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1.0 Introduction


The PXIE RFQ must successfully interface with the upstream LEBT and downstream MEBT, which requires the design and construction of cavity endwalls.  These endwalls must be designed to maintain correct operating frequency, as well as dissipate heat due to RF and resist vacuum loading.  Fermilab has designed the PXIE RFQ endwalls.  The current design calls for explosion bonded copper-stainless steel as the endwall material.  The explosion bonded plate is shown in Figure 1.
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Figure 1: Endwall model


The stainless steel portion of the wall is 7.0 mm thick and the copper portion is 16.0 mm thick.  The stainless steel provides additional support against vacuum loads and the copper is the RF conducting surface.  For cooling purposes, there are water passages drilled around the perimeter of the endwall face, so that water from a chiller may be circulated to provide active cooling.  The cooling passages lie within the copper portion of the endwall; this ensures good heat transfer from the copper surface undergoing RF heating to the water circulating through the endwall.

2.0 RF Simulation Setup


The first step of the simulation process is to create a vacuum model that represents the RFQ cavity.  Due to symmetry conditions, only a quarter of the geometry must be modeled, which enables the use of a finer mesh without sacrificing computational time.  For the RF simulation, all copper surfaces are specified using an “electric wall” boundary condition, which sets the tangential electric field vector component to zero.  Faces that serve as symmetry planes for the interior vacuum are specified as “magnetic wall”, which sets the tangential magnetic field vector component to zero.  The copper surface conductivity is also specified, as well as the permeability and permissivity of vacuum space.  


The vacuum space is meshed using tetrahedral elements with a coarse mesh size of 6.0 mm.  The mesh is refined in certain key areas such as the vanetip regions and the shared endwall surfaces, with a fine mesh element size of 2.0 mm.  This mesh sizing provides a reliable and accurate solution; further grid refinement can lead to excessive run times.  After the solution is complete, the vane tip to axis voltage is measured and used to compute a scaling factor for a subsequent thermal analysis.  This scaling factor is required as ANSYS normalizes all RF results.  Using the vanetip voltage is appropriate as the operating voltage is a known quantity and thus can be used to establish a scaling factor.

3.0 Thermal Simulation


The RF solution is piped into the thermal simulation.  The endwall is comprised of explosion bonded copper and stainless steel.  The model of the endwall has two volumes; one is the stainless steel and the other is the copper.  The explosion bonded interface is represented by sharing the common faces between these two volumes.  This does simulate an essentially perfect thermal contact, but this should be acceptable as the real interface has a high-quality joint.  The RF heat fluxes are used as the thermal load into the endwall.  Cooling water temperature is specified as 30 oC and the flow velocity is assumed to be the same as in the gun-drilled passages of the RFQ body.  The results of the thermal simulation are shown in Figure 2.
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Figure 2: Endwall Temperatures at the Entrance (top) and Exit (bottom)

The endwall at the entrance has a maximum temperature that occurs near the beam axis of approximately 39 oC, which is a nine degree temperature rise over the nominal cooling water temperature of 30 oC.  The exit endwall has a higher maximum temperature of approximately 44.7 oC, which is about a 15 degree temperature rise over the cooling water temperature.  The reason for the temperature difference between the two endwalls is due to higher heat flux into the exit endwall as compared with the entrance.  In fact, the heat fluxes into each endwall can be plotted and computed using the ANSYS results.  The heat flux is plotted in Figure 3.
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Figure 3: Endwall Heat Flux (W/m2) for Entrance (top) and Exit (bottom)

The maximum heat flux contours for the two endwalls is quite different.  In the entrance region, the maximum heat flux is about 4200 W/m2, and occurs opposite the cutbacks.  On the exit endplate, the maximum heat flux is 9200 W/m2 and occurs opposite the vanetip ends.  The exit endplate is situated twice as close to the cutbacks as the entrance plate, which may cause the heightened heat load to the endwall.  The total heat flow into the endwall is summarized in Table 1 and compared to simulation performed by Gennady Romanov at Fermilab.

Table 1: RFQ Endwall Heat Flow (W)

	Result
	Entrance (W)
	Exit (W)

	G. Romanov
	246
	360

	ANSYS
	224
	330



The calculated heat flow is in good agreement, with the difference likely being attributable to slightly different geometrical models.  From these analyses, it appears that active water cooling for the endwall is sufficient to remove the RF heat loads and maintain acceptable operating temperatures.

4.0 Structural Simulation


ANSYS Workbench is used to simulate the vacuum loading in order to determine the total deformation as well as evaluate the stress in the endwall.  The structural model used is shown in Figure 4.
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Figure 4: Model for Structural Analysis

For this first simulation, the thermal portion of the solution is neglected as the primary interest is the deflection and stress due to vacuum.  The raised copper lip that creates the RF seal is used as a support point so that the endwall may not move in the direction normal to the endwall face.  In addition, the bolt holes are restricted from moving in the direction normal to endplate as well, since these will be rigidly bolted to the RFQ jacket plates.  The copper to stainless steel interface is simulated using a bonded contact, which is appropriate for an explosion bonded joint.  Vacuum loading is applied on the endwall vacuum surface and the inside of the stainless steel box.  Figure 5 shows the equivalent stress in MPa in the copper and stainless steel portions of the endwall.
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Figure 5: Equivalent Stress (MPa) in the Copper (top) and Stainless Steel (bottom)

Overall, the stresses in the endwall due to the vacuum load are below the yield of both materials.  In addition to the stresses, the deformation in the direction normal to the endwall face is of interest, as the spacing between the endwall to the vanetips can have an impact on the cavity resonant frequency.  The deformation is plotted in Figure 6.

[image: image10.png]B: Static Structural
Directional Deformation

Type: Directianal Deformatian ( Z Axs )
Unt:

lobal Coardinate System

Time: 1

21142013 2:17 P

0.05626 Max
0.049948
0.043637
0087325
o.a1013
0.024701
001839
o.012078
0.0057659
-0.00054588 Min

0

75.00

150.00

225,00

300,00 ()




Figure 6: Deformation (mm) under Vacuum Load

The deformation in the direction normal to the endwall is approximately 56 microns.  To consider the thermal effects, additional simulation was run with a thermal model used as input.  The thermal model was created in ANSYS workbench and the heat flow into the endwall face is assumed to be uniform, which is not exactly the real case, but results in a thermal distribution which is close to that solved by the thermal analysis described earlier and may be used as an approximation.  When considering the thermal stresses, the new equivalent stress in the copper and stainless steel is shown in Figure 7.
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Figure 7: Equivalent Stress (MPa) in the Copper (top) and Stainless Steel (bottom)

As Figure 7 shows the maximum stresses are about 43 MPa and 67 MPa in the copper and stainless steel respectively.  The maximum stress in the copper is found at the sharp edges of the bolt locations and is likely a stress concentration.  On the portion of the endwall that experiences vacuum, the max stress does not change much and is in the 20-25 MPa range.  The max stress in the steel is concentrated in areas of sharp geometry and may not be entirely real.  The average stress in the stainless is in the 20-50 MPa range.  Again, both materials are below the yield strength, which is ~70 MPa for copper and ~205 MPa for stainless steel.  One important note is that this analysis assumes that the stainless steel box is welded to the stainless steel plate.  If this is brazed instead, it is possible that the copper will become annealed, which will lower the 70 MPa yield strength to as low as 25 MPa.  If the stainless box is to be bonded via brazing, it may be necessary to thicken the plate to reduce stress in the copper.  The resulting deformation in the direction normal to the endwall is shown in Figure 8.
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Figure 8: Deformation (mm) under Vacuum and Thermal Loading

As Figure 8 shows, the deformation is roughly 47 microns, which is only 9 microns less than that found with vacuum loading only.  It is interesting to note that the deflection decreases.  Figure 9 shows that as the endwall heats up, it expands away from the vanetips, which is opposite the direction that the wall moves under vacuum.  This thermal expansion is approximately 9 microns at the aperture, which accounts for the difference found between the vacuum and vacuum/temperature models.
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Figure 9: Endwall deflection due to thermal expansion


The stress and deformation in the endwall is dominated by the vacuum load, however the use of explosion bonded copper and stainless steel provides adequate stiffness.  Something important to note: the current simulation incorporates the stainless steel box with various ports for connection.  This box is welded to the end plate and provides extra stiffness near the beam aperture, which reduces the deflection.  If the box is removed and simulation is done without it, the deflection in the direction normal to the endwall surface is approximately 114 microns, as shown in Figure 10.  
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Figure 10: Maximum deformation (mm, no end box)


Thus it is important to determine how this box will be attached to the end plate and how it will truly affect the stiffness of the plate.  Depending on the strength of the bond, it should be expected that the deflection will be between ~47 and ~114 microns.  From the analysis completed by Gennady Romanov concerning the frequency shift and field change due to the end plate deflection, as well as analysis on these effects by John Staples, it is appropriate to conclude that if the endwall deflection falls in the predicted range that its effect on RFQ frequency and field are not worrisome.  Using G. Romanov’s results, J. Staples is able to calculate that a frequency error of 10 kHz at the entrance end of the RFQ produces an overall frequency shift 0.5% of that, which is approximately 50 Hz across the entire RFQ length.  This results in a field tilt of ~0.1%.  Because the frequency shifts calculated in G. Romanov’s model correspond to a single RFQ module, the real frequency shift over the entire length of the RFQ will be even less.   For the worse case endwall deflection of ~114 microns, the expected frequency change is less than 4 kHz, thus the current design’s endwall deflection is not a concern.  In addition, the change in frequency is also well within the tuning range of the RFQ.

5.0 Conclusions


In summary, the current design for the endwall plates is adequate for cooling of the plate and resisting vacuum load.  The use of explosion bonded copper and stainless steel provides sufficient stiffness against vacuum and performs well thermally.  Cavity frequency sensitivity to the endwall deformation indicates that the presented results are acceptable.
