted at the irradiation facility. Many of these mechanical

tests are not possible at existing reactors due to the physical configuration of

the reactor core and moderator. Thus, the large and accessible irradiation
volume and the high flux levels would make IPNS-II a unique facility to study

in situ the effect of neutron irradiation on the various mechanical properties.

In particular, radiation-enhanced creep and embrittlement in materials and
at temperatures of interest to reactor designers are effects that will become

possible to sti dy with the new facility.

Another completely new area of basic defect research that could be
done at IPNS-II uses the pulsed nature of the neutron source. In some systems,

such as an ordered alloy that has a large property change per defect, it might
be possible to measure the change of a property such as resistance during a
pulse and observe the relaxation of this change between pulses. For example,

measuring the resistance change at an irradiation temperature above the inter-

stitial migration temperature would give information on the annihilation or
trapping rate of interstitials. Measuring these rates as a function of defect

density would give information on the nature of the production of these defects
in defect cascades or as long-range focussed replacement sequences. This is

one example of transient defect reactions in bulk materials that is a new area
of research that could be done at IPNS-II.

Heavy ions are presently used to simulate energetic neutrons because
the results of several years of neutron irradiation can be introduced in u few
hours. However, the range of the ions and, consequently, the depth of the

damaged region are so small that the defect migration and annihilation may be
biased by the surface to such an extent that a quantitative determination of bulk

properties may not be possible. Furthermore, damaged regions are frequently
only studied by electron microscopy. Thus the considerable promise of this
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type of simulation can only be exploited by a fuller understanding of the nature

of damage produced by high-energy displacements from neutron irradiation.

To determine the nature of these high-energy cascades, we must determine

the defect configurations before thermal migration takes place, i.e., after neu-

tron irradiation at liquid helium temperature. The influence of various an-

nealing stages on the cascade must then be determined. The IPNS radiation

effects facility is being designed to permit studies on defect configuration and

annealing.

The irradiation cryostats for IPNS are being designed to permit larger

and more complicated experiments than are presently possible. A very im-

portant feature of this facility will be the capability to transfer an experimental

apparatus from the irradiation cryostat to a measuring cryostat without warm-

ing above liquid-helium temperature. This will permit measurements under

a wider variety of conditions such as high magnetic fields and accurate tem-

perature and pressure variation during the measurement. Due to radiation

heating, radiation damage to the thermometry, and the necessary long

irradiation cryostat (-4 m), many of the desired measuring conditions cannot

be fulfilled in the irradiation cryostat. In addition, the low-temperature trans-

fer capability in IPNS will make the irradiation cryostats available for a larger

number of experiments.

An example of the utility of liquid-helium transfer capabilities is the

irradiation of superconductors. To try to understand the basic mechanisms

for flux pinning in type-II superconductors, it is useful to take measurements

as a function of applied magnetic field and temperature. This cannot be done

accurately enough in existing reactor facilities. Furthermore, in technologi-

cally interesting materials for uses such as plasma-containment magnets in

fusion reactors, the effects of irradiation on the superconductors in very high

magnetic fields (>100 kOe) must be known. Due to heating in the magnet, this

cannot be accomplished in irradiation cryostats. However, the investigation

can be made in the IPNS measuring cryostats following transfer of irradiated

experiments from the irradiation cryostat.

Many other experimental tools have not been fully utilized in probing

the nature of the defect cascade that could use the liquid-helium transfer

capabilities. Ion backscattering, Mossbauer effect, field ion microscopy, high-

voltage electron microscopy, and ion channeling are some well-developed ex-

perimental techniques that have seen little application in the study of basic

mechanisms for the production and migration of neutron-induced defects.

Several of these techniques are capable of resolving individual point defects,

individual impurity atoms, and small clusters of these entities. The atom-

probe field ion microscope is capable of chemically indentifying single atoms

removed from the specimen by pulsed field evaporation. Modern scanning-

transmission electron microscopes equipped with high-brightness illumination

systems are becoming capable of chemically analyzing exceedingly small re-

gions consisting of a relatively small number of atoms in thin film specimens.
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Some special opportunities exist in the study of radiation damage by
means of neutron scattering. The highly sophisticated neutron-scattering

facilities available at IPNS make these experiments highly suited for this

machine. These include:

Study of the near-neighbor atomic environment of crystal defects using
elastic diffuse scattering between the Bragg peaks. In this work, the inelasti-

cally scattered neutrons can be filtered out.

Study of vibrational modes associated with crystal defects. Here, the
information supplied by the neutron scattering is unique.

Study of spatial distribution of alloying and impurity elements in ir-

radiated specimens. Here, the work is better done in many cases with neu-
trons than, say, with X rays, because complications with X-ray form factors

are avoided. Also, elements that are nearby in the periodic table can often

be distinguished.

Study of clusters, voids, etc., by small-angle scattering. In this case,
multiple-scattering effects can be largely avoided.

In conclusion, the need for intense neutron sources to produce and
analyze radiation damage in materials is significant now and will continue to
grow. The facilities proposed for IPNS will keep the U. S. in the forefront of

this research.

F. Fundamental Neutron Physics

The high instantaneous neutron flux in IPNS will make possible certain
fundamental physics experiments which cannot be performed with present fa-

cilities. Particularly exciting possibilities are raised by the prospect of stor-
ing large numbers of "ultracold" neutrons in a container. These neutrons have
velocities less than 7 m/s and are totally reflected at all angles by the walls
of the container. In conventional reactors, the intensity of these neutrons is
enhanced by the use of a cold moderator. In IPNS, we can use thermal neu-
trons from the source and slow them down in a moving crystal synchronized to

the source pulses. Since the relevant parameter is the instantaneous phase-
space density at the source, pulsed sources are extremely powerful for this
application, and IPNS-I will provide much higher densities of ultracold neu-
trons than are available anywhere in the world.

An important use of such neutrons will be to measure the electric di-
pole moment of the neutron to much greater accuracy than is now possible, in
fact, to an accuracy that would make it possible to measure the very small,
but nonzero, value predicted by the latest theory of the "weak" interaction
among fundamental particles. Another application will be to surface physics,
since the neutron lifetime in the container is expected to be sensitively depen-

dent on the detailed structure of the surface.
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G. Technological Applications

Specific technological applications of IPNS include small-angle scatter-

ing (see Sec. D.4) as a tool for nondestructively measuring precipitate size and

distribution in high-strength alloy components such as gas-turbine blades and
neutron-induced voids in reactor materials. Also, the nature of radiation dam-

age (see Sec. E above) in nonmetals such as ceramics, glasses, and composites

has great technological interest, particularly for fusion reactors. The study

of neutron-irradiation effects in fissionable metals and ceramics is also

important.

Neutron radiography may be performed with both thermal and epither-

mal neutron beams. A particularly difficult, but important, type of measure-

ment is epithermal neutron laminography of irradiated reactor fuel

subassemblies. These are typically 15 cm in diameter and extremely radio-

active. Laminography involves rotating the sample while taking a series of
films that are subsequently viewed to give a three-dimensional picture of the

object. Another important technique of crack and flaw detection uses gado-
linium nitrate solution to fill the crack, which then produces an intense radio-
graph in a thermal neutron flux; this will be possible in IPNS. In addition, the
pulsed mode will make it possible to radiograph rapidly moving objects with

a fast-framing camera.
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III. ACCELERATOR SYSTEMS

A. General Plan

This chapter describes the accelerator systems for delivering protons

to the IPNS neutron-generating targets.

IPNS will be contained in the present high energy physics complex

shown in Fig. 5, located at the Argonne National Laboratory site in Du Page
County, Illinois.

The overall IPNS project has been proposed in three phases: IPNS-I,

IPNS-I Upgrade, and IPNS-II. IPNS-I is planned as the first phase in the de-
velopment of a major national facility for neutron-scattering and radiation-
damage studies. The existing accelerator system, which will deliver 500- to
600 -MeV protons to the IPNS-I neutron-generating target, consists of an

H source, a 750-keV preaccelerator, a 50-MeV Linac, a rapid-cycling syn-
chrotron, and 50- and 600-MeV proton-beam lines. The shielded neutron

targets will be located in the existing Building 375.

Most of the IPNS-I accelerator system is currently in preliminary

operation providing neutrons for the prototype neutron-scattering target,
ZING-P'. The 750 -kV preaccelerator and 50 -MeV Linac were originally built
as an injector for the ZGS. The Linac is still actively used for the ZGS pro-

gram and operates simultaneously for ZING-P' in a time -shared mode; it will

be dedicated solely to ZING-P' operation in October 1979 when ZGS is phased
out. The H- source and 750 -kV preaccelerator are currently dedicated to the
IPNS program. The rapid cycling synchrotron was built as a 500 -MeV booster
injector for the ZGS; it is now dedicated to the IPNS program.

Section B below describes the accelerator system, its present perfor-
mance, and its performance goals.

The longer-range IPNS program plans include the IPNS-II Project.
This project includes the construction of a totally new accelerator system
consisting of another H~ source and 750 -kV preinjector, a 100 -MeV Linac,

and a new 800-MeV rapid-cycling synchrotron, called the High Intensity
Synchrotron (HIS). The HIS will be installed in the existing ZGS Ring Building.
The shielded targets and neutron-scattering instruments will be located in the

existing Buildings 369 and 370. A shielded target and instruments for
radiation-damage research wll be installed in a new building.

The accelerator system for IPNS-II is described briefly in Sec. C,
and a design summary appears in Appendix A.
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B. IPNS-I Accelerator System

1. General Description

The rapid-cycling synchrotron for IPNS-I uses the stripped
H~ injection principle developed on the Booster I synchrotron at Argonne.' The

H- ion source is a tandem accelerator type in which positive ions are ex-
tracted from a hydrogen plasma at ground potential, are accelerated to 20 MeV,
and then converted into an equilibrium mixture of positive ions, negative ions,
and energetic neutrals in a charge-exchange cell. H ions emerge from the
charge-exchange cell and are accelerated through a second gap.

The H source is mounted in the terminal of a 750 -kV Cockcroft-

Walton preaccelerator. Figure 6 is a view of the preaccelerator. H current

is extracted from the source and injected into the high-voltage column of the
preaccelerator.

The 50-MeV Linac is a 200-MHz Alvarez structure with 124 drift
tubes driven at a single feed point by a 5-MW rf transmitter. Figure 7 is a
view of the Linac. The H beam is guided from the Linac to the rapid-cycling

synchrotron by a beam transport line composed of eight dipole bending magnets
and 16 quadrupole focusing magnets.

The H beam is injected into the 500-MeV rapid-cycling synchro-
tron and stripped to H+ in a polyparaxylene foil which is 2000-3000 A thick.
The 500-MeV synchrotron was originally built as an injector for the ZGS. The

detailed design parameters are presented in a report by Crosbie et al.3 A
layout of the elements of the rapid-cycling synchrotron is shown in Fig. 8, and

the basic machine parameters are listed in Table IX.

The H~ beam enters in the short straight section, S-1, travels
through the singlet, SM,1, and is converted to H+ beam in the long straight

section, L-1. The bumper magnets shown in S-1 and L-1 produce an orbit warp
toward the center of the machine at the stripper. The magnetic field in the
bump magnets is allowed to decrease so that the size of the orbit warp de-
creases and the beam is spread out radially.

The magnetic field is generated in the main-ring magnets by a
resonant circuit consisting of the main-ring magnets, a capacitor of about
3000 F, and a choke of 16 mH. The primary power supply is a 24-phase rec-
tifier system, which provides a dc component of current on the magnets and
an ac component for driving the resonant circuit. The ac component is gener-
ated by phase modulation of the firing angles in the 24-phase rectifier. The

power supply consists of two units, each rated at 2.5 kA, 200 V, and 500 kW.
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TABLE IX. Machine Parameters of IPNS-I Rapid-cycling Synchrotron

Type
Circumference
Average radius
Number of periods
Structure

Short straight section
Defocusing magnet
Long straight section
Triplet magnet section

F magnet near long section
D magnet
F magnet near short section

Magnet radius
Normalized gradients

At injection, F magnet
At injection, D magnet
At 500 MeV, F

Central gap
Height for good field region
Width of good field region
Injection energy
Field at 50 MeV (Injection)
RF frequency at 50 MeV
RF frequency at 500 MeV
Harmonic number

x betratron frequency
y betratron frequency
x beta function
y beta function

Displacement due to momentum error
X quality for filled chamber at injection
Y quality for filled chamber at injection
Tune change per 1012 protons

x

y
Injection Current (Nominal)
Pulse length of injected beam (nominal)
Extraction
Energy at extraction (nominal)
Space charge limit - protons per pulse

Strong Focusing, Combined Function
42.95 m
6.84 m
6

D0 FDFOS
1.372 ms
0.664 m
1.9304 m
3.193 m
0.875 m
1.390 m
0.927 m
3.683 m

3.193/m
3.197/m
3.189/m
0.0625 m
0.0508 m
0.1016 m
50 MeV
0.281 T
2.91 MHz
5.29 MHz

2.2
2.32
59-275 in.
68-211 in.
50-82 in.
8.2 mrad in.
5.0 mrad in.

-0.0087
-0.0121

6 mA
180 mA
Single turn, fast kick
500 MeV

5 x 1012

The rf system consists of two amplifiers and two ferrite-loaded
cavities. A variable -current bias system on the ferrite provides a tuning
range of 2.2-5.3 MHz. An accelerating gap potential of 12,000 V can be achieved

in each cavity, although a maximum voltage of only 10,500 V is needed. Each

rf amplifier has an 82-kW capacity.

Extraction is achieved with two ferrite kicker magnets, which are
driven to full field between the time the bunch leaves the magnet and reenters
in a single revolution. The first kicker magnet is located in straight sec-

tion S-3 and produces about a 12-mrad inward deflection. The second kicker

is located in straight section S-4 and produces a 15-mrad outward deflection.
The two deflections are sufficient to cause the beam to be displaced radially
outward by a sufficient distance to jump into the aperture of a thin-current
septum magnet. The final extraction magnet is located in straight section L-4.
The kicker magnets have a rise time of 60 -90 ns and are relatively constant
for over 100 ns. These characteristics are achieved by driving the ferrite
magnets with 22-ohm transmission lines charged to about 65-75 kV.
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The 500 -MeV proton transport line will be built to guide the pro-
tons to the IPNS-I target. At present, the 500-MeV beam is guided to the

prototype neutron-production target ZING-P'.

2. Performance

The IPNS-I Accelerator System started preliminary operation at

4 x 1011 protons per pulse at 1 Hz as a proton source for the ZING-P' prototype

pulsed neutron source in December 1977. It was subsequently operated in a

low-duty -cycle mode, pulse -sharing the Linac with the ZGS, in order to bring

the neutron-scattering instruments to a satisfactory operating condition. In

July 1978, the first dedicated operation of the accelerator system was under-

taken. After correction of some initial problems with the magnet system,

performance exceeded the objective set for this period; in the last two weeks

of operation, the system provided 10.2 x 106 pulses to the ZING-P' targets at
an effective repetition rate of 9.5 Hz and an average intensity on target of

8.1 x 1011 protons per pulse; this corresponded to an operating efficiency of

85%.

After January 1979, operation of the accelerator system at 30 Hz

will be initiated. This operation will be phased with the ZGS operation, and
some shakedown problems are expected since it will be necessary to optimize

operational compatibility with the ZGS program.

By the end of FY 1979, the estimate for the average intensity on

the ZING-P' target is 1.1 x 1012 protons per pulse at 30 Hz, and as much as
1.5 x 1012 protons per pulse may be achieved. The anticipated increase in
intensity during FY 1979 is expected in part from improved extraction effi-

ciency. At present, about 15-30% of the accelerated beam is lost at extraction.

The rf amplifier system appears responsible for acceleration losses after the
maximum B point is reached in the acceleration cycle. Improvements in this

system are also planned for FY 1979 to enhance the overall performance.

Operating efficiency is expected to improve from the present 80-

85% to about 90% by October 1979, primarily due to identification and redesign
of marginal equipment as a result of operating experience. In addition, the
ZGS will be decommissioned, and interference in the operation of the two sys -

tems (as a result of sharing the 50-MeV Linac system) will cease.

By mid-FY 1981, the average beam intensity is expected to reach
2 x 1012 protons per pulse at 30 Hz, and may be as high as 2.5 x 1012 protons

per pulse. The improvements in intensity are expected to result from correc-
tion of the horizontal and vertical equilibrium orbits in the magnets, improved

tune control during the acceleration cycle, and improvements in the computer
monitoring and diagnostic systems. These improved conditions should be

realized at the time of the IPNS-I startup.
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Further improvements in operating efficiency somewhat above
90% are expected in this same time span, despite increased intensity. The
ability to maintain reasonable operating efficiency will result primarily from
continued operating experience and subsequent equipment improvements, but
also due to modification of several hardware items within the synchrotron
biological shield which will enable replacement of radiation-damaged compo-
nents with minimized unscheduled maintenance time.

By the end of FY 1982, the average beam intensity is expected to
be 2.5-3.0 x 101- protons per pulse at a higher energy, 600 MeV, and higher
repetition rate, 40 or 45 Hz. These improvements are expected to result from
new injection techniques using diffuser magnets and major modifications to the
ring -magnet power supply and rf acceleration system.

Operating efficiency should reach percentage values of 90-95%,
although in the FY 1982 period and beyond, preparations will be made for pos-

sible replacement of some of the ring magnets and other smaller magnets,
due to radiation-damage -induced failure. The most likely magnets to fail are
closest to the extraction port, and these are the easiest to replace because of
their proximity to the ring access region. If any failures occur, the operating
efficiency will be affected by that time required for replacing the failed
components.

Longer-range goals, i.e., beyond FY 1982, for IPNS-I are primar-
ily directed toward development of radiation-hardened magnet technology and
rf chopped injection. The latter program would be concerned with minimizing
injection losses due to uncaptured beam by phasing injection bursts into the
beam acceleration bucket. This technique would help minimize irradiation of
the ring magnets. The development of radiation-hardened magnets would be-
come important if, at high intensity and repetition rate, some of the ring mag-
nets should develop radiation-induced fatigue with a mean time to failure short
enough to reduce the availability of the accelerator system to less than an
average of 9 or 10 months per year.

C. IPNS-II Accelerator System (HIS)

The plan for an accelerator system for IPNS-II includes an H- source,
a 750-kV Cockcroft-Walton preaccelerator, a 100-MeV Linac, and a 60-Hz,

800 -MeV high-intensity synchrotron called HIS. The synchrotron is to be lo-
cated in the existing main-ring tunnel of the ZGS. The HIS is designed as a
separated-function strong-focusing accelerator. The H to H+ technique would
be used on HIS similar to that of the present system. A complete conceptual
design for HIS is presented in Appendix A.

The design of the H~ source for HIS is based on a Penning discharge

geometry. 4 This type of source has been developed at Los Alamos and has
produced more than 100 mA of H- current.5 A source of this type is currently

under test at ANL and will be installed eventually in the IPNS-I accelerator
system.
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The design for the 100-MeV Linac is a four-tank, four-amplifier,

200 -MHz Alvarez type, similar to the front sections of the FNAL or LAMPF

Linacs. A new building would be required to house the Linac.

The HIS design parameters are listed in Table X. The synchrotron is

designed as a 16-period machine, which would operate at 60 Hz. The average
radius of the machine would be 26 m, and the rf harmonic number would be 1.

TABLE X. HIS Parameters

Maximum kinetic energy
Intensity
Repetition rate
Injection energy
Injection current
Number of turns injected
Magnet radius
Average radius
Number of straight sections
Length of straight section
Number of periods
Structure
Betatron frequency

Horizontal
Vertical
Revolution frequency

Transition energy
Maximum beta function

Horizontal
Vertical

Beam emittance
100 MeV
800 MeV

Bending magnet field
800 MeV
100 MeV

Number of bending magnets
Length of bending magnet
Quadrupole peak gradient
Length of quadrupoles
Number of quadrupoles
Peak energy gain per turn
Number of rf cavities
Harmonic number
RF frequency
Incoherent tune shift

Horizontal
Vertical

Beam bucket size

800 MeV
5 x 103 /p
60 Hz
100 MeV
15 mA (H-)
580
7.000 m
26.000 m
16
3.116 m
16
OMOFOMODO

4.25
5.25
0.79 - 1.55 MHz
3.6

17.5 m
17.7 m

80 x 40 (cm-mrad)
24.3 x 12.1 (cm-mrad)

6.973 kG
2.119
32
1.3744 m
0.15 kG/cm
1.2 m
32
112.0 keV
16
1
0.79 - 1.55 MHz

0.17
0.22
2.8 eV-s

The frequency range of the rf system would be 0.79-1.55 MHz, and the
peak voltage per turn would be 175 kV. There would be 16 amplifiers and
cavities to achieve these conditions. Because of the much higher beam loading,
the HIS cavities require much lower shunt impedances than are conventionally
required. This HIS conceptual design is based on the use of cathode-follower
amplifiers with a fixed-bias ferrite cavity system so that harmonic components
generated by off-resonance operation would come from the amplifiers.

The ring-magnet power-supply design is based on a resonant circuit
system consisting of the main-ring magnets, capacitors, and chokes. The
system would be energized by a current pulse driven into the chokes.
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The conceptual design for the main-ring magnets of HIS is based on

the use of a mineral-insulated conductor for resistance to radiation-induced

fatigue. There would be 32 quadrupoles and 32 dipoles in the main ring.

The design of the extraction system is based on the single-turn, fast

ferrite kicker-magnet technique used on the IPNS-I synchrotron. Two kicker

magnets would be used, one located two periods before the extraction line,

and providing a 20-mrad inward deflection, and the second providing a 28-mrad

outward deflection. Because of the longer revolution time, the rise time for

the HIS kickers need only be about 250 ns. Terminal voltages of 58 and 84 kV

would be required on the two kicker magnets.

The 800 -MeV beam would be extracted to targets in existing

Building 369 and a new building adjacent to Building 369.
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IV. NEUTRON SCATTERING FACILITIES

A. General Layout

This chapter describes one of the two principal experiment systems,

the neutron scattering facility. The discussions include the studies performed

to provide information for the development of the reference design.

The IPNS project will be approached in three phases identified as

IPNS-I, IPNS-I Upgrade, and IPNS-II. For IPNS-I and its upgrade, protons
will be delivered from the existing IPNS-I accelerator (see Sec. III.B) to

facilities in existing Building 375. For IPNS-II, the protons will be generated
in a new High Intensity Synchrotron (see Sec. III.C) and delivered to new

facilities, which will be constructed primarily in Buildings 369 and 370.
These facilities are described below.

1. Neutron Scattering Facility: IPNS-I and IPNS-I Upgrade

IPNS-I will be a dedicated national facility for neutron-scattering

and radiation-effects research. It will also be used as a prime facility for

developing pulsed-neutron-source techniques. The results of this development
work will be applied, not only to IPNS-I experiment instruments, but also to

the designs of the IPNS-II experiment instruments where the potentials of

neutron scattering can be fully exploited.

IPNS-I will be built at a moderate expense using an existing ac-

celerator as a source of high-energy protons. Existing support facilities such

as laboratories, mechanical and electronic shops, hot cells, and offices will

be used to full advantage. The neutron sources and proton beam line will be

operated and monitored from the existing ZGS accelerator control room.

Figure 9 is a plan view of the experimental areas for IPNS-I.

The proton beam from the IPNS-I Accelerator will be carried into

Building 375 by a heavy shielded beam line. The horizontal proton beam will

impinge on a target of depleted uranium, where it will produce fast-neutron

pulses 100 ns wide. Uranium has been chosen for the target because of its

high yield of neutrons.

The neutron-scattering-facility target will consist of uranium

disks of ~10-cm diameter cooled by water. About 40 kW of heat will be

generated. Peak thermal-neutron fluxes of 7.5 x 1014 n/cmZ.-s will be provided

at three beryllium-reflected hydrogenous moderators arranged about the Z U

target.

Current plans include the incorporation of 12 beam holes to be set

into a shield composed of an inner region of iron, surrounded by stacked shield-

ing blocks and poured concrete. The massive shielding, constructed in this
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fashion, can be readily disassembled after completion of the work with the

facility. The target and moderators will be accessible from the top of the

shield. The area is served by an existing 35-ton traveling bridge crane.

Figure 10 shows the target and basic biological-shield details.

The experimental area will provide adequate space for a comple-

ment of instruments, some of which will have flight paths of up to 100 m.

Experiment space at greater distances from the target will be provided in

shelters beyond the existing building walls. About half the experiment in-

struments will be provided in the first phase of work, identified as the

IPNS-I Project; additional instruments will be provided during the second

phase of work called the IPNS-I Upgrade Project. Some of these will be

prototypes of instruments for the IPNS-II facility, which may be improved

and upgraded for use in IPNS-II. The proposed instruments are described

in Chapter VI.

2. IPNS-II Neutron Scattering Facility

The neutron scattering facilities for the IPNS-II will be more

advanced to be compatible with higher neutron fluxes. Although most of the

IPNS-II facilities will be contained in existing buildings and will use existing

utility services, its target, target-cooling -system shielding, neutron beam

tubes, and other subsystems directly related to the neutron-production area

will be new and unique.

The proton beam will be transported from the High Intensity

Synchrotron via a shielded beam line as described in Appendix F. Neutrons

generated by the uranium target will be directed to instruments located in

Buildings 369 and 370.

The Neutron Scattering Facility will be housed in Buildings 369

and 370, and will consist of the neutron producing target, moderators, and

experimental equipment required for the neutron-scattering experiments.

A schematic representation of the facility appears in Appendix F. Steel and

concrete biological shielding will be provided around the target. The target,

fabricated of uranium disks, will be cooled by liquid NaK. In proximity to

the target will be three moderators in which fast neutrons from the target

are efficiently slowed to energies of interest for spectroscopy. These will

be of varied design, to provide optimum characteristics for several types

of instruments. The moderators will be surrounded by a reflector of

beryllium. This novel concept has been found useful to enhance the intensity

of slow neutron beams from the moderators. The moderators may be de-

coupled from the reflector to avoid excessive broadening of the pulses, a

technique demonstrated to be effective by measurements at ZING-P, and by

calculations. The experience realized in the operation of the IPNS-I neutron

scattering source facilities is expected to provide excellent base information

for the design of similar IPNS-II facilities.
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The facility will be provided with 12 horizontal beam tubes to

direct neutrons from the moderators through the shield to the research in-

struments. The proposed instruments for the facility are described in

Chapter VI.

B. IPNS-I Target-system Design and Analysis

1. IPNS-I Target Design

The IPNS-I neutron facility houses both the Neutron Scattering

Target (NST) and the Radiation Effects Target (RET). Except for their

orientation within their respective reflector assemblies and minor mechanical

variations, the two targets are of the same design. Figure 11 is a drawing of

the proposed target assembly.

The target assembly is considered to be a single replaceable

unit consisting of the neutron-source-producing material, cooling-flow dis-

tribution housing, and a pressure housing. The neutron-source material is

Springfield's adjusted depleted uranium, fully clad with Zircaloy-2. The clad

source material is fabricated in a disk geometry to promote cooling. The

disks are mechanically supported within a thin-wall stainless-steel flow-

distribution housing, which in turn is supported within a thick-wall stainless-

steel pressure housing. The target assembly is of all welded construction.

Table XI lists the significant parameters for the design of the assembly.

TABLE XI. Target Parameters for
IPNS-II Reference Design

Proton Beam

Proton energy - 800 MeV

Proton Intensity - 5 x 1013 proton/pulse

Frequency - 60 Hz

Proton beam diameter - 7 cm

Target

Target material - depleted U

Target diameter - 10 cm

Target clad thickness - stainless steel, 0.0254 cm

Target bond thickness - sodium, 0.0127 cm

Coolant channel thickness - 0.1 cm

Coolant - NaK

Maximum target temperature - 600*C
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The target is cooled by circulating demineralized water between

the target disks. The heated cooling water is pumped through a heat exchanger,

where the target heat is transferred to a secondary cooling system.

The maximum centerline temperature of the uranium source ma-

terial is 300 C. This temperature limit was established to limit the thermal-

induced stresses in the uranium and the Zircaloy-2 cladding.

2. Analysis of Target Design for IPNS-I

a. Neutron Production. The neutron yield per incident proton,

Y(E, A), for a target material in which spallation reactions occur is given

approximately by

Y(E, A) = (E - 120)(A + 20)10-4, (1)

where

E = proton energy, MeV,

and

A = material atomic weight.

For a fissionable target material, Eq. 1 is multiplied by a factor of ~2 because

of increased neutron production due to fast fissions. Thus the choice of target

material for maximum neutron production is uranium. Therefore, this evalu-

ation will consider only uranium for the proposed operating parameters of

IPNS-I (i.e., 500-MeV protons, 5 x 1012 protons per pulse, 30 Hz).

b. Neutron Production in Uranium. Alsmiller' has determined

the neutron production in a uranium cylinder (10 cm in diameter, 15 cm long)

during axial bombardment with 500-MeV protons by use of the HETC2 and

MORSE 3 neutron-transport codes. The incident proton beam was considered

to have a Gaussian distribution (FWHM = 3 cm). Table XII lists the number

of neutrons per incident proton crossing boundaries at various axial depths

and radial distances in the uranium cylinder. The total production of neutrons

which exit all surfaces of the pure uranium cylinder is 14.7 neutrons/proton

(n/p) (see Table XII). Of the total production, 12.0 n/p exit the cylindrical

surface, 2.35 n/p exit the backstream, and 0.36 n/p exit the end of the cylinder.

The maximum neutron production occurs at an axial depth of ~5 cm for the

solid uranium cylinder.

Fraser et al.4 have determined experimentally that

13.9 neutrons/incident proton are produced by 540-MeV protons impinging on

a depleted-uranium target that is 10.2 cm in diameter and 61 cm long. The

good agreement between the calculated (12.0-14.7 n/p) and the experimental

value gives confidence in the reliability of Alsmiller's computational procedure.
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TABLE XII. Neutron Production in Pure Uranium Cylinder

(p = 18.7 g/cm 2 ; T = 400*C)

neutrons/incident proton

Rad 0-1 cm 1-2 2-3 3-4 4-5

Axial a

5 x 10-7 cm 0.301 0.691 0.770 0.589 0.409

1.8 1.610 2.430 2.219 1.812 1.332

3.5 1.952 2.873 2.914 2.497 1.802

5.1 1.784 2.746 2.923 2.612 1.937

6.8 1.596 2.475 2.668 2.379 1.864

8.4 1.404 2.219 2.297 2.034 1.624

10.1 0.881 1.539 1.755 1.560 1.240

11.7 0.497 0.844 1.076 1.095 0.898

13.4 0.247 0.453 0.523 0.574 0.527

13.0 0.141 0.227 0.313 0.315 0.254

14.99998 0.034 0.073 0.120 0.137 0.118

Table XIII lists the time-averaged neutrons per second

crossing the cylindrical surface boundary at various axial depths in the

uranium cylinder for 5 x 1012 protons/pulse at 30 Hz. The time-averaged

neutron flux, (Pavg, from the cylindrical surface may be computed from

(12.0 n/p)(5 x 1012)(30)
avg = n(10)(15)

= 3.82 x 1012 n/cm2 -s (surface average). (2)

TABLE XIII. Neutron Flux from Pure Uranium Cylinder

Axial Depth, z n/s x 10-14 1'avy x 10-12 pulsee X 10-17

5 x 10-7 cm 0.61 1.3 2.9

1.8 2.00 4.3 9.5

3.5 2.70 5.8 12.9

5.1 2.91 6.3 13.9

6.8 2.80 6.0 13.4

8.4 2.44 5.2 11.6

10.1 1.86 4.0 8.9

11.7 1.35 2.9 6.4

13.4 0.79 1.7 3.P

15.0 0.38 0.8 1.8

avg.
1.78 x 1014 n/s
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The time-averaged neutron flux at various axial depths in

the homogenized-uranium cylinder is then obtained from

(n/ s)z

CPz,avg = (n/s) x 3.82 x 1012. (3)
(n/s)avg

The Pavg at various depths in the target are listed in

Table XIII and shown graphically in Fig. 12.
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Fig. 12. Time-average Surface Neutron Flux vs Axial Position

If the duration of a proton pulse is taken to be 150 ns, then

the neutron flux per pulse, Ppulse, averaged over the cylindrical surface is

(12.0 n/p)(5 x 1012)
tPpulse = r(10)(15)(150 x 10~9)

- 8.5 x 1017 n/cm2 -s (surface average). (4)

The neutron fluxes per pulse at various depths in the uranium cylinder are

listed in Table XII and graphically shown in Fig. 13. Figure 14 shows energy
distribution of the neutrons exiting the cylindrical uranium surface at the

5-7-cm axial depth in the target. The neutrons have energies ranging from

5 keV to 300 MeV, with a most probable energy of I MeV.
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c. Energy Deposition. The interactions between 500-MeV pro-

tons and the target-material nuclei result in substantial heat-producing energy

release within the target material. The energy release occurs by the processes

of :5

(1) Ionization loss by charged particles other than muons,

excluding that mentioned in (5) and the kinetic energy from nuclear recoil,

excluding that mentioned in (5).

(2) Nuclear excitation, excluding that mentioned in (5).

(3) Kinetic energy of r& mesons.

(4) Ionization losses by muons.

(5) For nuclear interactions below 25 MeV, the energy from

protons, alpha particles, nuclear excitation, nuclear recoil, gamma-ray

energy produced from thermal-neutron capture, and including the energy

release from fissions.

The percentage of the total energy release in the target for

these different processes in uranium is 32% (1), 0.6% (2), 0.7% (3), 0.4% (4),
and 66% (5). Thus in fissionable uranium, the major heat-producing energy

release is due to the fission process.

d. Energy Deposition in Uranium. Alsmiller' determined the

heat-producing energy release in a uranium cylinder (10-cm diameter,

18 cm long) during axial irradiation with 500-MeV protons by use of the

HETCZ and MORSE3 neutron-transport codes. The incident proton beam was

considered to have a parabolic distribution (FWHM = 4 cm). Table XIV lists

the energy depositions (MeV/proton) at 2-cm axial-depth increments and

1-cm radial increments in uranium on 500-MeV proton irradiation. The total

energy deposition in the uranium target (Table XIII) is 825 MeV per incident

500-MeV proton. This value may be compared with the values of ~750 MeV

per proton determined by Coleman and Alsmiller 5 and of ~900 MeV per proton

determined by Fraser et al.4

Table XV lists the energy depositions (W/cm3 ) at 2-cm axial-

depth increments and 1-cm radial increments in uranium by 500-MeV protons

at 5 x 1012 protons per pulse and 30 Hz. The total energy deposited in the

target is

825 MeV/proton x 5 x 1012 x 30 x 1.602 x 10-13 = 19.8 kW. (5)

Coleman and Alsmiller 5 reported that the ratio of energy de-

posited in a moderator surrounding a uranium target to the energy deposited

in a uranium target is ~16%. Therefore we can estimate that ~3 kW will be

deposited in the structure surrounding a uranium target in IPNS-I.
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TABLE XIV. Energy Deposition in a Pure Uranium Cylinder by
500-MeV Protons (p = 18.7 g/cm 3, T = 400*C)

MeV/Proton

0-1 1-2 ?-3 3-4 4-5 -(0-5)
cm

0-2 cm 21.9 56.4 54.9 18.1 ('.4 1 ,.1

/-4 20.5 52.9 51.3 16.8 P.1 149.1

4-6 19.3 49.7 48.3 15.9 P.1 141.9

6-8 16.4 42.3 41.2 13.5 8.5 121.9

8-10 13.4 34.6 33.6 11.0 7.1 94.7

10-12

12-14

14-16

16-18

9.6 24.9 24.2

6.8 17.6 17.1

7.9 6.8 73.4

5.7 7.1 54.3

2.7 7.1 6.9 2.6 3.3 22.6

0.5 1.3 1.2 0.5 0.7

= 825

TABLE XV. Reference Energy Deposition in Uranium Target by
Parabolic Proton Beam (FWHM = 4 cm)

W/cm3

Ra 0-1 1-2 2-3 3-4 4-5

di cm
Axial al

0-2 83.8 72.0 42.0 9.9 2.7

2-4 78.5 67.5 39.3 9.2 3.5

4-6 73.8 63.4 37.0 8.7 3.7

6-8 62.8 54.0 31.5 7.4 3.6

8-10 51.3 44.1 25.7 6.0 3.0

10-12 36.9 31.7 18.5 4.3 2.9

12-14 26.1 22.4 13.1 3.1 3.0

14-16 10.5 9.0 5.3 1.4 1.4

16-18 1.9 1.6 0.9 0.3 0.3

e. Heat-transfer Analyses. This section presents the tempera-
ture distribution in several target geometries for uranium. The temperature
distribution for the different geometries is obtained by a three-dimensional

heat-transfer analysis using either the THTB 6 or MARC/CDC heat-transfer
codes.

Rad

Axial a

4.2
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For the analysis of the heat transfer in uranium with the

computer codes, the following assumptions were made:

(1) The heat-transfer coefficient, h, is constant with time;

i.e., corrosion of the surface is negligible, or the emis-

sivity of surface is constant.

(2) The cooling water has a AT = 0 passing through the
system.

(3) The boundary between the Zircaloy cladding and uranium

presents no significant barrier to heat flow.

(4) The Zircaloy cladding behaves like uranium insofar as
heat-transfer properties are concerned.

(5) Steady-state conditions prevail.

The heat-transfer coefficient, h, for turbulent flow of water

is estimated by use of the equation

kID evp o'S C p.4'

h = O.O23 ( ) k)(6)
De k

where

h = heat-transfer coefficient, W/cmZ.-C,

h = thermal conductivity, W/cm-*C,

De = equivalent diameter of water flow, cm,

v = mean velocity of water, cm/s,

p = density of water, g/cm 3 ,

p = viscosity of water, g/cm- s,

and

Cp = specific heat of water, W-s/g"*C.

The equivalent diameter of the cross section of water flow is obtained from

cross section of stream ()
e wetted perimeter of duct*

f. Temperature Distribution in Uranium. Figure 15 shows the
axial temperature distribution in a uranium cylinder (10-cm diameter and

15 cm long) on irradiation with 5 x 1012 protons/pulse at 30 Hz. The energy
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deposition data for these analyses are listed in Table XV. The maximum

temperature (760*C) for the uranium cylinder under these conditions occurs

at an axial depth of 4 cm, Figure 16 shows the radial temperature distribution

in the uranium cylinder at the depth of maximum axial temperature. The

coolant for the uranium cylinder is water.

The results presented in Fig. 15 show that the maximum

temperature in a uranium cylinder can be expected to reach -750*C under

the proposed operating conditions for IPNS-I. To achieve long-term stability

(>1 year) with a uranium target, the maximum temperature must be limited

to 400 C (see Scc. g below). This can be achieved by segmenting the uranium

target into disks. Figures 17 and 18 show the axial and radial temperature

distributions in 10-cm-dia uranium disks using the MARC/CDC code. The

energy-deposition data for these analyses are listed in Table XV. Each disk

is considered to be clad with 0.025-cm-thick Zircaloy-2. The film coefficient
from Eq. 6 is calculated to be 3.7-W/cmZ.-C for 65 C cooling water flowing at

450 cm/s in a 0. 16-cm gap between the clad disks. From the data in Figs. 17

and 18, a disk thickness of less than 3 cm will meet the requirement for a

maximum temperature of less than 400C.

g. Thermal-stress Analyses. The uranium disks require clad-

ding to contain the highly radioactive fission products produced in the uranium

during irradiation with 500-MeV protons. Zircaloy-2 is chosen for the cladding

material because of its excellent bonding characteristics to uranium. Since

the thermal expansion of uranium is 15 x 10-6 cm/cm-*C (from Ref. 8) as

compared with 6.5 x 10-6 cm/cm.'C (from Ref. 9) for Zircaloy-2, the

Zircaloy cladding can be expected to be under a significant thermal-induced

stress during target operation. This section discusses the thermal-induced

stresses in the Zircaloy cladding for the temperature distribution in the

uranium and Zircaloy shown in Figs. 17 and 18. In addition, the effects of a

loss of bonding between the uranium and Zircaloy are discussed. The results

are obtained using the MARC/CDC finite-element computer code, which has

both heat-transfer and stress-analysis capability.

Figure 19 shows the Tresca stress intensity in the Zircaloy

cladding (disk face) as a function of disk radius. Figure 20 shows the axial

distribution of the Tresca stress intensity in the Zircaloy cladding (disk edge).

The Tresca stress is defined as the maximum principal stress minus the
minimum principal stress. The Tresca stress is used because it correlates

to the yield strength determined from a conventional tensile test. The yield

stress of Zircaloy-2 is taken to be 3.5 x 10 kg/cm2 for temperatures between

100 and 400*C. 10 It can be obser d in Figs. 19 and 20 that the high-stress
regions in the Zircaloy cladding are the center of each face and the center

of the disk edge. At the corners, the stress is uniform and does not have

a high concentration for a bonded interface.
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The stress in the uranium was also determined by the
MARC/CDC code, and the maximum value for the different disk thicknesses
was about the same as in Zircaloy. A stress analysis of the clad disk was
also made with the assumption that all diffusion bonds were broken. The
stress in the uranium is the same as with perfect bonding. However, the
stress in the Zircaloy at the corners for a broken diffusion bond exceeds the

yield strength of Zircaloy. Therefore, the overall integrity of the diffusion
bond must be maintained to minimize a stress concentration at the disk
corners and to retain good heat-transfer properties.

Serious damage to an initially good diffusion bond between
the uranium and Zircaloy cladding is not expected during operation of the
target. The high-stress region in the uranium is at the center of the disk.
Some cracks may develop in the uranium, but the cracks are confined. The
most critical area is in the Zircaloy cladding. However, with the assumption
of an initial diffusion bond, a 2.5-cm-thick uranium disk should give an
adequate margin of safety in the Zircaloy cladding.

Due to heating and cooling of the target disk, the Zircaloy
cladding will be under a fatigue stress ranging from zero to maximum stress.
With a maximum stress of 3 x 103 kg/cm 2 , the fatigue life is estimated at
~5 x 103 cycles."

h. Dimensional Changes due to Accumulation of Fission and
Spallation Products and Irradiation Damage. Spallation and fission reactions
generate significant quantities of solid and gaseous products that accumulate
in the target material, resulting in dimensional changes. The solid products
from the spallation reactions are not considered significant, since one solid
atom of -1-20 atomic mass units less than the target atom is produced for
each spallation reaction. However, the spallation reactions produce significant
amounts of hydrogen and helium. The solid, as well as the gaseous (primarily
krypton and xenon), products of the fission reactions should be considered,
since approximately two of these atoms are produced per fission event. In
addition to the dimensional change caused by the spallation and fission-product
atoms, dimensional changes will result from the vacancy and interstitial de-
fects created by high-energy protons, neutrons, and recoil atoms. Calculations
are made of the concentrations of the product atoms and defects and related
to concentrations occurring in uranium during neutron irradiation for which
the dimensional changes are well documented.

(1) Uranium. The helium production rate, R(He), in the
uranium can be estimated from

R(He) P x Hz Xa(8e)x N x t(8)
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where

R(He) =

P =

Hz =

aHe =

N =

t =

gas atoms produced per cubic centimeter of uranium per day,

protons/pulse = 5 x 1012,

pulse frequency = 30 pulse/s,

cross section for helium production by 500-MeV protons,

uranium atoms/cm 3 = 4.8 x 10ZZ,

8.64 x 104 s/day,

and

r = proton-beam diameter = 3.7 cm (parabolic, FWHM = 4 cm).

Figure 21 shows the cross sections for helium production in
several materials on 800-MeV proton irradiation.12 '13 Since cross sections are
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not available for 500-MeV protons, the data in Fig. 21 will be used. Further-

more, since cross sections are not available for uranium, the available data

have been extrapolated to give these cross sections. The insertion of param-

eters into Eq. 8 gives

R(He) = (5 x 1012)30(0.58 x 1024)(4.8 x 1022)(8.64 x 104)

n(3.7)

= 8.4 x 1015 helium atoms per cubic centimeter of
uranium per day. (9)

With Eq. 11 and ap from Fig. 18, the hydrogen production rate is

R(H) = 8.4 x 1016 hydrogen atoms per cubic centimeter of uranium
per day.

The krypton and xenon fission-gas production is estimated

from

p x Hz x of x N x t x n
R(Kr + Xe) = Tr 2 (10)

where

of = uranium fission-cross section for 500 MeV protons = 1.1 barn, 1 4

and

n = 0.246 krypton and xenon atoms/fission. 15

The insertion of parameters into Eq. 10 gives

R(Kr + Xe) = 3.9 x 1015 krypton and xenon atoms per cubic centimeter
of uranium per day.

The total inert-gas production in uranium is

R(He) + R(Kr + Xe) = 12.3 x 1015 atoms per cubic centimeter of
uranium per day.

The hydrogen produced in uranium by the spallation
reaction is considered to diffuse from the hotter interior portions of the
uranium disk to the cooler surface because of a positive thermal diffusivity
(forms a hydride), and the diffusion coefficient is relatively large with a value
of 10-5-10-6 cm2 /s at 200-400C.1 6
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The vacancy and interstitial production rate (DPA.s',

atomic displacements per atom per second) by the 500-MeV protons may be

calculated from

DPA-s~ -=
0.82(ED)(P)(Hz)10-z

2(Ed)(nr2 )

r , amage-energy cross section, barn-keV,

and

Ed = energy to displace atom (~40 eV).

The insertion of parameters in Eq. 11, together with the

ED value in Fig. 18 yields, for uranium,

DPA-s 1 =
0.82(1640)(5 x 1012)(30)10-21

2(40)(n)(3.7)2

= 5.9 x 10-8,

or

DPA-day-1 = 5.06 x 10~3 due to spallation.

placed per fission

we obtain

Brinkman1 5 has computed that 5.4 x 104 atoms are dis -
event. Using Eq. 10 with n = 5.4 x 104 and dividing by N,

DPA-day~1 = 1.8 x 10-2 due to fission.

Thus the major source of vacancy and interstitial defect

production in uranium on 500-MeV proton irradiation will be due to the

fission event.

(2) Dimensional Change of Uranium. Figure 22 shows the
dependence of the dimensional change of "ingot" uranium* and a uranium

containing carbon, iron, and silicon on irradiation temperature and radiation

damage (DPA) during neutron irradiation. 1 7
-

9 As shown in Fig. 22, for irra-

diation temperatures below 600 C, the dimensional change is due primarily to

*"Ingot" uranium will normally contain 500 ppm carbon, 60-100 ppm iron, 25-50 ppm silicon, and
10 ppm aluminum.

where

(11)
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anisotropic "growth" of uranium resulting from agglomeration of vacancy
and interstitial defects. A severely worked structure develops because of the
"growth" of individual grains leading to tears at grain boundaries. Above
o00*C, the fission-gas-induced porosity begins to contribute to swelling.
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Fig. 22. Effect of Temperature on Radiation-induced Swelling in "Ingot" and Alloyed Uranium

In Sec. 2.g(1) above, the DPA/day due to spallation and
fission reactions was computed to be 2.3 x 10-2. As shown in Fig. 22, the
maximum volume increase of uranium is ~1%/DPA for irradiation tempera-
tures between 400 and 900 C. Thus the maximum volume increase of a
Zircaloy-clad uranium disk is expected to be ~8% per year for 500-MeV

protons impinging at a rate of 5 x 1012 protons per pulse and 30 Hz. However,
the volume increase is insignificant if the maximum temperature in the uranium
disk is maintained below 400 C. Thus from Fig. 17 the disk thickness should
be less than 3 cm.
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i. Fabrication and Cost. The uranium should contain 470 ppm

carbon, 250 ppm iron, and 250 ppm silicon, because of superior resistance

of this alloy to irradiation-induced dimensional changes. 2 0 Approximately

23 kg of uranium is required for a target 10 cm in diameter and 15 cm long.

The cast structure of the uranium ingot should be removed by

either extrusion or rolling (~35 reduction) at 400C. The heat-treated ingot

should then be sectioned and surface-ground or machined to give 10-cm-dia,

2.5-cm-long disks (recommended dimensions).

The finished disks should then be clad with 0.0254-cm-thick
Zircaloy-2 by isostatic bonding at 7000C for 4 h in a high-pressure autoclave

containing an inert-gas atmosphere at 20,000 psig. The clad disks should

then be nondestructively tested for integrity of the Zircaloy-uranium diffusion

bond by a combination of ultrasonic and X-ray techniques.

The estimated cost for preparing seven clad disks is approxi-

mately $20,000.

3. IPNS-I Target Cooling System

Given the results of the thermal analysis of the IPNS-I target

presented in Secs. 2.e and 2.f above, a target cooling design has been estab-

lished and is presented in this section.

a. Heat-removal System Design. The heat-removal system de-

sign and analysis is based on the following design requirements:

(1) Steady-state boiling will not occur within the target.

(2) Maximum bulk outlet temperature is 150*F.

(3) The heat-removal system shall be sized to cool both
targets simultaneously, i.e., twice the design heat load.

To avoid possible stagnation of the coolant, particularly near
the center of the disk where the highest energy deposition occurs, flow chan-

nels were established across the faces of the disks. In addition, flow orificing
was provided at the inlet and outlet of each flow channel to promote inlet tur-
bulence and pressure control. Figure 11 shows details of these features.

Using the results from the heat-transfer analysis presented
in Sec. 2.e above, we calculated the maximum operating surface heat flux in
the target. Table XVI lists the maximum heat flux as a function of radial
bins.
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TABLE XVI. Maximum Operating Surface Heat Flux

Radial Zone 4/A (Btu/in.2.s)

0 - 1.25 cm 1.19

1.25 - 2.5 0.72

2.5 - 3.75 0.37

3.75 - 5.0 0.17

The above heat fluxes were compared with the burnout heat
flux as predicted by the Gambill correlation. For a bulk coolant temperature
of 150 F, a coolant velocity of 15 ft/s and 100-psia operating pressure, the
predicted burnout heat flux is 4.4 Btu/in.Z. s. Therefore the minimum burnout
ratio is

burnout 4.4

gmax operating
(12)

A similar analysis for each target disk indicates that the
coolant velocity can be reduced linearly from 15 ft/s at the front of the target
to 5 ft/s at the rear. The resultant total flow rate is 30 gpm with a tempera-
ture rise of 9F across the target.
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C. Description of Moderator and Reflector Assembly

Figure 23 shows the target, moderator, and reflector assembly for
the IPNS-I Neutron Scattering Facility schematically in horizontal and vertical
cross sections. The proton beam enters horizontally and impinges on the tar-
get. The target and cooling system for IPNS-I were discussed in detail in
Sec. IV.B, those for IPNS-II in Appendix F. Close by the target are three
moderators, two above and one below the target, to slow down the primary
neutrons from the source. The moderators may be of different configurations
and of different materials to provide optimum performance for different pur-
poses. The moderators are surrounded by beryllium, which serves as a

A
60 cmBA

A A

" f - _ PROTON BEAM

Se. 8-88-

Fig. 23. IPNS Target. Moderator, and Reflector Arrangement
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reflector, reducing leakage from the moderators, and increasing the slow-
neutron flux. To prevent excessive broadening of the pulses from the modera-
tors, they are decoupled from the reflector by a layer of material which
absorbs neutrons of low energy but transmits neutrons having energies higher
than the "decoupling energy." Different decoupling materials can be used
around the different moderators to optimize the moderators for different pur-
poses. All three moderators are changeable, and any or all moderators can
be cryogenically cooled. Present plans are to have one cold moderator and
two ambient-temperature moderators.

Viewing the moderators of both IPNS-I and -II are 12 beam ports.
Three beams are taken from each exposed moderator surface. These diverge
150 from each other, providing a separation of about 1.3 m where they emerge
from the shield. The moderators are oriented to minimize interference be-
tween clusters of beam tubes. The beam openings are of rectangular cross
section 10 x 10 cm inside. The openings are lined with a boron layer to pre-
vent broadening of the pulses from the moderators due to neutrons streaming
across the void.

The moderators are designated A, B, and C in Fig. 23. Moderator A
is viewed from two sides, A1 , from the right as viewed in the direction of the
protons, AZ from the left. All moderators are taken, to be 10 x 10 cm trans-
versely to the neutron-beam direction, and 5-cm thick. For IPNS-I, the
moderator material will be polyethylene (CHZ). Since polyethylene is neutron-
ically nearly identical to HZO in this application, and data are available for CH2
and not for HZO, performance estimates below are based on CHZ data. A likely
choice for IPNS-II ambient-temperature moderators is HzO. Moderator A is
surrounded on its four 5 x 10-cm faces by a 0.5-cm-thick layer of '0 B4C, taken
to have a density of 1.6 g/cm 3 ; the beam openings are lined with a similar
layer.

Moderators B and C are surrounded on five sides by 0.020-in. -thick
cadmium, and the beam openings are lined with a 0.25-cm-thick layer of B4C,
with a density of 1.6 g/cm 3 . For the cadmium layer, the decoupling energy is
approximately Ed = 0.5 eV.

Moderator A is intended to provide beams of minimal pulse width in
the energy range above 0.2 eV. Moderator Bis intended to be a cryogenic
moderator, for production of neutrons of .5-A wavelengths. Moderator C is
intended to be a source of thermal neutrons (E 0.025 eV) of highest possible
intensity.

All moderators are arranged in "tangential," sometimes called "wing,"
geometry to reduce the direct streaming of fast neutrons through the beam
holes.
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D. Moderator and Reflector Performance

1. General Performance

Spallation neutron sources, like reactor sources, provide fast
neutrons which must be slowed down from source energies of about 1 MeV to
energies of interest for slow-neutron spectroscopy (10 eV) by moderators
placed close by the neutron source (proton target). In both the reactor and
pulsed-source cases, care must be taken to minimize loss of neutrons through
absorption or leakage. Leakage can be reduced by the use of a reflector to
scatter the neutrons back to the moderator region. Absorption is reduced by
the use of materials with low neutron-absorption cross sections. For pulsed

sources, spreading of the pulse in time
SOURCE must be minimized since the time of flight

of the neutrons is one parameter used in

MODERATOR the measurements. This may involve the
deliberate addition of "poisons" or neutron

do absorbers. Moreover, the pulses must be
of highest possible intensity. The arrange -
ment of source and moderator is shown
schematically in Fig. 24.

ya Since these requirements of high
/ flux and narrow pulses are conflicting, a

A careful optimization of the design is
needed. This section includes data cur-

A& rently available on the performance of a
number of moderators and analyzes the

Fig. 24. Neutrons from Moderator surface standard moderators described in Sec. C
above. These standard moderators (as

described below) are used to estimate instrument performance. Since the
moderators do not influence fast-neutron production in the spallation source,
they may be designed as replaceable components which can be optimized for
certain sets of instruments.

The intensity of neutrons from a moderator can be conveniently
described In terms of the instantaneous "beam-current" response function
per source neutron I(E, go, t), which is the number of neutrons emitted from
the viewed moderator surface, per unit time around time t after a 8$-function
source pulse, per unit energy around energy E, per unit solid angle around
direction Cc, per neutron generated by the source. Function I(E,90 , t) is re -
lated to n(r, E, Qf, t), the neutron density at r on the moderator surface, per
unit energy, per unit solid angle, at time t after a source pulse, per neutron
gent rated by the source, by the relation

I(E,0t) fdavn(z,E,oo,t). (13)
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For a source that produces SN(t') neutrons per unit time at time t', the ob-
served instantaneous beam current i(E,00, t) is

i(E, Cl, t) = f dt' SN(t')I(E,OQo, t - t'). (14)

The time-average beam current is

i(E, 00) = dt' S(t' dt I(E,0no, t SNI(E,fno), (15)

where SN is the time-average number of neutrons generated by the source,
and I is the total intensity in a pulse.

The time -average flux at a point a distance L in direction 0o
from the moderator is related to i(E,0o) in a simple way; that is,

e(E, L) i(E,no) -NT(E, DO) (16)
cL( 

LZ

since the solid angle subtended by 1 cm2 at distance L is just 1 cm2 /L2 .
(Below, the argument no is suppressed in many expressions.)

As a general indication of the usefulness of any source for time -
of -flight measurements, Michaudon3 o has used the figure of merit

pulse i(E, t)dt
T(E~n(17)'r(E )n

with n = 2. For heterogeneously poisoned moderators, this figure of merit is
only a mild function of poison depth, peaking between 1 and 2 cm. Figures of
merit for scattering instruments of different types have different exponential
dependence n, varying between 1 and 3. This figure of merit does not account
adequately for the needed time allowance between pulses.

2. Pulse at High Energies

For IPNS, the proton pulses striking the target are narrow enough
in time (100-200 ns) that they have little effect on the shape of the low-energy
neutron pulses at the moderator surface. Therefore, for neutron-scattering
studies of condensed matter, the neutron-pulse shape and width at a given
energy are determined entirely by the moderator and reflector material, con-
figuration, and temperature. This allows the use of calculations or experi-
mental data from other pulsed sources to characterize the IPNS time pulse.
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At energies that are large compared to the temperature and to
the chemical binding energy, the neutron density at time t following a source
pulse in an infinite scattering medium, isZI

1 y/Ye-Y
n(E, t) ZE -- /) (18)

n(E t Q2E r(2 /y)

which is the xt distribution with 2 + 4/Y degrees of freedom. Here

y = gEsvt, (19)

= mean logarithmic energy change per collision,

= 1 - , 2(20)
1-a A'

29Y = mean-squared logarithmic energy change per collision,

aez /2 4
y=1 - 1-- as '(21)

9 = n(1 /a), (22)

of = , (23)

Es = macroscopic scattering cross section,

and

A = mass number of scatter.

The average slowing -down time and the standard deviation of the
slowing -down-time distribution at speed v are

t = (I + 2/Y)(y/CEsv), Qt = 1 +2/Y (Y/CEsv). (24)

The full width at half -maximum of the time distribution is proportional to the
difference AY, /a between the two solutions of the equation:

- exp(l - y/p) = 1/2; p a 2/y; (25)
p

T = Ay1 13(/IEev). (26)
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Pulses from finite moderators are somewhat shorter than is indi-
cated by the infinite-medium calculations. Table XVII gives values (averaged
with respect to cross sections) of these parameters for some materials.

TABLE XVII. Neutron Slowing-down Properties of Some Materials

At vat v z

Material Escm 1  cm cm cm

H20 1.34 .92 .99 2.43 1.40 2.7

(CH2)n 1.84 .90 .98 1.82 1.03 2.0

(.94 gm/cm3)

020 .64 .60 .56 6.7 3.12 6.6

Be .93 .207 .143 11.1 2.9 6.5

Graphite .47 .158 .108 28. 6.4 14.8

(1.7 gm/cm 3)

Fe 1.00 .0353 .0237 57. 6.2 14.4

The table shows that, due to their superior slowing -down power
CE,, materials with the largest possible hydrogen densities are most desirable
for producing short pulses.

3. Spectrum of Neutrons at High Energies

At energies above 1 eV, the beam current after a short source
pulse has approximately the same form as Eq. 18:

i(E,' nt) a r(zfr

i(E,Q) 9 ({Es ''constant).

(27)

(28)

The spectrum emerging from small moderators is somewhat modified from
this form and can be represented approximately by

T(E,g 0) CI/E-, (29)

where a is a constant related to the neutron-leakage probability. For a typi -
cal pulsed source moderator isolated from its surroundings, a a 0.15.
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4. Pulse at Low Energies

At energies lower than about 1 eV, the time distribution of the
neutron pulse from moderators is of the form illustrated by Fig. 25.t2 At
high energies, the pulse rises and falls rapidly and is of the form of Eq. 27.
For energies Ec y 5 ET and below, the pulse rises more slowly and peaks as
neutrons thermalize in the medium and higher -than-fundamental modes of the
neutron-distribution decay. Following this peak, the pulse decays exponen-
tially. The decay constant Xo of the exponential decay exp(-Xot), is that of the
longest-lived (fundamentr.l) mode. The fundamental -mode energy distribution
is of Maxwellian form

E

IMBO(Eo) y= exp(-E /ETO )ITHO'
TO

with different effective temperature ETO than the time -integrated spectrum.
In Fig. 26 a- = 41 s and E2 = 0.029 eV; for the time-integrated spectrum,
ET = 0.033 eV. The pulse width depends in part on the rise time for thermal-
ization, and in part on the fundamental-mode decay constant. The full width
at half -maximum of the exponential decay is

Ato = (tn2)/Ao.

S,

012

(30)
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Fig. 28. Tim-dependent Neuuon-lsakags Spectrum Emerging from a 298 K
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We can express )o in terms of the buckling expansion

Do = 0o+DOB2 -CB4 + ... , (31)

where ao = (Va) is the spectrum-averaged absorption rate, Do = (vD) is the
diffusion constant, and C is the diffusion cooling constant. Sjostrand'st3 values
for these parameters in polyethylene are ao = 5900 sin, C = 3000 cmh/s, and
Do = 26600 cm3 /s.

Equation 31 is accurate for not-too-large values of B2. No discrete
mode exists for very small moderators, and Eq. 31 is meaningless.

For optimum beam intensity, the moderator and reflector should
be large; but for optimum pulse width, they should be very thin. Thick moder-
ators and reflectors cause increasing broadening of the pulse as the neutron
energy decreases. This effect can be reduced without severe loss of intensity
by the judicious use of heterogeneous poisons such as sheets of cadmium or
boron placed at appropriate depths below the surface of the moderator. The
effects of this poisoning on the total number of thermal neutrons can be seen
from the data tabulated later in Sec. 5 below. The FWWM of the pulses from
these moderators, shown in Figs. 27 and 28, shows the effect in reducing the
slow-neutron pulse width.2Z 44

The optimum poison depth is dependent on the experiment and the
experimental apparatus. In general, it would be desirable to set the cadmium
depth at no less than that required to obtain the needed resolution.

5. Spectrum of Neutrons at Low Energies

In moderators isolated from their surroundings, the spectrum
of neutrons at low energies is that of a bare moderator. The spectrum is
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of different form in two energy ranges; for E 5 5 ET, I(E) has the form of
a Maxwellian flux distribution

IMB(E) =-exp(-E/ET)ITH,
T

(32)

where

ITH IMB(E)dE = ET lim IMB(E)

is the total thermal-neutron beam current, ET = kBT, and T is the charac -
teristic temperature of the distribution. Temperature T is typically signifi-
cantly greater than the physical temperature.
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Fig. 27. Pulse Widths (FWHM) for 10 x 10-cm
Room-temperature Polyethylene Modet-
atars 7.65-cm Thick with Cadmium
Heterogeneous Poisoning 1-cm below
Viewed Surface and 3.82-cm Thick
without Puisoning

Fig. 28. Pulse Widths (FWHM) for Several
10 x 10-cm Room-temperature
Polyethylene Moderators

The shapes of spectra can conveniently be characterized by three
parameters: the characteristic temperature, ET; the moderating ratio or
ratio of total thermal-neutron beam current to the beam current at 1 eV,
Ith/EI(E)|1 ,Y; and the slowing -down spectral exponent o (although a is usually
so small as to be of little interest in the narrow interval between the
Maxwellian portion of the spectrum and 1 eV).
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If a 0 and ITh/EI(E)> 1 eV - eZ/4 (= 1.847), the Maxwellian
smoothly joins the slowing-down distribution around an energy, Ec, given by

Ec EI(E)I1eV
E- exp(-Ec/ET) = Th(33)

When ITh/EI(E)1 1 eV 6, Ec 5 ET. Low-energy spectra are difficult to
compute (adequate cross -section data exist for only a few materials), but
measurements are available for an increasing number of cases.

For most cases, the spectra above a few tenths eV reflect the
simple 1/El-_ behavior, spectra at low energies can usually be reliably mea-
sured well into this range and beyond 1 eV, and calculations of spectra at high
energies can usually be performed accurately down to 1 eV using readily
available cross-section data. It is therefore convenient to normalize measured
low-energy spectra to absolutely calculated high-energy spectra at about 1 eV.
The procedure is justified by the fact that low-energy measurements are
usually performed on moderators isolated from their surroundings, as are the
moderators (so far as low-energy spectra are concerned) in pulsed sources.
The detailed effects of the surroundings and the coupling to the fast-neutron
source have their effect only at high energies.

To obtain the amplitude of the spectrum, we need EI(E)I, eV, which
characterizes the source -moderator coupling and which can be obtained by
calculation for a particular moderator and source geometry. Materials in the
moderator such as cadmium, which do not affect neutrons at high energies,
influence only the moderating ratio Ith/EI(E)| 11eV, not the source -moderator
coupling EI(E)lI eV. The moderating ratio Ith/EI(E)I, eV can be obtained by
calculation or measurement independent of the source, and EI(E)1, eV can be
obtained by calculation, independent of moderator poisoning. The total fast-
neutron production rate SN is obtained for the source by calculation or by
measurement. Figure 26 shows a representative spectrum normalized to
EI(E)|I eV, measured at ZING-P. Using a measured normalized spectrum,
we can calculate the time-average beam current for another source arrange-
ment from

i(E) = 1(E) EI(E)j, eSN, (34)
EI(E )|1 eV

where the source-moderator coupling EI(E)j, eV and the source strength SN
may be from calculations for the new source.

An expression for ITh/EI(E)I, eV for small homogeneous moder-
ators, derived from age-diffusion theory, is (see, for example, Ref. 25)
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Ih/EI(E) E(l eV) DTh(ET) exp{-B2 ['rTh(ET) - Tr(1 eV)]}
ITh/EI(E)| =1--V, (32EaTh(ET) D(1 eV) 1 + LThB

where EaTh(ET) and DTh(ET) are the thermal-spectrum-averaged
macroscopic-absorption cross section and diffusion coefficient, D(1 eV) is the

diffusion coefficient at 1 eV, LTh = DTh/EaTh is the thermal-diffusion length,

T Th(E T) and 'r(1 eV) are the Fermi age to thermal and to 1 eV, respectively,
and BZ is the geometric buckling of the moderator. For a 10 x 10 x 5-cm CH2

moderator with ET = 0.035 eV and p = 0.94 g/cm3 , using ENDF-BIII cross
sections for CH2, Eq. 35 gives

ITh/(EI(E))|1 eV = 5.3,

in close agreement with measurements.

In very large moderators such as the slow-neutron source regions

of steady-state reactors, the moderating ratio is

ITh _Es

= _ .(36)

EI(E) 11 eV EaTh

Table XVI T I gives the large -moderator moderating ratios for a number of

materials.

TABLE XVIII. Large-moderator Moderating Ratios

Material Temperature,K &:s (1 eV)aTh

H20 300 70

D20 (99.8 at.%) 300 2500

Be 300 140

D2 (99.8 at.%) 20 250

C 2000 500

Because of the higher absorption cross section of hydrogen,
hydrogenous moderators are relatively inefficient compared to D2O and beryl-
lium in providing high thermal-neutron flux in relation to the epithermal
neutron flux. However, small hydrogenous moderators are preferred for
pulsed sources, because they provide short pulses. Pulsed fast sources with

peak thermal-neutron fluxes comparable with that in steady-state reactors
can be made to have an epithermal neutron flux several orders of magnitude
greater than in steady sources.
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Table XIX lists spectral parameters of a number of moderators.
The effective neutron temperature, Tn = ET(eV) x 11604, is higher than the
moderator temperature. Making moderators smaller (increasing leakage) or
adding absorbers leads to higher effective neutron temperatures with respect
to the same moderator temperature. The spectra shown in Fig. 29 showed
the effects on the spectrum of changing size through heterogeneous poisoning
by cadmium.2 2 The effects of cooling condensed methaneZ6 are shown in
Fig. 30. (Measurements through reentrant holes in moderators such as those
cited for methane are only approximately valid for applications in which a
large outer surface is viewed.) Figures 31 and 32 show the effects of hetero-
geneous poisoning and of cooling on the effective temperatures. Homoge -
neously added absorbers lead to higher effective temperature and lower
intensities. Materials in which the protons participate with large amplitudes
in low-frequency motions thermalize neutrons more efficiently than those
with tightly bound protons; the distribution of frequencies influences the
spectrum.

TABLE XIX. Spectral Parameters of Some Moderators

MAT T(K) Dimensions, CdEt(e) Th/EI(E)|g eVcm Depth E~/) IhE()le

CH2  300 10 x 10 x 5.1 ----- 0.035 5.6

CH2  296 10 x 10 x 3.82 ----- 0.0325 4.3

CH2  296 10 x 10 x 5.1 0.63 0.0422* 0.43*
10.036 10.36

CH2  296 10 x 10 x 5.1 1.00 0.037 0.90

CH2  296 10 x 10 x 5.1 1.3 0.036 1.4

CH2  296 10 x 10 x 5.1 2.55 0.033 3.5

CH2  296 10 x 10 x 7.65 1.00 0.037 0.92

CH2  296 10 x 10 x 7.65 2.55 0.034 3.6

CH2  77 10 x 10 x 7.65 ----- 0.0084 3.8

CH2  77 10 x 10 x 7.65 2.55 0.0096 2.7

CH4  77 10 x 10 x 7.65 ----- 0.0090 5.9

NH3  77 10 x 10 x 7.65 ----- 0.0106 2.6

CH2  300 12 x 25 x 4.4 ----- 0.035

CH2  77 12 x 25 x 4.4 ----- 0.011

CH2  4 12 x 25 x 4.4 ----- 0.0065

H20 300 12x 25x 5 ----- 0.038
H20 77 12 x 25 x 5 ----- 0.010

H20 4 12 x 25 x 5 ----- 0.0063

P-H2  20.4 14.80 x 16 ----- 0.004 7.6

H2  18 20 dia x 20** ----- 0.003 3.3

C9H12  21.4 20 dia x 20** ----- 0.003 9.0

C2H6  182 20 dia x 20** ----- 0.025 7.5

C2H6  20.2 20 dia x 20** ----- 0.004 5.9

CH4  77 20 dia x 20** ----- 0.01 16.3

CH4  20 20 dia x 20** ----- 0.0022 6.1

*ln this very thin moderator, no equilibrium spectrum is developed, so the
Maxwellian parameters are not well determined.

*Masured through reentrant hole.
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A convenient representation of the spectrum, spanning both the
Maxwellian and l/E ranges, is one incorporating Wescott's joining functions

1
A(E) =

S+T)
(37)

This function is very small near ET, is very close to 1 for E Z 1 eV, and pro-
vides a smooth transition in the intermediate region. The beam current spec -
trum for both regions may then be written

I(E) ITh E A(E) E

EI(E)1| eV EI(E)1| eV .E(xp(E/ET)+1 eV) 1
(38)

114

500r

480

w 460

440

420

400

380

5

200



115

The representation is not especially accurate in the joining region; it was
devised to generate integral quantities, in cases characterized by better
moderation than are pulsed-source moderators.

Spectral densities with respect to other variables are simply
represented. Formulas are recorded here for convenience:

ix (x)= i(E)IdI, (39)

where

h2
E =

ZmX 2

-m- =0.081787 eV-A,
2m

and

dE 2E

iv(v) = i(E) I . , (40)

where

E = ,

= 5.2276 x 10 '- eV-s /m2 ,
2

and

dE 2E
dv v'

The results for the 10 x 10 x 5-cm CH2 moderator studied by
Graham22 can be interpreted to give EI(E)I, eV V 4.3 x 10' n/sr-n5. Graham's
measurements included the reflecting effect of a 2.54-cm layer of natural B4 C
around the moderator. He found this enhanced the emerging beam current by
about a factor of 2 above that for an unreflected moderator. The coupling of
Graham's 14-MeV source was less efficient than would be that of a source of

l-MeV neutrons, so 4 x 10' n/sr-ns roughly represents the coupling of an
unreflected moderator to an -l-MeV neutron source.



116

6. Reflectors

Losses in slowing down are substantial and can be estimated as
follows. Since EI(E) E' for E in the range 1 eV S E S 1 MeV, the ratio of
beam currents at 1 eV with and without leakage is

(1eV 7 (10-6)0.15 = 0.13.
106 eV/

This leakage loss can be considerably reduced by surrounding the moderator
with a reflector.

Experiments on an arrangement called the "ZING Mockup" at
Argonne" indicated that with a beryllium reflector around a 10 x 10 x 5-cm
polyethylene moderator, ITh = 4.3 x 10-4 4% n/sr-n5 . Since for this mod-
erator the ratio ITh/EI(E) I eV = 5.6, EI(E)I eV = ITh/[ITh/EI(E)1 1 eV -
7.7 x 10- n/sr-ns, indicating more than a 10-fold improvement over the bare-
moderator result.

The moderator-reflector 9 works to reflect back those neutrons
that collided first in the moderator, but would have leaked out in slowing down.
It also enables neutrons that would have missed the moderator to migrate to
it, slow down, and emerge in the direction of interest. In addition, (n, 2n)
reactions in beryllium can increase the beam current by about 25% in a spal-
lation neutron source.

Das et al. 30 and Russell et al.3 1 have made extensive calculations
of the source-moderator coupling efficiency, and of the time and energy de-
pendence of the neutron beam currents for numerous target and moderator
materials and configurations. Calculations of Das for the ZING Mockup ar-
rangement gave EI(E)I eV = 7.9 x 10-4 n/sr-ns, in agreement with the mea-

surement. Russell's calculations of the ZING Mockup also verify the intensity
gain due to the beryllium reflector.

The reflector somewhat broadens the slow-neutron pulse from the
moderator. To prevent neutrons that thermalize in the beryllium reflector
from entering the moderator after long times, the moderator must be decoupled
from the reflector by a layer of material that absorbs neutrons at thermal
energies. Cadmium decouples at about 0.5 eV; a layer containing NIoB
boron-10 atoms/cm3 attenuates neutrons of energy E by a factor e- and de-
couples roughly at

Ed = (6.04 x 10-22 NOB) eV. (41)
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For a 0.16-cm-thick layer of '0 B4 C packed to a density of 1.6 g/cm 2 , NIoB =

1.2 x 1022 at./cmZ, and Ed = 50 eV. Decoupling limits the reflecting effect to
energies above the decoupling energy.

Reflectors broaden the pulse beyond the value for the bare mod-
erator. At lower energies, the pulse broadening that occurs due to the reflector
above Ed persists as a constant broadening in excess of the bare moderator
pulse width. If the reflector is decoupled at an energy greater than about
0.5 eV, the effect on the pulse at low energies is small and the added intensity
comes with negligible penalty in pulse width. There is no simple theory by
which to estimate the reflector broadening; this may be important at energies
above a few tenths eV. Das et al. 30 have computed the detailed time distribu-
tion as a function of energy for the ZING Mockup, a 10 x 10 x 5-cm CH2 mod-
erator with a beryllium reflector and a 10 x 10-cm beam hole. They
calculated two cases:

a. Cadmium decoupling only (ignored in calculations above 1 eV).

b. Boron liner with NioB = 3.6 x 102t at./cm2 (Ed = 500 eV)

inside the beam-hole void only (moderator decoupled by
cadmium).

Their results for 1-eV neutrons are shown in Fig. 33. Russell 32 has also com-
puted the moments of the time distribution for the same case, but not the
detailed shape. The moments determined in both calculations at 1 eV are
shown in Table XX. Expressed in terms of vt rather than t, these results
are almost independent of energy, as are the pulse shapes.

The moments are consistent in the two calculations for case a,
and for both cases significantly greater than the values for the bare moderator.

This is due to the long tail on the distribution, which is significantly suppressed
by the boron liner, and is therefore primarily due to streaming across the
beam hole void.

Also plotted in Fig. 33 is the arbitrarily normalized calculated
bare-moderator pulse shape. Comparison of the bare-moderator pulse shape
with that for case b indicates the important result that, when the void stream-
ing is suppressed, the reflector broadens the pulse little if any near the peak,
but adds a tail which is about 1/20th the maximum amplitude of the peak and
which increases t and at.

To prevent excessive broadening of the intrinsic pulse width at
energies around I eV, the moderator must be decoupled from the reflector at
an energy such that the slowing down pulse in the beryllium at the decoupling
energy is shorter than the moderator pulse width at the highest energy of
interest, say 1 eV. If we take t for the beryllium at the decoupling energy as
a measure of this reflector broadening, then we must have
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TCHz(1 eV) = 1.6 e

= tBe(Ed) =

Ed

(vi)Be

v(Ed)

11.1 cm;

v(Ed)

= 25 eV.
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Fig. 33. Time-dependent Neutron Spectrum
as Affected by Reflector Boron Times

TABLE XX. Pulse-shape Parameters for ZING Mockup Calculations

EI(E) 1 eV vt, Io , v
Case n/sr-n5  cm c ci

a. (No Boron) 7.9 x 10-4 3.9 4.6 2.2 (Das) (p " 0.94 p/cm3 )

4.0 4.8 --- (Russell) (p " 0.90 p/cm3)

b. (Boron void 5.1 x 104 3.0 3.5 1.9

liner)

Infinite Moderator 1.82 1.03 2.00 (p " 0.94 p/cm3 )

(42)

0 NO BORON LINER

X BORON LINER IN
BEAM HOLE VOID
INFINITE POLYETHYLENE
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7. Pulse Widths at Low Energies

Figures 27 and 28 show the effects of heterogeneous poisoning on
the pulse width in polyethylene moderators for some of the moderators studied
by Graham2 2 for which the thermal-neutron spectrum-parameters were given
above. While the pulse width is narrower for small moderators, the figure of
merit fI(E, t)dt/' 2 is only a mild function of poison depth, peaking between 1
and 2 cm.

Figures 34 and 35 show the pulse widths of cold methane, 33 am-
monia, and polyethylene 2 2 ' 24 moderators. Methane and ammonia provide ap-
proximately the same pulse widths at 77 K. Methane at 20 K provides shorter
pulses in the range around 0.01 eV than 77 K methane. At energies below
0.01, however, the data suggest that pulses are shorter for the warmer mod-
erator. Heterogeneous poisoning appears to have little effect on the pulse
width of 77 K CHZ2,24

1 31
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E (iv)

g 100

Fig. 34. Pulse Widths for Methane and Amnonia
Moderators for Various Temperatures

" 7.3 x 9.9x10.1cm CH4, 77'K (Graham)

O 7.3 x 9.9 x10.Icm NH 3 , 77K (Graham)

- " 3 x 4 x ~w31n. NH3 , 770K (Fluhorty)

CH4 , 20'K (Utsuro)
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102-8. Pulse Mean Emission

CH 2 , 77K Time

- Cadmium at 2.55 cm For accurate instru-
A Unpoisoned ment calibration and spectrum
x Unpoisoned (Fluhorty) measurements, it is essential to

account for the fact that the mean
time of emission of the pulse t

I0 is neither constant with energy
-s- nor does it represent a constant

distance shift. Figure 36 shows
-x - data from Graham's measure-

ments2 2 on heterogeneously poi -
soned polyethylene moderators
plotted as vt versus neutron en-

ergy. For the thickest moderator,

101011100 vt is as large as 15 cm at 0.1 eV,

ENeV) then decreases to 2-3 cm at en-
ergies of a few tenths eV and

Fig. 35. Pulse Widths for 10 x 10 x 7.65-cm above. For the thinnest modera-
77 K Polyethylene Moderators tors, vt is nearly constant and

equal to 2 or 3 cm. From
Table XVII, the infinite-medium value is 1.8 cm at 1 eV. The curves are
estimates of the trends in the data, which show considerable scatter.

100

10 10cm
CH2 , 300K

VIEWED THICKNESS, cm
Fig. 36

Emission Time Delays for Heterogeneously 1 0 3.83
Poisoned lox 10 x 5.1-cm 300 K Polyethyl- ..: 2.55
ene Moderators with 0.05-cm Cadmium at
Various Depths beneath the Viewed Surface 1.30

"

1.0.
o.839- ---- - -- - INFINITE-

TEDUM VALUE
1.8cm

m amal a a mmmi aa
.01 .1

E, eV

'9. Liquid Parahydrogen

Because it appears to have attractive prospects as a cold modera-
tor material, liquid parahydrogen is discussed here in some detail. No exactly
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relevant measurements have yet been performed. Riccobono et al.3 4 have
computed the spectrum and pulse characteristics of the neutron flux from
liquid-hydrogen moderators. Moderators (6 or 9 cm thick) of liquid para-
hydrogen seem best among those studied by those investigators. The spectra
are difficult to represent, because the cross sections of liquid parahydrogen
exhibit unusual behavior. This is due to the very wide rotational level spacing
(0.014 eV) and the presence of the intramolecular vibrational level.

Figure 37 shows the calculated time-average flux spectrum

m(E)/Etp(E)IeV for 6- and 9-cm-thick moderators. Figure 38 presents the
pulse standard deviation and the mean emission time delay for the 9-cm
moderator.

The physical temperature assumed for these calculations (20 K)
corresponds to 0.00169 eV.
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Fig. 37. Leakage Flux Spectra Computed for 20 x s0 x 6-cm
and 20 x 30 x 9-cm Parahydrogen Moderators at 20 K
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Fig. 38. Pulse Deviation and Mean Emission Time of Leakage Pulse for 20 x 30 x
9-cm Liquid Parahydrogen at 20 K. Slowing-down time is not included.

10. Effective Peak Flux

A quantity useful for characterizing pulsed sources is the "effec-
tive peak flux" at the moderator surface

4ni(E) 4n I(E)
0oeff', -Afi(E) AfT(E) EI(E)|1 .v I (43)

The effective peak flux ^(E) can be interpreted as the equivalent isotropic flux
averaged over the moderator surface that is reached during a pulse of width T.
The flux is neither isotropic nor uniformly distributed across the moderator
surface, nor is the pulse of simple shape. Nevertheless, if the intensity in a
neutron beam is computed from m(E) for a pulsed source as one would do for
a uniform, isotropic source, the correct result is produced. For less detailed
characterization, an "effective peak thermal-neutron flux"
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4 riTh = 4rr IThE -EI(E )1 eVSN (44)
9Th eff Af AfT EI(E) Ii eV

is useful with T chosen at the energy of a typical experiment. We adopt the

convention T = T(0.05 eV).

11. Peak Phase Space Density of Neutrons

The quantity that is fundamentally important in applying pulsed
sources to time -of-flight measurements is the peak phase space density of
neutrons n(v_). In time-of-flight neutron-scattering instrument evaluation, the

beam current i(E) is more convenient for assessing performance. But the peak
phase space density is directly of interest in assessing prospects for such
applications as ultracold neutron storage. Here, we develop estimates of the

peak phase space density taken as the average at the surface of a moderator.

The time-average effective thermal-neutron flux at the moderator
surface is represented as

MTh t= Th EI(E) i eV 5 NAMod EI(E)1 t eV

and (45)

E
m(E) -=exp(-E/ET)$Th = vn(E).

ET

The number density per unit scalar speed is

ZE ZE
N(v) = -n(E) = -E p(E). (46)

v vz

The number density per unit vector velocity, the phase space density, is (as-
suming an isotropic angular distribution)

1y= N(v) = exp(-v-/vT)TTh'
N 4 eprnTP .(47)

The peak effective phase space density is then

N(y) = )N(Y)
f '(v)

2 ITh EI(E)I N exp(-va/vr) (48)

AMod EI(E) eVT(v) vT
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For IPNS-II, with SN = 9 x 1016 n/s, f = 60 Hz, with a 20 K CH4 moderator,
for which ITh/EI/(E) 1ieV 3.1 x 10-4 n/sr-ns, with AMod = 100 cm2 , and for
v = 400 m/s (E = 0.00084 eV) at which Tr(v) = 175 ps,

N(v) e 13.5 n/cm3-(m/s) 3 . (49)

Thus, if neutrons could be perfectly efficiently trapped in a bottle trapping

v < 6 m/s, the neutron density could be

N = N(v)z 3 v 1.2 x 104 n/cm3 . (50)

12. Neutron-beam-current Calculations

Monte Carlo computer codes HETC and VIM have been used to
study the slow-neutron beam current from 10 x 10 x 5-cm polyethylene mod-

erators placed next to uranium targets of various diameters when the targets

are bombarded by high-energy protons. Proton energies of 500-1800 MeV and

target diameters of 6-12 cm were studied. Source-moderator coupling effi-

ciencies EIp(E)|1i eV (on a per-proton basis) for the average moderator in-

creased monotonically from about 3.5 x 10-3 n/p-sr at 500 MeV to about 14 x

10-3 n/p.sr at 1800 MeV. The beam currents increased slightly with decreas-

ing target diameter, but the increase was too small to be a strong factor in

target design.

The target was represented as a homogenized mixture of material
representing a practical, NaK-cooled uranium-disk target. We have studied

a beryllium-reflected assembly, shown in Fig. 23, consisting of three moder-
ators with 1-cm void around the target. At about 500 eV, 0.5-cm 1 0B4 c lines

the voids and decouples moderator A from the beryllium. Target lengths

LTarget were maintained at 1.2 times the proton range. Reflector diameter
was maintained at maximum (60, 2 x LTarget) with height 60 cm kept constant

in all calculations. The results for moderator C are shown on Fig. 39, for
Ep = 800 MeV and a 10-cm target diameter. For the same case, the source-
moderator coupling efficiency is given in Table XXI. Figure 40 shows the
computed : pectra for this case for all four moderator surfaces.

The total leakage neutron yield from the target was calculated
to be 26 n/p.

The data presented thus far provide information required for de-
tailed evaluation of performance in specific applications. (Also see Ref. 35.)
For simplified comparisons, we now present some peak effective fluxes for
reasonable choices of moderators. We choose for this purpose the following
reference moderators:
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TABLE XXI. Source-Moderator Coupling Efficiency
EIp(E)|1 eV for 10-cm Target Diameter and

800-MeV Protons

Moderator EIp(E)|1 eV, n/p-sr

A1  6 x 10-3

A2  6 x 10-3

B 4.3 x 10-3

C 10.3 x 10-3

0

0)

lO

0-

IPNS GEOM R=5.0 EP=800MEV HL=30CM

C x 0.1

10 10' 102 103 10 105  10 10' 10
E,eV

Fig. 40. Beam-current Spectra Computed for IPNS Moderators, for
a 10-cm-dia Uranium Target and for 800-MeV Protons
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Moderators Al and A2 will be useful as sources of shortest pulses
for neutrons up to several eV. The poisoning will maintain short pulses down
to lowest energies; the boron decoupling layer provides short pulses of epi-
thermal neutrons. Moderators Al and A2 will be useful as sources for high-
resolution diffractometers and high-incident-energy inelastic-scattering

spectrometers. Moderator B will be useful for production of cold neutrons.

Moderator C will be most useful as a source of neutrons in the range up to

0.1 or 0.2 eV, for instruments in which pulse width may be somewhat longer
than in A and also useful for epithermal neutron beam instrument. Table XXII
shows peak thermal-neutron fluxes for these reference IPNS moderators.

Figures are for IPNS-II, for which Qp = 5 x 1013 protons/pulse at 800 MeV.

TABLE XXII. Peak Thermal-neutron Fluxes for IPNS Moderators

ET ITh E* (E*) EIp(E) 1  eV Th

Moderator eV EI1E)T1 eV eV ps n/sr-ps n/cm2.s

A1  0.036 1.4 0.05 12 6.0 x 10--3  4.4 x 1015

A2  0.036 1.4 0.05 12 6.0 x 10-3 4.4 x 10 15

B 0.007 3.2 0.005 180 4.9 x 10-3 5.5 x 1014

C 0.033 3.5 0.05 19 10.3 x 10-3 1.2 x 1016

In Table XXII the peak thermal flux was calculated from Eq. 44
with EI(E) I1 eV from Table XXI and Ith/EI(E)|1ieV from Table XIX and T(E*)
from the appropriate figures. The energy E* is the energy at which the

moderator FWHM is evaluated. Thus the design will provide the IPNS-II goal
of 1016 n/cm2 -s. In general, the results indicate that it may be desirable to

attain this goal by use of higher proton energy, relaxing the requirement on
accelerated charge. The peak flux spectrum for moderator C at IPNS-II is
shown in Fig. 41, computed from Eq. 44. The pulse width is shown in Fig. 42.

13. Verification at ZING-P'

The beam currents for the ZING-P' moderator have been calcu-
lated by the VIM Monte Carlo code, with the following result for beam V-1:

EIpI1 eV= 2.83 x 10-3 n/sr-ps,

assuming 8 n/p for the W target. Recent gold-foil activation measurements
gave the result

EIp(E) = 2.62 0.3 x 10-3 n/sr-ps

in close agreement, substantiating the method of calculation for these
conditions.
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V. RADIATION EFFECTS FACILITY

A. Introduction

The IPNS radiation effects facilities are planned as a dedicated national
center for fundamental studies of neutron-radiation-damage phenomena in

solid materials. The design of experimental facilities and instrumentation
will take advantage of the unique features of the neutron source. These in-

clude a relatively low Y flux (low Y heating, see Fig. 43) and easy access to
large experimental volumes permitting a high degree of sample temperature

and environmental control. The radiation-effects facilities at IPNS will have

neutron-energy spectra that are variable both by position of the sample with

respect to the target (neutron source), and by choice of the target and reflector

material. This will be especially useful in investigating neutron spectral ef-

fects, including those of very high-energy neutrons (25-800 keV) upon material

structures and properties. New and unique experiments using the pulsed
nature of the irradiation are foreseen, especially neutron sputtering and studies
of defect motion at various temperatures.
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Finally, the IPNS-II facility will have available a relatively high fast-
neutron flux, readily permitting fundamental studies at high fluences
(1020 n/cm2 ).
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1. IPNS-I Radiation Effects Facility

For IPNS-I, a radiation effects facility will be installed in the

existing Building 375. A proton beam for the neutron-generating target will

be received in Building 375 from the existing IPNS-I accelerator system as

discussed in Sec. III.A. A switching magnet will divert this proton beam to

either the radiation-effects facility or the neutron-scattering facility. A con-

ceptual representation of the IPNS-I experimental-area layout is shown in

the previous chapter in Figs. 9 and 10.

The proton beam will impinge horizontally on a depleted-uranium

target surrounded by a tantalum reflector. Three vertical and one horizontal

thimbles will be provided for the insertion of specimens. Two cryogenic

systems will serve two of the four thimbles to permit low-temperature irra-
diations. The general shielding for the radiation-effects facility will be of
similar construction to that for the IPNS-I neutron-scattering facility. The

shielding will be of stacked steel, concrete blocks, and some poured concrete.

Experimental facilities will be reached through thimble penetrations in the

shielding. The IPNS-I activities will yield operational experience on target

and heat-transport-system performance that will be applied in the optimiza-

tion of the target design for the IPNS-II system.

2. IPNS-II Radiation Effects Facility

The IPNS-II radiation effects facility will be contained in a new
building contiguous with existing Building 369. The proton beam for this
facility will originate from the High Intensity Synchrotron as discussed in
Sec. III.B. The beam will be switched, within Building 369, to either the
neutron-scattering facility or the radiation-effects facility by use of a switch-

ing magnet shown schematically in the previous chapter in Fig. 10. The
current conceptual design for the IPNS-II radiation-effects facility uses a
horizontal proton beam and target assembly. This concept will require a
building and target configuration as shown in Fig. F.4 (in Appendix F).

B. Design of Proton Targets for Spallation Neutron Production

Considerable effort has been devoted to design of the targets and heat-
rejection transport systems. The goals of this effort were to maximize
neutron production and target lifetime. Tantalum, depleted uranium, and
uranium alloys were investigated as target materials. Lifetime-limiting
factors such as irradiation-produced swelling, static and cyclic thermal
stresses, and cladding effects were analyzed. Conclusions based on the
investigations to date are summarized below.

1. IPNS-I Target

The target for the radiation-effects facility will be of the same
design as that for the neutron-scattering facility. The target material will
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be depleted uranium containing 470 wt ppm carbon, 250 wt ppm iron, and
250 wt ppm silicon. The target will be composed of eight disks (10 cm in di-
ameter and 2.5 cm thick), each clad with Zircaloy-2. The disk arrangement
will permit water cooling such that the center temperature of any disk does

not exceed 275C. The target lifetime is expected to be at least one year.
A solid tantalum target will also be built as an alternative or temporary
replacement target.

2. IPNS-II Target

The radiation-effects target for IPNS-II will probably be con-
structed of a uranium-molybdenum alloy (10 wt % molybdenum) in a disk
arrangement or of solid tantalum or tungsten. The choice will depend on
further investigations of expected heating levels and target lifetimes. The
lifetime of the uranium-molybdenum target is estimated at between 3 and
6 months Primary coolant for either target will probably be NaK.

C. Irradiation Facilities

1. IPNS-I Facilities

The irradiation facilities will be designed for maximum flexibility
to accommodate a wide variety of experiments. Calculations are being per-
formed on neutron production and transport to accomplish this goal. In
Sec. D below, some recent calculations are considered for a uranium-238
target and tantalum reflector design for IPNS-I.

A tantalum reflector region of overall dimensions of 60-cm diam-
eter and 40-cm length (coaxial with target) will surround this target assembly.
The reflector will be constructed of approximately 5-cm-square (or hexagonal)
tantalum rods, which will be removable in an arrangement to accommodate
experimental apparatus. In the horizontal target configuration with vertical
experimental access, the fraction of the contribution of the high-energy neu-
trons (25-500 MeV) to the total neutron flux can be varied by changing the
location of the irradiation thimble. It will also be possible to change a
quadrant of the reflector to an intermediate or low-Z material for partial
moderation and thus provide an irradiation position with a somewhat softer
neutron-energy spectrum.

Two low-temperature irradiation cryostats are being designed
to be used in this fast-neutron facility. Both cryostat designs will be similar
to those in use in the CP-5 reactor at Argonne National Laboratory. A 500-W
liquid-helium system (closed loop), similar to the one now in use at CP-5,
will be constructed to cool either or both cryostats to 5 K. Experimental rigs
in these cryostats are expected to be capable of irradiation at controlled
temperatures between 5 and 150 K with primary cooling and between 100 and
350 K with secondary cooling. These cryostats are being designed to be
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capable of sample removal and transfer to external measurement apparatus

without warming the sample above 5 K. Typical dimensions in the irradiation

cryostats in the high-flux positions will be roughly 2.5-4-cm diameter by
10-12-cm length.

A high-temperature irradiation position will be provided in the

fast-neutron facility. The same variation in neutron-energy spectrum as in

the low-temperature position will be possible. Sample irradiation tempera-

ture will be controllable between 30 and 1300C. The design will permit

in situ studies of mechanical properties such as stress-strain characteristics,

fatigue, and creep. For very short-term irradiations, a pneumatic rabbit-

tube facility is being considered.

Accurate dosimetry will be given strong emphasis. Calibration

will be accomplished by multifoil activation and decay-Y counting procedures.

Computer fitting of this data using a calculated input spectrum (similar to

those reported in Chapter VI) will yield the neutron differential spectrum for
all relevant irradiation positions and reflector configurations. Integral neutron

fluxes will then be determined to an expected accuracy of better than 10%.

2. IPNS-II Facilities

The irradiation facilities in IPNS-II are expected to be similar
to those in IPNS-I. Target and reflector dimensions will be approximately
the same, and thus the number and locations of irradiation thimbles may be
unchanged. Irradiation environments (cryogenic and high temperature) will
probably be the same as for IPNS-I.

The main advantage of IPNS-II will be an increase of neutron
flux by a factor of 30 over that of IPNS-I. A separate building for the IPNS-II
radiation-effects facility will add to the convenience of experiments for per-
forming irradiations.

D. Neutron Flux and Energy Spectra

Neutrons are primarily produced in the target with the mass of sur-
rounding tantalum enhancing the neutron flux in a sample position by acting
as a reflector. The neutron spectra are minimally moderated by collisions
with the heavy tantalum nuclei in the reflector. The small amount of coolant
does not significantly alter the neutron spectra. The reduction in neutron flux
due to a target disk arrangement, rather than a solid rod, has been calculated
to be about 10%.

In order to calculate the neutron flux, the irradiation source (target)
and reflector have been modeled on the computer as a cylindrical target
(with the proton beam coincident with the cylinder axis) surrounded by a
solid tantalum reflector. This is shown schematically in Fig. 44 and includes
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Fig. 44. Schematic Diagram of Radiation-effects-facility Target-
reflector Assembly, with Irradiation Thimble (A) Uranium has been

chosen as the material for the
target of IPNS-I, in part because the high Z and high density result in a large
spallation-neutron yield and additional neutrons are produced by fission.
Uranium will produce a higher flux than tantalum, but this will not be a prob-
lem for the neutron-flux level in IPNS-I.

The integrated fast-neutron flux (E > 0. 1 MeV) in position A for
a 2 3 8 U (disk arrangement) target, water coolant, and tantalum reflector is
calculated to be 2.3 x 1012 n/cm2 .s for a proton beam of 2.5 x 1012 protons
per pulse at 30 Hz and 500 MeV.

2. IPNS-II Performance

To date, the neutron-flux characteristics for only the solid tanta-
lum target and tantalum reflector have been calculated. A decision to consider
the uranium-molybdenum alloy target (disk arrangement) will depend on a
determination of the heating load to be tolerated.
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REFLECTOR

an example of one of several
possible locations (A) for an
irradiation thimble, though no
holes have been included in
the model calculations to date.
Neutron streaming through
experimental access thimbles
in the reflector is expected to
reduce the neutron flux in a

sample position by an as yet
unknown amount. The neutron
fluxes and energy spectra were

PROTON calculated using the HETC code1

BEAM along with the VIM code. 2

Special calculations
were also performed on bare
uranium and lead targets (no
reflector) in order to compare
to calculations at Los Alamos
and experiments by Fraser.3

Good agreement ( 10%) was
achieved resulting in reason-
able confidence in the accuracy
of these calculations.

1. IPNS-I Performance
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The integrated fast-neutron flux (E > 0. 1 MeV) in position A for

a solid tantalum target and tantalum reflector is calculated to be 9.7 x

1013 n/cm 2 .s for a proton beam of 5 x 1013 protons per pulse at 60 Hz and

800 MeV. Figure 45 shows the calculated neutron-energy spectra for energies

between 0.01 and 10 MeV for locations A and B in the reflector (see Fig. 44).

The shape of this portion of the energy spectrum is nearly independent of

location in the reflector. However, the neutron flux above 20 MeV is a larger

fraction of the total flux at the back of the target. Position A represents the

location of maximum integrated flux (6-7 cm behind the front face of the

target). The total integrated neutron flux is strongly position-dependent, both

along the axis of the target and radially from the target. Figure 46 shows the

integrated flux distribution at position A, but in the vertical direction (per-

pendicular to the target axis). This has been determined to be one of the better

locations and orientations for the irradiation of samples of reasonable length.
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E. Summary

The radiation effects facilities for both IPNS-I and -II are being de-
signed to provide a unique and flexible resource for fundamental investigations

of radiation-damage phenomena due to neutron bombardment. Preliminary

designs have been made to permit a wide variety of experiments in highly
controlled environments of interest to both basic and applied researchers.

To facilitate and optimize these designs, calculations on target and
reflector configurations have been and will continue to be performed. Based
on results to date, several features have been reasonably well established for
the radiation-effects facility. These features include a horizontal proton beam
and uranium target (spallation neutron source) for IPNS-I and tantalum or
uranium-molybdenum target for IPNS-II, a tantalum reflector region, and
five vertical and one horizontal access thimbles for experiments. With these
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materials in this geometry, some neutron fluxes, energy spectra, and flux

gradients have been calculated. A typical sample location will have a neutron

flux of about 2 x 1012 n/cm2 .s in IPNS-I and 1 x 1014 n/cm2 .-s in IPNS-II. The
neutron-energy spectrum will be fissionlike, but with a high energy tail, of

which the fractional contribution will vary with position with respect to the

target.

The experimental facilities will include low-temperature irradiation

cryostats and high -temperature irradiation furnaces. Experimental atmo-

spheres, temperatures, fluences (even neutron-energy spectra to some extent)

and the experimental measurements themselves (see Sec. VI.B) will be auto-
mated and accurately controlled. As many as three or four simultaneous

experiments should be possible. Experience gained by the operation of

IPNS-I will be employed to enhance the power and utility in the design of the
IPNS-II radiation-effects facility.
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VI. INSTRUMENTATION

A. Neutron- scattering Instrumentation

1. Introduction

Neutron- scattering measurements can generally be categorized

as involving either diffraction or inelastic scattering (see Sec. II.B). In dif-

fraction, we are interested only in the momentum Q transferred to the sample

by the neutron. This is determined by the scattering angle 2e and the neutron

wavelength X as

Q = (4rr/X)sin 8. (51)

so A and 2e must be determined by the instrument. Such an instrument is

called a diffractometer. In inelastic scattering, we are interested in both

the momentum Q and the energy E transferred to the sample by the neutron.

These are determined by the scattering angle 2e and the wavelengths Ai and

As of the incident and scattered neutrons as

E = h2- - - - -(52)
2m A

and

(1 1 21/2

2=A + - cos 2e (53)

where h is Planck's constant and m is the neutron mass. In this case, the

instrument, called a spectrometer, must determine Ai, As, and 2.

Two techniques are commonly used to select or measure the

neutron wavelength A. In the first technique (crystal), the neutron is diffracted

with Bragg angle CPB from a set of crystal planes of spacing d. In this case,
the wavelength is given by the Bragg condition

A = Zd sin PB- (54)

In the second technique (time of flight), the time t required for the neutron to
travel a given distance L is measured to determine the neutron velocity

v = L/t = h/mX. (55)

Figure 47 shows schematically how a diffractometer using either
crystal or time-of-flight (TOF) analysis would look at a steady-state reactor,
and how the same job would be done at a pulsed neutron source. These methods
are compared in Sec. I.C. Only the TOF technique makes efficient use of the
neutrons from the pulsed source for a diffractometer.
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Fig. 47. Comparison of Diffractometer and Spectrometer Configurations at Steady and Pulsed Neutron Sources,
Showing Various Combinations of Crystal and TOF Analysis. ANL Neg. No. 144-78-1.

For inelastic scattering, two wavelength determinations must be

made. Various combinations of TOF and crystal analysis are possible, as

indicated schematically in Fig. 47d-g. Each of these configurations is currently

being used in one or more successful instruments at steady-state sources.
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At a pulsed source, since neutrons are prepared in a pulse, TOF must be used

for at least one of the two wavelength analyses if the neutrons are to be used

efficiently. The resulting pulsed-source inelastic-instrument configurations

are sketched in Fig. 47h-j.

Final decisions have not yet been made about a set of instruments

for neutron scattering at IPNS. In fact, instrument selection will depend in

part on user demand and in part on the results of instrument-development
efforts, which are an integral part of the ANL pulsed-source program.

Several neutron-scattering instrument designs have been considered and
evaluated in some detail as a necessary first step in the IPNS instrument-
selection process. The instrument designs considered so far in detail are

summarized in Table XXIII, which also includes comments about the status

TABLE XXIII. Summary of Instruments Considered in Detail, Including
Prototype Development Status Where Applicable

Instrument Examples of Scientific Area Comments

High Intensity Very small samples, surface structures, A Q/Q ti 0.01 - 0.97
Diffractometer absorbed and intercalated species. 0.2 < Q < 50 _
(Design HID1) Transuranic compounds. High spatial An instrument very

resolution studies of glasses and similar to HlDl is
molecular liquids. operating

at ZING-P'.

High Resolution Medium-size crystal structure AQ/Q " 0.001
Diffractometer analysis with powders. Line 1.3 < Q < 12.62-
(Design HRDl) broadening by anisotropic A similar instru-

particle sizes, strains. ment with AQ/Q
0.003 is operating
at ZING-P'.

Single Crystal Protein structures (position of Unit calls up to
Diffractometer H, H/D substitution, resonant ti 100 n.
(Design SCDl) nuclei). Weak satellite A smaller scale

reflections in 1-D conductors prototype with a
at low temp. two-dimensional

position-sensitive
multidetector is
scheduled for oper-
ation at ZING-P'
beginning in 1979.

Small Angle Studies of macromolecules in 0.0001 < Q < 0.2 R-1
Diffractometer solution. Structures of polymers. AQ = 0.0001 - 0.001 2-
(Design SAD1) Studies of precipitation, void A smaller scale

formation and other metallurgical prototype with a
problems. two-dimensional

position-sensitive
multidetector is
scheduled for oper-
ation at ZING-P'
beginning in 1979.

Medium Energy
Chopper
Spectrometer
(Design CS1)

Higher harmonic modes in hydrides.
Paramagnetic scattering from
mixed-valence systems. Stoner
excitations in ferromagnets.
Spectroscopy of optically
forbidden electronic transitions.
Measurements of ground state
momentum distributions.

150 meV < E < 1000 meV
AE/E ' 0.01 - 0.10
A prototype version
is ready for operation
at ZING-P'.
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TABLE XXIII (Contd.)

Instrument Examples of Scientific Area Comments

Low Energy S(Q,w) in amorphous solids, E < 150 meV
Chopper hydrides, dense gases, liquids. AE " 1 meV
Spectrometer Dispersion of high-lying lattice Involves fairly
(Design CS2) modes. Metallurgical studies of minor modifications

elastic diffuse scattering. of an instrument
(clustering, short range order, now in use at the
interstitials, precipitates.) CP-5 reactor at ANL

Ultra High Diffusion in superionic conductors E < 20 m IV 4
Resolution and other materials. Low-energy AE = 10 - 10 eV
Chopper motions in plastic and liquid
Spectrometer crystals, polymers, biomolecules.
(Design CS3) Tunnelling.

Constant-Q Excitations in single crystals. E < 500 meV
Spectrometer Some items listed for CS1 and DE/E "0.03 - 0.10
(Design CAS1) CS2. Constant vector

Q scans. Could be
adapted for polariza-
tion analysis.

General Purpose Most items listed for CS1 and E < 500 meV
Crystal Analyzer CS2. AE ti 0.2 - 50 meV
Spectrometer Could be adapted
(Design CAS2) for polarization

analysis.

Polarized Dynamics of spin glasses, A prototype
Neutron amorphous magnets. Separation diffractometer with
Instrumentation of S(Q,w)/Sinc(Q,w) in liquids, polarization analysis

etc. of the scattered
neutrons with a
crystal monochromator-
polarizer is being
designed for
operation at ZING-P'.

Ultra Cold Basic measurements of the electric 106 n/L-pulse
Neutron dipole moment, charge, and A prototype is being
Generator lifetime of the neutron. Studies built for operation

of surface effects in "bottle". at ZING-P'.

of development. In the following pages, the calculated performances of these

instruments are discussed briefly. The basic principles and formulas involved

in these designs and calculations are included for reference in Appendix B.
Many of the instruments discussed here may not represent the final versions
of instruments to be constructed at IPNS, but these discussions should present

a reasonable picture of the expected range and quality of instrument performance.

Design intensities given here are referenced to IPNS-II perfor-

mance; intensities at IPNS-I can be obtained by appropriate scaling.
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2. Diffractometer Designs

a. Design HID 1: High-intensity Diffractometer. This instru-
ment is designed to cover a wide range of Q with modest resolution (1-7%)
and high data-collection rates. A general-purpose instrument, it should be
particularly useful for structural studies of liquids, amorphous solids, and
small polycrystalline samples under various sample environments. The
basic design and dimensions are shown in Fig. 48. The flight paths are short
enough so frame overlap presents no problem. Detector solid angles suffi-
ciently large for high data-collection rates can be achieved by the use of
geometrical time focusing; therefore the added complexity of a larger
"electronically time focused" detector array is not necessary.

3He RING
DETECTOR

SAMPLE-

-SCINTILLAT ION
DETECTOR
BANKS

INCIDENT
BEAM

Fig. 48. Pictorial (left) and Schematic (right) Representations of High-intensity Diffrac-
tometer. Detector banks at 20 = 30, 60, and 150" each have time-focused de-

tectors placed around Debye-Scherer cones at L2 = 0.8 m. These detectors are
each 15.2-cm-dia, 2-mm-thick NE905 scintillation detectors, which can be
tilted from the time-focusing orientation to increase the detector solid angle at
the expense of resolution if desired for a particular experiment. In addition,
there is a single annular detector at 20 = 10 , L2 = 1.0 m, which is 3 He-filled
to 20 atm with a cross-sectional diameter of 0.64 cm. The incident flight
path is L1 = 8 m.

28s1509

FOCUSSED
PLANAR

DETECTORS
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An adjustment to defocus the detector arrays to get a larger

detector solid angle is provided to allow the data-collection rate to be in-

creased at the expense of resolution. Figure 49 shows data-collection rates

for each detector bank. These rates were calculated with an instrument con-

figuration in which the detector banks at 20 = 30 and 600 were slightly de-

focused to increase intensity. There is appreciable intensity over an extensive

range of momentum transfers Q 0.2-50 A~1. For 1 mm3 of a typical powder

sample (Ns dcs/dQ 10-5 cm2 /sr), 1% counting statistics could be obtained in

about 24 h.

I I I 1 1 1 11 I 11 1 I I I 11111

20

U0

0 40

0.1 0O 100

0 M 0 ( to~

Fig. 49. Calculated Data-collection Rate I for Each Detector Bank of High-intensity Diffractometer. Calcula-
tions assume Ns(do/d A) = 10-5 cm2 /sr, which is typical of a 1-mm 3 sample. Detector banks at
20 = 30 and 600 have been slightly defocused to improve intensity in these calculations. With this
defocusing taken into consideration, the resolutions of the banks at 10, 30, 60, and 1500 are 7.3, 3.0,
2.7, and 1.OL%, respectively. ANL Neg. No. 125-77-372.

b. Design HRDI: High-resolution Diffractometer. This instru-
ment has been designed to provide the high resolution (0. 1%) necessary for
many powder-diffraction experiments. The design and dimensions are shown
in Fig. 50. The use of a large scattering angle (26 = 1740) allows the desired
resolution to be obtained with reasonably large-solid-angle geometrically
time-focused banks of detectors. This instrument covers a Q range of
12.6-1.3 A- (plane spacings of 0.5-5.0 A). The smallest Q value (largest
plane spacing) requires the use of 10 A incident neutron wavelength. Since a
long flight path is required for resolution, a pair of phased rotors will be
used to eliminate seven out of eight pulses (reducing the effective source
frequency to 7.5 Hz) in order to prevent frame overlap. With this long flight
path, it becomes advantageous to use a guide tube, and with the guide tube, the
total time-averaged flux on the sample leading to Q values within the range
specified above is 1.1 x 106 n cm-z s1.
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SIm

GUIDE TUBE

52m

Fig. 50. Schematic Diagram of High-resolution Diffractometer. Phased rotors are used to eliminate

frame overlap. Detectors are time-focused 3He detectors in a backscattering configuration.

The neutron guide tube provides a significant increase of flux on the sample (see Fig. B.5).

ANL Neg. No. 125-77-381.

The detector solid angle is 0.013 sr. Therefore, for a typical

sample 1 x 1 x 0.5 cm with an atomic weight of 50, a density of 3 g/cm3 , and

a cross section of I barn/sr, 1% counting statistics could be obtained in about

24 h. Higher data rates could probably be achieved with comparable resolu-

tion by including "electronically time-focused" detectors at smaller scattering

angles.

c. Design SCD1: Single-crystal Diffractometer. Single-crystal

crystallographic studies are not done with TOF techniques at steady-state

reactors. Therefore, instrument concepts that could be directly taken over

for use at a pulsed source, such as were available for the powder diffrac-

tometers HIDI and HRD1, had not been previously developed. Before the large

increase of flux to be provided by IPNS can be effectively used in this field, a

unique instrument and data-handling capabilities must be developed, tested,

and refined. As part of such a development program, a prototype TOF single-

crystal diffractometer being built for operation at ZING-P' will be operational

in 1979.

There is no direct steady-state reactor counterpart for this

instrument. It is therefore instructive to look in detail at the points of simi-

larity and dissimilarity between such an instrument and a conventional four-

circle diffractometer used for this purpose at a steady-state reactor. Fig-

ure 51a is a reciprocal space representation of a steady-state diffractometer

with monochromatic incident beam. In this case, a crystal monochromator

selects from the source spectrum a small range of wavelengths AX centered

at X. The shaded area indicates those reflections that will satisfy the Bragg

conditions for a given sample crystal orientation for this range of wavelengths.

Of these, only a small subset (usually 0 or 1) is viewed by one detector at any

one time (hatched area), although a position-sensitive multidetector can sig-

nificantly reduce the total number measured simultaneously. To view other
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reflections, we must move the detector, rotate the crystal, change the neutron

wavelength, or perform a combination of these. (In fact, the detector and

crystal are usually rotated to "scan" through each reflection as well.)

. .. SAMPLE

-. .INCIDENT

(a)

. . .. . . .SAMPLE

"1 . \2 0

29. . . .2
(b.)BEAM

-w)~ ! \- ICIDENT

(b)

Fig. 51. Reciprocal Space Representation of Single-crystal Diffraction. (a) Steady-state instru-
ment. The region of reciprocal space in which Bragg reflections can be excited by a

monochromatic beam of wavelength A with spread AX is shown shaded. The portion
of this region sampled by a single detector element is cross-hatched. (b) TOF instru-

ment. The region of reciprocal space in which Bragg reflections can be excited with

wavelengths between Ai and A2 is shown shaded. The portion of this region sampled
by a single detector element is cross-hatched. ANL Neg. No. 144-78-2.

This operation can be contrasted with an operation based on

the use of "white" incident radiation with wavelength determination made by

TOF analysis, as illustrated in Fig. 51b. In this case, all wavelengths be-

tween some minimum XA and some maximum XA are allowed to fall on the

sample, so all reflections in the entire shaded region of Fig. 51b can satisfy

the Bragg condition. As before, a subset (hatched area) of these is viewed by

one detector, but now this subset may include several reflections. Again a

large increase in the total number of reflections measured is possible by use

of a position- sensitive multidetector.

Also, as before, studying other reflections requires moving

the detector, rotating the crystal, or both; but since the hatched region in

Fig. 51b is much larger than that in Fig. 51a, only a few such motions are

necessary to investigate the entire accessible region of reciprocal space.

(This region is limited by the range of wavelengths available and will be
roughly the same for both types of diffractometer.) The crystal and detector

do not need to be moved to "scan" through each reflection, since the wavelength

is automatically "scanned" through each reflection during each pulse.

On the basis of the above discussion, the similarities and
dissimilarities between single-crystal diffraction instruments for steady-state
sources and those for pulsed TOF operation become fairly clear.
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(1) Crystal Rotation. Both instruments require a mechanism

to reorient the sample to investigate different regions of reciprocal space.

At steady-state instruments, this is usually done with an elaborate driven

goniometer, which allows nearly all possible crystal orientations to be re-

motely selected. Because of the larger reciprocal space volume spanned at

one orientation in the TOF instrument, a much more limited orienting device

will be adequate there. For both types of instruments, an increase in the solid

angle covered by detectors produces a corresponding decrease in the number

of crystal reorientations required.

(2) Detector Motion. Figure 51 shows that, for a given de-

tector solid angle, the most information is obtained when the detector is set

for backscattering (large 20). However, this detector orientation may not

always provide the most useful information (e.g., reflections at small mo-

mentum transfer). It will be therefore necessary to have another detector at
smaller scattering angles, or else to provide for moving the detector. A small

number of discrete detector positions should be adequate to cover all inter-
esting momentum transfers for the TOF instrument. For the steady-state
instrument, however, the detector position must be continuously adjustable,
unless the incident wavelength is to be varied. Since fewer crystal and de-

tector motions, including "scanning" through Bragg reflections, are required,

a significant saving in data-collection time will result for the TOF instrument.

(3) Detectors. Since the required spatial resolution at the

detector is similar for both instruments, the detectors themselves may also

look similar. In the TOF case, time resolution places a minor restriction on

the detector thickness. Data rates can be greatly enhanced for both types of

instruments (especially the TOF instrument) by the use of large-area position-

sensitive detectors. Present designs for such detectors all involve a planar

configuration. In this case, parallax considerations place a severe limitation
on the maximum permissible detector thickness for both types of instruments.

(4) Size. Single-crystal diffractometers at steady-state

sources are usually placed as close to the source as possible (4-5 m) in order

to maximize the flux on the sample. Since time-resolution requirements are
not severe, the TOF instrument will also be as close to the pulsed source as
possible (about 7 m for IPNS). In both cases, detectors are placed as close

to the sample as possible consistent with angular resolution requirements,

sample orienting goniometer, and special sample environments (e.g., cryostat).
This is about 0.5-1 m in both cases.

(5) Data Collection. This is the area in which the differences
between the two types of instruments become most pronounced. In any small

time interval (a few microseconds), only those neutrons within a small range

of wavelengths AA centered at X(t) arrive at the detector in the TOF instrument.

Hence, for this time interval, the instrument collects data as though it were

a steady-state instrument working at wavelength X (see Fig. 51a). The only
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exception would be that the time t must be identified electronically in order

to determine X in the TOF case. If a position-sensitive area detector with

N elements is used, the detected events must be sorted into N bins in both

cases. Since the steady-state instrument uses the same small wavelength

range for all data collected for a given instrument setting, all these data

must be sorted into the same N bins. However, in the TOF case in the next

time interval (again a few microseconds long), neutrons with somewhat longer
wavelengths will be detected. These neutrons must be sorted into a different

set of N bins, since both positional and arrival time information are important.

If time information is used only to separate the reflections

of different orders arriving at a given detector position, then the arrival times

must be sorted into as many intervals as the number of orders m to be in-
vestigated. Thus, in general, the total number of data bins into which the

events must be sorted is mN for the TOF instrument and N for the steady-

state instrument. For protein crystallography, m might be -100; for current

detectors, N might be ~10,000. Techniques for collecting and sorting events

into matrices of this size are known, but some development in this area will

be necessary for this instrument. The prototype instrument of this type being

constructed to operate at the ZING-P' pulsed source will be of great value

for this purpose.

(6) Count Rate. The maximum instantaneous count rate to

be expected with a TOF instrument based on IPNS is roughly a factor of

10 greater than that which would be obtained with the same sample at the best

steady-state instrument currently available. The maximum instantaneous

count rate that can be handled by state-of-the-art area detectors before ad-

dressing errors become significant is about 50,000 counts/s over the entire

detector. Thus, it may be necessary to place a filter in the beam or to reduce

the sample size in order to study a few of the most intense reflections. For

the bulk of the reflections, this increased data rate will not cause any data-

collection problems, but will instead provide a welcome reduction in the total
data-collection time required.

d. -Design SADI: Small-angle Diffractometer. The study of

large-scale microscopic structures with typical dimensions of about 10-
10,000 A is important, especially in biology, polymer science, and metallurgy.

Since a diffraction pattern is related to the Fourier transform of the real-

space structure responsible for, it, the interesting portions of the diffraction
patterns will lie at very small momentum transfers. According to Eq. 51,

this requires a small scattering angle 20, a long wavelength X, or both.

Figure 52 is a schematic design for a small-angle TOF dif-
fractometer, and Table XXIV presents a set of optimized design parameters. 1

A pair of phased choppers located close to the source tailor the wavelength

spread to suit the needs of particular experiments and to eliminate some
source pulses to prevent frame overlap. A converging collimator between the
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moderator and the sample permits effective use of the entire source area

and large sample sizes (when available) while maintaining the high degree of

incident collimation required to achieve the desired Q resolution. This in-

strument is designed to use neutron wavelengths up to 12 A, and gravitational

effects (see Eq. B.51) would interfere with the horizontal passage of such

long-wavelength neutrons through such an incident beam collimator. For this

reason, it may be necessary to use a vertical flight path if an instrument of

this design is to be efficiently utilized. (Other designs that might be appropri-

ate for use with horizontal flight paths are also being considered.)

PULSED SOURCE

ncy xnCZ APEAE
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LM

'4 -L

MULTI -DETECTOR
(neyxnoz ELEMENTS)

MONITOR DETECTOR

RTURES Wo
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OVERLAP & WAVELENGTH
BANDLIMITING CHOPPER(S)
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Fig. >. Schematic Representation of Small-angle Diffractometer. Values for
the parameters are given in Table XXIV. ANL Neg. No. 144-77-26.

TABLE XXIV. Design Parameters of IPNS Small-angle Diffractometer

Pararieters db Hiyh Resolution Medium Resolution Low Resolution

L (m) 10 8 -6
L2 (mi) 30 8 5
YM = ZM (ci:i) 0.167 0.5 0.55
WM = IM (cia) 10 10 10
YS = ZS (cm) 0.125 0.25 0.273
WS = HS (cm) 1.5 5
YD = Z (cmi) 0.5 0.5 0.5
WD = % (cm) 2 100 100 100
Max. S mple Area A. (cm ) 56 4 25 4 25 _3
AQ(g- 1 ''2x10 x 10 1.4 x 10
Qiiin ( ) 10-4 6 x 10-4 8 x 10-4
Qmax( ) 0.05 0.3 0.2

'ax ) 12 10 15
in ) 2.4 2 3

Chopper freq., fc (Hz) 10 3 30 5 30 5
Flux on Samp e 6 x 10 2.6 x 10 5 x 10
(neutrons/ii -sec) 3 -2.3 5 -3
DilA, F 0 AQ 2 x 10 0 2 x 10 5 x 10 0 1 x 10 -3

aRefer to Fig. 52 for parameter definitions.
bA CHg moderator at 20 K has been assumed. For

ITh/[EI(E)]l eV = 5.9.
this moderator ET = 2 meV [EI(E)]1 eV = 4.4 x 10-4, and

HM

ZD

I
L
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The resolution is dominated by the geometri.al contribution,
which for small angles is given by

AQ = 4 (2r ), (56)

where A(2e) is determined by the detector-element size, the sample-detector

distance L2 , and the dimensions of the collimator in the incident beam. Be-

cause the incident wavelength changes with time during each pulse, a given
value of Q will correspond to different detector elements at different times,

and according to Eq. 56, the resolution contributions from each of these times
will be different. (See the discussion by Mildnerz of data collection on pulsed

and steady-state small-angle neutron-scattering instruments.) If the maxi-

mum permissible uncertainty is AQmax(Q), then the total time-averaged count

rate for scattering into the interval Q tQ'(Q) is

I(Q,tAQ'(Q), AQmax(Q)) = U(AQi s AQmax(Q))
j i

Time Detector
elements elements

- U(IQ - Qijl Q'(Q))Ii 3 , (57)

where Iij is the measured count rate in the jth time channel for the ith detector

element and

U(x s y) = 1 for x1-,y
(58)

= 0 for y < x

Since

I .J= (E)) L 2Ej ZEdtmoD(E )o det - Nsd(Qij), (59)

instrument

we can write

I(Q, AQ'(Q), tQmax(Q)) = g(Q, AQmax(Q))2taQ'(Q) - Ns (Q), (60)

where g(Q, Qmax(Q)) depends only on the instrument and is determined when

the instrument is calibrated. The sample scattering function is then obtained

by dividing the measured quantity I(Q, 6Q'(Q), 1Qmax(Q)) by the instrument-
calibration function g(Q, tQmax(Q))2ZQ'(Q). Figure 53 shows typical values
for the instrument-calibration function g and for the correspondingly weighted

resolution AQ for two different instrument configurations. (The design allows
the detector to be moved to different values of L2 and for different incident col-
limators to be used to match the resolution to the needs of the experimenters.)
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Fig. 53. Instrument Calibration Function g(Q, Qmax) and Weighted Resolution for Two Configurations of the

Small-angle I)iffractometer. (a) High-resolution configuration. (b) Medium-resolution configura-
tion. Calculations include the contributions from all detector elements and from all wavelengths
within the ranges given in Table XXIV and therefore correspond to AQmax " 5 x 10-4 A1 and

aQmax 3 x 10-3 1- for the high- and medium-resolution configurations, respectively.
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The required detection and data-handling capability is similar

to that discussed above for the single-crystal diffractometer. The optimal

geometries of the position-sensitive area detectors differ somewhat for the

two instruments, but development of other aspects of the data-handling sys -

tems may be done jointly. A prototype TOF small-angle diffractometer will

be operated in conjunction with the single-crystal diffractometer prototype

at ZING-P'.

The best small-angle diffractometer currently in operation

is D 1LA at the ILL in Grenoble. Because of the large differences between the

TOF and steady-state techniques, DILA and the instrument described here

cannot be compared properly, except in terms of specific experiments. How-

ever, in general, we can say that the resolution and data-collection rates of

the two instruments appear to be roughly comparable. A much more extensive

Q range for a given detector position is possible for the TOF instrument than
for DlIA; to get the full Q range on DILA requires moving the detector to

several different positions.

e. Other Diffractometers

(1) General-purpose Powder Diffractometer. The High-

intensity Diffractometer (HID1) and High-resolution Diffractometer (HRD1)
represent opposite extremes in the trade-off between intensity and resolution

for powder diffractometers. Thus there will probably be an appreciable de-
mand for a powder diffractometer with performance intermediate between

these two. Such a diffractometer would have flight paths L1 y 20 m and

L2 y 1 m and would look schematically much like HRD1 (Fig. 50), except that

the frame overlap problem would be less severe so a simpler system of pulse-

limiting choppers (or possibly no chopper) could be used. Electronically

time-focused detectors at smaller scattering angles would probably be in-

cluded as well. Resolution would be ~0.3% and data rates would be inter-

mediate between those for HIDl and HRD1 for comparable sample sizes.
A prototype with very similar parameters is currently operating at ZING-P'.

(2) High-pressure Powder Diffractometer. Time-of-flight
diffraction is particularly useful when complicated sample environments such
as high-pressure cells are required, since complete diffraction data can be

obtained at one scattering angle 2e. This greatly simplifies the problem of

"windows" in the sample environment. Such a specialized-purpose diffrac-
tometer would probably also be required at IPNS. It would look much the

same in principle as HIDI or HRD1, but would have detectors concentrated at

scattering angles near 2e = 90 (which allows efficient collimation against
sample container scattering) and probably one or two other angles. This in-

strument would probably have a resolution of ~0.5% and would be used most
often with a high-pressure cell, although it should readily lend itself to other

complicated sample environments (e.g., high-temperature furnace) as well.
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(3) General-purpose Single-crystal Diffractometer. At

least two different single-crystal diffractometers might be needed, one opti-

mized for unit cells up to -100 A as in design SCDI, and one optimized for

smaller unit cells, say up to 25 A, which might be termed a general-purpose
single-crystal diffractometer. Both instruments would use the same principles

and would look schematically the same, but would be built with different sets

of parameters (e.g., L1 , L2, detector spatial resolution).

3. Spectrometer Designs

Designs of the chopper spectrometers CSI, CS2, and CS3 are for

instruments that span the range of inelastic studies, with energy transfers

ranging from ~1 eV to -1 peV. All three instruments provide scientific capa-

bilities that would be unique in this country. The crystal-analyzer spectrom-

eter designs CAS1 and CASZ are for instruments that use a different technique

for some of the same types of measurements. The crystal-analyzer instru-

ments seem inferior to the chopper instrument in both performance and

versatility, but do offer some unique advantages for use in a polarized neutron

spectrometer (see below) and are included here for comparison. All instru-

mental performance calculations presented here have been made on the basis

of the formulas given in Appendix B, which can easily be used for additional

performance calculations as desired. Count-rate calculations have been

based on the assumption Ns(d2 a/d~dE) = 1 cm/sr-eV in all cases, so that

count rates appropriate to any experimental situation can be obtained by

multiplying by the appropriate value for this quantity. An example of the

application of the graphical performance data to a typical experiment is
outlined in Sec. f below.

a. Design CSl: Medium-energy Chopper Spectrometer. The

medium -energy chopper spectrometer (shown schematically in Fig. 54) has

been optimized to cover the range of energy transfers 150 meV E < 500 meV

with Q < 8 A-', but can be used outside this range. Two different configura-

tions are provided to allow the instrumental resolution to be chosen according

to experimental needs. With an instrument of this type, E1 is fixed by the

relative phase of chopper and source. Data are naturally collected over a

wide range of Q and E for this single E1 . Varying the chopper-source

relative phase permits data at other values of E1 to be obtained. Figure 55

shows the accessible regions of Q and E, and Fig. 56 shows the calculated

performance at selected values of the incident energy E1 . Energy resolution

and count rate depend only on E1 and E and not on 2e, according to Eqs. B.9

and B.36. The curves shown in Fig. 56 will therefore be applicable at all

detector positions.

The figures indicate that obtaining large energy transfers

at small Q values requires very large incident energies with a corresponding

serious deterioration in energy resolution.
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Fig. 54. Schematic Diagram of Medium-energy Chopper Spectrometer. Beam scraper is a very coarse ve-

locity selector used to remove very fast and very slow neutrons from the beam. Two sets of chopper,
sample, and detector positions inside an evacuated flight path provide for medium (a) and high (b)

resolution. The curved-slit chopper has radius of curvature R = 2.59 m, slit spacing d = 2 mm,
chopper radius r = 12.7 cm, and maximum speed 30,000 rpm, and transmits a beam 10 x 10 cm.

Lia = 7.5 m, Lib = 23 m, L2a = L2b = 0.2 m, L3a = 3.0 m, and L3b = 9.0 m. Detectors are

2.54 cm in diameter x 50 cm long, filled to 10 atm with 3 He. Fifty-eight such detectors are used

to span the 20 range from 2 to 30 for the medium-resolution configuration; the high-resolution
configuration requires 174. Solid angle per detector is 0.0014 or 0.00016 sr for the medium- or

high-resolution configuration, respectively, and the corresponding total detector solid angles are

0.081 and 0.027 sr. ANL Neg. No. 144-78-3.
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Fig. 55. Range Q and E Available to Medium-energy Chopper Spectrometer for
Two Different Incident Energies. Several values of the scattering angle 26
are shown. ANL Neg. No. 125-77-383.
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Fig. 56. Calculated Performance of Medium-energy Chopper Spectrometer.

The upper figures refer to the medium resolution configuration and

the lower figures to the high-resolution configuration (a and b, re-

spectively, in Fig. 53). Count-rate calculations assume Ns(d2a/

dadE) = 1 cm2 /sr-eV and can be related to any real scattering pro-

cess by multiplying by the appropriate value for this quantity. Count

rates I are given per detector (0.0014 or 0.00016 sr for a or b) per

time channel of width corresponding to a 1-meV interval of the scat-

tered energy E 3 in each case. Chopper frequency has been varied to

maximize transmission. Calculations are valid for any detector lo-

cation. The Q range and scattering angles for which the data in the

figures are relevant can be ascertained by reference to Fig. 55.

b. Design CS2: Low-energy Chopper Spectrometer. A good

TOF spectrometer for the energy-transfer range E < 150 meV has been in

operation at the CP-5 reactor at ANL for several years. This spectrometer

(called TNTOFS) is described in Ref. 3. It is a hybrid spectrometer using
the configuration sketched in Fig. 47f. Current plans call for the transfer of

this spectrometer to a beam tube at IPNS. Minor modifications will be re-

quired to replace the crystal monochromator currently in use by TOF mono-

chromatization based on the source pulses at IPNS. It will also be necessary
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to include a "beam-scraper" rotor to remove very fast neutrons from the

incident beam. The final configuration will then look schematically like

Fig. 54, although only one set of distances for L1 and L3 will be provided

initially. The specifications of this instrument after conversion are given

in Table XXV, the accessible (Q, E) range for several incident energies is

indicated in Fig. 57, and representative calculations of count rates and energy

resolution for several incident energies are shown in Fig. 58.

TABLE XXV. Specifications for Design CS2 Low-energy Chopper Spectrometer

The configuration is schematically the same as shown in Fig. 54.

L, = 7.5 m
both evacuated

L? 2.5 m

Choppers--two Fermi choppers are available:

','ax = 20,000 rpm 15,000 rpm
r = 2.56 cm 2.68 cm

d = 0.0635 cm 0.0635 cm

R = 27 cm 37 cm

Chopper speed may be varied to optimize transmission or resolution.

Detectors-- 3He filled to 6 atm:

85 detectors, 2.54-cm diameter x 45.7 cm long

35 detectors, 2.54-cm diameter x 22.9 cm long

20 detectors, 2.54-cm diameter x 11.4 cm long

These detectors are currently available and allow a total solid angle of
-0.2 sr to be covered. The detectors can be distributed in any desired
manner over the angular range 2o = 2-135 . Some improvement in resolution
could be achieved by replacing these with 1.27-cm-dia detectors.

Moderator C assumed for all calculations.

C

I I I I i

El= 5 meV

- 20 =2* -

600

) 135*

0 2 4 6

E 1=25meV

25 28 = 2*

135.

600

0

-25

0 2 4 6

Q(A ')

100

C

-roc

1 1 I -
E200 meV

20*

30

0 2 4 6

Fig. 57. Range of Q and E Available with Low-energy Chopper Spectrometer for Three Differ-
ent Incident energies. Scattering angles are indicated. ANL Neg. No. 125-77-364.
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Fig. 58. Calculated Performance of Low-energy Chopper Spectrometer. The
upper figures show the performance for three different incident en-
ergies; the lower figure shows the performance near zero energy
transfer as a function of the incident energy E 1. Count-rate calcu-
lations assume Ns(d 2o/dP2dE) = 1 cm2 /sr.eV. Count rates I are
given per large detector (0.0018G sr) per time channel of width
corresponding to a 1-meV interval of the scattered energy E 3 .
Chopper frequency has been varied to maximize the transmission.
Calculated curves are valid at all detector positions.

c. CS3 Ultrahigh-resolution Chopper Spectrometer. This in-

strument has been designed to provide very high energy resolution for the
study of processes with energy transfer less than about 0.5 meV (for example,
quasi-elastic scattering associated with diffusion). The basic design is shown
in Fig. 59. The high resolution is achieved by using a chopper to reduce the

effective source pulse width to 10-50 s, a second chopper with very short
pulses (TCz = 1-3 ws), long flight paths (L1 = 50 m, L3 = 5 m), small sample
and detector thicknesses, and low incident-neutron energies (E1 = 0.5-10 meV).
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GUIDE TUBE

CHOPPER I

MODERATOR

Fig. 59

Schematic Representation of Ultrahigh--resolution
Chopper Spectrometer. Chopper 1 is a phased com-
bination of a rapidly turning chopper to produce
bursts 10-50 ps long and a slowly turning chopper,
which transmits only one of these bursts per source
pulse. Chopper 2 turns at speeds up to 30,000 rpm
and produces bursts 1-3 ps long. The guide tube is
nickel-plated glass 5 x 10 cm in cross section. De-
tectors are 10-cm-dia, 1-mm-thick scintillation
counters covering a total solid angle of 0.2 sr and
can be placed at 20 - 1-135 . The moderator is
solid CH4 at 20 K, with parameters assumed for the
calculations as ET = 2 meV, Ith[EI(E)]l eV = 5.9
[EI(E)]1 eV = 4.4 x 10-4, and pulse width At =
160,i1 E (E in meV).

To keep the data rate as large as possible under such condi-

tions, a cold moderator is used to increase the flux of low-energy neutrons,
the incident flight path is inside a guide tube, and a large array of detectors
is used to cover a big solid angle. The first chopper is placed close to the
source and, in addition to shortening the effective source pulse length, pre-
vents frame overlap for E1 > 0.5 meV.

To use smaller values of E1 , an additional chopper must be
placed between the two shown in Fig. 59 to eliminate frame overlap. A slight
curvature of the guide tube also helps to eliminate high-energy neutrons before
they reach the sample. The instrument is versatile in that E1 , TC1, and TC2
can be varied to achieve the maximum intensity consistent with the resolution
and energy-transfer requirements for each experiment. (It may be necessary
to remove the last 5 m of guide tube before the sample in order to improve the
incident collimation so as to decrease the contribution of OC1 /W to the pulse
width of chopper 2 if the highest resolution is desired.) The grouping of de-
tectors can be varied to change the Q resolution and the number of different
Q values into which the data are sorted. Some examples of expected per-
formance are shown in Fig. 60.
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Fig. 60. Calculated Performance of Ultrahigh-resolution Chopper

Spectrometer. Calculated curves are based on TC1 = 50 s,

TC2 = 3 s. Total counts per second pc-r peV in the entire

detector array (0.2 sr) are 2 x 10-7 times the flux F on

the sample for any energy transfer E (for Ns(d2o/df dE) =

1 cm2/sr-eV). Values of DE, Qmin, and Qmax are accu-

rate as shown for E ; 0.2 E1. Resolution can be improved

(with loss of count rate) by decreasing rC1 and TC2

The instruments most directly comparable with this spectrom-

eter are the chopper spectrometer IN5 and the crystal backscattering spec-

trometer IN10, both at the ILL in Grenoble. The flux on the sample and the

resolution for the instrument described here are the same as for IN10 under

the same operation conditions. However, INIO is limited to four incident

energies between 2 and 7.8 meV and to energy transfers E < 40 IeV, so it is
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much less versatile. Detection efficiency is also greater for the TOF spec-

trometer, since analyzer-crystal reflectivity is not a factor for this instrument.

The range of Q accessible with AE 5 4 eV is somewhat

greater for IN10. Total solid angle for neutron detection is much larger for

the IPNS instrument. The spectrometer IN5 is a chopper TOF instrument
operating on guide tube and so is in principle similar to the instrument de-

scribed here. At X = 4.5 A, the IN5 has a flux on sample of 105 n/cmZ-s;
0

its best resolution is 6E = 24 peV at X = 10 A. The corresponding quantities
for the instrument described here are F(X = 4.5 A) = 3 x 104 n/cm2 .s and
AE(X = 10 A) = 1.3 keV. The detector solid angle for IN5 is ~0.1 sr.

This instrument should thus be capable of filling the important
scientific roles currently filled by IN5 and IN10, with the additional advantage
of greater versatility. At present no

POSITION - SENSITIVE
MULTIDETECTOR

SAMPLE I

MODERATOR1

Y ANALYZER CRYSTAL

Fig. 61

Schematic Representation of Constant-Q Spec-

trometer. L1 = C m, L2 + L3= 1.5 m. The

distance Y is 7 cm. An analyzer crystal 38.5 x

8 cm covers the range of 26 from 10 to 800. The

detector is a curved one-dimensional, position-
sensitive multidetector with 1.5-m radius of
curvature, having ~370 elements, each 0.5 cm
wide and 15 cm tall (solid angle per element =
0.00033 sr), with a detection depth of 1 cm

filled with 3 He to 6 atm. The total detector

solid angle is 0.12 sr. Analyzer crystals can be

selected to match experimental needs. Mod-
erator C has been assumed for all calculations.
A N L Neg. No. 125-77-375.

would be collected simultaneously v

instruments in this country have these
capabilities, making this a unique and
exciting instrument with high priority
for IPNS construction.

d. Design CASI: Constant-Q
Spectrometer. A crystal-analyzer-
spectrometer design with the constant-Q
geometry (see Appendix B) has been
considered. The instrument configura-
tion and design parameters are speci-
fied in Fig. 61.

Performance of the spec-
trometer is indicated in Figs. 62 and
63. With the design parameters shown,
the time-averaged flux on the sample
is about 1 x 106 n/cm2.s per time channel
(chosen to be about 5 ps, to be consistent
with the other resolution contributions)
over most of the (Q, E) range shown in
Fig. 62. For comparison, at E1 =
200 meV, the flux on the sample at the
triple-axis spectrometer INI on the hot
source at the HFR reactor at the ILL
in Grenoble is about 1.3 x 107 n/cm2.- s
with comparable resolution. Since all
data points along a constant-Q scan

ith the TOF instrument, useful data-
collection rates should be at least as great as those at INL.

The (Q, E) range spanned can be shifted by using an analyzer
crystal with a different d spacing, as shown in Fig. 62. The versatility of such
an instrument would thus be enhanced by having several easily interchangeable
analyzing crystals with different d spacings and/or mosaic spreads.
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Fig. 62. Range of Q and E Available to Constant-Q Spectrometer for Two Different Analyzer

Crystals. For the Cu 220 planes (d = 1.278 A), the values of E 3 at the Scattering an-

gles 10, 20, 40, and 800 shown are 415.2, 107.0, 30.3, and 12.9 meV, respectively.

The corresponding values of E3 for the Ge 111 planes (d = 3.266 A) are 63.G, 16.4,

4.6, and 2.0 meV. Second-order reflections are absent for Ge 111 planes. ANL Neg.

No. 125-77-367.
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Fig. 63. Calculated Performance of Constant-Q Spectrometer. Count rates I are

given per detector element (0.00033 sr) per time channel of width cor-

responding to a 1-meV incident-energy interval. Results for Cu 220 and

Ge 111 analyzer crystals are shown. Count-rate calculations assume

Ns(d 2C/dfdE) = 1 cm2 /sr.eV. A mosaic spread of -n = 0.10 fwhm was

assumed for both analyzer crystals. Analyzer-crystal reflectivity was

treated by an approximate empirical expression. Differences between

count rates for the crystal-analyzer instruments and those for the chopper

instruments are due primarily to the differences in detector-element

solid angles and to the fact that crystal reflectivities are significantly

lower than chopper transmissions for the cases considered.

For the usual situations in which a constant-Q scan is most

desirable (e.g., study of an excitation spanning a very limited energy range at

constant (), this instrument is generally inferior in both performance and
versatility to the triple-axis spectrometers currently in use at high-flux
reactors. An exception is the energy-transfer range above about 80-100 meV,
where the instrument considered here begins to perform comparable to, or
better than, the triple-axis spectrometer INI. Since this country has no com-
parable hot-source triple-axis spectrometer, this instrument would be unique
within this country in this energy range. Only a scientific need for the
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constant-Q scan capability at such high-energy transfers would justify build-
ing such an instrument at IPNS, since the chopper spectrometers CS1 can be
used to study high-energy transfers where constant Q is not needed. (A pos-
sible exception is the polarized neutron spectrometer discussed in Sec. 4.a

below.)

e. Design CASZ: General-purpose Crystal-analyzer Spectrometer.
If the constant-Q capability is sacrificed, better energy resolution can be ob-
tained and a greater (Q, E) range can be spanned by again using the inverted
geometry configuration, but with different orientations of the analyzing crystals.

An instrument of this type is specified in Fig. 64, and its performance is in-
dicated in Figs. 65 and 66. This instrument has been designed to reach a wide
range of Q values at small or zero energy transfers (the constant-Q configura-
tion is particularly poor in this respect) while still maintaining a wide E range
at most values of Q. (Quasi-elastic resolution is shown in Fig. 65.) In this
configuration, a given detector element samples only one Qy and a range of

Qx values, just as for the constant-Q configuration. However, since Qy now
is different for each detector element, the same magnitude of Q corresponds
to a different orientation of Q at each detector element.

DETECTOR 2

ANALYZER 2

DETECTOR I

MODERATORf e

SAMPLE ANALYZER I

Fig. 64. Schematic Representation of General-purpose Crystal-analyzer
Spectrometer. L1 = 6 m, L2 * L3 = 1.5 m. Analyzer crystal 1
is oriented at 7 to the incident beam (y = 173), is 45 x 7 cm,
and covers the range of 20 from 5 to 40. Analyzer crystal 2 is

oriented at y = 90, is GO x 10 cm, and covers the range of 20
from 30 to 800. Both detectors are curved one-dimensional,
position-sensitive multidetectors with 1.5-m radius of curva-
ture, having individual elements 0.5 cm wide x 15 cm tall
(solid angle 0.00033 sr) with a detection depth of 1 cm filled
with 3He to 6 atm. Detector 1 consists of '190 such elements;
detector 2 consists of ~260 such elements. Total detector solid
angle is 0.15 sr. Analyzer crystals can be chosen to match ex-

perimental needs. Moderator C has been assumed in all
calculations. ANL Neg. No. 125-77-376.
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Fig. 65. Range of Q and E Available to General-purpose Crystal-analyzer Spectrometer
for Two Different Choices of Analyzer Crystals. Solid lines are for analyzer 1
and dashed lines for analyzer 2 (see Fig. 64) in both cases. For the Ge 111 ana-

lyzers, the energy resolution DE for energy transfers near E = 0 is also shown.
ANL Neg. No. 125-77-368.
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Fig. 66. Calculated Performance of General-purpose Crystal-analyzer Spectrom-
eter. Count rates I are given per detector element (0.00033 sr) per time
channel of width corresponding to a 1-meV incident energy interval.
Count-rate calculations assume Ns(d 2 a/d~dE) = 1 cm2 /sr.eV. A mosaic
spread of Ti = 0.10 fwhm was assumed for all analyzer crystals. Analyzer-
crystal reflectivities were treated by approximate empirical expressions.

This instrument would be suitable for the study of elastic

diffuse scattering from single crystals or other samples, for phonon density-

of-states measurements in powdered crystalline samples, for the measurement
of S(Q,w) in liquid and amorphous samples, for chemical spectroscopy, etc.

For the parameters chosen, the flux on the sample is again about 106 n/cm2 .s
per time channelover most of the range of Q and E shown in Fig. 65. As

for the constant-Q spectrometer, it would be desirable to have easily inter-

changed analyzer crystals for this instrument to match the (Q, E) range,
resolution, and intensity to individual experimental needs.

This instrument does not appear to offer significant advantages
over the chopper spectrometers CSI and CS2, and is less versatile than those
instruments. Thus its construction at IPNS is probably not justified except
possibly as part of a polarized neutron spectrometer (see Sec. 4.a below).
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f. Comparison of Inelastic- scattering Designs. As mentioned
at the beginning of Sec. 3, since chopper spectrometers CSL and CS2 and

crystal-analyzer instruments CASI and CAS2 will perform many of the same
jobs, their relative merits must be compared. In general, the chopper instru-

ments are more versatile because energies can be varied continuously. They

also have higher count rates for the same resolution, because chopper trans-

missions are usually greater than are crystal reflectivities (by up to a factor
of ~4 for the instruments considered).

The direct geometry used by the chopper instruments has
another feature that is useful if the sample environment is to be pulsed for
time-dependent studies; that is, since the neutrons are monochromated
before reaching the sample, all neutrons incident on the sample arrive at
nearly the same time, making it possible to phase the sample environment
pulse with the pulse of arriving neutrons. One advantage of the crystal-

analyzer instruments is that crystal monochromator-polarizers (see Sec. 4.a
below) can be used as the analyzers, and this may allow a relatively simple

instrument to be built for polarization studies. The constant-Q spectrometer
has the unique capability of providing simultaneous constant-vector Q scans,
but except at high-energy transfers, it is inferior to current triple-axis spec-
trometers in performance. It is inferior to CS1, CS2, and CAS2 in terms of

the (Q, E) range accessible to study.

Using the calculated performance data presented above as
a basis, we can estimate the performance of these instruments in a real ex-
perimental situation. As an example, consider the paramagnetic scattering
from Ce0 8 Th0 , 2 , a "mixed-valence" system of current interest. For such

mixed-valence systems, the magnetic scattering often consists of a broad
inelastic spectrum, which is relatively independent of Q, but which extends
to rather large E. The energy width of this spectrum yields the relaxation
time of a 4f moment that interacts strongly with the conduction electrons at
the Fermi level. For this type of paramagnetic scattering, the cross section
per cerium atom is given by

dQdE= (mecz f2(Q) exp(-2W)gj(J + 1) 2 +E 2  (61)

where (yez/mecZ) is the magnetic characteristic scattering length (= 0.27 x
10~1 cm); GJJ(J + 1) = p2, the square of the magnetic moment on the para-
magnetic ion; f(Q) is the magnetic form factor; and F is the inverse of the
spin-relaxation time (typically, 100 meV). For E = 100 meV, Eq. 61 is
evaluated for cerium to be 0. 1 barn/sr.eV for Q = 6 A-1. If we assume a

100-cm 3 powder sample with 2 x 1022 cerium atoms/cm 3 , then Ns(d2a/dQdE) =
0.2 cm/sr-eV.
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Inspection of Figs. 55, 57, 62, and 65 shows that instrument

designs CS1, CS2, CAS1, and CAS2 are all capable of operating at Q < 6 A-1
and E ~ 100 meV. Consider first the medium-energy chopper spectrom-

eter CSI. Figure 56 and Eq. B.9 indicate that the resolution at a given value

of E varies roughly as E1'5 . Therefore, if we operate this instrument with

E1 = 150 meV and E = 100 meV, we would estimate -5.5% energy resolution

for the medium-resolution configuration and ~1% energy resolution for the

high-resolution configuration. At E1 = 400 meV and E = 100 meV, the

count rates are 0.35 and 0.0014 counts/s-meV-detector for the two configura-

tions, and we would expect the rates to be at least this high at E1 = 150 meV.

Multiplying these rates by the total cross section 0.2 cmZ/sr-eV gives esti-

mated experimental data rates of at least 4.2 and 0.02 counts/min-meV.detector

for the two configurations. When summed over all the detectors giving rea-

sonable Q values for this E and E1 , this gives an impressive data-collection

rate, especially for the medium-resolution configuration. (Actually, for an

incident energy this low, the maxinmum scattering angle 20 = 300 for this

instrument is not large enough to reach Q = 6 A~1 with E = 100 meV.

Therefore, only lower values of Q could be studied with this instrument at

this incident energy. That should be adequate for this problem, however.)

In a similar manner, we can estimate from Fig. 58 that in-

strument CS2 would provide the same information with about 7% energy reso-
lution (7% for E1 = 200 meV; closer to 3% for E1 = 150 meV) at a data rate

of ~8 counts/min-meV-detector. For instrument CAS1 using Ge 111 analyzer

crystals, Fig. 63 shows an energy resolution of ~3.5% with a count rate of

~0.008 counts/s-meV-detector element. For this experiment, this converts

to 0. 1 counts/min-meV-detector element. From Fig. 62 we see that E =

100 meV and Q = 6 A-1 corresponds to a 40* scattering angle, and if we

accept all detector elements giving Q between 5.5 and 6.5 A-1 at this energy,
we could include scattering angles from roughly 30 to 600. This range includes

about 160 detector elements; therefore the total useful data rate would be

~15 counts/min-meV. Performance of instrument CAS2 would be roughly

the same.

4. Other Instruments

a. Instrumentation for Polarized-neutron Research. Many in-

teresting neutron-scattering processes depend on the spin state of the neutrons.

To study these processes in detail requires preparing polarized neutron beams

and analyzing the polarization of scattered neutrons. Both can be done by
using filters that scatter or absorb neutrons of one spin state while trans-

mitting those of the other spin state, similar to the way in which polarization

analyzers are used in polarized-light-scattering studies. To be useful, such
filters must provide a high degree of rejection of the undesired neutron spin

state and a high transmission of the desired spin state, and at least some
filters are needed for which these properties are not strongly dependent on

the neutron energy. Some useful filters currently exist, but none is yet
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entirely satisfactory from all these points of view. A number of different

types of neutron-polarization filters are currently under study in several

laboratories around the world, and hopefully the filter state of the art will

be improved within a few years.

Another approach that has long been in use at steady-state

neutron sources is the use of monochromator-polarizers. Certain Bragg

reflections from certain ferromagnetic crystals produce a diffracted beam

which is entirely polarized. Such crystals could be used to monochromate

and polarize the incident beam in a direct-geometry crystal-monochromator
instrument, or to select the energy E3 and the polarization of the scattered

neutrons sent to the detector in an inverted-geometry crystal-analyzer

instrument. Several useful crystals of this type with different d spacings
exist and could be used as the analyzer crystal in one of the crystal-analyzer

instruments discussed above, for example. Complete polarization analysis

would require a filter that was largely independent of neutron energy to

polarize the "white" incident beam as well. In the scattered beam, the use

of crystals for polarization analysis is probably preferable to the use of
filters, since none of the filters currently under development is capable of

covering a very large solid angle.

b. Other Neutron-scattering Instruments. In addition to the in-

strument designs outlined above, a number of other instruments or techniques

for neutron-scattering studies are under consideration at IPNS. These include
the use of "correlation" choppers to increase the duty cycle of the choppers

in the chopper inelastic spectrometers, the use of a resonant absorber for

detection and energy analysis of neutrons with energies of several eV, the
use of a pulsed sample environment (e.g., magnetic, pressure, or light pulses)
phased with the neutron pulses either as a means of providing an extreme
sample environment or as a tool in the study of relaxation effects in the
sample, a specialized instrument for elastic diffuse scattering as well as

some different instruments for more general neutron scattering studies.
However, these instrumentation studies have not yet proceeded to a sufficient

degree to warrant detailed discussion here.

c. Special Experiments. In addition to the various neutron-

scattering instruments of general utility discussed above, various groups
might want to prpose a special experiment to occupy one or more of the

IPNS beam tubes for a defined period of time. In such a case, IPNS could

provide a neutron beam and experimental support facilities, but the users
would provide special instrumentation to utilize the neutron beam. This

procedure might be used when the instrumentation involved is expected to be

used for only a limited period and/or is of interest to only a limited group of
users. Such an allocation of available beam tubes would be the responsibility
of the Program Committee.
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One special experiment of this type has already been suggested

and (in prototype version) has been allocated some beam time at ZING-P'.

This is an experiment involving the generation and study of ultracold neutrons.

As an indication of the type of special experiment envisioned (and also because

this experiment might be carried over to IPNS), this ultracold-neutron experi-

ment is described briefly here. It is based on the principle that neutrons of
velocity v < 6.9 m/s will be totally reflected from beryllium at all angles of

incidence and can thus be stored in a "bottle" made of this material. Such
neutrons are of importance for fundamental elementary-particle studies

(e.g., investigation of the existence of an electric dipole moment for the
neutron) and may prove useful for condensed-matter studies, such as the
study of surfaces as well. Because of the large peak-phase-space density
of neutrons in a pulse from IPNS, this source is promising for the production
of such ultracold neutrons.

In operation, a cold moderator would be used to produce a

relatively large flux of -10-A-wavelength neutrons. These would be Bragg
reflected from a moving mica crystal (d = 10.14 A) so that the reflected
neutrons would be Doppler-shifted to nearly zero velocity in the laboratory

frame. These neutrons could then be collected in a beryllium bottle for
subsequent study. Preliminary calculations suggest that about 106 neutrons/L
could be collected in a bottle in one pulse from IPNS, making this the best
source of such ultracold neutrons in the world.

5. Auxiliary Equipment and Data Analysis

To ensure effective use of the facilities, the IPNS program is

expected to provide various standard sample environments that are com-
patible with the neutron-scattering instrumentation. These will include

cryostats and/or closed-cycle refrigerators, furnaces, magnets, program-
mable sample orienters, etc. More specialized sample environments will
have to be furnished by the users when required.

It is anticipated that the IPNS program will provide computer

facilities and software to carry out some data analysis during the experiments,
but that facilities and software for a complete data analysis will be the user's
responsibility in most cases. Details of this policy have not yet been worked
out. In any case, one or more standard means (e.g., IBM compatible magnetic
tape) would be provided for the users to transport data in raw or partially
analyzed form to their home institutions.

B. Radiation-effects Instrumentation

1. Electronic Equipment and Computers

Many irradiation experiments are expected to require very ac-
curate voltage measurements in situ. These experiments will include, for
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example, irradiation-produced changes of resistivity, length change, stored

energy, and magnetization. Voltage is currently measured at CP-5 accurately

and reliably, and a similar system will be used at the IPNS radiation-effects

facility. Advanced state of the art will probably require new digital volt-
meters, input scanners, and current sources, probably at least in triplicate
to accommodate simultaneous experiments and backup capabilities.

The need for small-computer data acquisition, reduction, and
storage in peripheral equipment is apparent. About five small computers
should be needed to handle as many simultaneous irradiations and measure-

ments (in situ and external).

2. High-magnetic -field Capabilities

Another area of experimentation expected to receive substantial

attention will be the changes in magnetic and superconducting materials under

fast-neutron bombardment. With the advantage of large and accessible experi-

mental volumes, in situ magnetic measurements will be possible for higher
applied magnetic fields than have been possible to date. Also, the higher
neutron fluences available will make possible interesting experiments at low

temperature (5 K) in the degradation of properties in some alloy and com-

pound Type II superconductors. A large external magnet (12 T) and variable-
temperature cryostat are also planned, and with sample transfer at 5 K from
the irradiation cryostat, this will permit measurements of superconducting

property changes at very high magnetic fields.

3. Van de Graaff Accelerator

An outstanding and unique opportunity exists with the IPNS

radiation-effects facility to include a complementary research tool such as
a 2-3-MeV Van de Graaff accelerator. Used as a source of high-energy

electrons or ions, this accelerator would permit the creation of more con-
trolled radiation damage in the presence of a much wider energy spectrum

of neutron--damage events. In this way, one can study, for example, the
distribution and concentration of Frenkel defects resulting from the high-

energy neutron-damage events. The accelerator can also be used in a lower-
energy backscattering mode to probe the defect states following neutron ir-
radiation using the most recently established ion-backscattering techniques.

With the existence of this combined neutron- and ion-irradiation

facility, an interesting possibility exists to reverse the traditional roles of
ion irradiation to simulate neutron irradiation. This would be in the study of
radiation-damage effects in candidate ion -implantation materials (crystalline

and amorphous semiconductors and metals). The radiation damage due to
high-energy neutrons can be used to simulate the effects of ion-implantation
damage in the presence or absence of the associated chemical effects of the
implanted species.
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4. Mechanical Measurements

The study of mechanical properties of materials during neutron

irradiation has been an experimentally difficult area of investigation due to

a lack of good experimental controls and measurements in nuclear reactors.
The IPNS radiation-effects facility will afford tremendous improvement in

this area through greater experimental access and environmental control.

Measurements made in situ and externally will certainly include stress-strain

characteristics, fatigue, and creep studies, both during and following neutron

irradiations at any controlled temperatures of interest.

5. Scattering Studies

With the close physical proximity between radiation effects and

scattering facilities of IPNS, the use of the small-angle-scattering, diffuse-

elastic-scattering, and inelastic-scattering capabilities at the scattering

target is quite exciting for studies of fast-neutron-created radiation-damage

states. Possible experiments include low-temperature studies of cascades

and agglomerated defects and their annealing behavior, ordering, clustering,

and precipitation in alloy systems which have been irradiated and can be

measured and perhaps annealed at any temperature of interest.

An area of recent interest is the change in the phonon spectrum

or the introduction of defect modes following neutron irradiation, irradiated

and measured at low temperatures and after various anneals. Many of these

experiments will involve the low-temperature transfer capability from the

irradiation cryostat to a specially designed diffraction cryostat. Quite likely,

also, recent interest in the applications of Messbauer and EXAFS techniques

to the study of radiation-damage problems will increase. These also will

require special cryostats capable of low-temperature transfer from the

neutron-irradiation cryostat.

6. Electron Microscopy

For many of the types of experiments discussed in Sec. B it would
be advantageous to have a dedicated 200-keV transmission electron micros-

copy (TEM) for concurrent investigations of the observed radiation-damage

structures, for example, in materials under study by another technique. This

microscope would accommodate radioactive samples and be capable of ac-

cepting samples at liquid-nitrogen temperature without warmup. This could

be used for directly comparing damage structures resulting from fast-neutron

or ion bombardment and the effects of annealing from temperatures near 80 K.

We could observe the interaction of fast-neutron-created defects with disloca-

tion structures of samples with similar deformation histories, as in mecani-

cally tested bulk samples discussed earlier.
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VII. POLICY FOR OPERATION AND USE*

A. Objectives

The IPNS is to be a user-oriented national facility available to all

interested and qualified scientists. The policy governing its operation and
use is to ensure that all meritorious experiments for which the facility is
uniquely capable will be conducted as promptly and efficiently as possible.

To ensure user satisfaction to the greatest extent possible, this policy is to
be frequently reviewed and updated. Such review is required to fulfill this

objective because IPNS is a totally new kind of facility and the user orienta-

tion represents a unique mode of operation for neutron facilities in the U.S.
The adopted mode of operation and utilization is, of course, to be consistent
with the policies of the U.S. Department of Energy (DOE). The majority of

users are expected to come from outside ANL, representing universities,
industrial corporations, and government-sponsored research laboratories

throughout the nation. Results are expected to be published in the open
scientific literature with acknowledgment of DOE's provision of facilities.

B. Organization

Figure 67 is a summary chart showing the functional organization of
the Pulsed Neutron System program during the construction period.

1. Operator

The IPNS will be operated by Argonne National Laboratory (ANL),
whose facilities are owned by the U.S. Government. Under the terms of a
contract among DOE, Argonne Universities Association (AUA), and The
University of Chicago, the latter employs the staff and operates ANL in ac-

cordance with policies and programs formulated, approved, and reviewed
by AUA.

The operator is to provide the neutrons and research instrumentation
to users without charge. (Policies for proprietary use of DOE facilities are
under review and may involve user charges.) The users are to provide re-

search samples and any special equipment unique to a particular experiment.
ANL will enable outside scientists to purchase use of ANL machine shops,
electronics shops, stockroom materials, central computer facilities, and
other miscellaneous facilities and services. Matters relating to financial
support of outside users will be explored with DOE in the context of a uniform
user policy for major facilities.

*Draft policy subject to DOE approval.
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2. AUA IPNS Committee

The AUA IPNS Committee, appointed by the Chairman of the

Board of Trustees of AUA, consists of distinguished members of AUA uni-

versities and other universities and research organizations who are knowl-

edgeable in the scientific areas related to IPNS. It will advise the Board on
the status of IPNS with special emphasis on those aspects important to the

university user community. It will assume broad oversight responsibilities

on behalf of the AUA Board including:

a. Ensuring that the performance and accomplishments of IPNS
receive an adequate evaluation.

b. Making recommendations on policy to the Program Director

and to the Director of ANL.

c. Conducting active liaison between IPNS and the university
and industrial scientific community.

3. Program Committee

The Laboratory Director appoints the Program Committee on

the recommendation of the Program Director (see Sec. 5 below), who consults
with the AUA IPNS Committee and the users concerning suitable candidates.

The Program Committee consists of eminent scientists representing the vari-
ous fields of scientific application of IPNS. Membership is for three years,
and approximately two-thirds of the members will be from outside Argonne.
It is chaired by the IPNS Program Director. The Program Committee makes
recommendations to the Program Director regarding priorities for the sci-
entific program at IPNS. Its principal functions are to:

a. Make recommendations regarding development of facilities,
instrumentation, and new program directions.

b. Establish relative priorities for scheduling the use of the
resources.

c. Review all proposals for experiments to be performed at

IPNS, and recommend acceptance or rejection to the Program Director.

The Committee bases its selection of experiments on its opinion
regarding (a) the scientific quality and timeliness of the proposed experiment,
(b) the probable technological importance of the proposed measurements, and

(c) the likelihood of the experiment's being successfully completed.
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4. IPNS Users Group

The Users Group exists to facilitate communication between the

IPNS Program staff and all current and potential users. Membership is open
to all those interested in the use of IPNS and is obtained on request to the

Program Director. The Users Group elects a Chairman who is a member of

the Program Committee, to which he reports the recommendations of the

Users Group.

5. Program Director

The Program Director, who is appointed by the Laboratory
Director, is responsible for the IPNS Program to the Associate Laboratory
Director for Physical Research. The Program Director establishes the
Program goals, taking the recommendations of the Program Committee into
account. He ensures that the IPNS meets its scientific and technical per-
formance objectives in a timely and fiscally responsible manner in both the
near and long term, consistent with DOE and ANL policies and in accord with
the recommendations of the Program Committee (see Sec. 3 above). The

Program Director is the principal representative of ANL in dealing with DOE,
particularly concerning fiscal support. The Program Director prepares
budgets, manages and allocates IPNS resources, and ensures that safe oper-
ating procedures are implemented. He recruits, hires, and directs the IPNS
Program staff. He chairs the Program Committee and works with the Com-
mittee to develop procedures whereby proposals for using IPNS are submitted

and reviewed.

6. Technical Director

The Technical Director is responsible to the Program Director
for developing the research instrumentation in consultation with the Program
Committee (of which he is a member) and the appropriate ANL Division
Directors. This responsibility includes formulating design requirements
and criteria as well as ensuring continued availability of state-of-the-art
instruments for all users. He is responsible for establishing the desired
characteristics and monitoring performance of both the neutron-scattering

and the radiation-effects targets with their associated equipment, and for
reviewing the requirements on the accelerator facilities with regard to
neutron-source performance. The resources needed to accomplish these
tasks come primarily from Argonne Research Divisions. The Technical
Director will also search for new scientific applications of IPNS.

7. Instrument Scientists

The instrument scientists are responsible for developing and
monitoring construction and overseeing the performance of the experimental
facilities. Effective, imaginative development of state-of-the-art instrumenta-

tion can only be done by excellent scientists, who are motivated to perform
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experiments using those instruments. Thus, the development of IPNS research

instrumentation will be done primarily by scientists involved in ongoing

neutron-research programs in ANL Research Divisions, who-are assigned

responsibilities for specific instrumentation-development tasks through

agreements between the scientists involved, the appropriate Division Directors,

and the IPNS Program Director.

Scientists at other institutions, especially those with ongoing neu-
tron programs, may undertake similar instrument-development responsibili-

ties. Involvement of this type will be actively solicited at user meetings.

Scientists reporting directly to the IPNS Technical Director will have de-

velopment responsibilities that relate to the instrumentation as a whole, e.g.,
design of common components, computer interfacing, and data handling and

display. These scientists will also develop needed instruments for which

development is not assigned to scientists affiliated with the Research Divisions.

During operation, the Program Director will assign scientific

responsibility for each instrument to an instrument scientist. The responsi-

bility will include ensuring that the instrument is continually upgraded to

remain at the state of the art, fully documented, and maintained in a state of

good calibration and alignment so it can be operated independently by other

users. There will be a commissioning period following the installation of

each instrument in which it is aligned, calibrated, and brought into good

operating condition. The IPNS Program Director will also schedule periods

at regular intervals after operation has begun for checking these conditions

and performing routine maintenance and instrument upgrading. The scientist

responsible for the instrument will have control of it during these periods

and may, at his discretion, employ any unused portion of the checkout, main-

tenance, and upgrading period for experimental activities. It is suggested

that these periods represent 25% of the operating time of the instrument,

subject to review in the light of operating experience. Beyond this, instrument

scientists will compete with other users for use of IPNS time. The resident

staff is expected to be augmented with visiting scientists from other insti-

tutions under temporary appointments.

8. Project Manager

The Project Manager reports to the Program Director. The

primary responsibilites of the Project Manager are to coordinate the pro-

duction of the engineering design and direct the construction or modification

of the facility in an efficient and expeditious manner in order to provide and

maximize use of IPNS facilities. He has overall responsibility for costs and

schedules for construction and modification activities. He also serves as

the executive agent of the ZGS-IPNS Coordinating Task Force (see Sec. 10

below) and in this capacity is responsible for initiating, monitoring, and

carrying out the decisions agreed to by the Task Force and approved by the

ANL Director.
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9. Operations Manager

The Operations Manager reports to the Program Director and is

responsible for the safe, timely, and cost-effective day-to-day operation of

IPNS facilities. This includes responsibility for costs and schedules involving

delivery of protons to the neutron-producing targets. Included in his responsi-

bilities is the supervision of a technical staff that is responsible for main-

tenance and day-to-day operation of the research instruments and directly

related facilities and technical assistance to outside scientists in the use of

IPNS research facilities.

10. ZGS-IPNS Coordinating Task Force

This Task Force, under the chairmanship of the Associate

Laboratory Director for High Energy Physics, is appointed by the Laboratory

Director to coordinate the phasing in of IPNS with the phasing out of the Zero

Grad;ent Synchrotron (ZGS). Its functions are to:

a. Review the economic and technical aspects of transfer of

ZGS space and equipment to IPNS.

b. Establish, approve, monitor, and update the specific schedule

detailing the transfer of ZGS space and equipment to IPNS.

c. Establish and keep current procedures to ensure adequate

maintenance and security of space and equipment in the interim before its

transfer to IPNS.

d. Consider and resolve unanticipated problems should such

arise while ZGS and IPNS are interacting.

11. ZGS-IPNS Project Office in DOE-CH

The ZGS-IPNS Project Office is the principal contact for IPNS at

the Chicago Operations Office (DOE-CH). It facilitates and coordinates needed

DOE-CH actions and administers contracts for construction of new buildings

required for IPNS.
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APPENDIX A

High Intensity Synchrotron Conceptual Design

1. General Description

The High Intensity Synchrotron (HIS) will consist of an H~ ion source,
preaccelerator, 100 -MeV Linac, 800 -MeV rapid -cycling synchrotron, plus the

necessary support equipment and services. The synchrotron has been designed
to fit inside the existing ZGS synchrotron tunnel.

The machine is of a strong focusing, separated function type. H~ strip-
ping injection is used to reach the high intensity specified.

A new 100 -MeV Linac would be constructed to serve as an injector for

the synchrotron. Extraction is by conventional kicker and septum-magnet sys-
tems. The 60-Hz operation requires substantial rf systems, in this case eight

two-gap cavities, providing up to 180 kV per turn. Details of the various sub-
systems are presented in the following paragraphs.

2. H Source and Preaccelerator

H ions would be injected into the Linac from a conventional 750 -kV
Cockroft-Walton preaccelerator. These ions would be produced by a cesium-
activated surface plasma source. Direct extraction sources of this type were
developed at Novosibirsk by Dimov et al.1 ~4 Evaluation of subsequent develop-

ments of this design has led to the conclusion that a source of this type, using
a Penning discharge geometry, would meet the requirements of HIS.

The requirements are that 20 mA of H be injected for 800 s at

100 MeV. This implies that 50 mA be produced by the preaccelerator. A

recent version of the source described above has produced more than 100 mA

of H at 100 Hz with pulse lengths of 200 s. 5 This exceeds the current and
rate requirements of HIS, but falls shore of the duty cycle. Modifaction to both

the cooling method and cesium supply would upgrade the performance capability

to HIS specifications.

Argonne National Laboratory has constructed and performed prelimi-

nary tests of an "unmodified" version of this source, and a development project
is underway to improve it.6 ',7

3. 100-MeV Linac

A choice of 100-MeV injection energy results from consideration of

space -charge constraints in HIS, injection details, and anticipated ion-source

performance.
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Since the beam loading on the Linac is relatively small, a 200 -MHz

Alvarez Type Linac, similar in design to the front end of the FNAL or LAMPF

Linac s, would be constructed. Four tank structures, each driven by a separate

rf amplifier, would be incorporated. Conventional transport systems would be

used between the preaccelerator and Linac and the Linac and synchrotron.

Utilization of existing Linac designs would substantially reduce costs,
construction time, and turn-on and operating problems.

4. Synchrotron

The synchrotron would be installed in the existing ZGS ring building.
The design basis, conceptual design, and anticipated performance character-
istics of the proposed synchrotron are described below.

a. La..ice

Several lattices were investigated for HIS.8 The structure selected
has the following features:

(1) R = 26 m. The machine fits in the ZGS tunnel.

(2) Bmax = 6 kG. The fields are conservative (60-Hz rate).

(3) It has long, straight sections.

(4) It has separated functions for flexibility and simplicity.

(5) Phase advance per cell is about 90*.

(6) Extraction is not difficult.

There are 16 cells, 32 bending magnets, and 32 quadrupole mag-
nets. The structure of each cell is OMOFOMODO. The vertical and horizontal
tunes are 5.25 and 4.25, respectively. The straight sections are 3.116 m.

Table A. 1 lists the synchrotron parameters. Figures A. 1 -A.4 show the HIS
building, cell structure, layout, and functions of the synchrotron.

b. Injection

The emittance of the H- beam used for injection at 100 MeV is
small compared to the desired 80n x 40n (cm.mrad)2 initial emittance for
5 x 101 protons circulating in the synchrotron. To produce these emittances,
the H- beam must move both horizontally and vertically with respect to their
orbits during injection.

The H- beam injected into the synchrotron enters a magnet follow-
ing a long, straight section about 17 cm outside and at an angle of about -23*
with respect to the straight section. After passing through the magnet, the
H ions are at about -10 cm and headed approximately in the direction of the



TABLE A.1. HIS Parameters

Maximum kinetic energy
Intensity
Repetition rate
Injection energy
Injection current
Number of turns injected
Magnet radius
Average radius
Number of straight sections
Length of straight section
Number of periods
Structure
Betatron frequency

Horizontal
Vertical
Revolution frequency

Transition energy
Maximum beta function

Horizontal
Vertical

Beam emittance
100 MeV
800 MeV

Bending magnet field
800 MeV
100 MeV

Number of bending magnets
Length of bending magnet
Quadrupole peak gradient
Length of quadrupoles
Number of quadrupoles
Peak energy gain per turn
Number of rf cavities
Harmonic number
RF frequency
Incoherent tune shift

Horizontal
Vertical

Beam bucket size

800 MeV
5 x 1013 pip
60 Hz
100 MeV
15 mA (H-)
580
7.000 m
26.000 m
16
3.116 m
16
OMOFOMODO

4.25
5.25
0.79
3.6

- 1.55 MHz

17.5 m
17.7 m

80 x 40 (cm-mrad)
24.3 x 12.1 (cm-mrad)

6.973 kG
2.119
32
1.3744 m
0.15 kG/cm
1.2 m
32
112.0 keV
16
1
0.79 - 1.55 MHz

0.17
0.22
2.8 eV-sec
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central orbit. The fixed stripping foil is located 1 m downstream at this radial

position. Fig. A.5 illustrates a particular H- orbit through the injection mag-
net. Other injection orbits with small deviation from the orbit shown can easily
be calculated with respect to this orbit.9
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Fig. A.5. Injection Geometry

orbit must be -15.8 rmirad to

With 15 mA of H' beam, about 740 s
(585 turns) are required to produce 5 x 1013
circulating protons with 70% efficiency. Since
the magnetic field is oscillating at 60 Hz, it
will be about 4.5% high at the start of injection.
Thus, the equilibrium orbits are further inside,
nearer the stripper.

As the field falls during the injection
time, the orbits move outward, and larger and
larger betatron oscillation amplitudes are pro-
duced. The location of the stripper is deter-
mined by the condition that the amplitude of the
oscillation should be , where S = 13.8 m
and e = 80 cm mrad. Thus, the stripper
should be at -10.5 cm with respect to the
position of the final orbit. With a = -2.079,
the injection angle relative to the final
ensure that the protons are injected near

the maximum of the betatron oscillation.
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Since the field of the injection magnet also effects the H bending,

and therefore the injection angle, the H~ beam must be steered by two upstream

pulsed magnets during the injection time. Four bumper magnets, two upstream

and two downstream from the stripper, will also be used to control the position

of the proton orbits and regulate the movement of the injected protons away
from the stripping foil.9

The protons should move more quickly away from the foil at the

beginning of injection than at the end for two reasons.

(1) For minimum space-charge effects, a uniform spatial density

is desirable. Injecting more protons with large betatron oscillation amplitudes

than with smAll amplitudes ensures a more uniform spatial density.

(2) Small betatron oscillation amplitudes will naturally pass

through the foil more often during the time required for the orbit to move them

off the foil than will large betatron oscillation amplitudes. Thus, the scattering
due to the foil is larger (tending to produce also a more uniform spatial den-

sity), and the foil damage is larger for the small betatron oscillation amplitudes

than for the large. For normal B movement of the equilibrium orbit, a

2.4-cm-wide beam injected with zero betatron oscillation amplitude requires

about 70 turns to move off the foil. As the orbit moves outward, the same

group of protons strikes the foil, on the average, about 35 times. The same

normal B movement with a 5-cm injected oscillation amplitude will, on the
average, strike the foil about 20 turns out of the 130 turns required to move

the beam outward by 2.4 cm.

The 40ir-cm-mrad vertical phase space can be produced by moving

the H- beam vertically from (y, y') = (-1.7 cm, -7. 1 mrad) to (1.7 cm, 7.1 mrad)

at the stripper. This combination of vertical injection position and angles can

be achieved using a single pulsed steering magnet of 7.3 mrad located 1 m up-

stream from the injection point. The desired uniform spatial density can be

controlled by programming the rate of the vertical angle shift. Here again,
the larger phase-space amplitudes are favored over the smaller ones since

the larger oscillations are produced at the beginning and the end of injection.

c. Extraction

Single-turn extraction from the synchrotron is technically straight-
forward. Operationally, the high repetition rate places stringent lifetime re-
quirements on the high-voltage thyratrons that fire the extraction kickers.
Figure A.6 shows a possible scheme for two-kicker extraction into a septum
magnet placed two sections downstream from the first kicker. The figure
also shows the envelope of the injected beam using an emittance of 80n cm-mrad
and a total 2% momentum error spread. The 800-MeV envelope has an emit-
tance of 50n cm.mrad, representing a pessimistic factor -of -two phase-space
dilution from the expected damped emittance of 24n cm-mrad, and a total 1%
momentum error spread.
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Fig. A.6. Extraction Optics

The beam is shifted to the outside by a 1.5% momentum or field
error, kicked inward by 20 mrad in a 2.0 m kicker magnet, and, in the next
straight section, kicked outward by 28 mrad in a 2.0 m magnet. In the third
straight section, the beam is extracted outwardly by an angle of 400 mrad in a
2-m, 9.8-kG septum magnet.'0

Since the bucket length is expected to be 320 ns at 800 MeV, the
rise time of the kickers can be about 250 ns. For horizontal and vertical aper-
tures of 15 cm, the voltage requirements for the two kickers are 58 kV for the
first and 84 kV for the second. The required currents are 5800 and 8300 A,
respectively. Since the second kicker current is larger than the 6000-A limit
of deuterium thyratrons, either a longer kicker will be needed or two thyra-
trons. must be used.

The display in Fig. A.6 only represents a possible method of ex-
traction using a beam size that is about 40% larger than the expected beam
size and produces ample room to miss the downstream bending magnet. There -
fore, it will probably be possible to use lower kicker currents than suggested
above.
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Introducing warps into the final orbits with slow bumper magnets
can also aid in the extraction process. The amount of warp that can be used,

however, is somewhat limited, due again to the assumption of a factor-of-two

dilution of the beam phase space.

Because of the 60-Hz continuous operation, the thyratrons used

for extraction will probably require monthly replacement. This appears to be
the major operating cost item.

d. Acceleration

This section presents results of a preliminary design study for

the rf system." The basic requirements are shown in Fig. A.7. The indicated

peak voltage curve may differ from the actual required values, depending upon
assumed energy spreads and bucket lengths, but the design results are not

very sensitive to such differences.
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Fig. A.7. Acceleration Requirements
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Since the circulating beam in HIS represents several tens of

amperes, and since gap voltages are several tens of kilovolts, low gap imped-

ances are necessary. Traditional wisdom would suggest large gap capacitance

to achieve this, but as shown below, a different approach has been selected.

The rf system will provide eight accelerating stations with two

cavities per station. Each cavity will be excited by its own cathode-follower

amplifier and driver stage. One common power supply will feed the pair of

amplifiers at each station. Lower-level amplifier stages will be centrally

located, but an indepennt amplifier chain will be used- for each station.

Circuitry to keep all eige'w -t; ions operating in the proper phase will be ac -

complished at low level. 1'ctu;c A.2 lists the system paramete's.

TABLE A.2. RF System Parameters

RF Stations 8

Accelerating Cavities 16

Gaps per Cavity

Power Amplifiers 16

Amplifier Type Cathode Follower

Frequency Range 0.79 to 1.55 MHz

Accelerating Voltage* 175 kV peak

Voltage per Gap* 11 kV peak

RF Accelerator Bucket Size 2.8 eV-sec

Power Delivered to Beam* 1.15 MW RMS

Power per Cavity* 20 kW RMS

Power Required from each Amplifier* 100 kW RMS

30 kW Average Including

50% Duty Cycle

Average Input Power to RF System 3.5 MW

*At the crest of the modulating waveform. (See Fig. A.7.)

A computer code was written to determine various bucket param-

eters. RF buckets approximately 10% larger than the injected beam bucket

were calculated and a harmonic analysis was performed to determine the rela-

tive strengths and phases of the harmonic components. For an accelerated

beam of 5 x 1013 protons, the fundamental component approaches 20 A, the

second harmonic component approaches 10 A, and the third and fourth har-
monic components approach 3A.

The HIS has 16 straight sections, each about 3.1 m long. Eight of
these have about 2 m available per straight section. The rf cavities occupy
about 1 m each, with two cavities per section. About 0.25 m is required for
the accelerating gap, leaving 0.75 m for magnetic material.
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Figure A.8 is a sketch of the physical characteristics of a typical

dual cavity. Since the cavities will be excited by cathode -follower amplifiers,

an unbalanced cavity design has been selected, an arrangement more compat-

ible to cathode-fol.ower design than the more common balanced designs.
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Fig. A.8. Schematic of Cavity

Since a low-output-impedance amplifier is used, it is not necessary

to achieve a low gap impedance by adjusting cavity parameters. Gap imped-

ances of several tens of ohms are achievable with this approach.

The decision between tuned or untuned cavities is based primarily

on the final amplifier design. Cavity-excitation current increases for off-

resonance conditions, and the amplifier must supply this current as well as

the beam current. In a Class A amplifier, the sinusoidal current required to

excite the cavity would cause no major increase in plate dissipation unless

the peak magnitude of the current exceeds the quiescent current of the power

tube. Cavity parameters can be adjusted to produce a fixed resonance at the
point in the acceleration cycle where maximum cavity excitation is required.

The current demand at this point is designed to remain less than the quiescent

level. Operation of the cavity in this mode represents only a minimal increase

in plate dissipation, and the cavity would not need to be tuned throughout the

acceleration cycle.

The final amplifier can be operated with a programmed quiescent

current to reduce average plate dissipation. If this option is incorporated into

the design, running the cavity with a fixed resonance would increase plate dis-

sipation. In this event, tuning would be used only to keep the cavity-excitation
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current below the quiescent level. A coarse, brute-force technique would

suffice, opening the way to mechanical tuning as an alternative to the more

commonly used techniques.

Each final amplifier must produce an 11 -kV peak sinusoidal volt-

age (see Fig. A.9) throughout the frequency range of 0.79-1.55 MHz across a

widely varying load impedance. Peak beam currents of 35 A, containing strong

second, third and fourth harmonics form the bulk of the load. To provide these
high-current pulses with little waveform distortion, the amplifier must have

low output impedance to frequencies as high as 6.2 MHz. Since conventional

amplifiers cannot provide low enough impedances, a cathode -follower approach

has been selected.
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Fig. A.9. Schematic Design of HIS RF Final Amplifier

A Class A, single-ended, cathode-follower stage, using an Amperex
8918 triode, is coupled directly to the accelerating gap with the cavity induc-
tance and gap capacitance serving as its cathode load impedance. A low-
capacitance filament transformer of the type normally used in grounded-grid-
type amplifiers supplies power to the heaters. The stray capacitance of this
transformer appears in parallel with the gap capacitance and may be ignored.
Power is applied to the anode, placing the cavity at dc ground and avoiding the
need for coupling capacitors. The grid circuit includes a series damping re-
sistor to reduce the likelihood of parasitic oscillations.

The final amplifier is operated with an 18 -kV anode voltage,
-450-V grid bias, and a 15-A quiescent current. Anode dissipation is 270 kW.
Since the beam current pulse is unipolar, no more than 15-A quiescent current
is needed for Class A operation. The grid bias will be switched to -800 V be-
tween acceleration cycles to reduce average anode dissipation.
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The driver stage must supply 11 kV peak voltage to the grid of the

final amplifier. The major load will be caused by the 70 pF of grid to plate
capacitance of the final stage. At 1.5 MHz, this capacitance represents a

1500 n impedance and will require a peak current of 7.3 A from the driver.

The driver stage will also use an Amperex 8918 in a grounded-grid configura-

tion operated from the same 18-kV anode supply as the final amplifier. Here

the grid bias will be programmed from -600 to -450 V following the cavity
voltage function (Fig. A.7). Bias programming will reduce plate dissipation

to about 60 kW. An input power of 1800 W will be required to drive the stage
to full output, though this value may increase if swamping resistors are added

for impedance matching.

The Amperex 8918 exhibits a plate resistance of about 100 0 and
a p of about 33. The output impedance of a cathode -follower amplifier would

be 2.9 0 at low frequency with these tube characteristics. However, at higher

operating frequencies, the effect of interelectrode capacitances must be in-
cluded in the output impedance.' 2

Table A.3 is the resulting output impedance for several frequencies
of interest with the effect of interelectrode capacitances included. Although the
calculated output impedances are quite low, series inductance in the connecting

leads to the cavity, as well as other circuit strays, will increase the actual

impedance.

TABLE A.3. Output Impedances vs RF Frequencies

RF Frequency (MHz) Output Impedance (ohms)

0.7 4.6 / 340
0.8 4.9 /33 0

0.9 5.2 / 350
1.0 5.6 /-'

1.1 5.9 / 360
1.2 6.2 f-

1.3 6.5 / 350
1.4 6.8 /

1.5 7.0 / 340
1.6 7.3 /T

2.0 8.1 / 300
3.0 9.4 /-TV

4.0 10.1 / 190
5.0 10.5 /F

6.0 10.7 / 120
8.0 10.9 /-$
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The cavity will appear capacitive over most of the frequency
range of interest, 0.79-10 MHz. The high grid-to-cathode capacitance of the
Amperex 8918 and the capacitive load combine with circuit strays to form a

Clapp oscillator circuit. To alleviate this undesirable condition, a series
grid resistor is included.

The large signal levels required on the final grid can lead to some
dramatic fault conditions because of the low output impedance and wide dy-
namic range of the final amplifier. In the event of a really high fault current
at the final output, spark gaps can be provided to protect the tubes.

e. Ring Magnets and Power Supplies

The main ring is made up of 32 bending magnets and 32 quadrupole
magnets. The following discussion of these magnets is based on our current
thoughts about their design and should not necessarily be considered as the
final designs. Some aspects of the designs may change after being investigated
in a prototype 60-Hz magnet.

It is desirable to have only one geometry for the bending magnets
and for the quadrupole magnets. This will greatly expedite the design, fabri-
cation, and testing of these magnets. The present geometries are shown in
quarter cross section in Figs. A.10 and A.11. The gap dimensions are based
on a ring-orbit calculation which gives the maximum beam envelope size in-
side the two ring-magnet types. This defines the usable gap size, to which is
added 1 cm on all sides to allow room for installing a high-vacuum chamber
and rf shield.
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Fig. A.10. Bending-magnet Gap and Core Geometry
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punched. There is therefore

The cores for these magnets will be
assembled from 0.036 -cm -thick, low -silicon,
insulated steel laminations. Because of the

high radiation fields in HIS, it will be desirable
not to have the core impregnated with epoxy.

The prototype magnet will be used to investi-

gate this aspect of the design and its effect on
magnet mechanical stability and performance
characteristics at 60 Hz.

The pole shapes for these magnets
have not yet been calculated, but it is antici-

pated that this can be done in a manner
similar to that used for the rapid -cycling

synchrotron for IPNS-I (Booster -II). We ex-
pect that there will be pole-tip shims at the
edges of the poles. The pole shapes will be

little restriction to the geometries of these
shims, since the complex shapes in the stamping dies can be generated, today,
with accuracies of better than 13 m.

The laminated core for these magnets will be enclosed in a welded,
stainless steel shell, which will provide some mechanical support and a rough
vacuum barrier. This will allow the interior of the gap to be evacuated. The
vacuum characteristics of a laminated magnet will be determined with a pro-
totype magnet. This will also allow us to determine the need for high-vacuum
chambers inside the gaps.

The most fundamental questions about these magnets are concerned
with the need for magnet-coil insulation that can tolerate the potentially high
radiation fields in the HIS (estimated at more than 10" rad/yr). To minimize
the coil doses received from being struck directly by the beam, to decrease
the dependence of the gap field shape on the exact current distribution in the
coils, to reduce the size of the magnetic fields in the coil regions, to provide
some additional horizontal aperture for beam extraction, and to simplify the
coil geometry, an H-frame core was selected for the bending magnets. The
quadrupole geometry shown in Fig. A. 11 is an extension of this type of core.

The radiation doses that must be sustained by the coils make or-
ganic insulations inadvisable. Several types of insulating materials have been
successfully used in the past. All have their disadvantages, especially for an
ac magnet under vacuum. The method we consider most favorable at this time
is mineral-insulated (MI) conductor. This has been extensively used at LAMPF
in the dc magnets. This conductor has a hollow conductor, surrounded by an
insulating layer of powdered magnesium oxide under compression, and an outer
metallic shell.

194
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There are several problem areas in a magnet using an MI conduc-

tor. First, the powdered insulation must be sealed from exposure to water or

water vapor. Second, the shell conductor will act as a secondary turn in the
magnet core. As a result, induced voltages appearing on the shell will be of

the same magnitude as the current-carrying conductors. If the shells of ad-

jacent turns are allowed to make contact, shorted turns will result. Third,

the shell exposes relatively large areas of conductor to the ac magnetic fields
in the coil window. As a result, eddy currents generated in the shell will gen-

erate heat and could affect the shape of the gap fields.

The first problem area has been addressed by others who have
used this type of conductor. A typical solution is to seal any exposed 'nsula-
tion by using ceramic units soldered to the conductor and shield. This is

easily applicable to the ends of the conductors but more difficult when applied
to the joint areas. The fact that the coils will be located inside a rough vacuum

does simplify this situation.

This will also aid us in the solution of the second problem area.
Our present approach to this is to cut the outer shell at least once a turn, but
probably twice. This will reduce the induced voltages to ground from about
2 kV to less than 25 V. The cuts could be sealed during fabrication by methods
that need to be studied. These seals need to prevent the loss of the powdered
insulation and prevent moisture from entering. This second requirement,
however, need be satisfied only until the coils are installed and under vacuum.
Furthermore, any moisture contamination is not irreversible and can be re-
moved by the application of heat and/or vacuum.

There are several ways to approach the third problem area, that
of eddy currents in the shell. One is to keep the coil in an area in which the
magnetic fields; are low and away from the gap area. This is helped by the
H-frame design selected for the core. If the shell conductors on adjacent turns
are allowed to make contact, a much longer net area of shell would be exposed
to the ac fields. If it is determined that this will result in eddy currents that
are too large, we can insulate the shells using various forms of low-voltage
insulation. This is a much more solvable situation than that of the primary
conductors. Individual turns or separate layers or rows of conductors in the
coil pack can be insulated, depending on the primary direction of the fields in
the coil areas. Another way to help is the use of a shell conductor that has a
high resistivity. Type 304 stainless steel seems to be a possible shell material.
This not only will allow the increase of resistivity over a copper material, but
will also allow the thickness of the shell to be reduced. Combinations of these
various approaches will also be considered.

At this time, then, it seems that the problems resulting from the
use of an MI conductor can be reasonably resolved. Using this conductor does
result in another limitation to the design. This is due to the fact that the
MI conductor can tolerate only about 2500 V between the inner conductor and
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the shell. With this in mind, parallel-path coil circuits have been chosen to

keep the voltages as low as possible (less than 2 kV) while still keeping the
supply currents at reasonable levels (less than ZkA ).

The resulting coil will have currents of about 400 Arms in each
conductor and temperature rises across a coolant circuit less than 5.5C.

Table A.4 summarizes the parameters of the current designs for the two mag-
net types.

TABLE A.4. Magnet Parameters

Bending Quadrupole
Magnet Magnet

No. of magnets/ring 32 32

No. of coils/magnet 2 4

Effective no. of turns/magnet 40 28

No. of parallel current paths/magnet 4 3

Current/conductor for
A *T 5.50 C (Arms) v 400 400

Source Currents
Idc (A) 1567 1254

Maximum lac (A) 837 669
Inis (Ams) 1675 1341

Inductance/magnet (m H) 6.04 7.45

Resistance/magnet (ohm) .020 .013
(using BST-II conductor)

Maximum voltage across magnet (V) 1905 1880

Voltage across a magnet (Vrms) 1347 1329

The synchrotron ring magnets are excited by a 60-Hz, dc-biased,
sine -wave current. Series capacitors are used to form two resonant networks,
one for the magnets of each type. A dc bypass is needed for the capacitors.
This is provided by installing chokes in parallel with the capacitors and reso-
nating the resultant tank circuits to 60 Hz.

Sixteen feed points have been chosen in order to minimize har-
monic perturbations around the ring which might excite betatron resonances,
and to keep the voltage across each magnet to a minimum. One of the bypass
chokes is symmetrically split for the insertion of the dc bias power source.
The entire network is also grounded at this point. Two similar supplies will
independently power the quadrupole magnets and the bending magnets.

Voltages and currents in the 16 magnet groups of each type have
been selected to keep the voltages across the magnets to less than 2 kV, as
required by the MI conductor. Each magnet group contains two bending mag-
nets (BM's) or two quadrupole magnets (QM's).
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The ac excitation of the resonance circuit is provided by a pulsed
circuit which supplies a current pulse on the choke auxiliary windings during
the descending portion of the magnet-current waveform (nonaccelerating part

of the cycle). The energy of each pulse equals the cyclic energy loss in the
resonating network.

The pulse power supply consists of an energy-storage capacitor

and associated charging circuits, plus a pulse-discharge circuit controlled by

the ring-magnet network.

Neglecting saturation effects, the time-variation of the magnet

current, Im, is given by

Im = Idc - Iac sinw t,

where Idc is the bias current and Iac is the 60-Hz current. The resonant
frequency of the network is

Lm + Lch

LmLchC)1/2

where Lm is the inductance of one magnet group, Lch is the inductance of one
choke, and C is the capacitance of the resonating capacitor bank for one mag-
net group. The capacitor and choke currents are given by

Lm + Lch sinwt
= - Lch ac

and

Lm

Ich = Idc + L-Iac sin wt

where Lch has been chosen equal to Lm.

f. Space -charge Effects

The space -charge forces between a proton and the beam of protons
modify the effective focusing force and make the betatron frequencies intensity-
dependent. The beam intensity must be less than a value that would shift the
betatron frequency to the nearest dangerous resonance. In HIS, as in most
other accelerators, the vertical dimension of the beam is smaller than the
horizontal dimension and the space charge is determined by the allowable
vertical betatron frequency shift. For a beam of elliptical cross section with
horizontal axis a and vertical axis b, the vertical betatron frequency shift is
given by
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4RrpNF

=rb(a + b)v 2 9Bf '

where

R = mean radius of the synchrotron (26 m),

rp = classical proton radius (1.54 x 10-18 m),

N = total number of protcoas (5 x 1013),

v = vertical betatron frequency (5.25),

= ratio of proton velocity to the velocity of light,

y = ratio of total proton energy to the proton rest energy,

F = image charge and current factor (1.25),

and

Bf = bunching factor.

In a strong focusing synchrotron such as HIS, the momentum com-
paction is large. Hence the transverse beam dimensions, a and b, are mainly
determined by the betatron amplitudes. On the other hanid, the longitudinal
charge distribution depends upon the phase motion. The bunching factor, Bf,
in the expression for the betatron frequency shift is the ratio of the average
to the maximum longitudinal charge densities. The maximum of the longitu-
dinal charge density is at the synchronous phase, cp. The mean longitudinal
charge density is proportional to the bucket height, H, averaged over the cir-
cumference. Thus,

A
BZIH'

where A = beam bucket area.

The canonical conjugate coordinates describing the synchrotron
oscillations are

AE
hw

where

AE = difference between proton energy and that of synchronous particle,

h = rf harmonic number,

w = synchronous particle angular velocity,

and

v = phase of proton with respect to the rf oscillation.
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In these coordinates, the bucket area and height are given, respectively, by

A = heVE)1/l
2n| | hew

and

1/2

where

V = rf voltage,

E = proton total energy,

1 1

Yt = transition energy,

r = sin es'

Y(r) 1.392 - 0.8763r - 0.4762T2 ,

and

cx(r)-0.987 - 1.6303r + 0.65 1 84x2.

The relation between the synchronous phase, cps, and the rf voltage
is given by

V sin cps = 2nRpB,

where

p = bending -magnet radius

and

B = time rate of change of the magnetic field.

The bunching factor, Bf, may therefore be written as

B= 4A(r)
17 Y()
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Since B, V, a, and b, as well as Oy, change during the accelera-
tion cycle, the maximum vertical betatron frequency shift does not necessarily
occur at the injection energy. For a peak accelerating voltage of 175 kV per
turn, the longitudinal acceptance is 3.22 eV-s. To prevent beam spill during
acceleration, a longitudinal beam emittance of 2.8 eV-s is used in the calcula-
tion of Bf. Assuming adiabatic damping of a and b, the maximum vertical
betatron frequency shift occurs about 1 ms after rf capture, where Bf is ap-
proximately 0.4 and y 3p 2 = 0.295.9

Assuming a uniform transverse density distribution, the vertical
and horizontal betatron frequency shifts are 0.22 and 0.17, respectively, for
N = 5 x 1013 with a beam emittance at injection of 80Tr x 4017 (cm-mrad)Z. This
frequency shift is shown by line OP in Fig. A.12, together with some of the
more dangerous resonance lines. Figure A.12 also shows the frequency-shift
spreads for a quadratic particle distribution in the bunch. During injection,
the beam will be moved horizontally and vertically in a manner to ensure a
more uniform transverse spatial density function (see Sec. b above).
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Fig. A.12. HIS Tune Map

g. Collective Instabilities

Three fundamental beam instabilities can be expected. These are
described briefly below.

3Vy "16
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(1) Unbunched-beam Instabilities. Since the HIS operates below
the transition energy, no negative mass effect will occur. The growth of

spontaneous bunching due to resistive walls, cavities, etc., is of the order of
milliseconds or longer. The energy spread of the coasting beam is about 1%.

The total injection time is less than 800 s. For all these reasons, we may

expect that the longitudinal and transverse instabilities can be neglected
during injection.

(2) Bunched-beam Longitudinal Instabilities. The choice of har-
monic number, h = 1, implies that coupled bunch motion will be absent. How-

ever, a single-bunch instability may be present. The strength of this instability

is proportional to the coherent synchrotron frequency shift

OD = 0 m - mQ,

where m is the frequency of the mth mode number and 0 is the synchrotron
frequency. The natural spread of the synchrotron frequencies within the bunch

supplies Landau damping for the instability. The stability criterion is given
by

4

where s (AE/E)z. The large longitudinal emittance of the bunch and fast
acceleration may prevent this instability from developing. The bunch length
will have to be kept as large as possible during the acceleration.

(3) Bunched-beam Transverse Instabilities. In the bunched beam
there are two classes of transverse instabilities: the rigid-bunch instability
and the head-tail instability. The choice of betatron frequency between an
integer and an integer plus one-half ensures single-bunch stability against the
first order of resistive wall effect. However, dipole coherent instability can
occur, due to ions in the residual gas. The proton beam will ionize the mole-
cules of the residual gas. In general, the electrons have enough energy to
escape to the vacuum chamber walls in a time interval short compared to the
rotation period of the beam. Since the beam is bunched, capture of the elec-
trons in the potential wall of the proton beam is not possible.

The existing ion cloud can lead to coherent transverse insta-
bilities for the beam bunch. This can be suppressed by providing good vacuum
in the chamber. It can also be suppressed by introducing a servo system to
provide damping of the coherent oscillations. This method has been applied
successfully in several accelerators. Octupoles will also be used to provide
Landau damping of the ion-cloud instability and possible second-order resis-
tive wall effects.
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In the head-tail instability, the leading particles in the bunch
induce oscillations of particles in the tail of the bunch. After half a synchro-

tron period, the situation is reversed and the tail particles are now at the head
of the bunch. A generative effect can be introduced resulting in instability.

The effect depends on the chromaticity, = (dv/dp)(P/v), as follows.

Suppose the horizontal betatron frequency, v, depends on the
momentum, P, of the particle. The angular velocity, w, also depends on the
momentum. Therefore, the betatron phase difference between a nonsynchro-

nous particle and the synchronous particle changes as the nonsynchronous
particle moves from the head to the tail of the bunch, or vice versa. The

amount of this shift is given by

X =2A(vwTs),

where Ts is the synchrotron oscillation period for the particle. The angular
velocity, w, averaged over the period Ts is the same for all particles of the

bunch. Thus,

A(wT 5 ) = 0,

and

1 dv
x = 2wT sAv = pwT5 .

Using the relations

dv P

dP v

and

1 1 dwP
T Y2= = -dP w'

we obtain

1 _

X = - Z vowTs -vwtt,

where t = Ts/2 is the bunch length in seconds.

For small values of X, the growth rate can be written in the
form,

- = kX,
T
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where k is positive or negative, dependent on the mode number. However,
for zero chromaticity, t = 0, X = 0, and regardless of the mode number, the
growth rate is zero. Therefore sextupole magnets to correct the chromaticity

must be included in the design.
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APPENDIX B

General Principles of Time -of-flight Scattering Instrument Design

1. Diffractometer Resolution

Combining Eqs. 51 and 55 of Chapter VI leads to the fundamental

equation in time -of -flight (TOF) diffractometer de sign

Q h 4t sine . (B.1)

Straightforward differentiation leads to an expression for the resolution

R=(t)+( + ( A2e cote)], (B.2)

based on the assumption that the uncertainties At, AL, and o26 are independent.
The uncertainty At in measured flight time results from the time width tp of
the neutron pulse when it is produced and the width Atm of the time channels
into which the neutron arrival times are sorted. These two contributions are

independent of one another; therefore,

At = [(Atp)2 + (atm)1. (B.3)

Both Atp and Atm are independent of AL and 62. An important feature of the
pulsed neutron source is that, for a given flight-path length L,

tp/t - constant (B.4)

independent of neutron wavelength. Therefore, at any one scattering angle,

AQ/Q constant (B.5)

independent of Q, provided t >> tm, which is usually the case.

The angular uncertainty 626 is determined by the effective angles sub-
tended at the sample by the source and detector (which may be modified by
the use of collimators or guide tubes); AL depends on the dimensions and
orientations of the moderator, sample, and detector. Various detector (or
sample or source) elements can be combined to form one large detector (or
sample or source) without appreciable sacrifice of resolution if the geometry
is chosen so that the resulting 626 and AL are correlated so that their contri-
butions to the resolution nearly cancel. This is the principle of "geometrical
time focusing," which leads to the optimal geometry (for infinitesimally thin
planar moderator, sample, and detector)'
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1 L1 + L2
tan aM = 2Z L cot 80,

1 L1 + L2
tan 01D =Z L cot 80,

t2 1 (B.6)

and

LZ Lzz (L + L1~
tan - L - [(L 1 L) cot e0 + 4 tan 8

S L1L2 L1Lz

where the angles and distances are defined in Fig. B.1.

aD

DETECTOR /

0

MODERATOR asL

aM 29

LI

SAMPLE

Fig. B.1. Pulsed-source Diffractometer Geometry De-

fining Geometrical Time-focusing Parameters

The second of these conditions is of great practical importance, since

it allows us to treat the signals from a large solid-angle detector array as

though they were from a single detector, and hence to reduce the degree of
electronic analyzing capability required. When geometrical time focusing is
used, a correct treatment of the resolution would involve careful inclusion of
the correlations between 620 and AL. However, Eq. B.2 is still approximately
correct if the values used for 628 and AL are taken to be those appropriate to
a single detector (or sample or moderator) element.

For some values of Ze, L1 , and La, the time -focusing equations are
very restrictive, and in such cases, large detector solid angles can be achieved
without sacrifice of resolution, only if the signals from small detector elements
are individually time -analyzed (electronic time focusing).

If the source produces pulses at a frequency f, the time between pulses
is T = 1/f. The difference in total flight time between the fastest and slowest
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neutrons reaching the detector must not exceed T, or "frame overlap" will

occur. In this case, fast neutrons from the next pulse will be arriving at the
detector at the same time as slower neutrons from the current pulse. This

is permissible in some cases and can be allowed for in the data analysis, but
in most instances, frame overlap results in too much confusion and so must

be prevented. This can be done by making L sufficiently small, by introducing
a coarse chopper in the beam to eliminate some of the pulses and hence in-
crease T, or by using a "velocity-selector" chopper arrangement to truncate

the spectral range of each pulse.

2. Chopper Inelastic Spectrometer

This general instrument configuration is indicated schematically in

Fig. 47h. (One could also imagine placing the chopper in the scattered beam,
but this places a severe restriction on the amount of solid angle that can be
covered with detectors and so is seldom used.) The governing equations are
Eqs. 52 and 53 of Chapter VI with

k -= h= - h t (B.7)
mv1  m L1

and

h _ h t3  h (t2 + t3 ) -t 1 L2 /L 1  (B.8)
s mv3  m L3  m L3

The time t1 is determined by the phasing between the time the source
emits a pulse and the time the chopper is "open"; the time t2 + t3 is the mea-
sured time between the chopper open period and the detection of the neutron.
Differentiation leads to an expression for the energy resolution

E = m [Q-+ 7tL2 + 2(AtP)z+ (v- + - LL 2(atc) 2 += (t)
L1 L1 L3 p L1 Ll L3 c L3

+ (AL )2 + (AL3) , (B.9)

where Atp is the source pulse width, Atc is the uncertainty in time of trans-
mission through the chopper, Atm is the time-channel width used for data, AL2
is the uncertainty in incident path length into the sample, and AL3 combines the
detector thickness and the uncertainty of scattered path length in the sample.
These quantities have been assumed to be statistically independent, which is a
reasonably good approximation for such an instrument.

The quantity Otc can be further broken down into the chopper pulse
width Tc (FWHM) for a perfectly collimated beam and a contribution due to the
finite angular divergence Mi'l of this beam in the x, y plane (coordinate sys -
tem as in Fig. 47). This gives
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Otc = [TC +(, (B.10)

where w is the angular frequency of the chopper. The quantity Tc is given in
terms of chopper parameters as

Sc = (d/2)wr, (B.11)

where d is the chopper slit width and r is the chopper radius.

The three momentum-transfer components (coordinate system of
Fig. 47) are

Qx = 2r (h cos 2) = (v1 - v3 cos

Qy = (2 -ei - sin 2e) = (viAc(1 - v3 sin 20),
,l.s(B.12)

and

Qz = 2r (- 00- A) =3 (viA0i - V30,

where 60, and A 3 are the z angular divergences of the incident and scattered
beams. Differentiation again leads to resolution expressions

L + + v 3icos 2 )(Atp) + v + 1 v L coo 24.c)+

+ (7VI cos ze)(atm)2 + cos 29) (AL 1 + cos 2)(AL)

+ (v3 sin 2()a )2

soy= L sin 2e(A L + Lsn 2 ,ac + (.sin Z)(Atm)+L 3In 21\(, ( .iT ( n ( WI 2 (B.)13)

+ = ~-sin ze ()1 + . sin ze) (aL5
1 + (v3 cosn 20)'(AZ0)1

(2v1L L/2

and

= J(v;(0,), + v;(40
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For an instrument of this type, two ports of frame overlap must be
considered: overlap of different pulses from the source and overlap of dif-

ferent chopper pulses during the same source pulse. In principle, both types
of overlap effects can combine with elastic or inelastic scattering processes
in the sample to produce spurious results. Techniques for eliminating such
effects are the same as those discussed above for diffractometers.

The transmission function of a curved-slit chopper has been discussed
in detail by Larsson et al.2 A curved-slit chopper with slit curvature of
radius R rotating at angular velocity w (see Fig. B.2) has maximum trans -

mission for neutrons of velocity

vo = 2wR. (B.14)

For other velocities not too far from
v0 , the transmission falls off roughly
as

T = 8 -- -vv-/J- , (B.15)
R 3 d v vo

where X is the fraction of the cross-
sectional area of the slit package that
is transparent to neutrons. Thus it is

Fig. B.2. Parameters for Curved-slit Choppers. desirable to match the chopper oper-
ANL Neg. No. 125-77-374. ating frequency to the incident neutron

velocity of interest according to
Eq. B.14. However, for most chopper designs, the transmission falls off
rather slowly as the neutron velocity is changed from the optimal value.
Therefore, if the chopper is used with one frequency w chosen to match the
resolution requirements as dictated by Eq. B.11, a rather wide range of in-
cident velocities can be accommodated without too great sacrifice of trans-
mitted intensity.

3. Crystal Inelastic Spectrometer

Spectrometers using Bragg reflection from a crystal to define either
the incident or the scattered energy while the other is determined by TOF are
shown schematically in Fig. 47 (i and j). These two configurations will be
referred to as "direct" and "inverted" geometry, respectively. The govern-
ing equations for both geometries are Eqs. 52 and B.12. In the direct geom-
etry (Fig. 47i), the crystal Bragg angle eB is used to select the incident
wavelength, and the detector looks at all scattered wavelengths, sorting them
by TOF. In this case,

h
Jai =-- = d in B (B.16)

m t InV
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and

h h t3  hF 1i+LL-s-= = m ---h--i(t1  + t2 + t3) - 1-. , (B.17)my3  m L3  mLJ3Lv 1 j

where d is the monochromator crystal plane spacing and (t1 + t2 + t3 ) is the
measured flight time from source to monochromator to sample to detector.

The monochromator crystal introduces a correlation between the wave-
length resolution Aa i and the angular divergence Act of the incident beam. This,
in turn, leads to a correlation of AE, AQ , and aQy, so that the resolution is
best represented as an ellipsoid in (EQ) space. The shape, size, and orienta-
tion of this ellipsoid depend in a complicated way on the crystal mosaic
spread 1, the incident and scattered angular divergences At and A26, the
path-length uncertainties AL1 , AL2 , and AL3 , and the source and detector time
uncertainties Atp and Atm. (See discussion of treatments of steady-state
crystal instruments in Ref. 3.) If we ignore these correlations and simply
differentiate the energy and momentum equations, we can obtain the much
simpler inexact but useful resolution expressions

AE = m v + L v)cots cPB(AOz + 1) + - (LZ)

11/2

+. (DL3)2+= (Ott + It-) , (B.18)

mill L +L AL)
aQa = 71v + v cos Z0)cot=PB(aar' +71) + cos 20 (L3 4

+ ( cos 20 (aL, + (v, sin 2tf (ate) + cosr 2)(At + Atm)J.

aQyL= - V +Lv cot 9B sin 2'(a.) + ( (Lcot 9B sin 20 11

(B.19)

+ (f sin t0) (AJLaq+ + sin 20) (AL,) + (v, cosr 2tf(ateOY

+ sin 2)0 (atf + Atsm

and

aQ. " (Vf( %+ vi(As)'}.
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Whenever there is a crystal monochromator in the incident beam,
Bragg reflections of orders other than the one of interest may also occur, with
the result that wavelengths Xn = (1/n)Xi are also present in the incident beam
(n is an integer). Neutrons of wavelength Xn in the incident beam that are
scattered by the sample with energy shift E will be interpreted as though they
were of incident wavelength X i with energy shift E' given by

E' = E1 1 L3 (B.20)

[L 3/rn- Ei7E - (L+ L)n 
B0)-

n

with E1 being the first-order incident energy. If

L 3 /VnZ-E/< (LI + Lz)n- (,B.21)

as will usually be the case, these higher -order neutrons will arrive at the de-
tector before any of the first-order neutrons have reached the sample, and
thus may be easily rejected unless frame overlap is also a problem.

In the inverted geometry (Fig. 47j), the sample is bathed in a "white"
incident beam and the crystal Bragg angle TB is used to select the wavelength
of the scattered neutrons, with the incident neutron wavelengths being sorted
by TOF. To view the scattered neutrons over a large solid angle, as is nec-

essary for high efficiency, it may be necessary or desirable to let TB vary with
the scattering angle 28. This is the case in the example considered below,
where a large planar analyzing crystal is used. For the inverted geometry, we have

a s h= - = 2d sin pB (B.22)
my3

and

h ht, h
i -j - --- [(t1 + t + t,) - (LZ + L3 )/v 3 ], (B.23)

mvl mL1 mL

and with the general planar crystal geometry shown in Fig. B.3,

PB = Y - 2. (B.24)

OIT(orsC \ r("

Fig. B.3
ANALYNS

CRYsTA4. Schematic Diagram of Inverted-geometry Crystal-
analyzer spectrometer with a Planar Analyzing

1+\ Crystal. Two different possible scattered neutron

, paths are shown. ANL Neg. No. 125-77-377.

t L,
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There will again be strong correlations between AE, AQ, and AQy,
and the resolution will again be given most accurately by an ellipsoid in (E, Q)
space, but as above, useful expressions can be obtained by ignoring such
effects and differentiating the expressions for E and Q. This gives

AE = m v3 + L2 + L 3 v1 cot2 (y - 2e)[(e62)Z + rZ] + (AL1)+ L1  v:)2 1

+ ( (L + AL) + (At + Atm)}, (B.25)

Q = {(v3 cos 2e + L2 +L 3 V)Z( - )2+ v sin 2e

- I~v3 cos 2ze+ L 1  vcot(Y - 2.) z2

+ (ai+ ALi) + (az + (B.2m

AQy = {vf(A3)v + [v3 sin i cot(y - 2ei) 2

+ [v3 cos 2e + v+ sin 2e cot(y - 28) (28)Z+)

and

AQz =_[v(AA)) + v+( 2)211/2.

Similar equations may be derived for nonpianar analyzer -crystal arrays.

In the inverted geometry, there is again a problem with neutrons that
undergo higher -order Bragg reflections from the analyzing crystal. In an
analysis similar to that given above for the direct -geometry case, we con-
sider neutrons of wavelength A n (= (/n)A~ In the scattered beam, which have
lost energy E in scattering from the sample. These will be interpreted as
though they were of final wavelength A a with energy shift E' given by

Lf
-1 (B.26)n[i+AE/E - (L2 + Ls)fA1 1
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where E3 is the first-order scattered energy. For most samples, scattering
processes with large neutron-energy gain (E < 0) will be relatively infrequent
and would probably not lead to severe order effects. Thus the last neutrons
(in time of arrival at the detector) that may be important in order effects are
those for which E = 0. (Neutrons with E > 0 arrive at the detector at an
earlier time, since they had higher incident velocity.) For E = 0,

{ LinzE= E3{[L1 - (L2 +L3n -1) -1}. (B.28)
[Li (Lz+ L3 )(n - 1)12

Arrival times later than this correspond to smaller values of E'.
Therefore E' represents the upper limit of the range of energy transfers in
which no complications from order effects are likely to arise. This limit can
be made quite large by increasing E3 or by increasing the ratio (L2 + L3 )/L1 .
(If this ratio z 1, Ec = w.) If these steps are not feasible, order effects can
also be eliminated by placing in the scattered beam a filter that transmits
wavelength XS but not wavelength X s/n (for n = 2,03, ... ). Common filters are
polycrystalline beryllium, which transmits X > 4A, and pyrolytic graphite,

0

which is best for X s = 2.3 - 2.4A, but is also useful for wavelengths not too
different from this as well. 4

At small wavelengths the crystal reflectivity (see, for example, the
discussion in Ref. 5) decreases roughly proportionally to X, making crystals
unattractive for use with short-wavelength neutrons. This means, for
example, that the direct-geometry crystal spectrometer would not be a good
instrument for studying large energy-transfer processes involving neutron-
energy loss, since this would require short-wavelength incident neutrons.
(Neutron -energy loss is the only reasonable process to use for large energy
transfers, since the Bose-Einstein factor in the scattering cross section
makes large neutron -energy -gain processes extremely improbable.) This
restriction may also pose a problem in trying to reach certain values of Q
and E with an inverted-geometry crystal spectrometer.

4. Constant -d Geometry

A special configuration of the inverted -geometry type is the constant-Q
geometry. The configuration has the unique property that a scan at constant
vector c~ can be obtained from data collected for a single sample orientation
and instrument setting. In this geometry, a planar analyzing crystal is oriented
with the crystal planes parallel to the incident beam, so that y = 0 and B =
-20 (see Fig. B.3). In this case,

Qy = -n/d (B.29)

independent of scattering angle. The neutrons received at each detector ele-
ment span a set of momentum transfers as a function of arrival time t. This
set of Q values is the same for each detector element, although the arrival
times differ.
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Since QY is the same for all neutrons detected and the same range of

Qx is sampled in each detector, processes having the same vector momentum
transfer can contribute to all detectors. However, for a given Q, each detector

will correspond to a different energy transfer E. Therefore, for each pulse the
instrument will collect data for a series of energy transfers E for each given
vector momentum transfer Q; that is, it will perform a series "constant-Q"

scans. This is the only instrument so far considered for IPNS for which such
constant vector Q scans can be obtained from the simultaneously collected

data. This "constant-Q" capability makes this instrument uniquely suitable for
the study of excitations in single-crystal samples at a pulsed neutron source,
a function ably fulfilled by triple-axis spectrometers at steady-state sources.

With this instrument, the sample would first be oriented so that a
Q vector of appropriate magnitude lies in the desired direction relative to the
reciprocal lattice of the sample. Data would be collected until sufficient ac -
curacy was obtained. Then the crystal could be turned to a new orientation,

and a constant-Q scan at a different Q vector could be performed. (A complete
scan would result from each crystal orientation.) This process could be re-
peated until a dispersion curve was traced out, much as with a conventional
triple-axis spectrometer at a reactor. However, because of the large flux of
epithermal neutrons available at a pulsed source, this instrument would be
capable of studying processes involving higher energy transfers than can be
studied at a steady-state source. Here is where its greatest value would lie.

In addition to the Q of interest, data would be simultaneously collected
at other Q vectors as well (corresponding to different arrival times). In gen-
eral, these would not correspond to processes occurring along symmetry
directions in the crystal. With proper care, however, two or three such
Q vectors can sometimes be made to end on different symmetry axes for one
sample orientation. In many instances, proper experimental design might
make it possible to use even more of these additional data, in which case a
significant bonus in data -collection rate would be realized.

5. Intensity Calculations

Once an instrument configuration has been chosen and parameters
selected to produce the desired resolution and (Q, E) range, it is necessary to
estimate the actual data-collection rate expected with such an instrument. One
point at which instrument performance can be judged is in terms of the total
time-averaged neutron-flux incident on the sample. If the incident beam has
been "monochromated" either by Bragg reflection or with a chopper before it
reaches the sample, then the relevant comparison is indeed in terms of the
total time-averaged neutron-flux incident on the sample, as a function of the
incident energy El. For the "white-beam" instruments such as TOF diffract-
ometers and inverted-geometry crystal spectrometers, a useful number for
comparison is the total time-averaged incident flux per unit energy interval
as a function of El.
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The time-averaged flux per unit energy at a distance L from a pulsed
spallation neutron source is given by

(E) = SN EI() [EI(E)]E=1 eV{T exp(-El/ET)
E=l eVET

[1 + (5ET/E) 7 ]E=1 eV EI(E)] 1
+l-1---,-2(B.30)E1  [1 + (5E T/El)7 ] Ith E=l eV L (B'o

where an interpolation formula has been used to join the Maxwellian and
1 /E spectral regions. Most quantities in Eq. B.30 were defined in Chapter IV.
For instruments with a chopper in the incident beam, the total time-averaged
flux on the sample is

F(E1 ) =-9(E1 )T(E1 )AE1 , (B.31)

where

2E1

AE E 1 Tc (B.32)

is the energy interval selected by the chopper, T(EI) is the chopper transmis-
sion function, and Tc is the FWHM of the time pulse transmitted by the chopper
for a perfectly collimated incident beam. For instruments using a crystal
monochromator in the incident beam, Eq. B.31 is again valid, but now AE1 is
the energy interval selected by the crystal,

AEI y 2E1 cot BAPB, (B.33)

T(E1 ) is the peak reflectivity of the crystal, and AcPB is the FWHM of the dis-
tribution of Bragg angles allowed by the crystal mosaic spread and the beam
collimation. When there is nothing in the incident beam, the time-averaged
flux per unit energy-interval incident on the sample is

F(E1 ) = "(E 1 ). (B.34)

If the sample scatters elastically, its scattering is described by the
differential cross section do/dO, which is a function of the neutron energy E1
and gives the cross section for elastic scattering of the neutron into a solid
angle element An. Thus, for a diffractometer, the time-averaged count rate
per unit momentum-transfer interval to be expected in one detector element is

d0
idiff (Ei)ZEi/Q(E, 28) N 5 -(E, ) - eD(Ei)nv(B.35)

incident flux sample detector
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where Ns is the number of scattering units in the sample, D(E1) is the detec-

tor efficiency (see below), and Uf is the solid angle subtended at the sample by
the detector element.

An inelastic-scattering process is described by the double differential
cross section da/dCdE (per scattering unit) for scattering into a solid angle

element do with energy transfer in a range dE about E. For a chopper
inelastic spectrometer, the time-averaged count rate per unit energy-transfer

interval to be expected in one detector element is

Ichop = (E1) T(E1)Tc -NsdCdE (E1 , E, Q) ED(EI - E)tn. (B.36)
II II I I

incident flux sample detector

Similarly, for a direct-geometry crystal spectrometer,

Idgc = (EI)T(El)2E0cPB cot pB- N dsda (E1 , E, n)- eD(E1 - E)AC'. (B.37)I I l d dE _____

incident flux sample detector

For the inverted-geometry crystal spectrometer,

1igc = (E1 ) Ns d a (E1, E, 0) T(E 1 - E)2(E 1 - E)9 cot CPB'
L J dO dE _____________

incident sample analyzer crystal

flux

D(EI - E)An . (B.38)

detector

If the incident or scattered beam is collimated by other than "natural" collima-
tion, these count rates must be reduced accordingly.

6. Detector Efficiency

Neutrons are usually detected with gas-filled proportional counters or
with scintillation counters. In either case, since neutrons produce a negligible
amount of direct ionization, induced nuclear reactions are used to provide the
primary charged particles. Two different fill gases are in common usage for
gas -filled detectors. These are BF3 , which uses the reaction

10 B + In (9Z) ?Li* + 4He 0.48 -MeV y ray + 7Li + 4He + 2.3 MeV

or (B.39)

(7%)Li +-* 4i+He + 2.79 MeVJ
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(cross section at 25 meV = 3800 barns), and 3 He, which uses the reaction

3He + In -+ 3H + 'p + 0.77 MeV (B.40)

(cross section at 25 meV = 5430 barns). For scintillation detectors, reac-

tion B.39 is used as well as the reaction

6Li + 'n- 3 H + 4He + 4.79 MeV (B.41)

(cross section at 25 meV = 940 barns). These reaction cross sections are

inversely proportional to the neutron velocity v for all neutron energies of

inte re s t.

The efficiency CD(E) for detection of neutrons of energy E (in meV)

can be expressed as

CD(E) = [l - exp(-NaZS25/Et,] ) ,(B.42)

where N is the number density of converter nuclei (3 He, 1 0 B, or 6Li), Qzs is
the cross section for the relevant nuclear reaction with 25-meV incident neu-

trons, t is the detector thickness, and is the fraction of captured neutrons

that actually results in an output pulse from the detector.

For gas-filled proportional counters, the fill gas serves both for con-

version and detection, and can be made near unity. The detection efficiency
then depends on the pressure and composition of the fill gas (which determines

N and 025), the detector thickness .L, and the incident energy E. In a scintil-

lation detector, the converter nuclei are usually mixed intimately with the

phosphor so that the recoiling particles give rise to scintillations in the phos-

phor. The quantity t can be made near unity in this case as well, but care
must be taken to use a scintillation medium that does not self-absorb its own

light.

To prevent undesirable chemical reactions, fill pressures must be

kept below about 4 atm for 1 0 BF3 detectors. For 3 He detectors, much higher
fill pressures (typically 6-lU atm, but sometimes up to 40 atm) can be used
if the detector geometry provides sufficient mechanical strength. For a scin-

tillation detector, the converter nuclei are in a solid matrix. The quantity N
can then be made much greater than for these gas-filled detectors. For TOF

instruments, the detector thickness can be an important contribution to the

resolution, so t must usually be limited to 1 -2 cm, or even less, in some
cases. These factors place a constraint on the detector efficiency that can be
achieved, particularly at high neutron energies. The efficiencies of several
typical detectors are shown in Fig. B.4.
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Fig. B.4. Detector Efficiencies. (a) NE905 scintillation counter, 2 mm thick (lithium-
loaded glass, cerium-activated); (b) 3He pressurized to 10 atm, 1 cm thick
(the same curve would apply to NE905 scintillator 1 mm thick); (c) 3 He pres-
surized to 4 atm, 1 cm thick. ANL Neg. No. 125-77-373.

7. Guide Tubes

Inspection of Eqs. B.2, B.9, and B.25 shows that, to get high resolution
in a TOF instrument, it would often be desirable to use long flight-path lengths

(to diminish the contribution from the source pulse width, for example). How-

ever, Eq. B.30 indicates that the neutron flux varies inversely as the square
of the incident-path length, so instruments with long incident flight paths would
be expected to have very low data rates. This situation can be improved con-
siderably by the use of guide tubes.

Neutron guide tubes have been used at reactors for a number of years,
most extensively at the Institut Laue -Langevin in Grenoble, and their perfor-
mance is well established. (See, for example, Ref. 6.) Neutron guides are
based on the optical principle of total internal reflection. The refractive
index n for neutrons of wavelength X in a medium of scattering length b is

nZ= 1 - XZNb/rr, (B.43)

where N is the number density of atoms in the medium. For most materials,
b is positive, so n < 1. Standard wave optics then dictates that neutrons inci-
dent at an angle y < Yc to the surface of such a material will be totally re -
flected from this surface. The critical angle Yc is given by

Yc = cos' n, (B.44)
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which can be written to good approximation as

Yc Nb/n. (B.45)

In practice, surface imperfections, etc., lead to a reflectivity R(X) for

y < Yc which is less than unity and may be wavelength dependent. However,
with great care R has been made as large as 0.98 in some cases. To get the
surface smoothness necessary to obtain large values for R, guide tubes are

usually made of glass, which in some cases has been ground and polished.

For glass the critical angle is Yc 1.03 x 10~3 X rad. A larger critical angle
can be obtained by plating the glass with nickel, in which case Yc 1.75 x

10~3 X rad (a in A).

The effect of a straight guide tube is thus to retain nearly all neutrons
with angular divergence less than Yc. On the other hand, without the guide

tube, only those with angular divergence less than that given by the natural
collimation would be present. For a perfectly reflecting rectangular guide

tube of width W, height H z W, and length L, the intensity gain is

G [(LYcZ1 LYc 2 ]0 yc -'Gp =1 W 1+H c L;

ZL Yc LYcWsY H ; (B.46)

p W H L c L

4LZyc H
Gp = WH ' L c'

If R < 1, this theoretical gain must be multipled by an average efficiency

-_ 1- R(LYc/H)+l [1 - R(LYc/W)+1]
- (B.47)

(LYe/H + 1)(LYc/W + 1)(1 - R)2

The actual gain of the guide tube is then

G = G . (B.48)

Since both Gp and I are dependent on the neutron wavelength, the total
gain is strongly dependent as well, as is shown for some specific guide -tube
configurations in Fig. B.5. If a guide tube is used with any instrument, the
count rates calculated as discussed above must be multiplied by the guide-
tube gain at the appropriate wavelength.
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8. Air Scattering

The possibility that
ing a distance L through a

section a is

a neutron will be scattered at least once in travel-

gas of number density N and scattering cross

Ps(L) = 1 - e-NL. (B.49)

If the gas is air at STP, then Na = 5.4 x 10-4 cm-1. This gives
Ps(1 m) = 0.05, Ps(5 m) = 0.24, Ps(i0 m) = 0.42. For 4He at STP, the cor-
responding numbers are Na=w 3 x 10"5, Ps(1 m) = 0.003, Ps(5 m) = 0.015,
Ps(l0 m) = 0.03. To prevent an inordinately large background and loss of in-
cident flux from this air scattering, the flight path traversed by the incident
beam must either be purged of air and filled with 4He, or else evacuated.
Lesser but still significant advantages can be obtained by doing this for the
flight path from sample to detectors as well.

9. Gravitational Effects

The distance z a neutron will fall in time t due to gravity is

z = gt . (B.50)

In a TOF instrument, Eq. 55 of Charter VI gives

t = LmX /h.
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Fig. B.5

Guide-tube Gain G for Total Length L =
52 m and Cross Section W = H = 10 cm
(as for the instrument in Fig. 50). A

nickel-plated glass guide tube is assumed.
The solid curve is based on a reflectivity

R = 0.98; the dashed curve is based on
R = 0.90. ANL Neg. No. 125-77-371.
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Numerically, this gives

z = 3.131 x 10~7(LX) 2  (B.52)

0 0

for L and z in meters and X in A. For 10-A neutrons traveling over a 20-m
flight path, z = 1.25 cm, which may not be negligible in some applications.
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APPENDIX C

Time and Cost Schedules

1. Time Schedule

The IPNS Project will be performed in three stages identified as
IPNS-I, IPNS-I Upgrade, and IPNS-II. In IPNS-I, two spallation targets for
neutron-scattering and radiation-effects research will be designed, fabricated,

installed, and operated in an existing building. The targets will be bombarded
with protons received from the existing IPNS-I Accelerator System, which
will have been injected with H- ions from an existing 50-MeV Linac. Twelve

horizontal neutron-beam tubes will be provided for neutron-scattering re-
search. Five or more of the 12 neutron-beam paths will be provided with re-
search stations. The activated stations will include the required research
instruments and needed data-acquisition and -processing systems. The
radiation-effects target area will be equipped with four vertical and one hori-
zontal irradiation thimbles in which fast-flux irradiations may be performed
at atmospheric environmental conditions normal to the target room.

The design and construction of IPNS-I will require about two years
(operations expected in early 1981) with operations following for several years.
The IPNS-I work will produce information to be used in the development of the
IPNS-II systems.

The IPNS-I Upgrade will include the activation of five or more addi-
tional research stations for neutron-scattering work and the provision of
cryogenic systems for the radiation-effects research. Activation of the addi-
tional research stations will include the selected research instruments and
needed data-acquisition and -processing systems. The cryogenic systems
for the radiation-effects facilities will permit irradiations in the range of
2-10 K in two of the four irradiation thimbles. Irradiated samples may be
removed and transported at low temperatures to postirradiation examination
facilities, such as the nearby high-voltage electron microscope.

The IPNS-II activities of IPNS comprise the design, procurement, and
installation of completely new systems including a 100-MeV Linac, an 800-
MeV proton synchrotron, a radiation-effects facility, a neutron-scattering
facility, the upgrading and relocation of some IPNS-I research instrumentation
and support systems, and the provision of several new research instruments.
The new Linac and the radiation-effects facility will be contained in new build-
ings; all other systems will be contained in existing buildings vacated of equip-
ment formerly used by ZGS programs. Some essential preliminary design of
IPNS-II has been performed using Construction Planning and Design funding.
This work is needed to improve the budget estimate for IPNS-II and to ensure
a more reliable schedule for construction. Full operational status of IPNS-II
is expected five years after the project is authorized. At the Highlights of
ANL Institution Plan Review by DOE on July 14, 1978, it was documented that
"IPNS-II will be deferred until at least 1983."
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Figure C.1 shows the schedule for the design, procurement, and con-
struction for IPNS-I. Figure C.2 shows a proposed construction schedule for

IPNS-II.

To meet the relatively tight schedules indicated for IPNS-I shown in
Fig. C.1 considerable predesign support work has been performed. Similar
advance work for IPNS-II is needed. The IPNS-II advance work includes nu-
merous theoretical studies as well as fabrication and testing of prototypes of
specific accelerator components and experimental instrumentation. This pre-
design support work should be continued through FY 1982.

2. Capital Costs and Obligation Schedules

The summary cost estimates for IPNS-I and IPNS-I Upgrade are given
in Tables C.1 and C.2, respectively. These estimates are in accordance with
information presented to the Department of Energy in May 1978. In the most
part, the estimates are based on current costs for labor and materials, with
contingency and escalation factors applied as described below.

The cost estimate for IPNS-II is given in Table C.3. This estimate
was made on the assumption that the project would be authorized to begin in
FY 1980. The cost estimate will require updating when a different start date
is used. A revised cost estimate will reflect the effects of escalation as well
as the effects of any technical progress that may result from preliminary de-
sign work that could be performed using Construction Planning and Design
(CP&D) funds.

The schedule for fiscal year obligations for IPNS-I and IPNS-I Upgrade
are combined and summarized in Table C.4. This schedule is based on the
authorization of IPNS-1 in FY 1979 and assumes that the IPNS-I Upgrade will
be authorized for FY 1980. The obligatory schedule for IPNS-II is not pre-
sented, since the start date for this project is deferred until at least 1983.

For all IPNS-I activities, no new buildings will be required. The prin-
cipal work will be that shown in summary in Fig. C.1. For IPNS-II. two new
buildings will be needed, one to contain the 100-MeV Linac and the other to
house the radiation-effects facility. The Linac building will be a custom-
designed, steel-reinforced concrete structure, similar to that containing the
existing 50-MeV injector used for the IPNS-I Accelerator Systems. The
radiation-effects facility will be contained in a steel-framed building clad
with metal-insulated sandwich panels. The cost estimates for the buildings
are based on current Argonne experiences with similar structure. The ma-
jor work parcels for IPNS-II are delineated in Fig. C.2.
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TABLE C.l. IPNS-I Cost Breakdown (1979 Dollars)

Engineering at 16% of Construction 742,000

Construction 4,651,000
Site Improvements 12,000
Buildings 206,000
Special Components 4,433,000

*Proton Beam Line 458,000
**Neutron Generation Facilities 958,000

Research Work Stations 2,625,000
Data Handling Systems 400,000

Standard Equipment 100,000

Subtotal 5,493,000

Contingency at 17% 907,000

Total IPNS-I (FY 79) Costs 6,400,000

*Assumes use of ZGS shielding, magnets and

**Neutron Generation Facilities

Target Systems
Target Shield Monolith
Neutron Beam Shielding

TOTAL

magnet power supplies

180,000
656,000
122,000

958,000

TABLE C.2. IPNS-I Upgrade Cost Breakdown (1980 Dollars)

Engineering Design and Inspection at 19% of 394,000
Construction Costs

Construction Costs

Additional Research Stations
Cryogenic Systems for REF

Subtotal

Contingency @ 22% of above costs.

Total IPNS-I Upgrade (FY 80) Costs

2,064,000

1,589,000
475,000

2,458,000

542,000

3,000,000
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TABLE C.3. IPNS-II Cost Breakdown (1980 Dollars)

Engineering at 24% of Construction

Construction
Site Improvements
Buildings
Special Components

Preaccelerator & Linear
Accelerator

High Intensity Synchrotron
Target & Heat Transport
Research Instruments
Shielding

Utilities

Installation & Assembly

6,042,000

15,558,000
3,162,000

14,713,000
1,836,000

246,000
6,399,000

31,311,000

11,023,000

45,448,000

268,000

7,224,000

Standard Equipment

Subtotal

Contingency at 25%

Total IPNS-II (FY 80) Costs

56,655,000

12,745,000

69,400,000

TABLE C.4. Schedule of Obligations for IPNS-I
and IPNS-I Upgrade Combined

Fiscal Year Obligations* Costs**

1979 6,400,000 1,500,000

1980 3,000,000 5,000,000

1981 2,000,000

1982 900,000

*Includes all Commitments.

**Projected Cash Payments During Fiscal Year.

The estimates for components for the Linac, high-intensity synchro-
tron, and beam-transport equipment are based on recent experiences at
Argonne and other national laboratories. Many of the estimates are substan-
tiated by information provided by suppliers. The estimates for research in-
strumentation for both IPNS-I and IPNS-II are based on recent experience by
Argonne with the development of similar devices.

The escalation estimates are based on statistical information from the
U. S. Government and other published sources. The rates have been averaged
at 7% per year and applied appropriately to each item of IPNS-I in accordance
with the projected obligation schedule. For IPNS-II, similar escalation esti-
mates have been applied to the IPNS-II items assuming a project start of
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FY 1980 and completion of the project in 5 years. At thi3 writing, it is under-

stood that IPNS-II construction start will be deferred to at least 1983. With

this delay, the cost estimate will require revision.

Contingencies are applied to each entity in the cost estimate. The con-

tingencies vary from 15% for conventional plant facilities to 30% for experi-
mental instrumentation to as much as 50% for magnets for the IPNS-II High

Intensity Synchrotron. The overall project contingencies average about 25%.

The estimate for engineering, design, and inspection was made for

each applicable entity. This was totaled to a value of about 29% of overall con-
struction costs. This percentage is consistent with recent Argonne experience
with relatively complex jobs of this type.

3. Summary of Operating History and Plans

The pulsed-neutron-source program was actively begun in FY 1974

with the design and fabrication of the ZING-P facilities. This initial program
was continued into FY 1975 with the operations of ZING-P. In FY 1976 and

FY 1977, the program had no physical operations but was continued with par-

ticular R&D activities associated with preparatory work for IPNS. Also,
the design and construction of the ZING-P' facilities, including the IPNS-I

Accelerator, was initiated and completed during this period.

During fiscal years 1978, 1979, and most of 1980, the operation of the

ZING-P' program will be the principal R&D activity in the program. These

operations will yield experimental information as well as allow testing of
prototype targets and the development and testing of research instrumentation.
This development and testing program will provide valuable data for the de-
velopment of both IPNS-I and IPNS-II research instrumentation. The develop-

ment of this instrumentation will comprise a major staff activity.

Much of the information generated as a result of the ZING-P' program
will be directly applied to the IPNS design and engineering effort. The funda-
mental reason for this activity will be to advance work accomplished in
ZING-P and later in the conceptual design. This support activity will be of

prime importance during the fiscal years 1978-1980 to assist in the meeting
of IPNS-I project schedules. Some similar effort should be continued after
the ZING-P' program is phased out and IPNS-I operations are begun. This
later effort will be needed to support the design of IPNS-II to assist in the
meeting of overall project schedules.

While the design and construction work for IPNS-I is underway, cer-
tain preoperational, operations-related work will be performed. This pre-
operational preparatory work will include the preparation of safety documents,
operating programs, operating manuals, and maintenance manuals. This work
will be performed primarily by those who will be responsible for operating

the facilities.
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4. IPNS Operating Expenses

During the early periods of the IPNS-I project, particular R&D activities

will be pursued. These activities will be primarily involved with development

and testing of research instrumentation and needed improvements ti the IPNS-I

Accelerator Systems. This work will be funded with operating moneys under

control of the IPNS Program. When the development work is complete, the

costs for design, procurement, and installation will be borne by the construction

project.

Preoperational testing of the IPNS-I and IPNS-II facilities will begin
soon after certain systems are completed. This work is expected to begin about

six months before full-scale routine operations.
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APPENDIX D

Environmental Assessment

1. Proposed Action

The Intense Pulsed Neutron Source-I (IPNS-I) will be a national facil-

ity that will generate and employ neutrons for condensed-matter research.

The neutrons will be produced primarily by the spallation process when heavy

metals are bombarded with high-energy protons. The high-energy protons

will derive from the IPNS-I Accelerator System. The heavy metals in their

operating configuration are identified as targets. The targets are contained

in integrated systems called target systems which are used to remove the
generated heat and to contain the radioactive matter resulting primarily from

the spallation process.

The IPNS-I systems will produce very high neutron fluxes of wide en-

ergy spectrum. The materials research resulting from IPNS-I will provide
information for the national energy programs as well as for other studies of
fundamental nature. The IPNS-I will be a user-oriented facility; therefore

many non-Argonne people are expected to be involved at the IPNS-I complex.

The IPNS-I project consists primarily of the design, fabrication, in-

stallation, and testing of new equipment at ZGS site locations. All this equip-

ment will be installed in existing ZGS buildings and will be served by existing

ZGS utilities.

The overall work for the IPNS Program is planned to be performed in

three stages identified as IPNS-I, IPNS-I Upgrade, and IPNS-II. IPNS-I and
IPNS-I Upgrade are planned for FY 1979 and FY 1980, respectively; IPNS-II
has been deferred to at least FY 1983. The basic elements of each stage are

as follows:

a. IPNS-I

(1) Construction of a new beamline to bring 600-MeV protons
from the existing IPNS-I accelerator to two new neutron-generating targets.

(2) Modifications to one existing building (Building 375) to house
the new targets, beam paths for the neutrons from the targets, experimental
equipment, and the required shielding.

(3) Procurement and installation of the new targets, neutron-beam
paths, research equipment, and data-handling systems. Some of the experi-
mental equipment, or components thereof, may be used for the IPNS-II
activities.
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(4) Placement of necessary shielding for proton beamlines, tar-

gets, and neutron-beam paths.

b. IPNS-I Upgrade

(1) Procurement and installation of additional research equipment

and data-handling systems to be used with the neutron-generation systems

provided with IPNS-I.

(2) Procurement and installation of two cryogenic systems to be

used with Radiation Effects Facilities provided with IPNS-I.

c. IPNS-II

(1) Design, procurement, construction, installation, and testing

of an 800-MeV proton-accelerator system. The overall system will consist

of an H- source, a preaccelerator system, a 100-MeV linear accelerator, and
an 800-MeV High Intensity Synchrotron (HIS). The latter will be contained in

the existing ZGS tunnel whereas the balance will be in a new building.

(2) The design and construction of a new building to house the

H~ source, preaccelerator system, and 100-MeV linear accelerator.

(3) Modifications to the ZGS tunnel and support systems to ac-

commodate the new High Intensity Synchrotron (HIS).

(4) Modifications to three existing buildings to contain neutron-

generating targets and associated research instrumentation.

(5) The procurement and installation of two new target systems.

Some of the research equipment will be upgraded devices from IPNS-I, which
will be relocated to the new testing areas. Considerable new research equip-
ment will be provided.

(6) Placement of necessary shielding for proton beamlines, tar-

gets, and neutron-beam paths.

Z. Existing Environment

The facility will be located at the Argonne National Laboratory site in

Du Page County, Illinois, within the High Energy Physics complex, near the

geographical center of the site. The land surrounding ANL varies in both

ownership and use. Common boundaries with Argonne are held by the

Atchison, Topeka, and Santa Fe Railroad, the Chicago Sanitary District, the

Federal and County Highway Commissions, the County Forest Preserve, and

several private landowners.
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The more heavily populated Chicago Fuburbs are north and east of the

Laboratory. The Des Plaines River and the Chicago Sanitary and Ship Canal

are located beyond the southern boundary of the Laboratory site, extending the

uninhabited area about 1 km beyond this border.

Topographically, the Argonne National Laboratory site is a rolling,

partly rugged and partly forested plateau rising from the Des Plaines River.
Almost all rainfall is surface-drained into the Des Plaines River.

The ANL site is described and environmental impacts discussed in

detail in the site Environmental Impact Assessment of ANL East, which was

completed in October 1975. That document discusses geographic, hydrologic,
water resource, meteorologic, societal, aesthetic, historic, political, economic,

and institutional aspects of the ANL-East site. Applicable parts of the overall

ANL-East assessment may be applied and used as a supplement to the assess-

ment statements contained here.

3. Potential Impacts on Environment

a. Construction

Construction of the IPNS facilities will have little impact on the

general public, since the proposed location is essentially centrally located
within Laboratory property. The nearest populated area is more than one

mile from the IPNS site.

All of the IPNS-I and IPNS-I Upgrade construction work will be

contained within existing Building 375. The work will consist of installation

of the shielded 600-MeV proton-beam line, construction of a shielded target
enclosure, installation of the targets and their support systems, construction
of neutron-beam tubes, and the installation of five or more research stations
which include instruments and data handling systems.

The area proposed for the construction of the IPNS-II facility is
within and about the existing ZGS mound and buildings. Excavation for one

new building foundation for IPNS-II will require earth removal. The bulk of

this material will be used to provide earthen shielding over beamlines, back-

filling, and landscaping of the area. Any remaining material will be trans-

ported to the land fill areas.

Existing utilities, electricity, water, and sewers will be extended
to accommodate the facility. The present utilities have sufficient capacities

to handle the facility requirements.

Air quality may be affected temporarily by construction activity
associated with the one new IPNS-II building, but dust will be kept to a mini-
mum as required by ERDA Manual 0510. Water runoff will be directed to
drain and storm sewers in the area.



232

The socioeconomic impact on the surrounding communities is not

considered significant because the IPNS-I construction project is expected to
use currently employed personnel and locally available construction firms.

b. Operation

(1) General. Irretrievable and irreversible commitments of re-

sources include the building materials, mainly about 2500 tons of steel and

7500 yd3 of concrete. These materials are locally available and, in case of
decommissioning, some could be recovered and used elsewhere at the
Laboratory or at other national facilities.

(2) Energy Consumption. Electric power used to operate the

IPNS-II accelerator, beamlines, and the remainder of the facility will be about

90,000 MW-h/yr. This represents about 40% of the FY 1975 ANL-Illinois
site electrical-energy consumption and roughly equals that of ZGS, which is
planned to be shut down before IPNS-I starts to operate. The power require-

ment for IPNS-I is less than half of those requirements for IPNS-II. There-
fore, the energy consumption will be reduced appreciably between the time
when ZGS is shut down and IPNS-II is started.

(3) Thermal Discharge. Heat is generated in the neutron-
producing targets, accelerator magnets, and associated components. The
heat produced and removed from both IPNS-I targets by forced-convection
water cooling will be less than 50 kW. However, in IPNS-II the heat generated

in the Radiation Effects and Neutron Scattering targets will be about 400 and
800 kW, respectively. These target systems will be cooled by NaK, and the
heat dissipated through air-dump heat exchangers to the atmosphere. The

bulk of the total electrical energy used to operate the facility will be dissi-

pated to the atmosphere through existing water-cooling towers.

Current plans are to continue use of canal water in the water-
cooling tower, presently used by ZGS. Zinc chromate is being used as a cor-
rosion inhibitor. In recognition of the need for sitewide reduction of chromate
effluents, the Laboratory has requested general plant projects funds for a
chromate removal system to be located at the ZGS complex cooling towers.
If such funds do not become available in time, the improvements will be sup-

ported by one of the IPNS projects.

(4) Radioactivity: Major Sources. The targets will consist of
depleted or natural uranium, fabricated in the form of Zircaloy-2-clad disks.
They will be contained within the sealed primary-coolant loops. Radioactive
materials will be formed as spallation and fission products in the targets

themselves, and as neutron-capture products in the targets and nearby

components.
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Targets that have reached the end of useful life will be han-
dled, stored, and disposed of by methods similar to those used for spent reac-

tor fuel. ANL has extensive experience in procedures for this purpose at the
CP-5, EBR-II, and other reactors, No unusual problems are expected with

the IPNS targets.

Similarly, systems and procedures for handling radioactive

liquid-metal coolant, potentially plutonium-contaminated, have been developed

at the sodium-cooled EBR-II reactor, and adaptations to smaller volumes of

the similar material NaK will be incorporated into the IPNS-II target systems.

The question of containment of accumulated spallation, fission,

and capture products from the neutron-producing uranium targets has been

considered. Among the possible events, the most severe is that of the loss of
coolant from the IPNS-II target systems. There is no possibility of dispersal
due to criticality, only that of release due to melting of the target material as
a consequence of heating by radioactive decay or by fire resulting from contact

of the liquid metal with air. Adequate time would exist to initiate positive, ef-

fective, continuously available emergency cooling. Also, a fire-retardation

system will be provided. Even so, provisions will be made in the design for

containment in the highly unlikely event of melting of either target, within the
shielding. The maximum consequence will affect only the facility operations
with no effect on experimenters or the public, and no uncontrolled effect on

operating personnel.

With the IPNS-I target systems, a loss of coolant condition is

not considered as a serious problem. The targets will not have sufficient
decay-heat levels to cause melting of the target metals. Also, the coolant will
be water, which will be monitored continuously for radioactive levels so that
suitable remedial action can be taken if levels exceed predetermined levels.
Therefore, uncontrolled release of contaminated cooling water to the environ-

ment is considered improbable.

(5) Radioactivity: Minor Sources. Radioactive materials present
in amounts smaller than those above are those formed due to proton and neu-
tron activations, and those radioactive materials that are the subject of exper-
iments. These are characterized as low-level gaseous and liquid effluents,

and low-level liquid, solid, and dry active wastes, such as are routinely han-
dled at the Laboratory. These are listed below.

(a) Activated facility and instrument components.

(b) Wastes from servicing facility and instrument components.

(c) Cooling water from magnets and other accelerator
components.

(d) Effluents from target-cooling, -handling, and -storage
systems.
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(e) Exhaust air from synchrotron tunnel and beamline

enclosures.

(f) Water seepage to synchrotron tunnel and beamline

enclosures.

(g) Laboratory liquid wastes.

(h) Soil and ground-water activation.

The items listed will be handled and/or controlled as estab-
lished in the ANL-Illinois Site Waste Management Plans. The Plans report
prepared by W. H. Kline and published in May 1977 provides detailed descrip-
tions of radioactive waste handling and process facilities. This will be used

as the basis for designs of IPNS project building in which there may be an en-
vironmental contamination source. The volume of wastes resulting from the

operation of IPNS is not anticipated to exceed the capabilities of the existing
facilities, nor is it expected to significantly increase waste-handling and

-processing costs.

(6) Radiation Hazards. Radiation hazards will be controlled by
shielding the accelerator beamlines and targets appropriately to reduce levels

to practicable dose rates specified by ERDAM-0524, "Standards for Radiation
Protection." Problem areas have been identified and evaluated, and shielding

design criteria have been developed as a part of the conceptual design effort
and have been reported in Ref. 1.

c. Site Restoration

Should the facility be decommissioned, the office, laboratory, and
shop facilities could be used for other Laboratory ongoing programs. Problem
areas would be the disposal of activated components of the accelerator, beam

transport, and target systems. As discussed in Sec. b above, the Laboratory
is prepared with facilities, procedures, and trained and experienced personnel
to handle these disposals within the applicable DOE regulations.

4. Conflicts with Federal, State, Regional, or Local Plans

There are no known conflicts with state, regional, or local programs.
The proposed site is within the Argonne National Laboratory boundaries, an
area already designed for uses such as that proposed for IPNS. Similar in-
stallations, such as ZGS, have been successfully operated for many years
without conflict.
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5. Environmental Implications of Alte rnatives

Several alternatives to construction of IPNS may be considered. Some

are given below.

Alternatives

1. Adapt an existing accelerator

configuration at another site

in a similar manner.

2. Construct all new facilities.

3. Defer all action.

4. Build new research fission
reactor.

Environmental Advantages/ Disadvantages

No advantage. Comparable environmental

insult from facilities.

Possible advantage is incorporation of

energy-conserving construction features.

Certain disadvantages are that more land
must be dedicated with possible environ-

mental insult and that major new expendi-
tures will be required in materials and

energy with associated environmental pen-
alties. Existing facilities would not be
used and would probably be placed in some
service of less efficiency.

No advantage or disadvantage. Existing
buildings, with comparable minor modifi-
cations, could be dedicated to other
purposes.

No advantage. Probably disadvantage can
be evaluated by scaling of environmental
impact of power reactors, which is well
documented. Environmental impact of the

IPNS neutron spallation source is expected

to 'be negligible in comparison to that of a
new research fission reactor.

6. Summary

In summary, on the basis of this analysis, the construction and opera-
tion of the IPNS facilities should not have significant adverse impacts on the
environment.

Reference

1. M. Barbier, Shielding and Activation Studies for the Intense Pulsed Neutron
Source of Argonne National Laboratory, MITRE Corporation, MTR-6998
(Sept 1975).
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APPENDIX E

Projected Level of Use

1. Neutron Scattering

Estimates of projected level of use of IPNS for neutron-scattering ex-
periments can be made with the help of a parameter derived from experience

at the Institut Laue-Langevin, Grenoble, France, of five instrument-days per

user scientist.* Assuming somewhat longer experiments at IPNS-I, we expect

that the complex of 12 instruments, each operated an average 200 days per

year, will accommodate a total annual user complement of about 200 scientists.

The larger number of instruments expected to be developed, built, and utilized
during the first years of IPNS service, together with the higher use factors

expected at IPNS-II, will make it possible to accommodate a larger user

complement- -eventually, perhaps 1000 users per year. The present number

of "full-time equivalent users" (in-house scientists at neutron centers, plus
those at academic or industrial centers whose principal research interest
lies with low-energy neutrons) and part-time users at the major U. S. facili-

ties are 70 and 255, respectively.' However, for reasons amply documented

in Ref. 1, there is strong evidence that the present use of neutrons in the U. S.
falls short of the potential utilization. Five hundred to 1000 potential users

per year are to be expected in the future as the power of neutron techniques
becomes more fully realized and exploited.

2. Radiation Effects

The estimate of a projected level of use of IPNS for neutron-radiation-

effects experiments is made assuming that there is an accelerator duty factor

of 300 days/year and that .one-fourth of the beam is dedicated to the radiation-
effects facility. Experience with the CP-5 reactor suggests experiment pe-

riods of 32 days at IPNS-I and 20 days at IPNS-II. Assuming an average of
1.5 scientists per experiment, IPNS-I with three separate irradiation stations
would be able to accommodate about 42 scientists per year, and IPNS-II with

four stations would be able to accommodate about 90 scientists per year. The

estimated number of full-time and part-time scientists in the U. S. radiation

damage community is about 40 and 60, respectively. The user community is
expected to expand as facilities for studying neutron-radiation effects on me-
chanical properties become available.

Reference

1. Neutron Research on Condensed Matter: A Study of the Facilities and

Scientific Opportunities in the United States, National Academy of Sciences

Report (1977).

*According to the 1977 Annual Report of ILL, it has a Resident Scientific Staff of 76 scientists and in 1977 attracted
1069 user scientists from 165 laboratories in 23 countries. These scientists carried out 711 experiments on
5228 instrument-days using 30 instruments. The parameter used in the test is derived from these statistics.
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APPENDIX F

IPNS-II Neutron Facilities Design

1. General Description

The neutron facilities for IPNS-II include a Neutron Scattering Facility

and a Radiation Effects Facility. Figure F.1 shows the general layout of these

facilities. The proton beam from the high-intensity synchrotron (HIS) will be

directed to either of the two targets for the scheduled operating cycle of that

facility. The beam will not be shared on a pulse-to-pulse basis.
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Fig. F.1. IPNS-II Proton Beam and Target Areas

The Neutron Scattering Facility (NSF) will be housed in Buildings 369
and 370 and will consist of the neutron-producing target, moderators, and
experimental equipment required for the neutron-scattering experiments.
Figure F.Z is a schematic representation of the facility. Steel and concrete
shielding will be provided around the target as shown in Fig. F.3. The target,
fabricated of uranium disks, will be cooled by liquid NaK. Close by the source
will be three moderators in which fast neutrons from the source are efficiently

. v



2386

MIRM RESOLUTION BANOLIMITINO NEUTRON SINOIS -
P OPR SIPPRACTOMETER CHOPPERS

BLDG.370

0 10. S S 10

tun,'

Fig. F.2. IPNS-II Neutron Scattering Facility (NSF): Plan

i- 
-

4
..

ENER

isV SPECTROMETER

BY SELECTING
CHOPPER

-4 "

PULSE SHAPING WALL ANSLE
CHOPPER WIPRACTOMETER

IkULTISETECTORS

SANO@LBITINO
-ACNSPPETNS

VA SMIIILE CRYSTAL
SIP/NACTOMIETEN

-CRYSTAL ANALYZER
- ASPECTT ROIE TEN

SLOG. __ SLO. 6.sa

MION INTENSITY
POWDER W PPRACTOMETER



231

MONORAIL FOR
TROLLEY HOIST SUPPORTED
BY ROOF TRUSSES

STEEL
SHIELDING

20 TON CAPACITY

HOT
CELL

-_BEAM _PUMP

-4BEAM ROOM

NEUTRON SCATTERING
TAPGET

CONCRETE SHIELDING

SECTION "B-B"

EXISTING 35 TON
BRIDGE CRANE

U
-4--

INSULATED MONORAIL FOR NEW TROLLEY HOIST

METAL WALLS
AND ROOF

CRANE HOC
ELEVO 7 37

=

RPUM CELL ENTERING PROTON

R -.-- CEL- BEAM TUNNEL
- - (SHOWN DOTTED)

SECTION "A-A"

0 10 20

SCALE

Fig. F.3. IPNS-II Neutron Scattering Facility (NSF): Elevations

k
w n w

ll



240

slowed down to energies of interest for spectroscopy. These will be of varied

design, to provide optimum characteristics for several types of instruments.

The moderators will be surrounded by a reflector of beryllium. This novel

concept has been useful to enhance the intensity of slow-neutron beams from

the moderators. The moderators will be decoupled from the reflector to avoid

excessive broadening of the pulses, a technique demonstrated to be effective

by measurements at ZING-P, and by calculations.

The facility will be provided with 12 horizontal beam tubes to direct

neutrons from the moderators through the shield to the research instruments.

Figure F.2 shows a typical configuration for neutron-scattering instruments

at the IPNS-II facility.

The Radiation Effects Facility (REF) will be housed in a new building
to be constructed adjacent to Building 369. This building will house the REF

target and shield structure, and the support equipment and laboratory and
office space for persons involved in the radiation-effects research programs.
A proposed layout for the REF building is shown in Fig. F.4.

The REF target will be a solid rod of tantalum cooled with liquid NaK.

The target will be surrounded by a steel and concrete biological shield. Irra-
diation thimbles will be located as close to the target as is practical to provide

the highest fast flux at the sample locations. The REF design will allow both

high-temperature (~1000*C) and low-temperature (~4.2 K) irradiations to be
performed.

2. IPNS-II Target System Design and Analysis

a. Design of IPNS-II Neutron Scattering Target

Figure F.5 shows the proposed target configuration. The target

element consists of the neutron-producing source material and primary
housing which form a single replaceable unit. Because of the potential for
neutron-irradiation embrittlement of the primary housing, the target element

will be contained within a second stainless steel vessel.

The target source material is an alloy of depleted uranium--10 wt %
molybdenum (U-Mo). The segmented disk geometry for the source material
is necessary to provide sufficient cooling to maintain the desired operating

temperature of the target. Each source disk is fully clad with 0.0254 cm of
stainless steel. This cladding forms the primary barrier against the release
of spallation and fission products to the coolant. The cladding is thermally

coupled to the source material by a bonding layer of sodium. The target is
cooled by heat transfer from the source material to the circulating NaK

coolant, which in turn is cooled by an intermediate heat sink.
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The target disk assembly has been divided into three regions to

optimize the disk thickness and coolant flow rate to the required target oper-

ating temperature and energy deposition within the source material.

An operating temperature of 400*C at the centerline of the source

disks has been chosen based on the influence of the following primary factors:

(1) Cavitation swelling in uranium occurs between 350 and 6000C

(2) Destabilization of gamma phase U-10 wt % Mo occurs between

350 and 6000C

(3) The tensile strength of uranium and uranium-molybdenum

alloys decreases rapidly with temperature in the 300-700C

range.

Although 350 C can be maintained with some difficulty, 4000C

appears to be a more attainable design goal. Operation above 6000C is not

practical due to (1) the reduction in the strength of the source material,

(2) swelling factors other than those produced by cavitation, and (3) phase

changes that occur above 6000C. These tend to be more severe than those pro-

duced by cavitation and phase destabilization. Therefore, operation below
350-400 C is preferred. For the above reasons, a centerline temperature of

400 C was selected as the design criterion. Also, for the target design devel-

oped, using disks of thicknesses that ensure structural viability, a disk tem-

perature of 4000C can be readily maintained.

Coolant-channel width has been kept constant from disk to disk

because a constant thickness affords design convenience for coolant-flow con-

trol. A coolant-channel thickness varying from 0.1 to 0.2 cm is acceptable,
and 0.14 cm has been chosen.

b. Design of IPNS-II Radiation-effects Target

Figure F.6 shows the proposed configuration for the IPNS-II

radiation-effects target. The neutron source material is a 6-cm-dia, 24-cm-

long solid cylinder of tantalum. The tantalum rod is supported within a stain-

less steel housing. The primary housing serves as a containment for the

target element and as a cooling shell through which liquid NaK flows to remove

the target heat. As with the neutron-scattering target, a second stainless
steel housing will be used to doubly isolate the tantalum and the NaK from the

surroundings.

c. IPNS-II Target Design Evaluation

Both the IPNS-II NSF and REF targets have been evaluated. Be-

cause of the more complicated geometry and more severe design requirements
associated with the NSF target, the analysis of the NSF target design has in-

volved the more rigorous task. Only the NSF target-design analysis is pre-
sented here in detailed summary form. The analysis of the REF target design
used the same analytical techniques.
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(1) Target Energy Deposition and Heat Generation. The effect

of target geometry on the production of spallation products and fissions and-

the associated energy deposition in the target govern critical design param-
eters. The two-dimensional energy deposition and fission-rate profiles used

for this design were calculated using the HETC and MORSE codes.' Table F.1

lists the parameters used to predict the mechanical response of the target

and the neutron leakage as a function of axial distance. The parameters in-

cluded in Table F. 1 do not correspond exactly to those of the actual target

design. However, they are sufficiently close to the actual values that valid

corrections for the difference are easily made. When the actual geometry
was developed, the radial distribution of protons across the beam was assumed

to be parabolic rather than Gaussian. Information available from the

Rutherford Laboratory in EnglandZ indicates that the parabolic distributions

defined by

I(r) = Io 1 - 9)for r.> 3 cm,

where

I(r) = protons per square centimeter,

10 = maximum intensity,
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and

r denotes radial distance in centimeters,

provide a more realistic model than the Gaussian distribution.

TABLE F.1. Parameters Used in Deposition Calculations

Proton Beam Specifications

Energy:

Time Dependence:

Radial Distribution of Beam:

Target Geometry

Target Materials

Material Thickness (cm)

Uranium

Cladding

Bond

Coolant

1.0

0.0254

0.0127

0.1

800 meV

5 x 1013 protons/pulse;
60 pulses/sec;
square-wave pulse with 200 ns width

Circular Gaussian expressed by Ke-0.308 r2

where K is the magnitude constant and r is
radius in cm. The distribution gives a
3 cm diameter FWHM.*

10 cm diameter clad disks separated by
0.1 cm coolant channel.

Composition

U-238

Fe

Na

78% K**
22% Na

Density (g/cc)

18.7

7.9

0.9

0.9

*FWHM -- full width at half maximum amplitude is a measure of beam spread
or dispersion.

For the calculations, a homogenized volume distribution of the materials
extending to 34-cm in axial length was used.

**Low-melting eutectic.

Figure F.7 shows the axial variation of energy deposition as

calculated by the MORSE and HETC' codes for 0-1-cm radius and 0-5-cm

radius (the total disk) and a peak-to-average curve based on the ratio of these
two energy-deposition curves. The location of the axial peak deposition when

averaged over the total radius does not correspond to that averaged over the

first centimeter of radius. The former peaks at around 4 cm and the latter

at 0. This is because the local peaking factor (at r 0) is caused by the direct
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proton beam. The overall average (out to 5 cm) has a large contribution from

secondary reactions. The forward direction of the secondaries of the spalla-

tion reaction means that the relative contribution of secondaries at small axial

distances is low. It becomes significant at ~4 cm, which contributes to the

overall radially averaged maximum. Figure F.8 shows the axial variation of

neutron leakage. Figure F.9 is a plot of radial energy deposition at various

axial positions.
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Figure F.9 compares the bivariate Gaussian and the parabolic

distributions. These distributions are normalized so that they have the same

energy deposition as that actually calculated with HETC for the first 2 cm of

axial length. A comparison of the HETC energy distribution at 0-2 cm with

the Gaussian distribution provides a measure of the beam energy dispersion

produced by the target, because the HETC distribution was calculated using
an incident Gaussian distribution in the beam.

Spallation product generation as a function of geometry was

calculated from cross-section data for hydrogen and helium production

(aH = 5.13 barns, aHe = 0.58 barns). Total production rate per incident pro-

ton is 2.20 for hydrogen and 0.248 for helium. The geometric distribution of

gas production is expected to duplicate the axial energy deposition (or the
neutron-production distribution) shown in Figs. F.7-F.9.

(2) Disk Geometry Evaluation

(a) Radial Energy Peaking. Figure F.9 indicates the varia-

tion of radial energy peaking along the target axis for an incident proton beam
having a circular Gaussian distribution. If the energy deposition exactly

matched the distribution of protons in the radial direction, the peak-to-average

value would be

2r f 1 e-arzr dr/2r
P/A = = 6.6. (F.1)

2r fc e-ar2 r dr/50r

For the distribution exhibiting a FWHM diameter of 3 cm,

a is 0.308. The peak-to-average value depends, of course, upon the base used

(total region where energy is considered to be deposited). The total area of
the disk is the appropriate base because energy is, indeed, deposited over the

entire disk geometry during irradiation. This is true, even for proton beams
whose distribution is truncated at values less than the full disk diameter, e.g.,

the 6-cm-dia truncated paraboloid used as the basis for peak-to-average
determinations of this study.

The truncated paraboloid defined by Eq. F.1 was used to

determine peak deposition rates. The peak-to-average value for the parabolic
distribution is

2n fl - V r dr/2r

P/Aparabolic = Z =)5.2. (F.2)

o 1-_ r dr/ 50n

The peak energy-density value used is averaged out to 1 cm, because the pro-
ton beam is reasonably flat in this region and because data were calculated on
this basis.'
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As with most parameters, the choice of beam geometry

(radial distribution) produces a tradeoff between neutron production and target
lifetime. A narrow beam produces neutrons near the axis and enhances multi-

plication due to secondary interactions and fast-nucleon-induced fissions while

decreasing the probability of proton leakage in the radial direction. However,

a narrow beam increases the peak energy density and thereby reduces target
lifetime by producing a high concentration of damage. An early measurement

should be made of the radial proton distribution, since the design recommenda-

tions made here were based on assumed beam parameters.

To obtain a design-basis peak-to-average energy disposi-

tion for the truncated parabola, it is necessary to extrapolate the peak-to-
average data based on the HETC calculations. 1 This was done with the aid of
Table F.2. The first column of the table lists the axial bin considered. The

second column lists the peak-to-average from the HETO calculations (based

on the ratio of energy density in the 0-1-cm radius to that in the 0-5-cm,

total-disk, radius) for each axial bin. The third column is the corresponding
ratio of the HETC-calculated peak-to-average energy deposition to the theo-

retical peak-to-average for the 3-cm FWHM Gaussian distribution, and the

fourth column is devised by multiplying the ratio listed in the third column by

the 5.2 theoretical peak-to-average of the truncated parabola. Thus, the fourth

column represents the peak-to-average that would evolve if the target caused
the same dispersion (reduction in peak-to-average value) in a truncated para-

bolic proton beam that it did for the Gaussian beam. The P/A value of col-

umn 5 was chosen somewhat arbitrarily. The correct value is surely less for a
truncated parabola than that predicted by the HETC calculations for the
Gaussian beam, and it would probably be greater than that determined by

applying the same reduction in peak-to-average that occurred between the

theoretical Gaussian and the calculated deposition (the result of which produced

column 4). The right-hand column lists the peak energy distribution for the
disks at the given axial location upon which the recommended disk thickness

was based. These thicknesses are based on homogeneous material densities
of Table F.1.

(b) Disk Dimensions. Figure F.10 presents plots of the per-

missible thicknesses of the target disks for the maintenance of selected center-
line temperatures. The energy deposition values presented in Table F.2,

together with the following formula, served as the basis for constructing the

curves in Fig. F.10:

tu =Zku UQ + B - B , (F.3)
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TABLE F.2. Design-basis Peak-energy-deposition Values

Ratio of
P/A of
HETC to

HETC Gaussian
Peak-to-Avg. Distributiona

4.9 .74

4.4 .66

4.3 .65

4.1 .62

3.9 .59

3.7 .55

3.5 .53

3.3 .50

3.1 .47

2.9 .44

2.7 .41

2.6 .39

Expected P/A
from Parabolic
Distributionb

3.8

3.5

3.4

3.3

3.1

2.9

2.8

2.6

2.5

2.3

2.2

2.0

Value
of
P/A
usedC

4

3.7

3.7

3.5

3.5

3.0

3.0

2.7

2.7

2.5

2.5

2.5

Des i gn
Peak
Energy
Deposition
(KW/cc)

1.68

1.68

1.61

1.33

1.11

0.75

0.72

0.51

0.46

0.33

0.27

0.24

aP/A = 6.6

bP/A = 5.2

cChosen deliberately higher than that predicted from a parabolic distribu-
tion having the same diminution in peak-to-average values that were pre-
dicted for the 3-cm FWHM Gaussian.
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where

tu = disk thickness (exclusive of cladding),

ku = thermal conductivity of uranium or uranium alloy,

T = temperature difference between disk centerline and bulk
coolant temperature,

I tc
B - +-

h kc

h = the film conductance between the disk and the coolant,

and

tc and kc = thickness and thermal conductivity, respectively, of
Zircaloy cladding.

The monotonically increasing curves shown in Fig. F.10
are based on Eq. F.3. The horizontal lines represent the actual design thick-
ness as chosen for the indicated axial intervals and are the thicknesses used
to compile the values in Table F.3.

TABLE F.3. Disk Dimensions Governed by Maintenance of Centerline Temperatures

Unclad Clad Clad Uranium Systems
U-Mo U-Mo
System System 400 0C Temp. 6000 C Temp.

Region 1

disk thickness (cm) 0.6 0.5 0.5 0.7

clad thickness (cm) --- 0.0254 0.0254 0.0254

number of disks 10 11 11 9

Region 2

disk thickness 0.8 0.7 0.7 0.9

clad thickness --- 0.254 0.254 0.254

number of disks 8 9 9 7

Region 3

disk thickness 1.25 1.1 1.1 1.4

clad thickness --- 0.0254 0.0254 0.0254

number of disks 7 7 7 6
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(c) Coolant-channel Effects on Target Performance. Target

swelling is considered the critical parameter of lifetime limitation. It is

therefore essential to assess the effects of coolant channel width on target

performance (gauged by total neutron output and peak neutron leakage). Since

the limiting manifestation of swelling is the closing of the coolant gap, the

design coolant gap width is linearly related to lifetime. Figure F.11 displays

the relationship between coolant-gap and tar ,et-performance parameters. The
unclad uranium-molybdenum design of Table F.3 was used to calculate the

effects presented in Fig. F.ll. The clad uranium-molybdenum target, designed

for 400*C centerline temperature, was also checked for coolant-channel width
variations. The effects were found to vary nearly identically with those of the
unclad uranium-molybdenum system depicted in Fig. F.11.
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Figure F. 12 compares the axial variation in energy deposi-
tion and neutron leakage for a coolant-channel width of 0. 1 cm and a coolant-

channel width of 0.14 cm. Table F.4 compares neutron output thermal

performance of the baseline uranium-molybdenum and the clad uranium target

options for 0.1- and 0.14-cm coolant-channel widths. Regions 2 and 3 are

cooled together, and region 1 is cooled separately. Therefore, regions 2 and 3

are not shown separately in Table F.4. Region 1, for the two cases shown in

Table F.4., contains the same number of disks and associated coolant channels.

The dimensions of region 1 are increased for the wider channel-width case;

this is the reason greater power is expended in region 1 for the 0.14-cm

coolant-channel width.
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TABLE F.4. Performance Parameters for Alternative Target Designs

Unclad U-Mo Clad U at 4000C

Power in Region 1 227a 235
(KW) (239)b (236)

Power in Region 2 249 288
and 3 (251) (289)

Total Power 476 523
(490) (525)

Total Neutron Output 23.5 25.3
per Proton (23.1) (24.8)

axxx value for 0.1 cm coolant channel.
b(xxx) value for 0.14 cm coolant channel.

In view of the minor penalty in neutron output and neutron

leakage that is caused by increasing the coolant-channel width from 0.1 to

0.14 cm, the 0.14-cm channel width is selected. Table F.5 shows the overall

dimensions for the baseline target designs with a 0.14-cm coolant channel.

Table F.6 compares the performance parameters of the baseline options for

0.1- and 0.14-cm channel width.

(3) Target Lifetime Limitation

(a) Temperature Effect on Swelling. The range of tempera-

tures from about 350 to 6000C is a severe regime for both uranium-molybdenum
(stabilized inthe gamma phase) and for unalloyed uranium or Springfield's

adjusted uranium. This is the regime where the gamma phase of uranium-

molybdenum destabilized, and it is the regime of peak cavitational growth in

uranium. Attempting to avoid this range by operating at temperatures above

6000 leads to the following limitations:

1. "Breakaway" gas swelling is unavoidable above 600*C.

2. Materials properties (primarily mechanical strength)

degrade rapidly above 600*C.

3. The 350-600*C regime cannot be avoided during

startup and shutdown.

Practical target considerations therefore dictate opera-

tion at as low a temperature as possible. Operating temperatures at the disk

centerline can be maintained at less than 300C above the bulk cooling tem-
perature. Operation with NaK at 100*C and below can be maintained. There-
fore the critical temperature region (350-600C) can be avoided. The coolant

flow must be sufficiently rapid to avoid a large AT in the NaK in flowing through
the target. Large pumping costs and a large surface-area secondary heat
exchanger must be used to accommodate this requirement.
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TABLE F.5. Target Geometries with 0.14-cm Coolant Channels

Clad U Systems
Unclad Clad for 4000C for 6000C
U-Mo U-Mo Centerline Temp. Centerline Temp.

Total Length 24.6 24.6 24.6 25.1

Region 1*

Length

Disk

Clad (2 each)

Coolant

No. of Disks

Region 2*

Length

Disk

Clad (2 each)

Cool ant

No. of Disks

Region 3*

Length

Disk

Clad (2 each)

Cool ant

No. of Disks

7.4 7.6

0.6 0.5

-- 0.0254

0.14 0.14

10 11

7.5 8.0

0.8 0.7

-- 0.0254

0.14 0.14

8 9

9.7 9.0

1.25 1.1

-- 0.0254

0.14 0.14

7 7

*All dimensions given in centimeters.

7.6

0.5

0.0254

0.14

11

8.0

0.7

0.0254

0.14

9

8.0

0.7

0.0254

0.14

9

7.6

0.9

0.0254

0.14

7

9.0

1.1

0.0254

0.14

7

9.5

1.4

0.0254

0.14

6
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TABLE F.6. Target Performance Compared for
0.1- and 0.14-cm Coolant-channel Widths

Total Neutrons* Peak Axial Leakage**

Coolant Gap (cm) 0.1 0.14 0.1 0.14

Bare U-Mo 23.5 23.1 2.52 2.34

Clad U-Mo 22.2 21.8 2.32 2.16

Clad U
0 400 C 25.3 24.8 2.62 2.44

Clad U
O 6000C 25.7 25.3 2.72 2.53

*
Neutrons per proton.

**
Leakage per 2-cm axial bin per proton.

(b) Numerical Estimates of Swelling Rates and Lifetime.

The contributions to swelling are estimated by the following procedures:

1. Cavitational Swelling. Displacements -per- atom (dpa)

rates govern this phenomenon. All particle irradiations produce displace-

ments, and the dpa rates have been experimentally determined. Although

fission events dominate this effect (about 50,000 dpa per fission), total dpa is

calculated for all the radiation contributions, and this rate is correlated with

observed cavitation growth per dpa. Low-temperature operation (<350*C)

greatly reduces this swelling.

2. Gas Swelling. The rate of fission-gas evolution can

be accurately determined, and the spallation gas generation rate has been

estimated from cross sections associated with the proton bombardment. The

gas evolution rate is then correlated with growth rates that have been observed

to be due to fission-gas evolution (as reported by Olander 3 ) and to observed

bubble growth in thin uranium films that were subjected to gaseous ion
bombardment. 4 The thin-film results predict growth rates comparable to the

fission-gas correlation. Both correlations are subject to large unknowns.

3. Temperature Cycling Growth (phase change). This

has been estimated from experimental data on uranium-molybdenum and

uranium.

4. Solid Fission-product Swelling. This is simply twice

the atomic burnup. The swelling results are shown in Table F.7. Each of the

four swelling components was considered to take place independently of the

others, and the results are assumed to be cumulative. This approach is, of

course, an approximation. Synergism between the gas bubbles and the cavi-
tation voids is very likely. Presumably the synergistic effect will increase
the growth rate by providing a large volume of collection space (in the cavi-
tation voids) for the gas. Swelling due to gas evolution is proportional to
bubble size (even for the same number of gas atoms), because pressure is
inversely proportional to bubble radius.
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TABLE F.7. Ninety-day Swelling Contributions
at Point of Maximum Swelling*

Uranium U-10 wt % Mo

Cavitation 23 3

Fission and 9 9
Spalla.ion Gas**

Phase Alteration -- 1

Solid Fission 1 1

Total 33 14

*
These are based on a cosine temperature distribution across the disk
with a 400*C maximum value. Figures are accurate only to plus or minus
50 percent.

**
Helium is the only spallation gas considered. Hydrogen is assumed to
diffuse out of the disks without contributing to swelling.

Several factors preclude precise determination of

lifetime based on target swelling:

a. Synergism of the separate effects is not well

understood (it has been ignored in the analysis).

b. Directional dependency of swelling is unknown.

(The "worst" case has been assumed, 0t/t = Av/v, in the axial direction.)

c. Spallation gas generation rate is not well known.

d. The effect of the spallation process itself on

the various swelling mechanisms has not been investigated.

The lifetimes computed from the values in Table F.7

are based on a uranium-molybdenum disk thickness of 0.6 cm and a clad

uranium disk thickness of 0.5 cm (exclusive of cladding), and a coolant gap of

0.1 cm. Lifetime is assumed to be that which produces a swelling fraction

equal to the ratio of coolant gap to disk thickness. Therefore lifetime increases
linearly with coolant gap. For the uranium target, lifetime is predicted to be

80 days ( 50%o). For the uranium-molybdenum target, lifetime is 150 days,

50%.

The above lifetimes depend upon maintaining maxi-

mum disk temperatures at 400*C or less. With such temperatures, gas pro-

duction dominates the swelling rate for uranium-molybdenum. If the tempera-

ture cannot be held down, then phase destabilization could start to dominate
uranium-molybdenum swelling and cavitation growth will increase in pure
uranium. Furthermore, gas swelling will be increased.

d. Heat-transport System

The heat-transport [ystem removes the gross heat load of the
system and prevents unacceptable localized target temperatures. In addition,
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the measurement of coolant parameters provides the most accessible

means Qf obtaining an indication of target integrity. The incorporation

of the latter function is an important part of the design of the heat-

transport system.

HETC calculations' predict a heat load of 500 kW at the target.

However, to allow for potential future power alteration and to provide design

margins, the overall system is sized for a 1000-kW maximum capacity. The

design details at the target, however, are based on 500 kW. The heat-transport

system at the target will function adequately at the 1000-kW level. However,

some individual disk temperatures will exceed 400 C at 1000 kW.

(1) Target Heat-transport System

(a) Series Loops. A system of two cooling loops in series

with two primary heat exchangers is selected for cooling the target. This

system configuration is shown in Fig. F.5 at the target.

Table F.3 shows that three different sections, consisting

of constant disk dimensions within each region, are used in the targets. The

first loop of the heat-transport system contains all the channels of the first

target section of Table F.3. In addition, it receives roughly half the heat from

the first disk of the second section (see Fig. F.5). Approximately half the total

heat is generated in this loop. The second loop consists of the second two

sections of each target design described in Table F.3.

The resulting fractions for each subchannel are:

Subchannel 1 33%1

Subchannel 2 26% for a single subchannel only.

Subchannel 3 7.7%J

The total heat load in the hottest subchannel (subchannel 1) of the hottest

disk is

(0.3319)26 - 8.63 kW.

At this point, we must verify that the conductive and con-

vective heat transfer at the NaK-disk interface can support 8.63 kW in the

channel. The equation used for slab heat transfer for this purpose is

/(u )W/cm
3

Q = 26T .. u + t .

\4ku u c m
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If we allow a 3000C temperature rise from the coolant to

the fuel centerline, and assume (conservatively) that 0 = 1/h = 1/15, the
C

volume heat rate supportable in the disk (at the geometric center of the disk)

is 1063 W /cm3 . The maximum temperature disk is at about 8.5 cm from the
point of beam incidence. From Table F.2, the maximum design heat rate for

this location somewhat exceeds 1063 W /cm3 . Integrating this value over the
width and length of the channel with parabolic energy distribution truncated
at the 5-cm disk radius and taking into account the disk thickness, we obtain

Total = (0.8)(2)1063f (1 - j. )dr

= 11.3 kW,

which gives a margin of 30 over the 8.63 kW needed. Since we have altered
the design from that used to predict the maximum energy deposition per chan-
nel in Table F.2, this verification is necessary. The practical effect of the

extra margin will be that a maximum AT of less than 3000C between the fuel
centerline and coolant will be achieved, and this lower AT is desirable. The

flow rate that limits coolant temperature rise to 500C is

Q
V AC pAT'

p

whe re

Q = power per subchannel (J/s),

A = subchannel cross-sectional area (cm2),

Cp = specific heat (J/g-*C).

p = density (g/cm3 ),

and

AT = temperature rise (500C).

For the hottest subchannel (subchannel 1 in Fig. F.13), a 1000-cm/s velocity
is required.

The associated Reynolds number, NR, is 3.7 x 104, and the
pressure drop is 17 psi, based on a friction factor 5

f = 0.079N-0 'zs

and a pressure drop



pVz L
AP= - Kc + Ke + 4f- ,

2gc e D

L = channel length (10 cm),

D = hydraulic radius 4 x cross-sectional area)

\ya wetted perimeter /'

Ke = channel expansion coefficient (~4.0),

Kc = channel contraction coefficient (~0.5).

10 CM

3 2 2

Fig. F.13

Coolant-flow Subchannels across the Disk
3

Coefficients Kc and Ke are produced by abrupt changes

in the effective flow-channel dimensions at the beginning and end of the channels

between the disks. To match the pressure drop in the other subchannels

(2 and 3) at reduced flow, an exit orifice is designed with the orifice equation

(F.6)F = CDAo 2A 2'
S 4 A-)

where

p = coolant density,

F = flow rate,

CD = orifice coefficient (-0.6),

A and Ao = channel and orifice areas, respectively,

where
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(F.5)

and

ooo

I
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and

APO = pressure drop across orifice.

If we define AP1 as the solution of Eq. F.5 for

subchannel 1, the maximum-energy subchannel, and AP2 and 1P3 the respective

pressure-drop solutions for subchannels 2 and 3 exclusive of the orifice, then

the following relation holds for the orifice pressure drop for the orifice in

either channel 2 or 3:

Po = 1P1 - tP2 ,3. (F.7)

If APO is defined in terms of A0 from Eq. F.6 (F, A, and Cn of Eq. F.6 are
known), then Eq. F.7 is substituted in Eq. F.6 to determine the appropriate

orifice area, A0 , that will provide a coolant flow that will match the subchannel

power and the total pressure drop. For subchannels 2 and 3, these values are

Aosubchannel 2 = 0.64

and

Aosubchannel 3 = 0.17.

The above relationships for orifice area are based on an orifice in the middle

of a flow channel. It is assumed for this design that the orifice can be placed

at the end of the channel.

(b) Loop Flow Parameters. The coolant flow per channel is

A[V 1 + (V2 + V3)] = 564 cm 3 /s,

where A is the area per subchannel and V1 , V2 , and V3 are the velocities in

each subchannel depicted in Fig. F.13.

There are 15 channels in the second loop where the hot-
test single channel occurs. Therefore total flow is 15 x 564 cm 3 /s or 8.46 L/s.

In the series system proposed, this volume rate applies to both loops. Since

there are only 11 channels in the first loop, the pressure drop there will be

in the ratio of (15/11)2 or nearly double the 17 psi predicted previously. This

is a tolerable pressure drop, but since it was shown that channel width may

be increased without significantly penalizing neutron output, the pressure

drop may be easily adjusted in this manner. That is, a 17-psi AP (or less)
may be achieved in either loop.

For a flow rate of 8.46 L/s, the average coolant temper-

ature rise is 30*C across the first loop and 320C across the second loop.

(2) Heat-transport System External to Target. The heat-transport

system outside the target consists of two primary loops in series, followed
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by a single secondary loop that makes its final heat dump to the atmosphere.
The system is sized to transport 1 MW of heat with an overall AT of 80 C

between the peak primary-loop temperature (120*C) and the peak ambient air

temperature (40*C). Recommended alterations of the secondary loop and the

final heat dump and the requirements of such a system are discussed below.

The volume flow in the primary loops is calculated using

V = Q/(C pAT),

where Q = 500 kW for each loop and is found to be 12.54 L/s. The flow
velocity in a 4-in. dia pipe is 155 cm/s. If the target were operated at
1000 kW, there is sufficient margin to flow 2 x 8.46 = 17.28 L/s through the
system to maintain disk temperature at the higher heat load.

The associated Reynolds number is 1.21 x 103. Therefore,

the flow is laminar, and the pressure drop due to 100 ft of 4-in. pipe is5

32pVL
AP = 32VgcD2

= 2.4 psi,

whe re

p = viscosity,

V = fluid velocity,

L = length of pipe,

gc = gravitational constant,

and

D = diameter of pipe.

The pressure drop due to the target was previously calculated

to be 34 psi (17 psi per target section). The pressure drop due to two heat

exchangers should be about 5 psi for a total heat pressure of 41.1 psi.

It is recommended that the electromagnetic pump and heat

exchangers selected be capable of operating against a head pressure of

70-80 psi with a flow rate of 300 gpm.

To transmit 1 MW of heat across the heat exchanger, a min-

imum AT depends on the detailed design of the heat exchanger, but it can be

expected to be about 15*C. Since the peak ambient air temperature can be
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expected to rise as high as 40*C and the minimum primary-loop temperature
is 70*C, the AT within the secondary loop cannot be expected to be more than
2-5*C, because roughly 15*C has to be available between the primary and

secondary and between the secondary and the final air system. This low AT

gives rise to a volume flow of thousands of gallons per minute in the second-

ary loop.

Assuming a AP across the heat exchanger of -5 psi and a

similar pressure drop through all the associated ducting, a pumping power as
high as 5000 hp (4000 kW) could be required. Any reasonable pumping head
(AP) in the secondary systems requires an excessive pumping power.

The substantial difference ia flow rates between the loops

makes the task of designing an efficient heat exchanger difficult. It is there-

fore recommended that the secondary loop use freon rather than a liquid-metal

coolant and that the final heat dump be made to water from the on-site cooling

tower, which can be readily maintained at about 15*C.

The freon/water system allows the secondary loop to main-

tain a temperature loop (AT) of 25 C, with a volume flow of -30 L/s (-800 gpm),

a coolant velocity of 400 cm/s, a head pressure due to ducting of 10 psi (in

4-in, pipe), and a much more compact heat exchanger. This system also rep-
resents a substantial monetary savings. The mechanical pump and heat ex-

changers selected should be capable of handling head pressures of 25 psi at
flow rates of 1000 gpm. The primary and secondary loops are shown schemat-

ically in Figs. F.14 and F.15, respectively. This system is more than adequate

to cool the primary sodium to 700C or even less.

HE2 ~ ~ ~ ~

TARGETGET
FRONT R EME

HEPU----P

Fig. F.14. Heat-transfer-system Primary Loops
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e. Operating Conditions

This section treats the operational conditions imposed on the target
as a result of the pulsed proton irradiation environment. Two major areas of
concern are treated:

(1) Temperature and thermal expansion

(2) Stresses.

Stresses include those dynamic stresses (stress waves) induced
by the instantaneous energy pulse deposited with each pulse of protons, and the
thermal stresses caused by nonuniform temperature distributions. Along with

the temperature distributions, the expansions that must be accommodated be-
tween startup and steady operation are considered. Coolant flow conditions

are those consistent with target temperature requirements. The radiation

environment is produced by the neutrons themselves and gamma rays. The

gamma rays are produced primarily from the fission and spallation processes,

but a minor component is due to neutron activation. Beta particles are also
produced (actually in larger numbers than gammas), but these are a minor

radiation hazard compared to the gammas.

(1) Temperatures. In the proposed design it was shown that the

axial centerline temperature of the disks of the IPNS target was the critical

parameter for thickness determination. It is recommended that a maximum

centerline temperature of 400*C be maintained. This section describes the
computer calculation of temperature distribution within the disks of the IPNS-II

Neutron Scattering Target.

(a) Calculation of Temperature Distributions. The heat-
conduction program used to calculate the temperature distributions for both the
disk type and the cylindrical targets is the HEATING 3 (Refs. 6, 7) computer
code developed by Oak Ridge National Laboratory.

265
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The HEATING 3 code is designed to solve steady and tran-

sient heat-conduction problems. For the current study, the heat-conduction

calculations were made for a two-dimensional cylindrical-coordinate-type

problem, since the heat generation and temperature distribution for both disk

and cylinder are symmetric about the center axis. The thermal conductivity

of materials were specified as a function of temperature; however, density and

specific heat were considered constant for each material. The heat-generation
rates were made position-dependent, and several different heat distributions

were used as input to the program in order to determine the effects on temper-

ature distribution. The code allows boundary condition to be any combination
of constant heat flux, forced convection, natural convection, and radiation; how-

ever, runs were made for fixed boundary temperature (i.e., in the coolant) of

100*C for the surrounding medium with a film coefficient of either 15 or

25 W/cm-*C for forced convection. Geometric regions and "node points"

(locations where temperature values are constant) are specified by the user.

The HEATING 3 computer code uses the extrapolated

Liebmann method and a modification of the Aitkens 62 extrapolation method to

obtain iterative solutions for the finite-difference equations which approximate

the partial differential equations for steady-state calculations. For transient

heat conduction, the temperature at a node point is computed explicitly as a

function of time with the time increment sufficiently small to ensure that

numerical solutions do not diverge.

The boundary conditions used were the convective heat-

transfer conditions:

aT
K a- = h(Twall - Tcoolant)- (F.8)

The heat source was derived from the HETC' results and is used in the

HEATING 3 code as a region-dependent heat source constant with time. Since

these temperatures serve as the basis for thermal-stress calculations, a vari-

ation in the radial distribution of heat input was used. The axial heat-source

distribution, however, was assumed equal to the HETC-calculated values.

Calculations were made of the temperatures resulting specifically from the
radial energy distribution predicted by HETC and of parabolic distributions

having the same integrated energy for the disks; all disk calculations were

made for the disk receiving the highest energy input. Radial energy distribu-

tions were determined by

r r2
E = 2rrC (1 - -)r dr. (F.9)

maxHETC o Q

Variations on R0 , which determined the appropriate filling constant, C, were

used.
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Figure F.16 shows temperature contours for the baseline

unclad uranium-molybdenum disk at steady state. Figure F.17 shows the time-
dependent profiles across the disk thickness as the temperature equilibrates.

Temperature equilibration occurs in about 1 s for the disks.

3_9_C 350 C300 250 C 200 150 : 125 C

3
0 .5 1 1.E ' .5 3 3.5 4 4.5

RADIAL DISTANCE (CM)

Fig. F.16. Steady-state Temperature Profile for Unclad Uranium-

Molybdenum Disk with Maximum Energy Deposition
from Parabolic-type Proton Beam Truncated at 3 cm
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Figure F.18 compares the temperature profiles produced

by using cladding and by varying he with the unclad system. The comparison

was made with and without cladding as a corroboration of design dimensions

in Table F.3 which were based on a one-dimensional calculation. The com-
parison of hc was made because it may be difficult to achieve an hc value of
25 W/cm-*C. A value of 15 was chosen as one that could be achieved with

reasonable confidence. Figure F.18 indicates that the effects of cladding and

of variations in the convective heat-transfer coefficient on temperature pro-

file are minor.
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Fig. F.18. Effect of Cladding and of Heat-transfer

Coefficient on Temperature Distribution

Figure F.19 compares the radial temperature profile of

the HETC-calculated heat input with that of a parabolic fit for the disk tem-

perature. Either temperature distribution can be reasonably well fit with a

truncated parabola, as indicated in Fig. F.19. These parabolic fits are used
in determining thermal stresses. These fits are based only on matching the

peak temperature with a reasonably truncated parabola. Because of the lack

of knowledge of the true radial distribution of the incident protons, no attempt

has been made to optimize the fit (as with least squares).
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Fig. F.19. Radial Temperature Profile at Midpoint of Uranium Disk

(b) Startup and Shutdown Transients. Figure F.17 shows the
time-dependent temperature profiles from the neutron-scattering disks. As
noted in Sec. (a) above, temperature equilibration is very rapid (about I s of
irradiation time in the neutron-scattering target and 6 s in the radiation-effects
target). Normal intuition provokes concern that such rapid heating cannot be
sustained without fracture in the targets. However, the only real concern is
for the thermoelastic stresses which are proportional to temperature gradients
(6T/8Z or 8T/6r). These values are at their highest in the system at steady
state (see Fig. F.17). Therefore, any startup thermoeleastic stresses are
less than that at steady state and do not produce problems. The fact that
heating is being produced by a volume distribution source prevents unaccept-
able temperature gradients, despite the rapid transients. Shutdown transients
are less severe than the startup transients. During shutdown, temperature
change is slow (and may be easily controlled). Sharp temperature gradients
simply do not occur.

(2) Thermal Stresses. Thermal stresses addressed in this sec-
tion are the classical thermal stresses produced by nonuniform temperature
distributions. These are in contrast to the one-per-pulse stresses described
in Sec. (3) below. The once-per-pulse stresses are thermal stresses, also,
in the sense that they are produced by thermal-energy deposition. However,
the once-per-pulse stresses are those shock-induced stresses produced as
the material responds (expands) acoustically to the effectively instantaneous
energy deposition of the proton pulse.



270

The classical thermal stress, by contrast, has a relatively

long time constant requiring about 1 s +o achieve the temperature equilibration.

Many proton pulses and thousands of pulse-created stress cycles occur during

the time of temperature equilibration. The cumulative (additive) effects of

the once-per-pulse and classical thermal stresses are discussed in Sec. (4)

below.

(a) Theoretical Basis of Thermal Stresses. The temperature

distributions generated in the target produce the thermal stresses analyzed

in this section. Temperature nonuniformities, which are not strictly linear,

produce thermal stresses. In general, the greater the temperature gradients,

the greater the resultant stresses.

A finite-element computer code was used to calculate

thermal stresses, and an analytical approximation to the temperature distribu-
tion predicted numerically was used as the basis for the thermal stresses.

Figure F.19 compares the numerical solutions of the

temperature distribution to truncated hyperboloid approximations used in this

section, i.e.,

T(r) = Cil - ,(F.10)
r

which matches the assumed radial distribution of protons in the beam. The

true theoretical distribution (which is not known precisely because the radial

distribution of the proton beam is not known precisely) would be represented

in a rigorous mathematical development as a series of Bessell functions, based

on the heat-transfer boundary conditions of the target and on an analytical

representation of the proton distribution. However, the analytical approxima-

tion to the numerical solution is a valid means of estimating thermal stresses.
If the temperature gradients of the true distribution are matched, then a valid

representation of thermal stresses results.

The appropriate equations for thermal stress are derived

from the r eltions of Timoshenko and Goodier8 for either the disks or the long
cylinder. For a radially symmetric energy input (hence temperature distribu-
tion) and for the case in which there is no variation in the axial component,
the expressions are

ar(r) r=o--- -f T(r)rdr - - IT(r)rdrI, (F.11)
1 - vL r rZ

ae(r) =---[.- T(r)r dr + - f T(r)rdr - T(r) , (F.1Z)
S- r rz
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and

aZ(r) =f ro T(r)r dr - T(r), (F.13)
ro0

where

ar, ae, and 0 Z = stress in radial, azimuthal, and axial directions,

respectively,

a = coefficient of thermal expansion (*C)-,

E = Young's modulus,

v = Poisson's ratio,

and

T = temperature, *C.

For the truncated parabola, Eqs. F.ll-F.13 reduce to

- CiaE ra
,,(r) = 4 1 -)1-- . (F.14)
r 4( - v) r

-C1cj / 3rZae8) =(1 ----1, (F.15)
4(1v) r

and

-CiaZE / r
Z 2(1 - v) rZ

For disks that are thin enough that temperature (hence
stress) variation through the thickness can be ignored, the following expres-
sions apply:

-C1oE ( )
a r = 4 1 - -E ,(F. 17)

ro

= C E ) 1 - -- , (F.18)
r
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and

oZ = 0. (F.19)

Since the extreme cases only vary by 1/(1 - v) for ar and ae (about 25%),

either approximation is valid near z = 0. Since energy really is deposited

throughout the disk, ro was chosen as 5 cm.

Unfortunately, when there are significant axial tempera-

ture variations, these expressions are only valid near the axial disk center.

No tractable analytical solution exists for stress levels away trom the axial

center. For predicting these stresses, the ANSYS finite-element code was

used. Its accuracy was verified by comparison with the results predicted by
Eqs. F.17 and F.18 with an input axially flat temperature distribution.

(b) Thermal-stress Results. Figure F.21 shows resulting
isostress curves for ar and az in uranium-molybdenum. Figure F.20 keys

the location of these plotted results to the remainder of the disk. Since the
results are axisymmetric, only one quadrant is displayed.

SECTOR USED IN
_ _ _STRESS ANALYSIS

1 CM THICK

5 CM RADIUS

BARE U OR li-M0 DISK

SECTOR LUSED IN
NALYSIS

1.02 CM THICK

5.01 CM RADIUS

ZIRCALOY CLAD U OR U-MO DISK (CLADDING
THICKNESS IS NOT DRAWN TO SCALE)

Fig. F.20. Illustration of Disk Sector Used in Stress Analysis



273

X 47909 40000 r 30000 20000 10000

-30000 -20000 -10000

'1
z 0 -184
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-500 0 2000 4000

Fig. F.21. or and oz Isostress Lines for Clad Uranium-Molybdenum Disk

Axial stress az is negligible throughout. Azimuthal stress

ae is not shown on Fig. F.21. It is similar to Jr, but becomes tensile at large
r values for all values of z. Figures F.22-F.25 show variation of all three

normal stresses (Or, ae, and az) with r and z at selected r and z locations

for the clad uranium-molybdenum system.
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Fig. F.23. Thermal Stresses along Radial Elements on Surface
of Zircaloy-clau Uranium-Molybdenum Disk



0 r A

SURFACE CL

I I I
.1 .2 .3

ND %

ADDING

.4
i i

.5

AXIAL DISTANCE FROM CENTER (CM)

Fig. F.24. Thermal Stresses along Axial Elements of
Zircaloy-clad Uranium-Molybdenum Disk

50

275

40 -

30 -

LOh

10k.0r

CV)

w
F-
C,)

0

-10

-20 -

-30 f-

-40
0

QZ

1'

I T I I



50

40

30

20

10

0

-10

-20

-30

-40

SURFACE CLADDING

.2 .3 .4 .5

AXIAL DISTANCE FROM CENTER (CM)

Fig. F.25. Thermal Stresses along Edge Elements of
Zircaloy-clad Uranium-Molybdenum Disk
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(c) Significance of Thermal-stress Results. Table F.8,

which summarizes elastic properties of the materials analyzed for thermal

stresses, is presented to facilitate discussion of the results.

TABLE F.8. Elastic Properties of Uranium,
U-10% Mo and Zircaloy-2 (at 100*C)a

Yield Stress Ultimate Stress
Material (psi) (psi)

Uranium 5  19,0' 46,000

U-10 wt % Mo9  80,000-1 'fl,( Hi 80,000-100,000

Zircaloy-25  39,000 59,000

al00*C is chosen because it matches the surface temperature of
of the disk. Stresses at the surface are of primary concern.
bInterpolated between values at 75F and 500F.
cEstimated as 10% less than room temperature values.

For the uranium-molybdenum target, either clad or un-

clad, the yield stress is not exceeded in the uranium-molybdenum material.

However, yield stress, but not ultimate stress, is exceeded near r = 0 in the

cladding. Fortunately, as long as ultimate stress is not exceeded in the clad-
ding and yield stress is not exceeded in the base target material, yielding in

the cladding does not cause cladding failure. In summary, the loading condi-

tions are such that temperature excursions after the first one do not cause

stresses in excess of the yield value in the cladding. Therefore, for continued

operation, thermal-stress response in clad or unclad uranium-molybdenum

targets stays completely in the elastic regime. Uranium-molybdenum targets

perform satisfactorily in the thermal-stress field. The cladding of a uranium-

molybdenum disk will ultimately crack, due to the combined thermal load and

distortion caused by radiation swelling of the disk. However, it does not

happen until the target nears the end of target lifetime as predicted by swelling.

(3) Pulse-induced (Cyclic) Stresses

(a) Calculation Methods. The dynamic stresses associated

with the effectively instantaneous energy deposition of the proton pulses have

been calculated by SRI International with the PUFF-3 computer code. PUFF

is a one-dimensional, hydrodynamic, finite-difference scheme using a
Lagrangian coordinate system. It treats multiple layers of materials and

can accommodate all phases (solid, liquid, and gas) with appropriate constitu-
tive (equation-of-state) relationships for each material. The equations of
velocity and of conservation of mass, energy and momentum are solved. In

the code nomenclature, these are

X
-- = U (velocity), (F.20)
at



aD aU
= -D- (mass),

at aX

_E R U Erad

= - D X + a (energy),

- - - - (momentum),
at D aX

where

X = coordinate location,

U = particle velocity,

D = density,

R = total mechanical stress,

E = internal energy,

and

Erad = energy deposited by radiation.

Constitutive relationships are equ.J'ons of sta v that

relate pressure (stress), specific volume, and temperature. For solids, the
stress is derivable from the constitutive relationships. A convenient param-

eter of the 'constitutive relationship is the dimensionless Gr neig en param-

eter, r, which relates energy input to pressure, i.e.,

ap
_ E'

(F.24)

For typical metals, its value is about 2. That is, each erg/cm 3 of energy
deposition produces 2 dynes/cmZ of internal compressive pressure locally.

(b) Stress-Wave Prediction!. Table F.9 summarizes the in-
put parameters to the PUFF code that was used for the stress-wave analyses
of the neutron-scattering disks and the radiation-effects cylinder.

TABLE F.9. PUFF Input Parameters

Deposition Characteristics

Energy Deposition Rate: 2.8 KW/cca

Radial Energy Distribution: Uniform

Radius of Energy Beam: 3.5 cm

aThis value is higher than was predicted by the HETC
calculations. Scaling is used to obtain the value
associated with the appropriate energy levels.
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Figure F.26 shows the
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Fig. F.26. Uranium-disk Midplane Stress History for Periodic-
boundary Configuration with Zircaloy-2 Cladding

Figure F.27 is a plot of maximum tensile stress across

the clad and the unclad disks. The configuration used for these calculations

matches that of the original concept design and not those of the refined design.
However, the stress results are valid for the baseline designs because the
stress magnitudes and wave forms for the clad and nonclad systems analyzed

are similar. The disk geometry for Fig. F. 7 is indicated on the figure.

For the clad system, Fig. F.27 indicates zero tensile
stress at the boundaries of the cladding and also within the cladding. The clad

boundaries are in contact with liquid. Hence, no tensile stress is possible,
and the distance through the cladding is so small that tensile buildup is pre-
cluded. A more representative estimate of the tensile-stress level expected
at the cladding-uranium interface is the tensile stress seen at a depth within
the solid uranium that matches the cladding thickness (0.0254 cm). The value
is 4.5 x 107 dynes/cm1 , or 0.045 kilobars (about 650 psi). This is not a sig-
nificant level, and it is compensated for by the compressive thermal stress
at the interface.
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Fig. F.27. Maximum Cyclic Tensile Stress as a
Function of Distance from Disk Center

The results of this analysis indicate that, considering

stress-wave response alone, the tensile endurance limit is approached or

exceeded for the disk target of interest.

The conclusions from the analysis of the once-per-pulse
stresses are as follows:

1. The system operates close enough to the endurance
limit that stresses due only to the once-per-pulse input could cause tensile
rupture near the target centers in a matter of a few months.

2. Lifetime estimates caused solely by stress-cycle
limitation are not precise, because of the wide error band on endurance limit,
and also because the results presented are subject to a 40% error.

3. Degradation of target material by irradiation induces
porosity and microcracks, which significantly reduce the magnitude of stress
buildup from the proton pulses. Static thermal stresses also help reduce this
magnitude, because the oZ (axial-stress) components are compressive and the
fatigue stress of concern is tensile. This magnitude is quite small, however.
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4. Stress cracking may be tolerated without causing
disassembly. Pulse-produced cracks are on planes perpendicular to the axial

direction. These are most likely to occur near the disk centers. Thermal-
stress cracks occur near the disk surface and at both orthogonal planes at
right angles to the pulse-produced cracks (if any). These orthogonal cracks

must intersect, if disassembly is to occur. The analysis of this section in-
dicates that they will not intersect. The most severe consequence of cracking

is likely the effect on heat transfer.

It is further noted that the upper limit of endurance limit

of uranium-molybdenum greatly exceeds the predicted pulse-produced value.
It is reasonable to assume that the material for the neutron-scattering target

would be near the upper limit in endurance strength. Unalloyed uranium has
a maximum endurance limit near that predicted by the PUFF code.

(4) Cumulative Stress. The design stre's level of concern for
this study is the net stress resulting from the cumulative effects of the stress

pulses and steady-state thermoelastic values. Because of the tensile-wave
components produced by proton pulses, the stress in the axial direction, az,

is the critical parameter.

Figure F.28 shows a superposition of the stresses in a bare

uranium-molybderum disk. This superposition depends on the following

assumptions:

a. Temperature- and energy-deposition distributions in the

radial direction can be expressed by the truncated parabola

1r

rp

b. Stress-wave magnitudes (in the axial direction) vary

across the radius according to the energy deposition profile (parabolic).

Maximum resultant cumulative compression stress is 0.54 kbar
(7900 psi) at r = 0 and maximum resultant tensile stress is 0.48 kbar
at r = 0, where the energy deposition goes to 0 according to the truncated
parabola. Only the tensile component is significant in limiting the target
lifetime, because compression stresses do not cause target disassembly. At
the target interior, compressive stresses in excess of yield are tolerable.
Figure F.28 shows that the maximum tensile stress overlaps the range of
fatigue limit. This overlap does not necessarily signify that fatigue failure
will occur. It does signify, however, that high quality material must be used
in the target to prevent fatigue-stress failure.
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Both the thermal stresses and pulse-produced stresses are
based on disks that are 1-cm thick. Stress-response differences between
1-cm disks and those whose thickness varies as much as 50% from this value
are minor. Thermal stresses depend on maximum temperature, and pulse-
produced stresses depend on energy per unit volume per pulse. Energy depo-
sition is insensitive to thickness, and disk thickness is designed to maintain
the same maximum temperature in each region. Stress conclusions based on
1-cm disks are valid for all disk thicknesses considered.

3. Cost Estimates

Estimated costs for the IPNS target and its associated heat transport
system have been estimated as follows:

a. The costs of the heat-transport system external to the target are
given by major components for the recommended modified system in Table F. 10.
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TABLE F.10. Costs for Proposed Modified Coolant System

Cost
Uncertainty

Primary Loop

SS 316 pipe $ 16,000 + 20%
Plumbing hardware 8,000 T 20%
E.M. pump 500,000 + 20%
Heat exchangers (2) 40,000 + 10%
NaK (200 gal) 2,800 + 10%
NaK purifying system and cold trap 5,000 + 10%

$571,800

Secondary Loop

SS 316 pipe $ 8,000 + 20%
Plumbing hardware 4,000 T 20%
Mechanical pump 30,000 + 20%
Heat exchanger 25,000 + 10%
Freon (100 gal) 1,200 + 10%

$ 68,200

W 00+ 18%

b. Target-fabrication costs include raw material. processing, design,

tooling, and production costs. Total costs are reflected for both initial and
replacement targets. Replacement-target costs are reflected, both as actual

cash outlay and with the initial target costs amortized over 5 years of opera-

tion. Costs for a clad system are presented in Table F.11.

c. Costs for the radiation-effects target are estimated at $1200-1500.
including coolant ducting at the target. These are not detailed elsewhere in
this appendix.

4. Target Fabrication

Due to the very specialized nature of the target disks proposed in the
baseline design, truly accurate estimates are not available from industrial
sources. Even corporations that are involved in fabricating fuel pellets for
nuclear reactors feel they are unable to give even "ball-park" figures without
undergoing their own formal engineering estimate. The industry feels that
such a formal estimate would be too costly for them to absorb unless they
planned to bid the task and felt they had a reasonable chance of obtaining the
contract. Thus, the current cost estimate is based on the material and man-
power costs necessary to accomplish similar tasks. Of necessity, the cost
estimates reported here are based on costs of fabrication of reactor fuel
elements.
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TABLE F.11. Cost of Target Fabrication for Clad Disks

1st Replacement
Target Uncertainty Targets

A. Clad U-238 disks

I Raw material (U308 plus
zircaloy $ 6,000 + 10% $ 6,000

II Purification 660 + 10% 660

III Disk Forming

A. Production System Design 30,000d + 10%

B. Tooling Fabrication

1. Prototype fabrication
and testing 60, 000d + 50%

C. Production system fab. 8,000 + 20%

D. Production Cost 5,000 + 20% 5,000

B. Target Mounting and Cooling Jacket

A. System Design 21,000 + 10% --

B. Fabrication Costs 5,000 + 20% 1,700b

C. Optimization Costs 1+500 + 20% --

Subtotal $137,300 $13,500

15% escalation 20,595 2.000

Total Cost $157,895 $15,50 0 a

Amortization of fabrication costs 7,12OC

Total Effective Target Replacement Cost $22,620

aAdded cost escalation above first target cost is assumed compensated by
improved production techniques.

bCoolant jacket assumed to be replaced 1/3 as frequently as target.

cAmortization of additional cost for first target assumed basis that that
system lasts for at least 20 target.

dlncludes the cost of development of cladding technology and estimated
additional man hours to produce individual disks.
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