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Abstract.
As part of the full sLHC upgrade, the Superconducting Proton Linac (SPL) will be delivering H- ions to a new proton synchrotron (PS2) at an energy of several GeV. Although PS2 operation will be restricted to 2Hz repetition frequency and 0.9ms pulse duration, an upgrade of the SPL to a high power (HP) mode with duty factors of the order of a few percent has been proposed for possible new physics studies (neutrino factory, radioactive ion beams). This major increase in duty factor, as compared to Linac4 (0.08%), requires the upgrade of the presently used H- source. In this deliverable report, the design of an RF powered, non-cesiated plasma generator for H- production is presented that is capable of operating at a maximum RF power of 100kW and at duty factors of up to 6 percent. 

1. Introduction
The RF powered, non-cesiated Desy-Linac4 H- source [1] has been installed recently at the Linac4 test stand and is currently being commissioned [2]. During Linac4 operation, a maximum 100kW RF power will be delivered to the plasma at 2Hz frequency and a pulse length of 0.4ms, giving a maximum duty factor of 0.08% and a maximum average heat load of 80W. Although this number surpasses the maximum average heat load at DESY by a factor of up to six (Table 1), it has been shown in an earlier report [3] that the Linac4 source is capable of operating under these conditions. However, major design changes will be necessary in order to operate the source in the high power (HP) mode of SPL, where duty factors of up to 6% will be reached.

Table 1: Projected H- source nominal operation modes at Linac4 and SPL. The operation mode of the original DESY-HERA RF source is shown for comparison.

	 
	Linac4
	LP-SPL
	HP-SPL
	DESY

	H- current [mA]
	80
	80
	80
	40

	RF peak power [kW]
	100
	100
	100
	30

	RF frequency [MHz]
	2
	2
	2
	2

	repetition rate [Hz]
	2
	2
	50
	3

	pulse length [ms]
	0.4
	1.2
	0.4 - 1.2
	0.15

	duty factor [%]
	0.08
	0.24
	2 – 6
	0.045

	Average RF power [W]
	80
	240
	2000 - 6000
	13.5

	
	
	
	
	


The improvements required to upgrade the plasma generator (PG) of the Linac4 H- source have been identified and summarized in [4]. Starting from this, a design strategy was developed for the implementation of these upgrades into the source. The main items of this design strategy are summarized below:

· Splitting the PG into four independent sub-assemblies with different functionality to facilitate the development process.

· A parameterized CAD model allowing fast production of PG models for input in various simulation tools, such as ANSYS and Opera.

· Replacement of materials used in the Linac4 source by materials with better heat conductivity, in particular where a good thermal flow is required.

· Optimization of the heat flow by:

a) increasing the thermal conduction of critical components, and

b) improving thermal contact conductances by increasing contact surface areas, and by the brazing of conductors on insulators. 

· Implementation of dedicated cooling circuits for the H2 gas injection and plasma igntion region, the ceramic plasma chamber, the extraction region, and the antenna.

· Validation of the changes by CFD and thermal-structural simulations.

· Electromagnetic study of the cusp field of the plasma generator.

The present report summarizes our design efforts and provides a description of a PG capable of HP-SPL operation. 

2. General design

The design of the SPL PG prototype is presented in Figs. 1 to 3. A 3D view of the SPL PG prototype with its main components identified is shown in Fig. 1. Fig. 2 provides an overview of the four sub-assemblies of the PG: (A) H2 gas injection/ignition region; (B) plasma chamber; (C) extraction region; (D) mechanical support. The scaling parameters implemented in the CAD model of the PG are shown in Fig. 3. Each of the following sections is dedicated to one of these sub-assemblies and describes the implications of the changes.
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Figure 2: Sub-assemblies of the HP-SPL PG: (A) H2 gas injection/ignition region; (B) plasma chamber and RF antenna; (C) extraction region; (D) mechanical support.
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Figure 3: Scaling parameters implemented in the CAD model of the HP-SPL PG. The individual parameters are: plasma chamber inner diameter d, and plasma chamber length l, and the length of the antenna coil a.
3. Sub-assembly A: H2 gas injection and ignition

The design of the H2 gas injection/ignition region in the Linac4 source (Fig. 4a) can be further optimized. Several shortcomings of the design have been reported at DESY. In particular, traces on the insulating disk between anode and cathode indicated frequent sparking between the anode wire and the ignition element body, leading to enhanced material wear and power consumption. Several design changes were implemented in the original DESY version, and a considerable decrease in power consumption of the ignition element of up to a factor of 30 has been reported [5].
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Figure 4: Comparison of (a) Linac4 and (b) SPL ignition element design. (1) H2 gas injection line; (2) element body; (3) ignition spark gap; (4) ignition element housing.

In view of these results, the H2 gas injection/ignition region of the SPL PG has been considerably changed to a design similar to the new DESY design (Fig. 4b). A 3D view of the new ignition element is shown in Fig. 5. In the following, the changes in the main entities of the ignition element (body, ignition spark gap and housing; see Fig. 4) are discussed.

[image: image6.emf]
Figure 5: 3D view of the H2 gas injection/ignition region of the SPL PG prototype.

3.1. Ignition element body

Fig. 6 shows a cut through the stainless steel body of the SPL PG ignition element. The optical port that is used in the Linac4 PG for monitoring the light pulse generated during gas ignition was considered not to be essential and was therefore removed in the new design inorder to gain space which was utilized to move the gas injection line and the HV Lemo connector for the anode power supply closer towards the center. The gas injection line now opens towards the center of the ignition element to allow for a homogeneous injection of H2 into the spark gap (Section. 3.3). An additional hole in the element body allows for measurement of the temperature close to the cathode with a thermocouple. 
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3.2. Ignition spark gap 

In the new design of the ignition volume (Fig. 7), it was aimed to improve the handling and mechanical stability of the components, the process of gas ignition, and the thermal flow from the ignition region.

[image: image8.png]



3.2.1. Handling and mechanical stability

The mechanical stability has been improved by a metallic clip that holds the cathode in place. This clip also ensures good electrical and thermal contact between the cathode and the ignition element body. To further reduce the risk of material failure, the shape of the clamp collar has been changed to a design with better mechanical stability. 

3.2.2. Thermal flow

The Macor ceramic used for the insulators in the original Linac4 design has a low thermal conductivity (k = 1.5W/mK), and an efficient transportation of heat away from the cathode and anode is not possible. To improve the thermal flow in the new design, all insulators are made of AlN or Al2O3 ceramic which exhibit a much better thermal conductivity than Macor. 

3.2.3. Gas injection and ignition

The cross-section of the inner surface of the cathode has been changed from rectangular to spherical. Due to this, the average distance between anode and cathode surface is significantly smaller, which should lead to a more uniform field emission. The gas line opens at the center of the cathode to uniformize gas injection. In addition, the thickness of the insulating disk between cathode and anode was increased. Alternative designs of the cathode, where the gas is delivered through openings at the side towards the ignition volume, have been discussed. A further possibility to be explored in future work is the use of an electrically insulated cathode; if this cathode is biased by a negative potential, the ignition element will effectively act as an electron gun and not as a spark gap, as is presently the case.

Several changes were applied to minimize the probability of sparking outside the ignition volume. The anode wire is now fully coated with Kapton to inhibit sparking between the wire and any metallic parts on ground potential. To shield the crimp connecting the wire with the Lemo connector, the insulating tube placed around wire and crimp has been extended to close the ~1mm gap that was present in the old design between the tube and the insulation disk between cathode and anode.

3.3. Ignition element housing

The necessity of active water cooling of the H2 injection and ignition region required major design changes to the ignition element housing. The new design is shown in Fig. 8. The back plate and ignition element socket has been merged into a single unit to improve the feasibility of the design. A cooling channel with a rectangular cross-section of 6x7.5mm2 has been engraved into the outside of this unit. A stainless steel sleeve containing connections for the in- and outlet tubes is welded onto the outside to close the circuit. The material of the entry disk has been changed from Macor to AlN to improve the heat transportation from plasma volume towards the coolant circuit. 
[image: image9.png]



Figure 8: 3D view of the SPL-PG ignition element housing. (1) O-ring. (2) Cooling channel. (3) Entry disk.

3.4. Thermal flow in the H2 injection/ignition region

The new design was tested by a combination of CFD and thermal modeling. Relevant heat flows were assumed to come from plasma ignition (9W) and from the nozzle disk (55.5W) and clamp collar (1.95W). Heat flow from plasma ignition was assumed to be distributed 60:40 between cathode and anode. 

Figs. 9 and 10 show the results of these studies for a cooling water flow rate of 0.36l/min. Under these conditions and the aforementioned assumptions, non-critical maximum temperatures of 420 to 430K are found in the cathode and anode. The temperature of the Viton o-rings is below 350K and therefore non-critical. The temperatures of all other metallic and non-metallic parts do not exceed 370K. For the coolant, a ΔT of 3K and a neglible pressure drop have been calculated. The dead end seen in Fig. 9 left of the cooling channel inlet has been removed in the final design.

[image: image10.emf]
Figure 9: Coolant flow in the ignition element for a flow rate of 0.36l/min.
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Figure 10: Temperature distribution in the H2 gas injection and ignition region for a coolant flow rate of 0.36l/min.
4. Sub-assembly B: Plasma chamber

The plasma chamber receives more than 90 percent of the thermal load from the plasma, and efficient removal of the heat from the plasma is vital for HP-SPL operation. Due to this, the plasma chamber sub-assembly has experienced several significant changes, as compared to the Linac4 design. 

The plasma chamber sub-assembly of the SPL PG prototype consists of the following main entities:

· the ceramic plasma chamber together with the associated cooling system,

· the RF antenna, and

· the magnet cage, incuding the cusp magnets, the ferrites and their supporting structures.

In the following section, the most important changes in these components are briefly discussed.

4.1. Ceramic plasma chamber and cooling circuit

Fig. 11 provides a comparison of the Linac4 (bottom) and SPL (top) PG designs. Clearly, the shape of the SPL plasma chamber differs considerably from that of its Linac4 counterpart. This difference is mostly due to the need for an efficient cooling system, in particular for the front end section which receives the largest fraction of the plasma heat flow. The plasma chamber is now split into two components: A cylindrical chamber that encloses the vacuum and the main plasma volume, and a support for the filter magnets that will be discussed with the extraction collar in Section 5. In the following, the term plasma chamber is only used for the larger cylindrical component.
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Figure 11: Comparison of the Linac4 and SPL plasma chamber designs. All dimensions are given in mm.

4.1.1. Choice of material

As for the insulators in the H2 injection region (Section 3), the material of the ceramic plasma chamber has been changed from Al2O3 to the high thermal conductivity ceramic AlN to improve the efficiency of thermal transport.

4.1.2. General outline
The SPL plasma chamber ends in a flange that simplifies the assembly of the plasma chamber sub-assembly with the extraction collar. In addition, the flange allows for positioning of the magnet cage and the cooling sleeve. Vacuum tightness of the plasma volume is ensured by two o-rings at the back and the front end. All plasma chamber surfaces in contact with these o-rings must have sufficient surface quality to avoid leaks. An additional inner flange near the front end partly shields the filter magnet support from the plasma which limits the temperature increase of the fliter magnets to reasonable values (Section 5). The overall dimensions of the plasma volume of the SPL plasma chamber are almost identical to that of its Linac4 counterpart: The inner diameter of the SPL plasma chamber is identical to Linac4 (48mm). The length of the plasma volume (108mm) has only been slightly reduced compared in Linac4 (112mm).

4.1.3. Outer plasma chamber surface and cooling sleeve
A large temperature increase of the plasma chamber during HP-SPL operation would induce massive thermal stresses in the chamber and material failure is likely. For this reason, the plasma chamber will be actively water-cooled on its outside. To maximize the cooling efficiency, the water will be directly in contact with the surface of the plasma chamber. A plastic sleeve put over the plasma chamber equipped with o-ring seals will ensure water tightness of the system.

4.1.3.1. Cooling circuit outline
The efficiency of heat removal by the cooling circuit depends on its outline. For this reason, considerable effort has been taken to design a dedicated cooling circuit for the SPL-PG plasma chamber. In a prior report [4], three promising cooling circuit layouts were identified:

· race track layout (Fig. 12, left side)

· parallel cooling channels (Fig. 12, center)

· helicoidal layout (Fig. 12, right side)

Preliminary CFD simulations showed that the cooling option with parallel cooling channels was found to be the least promising and therefore, was not pursued any further. The two remaining options (race track / helicoidal layout) were probed with coupled CFD-thermal and thermal-structural simulations. 
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Figure 12: Schematic view of possible cooling circuit layouts of the AlN-plasma chamber. The flow directions are indicated.

4.1.3.2. CFD-thermal simulations of race track and coil-like options

The efficiency of the race track and coil-equivalent geometries was assessed with a simplified version of the plasma chamber. The plasma chamber was approximated by a simple cylinder with 48mm inner radius and a uniform wall thickness of 5mm. The heat load originating from the plasma was distributed over the inner surface of the cylinder according to the model presented in [3], which gives a total of about 5.4kW incident power. Fig. 13 shows the tested cooling channel layouts. To allow for an objective comparison of the cooling options, the axial position and dimension of the cooling circuit were kept identical as well as the plasma chamber surface area covered by the coolant. Due to the different geometries, these constraints resulted in slightly different cooling channel cross-sections (10x3mm2 for the helicoidal layout, 11x2.7mm2 for the race track). A flow rate of 3.6l/min was used in the first estimates.

[image: image14.png]3500 70,00 (i)

000

5250

17.50



 [image: image15.png]70,00 (mm)

3600

5250

17.50



 [image: image16.png]



Figure 13: Cooling channel layouts tested for SPL. Left side: helicoidal layout. Center: race track layout. Right side: race track layout, two decoupled half-circuits.
The results of the CFD simulations are summarized in Table 2. Figs. 14 and 15 show the coolant flow and temperature distributions calculated for the helicoidal option and the race track layout with decoupled half-circuits. In the race track option, the water flows from right to left while in the coil-like option, the water flows in downward direction. 

Clearly, turbulences are much more pronounced in the race track option. Due to the characteristics of the circuit, a larger pressure drop is observed in this cooling option. The overall maximum temperatures and the maximum temperature observed at the outer plasma chamber surface are comparable for all three options, with the helicoidal option again performing slightly better. This option shows also the largest ΔTcoolant, indicating an optimum heat transfer coefficient.

Table 2: Results of the CFD simulations of different SPL plasma chamber cooling circuit layouts. 

	Layout
	Flow rate [l/min]
	Δp       [bar]
	Tmax           [K]
	Tmax, surf [K]
	ΔTcoolant [K]

	helicoidal
	3.6
	0.22
	396
	389
	18

	race track
	3.6
	0.51
	396
	392
	16

	race track, decoupled circuits
	2 x 3.6 = 7.2
	0.28
	400
	394
	8
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Figure 14: Coolant flow for different cooling circuit layouts. Left side: helicoidal layout. Right side: race track layout with decoupled half-circuits.
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Figure 15: Simulated temperature distribution for different cooling circuit layouts. Left side: helicoidal layout. Right side: race track layout with decoupled half-circuits.

4.1.3.3. CFD-thermal-structural simulations of different helicoidal cooling channel options

In view of the results presented above, it was decided to use a helicoidal cooling channel layout for the SPL cooling. In order to optimize the shape of the cooling circuit, CFD-thermal-structural simulations were performed for three slightly different layouts (Fig. 16) using the final plasma chamber outline. Two situations were considered for each layout: 

a) cooling channels directly engraved into the plasma chamber;

b) cooling channels engraved into the surrounding cooling sleeve.

In all three layouts, the inlet of the cooling channel was moved as far as possible in the forward direction to optimize cooling at the plasma chamber front end. This also had the positive side effect that the antenna could be moved as close as possible towards the filter field region. As before, a total heat load of 5.4 kW was distributed over the inner plasma chamber surface according to the model presented in [3].
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The results of the simulations are summarized in Table 3. Figs. 17 and 18 present the calculated temperature distributions and thermo-mechanical stresses for the different cooling channel layouts respectively.

Table 3: Temperatures and thermo-mechanical stresses calculated for the three considered helicoidal cooling circuit layouts. The layout numbering scheme has been taken from Fig. 16. Option a corresponds to a cooling channel engraved into the plasma chamber, in option b the cooling channel is engraved into the cooling sleeve.

	layout
	option
	Tmax [K]
	Tmax,surf [K]
	σeq,max [MPa]
	Δl [μm]

	1
	a
	385
	344
	86
	29

	
	b
	404
	369
	85
	39

	2
	a
	392
	344
	93
	29

	
	b
	411
	369
	89
	40

	3
	a
	407
	361
	101
	33

	
	b
	431
	388
	101
	47


In all cases, the maximum temperatures are reached on the inside of the inner flange of the plasma chamber. This is due to the large heat fluxes and the comparably large distance to the coolant. Temperatures are, in general, lower for the case of an engraved plasma chamber due to the larger plasma chamber surface that is in direct contact with the coolant. The first two geometries show a very symmetric temperature distribution and exhibit only small differences in temperatures, in particular for the maximum observed surface temperatures. The third layout, which is closest to a regular coil, shows an asymmetry of the temperature distribution at the front end which is due to the non-uniform cooling coverage in that region. Due to this, the maximum observed surface temperatures are higher and reach values above the boiling temperature of water at the front end. Clearly, this option is not suited for the cooling of the plasma chamber.
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Figure 17: Simulated temperature distributions of the three considered helicoidal cooling circuit layouts and for engraved plasma chambers.

The material stresses induced by the thermal gradients and by the coolant and vacuum pressure are all within material specifications with a safety factor of a least 2 for all three layouts, although also here layouts 1 and 2 perform considerably better than layout 3. The thermal expansion in length is less than 0.1mm in all three cases and should not be a problem due to the safety margins considered in the PG design.
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Figure 18: Simulated thermo-mechanical stress distributions of the three considered helicoidal cooling circuit layouts and for engraved plasma chambers.
4.1.3.4. Plasma chamber with 20% increased diameter

One possibility to lower the heat flux incident on the inner plasma chamber surface (and therefore, the overall temperatures) is to increase the surface area in contact with the plasma. To test this approach, coupled CFD-thermal simulations were performed for a plasma chamber corresponding to layout 1a in Fig. 16 but with the inner diameter increased from 48mm to 57.6mm. All other parameters (wall thickness, total length) were kept identical to the standard plasma chamber layout.

Table 4 compares the results for the plasma chamber with increased inner diameter with the results obtained for the plasma chamber in standard configuration. It shows that the increased diameter has little effect on the observed temperatures and leads to a reduction of the maximum temperatures of 5K. Since an increase of the diameter requires the redesign of the mechanical support, it was decided to keep the standard value of the plasma chamber diameter.

Table 4: Comparison of temperatures and pressure drop between a plasma chamber with 57.6mm inner diameter with a plasma chamber with 48mm inner diameter. In both options, the cooling channel was assumed to be engraved into the plasma chamber.
	inner diameter [mm]
	Tmax [K]
	Tmax,surf [K]
	Δpcoolant [bar]
	ΔTcoolant [K]

	57.6 
	381
	339
	0.29
	19

	48 
	385
	344
	0.24
	19


4.1.3.5. Cooling sleeve

To close the cooling circuit on the outside, a cylindrical polycarbonate sleeve will be put over the ceramic plasma chamber. To allow for an exchange of the antenna and, at the same time, bring the antenna as close as possible to the plasma volume, the sleeve will be split into a front and back part. The front part is 3mm thick except for the front end, where a larger thickness is required for the inlet tube, and is glued onto the plasma chamber to prevent the water flowing between the cooling channels. The back part is thicker (5mm) and movable so that an exchange of the antenna is possible. The in- and outlet openings of the cooling sleeve each contain a glued threaded metallic cylinder onto which the in- and outlet pipes can be connected. O-ring seals are used at the front and back end and at the connection between the cooling sleeve front and back part to ensure water tightness of the system.

4.2. Magnet cage and antenna

4.2.1. Magnet cage material

The design of the magnet cage is almost identical to its Linac4 counterpart except for a slightly enlarged diameter. PMMA or PEEK [6] will be used instead of Delrin that was used in Linac4. The front end ring used in Linac4 to position the magnet cage has been removed as the correct positioning is ensured by the front flange of the plasma chamber and by the cooling sleeve. As in Linac4, a thin copper foil will be inserted below the magnet cage to improve the coupling of RF power into the plasma.

4.2.2. Magnets

The presence of the cooling sleeve and the cooling channel lead to an increase of the distance of the magnets and ferrites from the plasma volume of 8 mm, as compared to Linac4. Due to the Dodecapole arrangement of the magnets, this means that the magnetic field strength is reduced if identical magnets as in Linac4 are used. As a consequence, the number of charged particles hitting the wall and their impact energy may increase, leading to enhanced sputtering of chamber material. For this reason, a study of possible alternative configurations has been performed using the TOSCA module of the OPERA© Vector Fields simulation kit.

Fig. 19 shows the magnetic field line distribution in the Linac4 plasma chamber. To visualize the effects of the cusp field, a 5 eV electron beam originating from the center of the plasma chamber was simulated to radiate towards the plasma chamber wall. The simulations show that the electron is reflected by the magnetic field when it travels towards a maximum of the tangential magnetic field component (Bt) (Fig. 19, left) while electrons travelling towards a maximum of the radial magnetic field component (Br) (Fig. 19, right) hit the plasma chamber wall. 
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Figure 19: Trajectories of 5eV electrons originating from the center of the plasma chamber towards a maximum of Bt (left) and Br (right). The magnet coloring symbolizes the orientation of magnets. The disc size is matched to the plasma chamber inner radius (24 mm) and plots the strength of the tangential component Bt.

Three possibiities exist for increasing Bt in the chamber wall area for the SPL plasma generator:

· increasing the magnet size;

· decrease number of magnets to reduce field gradient of cusp field; and,

· use alternative magnetizaion schemes for the magnets.

Starting with these assumptions, several possible configurations were tested.
The influence of an increasing magnet size on the field inside the plasma chamber is shown in Fig. 20. While the maximum of Bt, Bt,max, is 15mT for the cusp configuration with smaller magnets, it reaches a value of 27mT for the configuration with larger magnets. A further increase of the magnet size is limited by the need for a 10mm gap between the magnets for the cooling circuit outlet.

The dependence of the cusp field strength on the number of magnets is illustrated in Fig. 21. Clearly, Bt,max is larger for the system with fewer magnets. However, the field gradient is weaker and the field lines penetrate deeper into the plasma chamber volume what may disturb the plasma.
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Figure 20: Comparison of the cusp field strength Bt for 10x10x106mm cusp magnets (left) and wedged-shaped cusp magnets with 23 degrees opening angle, 10mm height and 106mm length (right). Bt,max is 15mT in the left case and 27mT in the right case.
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Figure 21: Comparison of the cusp field strength Bt for and octopole (left) and dodecapole (right) cusp magnet configurations. Bt,max is 48mT in the left case and 15mT in the right case.
A possible alternative to keep the magnetic field strength as high as possible without degrading the field gradient inside the plasma chamber is the use of a Halbach-like magnetic configuration. Such a configuration bundles the field towards the inner area of the chamber and let a 12 pole configuration be sufficient. Two types of Halbach configurations have so far been studied: A configuration with 3 magnetic elements (Fig. 22, left) an a configuration with 5 magnetic elements (Fig. 22, right). In both cases, the elements are iteratively clockwise and counter clockwise like orientated.
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Figure 23: Comparison of Halbach-3 (left,  single magnetsize: 5x10x106 mm) and Halbach-5 (right, single magnetsize: 3x10x106 mm) configurations. Halbach-3 proposes a slightly higher Bt,max of 25mT in the chamber wall region.

Fig. 23 shows the results for two possible configurations Bt,max reaches 25mT for the 3-Halbach configuration and 22mT for the 5-Halbach configuration. The field gradient is sufficient for both options yet stronger for the 5-Halbach configuration. Clearly, both configrations are better suited for the cusp field than normal magnets yet more difficult to produce and likely, more cost-intensive.

Fig.24 illustrates the confinement of 5eV electrons within the plasma chamber for Linac4 (left) and for the SPL plasma chamber with Halbach-3 magnetic cusp field configuration. 
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Figure 24: 5eV electron beam confinement for the Linac4 (left) and Halbach-3 (right) magnetic configurations. Only the "spikes" towards ferrites (Halbach-3) and magnets (Linac4) correspond to real particle loss on chamber walls.
The 2 MHz resonance surface of the Halbach-3 configuration shown in Fig. 24 is illustrated in Fig. 25 and resembles very closely that of the Linac4 plasma chamber. This indicates that despite the larger distance of the magnets from the plasma chamber, very similar magnetic conditions can be created inside the plasma volume. 

4.2.3. Ferrites

Material and overall dimensions will be the same as in Linac4. The edges are slightly more rounded than in Linac4 to improve the mechanical stability.
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Figure 25: Larmor frequency depending on total magnetic field for a Halbach-3 configuration. The edge of the colored surface marks the 2 MHz resonance area.
4.2.4. Antenna

Due to the increased duty cycle, a water-cooled hollow-tube antenna with inner diameter of 3mm and outer diameter of 4mm will be used in the SPL source. Based on the assumption that 10% of the total RF power of 6kW is lost in the antenna and a maximum coolant temperature increase ΔTcoolant of 20K, a coolant flow rate of 0.5l/min has been determined.

Two versions of the antenna coil are being considered: 

1) 5 1/2 windings, i.e. equivalent to the Linac4 antenna,

2) a stacked antenna with up to 10 windings. 

5. Sub-assembly C: Extraction region

The extraction region exhibits the second highest thermal load after the plasma cylinder, and an efficient heat transportation is necessary in this region to remove the incident heat flow during operation. The situation is further complicated by the complex geometry of the system, in particular in the vicinity of the funnel and aperture electrodes.

In order to optimize the heat transport from the funnel electrode and collar, the original Linac4 design was modified largely for the HP-SPL PG. The design of the extraction regions of Linac4 and SPL is illustrated in Fig. 26. In the following section, the differences between the two designs will be discussed.
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Figure 26: Collar design in the cases of (a) Linac4 and (b) SPL. Linac4: (1) movable Macor disk; (2) filter magnet; (3) funnel electrode; (4) aperture electrode; (5) closing disk. SPL: (1) AlN front ring; (2) filter magnet; (3) AlN filter magnet support; (4) funnel electrode; (5) aperture plate; (6) cooling channel; (7) AlN disks. Parts (1), (4), (5) and (7) of the SPL collar are coupled by brazing.
5.1. Active water cooling

For efficient removal of the incident heat, a cooling channel with 5x5mm2 cross-section has been implemented at the inside of the adapter plate between the extraction electrode assembly and the filter magnet support. It consists of an incomplete ring with an opening angle of 340 degrees with the in- and outlet tubes connected. A coolant flow rate of 1.5l/min has been found to be sufficient to keep the temperatues int a safe regime (Section 5.4). 

5.2. Filter magnets and magnet support

As noted in Section 4.1, the front end of the Linac4 plasma chamber containing the filter magnets has been decoupled from the main plasma chamber in the new design and forms a separate support for the filter magnets. As for the plasma chamber, this magnet support is made of AlN to ensure efficient removal of the indicent heat load. Good thermal contact with the collar cooling circuit is ensured by connecting the magnet support to the adapter plate by means of a ring plate made of stainless steel. Together with the inner flange of the plasma chamber (Section 4.1.2.), this prevents a significant temperature increase at the position of the filter magnets which would lead to a considerable reduction of the filter field strength.

As in Linac4, Ni-coated NdFeB magnets will be used to produce the filter field. To prevent direct contact with the plasma, the magnets may be encapsulated in steel boxes. The filter magnets will not be rectangular but arc-shaped due to the geometrical restrictions from the design. This geometry has the additional advantage of a more uniform radial field distribution in the filter region (Fig. 27). Different sets of magnets with bending angles of up to 120° can be used to find the optimum filter field configuration.

5.3. Extraction electrodes

5.3.1. Design of components

5.3.1.1. Funnel electrode

The funnel electrode receives an estimated heat load of 120W. In the Linac4 design, such a heat load would lead to a temperature increase of several hundred Kelvin even if a material with good thermal conductivity is used. For this reason, the design of the funnel electrode has been changed to the one seen in Fig. 26b. In addition to the design change, the material has been changed to Molybdenum. Due to the high thermal conductivity of this material, which is 5 times higher than in stainless steel, which was used in Linac4, this material change leads to further improvement of the thermal flow. 

5.3.1.2. Aperture plate

The thickness of the aperture plate has been increased from 0.25mm in Linac4 to 0.5mm in the new source to improve the material handling during brazing (Section 5.3.2.). For the same reason, the material has been changed to Molybdenum which also exhibits better thermal conductivity than the Titanium used in Linac4 and will improve the thermal flow.

[image: image49.png]


  [image: image50.png]



[image: image51.png]o002

o0z

o0z

o024

o024

002 \

002

o022 /

o021

Xeoord 145 7 29 20 87 18
Yioas 00 50 1]

oo 12575 12575 12675 12875 12575 12575
 Camponent BY. fiom bufter: Line Itegral = 0.7 1560976244058




    [image: image52.png]0044

0042

004

003

003

034

003

0

Xcourd 145 7 29
Yeood o5 ) g8
Zaod 12675 12675 +
L omponant BY,fom bt i, el 1153015008154876

s
s 12675 12675

3




Figure 27: Magnetic filter field for (a) rectangular and (b) arc-shaped filter magnets. Top: spatial distribution of the vertical B field component (By). Bottom: Variation of By along the horizontal axis. All magnets are oriented with the magnetic N pole pointing up and the S pole pointing down. The magnetic field strength in the graphs at the bottom is given in Tesla.
5.3.1.3. Electrode assembly

One of the main characteristics of the Linac4 collar is the tiltable electrode assembly, giving a further degree of freedom to the extraction system. However, this configuration was found to be very critical for the thermal flow and as a compromise has been removed in the new design. Instead, the electrode assembly is pressed by a stainless steel ring onto the adapter plate. A large contact surface area between the electrode assembly and the adapter plate ensures a good thermal connection with the cooling circuit. An upgraded version of the extraction collar with tiltable electrode may be proposed in a second stage of the project.

5.3.2. Brazing of electrodes and insulators

A specific issue for the heat transportation in the Linac4 collar are the thin Mica sheets that are used to insulate the funnel electrode and the aperture electrode from each other and from other metallic components of the PG. Due to their low thermal conductivity and the low contact pressure, these sheets limit the thermal flow significantly, and their use would be problematic in HP-SPL operation. In the new design, this problem has been overcome by replacing the Mica sheets with thin disks of AlN. To optimize the thermal contact between the electrodes and the AlN disks, these disks are brazed together with the funnel electrode and the aperture electrode to form a metal-insulator sandwich structure. 

In order to show the feasibility of this novel approach, brazing tests have been performed at CERN for different material combinations. Fig. 28 shows an image of the setup taken during the brazing.
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Figure 28: Image from the brazing tests performed at CERN. An AlN ring is brazed above the funnel electrode and a second one between the collar and the extraction plate.
5.4. Thermal simulation of the new collar design

Fig. 29 shows the results of a coupled CFD-thermal simulation of the new collar design. As for the other sub-assemblies, the heat load has been distributed over the surfaces in contact with the plasma using the model introduced in [3]. The heat loads incident on the individual collar parts are listed in Table 5. For the cooling, a flow rate of 1.5l/min has been assumed. 

Table 5: Heat load distribution in the collar region.
	part
	heat load [W]

	magnet support
	340

	funnel electrode
	120

	aperture electrode
	10
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Figure 29: Temperature distribution in the SPL-PG collar region for a coolant flow rate of 1.5 l/min. 
The simulated temperatures in the magnet support reach a maximum value of 360K at the top, suggesting a reduction of the filter magnet remanence of less than 10% during operation. The highest temperatures of ~450K are observed in the aperture electrode but should be significantly lower for the final version of the collar due to the use of Titanium for this component in the simulations. The temperature of the funnel electrode reaches a maximum of 425K at the tip which is not expected to pose a problem during operation. 

The analysis of the heat fluxes (Fig. 30) shows the efficiency of the new design in terms of heat transportation. The cooling circuit acts as an efficient heat sink, and its position close to the electrodes and the magnet support assures that the incident heat is quickly removed from the assembly.
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Figure 30: Heat fluxes analysis of the SPL-PG collar region for a coolant flow rate of 1.5 l/min.
6. Sub-assembly D: Mechanical support
The mechanical support consists of a DN-150 flange at the front end, and a tripod stainless steel structure which is used to fix the PG assembly during operation. An additional support for the piezo gas valve is mounted on the back plate of the support.

7. Conclusions and outlook

The design of an RF powered, non-cesiated H- plasma generator that is capable of operating at a maximum RF power of 100 kW and at duty factors of up to 6 percent is presented. The heat load will be removed by dedicated cooling circuits. The heat transportation will be improved by the use of materials with high thermal conductivities. In the collar region, the thermal flow through critical contacts is optimized by increasing the contact surface and by brazing of metals and insulators. The model presented in this report will be the base for the production of a prototype that will be assembled and tested in 2010. Thermal equilibrium temperature measurements will be the base of a further optimization of the plasma generator on the path towards an implementation of this concept into an ion source.
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Figure 16: Helicoidal cooling channel layouts considered for the SPL plasma chamber.
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Figure 22: Simulated Halbach magnetic configurations.
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Figure 1: 3D view of the SPL PG prototype. Except from the piezo valve, all indicated components will be discussed in detail in the following sections.
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Figure 6: 3D view of the SPL-PG ignition element body. (1) gas injection line; (2) thermcouple drilling; (3) Lemo connector for anode power supply.





Figure 7: 3D view of the SPL-PG ignition volume. (1) cathode; (2) AlN disk; (3) anode; (4) anode wire; (5) AlN clamp collar.
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