SNS Ring Design Manual Spallation Neutron Source Project

Spallation Neutron Source Accumulator Ring and Transport Design Manual

(DRAFT; June 2, 2003)

SNS Ring Design Manual Preface

Preface

This document describes the design of the accumulator ring and the transport lines of the Spallation Neutron Source Project.

SNS Ring Design Manual Contents

Contents

1 Overview 7 1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 1.2 Design Philosophy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 1.3 Performance Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 1.4 Interface Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 1.4.1 Linac/HEBT interface requirements . . . . . . . . . . . . . . . . . . . . 12 1.4.2 RTBT/Target interface requirements . . . . . . . . . . . . . . . . . . . 18 1.4.3 Beam dump interface requirements . . . . . . . . . . . . . . . . . . . . 26 1.5 Coordinates and Polarity Conventions . . . . . . . . . . . . . . . . . . . . . . . 27 1.6 Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2 Accelerator Design and Beam-dynamics Issues 30 2.1 Layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 2.1.1 HEBT layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 2.1.2 Ring layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 2.1.3 RTBT layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 2.2 Lattice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34 2.2.1 HEBT optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34 2.2.2 Ring optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 2.2.3 RTBT optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 2.2.4 Ring optics tuning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 2.2.5 Acceptance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 2.3 Beam Loss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46 2.3.1 HEBT beam-loss budget . . . . . . . . . . . . . . . . . . . . . . . . . . 46 2.3.2 Ring beam-loss budget . . . . . . . . . . . . . . . . . . . . . . . . . . . 47 2.3.3 RTBT beam-loss budget . . . . . . . . . . . . . . . . . . . . . . . . . . 48 2.4 Single-particle Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49 2.4.1 Kinematic nonlinearity . . . . . . . . . . . . . . . . . . . . . . . . . . . 49 2.4.2 Sextupole Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49 2.4.3 Magnet imperfection and nonlinearities . . . . . . . . . . . . . . . . . . 50 2.4.4 Magnet fringe fields . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 2.4.5 Resonances analysis and frequency maps . . . . . . . . . . . . . . . . . 52 2.4.6 Dynamic aperture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 2.5 Multi-particle Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 2.5.1 Space-charge effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 2.5.2 Impedance budget . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 2.5.3 Impedance minimization . . . . . . . . . . . . . . . . . . . . . . . . . . 60 2.5.4 Measurements of coupling impedance . . . . . . . . . . . . . . . . . . . 63 2.5.5 Longitudinal instabilities . . . . . . . . . . . . . . . . . . . . . . . . . . 66 2.5.6 Transverse instabilities . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 2.5.7 Electron-cloud effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 2.5.8 Cures and Feedback . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

SNS Ring Design Manual Contents

3 Accelerator Physics and Technical Engineering 69 3.1 Magnet System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 3.1.1 Magnet system requirements . . . . . . . . . . . . . . . . . . . . . . . . 69 3.1.2 HEBT magnets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 3.1.3 Ring magnets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 3.1.4 RTBT magnets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 3.1.5 Magnet measurements and tests . . . . . . . . . . . . . . . . . . . . . . 69 3.2 Power-Supply System (WBS 1.5.4) . . . . . . . . . . . . . . . . . . . . . . . . 71 3.2.1 Power supply overview . . . . . . . . . . . . . . . . . . . . . . . . . . . 71 3.2.2 Power Supply Interconnection . . . . . . . . . . . . . . . . . . . . . . . 73 3.2.3 Controls Interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 3.3 Correction System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 3.3.1 Closed-orbit correction . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 3.3.2 Lattice distortion and beta wave . . . . . . . . . . . . . . . . . . . . . . 86 3.3.3 Transverse coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87 3.3.4 Chromaticity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87 3.3.5 Nonlinear multipoles . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88 3.4 Vacuum System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91 3.4.1 Vacuum requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91 3.4.2 Vacuum layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92 3.4.3 Coating of Ring Vacuum Chambers . . . . . . . . . . . . . . . . . . . . 99 3.5 Injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104 3.5.1 Injection System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104 3.5.2 Transverse phase-space painting . . . . . . . . . . . . . . . . . . . . . . 114 3.5.3 Longitudinal phase-space painting . . . . . . . . . . . . . . . . . . . . . 114 3.5.4 H^0 and H^− stripping control . . . . . . . . . . . . . . . . . . . . . . . . 114 3.5.5 Stripped-electron collection . . . . . . . . . . . . . . . . . . . . . . . . 114 3.5.6 Injection chicane perturbation . . . . . . . . . . . . . . . . . . . . . . . 114 3.5.7 Stripping foil assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . 114 3.5.8 Injection magnets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114 3.5.9 Ring injection-magnet power supply . . . . . . . . . . . . . . . . . . . . 114 3.6 Extraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114 3.6.1 Extraction requirements . . . . . . . . . . . . . . . . . . . . . . . . . . 114 3.6.2 Extraction layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114 3.6.3 Extraction magnets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114 3.6.4 Extraction-magnet power supply . . . . . . . . . . . . . . . . . . . . . 114 3.6.5 Extraction Kicker Coupling Impedance Reduction . . . . . . . . . . . . 116 3.7 Beam Scraping and Collimation . . . . . . . . . . . . . . . . . . . . . . . . . . 120 3.7.1 HEBT Transverse Collimation . . . . . . . . . . . . . . . . . . . . . . . 121 3.7.2 HEBT longitudinal collimation . . . . . . . . . . . . . . . . . . . . . . 124 3.7.3 Ring transverse collimation . . . . . . . . . . . . . . . . . . . . . . . . 126 3.7.4 Ring beam-in-gap cleaning . . . . . . . . . . . . . . . . . . . . . . . . . 133 3.7.5 RTBT transverse collimation . . . . . . . . . . . . . . . . . . . . . . . . 134 3.7.6 Moveable scrapers design . . . . . . . . . . . . . . . . . . . . . . . . . . 136

SNS Ring Design Manual Contents

3.7.7 Collimator design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141 3.8 Beam Dump . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147 3.8.1 Linac beam dump . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147 3.8.2 Injection beam dump . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148 3.8.3 Extraction beam dump . . . . . . . . . . . . . . . . . . . . . . . . . . . 150 3.9 Radio-frequency System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151 3.9.1 Ring RF system overview . . . . . . . . . . . . . . . . . . . . . . . . . 152 3.9.2 High Level RF system . . . . . . . . . . . . . . . . . . . . . . . . . . . 160 3.9.3 Low level RF system . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160 3.9.4 HEBT RF system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160 3.10 Diagnostics System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161 3.10.1 Diagnostics requirements . . . . . . . . . . . . . . . . . . . . . . . . . . 161 3.10.2 Diagnostics layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161 3.10.3 Beam position monitor . . . . . . . . . . . . . . . . . . . . . . . . . . . 165 3.10.4 Beam profile monitor . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165 3.10.5 Beam loss monitor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165 3.10.6 Beam current monitor . . . . . . . . . . . . . . . . . . . . . . . . . . . 165 3.11 Survey and Installation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165 3.11.1 Magnet survey . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165 3.11.2 Installation support . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

4 Integrated Control System 167 4.1 Overview (WBS 1.9) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168 4.1.1 Integrated Control System Scope . . . . . . . . . . . . . . . . . . . . . 168 4.1.2 General Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . 170 4.1.3 Design Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172 4.2 ICS Global Systems (WBS 1.9.1 AND 1.9.2) . . . . . . . . . . . . . . . . . . . 181 4.2.1 ICS Integration (WBS 1.9.1) . . . . . . . . . . . . . . . . . . . . . . . . 181 4.2.2 Control System Network (WBS 1.9.2.1) . . . . . . . . . . . . . . . . . . 181 4.2.3 Timing System (WBS 1.9.2.2) . . . . . . . . . . . . . . . . . . . . . . . 183 4.2.4 Equipment Protection 1 - Beam Permit System (WBS 1.9.2.4) . . . . . 191 4.2.5 Equipment Protection 2 - Fast Protection (WBS 1.9.2.3) . . . . . . . . 195 4.2.6 Control Rooms (WBS 1.9.2.5) . . . . . . . . . . . . . . . . . . . . . . . 195 4.2.7 Software Development System (WBS 1.9.2.6) . . . . . . . . . . . . . . 196 4.2.8 Support Computing Systems (WBS 1.9.2.7) . . . . . . . . . . . . . . . 197 4.2.9 Software (System and Application) (WBS 1.9.2.8) . . . . . . . . . . . . 198 4.3 Ring Controls . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203 4.3.1 Scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203 4.3.2 Design Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203 4.3.3 Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203

SNS Ring Design Manual Contents

5 Discussions and Options 210 5.1 Fault Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210 5.2 Operations at a Reduced Beam Energy . . . . . . . . . . . . . . . . . . . . . . 210 5.3 Path to 1.3 GeV Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210 5.4 Upgrades to a Higher Beam Power . . . . . . . . . . . . . . . . . . . . . . . . 210

6 Appendices 211 6.1 Parameter Lists . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211 6.1.1 Primary parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211 6.1.2 Magnet parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211 6.1.3 Power-supply parameters . . . . . . . . . . . . . . . . . . . . . . . . . . 211 6.1.4 RF system parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . 211 6.2 Optics Files . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213 6.2.1 HEBT Optics File . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213 6.2.2 Ring Optics File . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219 6.2.3 RTBT Optics File . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233 6.3 Index of Design Technical Notes . . . . . . . . . . . . . . . . . . . . . . . . . . 240 6.3.1 BNL Technical Notes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 240 6.3.2 ORNL Ring-Related Technical Notes . . . . . . . . . . . . . . . . . . . 242 6.4 Abbreviations and Acronyms . . . . . . . . . . . . . . . . . . . . . . . . . . . 243 6.5 List of Symbols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 247

SNS Ring Design Manual Introduction

Figure 1: Layout of the Spallation Neutron Source.

1 Overview

1.1 Introduction

The Spallation Neutron Source (SNS) project is designed to reach an average beam power above 1.4 MW for pulsed neutron production (Fig. 1). The accelerator system operates at a repetition rate of 60 Hz and an average current of 1.6 mA. It consists of an H^− RF volume source of 48 mA peak current at 6% duty, a low-energy beam transport (LEBT) housing a first-stage beam chopper with ±20 ns rise/fall time; a 402.5 MHz, 4-vane radiofrequency-quadrupole (RFQ); a medium-energy beam transport (MEBT) housing a secondstage chopper (< ±10 ns rise/fall), an adjustable beam-halo scraper, diagnostics devices, and matching quadrupoles; a 402.5 MHz, 6-tank drift-tube-linac (DTL) with permanent-magnet quadrupoles; a 805 MHz, 4-module coupled-cavity-linac (CCL); a 805 MHz, superconducting RF (SRF) linac of medium- and high-β cavities accelerating the beam to the full energy; a high-energy beam transport (HEBT) for diagnostics, transverse and longitudinal collimation, matching, energy correction and painting; and an accumulator ring compressing the 1 GeV, 1 ms pulse to 650 ns for delivery onto the target through a ring-target beam transport (RTBT).

Table 1 lists major parameters.

Table 1.1 shows evolution of beam parameters during the cycle including expected energy, horizontal (H), vertical (V), and longitudinal (L) acceptances and emittances, and controlled and uncontrolled beam losses.

SNS Ring Design Manual Introduction

Table 1: Spallation Neutron Source primary parameters.

Quantity Value Unit Kinetic energy, E_k 1000 [MeV] Uncertainty, ΔE_k (95%) ±15 [MeV] SRF cryo-module number 11 + 12 SRF cavity number 33 + 48 Peak field E_p (β = 0.61) 27.5 [MV/m] ΔE_p (β = 0.61) ±2.5 [MV/m] Peak field E_p (β = 0.81) 35 [MV/m] ΔE_p (β = 0.81) +2.5/ − 7.5 [MV/m] Beam power on target, P_{max} 1.4 [MW] Pulse length on target 695 [ns] Chopper beam-on duty factor [%] 68 Linac macro pulse duty factor 6.0 [%] Average macropulse H^− current 26 [mA] Linac average beam current 1.6 [mA] Ring rf frequency 1.058 [MHz] Ring injection time 1.0 [ms] Ring bunch intensity 1.6 [10^{14}] per pulse Ring space-charge tune spread 0.15

SNS Ring Design Manual Introduction

Table 2: Beam parameter evolution across the SNS accelerators. The aperture and acceptance do not include scrapers and collimators. Notes are: a) corresponding to 27% chopped beam; b) corresponding to 5% chopped beam; c) beam loss on the transverse and momentum collimators; d) including total 4% of beam escaping foil and 0.2% beam loss on collimators; e) including 4% beam scattered on the target window; and f) corresponding to 20% beam loss averaged over RFQ length.

LEBT RFQ MEBT DTL CCL SRF 1 SRF 2 HEBT Ring RTBT Unit E_k (out) 0.065 2.5 2.5 86.8 185.6 387 1000 1000 1000 1000 MeV Length 0.12 3.8 3.6 36.6 55.1 64.2 94.7 169.5 248.0 150.8 m Peak current 47 38 38 38 38 38 38 38 9×10^4 9×10^4 mA Min. trans. aperture 7 32 25 30 80 80 50 200 mm Min. H acceptance 250 38 19 57 50 26 480 480 μm H emit. out, ϵ_{un,rms} 17 2.9 3.7 0.75 0.59 0.41 0.23 0.26 24 24 μm Min. V acceptance 51 42 18 55 39 26 480 400 μm V emit. out, ϵ_{un,rms} 17 2.9 3.7 0.75 0.59 0.41 0.23 0.26 24 24 μm Min. L acceptance 4.7 2.4 7.4 7.2 18 19×10^5/π 10^{−5}πeVs L emit. out, rms 7.6 10 12 14 17 23 2×10^7/π 10^{−7}πeVs Loss (control) 0.05^a N/A 0.2^b N/A N/A N/A N/A 5^c 62^d 58^e kW Loss (uncontroll) 70 100^f 2 1 1 0.2 0.2 < 1 1 < 1 W/m H emit. out, ϵ_{N,rms} 0.2 0.21 0.27 0.33 0.39 0.41 0.41 0.46 44 44 μm V emit. out, ϵ_{N,rms} 0.2 0.21 0.27 0.33 0.39 0.41 0.41 0.46 44 44 μm

SNS Ring Design Manual Design Philosophy

Figure 2: Expected beam loss across the SNS accelerator complex. The uncontrolled beam loss is at 1 W/m level.

1.2 Design Philosophy

The primary concern of building such a high-intensity accelerator is that radio-activation caused by excessive uncontrolled beam loss can limit the machine’s availability and maintainability. Based on operational experiences, hands-on maintenance demands that the average uncontrolled beam loss does not exceed 1 W beam power per tunnel-meter. Uncontrolled mismatch upon change of linac structure, lattice, and frequency; 2) space-charge effects including envelope and parametric resonances and non-equipartition in the linac, and resonance crossing and instability enhancement in ring; 3) limited physical and momentum acceptance; 4) premature H^− and H^0 stripping and ring injection foil scattering; 5) magnetic errors, fringe fields, and misalignments; 6) instabilities (resistive impedances due to e.g. extraction kicker, and electron cloud); and 7) accidental loss due to system malfunction (ion source and linac, ring extraction kickers).

SNS addresses the above seven issues by adopting a low-loss design philosophy. Above all, foreseen losses are localized to shielded areas using 1) adjustable scrapers in the MEBT; 2) transverse and momentum collimators in the HEBT prior ring injection; 3) two-stage transverse collimation and momentum cleaning with beam-in-gap (BIG) kicker in the ring; 4) collimator protection in the RTBT, and 5) beam-gap cleaning with LEBT and MEBT choppers and ring BIG kicker (Fig. 2).

Emphasis is also put on machine’s flexibility and reliability. The SRF linac allows operation with one failed cavity/klystron; the ring accepts ±5% variation in linac output energy; a wide ring tuning range avoids resonances; a robust injection allows independent horizontal, vertical, and longitudinal painting; adjustable collimation systems accommodate variable beam size; and design reserve and redundancy ensure a high availability (e.g., spare cryo-module for a quick replacement, power supplies compatible with 1.3 GeV energy, multi-foil exchange, spare

SNS Ring Design Manual Performance Requirements

kicker power supply (PFN), and aperture clearance for one-kicker failure).

Finally, the facility is designed with the potential to reach a beam energy up to 1.3 GeV and a beam power higher than 2 MW, capable of supplying a second neutron target. The higher energy can be reached by upgrading the superconducting RF cavity gradient and klystron power supplies, and by filling the presently unoccupied linac tunnel spaces with up to 9 additional cryo-modules. The ring is capable of accommodating the energy and power increase without extensive hardware change – space is reserved for two additional extraction kickers, and for the replacement of 2 injection-chicane dipoles to satisfy H^0 stripping conditions.

1.3 Performance Requirements

SNS Ring Design Manual Linac/HEBT Interface Requirements

1.4 Interface Requirements

1.4.1 Linac/HEBT interface requirements 1.4.1.1 Introduction

The Linac, WBS 1.4, accelerates the H^− up to 1.0 GeV and delivers H^− to the High Energy Beam Transport (HEBT) line, WBS 1.5. This document deals with the interface between the Linac and HEBT including the functional interface with beam and the physical interface between systems. 1.4.1.2 Interface

The following are the interfaces between WBS 1.4 and WBS 1.5. Functional:

1. Beam line elevation 2. H- beam 3. Vacuum system 4. RF signal interface 5. Beam diagnostics in the transport line 6. The last 6 quadrupoles in the SRF linac 7. Energy corrector and energy spreader cavities 8. Shielding Physical:

1. Flange connection on the H- beam line vacuum pipe downstream of last SRF quadrupoles 2. Flange connection on the energy corrector cavity (both ends) 3. Flange connection on the energy spreader cavity (both ends) 4. Flange connection on the Beam In Gap (BIG) monitor system The Linac to High Energy Beam Transport interface is shown in Fig. 3. The interface point is at the gate valve at the end of the SRF. LANL is responsible for this gate valve, which is intended to protect the Linac from vacuum perturbations generated in the HEBT and/or the Ring.

1.4.1.3 General interface criteria

The parameters being used here are consistent with the SNS Parameter List, Rev. 6. In addition, the design of the HEBT System allows it to be compatible with future machine upgrades to 2 MW and beyond. The design basis H^− beam characteristics at the end of the Linac are given below:

SNS Ring Design Manual Linac/HEBT Interface Requirements

Table 3: Linac parameter for a 1.4 MW beam. Average H^− particles per second (at 60 Hz) 9.4 × 10^{15} Maximum pulses per second 60 Hz H^− particles per macro pulse 1.56 × 10^{14} Average H^− energy 1.0 GeV Average beam current 1.5 mA Average beam power 1.5 MW Maximum macro pulse length 1.0 ms Average H^− current during macro pulse 26 mA Peak H^− current (between chopper gaps) 38 mA Chopping frequency 1.188 MHz MINI pulse length 645 ns Chopper Gap 300 ns Rise and fall time 10 ns Chopper transmission 68%

The parameters above are consistent with a design power level of 1.4 MW. 1.4.1.4 Functional interface

1. Beam Height:

Beam axis will be 127 cm (50.0 inches) above the floor. 2. H^− Beam:

The Normal and the off normal conditions of the beam at the interface with HEBT are listed below:

Transverse beam emittance (norm, rms) < 0.41πmm-mrad Transverse jitter < 0.25 mm Effective transverse beam emittance (norm, rms) < 0.45πmm-mrad Beam microstructure 402.5 MHz Bunch spread (rms at 805 MHz) 1.5 deg Energy spread ± 0.33 MeV (rms) Energy centriod jitter ± 1.5 MeV (max) Phase centriod Jitter ± 3.7 deg (max) Beam halo outside 5 s < 1 × 10^{−4} Beam charge inside chopper gap < 1 × 10^{−4} of total charge Off-normal beam conditions for beam shutdown:

Maximum effective transverse emittance (rms) 1.0πmm-mrad Beam halo < 3 × 10^{−4} Beam charge in chopper gap < 3 × 10^{−5} of total charge Accelerator trips > 5 sec and < 5 Min < 50 per day Accelerator trips > 5 min < 10 per day ll

Beam interruptions are likely to occur due to ion source problems, RF power trips, or perhaps due to Linac beam loss exceeding a pre-specified limit. Accelerator beam delivery

SNS Ring Design Manual Linac/HEBT Interface Requirements

interruptions impact the target system. Accelerator trips that allow the target window to cool down from normal operating temperature will produce fatigue cycles. The time constant is estimated at ∼5 sec. The time constant for the entire mercury loop to cool down from normal operating temperature is estimated at ∼5 minutes. 3. Vacuum System

Pressure at Linac interface 1 × 10^{−8} torr Any significant increase in pressure will lead to excessive stripping of the H^− beam by the residual gas.

4. RF Signal and Control Signals

The design basis signal interface includes the following reference signals: To the Ring System (WBS 1.5): Linac vacuum status TBD RF carrier frequency 805 MHz RFQ carrier frequency 402.5 MHz From the Ring System (WBS 1.5): Chopper timing signal 1.188 MHz Macro pulse beam trigger TBD Control Signals:

A “Ring-Ready” control signal shall be provided by BNL for input signal to the LANLsupplied low-level RF controller. A chopper sync signal will also be provided by BNL. The interface to the main control system shall be provided by LANL.

LANL will provide input signals to the main control system for “Fast Protect” and “Run Permit”. LANL will also provide 402.5 and 805 MHz RF sync signals. 5. Beam Diagnostics

The design basis interface includes the following signals from System 1.5.1 (Transport Line) to System 1.4.5 (Linac beam diagnostics). Except for the laser system, these diagnostic systems should be in the zero-degree transport line upstream of the first dipole magnet.

Beam current measurement Beam position measurement Beam energy measurement Measurement of beam in chopper gap (laser H- stripping system in transport line) Beam profile measurement Beam energy and phase spread measurement Beam halo measurement system in transport line Fast beam abort signal Beam enable signal for Linac injector Beam halo collimator Beam current measurement before linac dump 6. The Last SRF Quadrupoles

For matching from doublet lattice (LINAC) to the FODO lattice (HEBT) BNL will use

SNS Ring Design Manual Linac/HEBT Interface Requirements

last six quadrupoles (six independent knobs). 7. Energy Corrector and Energy Spreader Cavity

LANL will be responsible (including cost) for the design and fabrication of the energy corrector and energy spreader cavity system, and all its signal interfaces to the Linac. LANL will install these cavities in the HEBT:

Cavity Frequency Voltage Energy Corrector 805 MHz 4.0 MV Energy Spreader 805 MHz ±100 kHz 4.0 MV 8. Shielding (TBD)

1.4.1.5 Physical interface

The physical interface is shown in Fig. 4. 1. Proton beam line vacuum tube flange interface

The proton line vacuum pipe will have a flange interface downstream of the last quadrupole in the SRF linac as shown in Figure II. WBS 1.4 will supply the vacuum pipe upstream of the gate valve interface and WBS 1.5 shall provide the pipe downstream of the interface.

Seal Location TBD Beam Tube 12 cm in diameter Type of seal Metallic Flange Type TBD 2. Flange connection on the energy Corrector cavity (both ends)

The energy corrector cavity shall be located between quadrupoles QH10 and QV11 in HEBT. Design details of this interface will be provided by LANL.

Seal location In flange Beam tube diameter (I.D.) 5.15 cm diameter Type of seal Metallic, Copper Flange type 6.75 Conflat, Rotatable Overall length of cavity across flanges 71.736 inches Total overall length of insert module 79.00 inches Cavity bore diameter 5.00 cm 3. Flange Connection on the Energy Spreader Cavity (both ends)

The Energy spreader cavity shall be located between quadrupoles QV19 and QH20 in the HEBT. Design details of this interface will be provided by LANL.

Seal location In flange Beam tube diameter (I.D.) 5.15 cm diameter Type of seal Metallic, Copper Flange type 6.75 Conflat, Rotatable Overall length of cavity across flanges 71.736 inches Total overall length of insert module 79.00 inches Cavity bore diameter 5.00 cm 4. Flange Connection on the Beam In Gap Monitor System

The Beam In Gap monitor shall be located after the 6th dipole (DH16). Design details of

SNS Ring Design Manual Linac/HEBT Interface Requirements

this interface will be provided by LANL.

Seal Location TBD Beam Tube 12 cm in diameter Type of seal Metallic Flange Type TBD

SNS Ring Design Manual Linac/HEBT Interface Requirements

Figure 3: Linac to High Energy Beam Transport - Interface Point.

Figure 4: Linac and HEBT Interface.

SNS Ring Design Manual RTBT/Target Interface Requirements

1.4.2 RTBT/Target interface requirements

1.4.2.1 Introduction

The Ring to Target Beam Transfer (RTBT) Line, WBS 1.5, transports the proton beam from the ring to the neutron-producing Target System, WBS 1.6. This document deals with the interface between the RTBT and target system including the functional interface with the beam and the physical interface. 1.4.2.2 Interfaces

The following are the interfaces between WBS 1.5 and WBS 1.6. Functional:

1. Proton beam on the target

2. Proton beam from flange interface to proton beam window

3. Vacuum systems

4. Radiation shielding

5. Handling and maintenance

Physical:

1. Flange connection on proton beam line vacuum pipe downstream of last optical element.

1.4.2.3 General Interface Criteria

The design basis proton beam characteristics on the target are given in Table 4. The target location parameters are given in Table 5. The last section of the RTBT line entering the target building is shown in Fig. 5.

Table 4: Normal proton beam parameters at the target station.

Proton beam power 2.0 MW Protons per pulse 2.1 × 10^{14} Average proton energy 1.0 GeV Maximum pulses per second 60 Pulse duration < 0.7 × 10^{−6} sec

These parameters are consistent with a design power level of 1.4 MW.

Table 5: Target location parameters. Proton beam elevation 103^′5^{′′} Target liner radius 200-in Nominal target center (x, y) 0.0^{′′}, 0.00^{′′}

SNS Ring Design Manual RTBT/Target Interface Requirements

1.4.2.4 Functional Interfaces

1. Proton Beam-Target Interface

The normal and off-normal conditions of the beam at the interface with the target are listed in Table 6. Table 7 lists general target parameters. The beam spot and target cross section are shown in Figure 6. Figure 7 shows the beam density distribution used in the target design in both the horizontal and vertical directions at the target face. The beam density shall decrease monotonically with distance from the center.

Some parameters of the target are given in Table 7. The target assembly will consist of a mercury vessel and a water cooled shroud. The beam interface requirements are given for the inner mercury vessel.

2. Proton Beam to Window Interface

The proton beam window is located 2.3 m from the front of the target. The beam parameters are to be defined so that the interface requirements at the target are satisfied, including beam divergence and the effects of scattering in the beam window. WBS 1.5 shall provide beam profile information from the last optical element to the proton beam window. Normal and off-normal conditions at the window are given in Table 8. Proton window parameters are listed in Table 8.

3. Vacuum Systems Interface

The proton beam line provided by WBS 1.5 will be sealed at a flange interface downstream of the last optical element. WBS 1.6 shall provide a vacuum pipe from this flange connection to the proton beam window assembly.. WBS 1.5 shall define the seal type, provide the seal and be responsible for handling of the optical components and their beamline vacuum pipe. At the proton beam window an inflatable seal will be used to make the high vacuum seal between the beam vacuum and the bulk shield atmosphere. The maximum leak rate specification from the proton beam window assembly into the beam vacuum line is given in Table 10. When the window is changed, the design is to vent the assembly up to air.

Failure modes for the proton beam window include a singe shell failure releasing activated water into the beam line, a seal failure releasing air and or helium into the beamline and a double wall failure which releases water and possibly helium. The helium release would occur with the core vessel operated at approximately 1 atmosphere helium pressure. 4. Radiation Shielding

There are several radiation issues associated with the radiation shielding interface:

1. Radiation doses to beam line equipment during operation. WBS 1.5 shall provide radiation hard components so that there is no operational limit on dose rate.

2. Dose rate and activation of components after shutdown. WBS 1.6 shall provide shielding to limit backstreaming neutrons from the target assembly. The goal is to reduce activation and allow magnet replacement to be accomplished without the use of remote handling equipment.

SNS Ring Design Manual RTBT/Target Interface Requirements

Figure 5: Configuration of the last RTBT section and Target.

Figure 6: Total mercury target vessel cross section and beam spot.

SNS Ring Design Manual RTBT/Target Interface Requirements

3. Dose rate external to the RTBT shielding within the high bay and on the instrument floor. The shielding provided by WBS 1.6 downstream of the flange interface will be design to limit the external dose to 0.25 mrem/hr in combination with the RTBT shielding provided by WBS 1.8 and WBS 1.5.

WBS 1.6 shall provide all shielding and activation calculations. 5. Handling and maintenance

WBS 1.5 shall be responsible for all handling of components upstream of the flange interface. WBS 1.6 shall be responsible for all handling of components downstream of the flange interface. The section between the flange and the proton beam window assembly will be designed to allow replacement by retraction upstream and removal through the overhead hatches. WBS 1.6 shall specify features such as rails for rollers within the tunnel required for transport and replacement. 1.4.2.5 Physical Interfaces

The physical interface is diagrammed in Figure 8. 1. Proton beam line vacuum tube flange interface

The proton beam line vacuum pipe will have a flange interface downstream of the last optical element as shown in Figure fig:rtbtiddIV-1. WBS 1.5 will supply the vacuum pipe upstream of the interface and WBS 1.6 shall provide the pipe downstream of the interface and any shielding required for reducing the backstreaming neutron dose. WBS 1.6 shall also provide an atmospheric seal to isolate the bulk shielding air from the RTBT tunnel.

An interface control drawing shall be established for the flange interface defining dimensions, tolerances, loads, component parts and other essential features.

SNS Ring Design Manual RTBT/Target Interface Requirements

Figure 7: Normal beam profile at target face.

Figure 8: Systems physical interface diagram.

SNS Ring Design Manual RTBT/Target Interface Requirements

Table 6: 2-MW Beam interface requirements with the target shroud face. Normal Off-normal Duration of condition condition fault Target cross-section width 404 mm height 104 mm Beam spot width 200 mm height 70 mm Beam power within ≥ 90% > 50% power ≤ 2 pulses nominal beam spot^3 outside spot Time-average beam current ≤ 0.143 A/m^2 density over spot Peak time-average beam ≤ 0.25 A/m^2 ≤ 0.28 A/m^2 10 sec. current density^{1,2} Peak single pulse density^4 ≤ 2.6 × 10^{16} p/m^2 ≤ 3.20 × 10^{16} p/m^2 ≤ 2 pulses Tolerance on beam centroid horizontal ±2 mm vertical ±2 mm Unscheduled beam-off^{5,6} > 5 sec. ≤ 50 per day > 5 min. ≤ 10 per day

1. The peak time-average current density is the most concentrated beam the target must survive without causing a failure within the planned target lifetime.

2. The off-normal peak time-average current density allows a 10% increase over ten seconds and assumes a failure that concentrates the beam for multiple pulses prior to detection. The target will be designed to handle this concentrated heat load for the specified time within the beam spot.

3. The power outside the spot in an off-normal condition represents beam error for two pulses.

Target system components are to be designed to survive this failure.

4. The off-normal peak single pulse density allows two consecutive pulses with 25% higher than normal pulse densities.

5. Missing beam that allows the target structure to cool down from normal operating temperature (> 5 seconds) will produce fatigue cycles that need to be included in the design for expected fatigue life.

6. Missing beam that allows the entire mercury loop to cool down from normal operating temperature (> 5 minutes) will produce fatigue cycles that need to be included in the design for expected fatigue life.

SNS Ring Design Manual RTBT/Target Interface Requirements

Table 7: General target parameters. Target material Mercury Target structure Stainless steel type 316 Atmosphere surrounding target Helium (≤ 0.1 MPa ) or vacuum Target face radius 52 mm Mercury Target leading edge 8.1 in. from target station center

Table 8: Proton beam parameters at the beam window. Normal Off-normal^{4,5} Duration of condition condition fault Beam spot width (95%) 204 mm height (95%) 74 mm Beam power outside ≤ 5% ≤ 50% ≤ 2 pulses nominal spot^3 ≤ 5% ≤ 50% 2 pulses Time-average beam current ≤ 0.143 A/m^2 density over beam spot Peak time averaged 0.28 A/m^2 TBD beam current density^{1,2}

1. The peak time-average current density should be the most concentrated beam the window must survive without failure within the planned lifetime.

2. The off-normal peak time-average current density over ten seconds assumes a failure which concentrates the beam for multiple pulses prior to detection. The window would be designed to handle this concentrated heat load for the specified time within the beam spot.

3. The power outside the spot in an off-normal condition represents a beam error for two pulses.

Window system components are to be designed to survive this failure.

4. Beam trips, as given in Table 6, that allows the window to cool down from normal operating temperature will produce fatigue cycles that need to be included in the design for expected fatigue life.

5. A rupture type failure of the water cooled Inconel window will release water into the high vacuum beam line for a single wall failure, or helium for a double wall or seal failure.

SNS Ring Design Manual RTBT/Target Interface Requirements

Table 9: Proton beam window parameters Configuration Dual walls with flowing water Window material Inconel Metal thickness Two 2.0 mm thick plates Vertical radius of curvature 52 mm Coolant Deionized water Coolant temperature: 40^∘C Coolant pressure TBD Coolant thickness 1.5 mm Window to target face separation 2.33 m

Table 10: Vacuum interface.

Beam window seal leakage TBD Net pumping speed at flange location TBD Provision for bake-out none Environment during window change-out air at 1 atm

Table 11: Proton beam line Flange interface seal. Seal location TBD approximately 7 m from target center Beam tube 14-inch Schedule 10 pipe (13.5 inch ID 14.0 inch OD) Type seal Metallic Flange Type Helicoflex or Cefilac Attachments Bolted (vertical access)

SNS Ring Design Manual Beam Dump Interface Requirements

1.4.3 Beam dump interface requirements

1.4.3.1 Introduction

The ring system and the target system have interfaces at each of the three beam dumps that are similar in some ways to target station. The three dumps are described briefly below:

Linac Dump (passive) - Dissipate as much beam power as possible at the end of the Linac using the earth as a heat sink with no active cooling (approximately 7.5 kW). Ring Injection Dump (active) - Dissipate 200 kW of beam power at the ring Ring Extraction Dump (passive) - Dissipate as much beam power as possible immediately before the Target Station using the earth as a heat sink with no active cooling (approximately 7.5 kW). 1.4.3.2 Interfaces

The following are the beam dump interfaces between WBS 1.5 and WBS 1.6 Functional:

1. Proton Beam on the beam stops

2. Flight tube Vacuum systems

3. Flight tube Helium systems

Physical:

1. Welded Pipe connection at external face of beam dump vault

1.4.3.3 General Interface Criteria

The beam parameters are shown on Table 12.

The project lattice drawing (100000000-G8E- 8000-A001 latest revision) controls the beam dump locations.

1.4.3.4 Functional Interfaces

1. Proton Beam-Beam Stop Interface

2. Proton Beam-Vacuum Window Interface for Ring Injection Dump

3. Vacuum Systems Interface

The flight tube between the ring facility and the Ring Injection Dump will be vacuum containment system. The flight tube from the immediately outside of the beam dump vault and into the beam stop enclosure will be the responsibility of WBS 1.6.9. The system will be capped with a vacuum window inside the beam stop enclosure and is the complete responsibility of WBS 1.6.9. Some parameters include:

Beam window seal leakage TBD Net pumping speed at flange location TBD Provision for bake-out none Environment during window change-out air at 1 atm 4. Helium Systems Interface

The flight tubes for the two passive dumps are filled with helium between the ring facility

SNS Ring Design Manual Beam Dump Interface Requirements

Table 12: Beam Characteristics At Beam Dump.

Parameter Linac Injection Extraction Maximum average power (kW) ∼7.5 200 ∼7.5 Beam energy (GeV) 1.0 1.0 1.0 Pulse length (ms) ∼1.0 ∼1.0 ∼0.0006 Nominal pulse energy (kJ) 33.4 3.33 33.3 Max single pulse energy (kJ) 50.1 45.8 41.6 Frequency (Hz) 0.20 60 0.20 Max power (kW) (less than 30 sec) ∼10 200 ∼10 Duty cycle (%)^1 10 100 10 Annual Operating time (hr) 500 5000 500 Max Proton Current density (A/m^2) 0.005 0.015 0.002 Horizontal beam size (cm) 6 20 20 Vertical beam size (cm) 6 10 20 Tolerance on beam center (cm) ±5 ±5 ±5 Minimum stop diameter (cm) 35 35 35

1. Duty cycle shall be defined as the operating time in a one year period divided by 5000 hrs.

and the beam stop. The flight tubes can be filled and sealed with atmospheric pressure helium. All provisions for gas connections shall be near the Ring facility. 5. Instrumentation Interface

The passive beam stops will be equipped with a total of 20 thermocouples that will be contained in four thermocouple probes with five thermocouple junctions per probe. The access to these thermocouples shall be through a stainless steel conduit generally parallel to the flight tube leading from the Ring facility to the beam dump facility. WBS 1.5 will provide the conduit and WBS 1.6 will provide the thermocouple probes terminating in the ring facility. WBS 1.5 will provide the equipment to monitor these thermocouples. 1.4.3.5 Physical Interfaces

1. Ring Injection Dump

The physical interface for the Ring Injection Dump is shown in Figure 9. 2. Passive Dumps

The physical interface for the Linac and Ring Extraction Dump is shown in Figure IV-2??.

1.5 Coordinates and Polarity Conventions

SNS Ring Design Manual Beam Dump Interface Requirements

Figure 9: Physical interface for the ring injection dump.

SNS Ring Design Manual Acknowledgments

1.6 Acknowledgments

Co-authors:

1.1 J. Wei 1.2 J. Wei 1.4 D. Raparia 2.1 D. Raparia, J. Wei 2.2 D. Raparia, J. Wei 2.2.4 J. Holmes 2.3 N. Catalan-Lasheras 2.4 Y. Papaphilippou 2.5 A.V. Fedotov 2.5.3 H. Hahn 2.5.6 M. Blaskiewicz 3.1 D. Raparia 3.2 R. Lambiase 3.3 Y. Papaphilippou 3.5.1 Y.Y. Lee, N. Catalan-Lasheras 3.6.5 H. Hahn 3.7 N. Catalan-Lasheras, S. Cousineau, H. Ludewig 3.8 D. Raparia 3.9 M. Blaskiewicz, A. Zaltsman 3.10 P. Cameron, A.V. Fedotov, D. Raparia 4.1 L. Hoff 4.2 D. Gurd 4.3 L. Hoff

Acknowledgments:

Editor:

J. Wei

SNS Ring Design Manual RTBT layout

2 Accelerator Design and Beam-dynamics Issues

2.1 Layout

2.1.1 HEBT layout

HEBT is about 180 meter long and carry^− ion with peak average current of 38 mA in 1 ms long pulses at the rate of 60 Hz. The HEBT not only carry the H^− ion but also optically matches linac and ring, correct the energy jitter from the linac, increase the energy spread of beam to avoid beam stability in the ring, clean the transverse and longitudinal halo coming from the linac, characterize the beam from linac, and protect ring from the fault conditions. The general features of this line are, the magnetic filed in dipole and quadrupoles and vacuum are low enough to control Lorentz and gas stripping of H^− for energies 800 - 1300 MeV. The ratio of aperture to the rms beam size is kept greater than 10 through out the line except energy corrector, spreader and collimators. Fig. 10 shows the layout of the HEBT. For ease of operation and stability reasons the lattice of the is chosen is FODO which matches the linac and ring doublet-FODO lattices. We can consider the HEBT as having three sections: Linac-Achromat Matching Section (LAMS), Achromat, and Achromat-Ring Matching Section (ARMS). In addition to the bend to the ring, there is a straight beam line used for linac beam characterization, as shown in Fig. 10. The first five cells (8 m/cell) after the linac (LAMS) are used to characterize the linac beam, match beam into the achromat, collimate beam halo. The energy corrector cavity is located in the last half cell of the LAMS. Following this, the four cell long achromat (14 m/cell) provides momentum selection by cleaning up the beam energy halo at the point of maximum dispersion (η_x=6.4 m). The remaining six cells (8 m/cell) are used for matching the beam into the accumulator ring, diagnostics. The energy spreader cavity is located in the first cell following the achromat (in the ARMS), where the dispersion and its derivative are zero. There are eight horizontal and eight vertical dipole correctors placed in strategic positions of small apertures in the line. The line has following new features to control losses.

2.1.2 Ring layout

2.1.3 RTBT layout

Ring to Target Beam Transfer (RTBT) line is about 150 meter long and carry the beam from the ring extraction region to the target and provide the desired footprint for the accelerator complex. The general features of this line are, the line is immune to one kicker failure and the ratio of acceptance to rms emittance is more than 20. Fig. 12 shows the layout of RTBT.

The line has following function (a) extraction (b) beam dump (c) protect from device failure (d) beam spreader and (e) diagnostics. Following the extraction system beam can be dumped straight through a 16.8^∘ dipole magnet. After the magnet two cell are used for the collimator system which protect line from the dipole failure. Following another six cells of transport, the last five quadrupoles in the line are used for final beam spreading to produced the beam sized required at the target. The phase advance between kickers and target is an integral multiple of π, so that in event of a kicker failure beam will not move at the target.

SNS Ring Design Manual RTBT layout

Figure 10: High Energy Beam Transport layout.

SNS Ring Design Manual RTBT layout

Figure 11: Schematic layout of the SNS accumulator ring. The four straight sections are designed for injection, collimation, the RF system, and extraction.

SNS Ring Design Manual RTBT layout

Figure 12: Ring to Target Beam Transport layout.

SNS Ring Design Manual Optics

2.2 Lattice

2.2.1 HEBT optics

2.2.1.1 Introduction

The SNS High Energy Beam Transport line (HEBT) connects the 1 GeV linac to an accumulator ring. The HEBT not only matches the beam into the accumulator, but also determines the beam quality at injection. HEBT also capable to transport 1.3 GeV H minus to the accumulator ring [3]. 2.2.1.2 Design Requirements

Table 13 gives the required Courant-Snyder parameters at the entrance (middle of the first HEBT quadrupole) and exit (injection stripping foil) of the HEBT. In addition, a major requirement of all parts of this accelerator is minimization of uncontrolled beam losses to allow hands-on maintenance. This is achieved by maintaining adequate tolerances on elements, appropriately located collimators, and sufficient beam diagnostics.

Table 13: Courant-Snyder parameters at the entrance and exit of the HEBT for a 1.4 MW beam.

Quantity Entrance Exit Units

(end of linac) (stripping foil) α_x 0.00 0.053 β_x 2.377 10.44 π mm/mrad ϵ_x 1.26 1.40 mm mrad (5 rms, unnorm.) α_y 0.00 0.045 β_y 13.543 12.12 mm/mrad ϵ_y 1.26 1.40 π mm mrad (5 rms, unnorm.) α_z 0.0005 0.14 β_y 0.005 0.05 deg/keV ϵ_z 1500 1500 π keV deg (5 rms)

2.2.1.3 Description of the HEBT Line

The HEBT has following functions: (a) matching of the beam from the linac into the transport line, (b) momentum correction, (c) momentum spread, (d) matching bean into the accumulator ring, (e) characterization of the beam out of the linac and before injection, and (f) halo and momentum tails cleanup. We have managed to decouple the first four of these functions, and can consider the HEBT as having three sections: Linac-Achromat Matching Section (LAMS), Achromat, and Achromat-Ring Matching Section (ARMS). In addition to the 90^∘ bend to the ring, there is a 0^∘ beamline used for linac beam characterization.

The first four and half cells (8.0 m/cell) after the linac (LAMS) are used to characterize the linac beam, match beam into the achromat, collimate beam halo. Following this section, the four cell long achromat (14 m/cell) bends the beam 90^∘ and provides momentum selection by cleaning up the beam energy halo at the point of maximum dispersion (η=6.4 m). The energy spreader cavity is located in the first cell following the achromat (in the ARMS),

SNS Ring Design Manual Optics

where the dispersion and its derivative are zero. The remaining six cells (8 m/cell) are used for matching the beam into the accumulator ring, diagnostics. There are 16 small dipole magnets for steering of the beam in the quadrupole focusing-plane located strategically to align the beam in the narrow apertures. To reduce the probability of uncontrolled beam losses, HEBT is equipped with five sets of beam halo scrapers and three beam absorbers. The collimators are the minimum apertures in the line, chosen to be 10 times the rms beam size. The maximum magnetic field in dipoles and quadrupoles is kept less than 2.1 kG, to keep H^− stripping losses below 0.1 nA/m. The alignment tolerances required to keep the beam losses low (Raparia, 97) are given in Table 14.

Table 14: Expected misalignment for the HEBT magnets.

Translation (x and y) ±0.1 mm Pitch and yaw ±1 mrad Rotation ±0.5 deg

2.2.1.4 Linac to Achromat Matching Section

The linac has a FDOO lattice with a phase advance of about 90^∘/cell, and the achromat has a FODO lattice with 90^∘/cell phase advance. To remove any linac beam halo, there are four movable (two in each plane) and two fixed collimators located in the 3rd through 7th halfcells in this section (details of the configuration are discussed in the section on halo scraping). The space between quadrupoles in the first cell of the HEBT is occupied by beam diagnostics, as discussed in a later section.

2.2.1.5 Momentum Selection (Achromat)

A 90^∘ achromatic bend starts at the 5th cell of the HEBT line, and finishes in four cells, containing eight 11.25^∘ dipoles. The total phase advance in the achromat is 360^∘. A beam energy-halo scraper is located at the middle cell of the achromat, where the dispersion is maximum (6.4 meter). The first dipole of the achromat is a switching magnet to provide beam to the 0^∘ linac dump.

2.2.1.6 Momentum Correction and Momentum Spread

The H minus beam from the linac suffers from the energy (2.0 MeV)and pahse (3.5^∘) jitter due to the phase and amplitude errors of 0.5^∘ and 0.5% respectively. To correct this energy jitter there is corrector cavity in the HEBT which operate at the same frequency as linac namely 805 MHz and phase lock with last cavity of the linac such that the particle with design energy (synchronous) sees the −90^∘ (zero voltage) hence does not change the energy. The particle having more energy than the design energy arrives earlier than the synchronous particle and sees the negative voltage hence lose the excess energy. The particle having less energy then the synchronous particle arrive later than the synchronous and sees the positive voltage and gain the required energy. The energy gain (lose) depend on the time difference (phase difference) between the off energy particles and the synchronous particle and the cavity voltage. There is a limit to this correction scheme, which is if the phase difference is more than 90^∘ than the particle does not gain (lose) the correct amount of energy. Ideally we want maximum phase difference of less than 60^∘. The phase slip per MeV for a distance L is given

SNS Ring Design Manual Optics

Figure 13: Phase slip per MeV as function of distance for three different energies. by Δϕ_L ≡ γ γ(γ + 1) ΔT T L βc 2πf (1)

where β and γ are the relativistic parameters, c is the speed of light, f is the RF frequency and T and ΔT are the design energy and energy difference. Fig. 13 shows the phase slip per MeV as function of the distance.

The required voltage is given by V_0 = ΔE/ sin f_{slip}. The energy jitter after the corrector cavity 0.2 MeV was achieved which is within the requirement of the ring Momentum correction is accomplished with a 2.6 meter long, 16 cell, 805 MHz rf cavity, operating at a gradient (E_0T ) of 3.6 MV/m. This cavity is similar to the last cavity of linac. The cavity is located in the first half-cell before the achromat (100 m from the linac).

SNS accumulator ring also need ±4 MeV energy spread for stability reason. This is achieved by placing another RF cavity after the achromat which frequency is about 100 kHz different than the linac frequency. The linac bunches see different phase as they arrive at this cavity and gain/loss different energies depending on the cavity voltage, hence creating required energy spread without creating energy tails. Results from beam tracking, integrated for the entire injection period, are shown on Fig. 14. The width of the energy spread is controlled by RF amplitude of the cavity. Simulations using a debuncher cavity are shown for comparison. Since the spreader cavity only translates the energy, there is no energy tail in this scheme while the other scheme produces a very long energy tail, which can cause the protons to spill over into the extraction gap.

SNS Ring Design Manual Optics

Figure 14: Time integrated energy distribution using constant amplitude energy spreader cavity(black) and debuncher cavity (red).

2.2.1.6 Ring Matching Section

After the achromat, two cells are provided for the diagnostics. At the end of the achromat this line is parallel to the ring straight section, but offset by 10 m, allowing one to have the required “dog leg” for injection into the ring. These bends are necessary to allow the dispersion and its derivative to be zero at the injection stripper foil. The dispersion has a minimum and maximum of similar amplitude but opposite sign through the “dog leg”. This section has enough “knobs” (quadrupoles) to match six variables (four amplitude functions and two dispersion functions). There is no vertical bend and no vertical dispersion. The locations of the dipoles are determined by the injection scheme Fig. 15 shows the amplitude function (β_x, β_y) and the dispersion function (η_x) along the HEBT.

2.2.2 Ring optics

The ring optics file is included in Section 6.2.2.

2.2.3 RTBT optics

2.2.3.1 Introduction

Ring to Target Beam Transfer (RTBT) line is about 150 meter long and carry the beam from the ring extraction region to the target and provide the desired footprint for the accelerator complex. The general features of this line are, the line is immune to one kicker failure

SNS Ring Design Manual Optics

Figure 15: The lattice function β_x, β_y, and η_x along the HEBT.

Figure 16: SNS ring lattice superperiod of FODO/doublet structure. The lattice periodicity is 4. Along the indicated beam line are dipoles (centered square boxes), focusing quadrupoles (upper bars), and defocusing quadrupoles (lower bars).

SNS Ring Design Manual Optics

and the ratio of acceptance to rms emittance is more than 20. 2.2.3.2 Design Requirements

The beam requirements at the target are given in Table 15. Table 16 gives the Courant- Snyder parameters of the beam at the beginning of the extraction kicker magnet and at the target.

Table 15: Beam requirements at the target.

Beam width 200 mm Beam height 70 mm Time-average beam current density, over beam footprint ≤ 0.147 A/m^2 Beam power within target and outside nominal spot ¡ 10% Peak time-average beam current density, over 1 cm2 ≤ 0.25 A/m^2

Table 16: Courant-Snyder parameters at the ring extraction magnet and at the target for a 1.4 MW beam.

Quantity Output of Ring Target Units α_x -0.3180 0.0 β_x 11.468 83.0 π mm/mrad ϵ_x 120 120 mm mrad (5 rms, unnorm.) α_y -0.2729 0.0 β_y 13.002 10.2 mm/mrad ϵ_y 120 120 π mm mrad (5 rms, unnorm.)

2.2.3.3 Design Description and Functions of the RTBT Line

The RTBT uses a FODO lattice up to the beam spreading section. The line has following elements: (a) extraction, (b) beam dump, (c) halo collimation, (d) beam spreader, and (e) diagnostics. The first four functions have essentially been decoupled in the RTBT. The extraction system starts in the ring with a kicker magnet and continues through four cells in the RTBT. Following the extraction system, the beam can be dumped straight through a 16.8^∘ dipole magnet. After this 16.8^∘ bend, two cells are used for the halo collimation. Following another 6 cells of transport, the last five quadrupoles in the line are used for final beam spreading to produce the beam size required at the target. Every quadrupole in the RTBT is followed by a small dipole corrector magnet for steering of the beam in the quadrupole focusing plane. To reduce the probability of uncontrolled beam losses and define the beam size precisely on the target, RTBT is equipped with four transverse beam halo scrapers and several types of diagnostic devices. To keep uncontrolled beam losses low, a study of the required alignment tolerances [5], has led to the requirements given in Table 3.

Fig. 17 shows the amplitude functions (β_x, β_y) and the dispersion function (η) along the RTBT. This line is designed such that it can accommodate the beam current required for the upgrade to 2 MW.

SNS Ring Design Manual Optics

Figure 17: The lattice functions along the RTBT. The phase advance between kickers and target is an integral multiple of π, so that in event of a kicker failure beam will not move at the target.Fig. 18 shows the closed orbit for different kickers failure.

Figure 18: Close orbit due to kickers failure.

SNS Ring Design Manual Optics

Table 17: Expected misalignment for the RTBT magnets. Translation (x and y) ±0.1 mm Pitch and yaw ±1 mrad Rotation ±0.5 deg

2.2.3.4 Extraction

The extraction of the beam is done in a single turn with full aperture at a pulse repetition frequency of 60 Hz. The extraction system consists of two sets (seven each) kicker magnets and a Lambertson magnet septum and a dipole magnet. The Lambertson septum magnet will receive the vertically kicked down beam and will provide large deflection angle (16.8^∘) to enable ejection horizontally from the accumulator ring. A dipole, which is 540^∘ phase advance away from the Lamberton magnet, bends the beam horizontally in the same direction by 16.8^∘, making the extraction system achromatic. The Lambertson magnet is rotated 2.55^∘ anti-clock wise to neutralize the vertical kick from the kickers and making the beam about 9 inches difference between the ring and RTBT beam height. 2.2.3.5 Beam spreader

The beam spreader consists of five radiation hard quadrupoles near the end of the RTBT. These five 36 cm diameter aperture quadrupoles provide the desired beam size at the target. Due to thermal considerations of the target, the beam current density on the target must remain below 0.25 A/m^2. This requirement results in a non-Gaussian beam distribution in space (with un-normalized rms emittance of 24 π mm mrad). The required current density distribution is achieved using painting scheme described elsewhere [6].

SNS Ring Design Manual Ring optics tuning

2.2.4 Ring optics tuning

Detailed studies of the SNS ring lattice optics have been conducted using the MAD Computer Code [7]. The horizontal and vertical tuning ranges for matched solutions with well-behaved lattice functions were determined and the power supply margin verified. Using stability criteria, potential working points have been identified. For these working points, the behavior of the lattice functions was examined with increasingly complex assumptions, including chromatic effects and sextupoles, lattice perturbations due to injection chicane and to dynamic bumps for painting, and magnet field and alignment errors. The results have been used to guide beam dynamics calculations to determine injection painting schemes, dynamic apertures, orbit and resonance correction schemes, collimator settings, and to resolve other design issues.

Determination of the accessible region of tune space involves a number of degrees of freedom and some constraints. Constraints include the necessity of matched solutions, beta functions within aperture-dictated limits, magnet field strengths within specifications, and achromatic arcs. Degrees of freedom include the phase advances in the straight sections and the vertical phase advance in the arcs. The horizontal phase advance in the arcs is restricted to 2π by the achromaticity constraint. The accessible region of tune space for the SNS ring lattice is 6 < ν_x < 7 and 4 < ν_y < 7. Figure 19 shows the behavior of the maxima of the lattice functions β_x, β_y, D_x and of the doublet focusing quadrupole strength as a function of ν_y for different values of ν_x. Considerations of these and other parameters aided in our definition of the accessible tune space.

For tunes above 7, some magnet strengths exceed specifications and beta functions exceed limits. For tunes below the specified ranges, there is insufficient focusing for solutions to be obtained. Even within the specified range there are inaccessible gaps due to structure resonances. These occur around ν_x, ν_y = 6 which is a second order structure resonance and also as ν_y approaches 4, which is a first order structure resonance. As a tune approaches one of these structure resonance values, the corresponding beta functions become excessive, and sufficiently close to the resonance no solutions exist. Particularly severe is the case of ν_x approaching 6. Because of the achromatic constraint, the horizontal phase advance is fixed in the arcs, and an excessive change in the rate of phase advance between arc and straight sections causes β_x to become too large at the injection foil by the time ν_x = 6.15. Because the rate of vertical phase advance can be kept more uniform throughout the ring, the effect when ν_y is in the vicinity of the vertical resonant regions is more localized. However, we follow the practice of keeping both ν_x and ν_y well removed from these integer values.

Selection of potential operating points from this large region in tune space becomes simpler with the aid of a resonance analysis. To start, we consider the most dangerous resonances: first and second order resonances, third order structure resonances, and fourth order structure sum resonances. In horizontal tune space, there is a second order resonance at ν_x = 6.5 and a third order structure resonance at ν_x = 6.67. Given the tune spread of the intense SNS beam (Δν_x = 0.2), avoidance of these resonances requires choosing 6.15 < ν_x < 6.5. For the same reason, we must also choose ν_y < 6.5. Analysis of the vertical tune space reveals only two regions with working space between resonances at this level: 4 < ν_y < 4.5 and 6 < ν_y < 6.5. Of these, the stronger vertical focusing yields better behaved vertical beta functions in the

SNS Ring Design Manual Ring optics tuning

Figure 19: Parameters found in tune space survey.

second region, so we concentrate on operating points in the region 6.15 < ν_x, ν_y < 6.5. Figure 20 shows this region, including all resonance lines to fourth order and two potential operating points. Of these, the point at (ν_x, ν_y) = (6.4, 6.3) is further removed from the second order structure resonance at 6.0, but nearby third and fourth order sum resonances will require correction to prevent beam loss. The point at (ν_x, ν_y) = (6.23, 6.2) avoids the higher order resonances, but at high intensities the tune spread may excite the structure resonance at 6.0. Both of these operating points have been subjected to full beam dynamic studies [8, 9, 10].

Because these two operating points are reasonably close in tune space, their lattice functions are quite similar. The horizontal and vertical beta functions both peak at the doublets in the straight sections, at approximately β_x = 27m and β_y = 15m, respectively; and the dispersion in the arcs peaks at about D_x = 3.7m. At the injection foil, however, the beta values are β_x = 7.2m and β_y = 11.0m for the (ν_x, ν_y) = (6.4, 6.3) operating point and β_x = 10.4m and β_y = 12.2m for the (ν_x, ν_y) = (6.23, 6.2) operating point. Thus, the injection painting scheme must be optimized independently for each operating point. The horizontal and vertical chromaticities are about ξ_x = −8 and ξ_y = −7, respectively. Consequently, for Δp/p_0 = ±0.01, which corresponds to ΔE = 15MeV for 1GeV protons, the closed orbit deviation reaches 37mm in the arcs and about 1 − 2mm in the straight sections, and the horizontal and vertical tunes are shifted by about Δν_x = −0.08 and Δν_x = −0.07, respectively.

The injection chicane consists of four static horizontal dipole magnets in one of the 12.5m straight section drifts and eight dynamic bump magnets (four horizontal, four vertical) arrayed symmetrically in the corresponding 6.85m drifts. When the static injection dipoles are

SNS Ring Design Manual Ring optics tuning

Figure 20: Potential operating points in tune space. All resonance lines through fourth order are shown.

included in the ring lattice, the horizontal closed orbit is bumped about 10cm in the injection region. This bump leads to a local blip, also of 10cm, in the dispersion function and to betabeating of about 5% in β_y at the doublets. When the dynamic bump magnets are activated, the beta-beating is not strongly affected, but they do generate a residual dispersion function around the ring. In the case of a large bump (40mm in x and 46mm in y - sufficient to direct the closed orbit through the foil), the residual horizontal dispersion peaks at D_x = 25cm in the straight section doublets, and there is a vertical dispersion function of up to D_y = 15cm distributed around the ring. For Δp/p_0 = ±0.01 the horizontal closed orbit deviation peaks at about 6mm and the vertical closed orbit deviation reaches about 1.5mm in the straight sections.

Among the corrector magnets are four sets of chromatic sextupoles in the arc sections. With these sextupoles activated and set to eliminate the first order chromaticities and reduce the variation of the beta functions with energy, the main effect is the reduction of the chromaticities to near zero. The tunes remain essentially constant (Δν < 0.01) for particles with Δp/p_0 = ±0.01. The effect of eliminating the variation of the beta functions with energy is to make the ring maximum beta function values at Δp/p_0 = 0 minima when plotted versus energy. In spite of eliminating the first order energy variation, the maximum beta function values at Δp/p_0 = ±0.01 typically exceed those at Δp/p_0 = 0 by a few percent, and for one case, the (ν_x, ν_y) = (6.23, 6.20) operating point, the increase in maximum β_x is 20%.

The effects of magnet errors have also been studied. One example involves the large arc

SNS Ring Design Manual Ring optics tuning

quadrupoles, which are located at the maxima in the dispersion function and which accordingly have 26cm, rather than 21cm, bore radii. Introducing random magnetic field errors, using a Gaussian distribution of 0.4% width and truncated at 1% maximum error, into these magnets results in beta-beating of about 4% in β_x and in an increase in the maximum of the horizontal disperion function D_x from 4.00m to 4.35m for the (ν_x, ν_y) = (6.23, 6.20) operating point. Because these are focusing quadrupoles, the vertical lattice functions are little affected by the errors. To avoid these errors, the large arc quadrupoles will be placed on their own separate power supply.

Another possible source of error would be a dynamic mismatch of the injection kicker strengths. We considered an extreme worst case situation of 1% errors in the kicker field strengths at the large kick size of 40mm in x and 46mm in y. The errors were assigned systematically to maximize their effect. The result was a mild closed orbit distortion of 1.6mm distributed around the ring. Thus, the control of the beam painting afforded by the kickers will be good.

The results of these optical ring lattice studies have been and are continuing to be used to guide beam dynamic investigations such as determination of injection painting schemes, dynamic aperture and loss calculations, determining collimator settings, and other design issues.

2.2.5 Acceptance

SNS Ring Design Manual Beam Loss

2.3 Beam Loss

In this section, we will calculate the total loss budget expected under nominal conditions and assuming no cleaning systems in both the accumulator ring and transfer lines. Cleanig systems described in section 3.7 are then introduced to concentrate these losses in special areas where restricted acces and special safety procedures will be put in place. The design and layout of the cleaning sections is based on this loss budget and the collimators are required to whitstand the heat load and deformations produced by the losses.

After the various cleaning systems are introduced, a large percentage of these losses will in this way become “controlled losses” and only a small fraction will attain the machine becoming what we call “uncontrolled” loss. These uncontrolled losses are mainly due to the inefficiency of the cleaning systems or to loss mechanism itself. The estimations of the prompt and remanent radiation levels and the calculaions of the required shielding are based in the distribution and intensity of uncontrolled losses. This will be presented after the introduction description of the cleaning systems in section 3.7.

2.3.1 HEBT beam-loss budget

Along the HEBT, the sources of uncontrolled loss are scattering with the residual gas and magnetic H^− stripping.

At 1 GeV the cross sections of H^− stripping for Nitrogen and Hydrogen are

σ_N = 9.14 · 10^{−19} cm^2

σ_H = 1.30 · 10^{−19} cm^2.

With a vacuum of 5 · 10^{−8}, the fractional stripping losses account for ≈ 2.8 · 10^{−5} along 170 meters or 1.6 · 10^{−7} per meter. The scattering produces a flux of neutraly charged halo particles that are homogeneously distributed along the line and inside the magnetic fields. Most of then will thus become uncontrolled loss. These losses take place continuously during normal operation. We may expect though variations if the vacuum pressure or the composition of the residual gas changes unexpectedly.

For magnetic stripping losses, magnet strength is chosen so that the magnetic stripping is at the 10^{−8}per meter level much lower than the vacuum stripping loss.

Steady losses happenning in the HEBT are mostly linked to tails coming from the LINAC. The rms emittance of the beam coming from the linac is expected to be small (ϵ_{rms} = 0.5 πmm·mrad normalised) but large tails in the distribution may contain a fraction of the beam larger than 10^{−4}. Fig. 21 shows the beam fraction contained in the tails of a gaussian beam depending on the beam rms emittance. A factor of two in the beam emittance coming from the linac yields an increase of three orders of magnitude in the halo population. These losses are suceptible of being removed by collimators placed on the path of the beam before the achromat. This collimation system is described in section 3.7.

Longitudinal loses may ocurr if the energy jitter or the energy spread of the beam are larger than expected. No quantification has been done of this effect as it will depend in a large measure of operating conditions. A cleaning device has been foreseen to catch this longitudinal tails before the achromat.

SNS Ring Design Manual Beam Loss

Figure 21: Fraction of the beam exceeding a fixed aperture in the HEBT line. The aperture is chosen to match 13πmm·mrad, half of the HEBT acceptance and equal to the collimator acceptance.

2.3.2 Ring beam-loss budget

During the process of injection and accumulation, space-charge and resonance crossing are expected to make the protons diffuse outwards frm the beam center. Following tracking studies and an optimization of the painting schemes, a fraction of 2.0 · 10^{−3} of the beam is assumed to be in the tails of the beam...

Special attention is required at the injection as extraction sections

Injection area The main source of loss in the injection section is the nuclear scattering of the beam in the Carbon foil. Besides, we also need to consider the magnetic stripping of the H^− beam in the second dipole of the injection chicane INJB2 where the H^− beam traverses an area close to the magnet coil and of high megnetic field.

The losses produced at the injection foil are dominated by nuclear scattering. Once the energy and foil thickness have been defined, the loss is determined by the size of the incoming beam and the painting scheme. The maximum number of foil crossings has been estimated by simulation. The average number of foil crossings per proton is ≈ 7 in nominal conditions. Yet, if the beam emittance increases or deviates from a Gaussian distribution, this number increases up to 12 crossings per proton. For a carbon foil of 300 μg/cm^2, the fractional loss at the foil due to nuclear scattering will be ≈ 3.7 · 10^{−5} under nominal conditions and up to ≈ 6.3 · 10^{−5} for an exceptional large beam.

The fractional loss per meter due to magnetic stripping of H^− is given by the formula N_{loss} NL = B K_1 e^{− K2βγcB} K_1 = 8 · 10^{−6}; K_2 = 4.3 · 10^9

SNS Ring Design Manual Beam Loss

V/m where B is the magnetic field in Tesla and β and γ are the relativistic parameters.

We assume a magnetic field of 0.3 Tesla. For this magnetic field, 1.3 · 10^{−7} of the beam will be lost along the effective magnetic length of the dipole (≈ 1 meter) at 1 GeV. For a momentum of 1.3 GeV, the magnet should be replaced with a longer version and the magnetic field reduced to 0.25 to keep the same level of stripping losses.

2.3.3 RTBT beam-loss budget

The beam reaching the RTBT line is assumed to be well inside tha aperture thanks to careful painting and collimation in the ring. No steady losses are expected from halo development or partial cleaning.

In addition to that, the optics of the RTBT has been calculated such that a failure of one of the fourteen extraction kickers will produce an orbit deviation along the RTBT line but no beam hits the vacuum pipe and the beam impacts the target at the nominal location. In the event of a failure of two kickers, approximately 10% of the beam would be lost in the transfer line. Figure 18 shows the trayectory of the beam along the RTBT when any one of the fourteen kickers fail to work. Also maximum deviation of the closed orbit along the line in the case f two kicker failures is indicatedas an envelope by the black line. Form this plot is it clear the losses would be localized inside a range of 10 to 20 meters. In the rare case of more than two kicker failures, the whole pulse would be lost. The average beam losses will be given by the probability of kicker failure. Nevertheless, we have to draw attention to the fact that prompt losses would be high and very localized. The RTBT collimators are essential to prevent transient losses and protect the target vessel from the extraction misfunction. The design of the collimators has been done to resist two whole consecutive pulses after which the machine should be stopped and the kickers fixed.

One should include in this section the losses in the target window due to nuclear scattering.

SNS Ring Design Manual Magnet imperfection and nonlinearities

2.4 Single-particle Effects

Typical values for the tune spread due to different mechanisms in the SNS ring are given in Table 18.

Table 18: Tune spread produced by various mechanisms on a 2 MW beam with transverse emittance of 480 π mm mrad and momentum spread of ±1%. Mechanism Full tune spread Space charge 0.15-0.2 (2 MW beam) Chromaticity ±0.08 (1% Δ p/p) Kinematic nonlinearity (480π) 0.001 Fringe field (480π) 0.025 Uncompensated ring magnet error (480π) ±0.02 Compensated ring magnet error (480π) ±0.002 Fixed injection chicane 0.004 Injection painting bump 0.001

2.4.1 Kinematic nonlinearity

Note that, even in the absence of any field, the motion of a relativistic particle in free space is a non-linear function of the canonical momentum p. The “kinematic non-linearity” refers to these high-order terms in the expansion of the classical relativistic Hamiltonian which contain only the transverse momenta, p_x and p_y. This non-linearity is negligible in high-energy colliders (e.g. RHIC, LHC), where p_{x,y} ≪ p_z but it becomes noticeable in low-energy high-intensity rings. In fact, a measure of the impact of this non-linearity is given by the first-order tuneshift. By keeping all the kinematic terms in the expansion of the Hamiltonian, one can obtain a general expression for the first-order tune-shift they induce [47]. The first, usually dominant, term in the series gives an octupole-like tune-shift, i.e. linear in the actions. For a highintensity rings, where the emittance is large and the gamma functions in the straight sections exceed unity, the kinematic terms give a non-negligible tune-shift. For the SNS accumulator ring it is about 10^{−3} at 480 π mm mrad.

2.4.2 Sextupole Effects

The most common magnet non-linearity encountered in small rings arises from high-field sextupoles introduced for chromaticity control. The SNS ring contains twenty chromatic sextupoles, placed in the arcs in high β and dispersion areas [46]. Their non-linear effect has been quantified and found small. Sextupole-like contributions also come from the leadingorder fringe-field effect of the thirty-two arc dipoles. These sextupole effects, also small, can easily be corrected by the eight dedicated sextupole correctors.

SNS Ring Design Manual Magnet fringe fields

Figure 22: Tune footprints of the SNS ring with a dodecapole error in the quadrupoles of b_6 = 60units; results are from tracking data (blue) or the analytic result (2) (red).

2.4.3 Magnet imperfection and nonlinearities

In a magnet with normal quadrupole symmetry the first allowed multipole error is the normal dodecapole, b_6. In the absence of pole-tip shaping, this error can be exceedingly large: for the SNS 21 cm quadrupole [47], an OPERA-3d [62] simulation (with un-shaped ends) gives a dodecapole component of about 120 (in units of 10^{−4}, normalized with respect to the main, quadrupole, component).

Because the dodecapole error is quite localized, its effect can be computed using a thinelement approximation. Applying first-order perturbation theory, one finds the tune-spread induced by dodecapole errors is given by ( δν_x δν_y ) = ∑ i b_{6i}Q_i 8πBρ D_i J^2_x J_xJ_y J^2_y , (2a)

where D_i denotes the 3 × 2 matrix ( β^3_{xi} −6β^2_{xi}β_{yi} 3β_{xi}β^2_{yi} −3β^2_{xi}β_{yi} 6β_{xi}β^2_{yi} −β^3_{yi} ) . (2b)

Here the index i runs over all dodecapole kicks in the ring, i.e. over the entrances and exits of all quadrupoles. Note that this effect depends linearly on the error strength, but quadratically on the amplitude. A comparison of this analytic result with MaryLie tracking data has shown a striking agreement [47]. In addition, it was made put in evidence that the very large uncorrected dodecapole error gives a tune-spread roughly twice that caused by the quadrupole fringe fields. By shaping the ends of the quadrupoles, one can reduce the b_6 error to 1 unit or less [63]. This constitutes local compensation. One might also correct the b_6 error by adding a small negative dodecapole component through the body of the magnet. In Fig. 23 we compare the tune-spreads (2) after local and body compensation. In this example, the compensation works well in both cases, with local compensation being slightly better. But, in fact, it is essential to use local compensation: because the tune-spreads (2) depend cubically on the β functions, the results of body compensation will be very sensitive to the ring optics.

SNS Ring Design Manual Magnet fringe fields

Figure 23: Comparison of tune-shift plots using body (red) and local (blue) compensation of the dodecapole component in the SNS ring quadrupoles [47].

2.4.4 Magnet fringe fields

The relative impact of a longitudinal fringe field on a particle’s transverse momentum is proportional to the ratio of transverse emittance to magnetic length [56]. Hence, the effect of quadrupole fringe-fields is usually small in low-emittance, low aspect-ratio machines (e.g. RHIC, LHC) but is very important for high-emittance, high aspect-ratio machines such as the SNS. For a quadrupole one can evaluate the fringe-field contribution in the limit of zero fringe length. The corresponding Hamiltonian for a single fringe (to leading order) is [57, 58]

H_f = ±Q 12Bρ(1+^{δp}_p )

(y^3p_y − x^3p_x + 3x^2yp_y − 3y^2xp_x), (3)

where Q_i is the quad strength, and the + and − signs are used at, respectively, the entrance and exit of the magnet. It follows, as Lee-Whiting showed many years ago [59], that a quadrupole fringe-field induces an octupole-like transverse kick. Using MaryLie [48], one can build quadrupole maps that include fringe fields based on either (3) or an exact representation [60]. We created tune footprints by applying Laskar’s frequency analysis [61] to 1200 turns of MaryLie tracking data. Particles were launched in different directions out to 1000π mm mrad, and the only non-linearities included were those caused by thick elements and magnet fringe fields. Figure 24 shows that quadrupole fringe fields have an important impact on the dynamics of the SNS ring, giving tune spreads of about (0.04,0.03) at 1000π mm mrad, roughly one-third the space-charge tune spread [55]. In addition, Fig. 24 shows that the hardedge model slightly overestimates the fringe-field effect and therefore represents a conservative estimate.

In our case the tune spread can be accurately represented by the results of first-order perturbation theory [57, 58]: ( δν_x δν_y ) = ( a_{hh} a_{hv} a_{hv} a_{vv} ) ( 2J_x 2J_y ) , (4)

SNS Ring Design Manual Resonances and dynamic aperture

Figure 24: Tune footprints of the SNS ring, based on realistic (blue) and hard-edge (red) quadrupole fringe fields.

where the normalized anharmonicities are given by a_{hh} = −1 16πBρ ∑ i ±Q_iβ_{xi}α_{xi}, a_{hv} = 1 16πBρ ∑ i ±Q_i(β_{xi}α_{yi} − β_{yi}α_{xi}), a_{vv} = 1 16πBρ ∑ i ±Q_iβ_{yi}α_{yi}. (5)

Here the index i runs over the entrances and exits of all quadrupoles in the ring, and the + and − signs are as in (3). Note that the entrance and exit fringe fields do not cancel one another: even if the β functions are equal at the entrance and exit, the α functions usually change sign, leading to an additive effect. For the SNS lattice we find (a_{hh}, a_{hv}, a_{vv}) ≈ (49, 22, 42) m^{−1}, and these values closely match (apart from the obvious resonance) the results shown in Fig. 24.

2.4.5 Resonances analysis and frequency maps

We used frequency maps to study the impact of different resonances to the single-particle dynamics of the SNS [52]. In particular, the efficiency of different working points was studied regarding single particle dynamics considerations. In order to compare the performance of each working point, we used the tune diffusion indicator, which is computed by the average of the tune differences used for the construction of the diffusion maps and normalized by the initial emittances, for all the integrated orbits [61]. This indicator is correlated with other global chaos indicators, as the resonances driving terms norm and the dynamic aperture [51]. We plot the value of the tune diffusion coefficient versus the δp/p for all w.p., on the top of Fig. 25. The pick values on the diffusion indicators, for all w.p., correspond to areas of the phase space that are perturbed due to 4th order resonances, showing once more the destructive effect of quadrupole fringe fields. The doted lines on the plots represent the average values of the diffusion indicators for all tracked momentum spreads. It is clear that (6.23,6.20) is the best w.p. choice, followed by (6.4,6.3). Their performance can be further improved by using the available multi-pole correctors [53], for correcting the normal and skew 3rd order resonances, in the case of (6.4,6.3), and the 4th order normal resonances in the case of (6.23,6.20). The

SNS Ring Design Manual Resonances and dynamic aperture

other two w.p. have the disadvantage of crossing major structural coupling and 4th order resonances, which are very difficult to correct.

In the center of Fig. 25, we plot the tune diffusion coefficient when using the 4 families of chromaticity sextupoles [46] in order to set the chromaticity to 0. In that case, the chromatic tune-shift is completely canceled and all the particles with different δp/p are located in the same area of the tune diagram. This is reflected in the very weak dependence of the tune diffusion coefficient with respect to the momentum spread. Furthermore, the values of the average diffusion coefficient are almost equal to the ones for δp/p = 0, when the chromatic sextupoles are switched-off. This proves the very small non-linear effect introduced by the chromaticity sextupoles. Finally, note that, in this case, (6.3,5.8) seems to be the best w.p. choice. Nevertheless, this is not a fair comparison, as the space-charge force depresses the tunes. A better picture of the w.p. performance can be estimated by the average tune diffusion coefficient of all particles with positive momentum spread and non-zero chromaticity (at the bottom of Fig. 25). The results are pretty much the same as in the case of natural chromaticity.

2.4.6 Dynamic aperture

In Figs. 26, we plot the maximum survival amplitude (in terms of total emittance) of particles launched in 5 different initial ratios of the transverse emittances, with three different momentum spreads (δp/p = 0, ±0.2). The momentum spread of ±0.2 is indeed higher than the actual RF bucket size of ±0.7. Nevertheless, it corresponds to the momentum acceptance of the ring and halo particles can reach this level before they are “cleaned” by the Beam-In-Gap kicker. By Figs. 26, one may observe the unacceptable reduction in the dynamic aperture of the SNS ring below the physical aperture of 180 π mm mrad for a momentum spreads of -0.2 (green curve on the left). This is attributed to the fact that the chromaticity pushes the particles’ vertical tune towards the very dangerous integer resonance, at Q_y = 6 and the particles get rapidly lost. A less pronounced reduction of the dynamic aperture can be attributed to the half-integer resonance at 2Q_y = 11 for particles with momentum spread of 0.2 (red curve on the left). Finally, the on momentum particles have very similar dynamic aperture (blue curves).

SNS Ring Design Manual Resonances and dynamic aperture

Figure 25: Tune diffusion coefficients for all working points versus the different momentum spreads, for natural chromaticity (top), for zero chromaticity (center) and for natural chromaticity and only positive momentum spread (bottom). The dashed lines are the average of the coefficient over all momentum spreads.

SNS Ring Design Manual Resonances and dynamic aperture

Figure 26: Dynamic aperture for the working point (6.3,5.8), without (left) and with (right) sextupoles.

SNS Ring Design Manual Multi-particle Effects

2.5 Multi-particle Effects

One of the primary tasks in the design of the SNS ring is to control collective effects. Dominant collective effects include space charge, impedance driven instabilities and electron cloud. Transverse painting is used to alleviate space charge force. The variety of space-charge induced halo growth mechanisms and space-charge limit for the SNS ring were explored both analytically and numerically [17]-[24]. Estimates of the coupling impedance and its effect on beam stability are performed through the design stage of the project. The key impedance contributions are identified and benchmeasured with the instability thresholds being estimated [26]- [33]. The cures to prevent instabilities are implemented and feedback system is being evaluated [31], [34].

2.5.1 Space-charge effects

In the longitudinal direction, space charge contributes a defocusing force below transition energy. The corresponding potential is V_{sc} = −IZ_{sc}; Z_{sc} = −j nZ_0g_0 2βγ^2 ; g_0 = 1 + 2 ln b a , (6)

where I is the peak current, n = ω/ω_0 is the frequency harmonic, Z_0 = 377Ω, a and b are the average radii of the beam and vacuum chamber, respectively. The bunch spread may cause particle leakage from the RF bucket requiring of enhanced RF field focusing. The SNS ring will have a dual harmonic RF system with peak amplitudes of 40 kV for harmonic h = 1 and 20 kV for h = 2 which brings the bunch leakage to a negligible level.

In the transverse direction, the space-charge tune shift sets space-charge limit due to the excessive beam loss associated with the low order machine resonances. The maximum incoherent tune shift for the particles near the center of beam distribution can be estimated by Δν_{inc} = − N_0r_0R_0 πν_0β^2γ [ γ^{−2} − η_e 2σ_{x,y}(σ_x + σ_y) F_{sc} B_f + ( β^2 + γ^{−2} − η_e B_f )ϵ_1 b^2

+ κβ^2 ϵ_2 g^2 ] , (7)

where r_0 is the classical radius of protons, R_0 is the average radius of ring circumference, ν_0 is the zero-current betatron tune, σ_{x,y} is the rms beam size, b is the radius of vacuum chamber, g is the distance to magnetic poles from the beam pipe center, B_f is the bunching factor, η_e is the neutralization factor, κ is a factor showing portion of ring circumference covered with the magnetic poles and F_{sc} is a form factor depending on beam distribution changing from F_{sc} = 1/2 for the uniform density beam to F_{sc} = 1 for the Gaussian beam. The coherent tune shift of a dipole transverse oscillation of a beam with penetrating magnetic fields is given by Δν^p_{coh} = − N_0r_0R_0 πν_0β^2γ [( γ^{−2} − η_e B_f + β^2 )ξ_1 b^2

+ κβ^2 ξ_2 g^2 ] , (8)

and, with non-penetrating magnetic fields, by Δν^{non−p} coh = − N_0r_0R_0 πν_0β^2γ [( γ^{−2} − η_e B_f )ξ_1 b^2

+ β^2 ϵ_1 b^2

+ κβ^2 ϵ_2 g^2 ] . (9)

SNS Ring Design Manual Multi-particle Effects

The Laslett image coefficients ϵ_{1,2}, ξ_{1,2} depend on the geometry of beam pipe, with the subscripts 1, 2 referring to the electric and magnetic problems, respectively.

Other high-order coherent beam modes are also depressed by a direct space-charge force similar to a single particle depression (which is different from the first order dipole mode not effected by a direct space-charge force with the dipole coherent tune shift Δν_{coh} in Eqs. 8-9 caused by the image effects). The accurate treatment of beam response to machine resonances should include collective beam behaviour. As a result, the space-charge limit associated with the crossing of the half-integer resonance may be significantly altered when the quadrupole oscillation of beam envelope is taken into account [24].

For the SNS ring, space-charge tune shifts for a realistic distribution based on multiturn injection painting were calculated using the simulation program UAL/ORBIT [25]. The transverse painting and dual harmonic rf system are used to control the direct incoherent space-charge tune shift with the goal not to exceed Δν = 0.2. The choice of the working tune is then based on consideration of the space-charge induced resonances and the avoidance of dangerous nonlinear resonances excited by magnet imperfections in the presence of the space-charge induced tune spread.

Figure 27: Tune spread at the end 1060-turn injection due to space charge and Δp/p = 0.6% for three final intensities 1)N = 1 · 10^{13} (red), 2) N = 1 · 10^{14} (pink), 3) N = 2 · 10^{14} (green).

For the base line working point, the tune spread for three beam intensities is shown in

SNS Ring Design Manual Multi-particle Effects

Fig. 27. Figure 28 shows combined tune spread of a 2MW beam due to the space charge and Δp/p. The variety of the space-charge effects and associated beam halo were explored and the space-charge limit for the base line working point was found to be around N = 2 · 10^{14} protons.

Figure 28: Tune spread of a 2 MW beam for 1)space-charge alone (green), 2) space charge and Δp/p = 0.6% (red), 3) space charge and Δp/p = 1.0% (pink).

The most effective approach to resolve space-charge problems is to rise the injection energy. Other ways of space-charge compensation can be considered but they should be carefully evaluated. For example, space-charge compensation with inductive inserts can lead to a microwave instability if ferrite material have significant losses.

2.5.2 Impedance budget

The longitudinal coupling impedance is defined as

Z_‖(ω) = ∫ E_zexp(jkz)dz I , (10)

assuming a harmonic excitation current of amplitude I(ω) which excites a harmonic field with complex amplitude E_z(ω). The transverse coupling impedance is defined as the integral of

SNS Ring Design Manual Multi-particle Effects

the deflecting fields over one turn normalised by the dipole moment of the excitation beam current

Z_⊥(ω) = j ∫ [ E_r + βcB_θ ] exp(jωz/v)dz IΔy , (11)

where Δy is the horizontal or vertical offset of the beam from the axis.

At low frequency the impedance is dominated by the skin effect of the vacuum chamber; at medium and higher frequencies the impedance behaves as that of a broad band resonator - thus the word “broadband” impedance. At certain high frequencies there will be strong local resonances, for example, from cavities.

The impedance budget of the SNS ring is being constantly evaluated with the key contributors benchmeasured. The low-frequency contribution is shown in Table 19, for frequencies below 10MHz. Table 20 shows the impedance contribution at an arbitrary chosen frequency of 50MHz.

Some formulas and methods which were used for impedance budget estimates are summarized below:

Space charge The longitudinal space-charge impedance is calculated using Z_‖ = −j Z_0 2βγ^2 ω ω_0 ( 1 + 2 ln b a ) . (12)

The transverse space-charge impedance is given by Z_⊥ = −j RZ_0 β^2γ^2 ( 1 a^2 − 1 b^2 ) . (13)

Extraction kicker A prototype of the SNS extraction kicker was measured [33]. The impedance for all 14 kickers was then obtained using the scaling formula [12].

RF cavity The RF cavity impedance was measured [13]. The contribution from the highorder modes to the longitudinal impedance is negligible. For the transverse impedance, a resonant mode at 17.6 MHz was measureed when the cavity was in the first harmonic configuration. The second harmonic configuration did not give that mode. This resonant impedance was strongly decreased by placing four 40Ω carborundum rods (glow-bars) on top and bottom of each gap [15].

Injection foil assembly The impedance of the foil assembly was calculated with the MAFIA code and is expected to be negligible. A possible resonant impedance at 170 MHz can be damped with a lossy material. This impedance will be measured when the device will be built.

SNS Ring Design Manual Multi-particle Effects

Resistive wall Assuming a smooth cylindrical beam pipe of radius b, the longitudinal and transverse impedances are Z_‖ = ( sgn(ω) + j ) βZ_0δ_s 2b ω ω_0

, (14)

Z_⊥ = ( sgn(ω) + j ) RZ_0δ_s b^3

, (15)

where δ_s is the skin depth at the frequency ω.

BPM, Beam-in-Gap kicker and Tune kikers All these devices are based on the dual plane striplines. For one strip plate

Z_‖ = Z_c ( ϕ_0 2π )_2( sin^2 ωl c + j sin ωl c cos ωl c ) , (16)

where Z_c is the characteristic impedance of the stripline. Each stripline has a length l and subtends an angle ϕ_0 to the beam pipe axis. For a pair of striplines

Z_⊥ = c b^2 ( 4 ϕ_0

)_2

sin^2 ϕ_0 2 ( Z_{‖,2} ω ) , (17)

where Z_{‖,2} is the longitudinal coupling impedance for a pair of striplines.

Broadband impedance The broadband impedance is caused by the bellows, steps, vacuum ports, valves and collimators. The impedance of these components is estimated using the low-frequency approximation formulas for the longitudinal impedance [26]. The transverse impedance is then obtained using an approximate relation Z_⊥ ≈ 2R βb^2 ( Z_‖ n ) . (18)

The impedance of the collimators was estimated using calculations with the MAFIA code, which was found to be in a good agreement with the estimates given by the simple analytic formulas [14].

2.5.3 Impedance minimization

Impedance budget estimates and its minimization is an important measure to prevent collective instabilities.

The imaginary part of the impedance leads to the frequency tune shift while the real part directly contributes to the instability growth rates. The largest contribution to impedance budget in high-intensity rings is typically due to the space-charge, as can be seen in the Tables. However, space-charge contribution is purely imaginary and thus should not be directly used in the stability estimates. On the other hand, large space-charge impedance should not be forgotten, since, in combination with the real part of the impedances coming from other sources, it can strongly influence beam stability as discussed in the following sections.

SNS Ring Design Manual Multi-particle Effects

Table 19: SNS impedance budget below 10MHz Z_‖/n [Ω] Z_⊥ [kΩ/m] Space charge -j196 j(-5.8+0.45)×10^3 Extraction kicker 0.6n+j50 33+j125 (25 Ω termination) (measured) RF cavity per cavity: total: (measured) 0.6 (f = 7.49MHz, Q = 88) 18 at 17.6MHz 0.2 (f = 11.37MHz, Q = 59) (damped by glow-bar) 0.1 (f = 35MHz, Q = 1) 0.9 (f = 87MHz, Q = 20) Injection foil assembly j0.05 j4.5 (MAFIA calculation)

Resistive wall (j+1)0.71, at ω_0 (1+j)8.5, at ω_0 Broadband

BPM j4.0 j18.0 BIG and TK j1.1 j7 Bellows j1.3 j11 Steps j1.9 j16 Ports j0.49 j4.4 Valves j0.15 j1.4 Collimator j0.22 j2.0 Total BB j9 j60

SNS Ring Design Manual Multi-particle Effects

Table 20: SNS impedance budget at 50MHz Z_‖/n [Ω] Z_⊥ [kΩ/m] Space charge -j196 j(-5.8+0.45)×10^3 Extraction kicker 19.4+j12 12.5+j65 (25 Ω termination, measured)

RF cavity per cavity: total: (measured) see before 0 (at 17.6MHz) Injection foil assembly j0.05 j4.5 (MAFIA calculation) BPM 2.0+j3.5 9+j16 BeamInGap and TuneKicker 0.7+j0 5.0+j0 Broadband

Bellows j1.3 j11 Steps j1.9 j16 Ports j0.49 j4.4 Valves j0.15 j1.4 Collimator j0.22 j2.0 Total BB j4.1 j35

SNS Ring Design Manual Multi-particle Effects

As can be seen from the impedance budget table, the largest contribution to the real part of the impedance is from the extraction kickers. The presented measured values for the extraction kickers contribution is a result of significant minimization efforts with the largest reduction achieved by low termination impedance (25 Ω) of the pulse forming network (PFN) circuits [33].

Except for the injection kicker and some beam diagnostics sections, stainless steel vacuum chamber is used. Ceramic vacuum pipes are used to avoid eddy-current heating corresponding to an injection bump risetime of about 200 μs. Their coupling impedance is reduced by an internal 1 μm copper-film coating (much thinner than the skin depth of 0.9 mm). A second, 0.1 μm thin TiN coating is applied to supress the secondary yeild of electron generation.

The steps in vacuum pipe are designed with the tapering length at least three time longer than the step height to avoid sharp discontinuities and resonances. Vacuum ports and valves are shielded. The bellows are not shielded to avoid mechanical complications.

2.5.4 Measurements of coupling impedance

Although good estimates for simple accelerator components can be obtained from theoretical formulas, it is mandatory to determine the major impedance contributions in bench measurements. The validity of these measurements in which the beam is simulated by a single wire for longitudinal or a twin-wire for transverse impedance measurements has been documented by theoretical studies and experience at various machines.

The longitudinal coupling impedance of a component is conveniently measured by inserting a wire in the center of the beam pipe to form a coaxial transmission line. The forward scattering coefficient s_{21}is measured both for the device under test and a reference tube of the same length. The ratio,S_{21} = s^{DUT}_{21} /s^{REF}_{21} , yields the coupling impedance by an appropriate expression, either the conventional hp-formula or the log-formula [37].

In the typical situation, the characteristic impedance,R_c, of the line is different from the standard impedance of the network analyzer, R_0. Consequently a matching network, such as an impedance transformer, needs to be inserted. Often, for simplicity’s sake, a resistive matching is applied. On the input side, forward and backward matching is achieved with a series and parallel resister,

R_p = G^{−1}_p =

R_0 √ 1 − η ∼ R_0 ( 1 + 1 2 η )

R_{in} = R_c η − ( 1 − √ 1 − η ) 1 − √ 1 − η ∼ R_c ( 1 − 1 2 η )

with η = R_0/R_c. Furthermore, on the output side, forward matching is achieved with a series resistor

R_{out} = R_c (1 − η)

As example for the SNS rf cavity measurement, the characteristic impedance of the 1.25 mm ∅ wire in the ∼15 cm beam tube is

R_c =^{Z0}_{2π} ln^{ro}_{ri} ≈ 288Ω(vs. 265 Ω measured)

SNS Ring Design Manual Multi-particle Effects

requiring the matching resistors, R_p ≈54 Ω, R_{in} ≈263 Ω, and R_{out} ≈213 Ω.

At sufficiently low frequencies, the component is considered as a lumped element and the forward scattering coefficient follows as

s_{21} =

2R_0 R_0 + ( R_{in} + R_c + Z_‖ ) (1 + G_pR_0)

The expression for the longitudinal coupling impedance is obtained from the ratio of the scattering coefficients,

Z_‖ = ( R_c + R_{in} +

R_0 1 + G_pR_0 ) ( 1 S_{21} − 1 ) = 2R_c ( 1 S_{21} − 1 )

in full analogy to the well known hp-formula.

The numerical results for the coupling impedance are preferably presented as real and imaginary part, with the real part of direct interest to the beam stability analysis,

R_‖ = 2R_c ( ℜ(S_{21}) ‖ S_{21} ‖^2 − 1 )

where ‖ S_{21} ‖is the magnitude of the scattering coefficient ratio. Typically, this ratio is stored in the network analyzer as data/memory. By using the conversion from scattering to impedance format, the instrument can produce directly the real and imaginary part of the coupling impedance.

Alternatively, the measurements can be interpreted using the log formula,

Z_‖ = −2R_c log_e S_{21}

This expression is derived as approximation for the case Z_‖ ≪ R_cand is not suited for the wire measurement of the cavity shunt impedance. However, in contrast to the hp-formula, which is derived for a lumped, localized structure, the log formula sums correctly the small values of separate impedances by taking into account the phase shift between different locations. Apart from the fundamental resonance, the real part of the coupling impedance is given by R_‖ = −2R_c log_e ‖ S_{21} ‖

with ‖ S_{21} ‖ being downloaded in text format from the instrument.

The transverse coupling impedance of kickers can be measured on the bench by using the standard method in which a twin-wire “Lecher” line, simulating the beam, is inserted into the “Device Under Test”. The forward transmission coefficients S^{DUT}_{21} of the kicker is compared with the S^{REF}_{21} obtained in a reference tube of at least equal length and is interpreted according to the HP-formula for lumped units, Z^{DUT} ≈ 2Z_L ( 1 − S^{DUT}_{21} /S^{REF}_{21} ) / ( S^{DUT}_{21} /S^{REF}_{21} ) , or alternatively the log-formula,

SNS Ring Design Manual Multi-particle Effects

Z^{DUT} = −2Z_L log ( S^{DUT}_{21} /S^{REF}_{21} ) with Z_L the characteristic impedance of the line. Finally, one obtains the transverse impedance as [38]

Z_⊥ = c ω Z^{DUT} Δ^2 , with Δ being the spacing of the two wires. This relation requires the knowledge of essentially three quantities: the measured impedance of the device under test, the effective wire spacing and the characteristic impedance. In the typical case of the wire diameter much smaller than the wire spacing, the effective Δ is given by the center-to-center distance of the wires. For wires of diameter d, with center to center spacing D, the effective spacing is known to be

Δ = D √ 1 − (d/D)^2. In all other practical cases, it is necessary to make ad-hoc measurements of the effective spacing, either by a comparison with a line of known properties or by a direct measurement of the mutual inductance. [ D. Davino and H.Hahn, to be published in Phys.Rev. S.T. Accel. Beams]

The twin-wire measurements of the SNS extraction kicker were performed by using a line, home-made from 5 × 7.5 mm rectangular tubes, shown in Fig. 29. The center-to center spacing is 45.6 mm, which in good approximation can be taken as Δ for the interpretation of the measurements based on the HP-formula. The other value required in the formula, the characteristic impedance of the line, was measured with a communication network analyzer, Tektronix CSA803, to be 260 Ω. Matching of the line characteristic impedance to the 50 Ω cables of the network analyzer, Agilent 8753ES, is achieved by means of 300 Ω transformers (North Hills 0501BB) with a center-tapped secondary winding, serving as 180˚ hybrid. The transformer covers the frequencies from 30 kHz up to 100 MHz. The network analyzer was set for a logarithmic frequency range from 100 kHz to 100 MHz, with 1601 points, and a 100 Hz bandwidth. In view of the various measuring errors, a 10-20% uncertainty in the quoted transverse impedances is expected.

Figure 29: The homemade cable for the twin-wire measurements. The dimensions are: a= 7.5 mm, b=5 mm and d=45.6 mm.

SNS Ring Design Manual Multi-particle Effects

A direct relation exists between the input impedance, Z_{in}, measured at the bus bar port and the external source contribution to the transverse impedance seen by the beam, and measured by the twin-wire method. Ignoring the smaller ferrite contribution for the sake of a simple approximation, a coupling impedance estimate follows by scaling the input impedance according to Z^{in}_⊥ = c ωh^2 Z_{in} where h is the aperture in kick direction. This points to the possibility of getting a reasonable idea of the coupling impedance by measuringZ_{in}, especially for kickers mounted in accelerators, provided that an access to the bus-bar is available. The possibility of obtaining the coupling impedance of an installed magnet by combining external impedance measurements at the kicker terminals with an analytical formula is obviously tempting. However, it must be emphasized that only the coupled flux contribution is accessible and the coupling impedance perpendicular to the kick direction is not seen. The comparison of results for the SNS extraction kicker demonstrated that an estimation of the real part is possible, whereas the imaginary part can differ.

2.5.5 Longitudinal instabilities

Disregarding the effect of space charge, the Boussard-Keil-Schnell criterion for longitudinal beam stability is | Z_‖/n |≤ F_‖ | η | B_f E_s eβ^2I_0 ( ΔE E_s )_2 F W HM , (19)

where I_0 is the average bunch current, η is the slip factor, and F_‖ is the distribution dependent form factor. One can see that large values of energy or momentum spread can help to damp the instability. Such a damping mechanism is known as Landau damping.

The largest resistive contribution to Z_‖ in the SNS ring come from the extraction kickers and high-order modes of the RF cavities. The space-charge effect plays a stabilizing role in the longitudinal beam stability, significantly raising the instability threshold. For the present impedance budget, the instability threshold with space charge is above N = 3 · 10^{14} [28].

2.5.6 Transverse instabilities

The transverse stability condition is given by | Z_{⊥x,y}/n |≤ F_⊥ 4B_f E_s eββ_{x,y}I_0 ( ΔE E_s ) | (n − ν_{x,y,0})η + ξ_{x,y} |, (20) where F_⊥ is a form factor which depends on the transverse beam distribution, n is an arbitrary integer and ξ_{x,y} is the chromaticity. Instability occurs only for slow waves with n > ν_{x,y}.

The space charge plays destibilizing role for the transverse microwave instability. Minimization of the tranverse impedance significantly increased the intstability threshold. With the present impedance budget the growth rate for the intensity N = 2 · 10^{14} is expected to

SNS Ring Design Manual Multi-particle Effects

be only about 1ms^{−1} which is negligible [32], [35]. An additional Landau damping can be introduced by means of the chromatic sextupoles.

For the working point below the integer, such as (ν_x, ν_y) = (6.3, 5.8) one can have a resistive wall instability (at 200KHz) with the growth rate of 5ms^{−1}. This instability can be damped by introducing Landau damping with the chromatic sextupoles.

2.5.7 Electron-cloud effects

Beam-induced multipacting is believed to be the leading source of sustained electron production. Depending on beam parameters, one of the two multipacting models usually apply: multi-bunch passage multipacting or single-bunch trailing-edge multipacting. The electroncloud buildup is sensitive to the intensity, spacing and length of proton bunches, and on the secondary electron yield (SEY) of the beam pipe surface.

The elecrton cloud can in turn lead to e-p instability. This effect was extensively studied for the SNS ring [64]-[66]. For the SNS baseline intensity of N = 1.5 · 10^{14}, the electron line density threshold is about 5nC/m [36]. Also, the first harmonic voltage of the SNS is designed to have 40kV which is estimates to be sufficient to stabilize the beam for the high-intensity operation of the SNS.

2.5.8 Cures and Feedback

Landau damping with sextupoles The design of the SNS ring has chromatic sextupoles which allows to introduce a relatively large frequency spread. For the resistive wall instability at 0.2 MHz the chromaticity provides strong Landau damping, with ξ = −7 completely damping the instability.

For the instability associated with the extraction kicker impedance at frequencies 2-20 MHz the chromaticity has only partial effect, with ξ = −7 leading to a 20% thershold increase in the presence of space charge.

For the elecrton cloud instability at frequencies 100-200 MHz, the chromaticity has little effect on the thresholds.

Effect of octupoles The purpose of correction octupoles it to correct imperfection machines resonances. With a maximum coil current in correctors not to exceed 17A the introduced tune spread was found to be unsufficient to introduce effective Landau damping.

Effect of b/a The spread of coherent tunes along the bunch length due to longitudinal current distribution plays effective role in trasnverse beam stability. Increasing the b/a ratio decreases such detuning thus making beam more unstable.

E-cloud cures All internal surfaces, including ferrite are coated with TiN to suppress electron multipacting. The 100 nm thickness is expected to sustain proton-halo bombardment without eddy-current heating.

Injection stripped electrons are guided to the collectors with a low backscattering yield.

SNS Ring Design Manual Multi-particle Effects

A voltage up to ±1 kV can be applied to 42 BPMs to clear electrons. In addition, dedicated electrodes will be placed in the injection region. Also, solenoids can be wound in straight sections to reduce multipacting.

Feedback system A wide-band feedback system can be implemented to damp the instabilities. Three frequency ranges are of interest: 1. 0.2-0.8 MHz (depending on working point) with the growth rates of about 5ms^{−1} due to resistive wall impedance, 2. 2-20 MHz with the growth rates of about 1-3 ms^{−1} due to the extraction kicker impedance, 3. 100-200 MHz with growth rates of about 50 ms^{−1} due to the electron cloud instability.

Only for the electron cloud instability this results in a significant power requirements. The feedback system will be developed using the three tune measurement kickers each of 50 cm length to cover the range of frequncies up to 200 MHz [34].

SNS Ring Design Manual Magnet measurements and tests

3 Accelerator Physics and Technical Engineering

3.1 Magnet System

3.1.1 Magnet system requirements

Table 21: Magnet requirements for the HEBT and Linac dump.

Type Location No. Field Aperture Length Dipoles 8D533 Achromat 8 0.21 T 8 cm gap 5.43m 8D406 ARMS 1 0.21 T 8 cm gap 4.13m 16CDH20 LAMS,ARMS,LDUMP 7 0.03 T 12 cm × 12 cm 0.2 m 16CDV20 7 27CDH20 Achromat 2 0.03 T 20 cm × 20 cm 0.3m 27CDV20 2 Quadrupoles 12Q45 LAMS,ARMS 26 4.5 T/m 12 cm ϕ 0.5 m 21Q40 Achromat 8 2.5 T/m 20 cm ϕ 0.505m 12Q45 LDUMP 6 3.0 T/m 12 cm ϕ 0.505m

Table 22: Magnet requirements for the RTBT.

Type Number Field Aperture Length Dipoles 17D244 1 0.67 T 17 cm × 45 cm 2.64 m 27CD30 15 0.02 T 20 cm × 20 cm 0.3 m 36CDR30 4 0.02 T 36 cm × 36 cm 0.3 Quadrupoles 21Q45, 36Q85, 30Q44, 30Q58 23 4.7 T/m 20 cm ϕ 0.5 m 4 2.5 T/m 36 cm ϕ 1.0 m 3 4.5 30 cm ϕ 0.55 m 2 4.2 30 cm ϕ 0.70

3.1.2 HEBT magnets

3.1.3 Ring magnets

3.1.4 RTBT magnets

3.1.5 Magnet measurements and tests

SNS Ring Design Manual Magnet measurements and tests

Figure 30: Schematic layout of dipole, quadrupole, sextupole, and correctors in one superperiod of the SNS accumulator ring.

SNS Ring Design Manual Magnet Power-supply System

3.2 Power-Supply System (WBS 1.5.4)

3.2.1 Power supply overview

The main ring power supplies are conventional for an accumulator/synchrotron type machine. All main ring elements are operated essentially in dc fashion except for the injection and extraction processes. However, even the dc units are provided with adjustability to enable machine tuning for optimization of ring parameters and operating points.

The ratings and distribution of the power supplies in the main ring and transport lines are shown in Table 23. There are three power levels of DC power supplies, and pulsed power supplies for injection into the ring, and extraction from the ring. With the exception of the extraction kickers, all units are rated for operation at 1.3 GeV.

Table 23: Power supply overview.

PS Function / Current Voltage Power HEBT Ring RTBT Total Technology [A] [V] [kW] & linac & inj. & ext. dump dump dump Low field 20 35 0.7 18 98 15 131 corrector / 20 75 1.5 8 8 Switchmode - 40 35 1.4 8 8 linear 40 75 3.0 8 8 120 35 4.2 4 4 Total 18 122 19 159 Medium range PS / 185 27 5.0 4 4 390 24 9.4 15 15 12 pulse phase 700 18 12.6 9 5 14 controlled 900 51 45.9 4 8 12 1300 95 123.5 1 8 9 1405 390 548.0 1 6 7 2400 50 120.0 1 1 2 4000 18 72.0 6 6 Total 30 11 28 69 Main dipole PS / 6000 440 2640 1 1 12 pulse phase Total 0 1 0 1 controlled Injection bump PS 1400 800 pulsed 8 8 Switchmode Total 0 8 0 8 Extraction kicker PS 2500 35000 pulsed 14 14 Blumlein PFN Total 0 14 0 14 Grand total 48 156 47 251

3.2.1.1 Low field corrector power supplies

All configurations of the low field corrector power supplies are built from a common 20 Amp module. The basic module has a switch mode front-end converter and a linear H-bridge

SNS Ring Design Manual Magnet Power-supply System

output stage for four-quadrant operation. This unit is powered with three phase, 208 VAC, and it’s maximum output voltage rating is selectable at either 35 Volts or 75 Volts. This unit is built in 5^1_4^{′′} high rack mounted chassis, with slides.

Up to seven of these basic modules may be put in parallel. When this is done, a ganging cable is used to provide a common reference, common readbacks, and common controls. The entire assembly is controlled and monitored by a single Power Supply Interface. The total current is displayed on the front panel of the uppermost module, and the other module displays are blanked. A fault in any of the modules will shut down all the modules in a unit. Up to seven of these basic modules may be put in parallel. When this is done, a ganging cable is used to provide a common reference, common readbacks, and common controls. The entire assembly is controlled and monitored by a single Power-Supply Interface (PSI). The total current is displayed on the front panel of the uppermost module, and the other module displays are blanked. A fault in any of the modules will shut down all the modules in a unit.

These versatile units are used throughout the ring and transport lines, as well as in the Linac. Stability of the low-field corrector is 10^{−3}. 3.2.1.2 Medium range power supplies

The medium range power supplies are used to power all of the large dipoles, quadrupoles, and sextupoles in the ring and transport system, with the exception of the main ring dipoles. While these operate at varying current and voltage levels, all 69 units are grouped into eight models to minimize spares unit requirements. All units are built as 12-pulse phase controlled power supplies with passive ripple filters, and are powered from three-phase 460 VAC.

The requirement for stability on these power supplies is 2 × 10^{−4} of the full scale. The specification for the units is 10^{−4}, so that full stability is achieved even when operating at half the output rating of the supply. To extend the voltage range of the power supplies, all units have a 50% tap on the rectifier transformer. This allows the units to operate at lower voltages, without the ripple voltage becoming excessive. 3.2.1.3 Main ring dipole power supply

For the main ring dipoles, a set of 33 magnets will be required in series, 32 within the ring enclosure and one in the ring support building as a reference magnet. In the lattice, Hall-effect probes will be mounted in the gap to measure the magnetic field intensity, and hence the ring energy in a reproducible manner. This will act as the primary standard for the SNS ring. The interconnection of the main dipoles will be by a fold-back, high-current, water-cooled, copper-bus system.

This unit is built as 12-pulse phase controlled power supplies with a passive ripple filter, and is powered from three-phase 13.8 kVAC. The two phase shifting rectifier transformers will located external to the ring service building, while the SCRs, filters, and controls, are inside the building.

SNS Ring Design Manual Power Supply Interconnection

3.2.2 Power Supply Interconnection

Figures 31-50 are power supply interconnection diagrams. They shows the power supplies and the magnet loads they energize. The boxes representing the power supplies have the operating current and voltage for 1.3 GeV inside. Just outside the boxes are the full-scale voltage and current rating of those units. The boxes representing the magnets have the magnet model number inside.

Figure 31: Power supply interconnection (part 1).

SNS Ring Design Manual Power Supply Interconnection

Figure 32: Power supply interconnection (part 2).

Figure 33: Power supply interconnection (part 3).

SNS Ring Design Manual Power Supply Interconnection

Figure 34: Power supply interconnection (part 4).

Figure 35: Power supply interconnection (part 5).

SNS Ring Design Manual Power Supply Interconnection

Figure 36: Power supply interconnection (part 6).

Figure 37: Power supply interconnection (part 7).

SNS Ring Design Manual Power Supply Interconnection

Figure 38: Power supply interconnection (part 8).

Figure 39: Power supply interconnection (part 9).

Figure 40: Power supply interconnection (part 10).

SNS Ring Design Manual Power Supply Interconnection

Figure 41: Power supply interconnection (part 11).

Figure 42: Power supply interconnection (part 12).

In addition, the figure also shows the location of three ground breaks – one in the HEBT, one in the main ring, and one in the RTBT. The power supplies for magnets downstream of the HEBT ground break will be located in the ring service building, as are the power supplies for magnets upstream of the RTBT ground break.

SNS Ring Design Manual Power Supply Interconnection

Figure 43: Power supply interconnection (part 13).

Figure 44: Power supply interconnection (part 14).

SNS Ring Design Manual Power Supply Interconnection

Figure 45: Power supply interconnection (part 15).

Figure 46: Power supply interconnection (part 16).

SNS Ring Design Manual Power Supply Interconnection

Figure 47: Power supply interconnection (part 17).

Figure 48: Power supply interconnection (part 18).

SNS Ring Design Manual Power Supply Interconnection

Figure 49: Power supply interconnection (part 19).

Figure 50: Power supply interconnection (part 20).

SNS Ring Design Manual Controls Interface

3.2.3 Controls Interface

All power supplies will be interfaced to the SNS computer control system. The typical ps interface will be accomplished by its tie-in to the local intelligent operations computer or IOC. The interface for all DC power supplies from the smallest to the largest, will be by Power Supply Interface (PSI) / Power Supply Controller (PSC) link.

A PSI provides one analog reference and up to fifteen digital commands. It also reads four analog readbacks, and sixteen digital status bits. It is electrically at the same potential as the power supply, and is isolated from all other electrical elements by the fiber optic link it uses to communicate with the PSC.

The PSC resides in the IOC on the VME bus, and each PSC can control up to six PSIs. The PSC controls the PSI and has circular buffers for each channel to store up to about 5000 sets of readbacks. For testing purposes, the PSC has a RS-232 port, to allow power supply testing without an IOC.

The pulsed power supplies also use PSIs, but these are supplemented by high-speed components. The injection bumps use the PSI for digital commands and digital status, but requires a high-speed waveform generator for a current reference, and a high-speed digitizer for analog readbacks. The extraction kickers use a trigger pulse and a high-speed digitizer for analog readbacks.

As a system, the PSI/PSC combination has several important features:

• Timed setpoints and readbacks

• Glitch detection

• Waveform monitoring (up to 5 kHz sampling rate)

• Electrical isolation

In addition, since each power supply has its own PSI, this can be integrated at the power supply vendor’s facility. It also provides the hardware for continuous monitoring during test and burn in. When the unit is installed at SNS, power supply hardware integration consists of plugging in two fibers.

SNS Ring Design Manual Closed-orbit

Table 24: Summary of corrector elements for the Ring system

Magnet Mechanical Nomenclature Number Horizontal or Vertical Dipole + Skew Quadrupole + Skew Sextupole (arc) 27CDM30 28 Horizontal Dipole (arc wide aperture) 36CD30 8 Horizontal and Vertical Dipole (straight section + linac dump) 41CD30 8 + 1 Quadrupole TRIM Winding 21QT40, 26QT38, 30QT58, 30QT44 52 Sextupole 21CS26 8 Octupole 21CO26 8 Total number of elements 121 Total number of functions 178

3.3 Correction System

A summary of the correction packages for the ring are described in Table 24. The correction winding elements either share a common magnet frame (dipole, skew quadrupole, skew sextupole), are wound on an main magnetic element (TRIM quadrupole) or stand alone as an individual magnet (dipole, sextupole, octupole). In the following paragraphs, we describe each system in more details.

3.3.1 Closed-orbit correction

The total number of dipole corrector magnets in the SNS ring is 44. They are represented in Fig. 51 as brown rectangles. Due to the aperture change in the middle of the arc there are two types of dipole correctors in these areas: 28 of them have a 27 cm gap (27CDM30 in the magnet nomenclature corresponding to DVCX1, DHCX2, DVCX3, DVCX5, DVCX7, DHCX8 and DVCX9 of Fig. 51 and 8 are designed wider, with a 36cm gap (36CD30 corresponding to DHCX4 and DHCX6). The remaining 8 correctors (41CD30 or DHVCX10 and DHVCX13) are located in the straight sections, adjacent to the doublets (upstream and downstream) and their gap is even larger (41 cm).

Correctors in the arc produce either a horizontal or a vertical dipole kick and the determination of their positioning is imposed by the FODO structure: horizontal dipole correctors are placed near horizontal beta function maxima, adjacent to focusing quads and vertical dipole correctors are placed near vertical beta function maxima, adjacent to defocusing quads. On the other hand, the dipole correctors in the straight sections are designed as combined function magnets able to produce both horizontal and vertical dipole kicks. This will enable the necessary beam steering to any direction in the straight sections: in these areas, the beam envelope becomes wider and the closed orbit control is critical for injection, collimation, extraction and the RF system.

The dipole correction package allows the correction of closed orbit distortion during the accumulation period. This perturbation can be attributed to random quadrupole misalignments and dipole displacements (around 0.5 mm), variation of the dipole field (of the order of a few 10^{−4}), or random tilt of the dipoles (of about 0.5mrad) [39]. In order to achieve

SNS Ring Design Manual Closed-orbit

Figure 51: Schematic layout showing dipole, quadrupole, sextupole, and corrector magnets of one lattice super-period.

this, the dipole correctors are powered independently. The integrated dipole field of the arc correctors under design is around 6.7 × 10^{−4} T m which gives the capability of 1.2 mrad kicks for each corrector, at 1GeV. The dipole correctors in the straight sections are able to produce approximately twice this integrated field and kick, both in the horizontal and vertical direction.

The total number of power supplies needed is 52, one for each arc dipole corrector and 2 for every combined function dipole corrector in the straight sections. The specified field can be given by running the power supplies at 11 A.

SNS Ring Design Manual Lattice distortion and beta wave

3.3.2 Lattice distortion and beta wave

The preservation of the lattice super-periodicity is essential for the good performance of highintensity rings. Based on first order perturbation theory, a lattice with perfect symmetry does not allow the excitation of resonances other than “structural”, given by the condition: k_xQ_x + k_yQ_y = mN where m is the super-periodicity of the lattice (4 for the SNS ring) and k_x, k_y and N integers. On the other hand, when the super-periodicity is broken, e.g. by random errors in the magnets, “non-structural” resonances can be excited as well (m can be any integer number). The combination of lattice perturbation in the presence of large space-charge forces in a high-intensity ring, can lead to excessive beam loss. This effect was already observed [40] and analyzed theoretically [41] in the KEK PS, where a 4th order “nonstructure” space-charge induced resonance was excited, as the super-periodicity was broken due to errors in the quadrupole strengths.

The direct observable for a broken super-periodicity is the distortion of the linear optics functions. In the case of the SNS, random and systematic errors in the quadrupole strengths can create significant beta beating and dispersion distortion. Another perturbation comes from the injection chicane and bump which break the four-fold symmetry of the lattice and introduce additional beta wave [42]. In order to compensate these effects and allow a fine tuning of the SNS lattice, every magnet is equipped with TRIM windings able to produce 1% of the magnet quadrupole strength. The quadrupole gradient produced by the TRIMs is of the order of 5 × 10^{−2} T/m, for 1GeV operation.

Since the early stage of the project, correction schemes have been proposed for the linear optics distortions and quadrupole resonance compensation, by connecting appropriately in strings the quadrupole windings [43]. The total number of quadrupole string families proposed for the original FODO lattice was seven. With the evolution to the 228m hybrid lattice and later to the 248m 1.3 GeV compatible ring, it became apparent that the number of families will be not enough for correcting all optics distortion. An individual powering scheme was proposed to give flexibility in the correction schemes, to assist the orbit correction in the early commissioning stage and to allow the beam-based alignment of the beam position monitors. A Preliminary Change Request (PCR) [44] was submitted requesting for individual powering of the quadrupole TRIM windings with 52 power supplies with an additional power supply for regulating the transfer function variation in the arc focusing quads which are powered in series but have different gap diameter due to the aperture increase in the middle of the arc. Due to the de-scoping of the SNS project, the original PCR was not approved. Finaly, we proposed a more restrictive correction scheme using 16 families of TRIM strings. In order to achieve the required 1% quadrupole gradient in each winding, for all five different types of quadrupoles, the power supplies should be able to give currents of 15 to 30 A.

SNS Ring Design Manual Chromaticity

3.3.3 Transverse coupling

The skew quadrupole correctors are used for the linear decoupling of the horizontal and vertical motion of the beam. Coupling can be mainly attributed to random rolls in the quadrupoles of the SNS ring lattice, whose rms values can be as large as 1mrad. A smaller contribution comes from random and systematic skew quadrupole errors in the magnetic elements.

Apart from the linear optics perturbations such as beta and dispersion beating, skew quadrupole errors can excite the coupling resonances Q_x ±Q_y = N. Especially for the nominal working point (Q_x, Q_y) = (6.3, 5.8) which was close to a structural coupling resonance Q_x + Q_y = 12, it was found essential that a very careful correction has to be applied in order to compensate the effect of random quadrupole rolls [45]. In a quite similar way as for quadrupole errors, the large space-charge tune-shift pushes the particles in the resonance and the result is a quite steep increase of beam loss to the 10% level. Moreover, it was shown that the global coupling correction would not be enough to cancel the effect and a local coupling scheme should be employed.

In the SNS ring there are no individual skew quadrupole magnets, but on the cores of the arc dipole correctors (27CDM30) separate windings are mounted that can create a skew quadrupole integrated gradient of about 2.25 × 10^{−2} T at 10.9 A. They are denoted as QSX1, QSX2, QSX3, QSX5, QSX7, QSX8, and QSX9 in Fig. 51. In the baseline scheme, it was foreseen to power only 16 of these windings, 4 per super-period, i.e. the ones at the beginning and the end of the arcs (QSX1, QSX2, QSX8, and QSX9). Due to the results mentioned above [45], it was apparent that this would not be sufficient. For this, we decided to power the skew quadrupole windings in every 27CDM30 correctors, which gives a total of 28.

In order to achieve the required skew quadrupole gradient in each winding the power supplies should be able to give currents of 11 A, for 1GeV operation.

3.3.4 Chromaticity

One of the design aspects that will help avoiding beam resonances and/or beam instabilities, thereby minimizing the beam losses in the accumulator ring, is the chromaticity control. Without this control, the tune spread produced by the natural chromaticity is about ±0.08, similar to the spread produced by the space-charge. The adjustment of the chromaticity and the optical compensation can be achieved by using chromaticity sextupoles. The SNS lattice contains five 15 cm long chromatic sextupoles per super-period.

Two families of sextupoles, placed at high-beta and high-dispersion regions, can control the linear chromaticity of the ring. The sextupoles however may strongly affect the first and second order of the beta and dispersion functions dependence on the momentum spread, introducing strong “beta/dispersion waves” and, thereby, reducing the dynamic aperture. In addition, this beta/dispersion variation will increase the first and higher order terms of the chromaticity. This is clearly shown in figure 52: with a two-family scheme, the optical distortion in β-function is as large as 30% for off-momentum orbits.

In order to minimize the dependence of the beta, the dispersion functions and the chromaticity on δp/p, additional families of sextupoles are required. In the proposed chromaticity correction scheme, three of the sextupoles are powered independently and two of them in

SNS Ring Design Manual Non-linear

Figure 52: Lattice functions of the SNS accumulator ring for the nominal tunes (6.23,6.20) using two families of sextupoles. The beta and dispersion functions are strongly perturbed for off-momentum cases.

series, forming a total of four families. With a four-family scheme, the off-momentum optics is greatly improved, and the β-wave is minimal (Fig. 53).

3.3.5 Nonlinear multipoles

Skew sextupole correction The excitation of skew sextupole resonances was found to be one of the most important limitations of the AGS booster. Skew sextupole resonances of the type 2Q_x ±Q_y = N and 3Q_y = N can be excited by skew sextupole errors coming from rolls in the main dipoles or other geometrical errors in the magnet elements of the SNS ring. In order to correct this effect skew sextupole windings are mounted on the 27CDM30 dipole correctors along with the main dipole coils and the skew quadrupole components. The only one powered are the ones at the beginning an the end of the arc (SSX8 and SSX9). The integrated gradient is 6.6 × 10^{−2} T/m equivalent to the one of the correctors in the AGS booster.

In the initial scheme, the skew sextupole were powered in 2 families. This would have not been enough for correcting any skew sextupole resonance without changing the connection between correctors. Moreover it would necessitate power supplies producing higher voltage

SNS Ring Design Manual Non-linear

Figure 53: Lattice functions of the SNS accumulator ring for the nominal tunes (6.23,6.20) using 4 families of sextupoles. The beta and dispersion wave has been minimized by the introduction of the 2 supplementary sextupole families.

and power with an increased cost. Thus, it is required the additional powering of the skew sextupole windings in the 27CDM30 correctors at the beginning of the arc (SSX1 and SSX2) and the connection of the correctors in families of two: the first of the arc with the last and the second of the arc with the third are connected in series (the SSX1 with the SSX9 and the SSX2 with the SSX8, see Fig. 51), forming 8 families. The total number of power supplies proposed is 8. In order to achieve the required skew sextupole field in each corrector, the power supplies should be able to give currents of 13 A, for 1GeV operation. The total number of power supplies needed is 8. In order to achieve the required sextupole field in each corrector, the power supplies should be able to give currents of 8.4 A, for 1 GeV operation.

Sextupole correction The main functionality of the sextupole correctors is the correction of erect sextupole resonances of the type 3Q_x = N and Q_x ± 2Q_y = N, which can be excited by sextupole errors in the dipoles, dipole fringe-fields at leading order and the small non-linear effect of the chromaticity sextupoles [46]. In the SNS ring, the sextupole correctors are 8 in total and are located at the beginning of the arc in non-dispersive areas in order to avoid

SNS Ring Design Manual Non-linear

“feed-downs” due to closed-orbit displacements giving a quadrupole effect at first order. The correctors are also taking advantage of the high horizontal or vertical beta function maximum in the respective locations. The names of these correctors in Fig. 51 are SVX1 and SHX1 and their mechanical name is 21CS20. The integrated sextupole gradient produced by the correctors is about 2.6 T/m.

For the same reason as for the skew sextupole correctors, it was decided to proceed with an individual powering scheme, with 8 power supplies instead of 2 as it was initially proposed. It will allow the possibility of correction of all resonant lines independently of the selected working point [46].

Octupole correction The octupole correctors are designated to compensate any octupole type of perturbation in the SNS ring. The main “octupole-like” contribution comes from the quadrupole fringe-fields to leading order, which are producing a tune-shift of the order of 0.025 at an amplitude of 480 π mm mrad [47]. This is the third most important contribution in tune spread after space-charge and chromaticity.

The octupole correctors in the SNS ring are located at the end of the arc in non-dispersive areas in order to avoid sextupole “feed-downs” due to closed orbit displacements. They are 8 in total and as the other correctors, their position is determined by the maxima of the beta functions near the arc focusing and defocusing quadrupoles. The names of these correctors in Fig. 51 are OHX1 and OVX1 and their mechanical name is 21OC20.

In order to eliminate completely the large tune-shift coming from quadrupole fringe-fields, a third octupole family is necessary in areas where the horizontal and vertical beta functions are approximately equal, in the short straight sections, just next to the doublet [47]. Unfortunately, this is not possible to a first stage due to the tight space of the ring in these areas and budget issues.

On the other hand, it would be impossible to correct all octupole type resonances of the form 4Q_x = N, 2Q_x ± 2Q_y = N and 4Q_y = N with the initial two-family scheme. For this reason, we proposed individual powering, in much the same way as for the other non-linear correctors. The integrated octupole gradient given by the correctors is 2.9 T/m^2, which will enhance the efficiency of resonance corrections.

The total number of power supplies needed is 8. In order to achieve the required octupole field in each corrector, the power supplies should be able to give currents of 8.4 A, for 1 GeV operation.

SNS Ring Design Manual Vacuum requirements

3.4 Vacuum System

The operating pressure of the HEBT vacuum is ∼5x10^{−8} Torr to minimize the H^− stripping. The accumulator ring vacuum system is to be <10^{−8} Torr to minimize the beam-residual gas ionization. The various beam-residual gas interactions are described in the first section. The layout of the ring vacuum systems, the design of the vacuum chambers, vacuum pumps and other hardware are detailed in the second section. The coating of the ring vacuum chambers and other ring components is described in the third section.

3.4.1 Vacuum requirements

The following beam-residual gas interactions are considered in assessing the required vacuum levels in HEBT; the H^− stripping, the nuclear scattering, the multi Coulomb scattering and the residual gas ionization. As illustrated below, the contribution from the later three is not significant due to the single-pass nature of beam through HEBT. The stripping of the extra electrons from H^− by the residual gas molecules will cause the immediate beam loss and hardware activation. The H^−stripping cross section [1] is proportional to 1/β^2 and is ∼1*10^{−18} cm^2 for 1 GeV H^− with a residual gas composition of 40%H_2/40%H_2O/20%CO. At the design pressure of ∼5x10^{−8} Torr, the beam loss will be 1.5x10^{−6}/m or 0.3nA/m for a 2mA beam. The residual radiation dosage 30cm from the beam centerline will be ∼30mR/hr, 4 hours after shutdown following a 100 consecutive-day run. This level of residual radiation is acceptable for hands-on maintenance. Of course, the level at a few critical spots, such as collimators, momentum scrapers etc., could be much higher and requires shielding or longer cool-down period.

Pressure of 1x10^{−8} Torr or less is needed in the accumulator ring mainly to minimize the residual gas ionization by the protons. The nuclear scattering cross sections σ_n for the protons are proportional to the geometrical cross section of the target nucleus and are ∼ 7*10^{−25} cm^2, ∼ 5*10^{−26} cm^2 and ∼ 1*10^{−25} cm^2 for CO, H_2O and H_2, respectively, which are the most common residual gases in a clean ultrahigh vacuum system. The beam loss due to nuclear scattering is given by ΔI / I = ∫ β c σ_n N dt, with N being the residual gas density in the vacuum system. At the designed pressure of 1x10^{−8} Torr, N will be ∼7x10^{+8}atoms/cm^3. The resultant beam loss ΔI / I will be ≤ 3x10^{−9} averaged over one msec.

The multi-Coulomb scattering causes the growth of the RMS beam size. The fractional increase in beam size can be calculated by [2] Δσ_y / σ_y = ∫ k β_y N/ (p^2 ε) dt, with σ_y the transverse beam dimension, k = 1.085x10^{−23} (GeV/c)^2 m^3 sec^{−1}, β_y the betatron amplitude (¡20m), p the momentum (= 1.696 GeV/c) and ε the transverse emittance (=120π mm.mrad). The fraction of beam growth over one msec will be ¡1x10^{−7} at a vacuum of 1x10^{−8} Torr.

The residual gas ionization sets the most stringent requirement on the ring vacuum level. The ionization cross sections of 1 GeV protons on H_2, H_2O and CO can be calculated using Bethe formula [3] and are 2x10^{−19} cm^2, 6x10^{−19} cm^2 and 9x10^{−19} cm^2, respectively. The electron-ion pairs generated by the beam will be ∼3x10^{−3} per proton over one-msec period. The newly created ions repelled by the beam-wall potential will bombard the chamber wall and desorb gas molecules. The ionized electrons could be trapped in the potential well of the beam causing partial neutralization of the beam, or they could bombard the chamber wall and

SNS Ring Design Manual Vacuum layout

liberate secondary electrons, and create the electron cloud as observed in a few high intensity proton rings.

3.4.1.1. Pressure Increase due to Ion Desorption The ions will receive an energy corresponding to the potential at where they are created.

For the accumulator ring with a bunched current I ∼ 20 A at the end of one msec, the ions hitting the wall will have energy up to a few KeV. For stainless steel, the ion desorption coefficient η, the number of gas molecules desorbed per incident ion, ranges from less than one for a baked and glow discharge cleaned surface to ∼5 for an unbaked surface. If the rate of desorption is higher than the rate of removal, the pressure will rise gradually and leads to pressure instability. This could happen if η is large, the conductance C of the chamber is small, the pumping speed S is not sufficient or the distance L between pumps is too large. For each set of S, L and C, there exists a critical value of I*η when the pressure will increase exponentially and becomes unstable. The practical limit of η is decided by the allowable pressure rise in the presence of the beam, i.e., P(I,x)/P(0,x). In the accumulator ring design, a pressure increase of 50% is thought as not excessive and was used to calculate [4] the allowable η. Owing to the large cross section (Φ ¿20cm) and high linear conductance of the ring chambers, and the short accumulation period of 1 msec, the allowable η for CO and H_2 are 10 and 50, respectively, well above that of the clean stainless steel surface. No pressure instability due to ion desorption is expected in the ring vacuum chambers.

3.4.1.2. The Effect of the Ionized Electron The initial energy of the newly ionized electrons will be a few eV. These primary electrons, heated by the oscillating beam-wall potential generated by the passing bunches, liberate more secondary electrons when bombarding the vacuum chamber wall. These electrons will be attracted by the next bunches and hit the wall liberating more electrons, the so called multipacting and electron cloud effects. The electron multi-pacting and resulting e-p instability can limit the achievable proton intensity when excessive electrons are generated and trapped. One major contributing factor to e-p instability is the SEY of the vacuum chamber wall. Most SNS ring chambers are made of stainless steel, which has a peak SEY of ∼ 2.5 and can be reduced to 1.9 or lower if the surface is coated with TiN. Simulation of electron cloud effect, as described elsewhere in this design report, has shown that no e-p instability is expected if the SEY is below 2.0.

3.4.2 Vacuum layout

The ring vacuum systems consist of the HEBT, the ring and the RTBT as well as the four beam dump lines, with a total length over 600m. The vacuum systems interface with superconducting linac (SCL) at the pneumatic gate valve upstream the first HEBT quadrupole magnet and with the dump lines and the Target at their respective windows.

3.4.2.1 HEBT Vacuum The main HEBT line is divided into three sections, the linac matching section, the acromat bend section and the injection section. The linac matching section interfaces with the high-energy differential pumping (HEDP) section of the SCL at the gate valve upstream of the 1^{st} HEBT quadrupole. This section has 12cm beam aperture and consists of two HEBT collimators, their foil strippers, energy corrector cavity and beam diagnostic equipments. The

SNS Ring Design Manual Vacuum layout

vacuum chambers in this section will be made of 12cm diameter stainless steel tubes. The acromat bend section has eight 21cm quadrupoles/chambers and 8 long dipole magnets/chambers of 6m in length. Three of the dipole chambers have extraction ports to accommodate the linac dump line, the momentum dump line and the Beam-In-Gap monitoring line. A typical dipole chamber with extraction port is shown in Fig. 3.4.1. The ring injection section starts at acromat bend and ends at ring injection septum. The chambers are made of 12cm diameter stainless steel, similar to those of linac matching section. The pressure distribution in HEBT based on an outgassing rate of 5x10^{−11} Torr.l/s.cm^2 48 hours after pump down is shown in Fig 3.4.2, with average pressure ∼3x10^{−8} Torr. Due to the limited space available in the bend section, the spacing between ion pumps in this section is approximately 15m, resulted in higher pressure compared to the rest of HEBT.

Figure 54: HEBT dipole chamber in the magnet with extraction port for linac dump.

The windows of the three dump lines in HEBT will be configured differently based on the power rating of the dumps. The linac dump window will be edge-cooled with water and be made of inconel 718. The flight tube downstream of this window to the dump will be filled with helium. The momentum dump window will be made of stainless steel with a small air gap between window and the dump. Both windows will be located in the HEBT tunnel. The injection dump, located in the injection dump building, has to handle up to 200 kW power and will be water-cooled. The impact of dump window leaks to HEBT, ring and SCL vacuum systems have been analyzed for two leak rates, 10^{−5} Torr.l/s and 10^{−3} Torr.l/s of air, water or helium. The results are plotted in Fig. 3.4.3, with the pressure profiles starting from the windows. Due to small helium pumping speed provided by the sputter ion pumps, even

SNS Ring Design Manual Vacuum layout

Figure 55: Pressure profile in HEBT, 48 hours after pump down, with ion pumps spaced every 10 to 15 m.

small helium leaks at linac window will have significant impact on the SCL vacuum and have to be repaired immediately. Air and water leaks up to 10^{−4} Torr.l/s from the injection and momentum dump windows can be handled with the existing pumps.

3.4.2.2 Ring Vacuum Layout The accumulator ring has four arc regions; and four straight sections for injection, collimators, extraction, and RF & diagnostics. The vacuum systems are conveniently divided into eight vacuum sectors isolatable with all-metal electro-pneumatic gate valves located at the interface of the arc sections and the straight sections. One additional large gate valve will isolate the extraction kickers from Lambertson and RTBT vacuum, thus preserving the conditioned ferrite kickers in the event of bleeding up those two sections. The arc vacuum sectors are ∼34 m in length and the straight vacuum sectors, ∼28 m in length. A list of ring vacuum components and their parameters are given in Table 25.

Only UHV compatible metals and ceramics will be used in the construction of the ring vacuum system for their vacuum properties and radiation resistance. No organic materials are allowed. To minimize the RF impedance, the chambers will have tapered transitions wherever significant changes in cross-sections. All the pump ports will be shielded with RF screens. To reduce the secondary electron yield, the inner wall of the chambers will be coated with titanium nitride. Conflat type flanges and seals, for their cost and reliability, will be used to join the arc chambers. Quick-disconnect chain clamps, flanges and metal seals will be used at the straight sections where the expected beam loss will be higher, therefore minimizing the personnel radiation exposure during vacuum maintenance and repair. All the chambers will

SNS Ring Design Manual Vacuum layout

Figure 56: HEBT pressure profile with window leaks, indicating that helium leaks at linac window will impact SCL and have to be repaired.

be chemically cleaned and assembled in a clean environment to minimize contamination. To achieve the low outgassing rates and the designed pressure, all the vacuum chambers and the components within are to be vacuum degassed at the highest allowable temperatures in an in-house vacuum furnace. To preserve the conditioning and prevent high voltage breakdown, the extraction kickers will be in-situ baked to 200 C.

3.4.2.2.1 Arc Vacuum Chambers Each ring arc section has 8 halfcell chambers and one quartercell chamber. The vacuum chambers and the magnets are grouped symmetrical to the middle quadrupole, such that they are mirror images to each other with quartercell located in the middle of the arc. This strategy reduces the individual chamber components into two types, thus reduce the fabrication and assembly cost. Each halfcell chamber, as shown in Fig. 3.4.4, consists of a dipole chamber section, pump ports, quadrupole section, BPM and bellows. The 2 m long dipole chamber has an elliptical cross section of 23cm (H) x 17cm (V) curved with a bending angle of 11.25^o. There will be a tapered transition from the dipole chamber to the end flanges and to the round pump/quadrupole chamber. The overall length of the halfcell chambers is 4m and will be made of stainless steel 316L or 316LN. To avoid radiation induced stress corrosion, the bellows are made of inconel 625. In all, there are four types of halfcell chambers, three with 20cm quadrupole pipe and one with 25cm quadrupole pipe.

3.4.2.2.2 Straight Section Doublet Chambers There are eight doublet chambers in the four straight sections. Each consists of a straight pipe of 29cm OD fed through the two 30cm quadrupole doublets, then welded to the 30cm BPM. The length of the doublet chambers ranges from 3m to 5m. Typical doublet chambers

SNS Ring Design Manual Vacuum layout

Table 25: Accumulator Ring Vacuum System Parameters

Description Unit number Length Design Vacuum Level < 1x10^{−8} Torr Arc Half Cell Chamber w/ BPM 32 4 m Arc Quarter Cell Chamber w/ BPM 4 2 m Straight Region Doublet Chamber with BPM 8 > 3 m Straight Region Special Chambers 16 0.5 - 4 m All Metal Gate Valves, 20cm Φ 8 0.14 m Gate Valve w/ EPDM seal, 30cm Φ 1 0.12 m Sputter Ion Pumps, 200 l/s 50 Cold Cathode and Pirani Gauge Set 18 Residual Gas Analyzers 9 Turbopump/dry pump stations, 200 l/s 9 Insitu bake temperature for ext. kickers 200C

are shown in Fig. 3.4.5. In the injection and RF straight sections, the doublet chambers are tapered down to NW250 quick disconnect flanges once the aperture requirement decreases away from the quadrupoles. In the collimation section, the doublet chambers have aperture of 29cm throughout, which is needed to minimize the capture of secondary particles from the primary scrapers and collimators. Large quick disconnect flanges with Helicoflex Delta seals will be used here for ease of assembly and reliability. In the extraction section, flange/seal design similar to the collimation section will be employed. To minimize the radiation induced stress corrosion, all the bellows in the straight sections will be made of inconel 625.

3.4.2.2.3 Other Ring Vacuum Chambers and Flange Assemblies In addition to doublet chambers, the balance of the straight sections is occupied by special chambers housing the injection, collimators, rf, extraction and diagnostic equipments. The design of the special chambers will follow closely with the design of the special components to ensure that both the vacuum and the beam impedance budget requirement are met. Large all-metal quick demountable flanges and seals such as the Helicoflex type will be adopted for these chambers. Approximately 10% of the straight section pipes will be wound with axialfield solenoids of < 50 gauss, mostly in the injection and collimation sections, to minimize the potential impact of electron accumulation and multi-pacting.

3.4.2.3 RTBT Vacuum Layout The pressure of ∼10^{−8} Torr is required for the RTBT section adjacent to ring extraction so not to disturb the ring vacuum level, and of ∼10^{−6} Torr near the target and the dump for the reliable operation of Harp units. Most RTBT vacuum chambers have 21cm aperture and will be made of stainless steel. The beam pipes in the last 30m of RTBT inside the Target building will have 35cm aperture. No vacuum pumps will be installed near Target due to the intense radiation and the lack of access. Remote-operable quick-disconnect type flange assemblies will be designed and employed for the quadrupole doublet chambers adjacent to the Target. The pressure profiles from the last turbopump/ion pump to the target are shown in Fig. 3.4.6 in the presence of leaks at various locations in that region. Due to the large conductance of the

SNS Ring Design Manual Vacuum layout

Figure 57: Typical ring arc halfcell vacuum chamber with an overall length of 4m and consisting of a dipole section, pump ports, quadrupole pipe, BPM and bellows.

Figure 58: The RF straight section doublet chamber with overall length of 4.7m and aperture of 29cm.

SNS Ring Design Manual Vacuum layout

35cm diameter beam pipe, the pressure differentials along the line are within the uncertainty of the vacuum gauge readings, therefore can’t be used to identify the leak locations. Remote operable helium lines with nozzles mounted at periodical interval to spray helium at various joints may provide indication of leak locations to a leak detector further upstream. A fast valve and residual gas analyzers will also be employed to monitor and protect RTBT vacuum from catastrophic failure of target or dump windows.

Figure 59: Pressure profiles at RTBT-target interface in the presence of leaks.

3.4.2.4 Vacuum Pumps Two types of vacuum pumps will be employed in the three vacuum systems. The turbopump/dry pump carts for initial pump down and to supplement the high vacuum sputter ion pumps. One turbopump cart will be installed at each vacuum section preferably near high outgassing sources and potential leaks but away from high radiation areas. A number of sputter ion pumps will be installed in each vacuum section as the main high vacuum pumps for their cleanliness, reliability and cost. A few noble-diode type ion pumps with tantalum cathodes will be placed at strategic locations to pump potential leaks without the ill effect of Ar instability. No linearly distributed pumps are needed due to the large aperture and the large conductance of vacuum chambers.

3.4.2.5. Vacuum Instrumentation and Control Two sets of Pirani and cold cathode gauges will be installed at each vacuum sector as primary vacuum gauges. The sputter ion pump current, proportional to pressure, will give a more detailed pressure profile around the ring. One residual gas analyzer will also be installed at each vacuum sector and provide a quick analysis of the partial pressures. Due to the high radiation levels in the tunnel, all the vacuum electronic devices will be located at the

SNS Ring Design Manual Vacuum chamber coating

service buildings. These devices with local and remote capabilities can be operated through front panel switches and will communicate with the Control system through multi-drop serial communication network drops for remote monitoring and control. The PLCs will provide the logic for the operation of the sector gate valves and other machine subsystems. Ethernet network will connect the PLC to the VME front end computer for monitoring, logging and control of the vacuum devices. The PLC will also provide inputs to the beam permit link to abort the beam in the event of a vacuum fault. The layout of the vacuum instrumentation and control system is shown in Fig. 60.

Figure 60: Control System for VME/PLC-based SNS Vacuum Instrumentation.

3.4.3 Coating of Ring Vacuum Chambers

The inner surface of the ring vacuum chambers is to be coated with ∼100nm of titanium nitride (TiN) to reduce the secondary electron yield (SEY), and thus avoid the electron cloud and the e-p instability caused by electron multi-pacting as observed in a few high-intensity proton storage rings. In the extraction kickers, the ferrite surfaces facing the beam will also be coated with TiN. The injection kicker ceramic chambers will first be coated with a layer of copper, to carry the image current, then with 100nm of TiN. The coatings are deposited using DC magnetron sputtering which produces films with correct stoichiometry, good adhesion and reasonable deposition rates.

3.4.3.1 TiN Coating of Ring Vacuum Chambers DC magnetron sputtering is used to coat the inner wall of the ring vacuum chambers with TiN. A schematic view of the coating set up is shown in Fig. 61.

SNS Ring Design Manual Vacuum chamber coating

Figure 61: Schematic of TiN coating setup for ring vacuum chambers using DC magnetron sputtering.

A titanium tube centered in the ring chamber is used as the cathode. Commercially available Alnico magnets 1.25” diameter and 2” in length are inserted in the 1.5” diameter Ti tube. A 0.5” hole in the center of the magnets allows for the flow of cooling fluid during sputtering. The magnets are stacked with opposing poles using non-ferrous 0.5” spacers, resulting in a looping magnetic field of sufficient strength to project from the cathode surface. This “low cost” cathode works in conjunction with a 10 KW DC power supply to produce the satisfactory field and discharge plasma. Mixture of argon (Ar) and nitrogen (N_2) gases introduced through the mass flow controllers is used as sputtering media. The reactive process is controlled using partial pressure feedback of nitrogen gas as monitored with high-pressure residual gas analyzers. The dense plasma generated and confined by the electro-magnetic field increases the ion density thus the sputtering rate by a factor of ten or more as compared with that of pure DC sputtering, allowing the coating of 100 nm TiN in a few hours. Additionally, DC magnetron sputtering improves the stoichiometry and uniformity over those of DC sputtering. A comparison of coating parameters between DC and DC magnetron is given in Table 3.4.2 while Fig. 63 shows the various operating regions as a function of target nitriding.

To reduce contamination, all chambers are baked at 250^oC for 40 hours or longer prior to the start of sputtering. Coatings done at total pressure (Ar + N_2 ) of 5 mTorr are found to have rougher surface than those done at a total pressure of 1.5 mTorr. The rougher surface also has higher outgassing due to larger surface area and more grain boundary diffusion. However, it is adopted for ring chamber coating due to lower SEY, probably due to the re-entry of the secondary electrons back into the wall of the craters.

Note: Coatings by magnetron sputtering exhibited significantly lower oxygen content partly due to the high plasma density, resulting in an increased presence of atomic nitrogen competing over oxygen for available sites.

Auger Electron Spectroscopy analysis and Rutherford Backscattering analysis will be used to measure the thickness, the composition and the stoichiometry of the coating coupons. In addition, the coupons will be analyzed for SEY by colleagues at CERN and KEK, to ensure

SNS Ring Design Manual Vacuum chamber coating

Figure 62: Comparison of coating parameters between DC and DC magnetron sputtering.

Figure 63: Nitrogen hysteresis with constant Ar flow showing the effects of target nitriding on N_2 consumption.

SNS Ring Design Manual Vacuum chamber coating

that the as-received SEY is below the instability thresholds. Typical SEY data for bare and TiN coated stainless steel coupons are plotted in Fig. 64 with electron beam energy between 60 and 3000eV at normal incidence angle. Compared to the bare stainless steel, TiN layer has a significantly lower SEY. The outgassing of the chambers before and after coating will also be measured to ensure the appropriate level of vacuum can be achieved.

Figure 64: SEY as a function of incidence electron energy for bare and TiN coated stainless steel. The coating reduces the SEY by about 30%.

3.4.3.2 Coating of Injection Kicker Ceramic Chambers and Extraction Kicker Ferrites

To reduce the impedance, the six injection kicker ceramic chambers are to be coated with internal conductive thin films with sheet resistance 0.024 Ohms/square, giving a flange-to-flange DC resistance of 0.04 Ohms.[5] The coating should have a very good adhesion, be azimuthally and longitudinally uniform to ±20%, and make good electrical contact to the metal end flanges. The coating material may be any vacuum-compatible metal. The following table gives thicknesses of gold, titanium, copper, and TiN, which achieve the required sheet resistance. Copper is selected as the material for the conductive layer for its ease of sputtering and high conductivity. A copper cathode with similar geometry to the Ti cathode is used to lay down the required 0.7 μm film. An anode screen is needed to smooth out the electrical field during the initial coating of the ceramic tubes to which the charges tend to build up and neutralize the cathode potential. After the coating of the conductive layer, the surface is then coated with 100 nm TiN, as required for all other SNS ring vacuum chambers, for the reduction of SEY.

SNS Ring Design Manual Vacuum chamber coating

Material Resistivity (μΩ cm)

Thickness (μm) Gold 2.40 1.0 Titanium 90 37.5 Copper 1.70 0.71 TiN 42 17.5

Extraction kickers have large surface of ferrite directly exposed to the beam and ferrite is known to have large SEY. The surface facing the beam must be treated to reduce SEY. It would be attractive to use the same TiN coating, as on the rest of the vacuum chamber, but TiN film is a good conductor and can affect the kicker performance due to eddy currents in the coating layer. Therefore the coating will be divided into long strips of 1-2 cm width with mm gaps in between, parallel to the beam direction and terminated at end of each kicker module.[6]

References [1] G. Gillespie, Phys. Review, A16, 943 (1977) [2] G. Guignard, CERN 77-10, p33, June, 1977.

[3] Y. Baconnier, Proceeding CERN Accel. School, CERN 85-19, pp267-300, Nov. 1985. [4] H.C. Hseuh, BNL/NSNS Tech Note No. 15, Feb., 1997. [5] S. Henderson and S. Danilov, Oct. 15, 2001 (private communication). [6] A.V. Aleksandrov, Dec., 2000, SNS Tech Note #

SNS Ring Design Manual Injection

3.5 Injection

3.5.1 Injection System

3.5.1.1 Scope

In this section, the design and implementation of the injection and accumulation processes into the main ring are presented. Injection into the accumulator ring is an H^− charge exchange process that allows beam to accumulate in already occupied phase space. As described earlier, the beam from the linac is chopped in the revolution frequency of the ring, ensuring there will be a gap in the circulating proton beam. The following sections describe the process, the choice of the stripping foil, the different loss mechanisms, the disposal of non-captured ions, the dc and dynamic injection orbit bumps, and the hardware needed to implement the process. Figures 65 66 show schematics of the injection area.

Figure 65: Injection schematics (horizontal layout).

3.5.1.2 Injection Process

Injection takes place in one of the near-dispersion-free regions (straight section A) of the ring. The process is controlled by a large, especially designed, fixed orbit bump. The fixed orbit bump is a chicane consisting of four dipole magnets in the long straight section. The schematic plan view of the injection straight section is shown in the figure. To facilitate the clean dumping of the Ho atoms excited by the stripping foil, injection takes place in the downstream fringe field of second of this chicane dipole. This dipole, which is a C-type

SNS Ring Design Manual Injection

magnet, has a central magnetic field of 3 kG. However the stripping foil is located at the edge of the magnet in a 2.5-kG field region. The magnetic field value is important because the electric field felt by the moving excited H^0 is such that the principal quantum numbers of n=4 or less survive the field, whereas those of n=5 or higher strip immediately The life time of the excited H^0 vs the magnetic field is shown in Figure 65, where hand drawn line is the path of the excited H^0.

The spatially decreasing nature of the fringe field assures that the excited H^0’s that are not stripped immediately will probably not be stripped at all because the field is decreasing, and hence the electric field felt by the H^0’s will be too low. The third chicane magnet field is 2.4 KG which is lower than the field which the H^− are stripped The uncontrolled loss by the Stark stripping of the excited H^0’s is estimated to be on the order of 10^−6 of the injected H^− beam. Even if the energy gap between the n = 4 and n = 5 states is completely miscalculated, the uncontrolled loss rate would be 10^{−5} .

At the upstream end of the chicane, in the HEBT injection line, a 3 meter long septum magnet with a 2.03 KG field to bring the beam from the HEBT line to the foil, while avoiding the upstream quadrupole and the circulating beam. In front of the last chicane magnet relatively thick stripping foil is placed to strip the electrons of unstripped Ho and H^− to protons At the downstream of the last chicane magnet, there is a 2-meter long septum magnet with a field of 5 kG to take the unstripped H^− and H^0 ions to the external injection dump. This septum is a combined function magnet to manipulate two beams originated from the unstripped H^− and H^0 ions. A water cooled carbon-carbon block at the lower surface of the vacuum chamber under the stripping foil to intercept the stripped electrons from the H^− injected beam. Two sets of kickers (pulsed dipoles), a set of four (4) for each plane, are used to create dynamic orbit bumps in order to paint the optimum phase space of the injected proton population. The kickers are located in the two shorter straight space of the straight section. The kicker magnets are programmable with time constant as fast as 200 μ-sec.The optimum distribution will be determined by computer simulation and by experimentation.

The injection loss and subsequent beam loss due to all injection mechanisms has to be kept manageable. There are several injection loss mechanisms. These are: 1) the linac beam missing the stripping foil, 2) H^0’s emerging from the foil, which is a function of the thickness of the foil, 3) H^− ’s emerging from the foil, which is calculated to be negligible, and 4) circulating beam loss due to Coulomb and nuclear scattering on the foil. Loss mechanism 1) is related to the stripping foil size and this loss should be kept to less than a few percent. This beam loss along with loss due to mechanism 3) is well known and a controlled dumping of the waste beam is planned. Loss mechanism 4) is directly related to the thickness of the foil and the amount of circulating beam hitting it, which is proportional to the foil size. The foil size is chosen such that it provides a compromise between mechanisms 1) and 4). The thickness of the foil is determined by mechanisms 2), 4) and the foil heating problem described later. Present plans call for a carbon foil of size of 8 mm × 4 mm and a thickness of 300 mg/cm^2. 3.5.1.3 Disposal of Unstored Protons

The H^− ions that miss the stripping foil and the H^0’s emerging from the foil should be disposed of in a proper beam dump. The size of the stripping foil is chosen such that a distribution tail of about 2% of the incoming linac beam misses the foil. This is a compromise

SNS Ring Design Manual Injection

Figure 66: Injection schematics (vertical layout).

Figure 67: Excited H^0 Lifetime.

SNS Ring Design Manual Injection

between this loss and the loss due to Coulomb and nuclear scattering of the stored protons. Recently very precise measurements of the cross-sections for H^− in carbon have been obtained by Gulley (1996) as follows:

σ_{−1,0} = (6.76±0.09)10^{−19}cm^2σ_{0,1} = (2.64±0.05)10^{−19}cm^2σ_{−1,1} = (0.12±0.06)10^{−19}cm^2 (21)

For a 400-μg/cm^2 thick foil, about 0.82% and for a 300-μg/cm^2 foil about 2% of the incoming H^− ions will emerge as H^0. The population of their quantum of H^0 states is measured to be n^{−2.8}, where n is the principal quantum number. The H^0’s that emerge from the foil are converted to protons by a thick foil placed in their path. The downstream magnets will separate those protons from the circulating protons. The septum magnet downstream is to be combined function magnet and together with the quadrupole placed downstream shapes the image of the dumped proton beam on to the 200 kW beam dump. 3.5.1.4 Stripped Electron Sweeping and Collection

For 1 GeV SNS injection the stripped electrons from the incoming H^− beam have a momentum of 0.923 MeV/c and a magnetic rigidity of 0.003 T-m. Inside the 2.5 kG magnetic field, the electrons will curve with a 1.2-cm radius. The power of the electrons is about one thousandth of the proton power and is 1 kW at 1 MW SNS, which is formidable electron power. It is essential to dump these electron proper way.

The second and third chicane magnets are specially designed to accommodate the dumping of these electrons. The flux line of the chicane magnet at the foil is 200 m-rad from the vertical, thus the stripped electron spirals downward avoiding lower part of the foil. The path of the electron is shown in Figure 68. In the figure x, y and z projection of the path is shown Aconceptual shape of a electron catcher is shown in Figure 69. The electrons should be caught in underside of the saw tooth to minimize the secondary to re-enter the vacuum space. The material to be used is chosen to be carbon-carbon material for its high melting point and low charge state to minimize the secondary.

SNS Ring Design Manual Injection

Figure 68: Stripped electron path.

Figure 69: Conceptual shape of the electron catcher.

SNS Ring Design Manual Injection

3.5.1.5 Carbon Foil Heating Considerations

A carbon foil is used to strip the electrons of the H^− beam because of the resiliency and high sublimation temperature of the material. The sublimation temperature of carbon is above 3500^∘C. The foil is heated by the energy deposited by the proton and the two accompanying electrons. Since they all have the same velocity, they should have approximately same energy loss in a given material. There is no data available for what fraction of the energy lost by the beam contributes toward heating of the material. At higher energies, the efficiency is estimated to be as low as 30%. However, for our calculations we assume that all the energy loss contributes to the heating of the material.