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Abstract 
The European Spallation Source (ESS), will adopt a sin-

gle family of double-spoke cavities for accelerating the 
proton beam from 90 to 216 MeV between the normal con-
ducting section and the elliptical superconducting cavities. 
They will be the first double-spoke cavities in the world to 
be commissioned for a high power proton accelerator. The 
first double-spoke cavity cryomodule for the ESS project 
is under high power test at Uppsala University. This paper 
presents the experience with the prototype cryomodule in-
cluding integration and RF conditioning. 

INTRODUCTION  
Superconducting spoke cavities have some unique ad-

vantages and are considered to be used  in worldwide pro-
ton accelerators such as ESS, PIP-II and CiADS 
[1][2][3][4]. However, as a new resonator structure, the 
knowledge of the spoke cavity is not as extensive as for the 
elliptical cavity technology.  

ESS will be the first accelerator to be equipped with dou-
ble-spoke cavities in the world. The superconducting dou-
ble-spoke section of the ESS linac increases the proton 
beam energy from 90 to 216 MeV, β = 0.41 to 0.58, from 
the normal conducting section to the elliptical supercon-
ducting cavities. This section adopts bulk niobium double-
spoke cavities, a total of 26 cavities, grouped by 2 in 13 
cryomodules (CMs) [5].  

The ESS double-spoke CM is designed and fabricated 
by IPN Orsay, France. The testing of the prototype and se-
ries CMs is performed at Uppsala University, Sweden, 
where the Facility for Research Instrumentation and Accel-
erator development (FREIA) was established for the devel-
opment of instrumentation and accelerator technology [6]. 
This test represents an important verification milestone be-
fore the ESS tunnel assembly. 

The high power test-stand at FREIA for the ESS double-
spoke prototype CM consists of two high power RF sta-
tions running with tetrode tubes, two high power circulator 
protection devices, a water cooling system, a load, a cryo-
plant and two low level radio frequency (LLRF) systems 
based on either self-excited loop (SEL) or open loop. The 
object of this test thus becomes the validation of the com-
plete RF-cavity chain consisting of high power RF ampli-
fier, high power RF distribution, fundamental power cou-
pler (FPC), double-spoke cavity CM, cold tuning system 
(CTS), and LLRF system. 

SUPERCONDUCTING CAVITIES 
The basic design parameters for the ESS double-spoke 

cavity are listed in Table 1[3]: 
 

Table 1: Main Parameters of Double-spoke Cavities 
Parameter ESS Double-

spoke cavity 
Frequency (MHz) 352.21 
Temperature (K) 2 
Pulse beam mode duty factor 
(%) 

4 

Repetition rate (Hz) 14 
Nominal Eacc (MV/m) 9 
Beta (optimal) 0.5 

 
Two double-spoke cavities have been fabricated and in-

stalled in the prototype CM. Both cavities completed their 
own vertical test at IPN Orsay with an excellent perfor-
mance. Both cavities showed promising quality factors of 
about 8×109 and a maximum Eacc above 12 MV/m [7]. 
One cavity was previously tested at FREIA with its power 
coupler [8]. 

SYSTEM INTEGRATION 
A prototype valve box was installed and was connected 

to the FREIA cryo-plant where it will be permanently lo-
cated for the coming 13 series CM acceptance testing [7]. 
The prototype valve box is slightly modified from the final 
series to adapt it to the FREIA infrastructure using a buffer 
helium tank and using liquid nitrogen for the thermal shield 
cooling. Several cryogenic experiments of this valve box 
were accomplished at FREIA in order to check the perfor-
mance of the instrumentation and equipment inside after 
the long distance shipping as well as the leak-tightness of 
all piping. However, while working at 4 K, the presence of 
thermo-acoustic oscillations was found. In order to reduce 
this effect, a small volume with a needle valve was added 
to an existing pipe. The prototype CM equipped with the 
FPC and cold tuning system was shipped to FREIA, where 
it was then connected to the doorknob, the valve box, the 
cryo-plant and the high power system. The doorknob is lo-
cated at a compact space right below the CM and therefore 
was installed on-site before moving the CM into the bun-
ker. Its successful installation proves the feasibility of me-
chanical construction design and gives a standard proce-
dure for future CM installations at FREIA and ESS. A vac-
uum pumping cart provided by ESS was then connected to 
the CM beam vacuum in a portable clean room.  

Figure 1 shows the prototype CM and valve box installed 
at FREIA.  
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Figure 1: The ESS prototype double-spoke CM at FREIA. 

FPC CONDITIONING 
FPC Conditioning Algorithm 

The FPC RF power processing both at room temperature 
and 4K were thoroughly completed before the high power 
RF test. Limited by the pumping capacity and availability 
of the RF power stations, the FPC conditioning of each 
cavity inside the CM was conducted one after the other.   
The FPC conditioning at FREIA is done in an open loop 
with standing wave regime at 14 Hz repetition rate. In order 
to avoid electromagnetic field build in the cavity, RF fre-
quencies of 353 MHz, way outside the cavity bandwidth, 
were chosen for at warm temperature and 4 K. In addition, 
the cavity field level was always monitored to prevent ac-
cidental powering to the cavity. 

 In order to reduce damage from destructive factors, the 
FPC’s vacuum is chosen as a leading preventive indicator. 
A corresponding automatic conditioning system based on 
LabView software was developed and validated at FREIA 
[9]. The conditioning procedure started from pulse lengths 
of 20 µs and followed by ramping up to full pulse length 
of to 3200 µs. During each phase of selected pulse length, 
the power is started from a low value and then ramped up 
step by step depending on various operating parameters. 
Finally, the maximum power of 400 kW is reached to keep 
a margin from the ESS design maximum power of 360 kW.  

Two software vacuum thresholds were adopted in this 
conditioning procedure. As long as the coupler vacuum 
kept below the first software threshold of 5E-7 mbar, RF 
power increased with a power increment of 0.1 dB. Once 
above the first software threshold, the controller held the 
RF output until the vacuum was recovered. Otherwise, RF 
power was decreased by 3 dB if the vacuum got worse, 
down to the second threshold at 5E-6 mbar. In this way, 
vacuum limits avoid local overheating or electrical arcing 
within the vacuum side, which otherwise would damage 
the fragile ceramic window in the coupler. The next phase 
should not be executed until the vacuum recovers below 
the first threshold. In parallel, an interlock system pro-
tected the RF components independently. Essential detec-
tive activities employed in the interlocks were electronic 

events, maximum forward power and vacuum. An arc de-
tector on the ceramic window is under development and 
therefore was not adopted in this prototype test but will be 
integrated in the series CM test. The main FPC condition-
ing control parameters are shown in Table 2 . 
Table 2: Main Parameters Of Double-spoke Cavity Condi-
tioning 

Parameter Value 
Pulse repeat rate (Hz) 14 
Vacuum upper limit (mbar) 5e-6 
Vacuum lower limit (mbar) 5e-7 
pulse length step (µs) 20, 50, 100, 250, 500, 

1000, 2000, 3200 
 

FPC Conditioning Experience 
 The FPC conditioning of the prototype CM provides im-

portant guidance for the CM commissioning at the LINAC 
tunnel.  

The FPCs warm conditioning was performed over a pe-
riod of a few weeks, as shown in Figure 2. RF powering 
was only done during working hours, and technical inter-
ventions to the bunker and system troubleshooting caused 
additional down time. The effective time of warm RF pro-
cessing for each FPC was about 70 hours, including one 
main conditioning and two re-conditionings.  

The re-conditionings were necessary because individual 
FPC conditioning caused a significant cross-contamination 
between the two FPCs. The limited pumping capacity of 
only one pumping cart connected to one side of the CM is 
considered to be the major reason for this cross-contami-
nation, the offline coupler is easily polluted by the outgas-
sing produced by the one under conditioning. This outgas-
sing was up to 5E-6 mbar and slowly recovered. 

 

 
Figure 2: Time plot of the warm conditioning of the two 
FPCs of double-spoke CM 

Figure 3 shows the warm conditioning history of one of 
the FPCs.  Both in main conditioning and re-conditioning 
procedure, lots of outgassing occurred through the forward 
power region of 20-30kW at short pulses and 40-50kW at 
long pulses. These multipacting regions are consistent with 
those in the first high power test of the ESS double-spoke 
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cavity at the FREIA test stand in 2017 [8]. The FPC pro-
cessing at cold did not show substantial outgassing and 
took about 3 hours thanks to a thorough processing at 
warm. 
 

 
Figure 3: Main conditioning of FPC2 at warm temperature. 

 
In order to minimize the time for FPC conditioning, 

some embedded safety program was implemented in the 
current conditioning software, such as a watchdog program 
which will cut the RF whenever the software is non-re-
sponsive for any reason. This upgrade version allows a re-
liable automatic conditioning running 24 hrs without su-
pervision. On the other hand, several approaches are con-
sidered to further reduce the time: 1) Install a second 
pumping cart on the other side of the CM in order to con-
dition two couplers simultaneously, 2) optimize the vac-
uum threshold and 3) pre-baking of the FPC up to 120 ℃. 
Due to the consideration of preventing a degradation of 
cavity performance, the pre-baking option has been ruled 
out. 

CAVITY CONDITIONING 
The cavities RF conditioning used a SEL to lock the cav-

ity resonant frequency without requiring a CTS feedback 
which was not yet available when starting the conditioning. 
In order to control different pulse duration in a pulse-mode 
operation in the SEL, a RF switch controlled by a program-
mable trigger signal is integrated into the circuit. 

The first run of cavity conditioning was aiming for the 
cavity multipacting bands study which is independent of 

the operational temperature. Therefore, it was carried out 
at 4 K because of the easier operation mode of the cryo-
genic system. During the multipacting conditioning, a 
quench happened at a forward power around 24 kW and 
the quality factor of the cavity dropped down to critically 
coupled to the FPC. The SEL followed the cavity fre-
quency and fed RF regardless of the frequency shift caused 
by the quench. Since a quench detection system was not 
included in the specification, the RF power was not cut by 
the interlock and continuous power of the order of 1 kW 
went into the cavity. Consequently, a helium pressure burst 
occurred which caused the safety valve to open and even-
tually the rupture disc to brake. This incident forced a 
warm up of the CM to room temperature and the broken 
rupture disk was replaced. 

A quench detector system will be implemented into the 
FREIA high power test stand, especially when using the 
SEL.  A slow interlock of helium pressure rise and a fast 
interlock of anomaly detection of the transmitted signal 
during a pulse has already been implemented. A more com-
plete quench detector by monitoring the pulse-by-pulse 
loaded Q through the decay time is now under development 
and will be adopted for the series test [10]. 

The cavity conditioning is now ongoing at FREIA and 
after that related RF experiments will be done in the com-
ing month. 

CONCLUSION 
The ESS double-spoke prototype CM is integrated with 

its all necessary ancillaries and is now under test at the 
FREIA Laboratory. Warm and cold RF conditioning up to 
full power levels for the FPCs have been demonstrated. 
Cross-contamination was observed during the individual 
FPC warm conditioning in sequence, which required a re-
conditioning. Several approaches to improve the FPC con-
ditioning process are under study. A cavity quench oc-
curred during the cavity multipacting conditioning causing 
a helium pressure rise and a rupture disc to burst.  Several 
quench detection methods are being implemented in the 
test stand to prevent similar events in the future. 
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