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The SPIRAL2 RFQ
EURISOL NET Meeting, 2013/05/28-29, Jyväskylä
Alain C. France, Vincent Hennion, Philippe Galdemard, Olivier Piquet, CEA/IRFU in Saclay
1. Introduction
The SPIRAL2 RFQ is designed to accelerate at 88 MHz two kinds of charge-over-mass (Q/A) particles, namely a 5 mA deuteron beam (Q/A = 1/2) at 3 MeV energy, or a 1 mA ion beam with Q/A = 1/3 up to 0.75 MeV/A energy. This CW machine has to show stable operation, provides high availability, and has minimum losses to minimize activation. We report here design studies (conducted by CEA/IRFU in Saclay) and construction status.

2. SPIRAL2 RFQ design

RFQ design generally follows a five-step process.     
Step1. Beam dynamics study yields main RFQ parameters, as frequency (88.0525 MHz), length (~5 meters) and geometry of the axial region of the RFQ: electrodes tip-to-tip distance, electrode tip radius and electrode modulation. Recall that electric component of RF field is used both for particle bunches focusing (in transverse and longitudinal directions) and acceleration. Geometrical parameters and inter-electrode voltage are continuously varied along the RFQ as the result of an optimization process. SPIRAL2 voltage function (Figure 1) reflects this optimization process, with essentially bunching in the first two meters, and increased acceleration in the next three meters. 
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	Figure 1. Inter-vane voltage (V) vs. abscissa (m).
	Figure 2. Magnetic field in RFQ cross-section.
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	Figure 3. 3D simulation of RFQ end-circuit.
	Figure 4. 4-wire transmission line model.
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	Figure 5. RF induced heating.
	Figure 6. Water cooling channels.
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	Figure 7. The SPIRAL2 RFQ (tube is opened along one quadrant).


Step 2. 2D and 3D RF calculations are then used to define detailed geometry of the cavity, cross-section (Figure 2), end-circuits (Figure 3), tuning slugs, RF power couplers and power dissipation. Electrical parameters of RFQ 4-wire transmission line model (TLM - model of an infinitesimal length of RFQ is shown in Figure 4) are also derived from 2D and 3D simulations, in such a way the model perfectly mimics the physical RFQ. TLM may be then safely used in error analysis and slug tuner dimensioning. TLM is also the theoretical background of RFQ tuning algorithm, as it establishes a bridge between 3D field maps of desired cavity and measurable quantities which are field profiles along bead-pull lines and frequency spectra.
Step 3. The so-called "RF stability", i.e. the sensitivity of RFQ to construction imperfections and to thermal deformations induced by power operation, is then evaluated. This allows assigning construction tolerances to the design, including machining errors of individual RFQ components and assembly errors. Most stringent tolerances apply to axial region, where typically some given relative error on electrode position may yield a ten times larger relative error on inter-electrode voltage. Effects of construction imperfections are compensated by a careful adjustment of 40 tuning slugs; tuning range extends up to 140 mm inside cavity with the specified machining/assembly tolerance envelope.     
Step 4. 3D thermo-mechanical simulations are used to estimate deformations induced by RF heating (Figure 5), and the cooling system is designed to maintain geometry within bounds compatible with the RFQ specifications, mainly ±1% voltage error and a few tens of kHz detuning. Two independent cooling systems (Figure 6), respectively for the tube and the vanes, are temperature-controlled with 0.1°C accuracy to this purpose. Note that water circulation is alternated from one-meter long module to the next, in such a way deformation amplitude exhibits a sawtooth profile hence minimizes voltage error. 
Step 5. The machining and assembly processes satisfying tolerance requirements are defined, and detailed drawings are edited. A 3D view of the RFQ is displayed in Figure 7.
3. RFQ construction and integration in GANIL
RFQ machining and assembly is realized in Research Instruments GmbH. Each 1-meter long RFQ module is made of one 800 mm diameter copper tube and four copper electrodes. After CMM control of individual parts, electrodes are successively fitted with vacuum and RF seals, inserted inside the tube using dedicated apparatus, and bolted into position (Figure 8). Final acceptance is subjected to successful CMM control and vacuum test. 
	[image: image8.jpg]



	[image: image9.jpg]l
il
wllll{
L

I

%

g




	[image: image10.jpg]i
A g

]
fﬁ“m






	Figure 8. From left to right: a copper tube, inserting an electrode in a tube, a completed module.


Integration in GANIL requires study, specification and realization of numerous ancillaries, including

– handling tools useful for assembly, tests and transport of RFQ modules,

– RF tuning bench using bead-pull perturbation method for field probing, 

– cooling and temperature control systems,

– low-level RF (LLRF) systems, designed to regulate RFQ voltage via control of RF amplifiers output power and temperatures of the two cooling circuits (tubes and vanes),
– four 60 kW RF power amplifiers (under GANIL procurement),

– vacuum systems (under GANIL procurement).
Integration starts with assembly of the five modules on their support and mechanical alignment (using standard optical methods). Installation of cooling systems is started; a minimum functionality is required at this step, since RFQ just needs to be temperature-stabilized for RF tuning.  RF tuning is performed next: specified voltage profile and cavity resonance frequency are obtained via position adjustment of the 40 tuning slugs. RF and vacuum systems are then installed, and RFQ conditioning may start. RFQ voltage is progressively ramped up to nominal value; parameters of the two temperature control loops and LLRF systems are adjusted. RFQ is commissioned after output beam measurements.     

4. Status as of May 2013
Expected timeline for RFQ modules delivery is given in Table 1. T5, T4 and T3 modules are following the acceptance process. T2 and T1 modules are in final machining state. All five modules are expected to be ready for assembly in GANIL at end of Sept. 2013. Note that T4 and T3 will be first shipped to Saclay for preliminary tests:
– the assembly procedure will be tested with T4 and T3;

– the RF tuning bench will be tested with T4, and eventually with T4-T3 assembly in case enough time is left; RF parameters of these two modules will be estimated by the way;
– the low-level RF system will be tested with T4. 

Assuming all modules to be available at GANIL at end of Sept. 2013, RFQ commissioning should start at beginning of July 2014, after 2-month assembly, 4-month tuning, and 2-month conditioning (Table 2). 

Table 1. Expected timeline of RFQ modules delivery.
	Module 
	Operations
	Expected timeline

	T5
	Leak test with new vacuum seals
	May 27~31, 2013

	
	CMM
	

	
	Delivery in GANIL
	July 31, 2013

	T4
	CMM in progress, expected to  be within tolerances
	

	
	Delivery in Saclay
	June 15, 2013

	T3
	Assembly and leak test
	May 27 ~ 31, 2013

	
	CMM
	

	
	Delivery in Saclay
	July 31, 2013

	T2 & T1
	Vane final machining
	July 15, 2013

	
	Assembly/vacuum test/CMM
	

	
	Delivery in GANIL
	September 30, 2013


Table 2. Expected timeline of operations in GANIL.
	Operations
	Expected timeline

	arrival in tunnel
	October 01, 2013

	modules assembly and alignment
	October 01 to November 30, 2013

	RF tuning
	December 01, 2013 to March 31, 2014

	RF conditioning 
	June, 2014

	beam tests
	starting on July 01, 2014
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