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Abstract 

The X-Band test facilities at CERN have been running 
for some years now qualifying CLIC structure prototypes, 
but also developing and testing high power general-pur-
pose X-Band components, used in a wide range of applica-
tions. Driven by operational needs, several components 
have been redesigned and tested aiming to optimize the re-
liability and the compactness of the full system and there-
fore enhancing the accessibility of this technology inside 
and outside CERN. To this extent, a new high-power RF-
window has been designed and tested aiming to avoid un-
necessary venting of high-power sections already condi-
tioned, easing the interventions, and protecting the klys-
trons. A new spiral load prototype has also been designed, 
built, and tested, optimizing the compactness, and improv-
ing the fabrication process. In these pages, the design and 
manufacturing for each component will be shortly de-
scribed, along with the last results on the high-power test-
ing. 

INTRODUCTION 
High-power RF (HP-RF) windows are crucial compo-

nents used to isolate different sections of a vacuum line. 
When designing a RF window, the electric field on the sur-
face of the ceramic window must be minimized, because 
high electric fields on this region could result in an electri-
cal breakdown (BD) and eventually in the destruction of 
the ceramic itself. To be able to sustain high-power RF 
pulses, mixed-mode RF windows are normally used [1,2]. 
Based on this principle and in order to meet the require-
ment of the high-power X-Band test stands at CERN, a new 
design was proposed, optimized to sustain high peak power 
and high repetition rate.  

 High-power RF loads are components needed in many 
accelerator facilities, especially when using traveling wave 
structures, absorbing the remaining power after de acceler-
ation. In X-band, due to the small size of the structures and 
the limited available space, new designs have been focused 
in making them more compact. A new concept of a spiral 
load has been developed at CERN, fabricated by additive 
manufacturing techniques out of titanium (3D metal print-
ing) [3]. First prototypes were successfully tested on the 
high-power X-band test facilities (Xboxes) [4].  

Recent designs are moving towards a more efficient fab-
rication procedure to overcome intrinsic limitations com-
ing from the additive manufacturing process. Previous pro-
totypes of spiral loads were printed at 45 degrees (Fig. 2 

left) to avoid the horizontal segments and the associated 
waste of printed titanium volumes and supports. To im-
prove the procedure of manufacturing, a new spiral load 
design was proposed [5] with an optimized cross-section 
and a twisted input waveguide, which allows horizontal 3D 
printing, with less support posts required and the possibil-
ity of stacking them vertically.  

In these pages we will present the results obtained during 
the high-power tests of both components. The high-power 
tests were carried out at CERN, on the X-Band high-power 
test stand 3 (Xbox3) which consist of a combination of two 
5.5 MW klystrons, feeding two test benches, providing up 
to 40 MW after pulse compression (50 ns pulse length), 
with a maximum repetition rate up to 200 Hz per line [6].   

X-BAND RF WINDOW 
The X-Band HP-RF window was designed to sustain up 

to 75 MW peak power. The design includes a mode con-
verter from TE10 (rectangular) to TE01 (circular), which al-
lows higher flexibility in terms of integration, taking ad-
vantage of the rotational symmetry of the circular mode. 
The electric field on the ceramic window was designed to 
be below 3.4 MV/m. To reduce the peak field, a ceramic 
disc of 65 mm of diameter was chosen. The thickness of 
the ceramic was defined as 2,43 mm and the transition, 
from the circular waveguide diameter to the window diam-
eter was done in two-stages to preserve the required TE01 
mode purity. 

High Power Test 
The historic of peak power and average power put into 

the window is shown in Fig. 1. The component was tested 
at different pulse length and repetition rate combinations, 
reaching up to 40 MW peak power at 150 Hz and 1.9 kW 
average power (35 MW peak at 200 Hz). Table 1 shows a 
summary of the main parameters measured during the pro-
cessing. The RF window was tested up to the performance 
limits of the facility, and no breakdowns were detected.  

Table 1: Measured Parameters on the Flat Regions 

 R1 R2 R3 R4 

Power [MW] 35 35 35 40 
Average [kW] 1.47 1.9 1.6 1.64 
Transmission [dB] -0.19 0.18 -0.16 -0.15 
Pulse Length [ns] 50 50 100 50 
Repetition Rate [Hz] 150 200 150 150 

 
 ___________________________________________  
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Figure 1: Historic of peak power and average power during 
the processing of the RF window. 

45 DEGREES SPIRAL LOAD 
The working principle of the spiral load is based on the 

“conduction losses” in which the power is absorbed when 
traveling through a waveguide made with lossy material, in 
this case titanium. First prototype (Fig. 2 left) was success-
fully tested on Xbox 3, reaching up to 35.5 MW peak 
power and 2.1 kW average power [4].  

 

 
Figure 2: 3D printer loads in titanium; left: spiral load pro-
totype with rectangular cross-section (requires 45 degrees 
printing); right: two spiral loads with hexagonal cross-sec-
tion, manufactured in one single printing cycle. 

In the new spiral load prototype, the cross-section of the 
waveguide was redesigned to a hexagonal shape (Fig. 3) 
and the RF input to the load (transition part in Fig. 4) was 
elongated and twisted 45 degrees [5]. The new design 
avoids horizontal segments and optimizes the 3D printing 
process, allowing to print more than one load in a single 
printing cycle. Figure 2 right shows the stack of two of 
these loads after one 3D printing cycle [7].  

 

 
Figure 3: Comparison between the rectangular waveguide 
(left) and the optimized hexagonal cross-section (right). 

 
Figure 4: Functional segments used for the spiral load de-
sign. 

High Power Test 
The high-power processing of the spiral load was carried 

out at Xbox3, aiming to measure its performance at high 
power and its thermal behaviour. In order to do this, several 
temperature sensors were place around the spiral load and 
integrated on the DAQ system.  

In the first stage of testing, overheating of the transition 
waveguide was observed (Fig. 5) the temperature of this 
region increased proportional to the average power, put 
into the load. This version of the design didn’t include a 
water jacket around the transition waveguide, which turned 
out to be necessary. The temperature of the spiral load, em-
bedded inside a water jacket, oscillated around 30 degrees. 
To keep under control the excess of temperature, a cooling 
block was installed on the transition region and the repeti-
tion rate was limited to 100 Hz. Although the high temper-
atures achieved of the centre of transition waveguide 
(around 190 degrees at maximum average power) the spiral 
load still operated normally. 

 

 
Figure 5: Thermal image of the spiral load. 

 
Figure 6 shows the historic of peak power, average 

power and pulse length. The testing procedure consisted in 
raising the average power put into the load by increasing 
the pulse length and the peak power in separate steps, in 
order to determine the contribution of these parameters to 
the conditioning limit.  
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Figure 6: Peak power, average power, and pulse length dur-
ing the processing of the spiral load. Green regions: pulse 
compression operation mode 

 
The high-power processing was separated in three stages 

(Fig. 6). First, peak power was raised up to 15 MW with a 
50 ns pulse. Then, with a maximum peak power of 8 MW, 
the pulse length was enlarged, in steps, up to 1.3 us. Finally, 
peak power was raised up the 30 MW with a pulse length 
of 200 ns. In the last stage, long pulses were interleaved to 
increase even more the average power, which didn’t affect 
the number of BDs. In general, the spiral load operated up 
to 1.3 kW average power and a maximum peak power of 
30 MW. The maximum peak power was limited by the load 
itself due to the occurrence of BD clusters. 

 
Figure 7: Total BDs accumulated in region 2 (top) and re-
gion 3 (bottom), defined in figure 5. 

 
Figure 7 shows the total number of BDs accumulated by 

changing, independently, pulse length and peak power. The 
maximum average power considered in both cases was 
900W. It can be observed that the number of BDs tended to 
stabilize when the pulse length is extended, but it kept 
growing as the peak power is raised. This shows the limited 
effect of the pulse length on the conditioning process which 
is mostly dominated by the peak power. In consequence, if 
the temperature of the load is controlled and after condi-
tioning with peak power, the average power can be raised 

(increasing the pulse length or repetition rate) without re-
quiring long stages of conditioning. 

 
The performance of the spiral load at different tempera-

tures, measured at the centre of the load, was also studied. 
To do this, the water cooling was stopped, and the opera-
tion was done at constant power and changing the repeti-
tion rate. Figure 8 shows that the reflected power ratio re-
mained constant, independently of the temperature of the 
load, in a range from 35 to 98 degrees. This means that the 
spiral load can be operated at any of these temperatures 
with the same performance. Considering the amount of 
power that is absorbed on the spiral load, the possibility of 
operating them at high temperature, makes this component 
suitable to be part of a heat recovery system for a large ac-
celerators facility [8,9], allowing to transfer the waste heat 
to other places, with the corresponding reduction on gen-
eral power consumption. 

 
Figure 8: Spiral load performance at different tempera-
tures. 

CONCLUSION 
Driven by operational needs of the X-band high-power 

test stands, two key components have been redesigned, 
manufactured and tested at CERN. The results on the RF 
window high-power test have shown its capability to sus-
tain high-power and high repetition rate pulses, reaching 
up to 40 MW peak power at 150 Hz and 1.9 kW average 
power. The spiral load design has been optimized to im-
prove the additive production procedure. The high-power 
conditioning has proven the stable operation up to 30 MW 
peak power, although the high temperature achieved on the 
transition waveguide. The studies performed have shown 
the limited effect of the pulse length on the conditioning 
process which is mostly dominated by the peak-power. 
Moreover, the spiral load performance has been proven sta-
ble in a wide range of temperatures, making it suitable to 
be part of a heat recovery system for a large accelerators 
facility. 
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