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[bookmark: _Toc361297053][bookmark: _Toc361297096][bookmark: _Toc361297184][bookmark: _Toc379901840]Introduction

The upgrade of the Linac Coherent Light Source (LCLS-II) necessitates a major modification to the higher order mode antenna of the conventional ILC elliptical 9-cell cavity. Due to the continuous wave nature of the proposed LCLS II Linac, the HOM antenna is required to bare higher RF losses. A modified design of the antenna is presented in this technical note ahead with a thorough thermal quench study in comparison with the conventional ILC design. 

[bookmark: _Toc361297054][bookmark: _Toc361297097][bookmark: _Toc361297185][bookmark: _Toc379901841]Scope of the Study

The scope of study lays in investigating possible modification to the current ILC antenna that could lower the RF losses (goal is 10 times lower) while relatively keeping the current coupling (goal is not change the coupling more than 10 times higher). 

Figure 1 shows the geometry of the conventional ILC 9-cell elliptical cavity. The cavity has a power coupler and a HOM antenna (HOMc) on one side and a pick-up and a HOM antenna (HOMpu) on the other side. The front projection of the cavity is shown in Figure 2(a), depicting geometry of the HOM antennas and showing both the antennas and the f-parts.  Figure 2(b) illustrates the nominal dimension of the HOM antenna and the gap size between the antenna and the f-part [1]. Possible modifications to the current ILC style of the HOM antenna are either in changing the gap size or changing the tip size


[image: ]

Fig. 1.  Geometry of the ILC Cavity.
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Fig. 2.  The geometry of the HOM coupler and antenna for the ILC cavity (a) Front view of the HOM couplers (b) HOM antenna.  



[bookmark: _Toc379901842] Electromagnetic Analysis of Possible Modified Designs

In this section the electromagnetic performance of possible modified designs is reported. In this perspective, we will take the conventional ILC style antenna as a reference design and the modified versions will be evaluated based on their performance relative to this reference design as far as losses and external quality factor of the antenna. Ratios of both losses and Qext will be used as criteria of comparison.





Modified Design of Trimmed Antenna

Trimming the antenna should reduce the losses but will considerably change the coupling (i.e, Qext). To investigate this modification option, the geometry was simulated with a trimmed antenna. Two variations were simulated a 2 mm (gap size of 2.5 mm) and a 3 mm (gap size 3.5 mm) trimmed version of the antenna as shown in Figure 3.

Figure 4(a) shows the effect of trimming the antenna on Qext for all higher order modes up to 2.5 GHz. A magnetic-magnetic (MM) boundary conditions were enforced on the pipe boundaries in all simulations. The ratio of Qext with respect to the ILC reference design (gap size 0.5 mm) is shown in Figure 4(b). Clearly, the gap size affects significantly the coupling. Ignoring the fundamental band around 1.3 GHz, the ratio of Qext is no less than 21.1, 7.4 for the trimmed version of 3 mm, and 2 mm, respectively.   

Table 1 summarizes the results of the different trimmed versions indicating also the ratio of the RF losses, again with respect to the reference ILC design. On average (between HOMc and HOMpu) the losses are projected to be reduced by a factor of 0.32, 0.21 for the trimmed version of 3 mm, and 2 mm, respectively.    

[image: ]
Fig. 3.  Trimming the HOM antenna.  
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Fig. 4.  Effect of trimming the HOM antenna. (a) Qext. (b)Ratio of Qext.  



Table 1.  Effect of Trimming the HOM antenna.  

Trim by
Gap [mm]
Ratio HOMc Losses
Ratio HOMpu
Losses
Average
Losse
Ratio of Qext
0.0 mm
0.50
1.00
1.00
1.00
1.00
2.0 mm
2.50
0.32
0.33
0.32
7.43
3.0 mm
3.50
0.21
0.21
0.21
21.06








A curve fitting of the ratio of losses and quality factor is shown in Figure 5 (a) and (b), respectively. It is clear from Figure 5(b) that beyond a 2.2 mm trimming of the antenna, the ratio of Qext will be higher than 10.  

The magnetic field distribution for the ILC HOM antenna before and after trimming with the energy being normalized to 70J~ roughly 100mT is shown in Figure 6. The magnetic flux is projected to decrease from 20 mT in case of the ILC antenna to 10 mT (50%), and 6 mT (70%) for 2 mm, and 3 mm trimmed versions, respectively.   
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Fig. 5.  Effect of trimming the HOM antenna. (a) Ratio of losses. (b) Ratio of Qext.  
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Fig. 6.  Magnetic field distribution for the ILC HOM antenna before and after trimming with the energy is being normalized to 70J~ roughly 100mT.   




Modified Version of Reduced Tip Size

The second option to modify the ILC antenna is to reduce the tip size while keeping the gap size as is in order to relatively preserve the coupling. Figure 7 shows the geometry of the antenna and its tip after reduction. 
In this section the effect of reducing the tip size on both the RF losses and the coupling is investigated. The tip size will be reduced from 11 mm diameter in case of the ILC to a pen like shapes (as shown in Figure 7) with tip size of 1.5 mm, 1.0 mm and 0.5 mm, respectively. 
 
[image: ]
Fig. 7.  Reducing tip size of the HOM antenna.  


Figure 8 (a) shows the effect of reducing the tip size on Qext for all higher order modes up to 2.5 GHz. A magnetic-magnetic (MM) boundary conditions were enforced on the pipe boundaries in all simulations. The ratio of Qext with respect to the ILC reference design (gap size 0.5 mm) is shown in Figure 8(b). Clearly, the tip size affects noticeably the coupling. Ignoring the fundamental band around 1.3 GHz, the ratio is no less than 9.3, 11.6, and 14.3 for the tip size of 1.5 mm, 1.0 mm and 0.5 mm, respectively.

Table 2 summarizes the results of the different tip-sized versions indicating also the ratio of the RF losses (with respect to the ILC reference design). On average (between HOMc and HOMpu) the losses are projected to be reduced by a factor of 0.25, 0.24, and 0.23 for the for the tip size of 1.5 mm, 1.0 mm and 0.5 mm, respectively. 
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Fig. 8.  Effect of reducing the size of the HOM antenna. (a) Qext. (b) Ratio of Qext.  


A curve fitting of the ratio of losses and quality factor is shown in Figure 9 (a) and (b), respectively. It is clear from Figure 9(b) that beyond a 1.5 mm tip size, the ratio of Q will be higher than 10.  


Table 2.  Effect of reducing the size of the HOM antenna.  

Tip Diameter [mm]
Gap [mm]
Frequency [GHz]
Ratio HOMc
Ratio HOMpu
Average
Ratio of Qext
11
0.50
1.300606944
1.00
1.00
1.00
1.00
1.5
0.50
1.30060666
0.25
0.25
0.25
9.30
1.0
0.50
1.300606567
0.24
0.24
0.24
11.60
0.5
0.50
1.300606701
0.22
0.23
0.23
14.34
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Fig. 9.  Effect of reducing the size of the HOM antenna. (a) Ratio of losses. (b) Ratio of Qext.  



Other Tip 

We have also explored other tip shapes like a stepped HOM antenna shown in Figure 10.
In this section the effect of reducing the tip size on both the RF losses and the coupling is investigated. The tip size will be reduced from 11 mm diameter in case of the ILC to a stepped like shapes (as shown in Figure 10) with tip size of 1.8 mm, and 2.0 mm, respectively.

Figure 11 (a) shows the effect of reducing the tip size on Qext for all higher order modes up to 2.5 GHz. Again a magnetic-magnetic (MM) boundary conditions were enforced on the pipe boundaries in all simulations. The ratio of Qext with respect to the ILC reference design (gap size 0.5 mm) is shown in Figure 11(b). Clearly, the tip size affects noticeably the coupling. Ignoring the fundamental band around 1.3 GHz, the ratio is no less than 9.4, and 11.5 for the tip size of 2.0 mm, and 1.8 mm, respectively.

Table 3 summarizes the results of the different tip-sized versions indicating also the ratio of the RF losses (with respect to the ILC reference design). On average (between HOMc and HOMpu) the losses are projected to be reduced by a factor of 0.18, and 0.16 for the for the tip size of 2.0 mm, and 1.8 mm, respectively. 

A curve fitting of the ratio of losses and quality factor is shown in Figure 12 (a) and (b), respectively. It is clear from Figure 12(b) that beyond a 2.0 mm tip size, the ratio of Q will be higher than 10.  
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Fig. 10.  Stepped HOM antenna.  
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Fig. 11.  Stepped HOM antenna. (a) Qext. (b)Ratio of Qext.  




Table 3.  Stepped HOM antenna.  

Tip Diameter [mm]
Gap [mm]
Frequency [GHz]
Ratio HOMc
Ratio HOMpu
Average
Ratio of Qext
11
0.50
1.300606944
1.00
1.00
1.00
1.00
1.8
0.50
1.300606807
0.15
0.16
0.16
11.52
2.0
0.50
1.300606802
0.18
0.18
0.18
9.44
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Fig. 12.  Stepped HOM antenna. (a) Ratio of losses. (b) Ratio of Qext.  
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[bookmark: _Toc379901843]Thermal Quench Analysis

We carried out a thorough thermal quench study of the proposed design in comparison with the conventional ILC design to fully examine the thermal properties of the structure in each case and demonstrate the potential of the modified structure. 


Material Properties

In order to run an accurate thermal analysis it was inevitable to represent the thermal conductivity of each material in the model as a function of temperature. Figure 13 shows the thermal conductivity for the ceramics, namely; Sapphire and Alumina in (a) [2], and for metals [3], namely; Copper, Niobium, Titanium, Stainless Steel 316, and Molybdenum in (b).  Each curve was fitted by a polynomial as shown in Figure, except for the case of Alumina. 

Assembly Model

Figure 14 shows the assembly model of both the ILC conventional antenna and the proposed modified version. The modified version is with pen-like antenna of 1.5 mm tip size and with 0.5 mm gap size. Dimensions were chosen based on the earlier electromagnetic analysis to secure both lower losses (RF losses are less by a factor of 4) and preserve the coupling (Qext is higher by a factor of 9.3) 
[image: ]
(a)
[image: ]
(b)
Fig. 13.  Thermal conductivity versus temperature of various materials that could be used for the HOM antenna assembly. (a) Ceramics. (b) Metals.  
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Fig. 14.  HOM antenna assembly. (a) ILC style. (b) Modified ILC style.  












Figure 15 shows the temperature versus magnetic field for both the ILC geometry and the proposed modified one. In both geometries an Alumina ceramic, a Stainless Steel connector pin and Stainless Steel sleeve were assumed. Thermal quench analysis projects that the proposed modified design could handle up to 161 mT (~39 MV/m) compared to 58 mT (~ 14 MV/m), in case of the conventional ILC antenna. Meanwhile, the temperature profile of both geometries at quench field is shown in Figure 16.



[image: ]
Fig. 15. Temperature versus magnetic field of both the conventional ILC antenna and the modified one.  


[image: ]                          
(a)                                                   (b)
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(c)                                                   (d)

Fig. 16.  Thermal profile of modified versus ILC HOM antennas (a) ILC antenna assembly. (b) Modified ILC antenna assembly. (c) ILC antenna. (d) Modified ILC antenna.  



Figure 17 demonstrates how the thermal behavior of the ILC antenna geometry would change subject to material changes like changing the connector pin from Stainless Steel to Molybdenum, changing the socket from Stainless Steel to Copper, and/or changing the ceramic from Alumina to Sapphire. As expected, the “XFEL” combination of Molybdenum pin, Copper socket, and Sapphire ceramic is definitely the best combination and would stretch the performance of the antenna to ~250 mT. However, we found that keeping Alumina ceramic, while have the other two changes won’t be at all a bad choice as it will still perform very well up to ~240 mT.  On the other hand the modified antenna performs very well even with a Stainless Steel pin (~160 mT) and the performance could be significantly improved upon using a Molybdenum pin.

[image: ] 
Fig. 17. Temperature versus magnetic field of both the conventional ILC antenna and the modified one for various assembly materials.  















Finally, geometries of both DESY [4] and JLAB [5] HOM antennas are shown in Figure 18.  Figure 19 compares the thermal peroframce of DESY, JLAB antennas. Both antennas perform very well having the material combination of Molybdenum pin, Copper socket, and Sapphire ceramic. We don’t see any advantage for using one over the other from the thermal performance point of view.


[image: ]
(a)                                             (b)

 Fig. 18. Geometries of the (a) DESY and (b) JLAB HOM antennas.



 Fig. 19. Temperature versus magnetic field of both the DESY and JLAB designs.



[bookmark: _Toc379901844]Conclusion

Thermal quench analysis projects that suggested design could handle up to 161 mT (~39 MV/m) compared to the conventional ILC antenna which could handle only 58 mT (~ 14 MV/m). 
On the other hand we found that JLAB and DESY designs performs very close to each other. So we don’t see any advantage for using one over the other from the thermal performance point of view. 
Finally using Sapphire over Alumina doesn’t show a big advantage, given the other changes of Molybdenum pin and Copper socket. This based on the assumption that the thermal conductivity of Alumina is as good as we used in this study ~1/10 of the Sapphire.
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