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  -4 to 0.125 (on PTF) 2.10 -4 to 0.875 (on FPBD) Beam power stability < ± 2% on a time scale of 100 proton beam (up to 2.4 MW) MYRRHA and MINERVA main proton beam specifications Panorama of high power proton/deuteron beams worldwide (non exhaustive plot). J-L. Biarrotte, Comparison of SRF projects, SLHiPP-4, CERN, 2014 With Some updates, 2020 (F. Bouly) et al., "Accelerator Driven Systems", Proc. IPAC 2012, New Orleans Louisiana, USA, 2012 & E. Bargallo, "ESS reliability and availability approach", IPAC2015, Richmond, VA, USA Fault tolerance & MYRRHA Linac -F. Bouly -LINAC2020 virtual conference  Reliability guidelines for the ADS accelerator design:  Robust design i.e. robust optics, simplicity, low thermal stress, operation margins…  Reparability (on-line where possible) and efficient maintenance schemes  Redundancy (serial where possible, or parallel) to be able to tolerate/mitigate failures Serial redundancy Parallel redundancy Local fault-compensation scheme in SC Linac 1 Sept. 2020 Fault tolerance & MYRRHA Linac -F. Bouly -LINAC2020 virtual conference  A failure is detected anywhere → Beam is stopped by the MPS in injector at t 0 The fault is localised in a SC cavity RF loop → Need for an efficient fault diagnostic system  New V/φ set-points are updated in cavities (cryomodule) adjacent to the failed one → Set-points determined in advance: via 'virtual accelerator application' during the commissioning/tuning phase  The failed cavity is quickly detuned (to avoid the beam loading effect) → Using the Cold Tuning System  Once steady state is reached, beam is resumed at t 1 < t 0 + 3sec → Failed RF cavity system to be repaired on-line if possible Linac design & accelerating gradients 6 Sept. 2020 Fault tolerance & MYRRHA Linac -F. Bouly -LINAC2020 virtual conference

PHASE

  of D. Longuevergne (IJCLab/CNRS) "MYRTE Deliverable : MYRRHA SRF spoke R&D", 2018 F. Bouly, et al. , "Superconducting LINAC Design Upgrade in View of the 100 MeV MYRRHA Phase I", IPAC'19, Melbourne, Australia, MOPTS003  The retuning feasibility have been assessed  Different scenarios (with multiple failures)  Use of TraceWin code optimisation algorithms Fault recovery beam dynamics feasibility  Still losses (> 1W/m) can occur when tested on a non perfect machine (statistic errors analysis)  Fault compensation may induce emittance growth and longitudinal acceptance decrease 1 Sept. 2020 Fault tolerance & MYRRHA Linac -F. Bouly -LINAC2020 virtual conference 7 Nominal Multi. Fault-Recovery  Example with multiple failures :  Section #1: 1 cavity  Section #2: 1 Cryomodule (i.e. 2 cavities)  Section #3: 1 cavity Goal : develop an algorithm to quickly pre-calculate any cavity failure compensation by being less aggressive on the beam. Example with the compensation of one failed cavity Based on several criteria  1 st criterion: recover the same transfer matrix (longitudinal plane) of the retuned area than in nominal condition  keep smooth variation of phase advance from on period to another.  Simplified model (transfer function) of cavity (assuming ΔW i << W i ) criterion: the total Energy gain should remain the same than in the nominal case Δ𝑊 1 + Δ𝑊 2 + Δ𝑊 3 + Δ𝑊 4 + Δ𝑊 5 = Δ𝑊 𝑇𝑜𝑡 = Δ𝑊 1 𝑅 + Δ𝑊 2 𝑅 + Δ𝑊 3 𝑅 + Δ𝑊 4 𝑅  3 rd criterion: the time of flight should remain the same than in the nominal case 𝑇 𝑖 = 𝐿 𝑐 𝛽 𝑖-1 + 𝛽 𝑖 . 𝑐 2 Assumption on the cavity time of flight:  Problem can be solved by optimization of β i and k i  (ΔW i ,k i )  (E acc , ф s )  (Amplitude increase, Δϕ RF )  The solution with the simplified model is injected into the TraceWin model for fine (adjustments) tuning of the solutions Failed cavity -Fast detuning  Failed cavity has to be detuned to avoid beam loading Example : The slow tuner must be able to detune the cavity by 14 kHz in 1 seconde Total detuning capacity has to be : > 100 kHz 1 Sept. 2020 Fault tolerance & MYRRHA Linac -F. Bouly -LINAC2020 virtual conference THANK YOU * Part of this Work was supported by the European Atomic Energy Community's (EURATOM) H2020 Programme under grant agreement n°662186: MYRTE project. ** Part of this work was supported by a Cooperation Agreement on ADS between SCK•CEN and CNRS/IN2P35 Injector construction & commissioning  Beam Characterisation & Control  SRF cavities (spoke Cryomodule -CH )  Reliability & specific R&D End 90's : 1 st accelerator projects for ADS (APT/AAA, TRASCO, …) 2002-2005 : MYRRHA as one of the 3 reactor designs within the PDS-XADS FP5 project gradient (T/m) 7

  

  

  

  

  

  

  

  

  

  

  

Max. E acc (MV/m) *

  

	Section #	#1	#2	#3
	E input (MeV)	16.6	101.4	172.3
	E output (MeV)	101.4	172.3	601.6
	Focusing type	Normal conducting quadrupole doublets
	Cavity technology	Single Spoke	Double Spoke	Elliptical
	Cavity frequency (MHz)		352.2	704.4
	Cavity optimal β	0.375	0.495	0.705
	Nb. of cav. / cryomodule	2	2	4
	Total nb of cavity	60	18	72
	Nb. of cells / cavity	2	3	5
	B pk /E acc * (mT/MV/m)	7.3	8.75	4.6
	E pk /E acc *	4.3	4.4	2.5
	r/Q** (ohms)	217	427	315
	Nominal E acc (MV/m) *	7.0	6.8	11.0
		9.1	9.0	14.3
	Synchronous phase (deg)	-45 to -15	-35 to -15
	4 mA beam load / cav (kW)	1.1 to 8.4	8.2 to 16.	

 Enable Fault Compensation

 Independently-powered cavities with moderate E acc (30% margins) to ensure a fault-tolerant capability  Ensure a longitudinal acceptance as high as possible (low synchronous phases) *E acc is given at β opt normalised to L acc = Ngap.β.λ/2 **r/Q is given at β opt with the "linac" definition

4 MeV 144.7MeV 101 MeV @ Cavity #44 31

  

				.9		7.6
			Emittance growth (%)	ε Longi -1.2 %	ε Trans +2.9 %	ε Longi +0.4 %	ε Trans +1.8 %
			Longitudinal Acceptance	~73 × ε RMS		~78 × ε RMS
			Mismatch 30 % +++	ε Longi +33 %	ε Trans +10 %	ε Longi +26 %	ε Trans +13 %
			Mismatch 30 % +-+	ε Longi	ε Trans	ε Longi	ε Trans
				+15.5 %	+24.5 %	+14 %	+26 %
			Beam current sensitivity	ε Longi	ε Trans	ε Longi	ε Trans
			Emit. Growth @ 6 mA	+1.7 %	+4.6 %	+ 3.3 %	+ 2.9 %
			Total nb. of cavities	60 ( = single spokes)	54 ( = 46 single + 8 double spokes)
	MeV Config. 100	MINERVA	Total nb. of Cryomodules Total Length (m) Energy Capabilities -35°< φ	30 91.2 m		27 86.0 m

s < -10°E acc (@ βopt) = 9 MV/m 141.Aug. -4 Sept. 2020 Fault tolerance & MYRRHA Linac -F. Bouly -LINAC2020 virtual conference
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