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Abstract 

At CEA-Saclay we are currently testing the European 
Spallation Source (ESS) high beta cryomodules (CM). 
Each cryomodule is equipped with four superconducting 
elliptical cavities with their ancillaries (fundamental power 
couplers (FPC), frequency tuners and magnetic shields). 
The cavity is designed to accelerate protons with relativ-
istic speed about beta=0.86 and operate at an accelerating 
field of 19.9MV/m. During cryomodule test, operational 
parameters are inspected by powering up one cavity at the 
time. A dedicated gamma ray detection system has been 
designed and installed around the cryomodule in order to 
have a more precise insight into field emission phenome-
non occurring during cryomodule operation. Recently we 
were able to obtain time resolved data concerning radiation 
emerging from the cavities due to field emission. 

INTRODUCTION 
In addition to the production of the 30 medium and high 

beta cryomodules of the European Spallation Source (ESS) 
LINAC, CEA performs the high RF power tests of two pro-
totype CMs and of the three first CMs of each type assem-
bled in Saclay. CEA currently tested two CM proto-
types [1] and three from the medium beta section series, 
which will be re-tested at ESS test stand. Part of the testing 
operation consists in assessing the dose rate around the CM 
during operation [2]. At CEA we keep developing detec-
tors, simulation codes and analysis tools in order to better 
understand field emission phenomena during CM testing 
and detect possible source of contamination on the cavity 
surface. 

We present here the most recent application of plastic 
scintillator for gamma detection during the first two high 
beta series cryomodule tests (i.e. CM31 and CM32). The 
four cavities installed in the cryomodule were manufac-
tured and prepared by Research Instrument under the su-
pervision of UKRI Daresbury. The string assembly was 
carried out at CEA Saclay by a subcontractor, while the 
power test was performed by CEA staff [3]. 

EXPERIMENTAL SET UP 
In Saclay we are equipped with a 704 MHz cryomodule 

test stand where it is possible to assess their performance 
by operating close to working conditions. A first set up has 
been described in previous publications [4,5], here we will 
focus on the newly designed gamma detection system de-
veloped at CEA. 

 
 
 

Cavities and Cryomodule 
The cryomodule accommodates four high beta cavity 

manufactured with fine grain high purity niobium  [6]. In 
Table 1 are summarized the most significant cavity RF pa-
rameters. 

Table 1: Design Parameters for High Beta Cavities  [6] 
Design parameters  Value 

Geometrical beta - βgeom 0.86 
Nominal gradient Eacc [MV/m] 19.9 

Q
0
 at nominal gradient >5x109 

G [Ω] 241 
R/Q [Ω] 435 
E

pk
/E

acc
 2.2 

B
pk

/E
acc

 [mT/(MV/m)] 4.3 
E

pk
@nominal E

acc
 [MV/m] 43.8 

B
pk

@nominal E
acc

 [mT] 85.6 

Gamma and Neutron Diagnostic Systems 
Part of the testing activities consist of radiation dose pro-

file measurements with respect to cavities voltage, RF 
pulse structure and cavity position. 

 

 
Figure 1: Plastic scintillators, block (left) and fibres bundle 
(right). 

The current set up consist of two NaI(Tl) scintillators 
connected to a photo multiplier and a multichannel ana-
lyser and eight Geiger-Muller (GM) counters (LB6500-
H10 connected to a LB5340 data logger). The power tests 
are performed mostly one cavity at the time. Six G-M are 
placed around the vacuum vessel close to the powered cav-
ity, while the remaining two are always fixed at the cry-
omodule ends. On Figures 2 and 3 are shown their location 
when cavity #2 is powered, GM1 to GM6 are for low dose 
rate while GM7 and GM8 are for high dose rate. A neutron 
detector (LB6411) is installed close to the bunker wall  ___________________________________________  
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(about 3 m from the beam axis). Finally a gamma ray de-
tection system based on plastic scintillators (blocks and fi-
bres), shown in Figure 1, has been developed allowing a 
pulse by pulse radiation measurement, and some of its de-
sign parameters are summarized in Table 2. 

 
Figure 2: ESS CM, scintillators NaI(Tl) and plastic (yellow 
dots) and a dose rate GM detectors (numbered red circle). 

Table 2: Plastic Scintillator Detection System Parameters 

Parameters Value 
[Block/Fibres] 

Scintillator rise time [ns] 1/0.9 
Scintillator decay time [ns] 3.3/2.1 

Wavelength max. [nm] 435/425 
Attenuation length [cm] 400/380 

Refractive index 1.58 
Efficiency [ph./1Mev e-] 9200/10000 

PM rise time [ns] 0.57 
PM peak sensitivity [nm] 400 

Control system rise time [µs]  ∼8 
 

 
Figure 3: Plastic scintillators set up during cryomodule test, 
the block is on top of the beam pipe while fibres are 
wrapped round it, in the picture is shown the GM06 side. 

DATA ANALYSIS  
At first we will focus showcasing some plastic scintilla-

tors applications during CM testing and the usage of simu-
lation tools in order to have a better understanding of field 
emission phenomena (i.e. neutron production). In Figure 4 
is shown the radiation measured when the cavity is pow-
ered with a square pulse of 500 µs reaching 20 MV/m. It 
shows a clear correlation between the electron current 
measured in the FPC and the radiation detected, meaning 
that part of electron produced in the FPC are able to enter 
the cavity and hence being accelerated. We were able to 

confirm the correlation by suppressing the corresponding 
radiation using the FPC high voltage biasing system which 
inhibits electron multiplication inside de FPC. 

 
Figure 4: CM32, CAV4 excited with 500µs square pulse, 
the maximum Eacc is about 20MV/m (black). Electron cur-
rent detected by the pick-up in the fundamental power cou-
pler (cyan) and the radiation detected by the plastic scintil-
lator at the cryomodule ends, block at GM1 position (red) 
block at GM6 position (green) and fiber (blue). 

 
Figure 5 displays a second example that shows the sen-

sitivity of the plastic scintillators system. It is clearly visi-
ble the radiation modulation due to Lorentz force detuning. 

 
Figure 5: CM32, CAV1 excited with nominal pulse, the 
maximum Eacc is about 21.2 MV/m (black), radiation de-
tected by block at GM1 position, close to cavity (red), ra-
diation detected by block at GM6 position (green) and from 
fiber (blue). 

Particle Tracking and Particle Shower Simula-
tion 

Part of our cryomodule testing routine consists also in 
data analysis by means of particle tracking code and Monte 
Carlo simulations. This allows us to have a better insight 
into field emission phenomena occurring during testing 
and in future operation. Typically two codes with a set of 
post processing tools are used, one is for electrons tracking 
within the cavities (based on Fishpact [7]) while the second 
(Geant4  [8]) allows the simulation of particle and matter 
interaction (e.g. bremsstrahlung radiation due to electron 
impacts).   
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The tracking code consist of a Runge-Kutta integration 
algorithm (4th order) of relativistic particle dynamics. Elec-
trons trajectories are computed from the emitter (typically 
on the cavity iris) to the landing point. They are then used 
as an input for the Geant4 model. In Figure 6 is shown an 
example related to neutron production described in the next 
section. The trajectories calculated by Fishpact (Figure 8) 
are used in Geant4 (top of Figure 6) allowing the calcula-
tion of photon flux, radiation dose and neutron production 
around the cryomodule (bottom Figure 6). 

Figure 6: Cut view with electron trajectories in red (top) 
and photon flux (bottom) from Geant4 model. 

Neutron Production 
During cryomodule test we observed neutron production, 

in Figure 7 dose rates are reported (red bar for gamma in-
tegrated other the radial position and gray bar for neutron), 
cavities are powered at 20 MV/m (except for CAV1 that 
was limited at 17.5 MV/m) and RF pulse of 3.6 ms with 
14 Hz repetition rate. 

Figure 7: CM31 Dose rate over all radial detectors for pho-
tons and single point dose rate for neutrons. CAV1 is oper-
ated at 17.5MV/m, while all the other at nominal pulse. 

In order to better understand the phenomenon we took 
advantage of the suite of codes that we normally use for 
field emission and high energy photons radiation.  

The scenario that seems to be most probable is the fol-
lowing: 

1. Field emission occurs in cavity position 4 (CAV4),
most likely on the first iris in the second cell.

2. Electrons are accelerated by CAV4 and the impact the
adjacent CAV3, as shown in Figure 8.

3. Electrons with kinetic energy between 12 and 15 MeV 
(when the cavity is operated at 20 MV/m) impact the
cavity inner surfaces.

4. A considerable part of the electrons emitted current
impact the CAV3 beam pipe towards CAV2.

5. Electrons are slowed into the Niobium of the cavity
and produce bremsstrahlung radiation.

6. The produced photons have enough energy to excite
the giant dipole resonance of Niobium nuclei [9,10]
and produce neutrons with the following reaction
γ+𝑁𝑏 → 𝑛 𝑁𝑏 .

7. 𝑁𝑏  decays with a half-life of 10.15 days emitting
a photon of 934.44 keV that we observe in the gamma
spectra once the cavities are powered off.

Figure 8: Electrons trajectory originated in CAV4 and im-
pacting on CAV3, while CAV4 is operated at 20MV/m. 

SUMMARY 
We have implemented a set of tools in order to detect and 

analyse radiation produced by field-emitted electrons im-
pacting on cavity surface. A new detections system based 
on plastic scintillator has been developed and deployed 
during cryomodule test, providing valuable information 
concerning the radiation generated by field emission phe-
nomena pulse by pulse. Simulation tools have been also 
improved in order to model particle tracking and parti-
cle/matter interaction in a realistic cryomodule environ-
ment.   

These sets of tools have proven to be valuable in order 
to understand field emission behaviour and its effects dur-
ing cryomodule test. Some applications are showcased 
here: (1) Lorentz force detuning effect on the radiation pat-
tern was observed proving the system sensitivity. (2) Pos-
sibility to observe and distinguish between the radiation 
generated by electrons produced in the couplers and the 
ones coming from cavity surface. Finally (3) neutron gen-
eration, which sometime occurs during cryomodule opera-
tion, was simulated allowing to determine the most likely 
activation scenario. 
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