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Abstract 

 

Based on the known boundary conditions of cost, ionizing radiation and space, we propose a 

combination of coaxial lines and waveguides for the RF distribution system of the spoke linac. At full 

power level (400 kW peak) 6-1/8” coaxial lines are used in low radiation level zones while WR2300 half-

height waveguide are used in high radiation level zones. At lower power levels and in low radiation zones 

3-1/8” and 7/8” coaxial lines are used. 
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1. Introduction 
The spoke linac section of the ESS accelerator will include some 28 superconducting spoke cavities. 

Each individual cavity installed inside the accelerator tunnel must be connected to its proper RF power 

station in the accelerator gallery. These connections run through a system of connection tunnels also 

referred to as stubs, see fig. 1. High ionizing radiation levels are expected in both the accelerator tunnel 

and the stubs while only low ionizing radiation levels are expected in the gallery. 

 

 

2. The RF Power Station 
The specifications of high power amplifier for ESS Spoke Linac are: 

Frequency = 352.21 MHz 

Peak power = 400 kW 

Pulse width = 3.5 ms 

Pulse repetition frequency = 14 Hz 

Average Power = 20 kW 

 

As high power amplifier doesn’t exist at ESS specifications, prototyping of amplifiers (tetrode RF power 

station and solid state RF power station) is done. The high power amplifier for ESS spoke Linac will be 

proposed after testing Tetrode RF power station and Solid state RF power station 1, 2.   

 

Fig.1: Layout of the spoke linac section of the ESS accelerator tunnel and RF gallery with interconnecting stubs. 



 

- 3 / 14 - 

The schematic of the tetrode RF station is shown in fig. 2.  

 

Power of the order of mW provided by LLRF is divided by a hybrid coupler into two outputs with equal 

power and with a relative phase shift of 90 degrees. Each of these signals is applied to the pre-amplifiers 

PA1 and PA2. Each solid state pre-amplifier amplifies this signal up to 10 kW. This 10 kW power is 

applied at the input of one of the tetrode high power amplifier. Each High Power Amplifier (HPA1 and 

HPA2) produces an output power of 200 kW. These two outputs are combined with the help of a 90o 

hybrid coupler to produce 400 kW power. The output lines from HPA1 and HPA2 to the second hybrid 

coupler differ by a quarter wavelength as shown in fig.2. Any phase shift and amplitude errors in PAs 

and HPAs can easily be corrected with the help of an attenuator (A) and a phase shifter (PS) present 

after the first hybrid coupler. The quarter wavelength line present between the output of HPA2 and the 

second hybrid coupler ensures that equal electrical lengths are seen by the reflected signal and so both 

the tetrodes see the same mismatched impedance.    

The schematic of solid state RF power station is as shown in fig.3.   

 

Fig. 3: Schematic of Solid State RF Power Station 

A1, A2, A3 and A4: Amplifiers producing 100 kW power 

 

Fig.2: Schematic layout for tetrode RF station 

LLRF: Signal generator, DL: Load, A:Attenuator, PS:Phase shifter, PA1 and PA2:Preamplifiers, HPA1 and HPA2: High Power 

Amplifiers, ------ : RF Distribution 
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The solid state RF power station shall consist of four, 19 inch racks. Each rack has a output connector 

producing 100 kW power.  The outputs of these four racks will be combined by means of a combiner 

situated on the top of the racks to produce output power of 400 kW.  

Fig. 2 and fig. 3 shows that RF distribution after the final combiner at 400 kW power level will be the 

same for any type of RF Power Station.  

3. Design of RF distribution system with coaxial lines 
             This section describes the design of RF distribution system for the tetrode RF power station. 

However, the RF distribution after the final combiner at 400 kW is applicable to any RF power station.  

Power input to the preamplifiers is of the order of few mWatt, so N-type connectors with 50 Ohm 

cables will be used as per decision from LLRF. After the pre-amplifier, as there are three power levels 

involved, three types of RF transmission line need to be used.  

To decide the type of RF transmission line, following calculations are performed.  

 

I. Operating powers and voltages: 

The peak RF voltages in a coaxial line corresponding to the peak power levels of  10 kW, 200 kW and 

400 kW are calculated by: 

𝑉𝑝 = √(2  𝑍𝑜 𝑃𝑝), (1) 

 

where Vp- peak voltage, Zo – characteristic impedance of  transmission line, Pp- peak power. The average 

operating power Pavg corresponding to the peak power levels is calculated as 

𝑃𝑎𝑣𝑔 = 𝑃𝑝 × 𝑇𝑝𝑢𝑙𝑠𝑒 × 𝑓, (2) 

where Tpulse is the pulse width of  RF pulse and f is the pulse repetition frequency. The peak power, 

average power Pavg and the peak voltage Pp corresponding to the operating powers and with 100% 

reflection are listed in table 1.  
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Table 1: Powers and voltages corresponding to matched operation and with 100 % reflection. 

 

 

 

 

 

 

 

II. Peak and average power handling capability of  transmission lines: 

Average power and peak power carrying capabilities of  the coaxial transmission lines are given in table 2 

along with the line dimensions. The outer diameter states inner diameter of  the outer conductor, 

whereas the inner diameter is outer diameter of  the inner conductor.  The nominal wall thickness for 

inner as well as outer conductor is about 2 mm.  

 

Table 2: Coaxial line, its peak power and peak voltage handling capability 

Line 

size 

 

Outer 

diameter 

 

Inner 

diameter 

 

Average 

power 

handling 

capability3  

Peak power 

handling 

capability3 

 

Calculated peak 

voltage handling 

capability3 

 

Experimentally 

tested peak 

voltage 

handling 

capability4 

[inch] [mm] [mm] [kW] [kW] [kV] [kV] 

6-1/8 151.9 66 90 3000 17.32 20 

4-1/16 99.9 43.5 35 1400 11.83 19 

3-1/8 76.9 33.4 20 1000 10.00 14 

1-5/8 38.8 16.9 7 300 5.47 7 

7/8 19.99 8.66 2 60 2.44 3.8  

 

 Peak voltage handling capabilities of  the transmission lines stated in second-last column of  table 

2 are calculated by using equation 1.  

 The minimum line size that can handle the required average power as well as peak power levels 

with 100% reflection are: 6-1/8 inch line for peak power of  400 kW, 3-1/8 inch line for peak power 200 

kW and 7/8 inch line for power of  10 kW.  

  

 

Peak 

power 

(kW) 

Average 

power 

(kW) 

Peak voltage 

corresponding to 

peak power level 

(kV) 

Peak voltage 

corresponding to 

100% reflection 

in phase (kV) 

400 20 6.3 12.7 

200  10 4.5  9.0 

10 0.5 1.0  2.0 
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III. Thermal / loss calculations for transmission lines at ESS specifications. 

 Due to concentration of electric and magnetic field lines at the inner conductor, losses in the 

coaxial transmission lines are mainly decided by material of inner conductor. Coaxial lines with 

Aluminum inner conductor are not available. Hence copper is selected as inner conductor material for 

the coaxial lines.  

 The electrical conductivity of  copper (Cu) is 5.8e7 S/m, the CST simulation shows that the 

insertion loss of the 6-1/8 inch coaxial transmission line with copper inner conductor is 0.003 dB/m,

 The outer conductor material can either be copper or aluminum. Copper is more costly as 

compared to aluminum and also its density is 3.5 times higher than that of aluminum. Thus the 

transmission lines with copper outer conductor will be more costly and heavier than those with 

aluminum outer conductor, with no other advantages. Hence aluminum is preferred as an outer 

conductor material.  

 The thermal conductivity of copper is 401 W/mK. Details of the thermal calculations for the 

coaxial lines from a commercial supplier are given in table 3 with radiation cooling. 

 

Table 3: Thermal calculations for coaxial lines 

Line size 

 

Average 

power 

Loss for 10m 

coaxial line 

Temperature of  inner 

conductor 

 

(Calculations by 

Spinner)5  

Ambient temp = 40oC 

Temperature of inner 

conductor for 100% 

reflection  

(Calculations by 

Spinner)5  

Ambient temp = 40oC 

[inch] [kW] [dB] [oC] [oC] 

6-1/8 20 0.0285 60 74 

4-1/16 10 0.0429 60 74 

3-1/8 10 0.0556 70 84 

1-5/8 0.5 0.1113 50 65 

7/8 0.5 0.217 56 60 

 

  Thus Table 3 shows that temperature of copper inner conductor will be less than 75o for 

6-1/8 inch, 4-1/16 inch and 7/8 inch coaxial lines at the respective power levels.  The last column of 

table 3 gives temperature of inner conductor for continuous 100 % reflection. In reality, this situation 

will never occur. It is calculated for reference.  
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IV. Effect of radiation on insulators in coaxial line:  

High electrical field gradients may create field emission of electrons inside an accelerator RF cavity. The 

electrons will be accelerated and impinge into the cavity walls where they create X-ray radiation due to 

bremsstrahlung.  If the electron energy is high enough, neutron radiation may also be created. Table 4 

shows the expected equivalent dose rate for ESS due to beam loss. 

According to tests made at CERN, Teflon PTFE suffers severe damage after an absorbed dose of 1000 

Gy and usage is not recommended in radiation areas6. For ceramic (aluminum oxide) no defects were 

found even after absorbed dose rate of 100 MGy7. Another possible insulator material is Rexolite. 

Rexolite is a cross-linked polystyrene microwave plastic. According to the manufacturer it shows little 

change in dielectric loss over a wide range of radiation exposures up to 10 MGy8. We have so far been 

unable to find any independent data reported in literature.  

 

  Table 4: Expected dose rates in ESS 

ESS9 

(Operation time of 5200 h/year,  

operation for 40 years) 

Expected dose rate 

accelerator tunnel 280 mSv/h 

interconnection stubs 15-30 mSv/h 

accelerator gallery:  < 0.5 µSv/h 

  

Hence Teflon PTFE as an insulator may be used in low radiation area such as in ESS gallery. Ceramic or 

Rexolite can be used inside the ESS stubs and ESS tunnel.  As waveguides don’t need any insulating 

materials, they can also be used in the ESS stubs and ESS channel.  

 

4. Design of RF distribution system with waveguides 
Either waveguide WR2300 or WR2100 can be used at 352 MHz. The lower cut-off frequency (fc) of 

WR2300 is 256 MHz and that for WR2100 is 281 MHz. All the frequencies which are less than or equal 

to the lower cut-off frequency are not passed through the waveguide. The allowed frequency band for 

WR2300 is 320-490 MHz and that for WR2100 is 350-530 MHz. Thus as lower cut-off frequency of 

WR2100 is near to the operating frequency, usage of WR2100 will lead to high losses. Hence waveguide 

WR2300 is selected at 352 MHz.  

Loss of the WR2300 waveguide is very low (0.0089dB / 10 m). Their power handling capability is more 

than few hundred MW3. The power handling capability of the waveguide is proportional to height of the 
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waveguide. As the power requirement for the spoke cavities is only 400 kW, half height WR2300 (23 

inch x 5.75 inch) can be used. 

This reduces the waveguide size and cost. Also it will save space and handling will be easier. The 

waveguide material can either be copper or aluminum. As compared to aluminum, copper is more costly. 

Also due to a difference in density, the components made from copper will be 3.5 times heavier than 

those made using aluminum. Thus aluminum would be the preferred material for waveguides. 

Acceptable alloy types are 6061-T6, anticorodal 100, 6060, 6081, 4103 or equivalent. As the waveguides 

will be used indoor, uncoated waveguides can be used. 

Due to very low insertion loss of 8.9e-4 dB/m, the increase in temperature will be only 2-3oC.  

 

5. Design of 400 kW RF power combiner and circulator for tetrode RF 

Power Station 
Three possible RF distribution layouts to combine the 200kW output power of two tetrode amplifiers 

are shown in fig. 4 as options A, B and C.  

Option A shows layout with a waveguide hybrid coupler (foot-print: 1.44 m x 1.38 m), two 6-1/8 inch 

coaxial circulators (foot-print: 600 mm x 600 mm) with two ferrite loads (foot-print: 641 mm x 1067 

mm). WR2300 half height can be used to carry peak power of 400 kW to the spoke cryomodule through 

the tunnel. The 6-1/8 inch circulator design is available and it can handle 200 kW peak power without 

any need of pressurization, so the circulator build using 6-1/8 inch transmission line is planned at 200 

kW peak power. Due to the large footprint of waveguide hybrid coupler, the ESS gallery will become 

congested and thus this is not a preferred option.   

To avoid congestion in the gallery either option B or C can be used. Both these option use coaxial 

hybrid coupler (foot-print: 440 mm x 440 mm) and a circulator after coaxial hybrid. The circulator after 

the coaxial hybrid coupler has to handle peak power of 400kW. According to discussions with 

commercial suppliers, it can be either waveguide circulator or 6-1/8 inch coaxial circulator with 

pressurization. But as the waveguide circulator has very large foot print ie. 2.5m x 2.5m, coaxial 

circulator will be preferred.  

 Option B uses a single 6-1/8 inch pressurized circulator at 400 kW peak with two parallel carbon 

resistive loads. We will have to use two parallel carbon resistive loads as a single carbon load at peak 

power 400 kW is not available. WR2300 half  height is used to carry  peak power of 400 kW to the spoke 

cryomodule inside the bunker. In option C instead of WR2300 half-height, 6-1/8 inch coaxial line is 

used to carry peak power of 400 kW to the spoke cryomodule situated in the bunker.  

One more option to avoid circulator is under investigation. If we are able to avoid circulator, we 

estimate that savings in the order of 70 kEUR per system can be reached.  
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Option A: Layout using waveguides Option B: Layout using coaxial line in 

gallery and waveguide WR2300 (half 

height) in stub and tunnel. 

 

 

 

Option C: Layout using coaxial line  
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6. Cost comparison for the installation 
 

Table 5: Cost comparison of 6-1/8 inch coaxial transmission line and WR2300 half height waveguide.  

Quoted prices are for coaxial transmission line length and waveguide length of 3.65m, one single bend 

and one single dual directional coupler (DDC). 

No  RF component  Price range of the 

quotations 

Average of three 

quotations 

   Lowest 

quotation 

[EUR] 

Highest 

quotation 

[EUR] 

 

[EUR] 

1  With Cu outer 

conductor, Cu 

inner conductor 

and teflon 

supports  

coaxial line  1560 2075 1817 

bend 936 1617 1276 

DDC 1194 2202 1698 

2 With Al outer 

conductor, Cu 

inner 

conductors and 

Teflon supports 

coaxial line 1536 1732 1634 

bend  935 1482 1208 

DDC 1424 1867 1645 

3 With Al outer 

conductor, Cu 

inner 

conductors and 

Ceramic 

supports 

coaxial line 2225 3022 2623 

bend  1301 2675 1988 

DDC 1780 2437 2108 

4 With Al outer 

conductor, Cu 

inner 

conductors and 

Rexolite 

supports 

coaxial line 2406 2558 2482 

bend 1599 1668 1633 

DDC 2062 2195 2128 

5 WR2300(half-

height), material 

Aluminum   

waveguide 1522 1921 1722 

H-bend 1309 1492 1401 

E-bend 1309 1413 1361 

DDC 1520 1865 1693 
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Table 5 shows cost comparison for different transmission line options. Transmission lines, elbows and 

dual directional couplers are the basic building blocks of RF system. The cost has been found out after 

averaging the quotations from three vendors.  

I. Cost comparison based on average values: 

The cost of item number 2 (6-1/8 inch coaxial line components with Al outer conductor, Cu inner 

conductor with teflon supports) is the lowest.  

The cost of item number 1 (6-1/8 inch coaxial line with Cu outer conductor, Cu inner conductor with 

teflon supports) is 11% more, cost of bends is 5 % more and cost of DDC is 3 % more than those of 

item number 2 (with coaxial line Al outer conductor, Cu inner conductor with teflon supports). As ESS 

has 28 systems, the RF distribution with Aluminum outer conductor will achieve a good cost saving. 

The cost of item number 5  (waveguide WR2300 (half-height)) is 5% more, cost of bends  is 15% more 

and cost of DDC is 2 % more than item number 2 (6-1/8 inch coaxial line with Al outer conductor, Cu 

inner conductor with teflon supports) 

The cost of item number 3 (coaxial with ceramic supports) is 50% more expensive than item number 5 

(half-height waveguide). 

The approximate number of components (352 MHz, 400 kW) in ESS accelerator Galley, in ESS 

connecting stub and tunnel for one spoke cavity are given in table 6. The table also gives cost saving that 

can be achieved if WR2300 (half-height) is used in ESS connecting stub and tunnel instead of 6-1/8 inch 

coaxial line (Al outer conductor, Cu inner conductor, ceramic support). The cost saving for such 28 

systems is estimated to 500 kEUR.   

II. Cost comparison based on highest price for coaxial line and lowest price for Waveguide: 

If  we compare highest price for item 3 Coaxial line (Al outer conductor, Cu inner conductor and 

ceramic support) with lowest price for item 5 waveguides, then waveguide is cheaper by 98%, bends 

are cheaper by 100 % and DDCs are cheaper by 60 %.  

If  we compare highest price for item 2 Coaxial line (Al outer conductor, Cu inner conductor and 

teflon support) with lowest price for item 5 waveguides  coaxial line  waveguides, then waveguide is 

cheaper by 13%, bends are cheaper by 13 % and DDCs are cheaper by 22 %.  

 

III. Cost comparison based on lowest price for coaxial line and highest price for Waveguide: 

If  we compare lowest price for item 3 coaxial line (Al outer conductor, Cu inner conductor and 

ceramic support) with highest price for waveguides, then waveguide is cheaper 15 %, bends are 

cheaper by 14 % and DDCs are cheaper by 4 %. 

If  we compare lowest price for item 2 coaxial line (Al outer conductor, Cu inner conductor and 

ceramic support) with highest price for waveguides, then the item 2 coaxial lines are cheaper by 25 %, 

bends are cheaper by 59 % and DDCs are expensive  by 0.7%. 
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Table 6: Approximate number of components required for 1 ESS spoke RF distribution system (single 

RF power station connection to single spoke cavity) including total cost savings for 28 systems (average 

of quotations is used for these calculations). 

No. RF component Quantity in 

ESS 

accelerator 

Gallery 

Quantity in 

ESS accelerator 

connecting stub 

and tunnel 

Cost  saving if WR2300 

(half-height) is used in ESS 

tunnel and stub instead of  

6-1/8 inch coaxial line (Al 

outer , Cu inner, ceramic 

supports ) for one system   

Cost saving 

for 28 

systems  

    kEUR kEUR 

1 6 inch coaxial line  7-10 m  35 m 8.6 240.8 

2 Bends 4 10 5.8 162.4 

3 Dual directional 

coupler (DDC) 

3 1 0.45 12.6 

4 Flexible 

transmission line 

(bellows) 

2 4 1.9 53 

5 Circulator  1 -   

6 Load (400 kW 

peak) 

1 -   

7 Hybrid coupler 1 -   

8 Load (100 kW) 

for hybrid coupler 

1 -   

     470 

 

7. Comparison and selection of RF distribution  
Thus considering the previous sections, the 7/8” transmission line is very much suited for peak power 

level of 10 kW. The 3-1/8” transmission line is suited for a peak power level 200 kW, i.e. immediately at 

the output of the high power amplifiers HPA1 and HPA2. The transmission line at 400kW peak power 

can be either 6-1/8” coaxial line or half height waveguide WR2300. The optimal choice for a 6-1/8” 

coaxial line consists of an aluminum outer conductor, copper inner conductor and copper inner 

conductor sleeves. The selection of insulator supports depends on the temperature, radiation level and 

cost. As temperature of the inner conductor will always be below 75oC, Teflon insulators can be used in 

low radiation level zones and either ceramic or Rexolite in high radiation level zones. However, the half 
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height WR2300 waveguide is a more cost effective solution for the high radiation level zones if the larger 

space requirement is acceptable. It also offers an advantage about ease of installation as compared to the 

coaxial line installation.  

 To save space in the ESS gallery option B is preferred. The option B consist of 6-1/8 inch 

coaxial line (Al outer conductor, Cu inner conductor, Teflon supports) in the ESS gallery  to combine 

the output of two tetrodes and waveguide in connecting stubs and tunnel. The cost of coaxial lines with 

Teflon support  is comparable to the cost of waveguides. But the use of coaxial lines achieves space 

saving. It uses one circulator with pressurization, a coaxial hybrid coupler and Carbon resistive loads. 

 

8. Conclusions 
WR2300 (half-height) and 6-1/8 coaxial line both can be used for RF distribution of ESS spoke linac at 

400 kW peak power. For the coaxial line, Copper is selected as material for inner conductor of the 6-1/8 

inch coaxial line due to its high electrical and thermal conductivity. Aluminum is selected as material for 

outer conductor due to low cost and low density as compared to copper.  

The 3-1/8 inch line and 7/8 inch line can be used for  RF distribution at 200 kW and 10 kw peak power.  

For low radiation areas such ESS gallery, the 6-1/8 inch coaxial line with Teflon supports can be used, 

saves space and satisfies all the technical requirements and its price is comparable that of WR2300 half-

height waveguide.  

Whereas in case of ESS stubs and tunnel, where radiation level is high, waveguide WR2300 half height 

should be used to save cost. It will also offer an advantage about ease of installation. Of course it will 

depend on the available space in stub or tunnel. The ESS spoke linac shall have 28 systems and length of 

required transmission line for each system in the radiated area is approximately 30 m, to save a huge 

installation cost and for easier installation, WR2300 (half-height) can be used if adequate space is 

available.  

Thus we propose coaxial lines (Aluminum outer conductor, Cu inner conductor, teflon supports) in the 

gallery and WR2300 (half-height) in the stub and tunnel for ESS Spoke Linac RF distribution for 400 

kW peak power.  
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