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Abstract 
In 2016, the installation of the European XFEL was com-

pleted and its 26 RF stations started operation in 2017. 
Each RF station consists of a 10 MW-1.3 GHz-multibeam 
klystron, a HV pulse modulator and a waveguide system to 
supply the superconducting cavities and the normal-con-
ducting electron gun with RF power. During commission-
ing and subsequent operation, the RF stations were closely 
monitored and causes of failures were investigated. For the 
optimisation of the RF systems, the various RF station fail-
ures were evaluated according to their impact on accelera-
tor operation and the measures to eliminate them were pri-
oritised accordingly. This report describes the operation ex-
perience and improvements of the high-power RF stations 
during the first 4 years of operation.  

SYSTEM OVERVIEW 
A total of 97 superconducting accelerator modules are 

powered by the high-power RF system. The high-voltage 
pulses for the klystrons are generated above ground in a 
hall and fed to the RF stations via pulse cables up to 2 km 
long (Fig. 1). Their voltage is 6.3 to 9.2 kV, which is trans-
formed up to 76 to 108 MV with the help of a transformer 
in the tunnel and then fed to the klystrons. The RF power 
range from 0.7 to 6.3 MW, depending on the operating 

mode of the accelerator, and are thus partly higher than 
specified in the TDR [1]. 24 of the RF stations are installed 
directly under the accelerator modules in the same tunnel. 
Each RF station supplies 4 accelerator modules with 8 cav-
ities each. The RF power generated by the klystron is cou-
pled out via two klystron RF windows and then distributed 
to each of the 32 cavities of 4 accelerator modules (Fig. 2).  

As it turned out during the production of the accelerator 
modules that the quench limits of the cavities are very dif-
ferent, the power distribution over the waveguides was ad-
justed. Cavities that quench at lower RF powers receive 
less power, while cavities that can be operated at higher 
powers receive more. In this way, the gradient per RF sta-
tion could be significantly increased [2]. Some cavities 
have been completely removed from operation by detun-
ing. However, the reflected power is not a problem because 
a circulator is installed in front of each cavity. 

Many vital functions of the RF system are monitored by 
an interlock system, such as: 
 Cooling water flow in klystron, pulse transformer, 

waveguides etc. 
 Oil levels in the pulse transformer 
 Vacuum in the klystron 

 
 

 
Figure 1: Hall with 26 modulators and cable routes for the high-voltage pulses to the RF stations. 
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Figure 2: One RF station in the accelerator tunnel. 

 Temperatures in the klystron, pulse transformer, and 
waveguides (harmonic filters and circulators) 

 Currents and voltages  
 Oil moisture measurement in the pulse transformer  
 RF leaks  
 RF power.  
However, it is not only an interlock system, but also 

monitors many of the mentioned parameters over time. 
With the help of software that has been developed, one can 
quickly get an overview of the operating status of the RF 
systems and identify errors that occur. The occurring errors 
are stored continuously in a table and one can easily see 
which type of error causes how much downtime. Based on 
this data, the optimisation potential of the RF system was 
determined. 

OPERATION 
After a large number of the RF stations had been set up 

between 2014 and 2016, the superconducting accelerator 
modules were cooled down from 11 December 2016 on. 
After the operating temperature of 2 K was reached in Jan-
uary 2017, the commissioning of the RF stations began. 
The technical problems that arose during the first four 
years and how they were resolved are described below.  

Waveguide Distribution 
In 2017, arcing occurred in two waveguide distributions. 

Using the reflected RF power detected by our interlock sys-
tem and additional sound sensors, the arcing points could 
be localised. In each case it was a waveguide phase shifter 

in which the arcing occurred. These were replaced and 
since then there have been no more problems with arcing 
in the waveguide distributions. 

Another problem was in the flow monitors for the cool-
ing water of the circulators. Here the hysteresis was so 
large that some of them switched off safely when the water 
flow was too low, but did not switch on again after the nom-
inal water flow had been restored. When pressure fluctua-
tions occurred in the cooling water system of the XFEL, 
e.g. due to power failures, staff had to reset the flow mon-
itors manually. In collaboration with the specialist group 
for water cooling, a suitable flow monitor with small hys-
teresis was sought and a manufacturer was found that met 
the requirements. The flow monitors concerned have since 
been replaced by this new type. 

Klystrons 
26 multibeam klystrons are installed in the XFEL [3]. A 

major problem occurred in one of the 2 klystron types used. 
Leaks in the solenoid cooling water circuit occurred in 
3 klystrons in succession between December 2018 and 
March 2019. As the cause was not clear at first, the first of 
these klystrons was replaced. Outside the tunnel, it was 
then discovered that only one water hose which is not suit-
able for de-ionised water due to its composition had burst 
in this type of klystron. In the case of the two subsequent 
leaks instead of the klystrons only the hoses were replaced 
at the klystron in the tunnel. As it was only a matter of time 
before more hoses burst in the other klystrons of this type, 
all hoses were replaced as a preventive measure in 
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March 2019. Finally, stainless-steel hoses replaced the 
original plastic hoses. 

Replacing a klystron in the XFEL is more complicated 
than in other accelerator facilities because they are located 
under the accelerator modules in the tunnel (Fig. 3). 

 
Figure 3: The klystrons are located below the accelerator 
modules. 

Using a crane is not possible and the tunnel transport ve-
hicle designed for the installation phase is very large. It 
takes 2 days just to get it in and out of the tunnel. Therefore, 
some measures have been taken to speed up a klystron re-
placement: 
 First of all, a new, much smaller transport vehicle was 

constructed that can be brought into the tunnel much 
faster than the one used during the installation phase. 

 Spare klystrons have been deposited in the XFEL to 
shorten the transport time. 

 Each spare klystron has all the necessary accessories 
for the installation. 

 The klystron lead shields have been optimised so that 
they can be dismantled and reassembled as quickly as 
possible. 

 A bag with all the tools needed for klystron replace-
ment is provided. 

 The klystrons have been equipped with wheels that al-
low them to be pushed sideways into the transport 
path (Fig. 3 on the right). 

In this context, it should be mentioned that in the first 
4 years of operation, only one of 26 klystrons in operation 
was used up. This is where the careful initial testing on the 
test stand pays off. In addition, a lot of time was and is 
spent on selecting the most stable high-voltage operating 
points. 

Electronics 
The electronics are also located in the accelerator tunnel. 

This means that initially we had to go into the tunnel more 
often to switch components back on or reset them, which 
typically caused an hour of downtime. To reduce this 
downtime, two major optimisations were made here.  

During power failures, it happened that circuit breakers 
tripped. This was investigated and measurements showed 

that when a complete electronics cabinet was switched on 
again, inrush currents occurred that were sufficient to trig-
ger the standard circuit breaker (C-type) used. New in-
stalled D-type circuit breakers that tolerate 2 times higher 
and 10 times longer inrush current solved the problem.  

The second optimisation was to equip some units with 
remote-controlled sockets so that power cycles can be car-
ried out without access to the accelerator. 

Modulator 
There was a very persistent problem here. The modulator 

electronics consists of 2 boards and a server that communi-
cate with each other via USB interfaces. For reasons that 
were initially unknown, the communication via the USB 
interface got lost from time to time, completely unpredict-
ably, sometimes with one modulator, then with another. As 
a result, the affected modulator stopped operating and 
could only be restarted by restarting the electronics. This 
problem was first observed in 2016, but was very rare 
(MTBF = 104 days). Over time, however, it occurred more 
frequently. The MTBF shortened to 18 days in 2018 and 
2019. In 2020, the probability of occurrence increased by 
a factor of 10 and became the dominant downtime cause of 
the high-power RF system (MTBF ≈ 2 days). A large num-
ber of staff were then deployed to search for the cause, 
which was finally found in mid-2020. The level of the USB 
signal with which the components of the modulator elec-
tronics communicate was weak, so that bit errors occurred 
from time to time which led to a communication break-
down. The problem was solved by using USB cables with 
very low attenuation, so that about 10% more signal level 
arrives at the USB ports of the modulator electronics. 
These low attenuation cables were installed in December 
2020 and the error has not occurred since. 

SUMMARY 
In the first 4 years of XFEL operation, the reliability of 

the high-power RF system was significantly increased. Re-
markable is the low klystron consumption so far and the 
fact that there are hardly any problems with the complex 
waveguide distributions. 
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