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The HINS buncher design is derived from the SNS buncher built by JP Accelerator Works (JPAW) in 2001. Many of the mechanical features are the same. The differences arise due to the different frequency, 325 MHz vs 402.5 MHz, and the dimensional constraints imposed by FNAL drawing 441709 Rev A.
The defining mechanical features of this design are the use of a 0.25 in [6.35 mm] silver plated C-seal with spacer shims that can be ground to a range of thickness to coarse tune the cavity so that it is in the range of slug tuner adjustment during operation. The c-seal is used as a compliant low resistance rf contact. The vacuum seal is provide by a 0.25 in [6.35 mm] natural Viton o-ring. The thick o-ring has enough compliance to maintain a vacuum seal over the range of c-seal compression. The c-seal is drilled through to eliminate the possibility of a virtual leak.
Table 1 is a comparison of some of the basic dimensions of the HINS design and the SNS design.

Table 1. Dimension Comparison

	Feature
	HINS
	SNS
	Units

	
	
	
	

	Frequency
	325.0
	402.5
	MHz

	Outer diameter
	571.5
	571.5
	mm

	Outer length
	200
	129.76
	mm

	Inner diameter
	472.53
	472.53
	mm

	Inner length
	172
	101.09
	mm

	Outer wall thickness
	49.48
	49.48
	mm

	End wall thickness
	14.0
	14.33
	mm

	Beam aperture
	25.4
	30
	mm

	Nose angle
	40
	45.19
	degrees

	Nose radius
	7
	4
	mm

	Gap
	11.92
	12.42
	mm

	Bolt size
	1/2
	1/2
	inch UNC

	Number of bolts
	24
	24
	each


Figure 1 is a section view of the HINS cavity. Figure 2 is an oblique view. Note that the external features, such as the drive loop, slug tuner and vacuum ports have now been updated to the desired HINS locations. The slug tuner can be on either side. The fixed slug is 180° opposite. The lifting rings have been repositioned to miss the cryo pipe. They do not interfere with the support brackets. Only the top four are used to lift the assembly. The bottom four are to aid assembly. The location and details of the fiducials and pickups are yet to be determined.
[image: image1.jpg]



Figure 1. Cross section view of proposed HINS buncher cavity.

Visible behind the gap is the end of the fixed slug tuner. The beam pipe interface has not yet been modified to show a prep for an external TIG braze.
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Figure 2. Oblique view of the proposed HINS buncher cavity.

The mounting brackets are the same as the SNS design. Their angular position need so be adjusted so that the mounting screws do not interfere with the cavity bolts. The position can also be changed to accommodate the planned support structure to insure that the center of the buncher cavity is at the desired beam line height.

RF Design and Properties

Figure 3 shows the basic dimensions of the proposed buncher. The darker dimensions determine the cavity shape, The lighter dimensions are driven dimensions, that is, they are determined by the other dimensions. The dimensions are from the solid model used for structural analysis, but the interior dimensions are also used in the electromagnetic analysis.
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Figure 3. Nominal cavity dimensions in mm.
Figure 4a shows a quadrant of a half cavity used as the solid model for basic structural analysis and Figure 4b shows the HFSS model with a slug tuner. For the HFSS analysis the model is equivalent to a cavity with two tuners because of the assumed symmetry. The data has been adjusted to correspond to only one tuner.
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Figure 4a. Solid Model


Figure 4b. HFSS model with slug tuner

Table 2 lists the basic rf properties with and without the slug tuner.

Table 2. RF Parameters

	Parameter
	Tuner Fully Retracted
	Tuner Fully Extended
	Units

	
	
	
	

	Frequency
	325.03
	325.67
	MHz

	Q0 (Theoretical)
	25700
	24500
	

	Gap Voltage
	165
	165
	kV

	Stored Energy
	.0671
	.0660
	J

	Peak Power
	5.33
	5.48
	kW

	Avg. Power
	135
	137
	W

	Shunt Impedance
	5.11
	4.87
	MΩ

	Transit Time Factor
	.632
	.632
	

	Slug Penetration
	0
	60
	mm

	Slug Average Power
	0
	6.0
	W

	Extra Wall Avg. Power
	0
	3.4
	W

	Delta Frequency
	0
	0.64
	MHz


Figure 5 shows the electric field distribution without a slug tuner and Figure 6 shows the electric field with the slug tuner fully extended. Note that Figure 5 uses a linear scale and 6 a logarithmic scale. The latter is necessary to make the field at the tuner visible.
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Figure 5. Electric field distribution, no slug tuner, V0 = 165 kV
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Figure 6. Electric field distribution, slug tuner extended,V0 = 165 kV

Figure 7 is a plot of the magnetic field on the cavity surface with no slug tuner. Figure 8 is the same thing with the slug tuner fully extended. The plot shows that the mesh is somewhat coarse on the tuner surface.
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Figure 7. Magnetic field on the cavity wall, no slug tuner, V0 = 165 kV
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Figure 8. Magnetic field on the cavity wall, with slug tuner, V0 = 165 kV

Frequency Effects

The final operating frequency must be 325.0 MHz  ± 50 KHz under vacuum and normal operating conditions. In order to achieve this frequency the theoretical cavity shape must be adjusted to compensate for the effects of deflections due to atmospheric pressure, and thermal distortion as well as frequency shifts from plating, vacuum pump-out ports, and the nominal operating position of the tuning slug. The mechanical adjustment of the gap by changing the shim thickness must be able to correct for frequency shifts due to fabrication tolerances and computer code errors. The slug tuner must have sufficient range to maintain the cavity frequency constant for variations in the coolant temperature, atmospheric pressure and varying power level.

To estimate these effects 2D and 3D calculations were performed using the computer codes HFSS and ANSYS. Table 3 lists the frequency effects of various parameters affecting frequency. Table 4 summarizes the total calculated frequency effects from various sources.

Table 3.  Frequency Effects

	Item
	Effect
	Units

	
	
	

	Average temperature
	-6
	kHz/C

	Differential air pressure (Outside – Inside)
	-225
	kHz/Atm

	Air dielectric effect (1 Atm to Vacuum)
	+96
	kHz

	Copper plating*
	-160
	kHz/mil

	Vacuum ports (48 mm ID)*
	-30
	kHz/each

	Slug tuner (44.5 mm slug)
	+11
	kHz/mm

	RF heating at 135 W avg. power (convection cooled)*
	-180
	kHz

	C-seal adjustment range
	±3000
	kHz


*Note these numbers are estimates that will be updated with the results of detailed calculations.
Table 4.  Frequency Compensation
	Item
	Effect
	Units

	
	
	

	Average air temperature (25 C)
	-28
	kHz

	Vacuum
	0
	kHz

	C-seal
	0
	kHz

	RF heating
	-180
	kHz

	Copper plating
	-160
	kHz

	Vacuum ports (2)
	-60
	kHz

	Slug tuner at 25 mm. penetration
	+220
	kHz


The net frequency error due to the combined estimated effects is -210 kHz. Therefore the cavity geometry should be designed for an operating frequency of 325.21 MHz. 

Table 5.  Tolerance effects
	

	

	
	Mechanical
	Frequency

	Machining tolerances
	±0.002
	inches
	±450
	kHz

	Copper plating tolerances
	±0.0005
	inches
	±80
	kHz

	Computer calculation error
	
	
	±100
	kHz


Table 5 summarizes the effect of fabrication errors. In principle, these errors use up most of the available range of adjustment with the c-seal. In practice, the c-seal range is greater and the limitation is the useful working range of the o-ring. In any case, these factors can be mitigated by measuring the cavity frequency after final machining, but before copper plating. If the frequency error is at or beyond the limits of adjustability a correcting cut can be taken on the either the flat c-seal mating surface if the frequency is too high, or by machining one or both noses slightly if the frequency is too low. Alternatively, the flat c-seal surface can be left deliberately high and a final cut can be planned into the fabrication process.

The design is based on the use of shims to set the cavity length dimension so that the frequency is in the range of two slug tuners, one fixed and one motor driven. A 0.25 inch age hardened Inconel c-seal has a compliance range of about 1 mm [0.039 in] with a contact pressure over 200 lbf/inch [35 kN/m], as shown in Fig. 9.
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Figure 9. C-seal force versus deflection

If the c-seal is compressed to a given deflection beyond 0.010 in [0.25 mm] it is inelastically deformed. However, on releasing the force, the height recovers by about .010 in. The force to recompress it to the previous height is still on the order of 200 lbf/in which is sufficient for a good electrical contact. Thus, a c-seal can be reused as an electrical contact if the deflection is greater than or equal to the original deflection.
For the buncher cavity design we choose the nominal c-seal deflection to be 0.032 in. [0.81 mm]. The maximum shim thickness is set for a deflection of 0.015 in [0.38 mm]. The shim thickness can be reduced by up to 0.034 in [0.086 mm] to lower the frequency as much a 7 MHz. Figure 10 shows the tuning effect of varying the shim thickness about the design value.
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Figure 10. Tuning effect of shim thickness
The tuning sensitivity of the shim adjustment is 186 kHz/mil [7.3 MHz/mm]. Precision machining or grinding of the shims to ±0.001 in [±0.025 mm] is sufficient to bring the cavity frequency within the range of the slug tuners. Thus, the shims can be used to correct for the unknown components of the errors in cavity fabrication as listed in Table 5 which are estimated to be less than ±700 kHz. The tuning sensitivity of the shims is slightly less than the tuning sensitivity of gap length because decreasing the shim thickness reduces the relative volume of electric stored energy in the region of the gap much more than the relative volume of magnetic stored energy near the end walls
Table 6 shows the range of frequency varying effects relative to the design values. The worst case extremes are summed in the next to the last row. The last row shows the tuning range of the slug tuner available to correct these effects. The working range of the slug tuner is from 0 to 60 mm penetration. Correcting the dynamic effects requires a worst case penetration range of 20 to 46 cm, a total of 26 mm of the available 60 mm using a 44.5 mm diameter slug.
Figure 11 shows the tuning effect versus penetration for a 44.5 mm slug tuner. The total tuning range of the slug tuner is 640 kHz. A fixed slug will be used to fine tune the frequency after the shim adjustments are made. A stepper motor driven slug will be used to compensate for dynamic tuning effects such as coolant temperature, air pressure and rf power level variations.
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Figure 11. Slug tuner effect

Figure 12 shows the peak and average power dissipated by the slug tuner as a function of penetration. The distortion of the wall currents due to the slug tuner results in a slight increase in wall power with slug penetration as shown by the second curve. The third curve shows the added total dissipation due to the slug tuner. The slug tuner power is relatively low, 6 W maximum. The JPAW slug tuner design includes water cooling, but it could be modified for air cooling by conducting the heat out to where air can reach it. . However, since water cooling is used on the buncher cavity it can easily be applied to the slug tuner as well.
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Figure 12. Slug tuner peak and average power

Table 6.  Frequency Varying Effects (Relative to design values)
	Item
	Effect
	Frequency

	
	Min
	Max
	Min
	Max

	Coolant temperature range
	-5C
	+5C
	 -35 kHz
	+35 kHz

	Atmospheric pressure variation
	-10%
	+10%
	-22 kHz
	+22 kHz

	RF power
	0 kW
	135 W
	-180 kHz
	0 kHz

	Total worst case variation
	
	
	-237 kHz
	+57 kHz

	

	Slug tuner penetration
	-25 mm
	+35 mm
	-220 kHz
	+415 kHz


The vacuum port is worth further discussion. It is easy to make the port if we omit the usual grill. However, the FNAL recommended tubing diameter, 2.25” ID will produce a fairy large perturbation since the delta-f scales as the cube of the diameter relative to a wavelength. I have suggested that the vacuum port could be 48 mm ID, which corresponds to 2” vacuum pipe. Without a grill I believe the pumping speed will be adequate and comparable to the pumping speed through a 3” pipe with 50% effective aperture.
The large drive loop proposed by FNAL will also have a large perturbing effect, not accounted for above. The simplest approach is to use the 7/8” coax loops designed for the SNS. They are rated for operation up to 40 kW peak and 4 kW average.
A preliminary critique of the design by Bob Webber expressed concern over the 30 C temperature rise for convection cooling in stagnant air. He suggested that a water channel could be embedded into the wall, such as a copper tube pressed into a groove. I added a groove at 50 mm radius based on 3/8” OD copper tube. The analysis allows for a film coefficient of 0.95 W/cm2 C, but makes no allowance for the thermal resistance of the copper-to-cavity interface. At the low power level the estimated temperature rise is 2 C or less.

I have added the Ansys results for the water cooled case to the end as Figures 19 through 22. The addition of a simple water circuit is adequate for both stainless steel and mild steel. The only argument in favor of mild steel is now the ease of fabrication relative to stainless steel. The machining costs for stainless are roughly three times the cost for mild steel. If the beam dynamics people express reservations about the magnetic properties of mild steel then the material of choice will be stainless steel.

I have settled some of the questions I brought up earlier with Alex, but they are really still open for discussion.

1. To me it makes sense to go to the 16 X 5/8” bolt pattern and move the cavity joint to the end of the radiused part of the outer corner to accommodate large diameter slug tuners, drive loops, and vacuum ports. On the other hand, it looks to me like the smaller slug, drive loop and vacuum ports of the SNS design would be just fine and we could stay with 24 X ½” bolts. Note added in Rev 2. The 44.5 mm slug, the 7/8” drive loop and a 2” vacuum port make it possible to go back to the 24  X ½” bolt pattern used for the SNS. I have done so.
2. 4-1/2” flanges versus 4-5/8” flanges. A 4-5/8” flanges is necessary only if we use the large drive loop. Note added in Rev 2. This becomes a moot point with the use of the 7/8” drive loop.
3. We need to determine the angular location of the external features. They must not intersect the bolt holes so the larger features are limited to multiples of 22.5° with the 16 bolt pattern and 15° with the 24 bolt pattern. Either pattern allows features at 0, 45°, 90°, etc. locations. Note added in Rev 2. No problem with the 24 bolt pattern.
4. We need details of the interface for pickup loops and the quantity desired. Note added in Rev 2. I need input on the details of the AccSys pickup loop. It probably can’t be used as-is because of the ~50 mm wall thickness. LBNL had a pickup loop for the SNS that could be used.
5. We need to decide on the number of vacuum ports (one is OK with me) and the number of slug tuner ports. Two would be ideal. One for a fixed, machined slug and one for a motor driven slug. Note added in Rev 2. Right now we are looking at one drive loop port on top, one vacuum port on the bottom, and two slug tuner ports. We need to keep the moving slug somewhat away from the drive loop and the two slugs should be reasonably far apart, perhaps 180°
6. The details of the mounting brackets need to be developed. This interacts with the number of bolts and the location of the cavity support points relative to the beam line. Note added in Rev 2. With the 24 bolt pattern the starting point for discussion is as pictured. The mounting surface is 162.56 mm below the beam centerline. The mounting surfaces are 127 mm lon, 562.5 mm inside-edge-to-inside-edge and 689 mm outside-edge-to-outside-edge. The bolt holes are nominally 3.12” apart and sized for 5/8” bolts. The bracket is machined and bent from 0.50” stainless or mild steel. These dimensions can easily be changed as required. There is no interference with the relocated lifting rings as shown.
7. It looks like an external weld will be required for the beam line pipes. I haven’t yet asked my welder for his advice. I am open to suggestions. The other possibility is to torch braze or a TIG braze, followed by stress relief before final machining. The stress relief is probably required in any case.  I think a furnace braze would be expensive. Note added in Rev 2. I agree with Bob Webber that TIG braze is preferable. The section drawing doesn’t show a special preparation for a  TIG braze. That’s yet to be determined.
8. Any comments on the support rings? These are the same as the SNS and conservatively rated for the load, either the cavity pieces or the whole assembly. Note added in Rev 2. The support rings have been moved from 45° to 60° from TDC and BDC. This gets them away from the cryo pipe but doesn’t hurt their functionality.
9. My recommendation is air cooling of a copper plated mild steel cavity. It is clear that the space constraints don’t allow thick end walls. This rules out copper and aluminum. The thermal conductivity of stainless makes air cooling marginal. The main reason for stainless for the SNS was that water cooling was required and nobody wanted mild steel in their water circuit. The machining costs were a major expense for the stainless cavities. Mild steel will be considerably easier to fabricate. The plating could be overall. Even if the outside gets painted, this simplifies the masking and post-plating cleanup. Note added in Rev 2. This decision requires input from the beam dynamicists. I have implemented water cooling in the form of a 100 mm diameter 3/8” copper tube pressed into the end wall. According to my calculations, this works well.
10. . The thermal calculations were done with convection cooling in 20 C stagnant air. The overall temperature rise, almost independent of material is about 30 C. The delta-T for steel is about 5 C. Maybe the natural movement of air will keep the average temperature down, or maybe there needs to be a couple of fans. The main issue with the temperature rise is that the slug tuner has to chase the cavity frequency shift during warmup. Note added in Rev 2. See the discussion in the text about adding a simple water circuit.
11. Anything else?

The figures that follow are from Ansys Workbench. The comment field describes the boundary conditions and cavity material for each calculation.
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Figure 13.
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Figure 14.
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Figure 15.
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Figure 16
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Figure 17.
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Figure 18
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Figure 19
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Figure 20
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Figure 21
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Figure 22
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