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RF parameters under average 35 MV/m Operation 

○ RF parameters 

• Average accelerating field ： 31.5 MV/m ⇒ 35 MV/m 

• Cavity shape  ： TDR spec.  

       （Length：1.038m, r/Q：1036Ω） 

• Power distribution system ： TDR spec.  

       （39 cavities per one klystron） 

• Beam current  ： TDR spec.   （5.8 mA, 727 μs） 

• Beam phase  ： TDR spec. （5 deg.） 
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TDR parameters 

• Due to recent development of superconducting cavity that reaches to 40 MV/m 
gradient, RF parameters under average 35 MV/m operation of ILC are evaluated. 

By A. Grassellino et al., arXiv:1701.06077 

Effect of nitrogen infusion at 120℃ versus standard 120℃ 
bake post oxidation. 



RF system for ILC 

27/June/2017 
AWLC2017 - RF operation issue at 35 MV/m 

operation (T. MATSUMOTO) 
3 

Main Linac (ML) 
Positron ML 
Length:10km 

Electron ML 
Length:10km 

Marx Modulator, 
DC power supply 
140A, 120kV, 1.65 ms 

Digital LLRF 
system 

One unit of RF system 

The required number of units installed: 378  

𝑄𝐿 𝑜𝑝𝑡 = 5.46 × 106  
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○ Required power at flat-top 

𝑄𝐿 𝑜𝑝𝑡 =
𝑉𝑐𝑎𝑣

𝑟
𝑄 𝐼𝑏0 cos𝜙𝑏

 

○ Required power at flat-top  
        with TDR parameter 

𝑃𝑔 𝑚𝑖𝑛
=

𝑉𝑐𝑎𝑣
2

𝑟
𝑄 𝑄𝐿 𝑜𝑝𝑡

= 𝑉𝑐𝑎𝑣 ∙ 𝐼𝑏0 ∙ cos𝜙𝑏 

= 5.46 × 106  

= 189 kW 

𝑄𝐿 𝑜𝑝𝑡 

𝑃𝑔 𝑚𝑖𝑛
 

TDR parameters （Eacc = 31.5 MV/m, (Φb = 5 deg.)) -1- 
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TDR parameters （Eacc = 31.5 MV/m, (Φb = 5 deg.)) -2- 
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○ Requirement  

@𝑄𝐿 = 𝑄𝐿 𝑜𝑝𝑡  

𝑄𝐿 𝑜𝑝𝑡  

○ Required power at filling time 

𝑃𝑔 𝑚𝑖𝑛
 

𝑇𝑓𝑖𝑙𝑙 = 924 μs 

∆𝜔 = 𝜔0 − 𝜔 = 0. During filling time period,  
 

Total RF width (with minimum input power) : 
 924 μs (filling time) + 727 μs (flat-top time) = 1.65 ms 
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35 MV/m operation parameters (Φb = 5 deg.) 

○ Flat-top power at 35 MV/m operation 

𝑄𝐿 𝑜𝑝𝑡 

𝑃𝑔 𝑚𝑖𝑛
 

𝑄𝐿 𝑜𝑝𝑡 =
𝑉𝑐𝑎𝑣

𝑟
𝑄 𝐼𝑏0 cos𝜙𝑏

 

𝑃𝑔 𝑚𝑖𝑛
=

𝑉𝑐𝑎𝑣
2

𝑟
𝑄 𝑄𝐿 𝑜𝑝𝑡

= 𝑉𝑐𝑎𝑣 ∙ 𝐼𝑏0 ∙ cos𝜙𝑏 

= 6.07 × 106  

= 210 kW 

Optimum 𝑄𝐿 becomes larger due to higher 𝑉𝑐𝑎𝑣.  

○ Filling time at 35 MV/m operation with Optimum 𝑄𝐿 

Filling time 𝑇𝑓𝑖𝑙𝑙 with 𝑃𝑔 𝑚𝑖𝑛
 becomes larger  

                due to higher 𝑄𝐿.  

𝑃𝑔 𝑚𝑖𝑛
 

𝑇𝑓𝑖𝑙𝑙 = 1030 μs 

Total RF width (with minimum input power) : 
1030 μs (filling time) + 727 μs (flat-top time) = 1.76 ms 

○ Requirement  
∆𝜔 = 𝜔0 − 𝜔 = 0,  during filling time period  
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Eacc = 35 MV/m with QL = 5.46 × 106 

• QL vs Power at flat-top time 

○ Filling time with QL = 5.46 × 106  𝑃𝑔  = 211 kW 

○ Required power at filling time  
                                  with QL = 5.46 × 106  

𝑇𝑓𝑖𝑙𝑙 = 1001 μs (Pin : 210 kW) 

 ⇒ Even if QL = 5.46 × 106, the filling time is almost same to the case of 𝑄𝐿 𝑜𝑝𝑡. 

• Tfill vs Eacc with QL = 5.46 × 106 
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Enhancement of Modulator Output 

• In average 35 MV/m operation with optimum 𝑄𝐿 and minimum input power, 
the required filling time becomes longer.  In order to maintain the beam 
width of 727μs, it is necessary to extend RF and high voltage pulse width by 
about 100 μs. (1.65 ms → 1.76 ms) 

• This can be realized by adding Marx unit or enhancing the capacitor inside 
Marx unit due to the characteristics of Marx modulator. 
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Layout of P2 Marx modulator (SLAC) A combination of cells can realize  
large current and high voltage. 
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Required klystron power for 35 MV/m operation 

• Required RF output power at 35 MV/m operation according to TDR evaluation 

  210 kW 189.18 kW 

Extra beam power for ±20% gradient spread 5.30% 221.13 kW 199.21 kW 

s.s. reflection for ±20% gradient spread 6.00% 234.40 kW 211.16 kW 

Required LLRF overhead 7.00% 250.82 kW 225.95 kW 

Local PDS average losses 8.00% 272.62 kW 245.59 kW 

  39 unit 10632.11 kW 9578.01 kW 

  

Combining/splitting and shielding penetrations 1.10% 10750.55 kW 9684.71 kW 

WR770 run loss/3 1.40% 10903.18 kW 9822.21 kW 

35 MV/m 31.5 MV/m 

⇒ At least, 11 MW of klystron power is required for 35 MV/m operation  
                                                                                           without changing TDR configuration. 

In order to realize this output power,  
     1. (multi-beam) klystron is operated with higher applied voltage and beam current. 
     2. (multi-beam) klystron is operated with higher efficiency (~71 %). 
 

⇒ We examined development of highly efficient multi-beam klystron. 
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Toshiba : E3736H 
Efficiency : 65 % 
RF power : 10 MW 

Development of Multi Beam Klystron  
with more than 11 MW output 

• In order to realize average 35 MV/m operation under TDR configuration, it is necessary 
to develop multi beam klystron with more than 11 MW output. 
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• Toshiba recently succeeded in ~70% MBK for XFEL. 

• Recently, klystron with high efficiency is developed by applying COM or BAC technology. 
We will consider applying this COM/BAC technology to MBK for high efficiency.  
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By “High-efficiency_klystron_development” 
I. Syratchev, June 2015, HG Workshop, Beijing. 

COM (Core Oscillation Motion) 

The COM prolong the main component of bunch 
to forward position to collect peripheral beam. 
Therefore, efficiency is higher and tube length is 
longer than classical design. 

• Toshiba commented there is a possibility to raise 
the efficiency by lengthening the klystron length. 



① ② ③ ④ 

⑤ ⑥ 

Length of each device in beam direction 
① ： Trans.  1200 mm 
②,③： DC PS  2000 mm 
④ ： MARX mod. 2900 mm 
⑤ ： MBK  3160 mm 
⑥ :  LLRF 5500 mm 

Size of RF devices in ML tunnel 

In TDR, it is about 20 m from ① to ⑥ device including interspace. 
  

For 35 MV/m operation, 
 ④  Increase MARX units by 10% （P2:32 cells⇒35 cells, KEK:20 units⇒22 units ） 
 ②、③ Increase DCPS by 10% （146 kW ⇒ 160 kW） ⇒ 10% longer in the beam direction 
 ⑤ MBK becomes longer by about 4 m due to high efficiency 
 

Assuming that each device is about 10% longer, it is estimated to be around 25 m. 
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RF station in ML tunnel 

The distance of each RF station is 73.694 m 

１） 35 MV/m operation ⇒ Total RF station length is 25 m 
２） Increase of RF station due to luminosity upgrade 

The distance between RF stations 
 １） TDR design  ： about 17 m 
 ２） 35 MV/m operation ： about 12 m 
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Luminosity upgrade configuration 

Under the luminosity upgrade configuration, the margin of 35 MV/m operation remains. 



Filling on Resonance 
 The resonance frequency of superconducting cavity changes during the filling time.   

(Lorentz force detuning) 

 In detuning, more power is required to get the same cavity field as on resonance.  

 To compensate the detuning during the filling time, the phase pattern of feed-forward 
table is rotated. (Filling on Resonance) 
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 Phase rotation of FF table brings the operating frequency close to the resonance 
frequency. 

 In order to make ‘Filling on Resonance’ sufficiently work, the feedback control 
during the filling time is operated with low gain or off. (Feedback Gain Scheduling) 

filling time: 
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Phase pattern of FF table： 
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Demonstration of Filling on Resonance in KEK-STF  

 With ‘filling on resonance’, the required klystron power is reduced. 
 It is expected that ‘filling on resonance’ is effective at high gradient operation 

due to Lorentz force detuning. 
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By Wibowo, Basuki Sigit 
LCWS2016, Morioka, Iwate, JAPAN 



Summary 

• Due to recent development of superconducting cavity that reaches to 40 MV/m 
gradient, RF parameters under average 35 MV/m operation under TDR configuration 
were evaluated. 

• In order to achieve average 35 MV/m operation, 

          Optimum loaded Q  : 5.46 × 106 ⇒ 6.07 × 106  

          Filling Time with minimum power : 924 μs ⇒ 1030 μs 

          Modulator output  : 140 A, 120 kV, 1.65 ms ⇒ 140 A, 120 kV, 1.76 ms 

          Klystron output  : 10 MW ⇒ 11 MW (at least) 

          Klystron efficiency  : 65 % ⇒ 71% (at least) 

• To extend RF width to 1.76 ms can be realized by adding Marx unit or enhancing the 
capacitor inside Marx unit due to the characteristics of Marx modulator. 

• It is expected to make higher efficiency (~71 %) multi-beam klystron by applying 
COM or BAC technology. 

• To keep minimum required RF power during the filling time, ‘Filling on Resonance’ 
and ‘Feedback gain scheduling’ were demonstrated in KEK-STF.  
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