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ISIS Synchrotron 5
-

Circumference: 163 m § N || 04f'_’
Energy: 70-800 MeV P | 3
Repetition Rate: - S lo2 §
Intensity: ~3x10%3 ppp > || ! e \__“ [ )
Power: ~190 kW o o
Injection: 220 ps, 130 turn, charge exchange>
Extraction: single turn, vertical
Betatron Tunes: (Q,, Q,) =(4.31, 3.83), programmable
Beam Losses: Injection: 2%, Trapping: <3%,

Qeleration/Extraction: <0.5D
RF system: h=2, 1.3-3.1 MHz, 160 kV/turn

h=4, 2.6-6.2 MHz, 80 KV/turn
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Phase 1 Phase 2 Phase 3
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Eventual closure of ILI:_Wlll S|gn|f|cantly” Feasibility, design | Integrated facility SIS consiruc
reduce the number of “instrument-days studiesand R&D |  technical design 1 consiruction
Address the gap in “instrument-day”
capacity in Europe Phase 1.1 Phase 1.2
Physics design Physics design

ISIS-11 will be a MW class, short-pulsed sSmall-scale prototypes  Large-scale prototypes
neutron source

Optimised for impactful science

Reliable, sustainable source with
supporting instrumentation, computing
and infrastructure

Headline Specifications

(to be confirmed)

e 1.25-2.5 MW beam power
Science and * 1.2 GeV on target
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* 0.1% beam loss during operation



Normal Conducting Linac

Superconducting Linac
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» Existing RCS and AR accelerators have ' BEA N By
S e - PRATIVAY _
demonstrated similar specifications * NI
* FFA has not yet demonstrated high- T . o R R
Intensity operation => demonstrator
« Environmental impact will be a key
consideration
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Beam Loss vs Time

R&D on the ISIS RCS

1 - Measured

- Model: Ap% as meas
(75h, 80v)
- Model: Ap% test (85h,

12

10

£
* Detailed ORBIT model of ISIS RCS vs measurements (IPAC12) j s ] 85v)
« 2.5D model of high-intensity operation g
« Dual-harmonic RF, 3D painting, Q variation, Apertures and Collimation : 2
 Linear lattice without errors " e om0 1 1w a0 2w am
. Qualitative agreement of beam distributions and beam-loss vs time e
 |ISIS-II design studies *1SIS-Il Accumulator Ring

- Need reliable prediction/understanding beam-losses at 0.1 — 0.01% level ~§ | Emittance Evolution -
» Reasons for loss observed in codes (at this level) often difficult to determine: ﬁ/ s
« Revisit main aspects of models in more detail . ~—/

« Transverse, longitudinal, impedances, instabilities, etc. o m w w0 s e

« Key loss mechanisms: targeted, regular measurements for improved models
« Well benchmarked codes => improved ISIS operations and better 1SIS-1l predictions
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ISIS Neutron and D. J. Adams et al., “Beam Loss Studies of the ISIS
Muon Source Synchrotron Using ORBIT”, IPAC12, 2012, pp. 3942-3944 g




R&D on the ISIS RCS: Overview

 Transverse

* Models vs Measurements

* Optics

* Non-linear magnet models

» Resonance Crossing
 Longitudinal

« Optimising injection/bunching

* Bunch compression
* Tomography
* Instability
* Impedances
» Head-tail measurements

 PyHEADTAIL simulations
» Effect of Space Charge

ISIS Neutron and
Muon Source
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Q QT Q QT RF Q (dipole)
Transverse Modelling: Magnets o 8E e T el

One of 10 ISIS Super periods

- Limited measurements available for ring magnets ISIS Combined Function Dipole
6.00
: : » ; Harmonic content
« Matched OPERA simulations to measurements . —n=2 (@uad)
% i ——n=3 (Sextupole)
* Produced models of each magnet type s o \ ——n=4 (Octupole)
a 100 e [ =5
g 0.00 L. "
_ _ _ -1.00 R
* Incorporating non-linear multipole components 200 . —n=8
into simulations, including fringe fields | Langth {me
« Better TEAPOT/PTC PyORBIT models ISIS Quadrupole
oot o1 A
7.00E-02 Il\w
oo ' == Quad K LAT3UD
o /
3.00E-02 / === Quad OPERA 25
2.00E-02 / o
1.00E-02 r/ s,

Improved fringe fields
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Transverse Modelling: Tune Plane

* Important experimental tool: beam-loss vs tune

Low-intensity, coasting beams in SRM
Use programmable trim quads to scan tunes
|dentification of main resonances & strengths

* Improvements to lattice models

Study low-intensity tune setting

Improve simple, linear approx. for better tune
setting and control

Q vs main magnet current => chromaticity

Survey data being incorporated => dipole errors
and orbit correction

Non-linear terms from magnet models
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Large scanned aperture

2" order 5th order
Qn+0Q,=8 50, = 21
4Qnr—Qy, =13
3 order 3Q, — 20, =5
3Qn =13 3Q, +2Q, =20
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Linear tune calc. & actual tune

L
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Haroon Rafique’s talk on
“Recent Progress in Loss Control for the ISIS High Intensity

RCS: Geodetic Modelling, Tune Control, and Optimisation”
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Incaherent Tunes, Coherent Tune. Zaro Intensity Tune RMS Envelope vs Turn Incoherant Tunes, Conerent Tune, Zaro Intensity Tune

- e e e e e 2o e =i e g ()
Transverse Modelling: —1 . F-] -
Resonances & Space Charge - o AR / o
Tl e ORBIT Ui o
 Better lattice models => more detailed .| Simulations - - T
resonance R&D om0 doun - | -
« Explore low-intensity behaviour 05 e W Frozen space charge, halo
» Focus on 2Q,=7, 3Q,=13 and 4Q,=15 .

« Half-integer resonance
* Low-intensity, coasting beams in SRM
* Tune & driving term control with trim quads ,

» Crossing during accumulation => ORBIT R 51\§//%? SF L@? %

sims and measurements compare well G e A = e

* Now focused on adiabatic crossing =>
predictions of particle trajectories

« Early meas. consistent with expectations

3.80

3.75 .'. : .. - TRAIXXXLR  LUOET R

370 {."

2 -0.

Poincaré map (y, y') Measured

Vertical
Profiles

0.0 |

* Once understood => higher intensities and
bunched beams | \W

ISIS Neutron and -
Muon Source l Chris Warsop et al.
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-0.05 0.00 0.05
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Longitudinal Modelling

« Good agreement between tracking
and measurements (IPAC12)

* Recent upgrades to RF hardware
and control => renewed benchmark

* |njection/trapping process
« Complex, non-adiabatic capture
« Dual-harmonic RF
* Improved operations efficiency
 New MEBT incl. chopper to be
Installed ~2025
« Bunch compression techniques

» Provides increased range of muon
experiments

« Explore best option for efficient and

sustainable compression

ISIS Neutron and
Muon Source
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Bunch Compression at Extraction

Longitudinal Injection Study

Turn #355
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‘ Billy Kyle’'s poster on
“Tomographic Longitudinal Phase Space
Reconstruction of Bunch Compression at ISIS”
MEBT Design
lon Three- qolenmd LEBT RFQ MEBT Tank 1
Sour(.e A W A \
1.0 m Scale ’

« » Qua&upole Chopper Cavity,

Sasan Ahmadiannamin’s talk on
“Beam Physics Simulation Studies of 70 MeV ISIS Injector Linac”
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Head-Tail Instability: Operations

« Coherent vertical instability observed
« Key intensity limit due to beam-loss
* Instability mitigation
* Rampin Q,
« Asymmetric longitudinal bunch shape
« Vertical painting
* Prototype damping system

successfully tested

« Planned commissioning for user
operations

Intensity (e13 ppp), blue

Science and
Technology
Facilities Council
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Muon Source
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R&D Aims

* Identify source of driving impedance

 Measure, simulate and understand
head-tall instability mechanism
« Dual-harmonic RF, space charge, etc.
* |nvestigate unexpected features

* Possible further mitigation methods

Difference Signal (V), blue
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Head-Tail Instability: Impedances

 Beam-based measurements
« Coasting beam instability
« Vary vertical tune
« Low-frequency narrowband
» Possible driver for head-tail?

« EXxpected vertical impedances
* Resistive wall

450

E4o00

=]
s 3.50

3300 1
§250
2200
Ei1s0
=

21.00
9

£ 050
=0.00 -

50 70 90 110 130 150
Frequency (kHz)

» Extraction kickers

e Collimators

« Simulations
* In-house multi-layer code, RWAL
« CST Studio
» Low-frequency narrowband from RF
screens incl. capacitors

* Bench measurements underway

ISIS Neutron and
Muon Source
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David Posthuma de Boer’s Talk
“Development of an Impedance Model for the ISIS
Synchrotron and Predictions for the Head-Tail Instability” | |-



Head-Tail Instability: Measurements Vs Q,, ,

« Bunched storage ring mode (BSRM) E
- Main magnet fields constant at 70 MeV settings Z - !
« 1 h=2 cavity powered, others off-tune 00 02 04 06 08 10 12 14

* Fine control of beam/lattice parameters Time (us)
« Reduced complexity, low-intensity (~10%2 per bunch)

* Instability characteristics vs Q,
* Intra-bunch head-tail mode excited
* Growth rate vs Q, peaks at same freq. as coasting beam

BPM Sum Signal)

0.00 : ‘ h, : ) :
« Unexpected features 00 “+ Cousting BeamData | 00 02 04 06 08 10 12 14

4.50 .
—+—Head-Tail Growth Rate 0.006 Time ( us)

* Mode discrepancy with theory &4

i 005 2 Time = 1.199 ms
(predicted mode m=3) o " -
L. . g 0.004 7
* Mode variation with Q g 250 5
) y E2.00 0.003 % .
 Effective bunch length 2150 0002 & g 015
hmj 1.00 0.001 2 0.10 i
. 0.50 E !
i;:;rmoag:;d 0.00 0.000 S 005]
Facilities Council 50 70 90 110 130 150 = [
Frequency (kHz) A 0.00 h :
ISIS Neutron and 00 02 04 06 08 10 12 14

Muon Source Error on Q,,~0.0015 Time ( us)

BPM Difference Signal, blue (V) BPM Difference Signal, blue (V)

& BPM Difference Signal, blue (V)



€ms = 10 TT mm mrad 50 T mm mrad

Head-Tall Instability: s oasp g B e T Q NG
Measurements Vs Beam Size S [M M i
- Control vertical beam size with painting : | g )\ )\ s
- Measure vertical profile with ionisation profile A

monitors ™ ime=2-2°18s
- Expected to probe the effect of space charge E o o ARG
« Assume Zis not a function of vertical beam *‘é”m ~¢ Nt o 2 E" L~

size => no effect on head-tall : omf Z

 Observations: e i -
« Mode largely consistent with 0.006 BEENET 0:006 Y+ 877E-05x + 7.11E-03

——10 +/- 1 pi mm mrad R?=9.11E-01

beam size {5* 0.005 Eo_oos
* Beam size threshold at Q,=3.89 g0 £ 0.004
« Growth rate dependent on g 0003 Eo.oos
beam size = 00 0002 e qass
0.001 0.001 ——Q=3.89
' y=-135B-04x +410B-03 | o Linear (Q=3.88)
Science and 0.000 R2=9.20E-01 L ~3 89
% Technology 65 I ! . oo 0:000 inear (Q )
Facilities Council 0,001 0 10 20 30 40 50 60
’ Frequency (kHz) Vertical RMS Emittance (x mm mrad)

ISIS Neutron and
Muon Source 17



— Profile_35A
1.0 .
i Profile_14A 10

Head-Tail Instability: Simulations

without Transverse Space Charge =

|
« PyHEADTAIL simulations |

« Beaml/lattice parameters to match BSRM |
* Convergence teStS performecl " ~100 —50 0 50 100 400  -300 -200  -100 0 100 200 300 400

« Transverse: smooth-focusing 10 TT mm mrad 50 TT mm mrad
« Longitudinal: non-linear RF

—— BPM Sum
—— Parabolic

08

ation

0.6

Normalised pi
Normalised Population

0.2

Time = 1.639 ms Time = 1.627 ms

* Results without transverse space charge: i 00 1x10° 1300 §
- Mode broadly matches theory (not - 0007 —o—50 ]
experiment) 3 0.006 ¢ 2
 Small change in mode with Q, extent § 0.005 S ’.4;5
(modes 2 & 3) - T e B i ) 2
« Oscillation along full bunch length 00 05 < :
« Growth rate largely consistent with Time g 0402
predictions

« Growth rate unaffected by beam size

ISIS Neutron and
Muon Source

Science and
Technology
Facilities Council
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Head-Tail Instability: Simulations
with Transverse Space Charge

« 2.5D GPU PIC space charge model
 Instability characteristics:

« Mode does not match expectations
 Mode depends on beam size and tune

« Oscillation along full bunch length

« Growth rate largely 0.007
consistent with predictions 0.006
0.005

« Growth rate strongly ~
E 0.004
influenced by beam size %0003
g 0.002

G
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Head-Tail Instability: Effect of Space Charge

e Growth rate linear with emittance 70503 ——PyHT w/ SC Q=3.88 ——Expt, Q=3.88
(for tunes with an instability) 6 00503 ~+~PyHT w/SC Q=3.87 —e—Expt, Q=3.89

] ——PyHT w/o SC Q=3.88 —+—PyHT w/o SC Q=3.87
« Broadly matches experiment '

—— —T— it —— ——

_ __ 5.00E-03
« Linear dependence E
) .. =2

« Gradients similar 5 HO0E-03
° . . 52

Beam size threshold replicated = 3.00E-03
2

© 2.00E-03

 Simulations appear to confirm
transverse space charge causes 1.00E-03

dependence on beam size
0.00E+00

0 10 20 30 40 50 60
Vertical RMS Emittance (1 mm mrad)
- Science and ° NeXt Steps:
o G « Intensity & beam distribution dependence

ISIS Neut d .. . .
Muon Source | « Predictions using modelled impedances



Summary

« Renewed push to benchmark models for high-intensity operation
« Transverse dynamics: magnet modelling, tune control, resonance investigations, ...
» Longitudinal dynamics: injection optimisation, bunch compression, tomography, ...
» Impedances & instabilities: impedance measurements and modelling, ...

« Extensive study of head-tail with space charge = S
* Measurements in RCS and BSRM . '
 PyHEADTAIL simulations with and without SC '
* Instability characteristics (mode and growth rate) vs vertical tune and emittance

Sum Signal (V, red - damp oft, purple - damp on)
& o o o o o

« Better understanding of losses and intensity limits
» Better predictions of ISIS beam dynamics => efficient operations,
 Increased confidence in ISIS-II design predictions
» Achieve, and reliably predict, losses of 0.01 — 0.1% with space charge

L RO TR P TRORPAE WP A

CM1.00ms A EXt £ 100mv

* Next steps:

« Benchmarks against other high-intensity hadron accelerators and other codes:
collaboration not duplication ACknOWIedgements

: N o ISIS Diagnostics Grp,
» Push the current state-of-the-art in terms of the high-intensity limit. J P

ration r
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Technology RF Grp, Controls Grp,
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Facilities Council . .
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