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ARTICLE INFO ABSTRACT

Keywords: High-Gradient accelerating cavities are one of the main research lines in the development of compact
High-gradient RF cavities linear accelerators. However, the operation of such accelerating cavities is currently limited by non-linear
Linac electromagnetic effects that are intensified at high electric fields, such as RF breakdowns, dark currents and
Hadron therapy

radiation. A novel normal-conducting High Gradient S-band Backward Travelling Wave accelerating cavity

for medical application (v = 0.38c) has been designed and constructed at CERN with a design gradient of
50 MV/m. In this paper, the high-power performance studies of this novel design carried out at the IFIC
high-power laboratory are presented, as well as the analysis of the conditioning parameters in combination

with numerical simulations.

1. Introduction

Radiotherapy is a cancer treatment in which radiation is used to
kill tumour cells. The most extended radiation used nowadays is X-rays
due to the fact that they are more penetrating than electrons and easier
and cheaper to produce than other types treatments involving heavier
particles. However, hadron beams (typically protons and C®* ions)
have the advantage of exhibiting a very localised energy deposition in
comparison to the conventional radiotherapy with X-rays [1]. The dose
deposition by this type of radiation is described by the Bragg peak and
can minimise the dose to normal tissue and nearby critical organs. This
is considered particularly valuable for paediatric cases, as for about
25% of tumour types, children are more sensitive to the adverse effects
of radiation [2]. Furthermore, therapies with C®* ions have a greater
radiobiological efficiency than X-rays and protons by a factor 3—4 [3],
making it possible to reduce the number of treatment sessions, which
could reduce the cost of such treatments and the patients discomfort,
as well as to treat radio-resistant tumours.

Over the last two decades, the therapies with protons have gained
a huge momentum, mainly based on synchrotrons and cyclotrons [4].
However, high frequency linac (Linear Accelerator) solutions are being

investigated as a promising new technology that could herald new
cancer treatment options with the advantage of modularity and speed
in the control of the beam energy [5-7]. A linac is composed of a chain
of accelerating cavities, that can be individually controlled, allowing
to change the energy of the final beam pulse-to-pulse (within 2-5 ps,
whereas for cyclotrons it takes 80-100 ms and for synchrotrons 1-2 s).
This makes linacs highly suited for short therapy sessions and treating
moving organs. For protons, a first linac solution of approximately
28 m length based on a Coupled Cavity Linac (25 MV/m) achieved
proton beams with energies of 230 MeV in September 2022 (TOP-
IMPLART in Italy and AVO-ADAM in London and Cyprus) [8,9]. For
C%* ions, the required accelerator technology is more complex due
to the need to reach higher energies than for protons for the same
equivalent penetration depth (430 MeV/u compared to 230 MeV/u for
protons) [5], and the lower charge-over-mass ratio, that affects the
acceleration efficiency. There are very few facilities in the world (in
Europe only 5 operational centres and one under construction) based
on synchrotrons [4]. Research studies are being made by the scientific
community to develop a new generation of ion therapy accelerators
that are more compact and efficient, increasing the accessibility to these
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therapies [10]. Currently, the most promising solutions for Co* ions, are
a high frequency linac or a superconducting synchrotron. In this case,
as a consequence of the lower ratio charge over mass of the ions and
the need of reaching higher energies (up to 430 MeV/m) compared with
protons (up to 230 MeV), the number of accelerating cavities increases,
as well as the length and cost of the accelerator. In this paper, we will
focus on the high frequency linac option, which is still in a conceptual
and R&D phase [11].

The HG-RF technology has the potential of reducing the linac length
for both protons and ions by a factor 2-3, which justifies the in-
vestigation of its use and limitations. This technology was originally
developed for high-energy particle colliders, mainly within the frame-
work of the CLIC project at CERN [12]. Remarkable advances have
been made in the last decade, reaching accelerating gradients on the
order of 100 MV/m to accelerate electrons [13]. Currently, the max-
imum achievable accelerating gradient is limited by the formation of
non-linear electromagnetic (EM) phenomena such as RF breakdowns
(BDs) and field emission [14], which can damage the accelerating
cavities, affect their efficiency, as well as generate intolerable back-
ground radiation. The RF BDs generate electric discharges, that are
originated in the nano-protrusions on the metallic walls of the cavity,
due to the spontaneous emission of electrons (dark current) by the
so-called field emission effect [15]. This occurs where the RF electric
fields are more intense [16]. The phenomenology of BDs is a very
complex field involving studies in RF [17], material science [18,19]
and plasma physics [20]. Most of the models and empirical criteria
to explain these phenomena have become obsolete after showing a
clear inconsistency with the latest experimental results for accelerating
gradients in the order of tens of MV/m. Experiments validated by
simulations are crucial for a better understanding of these phenomena
through characterising the dark current beam dynamics and determin-
ing the conditions favouring its formation in new accelerating cavity
designs [21,22]. Another HG-RF technological challenge is related to
the increase of power consumption, which has a squared dependence
on the accelerating gradient. Therefore, cost studies considering both,
construction and operational issues are essential also to understand the
possible limitations and push forward the use of this technology.

Two normal-conducting HG S-band (2.9985 GHz) Backward Trav-
elling Wave (BTW) accelerating cavities for low energy hadrons (f =
0.38) were designed and constructed by the TERA Foundation and
CERN [23]. The cavity was designed for an accelerating gradient of
50 MV/m. However, experiments carried out at CERN with the accel-
erating structure installed in the reverse position demonstrated that
gradients of 80 MV/m are attainable [24]. However, due to the lack of
longitudinal periodicity of the structure, the fields distribution inside
the structure was not uniform. In addition, a 15 cells HG 2.856 GHz
negative harmonic accelerating waveguide for g = 0.3 was tested up to
50 MV/m by RadiaBeam, in collaboration with the Argonne National
Laboratory [25]. The conditioning process was operated at a repetition
rate of 30 Hz and the BDR reached was 10~3 BD per pulse (bpp).

In this paper, we present the first high-power tests performed on the
second innovative BTW RF accelerating cavity prototype, installed for
the first time in the operational position for acceleration. The repetition
rate of the experiment reached 300 Hz, which is factor 10 higher
than the previous experiments at S-band. In addition, experimental
measurements showing the evolution of the beta enhancement factor
with the conditioning and evidence of the correlation between the BD
probability and the shape of the incident pulse are shown. Moreover,
the BTW accelerating structure dark currents and radiation formation
have been modelled with a 3D EM code and validated experimentally.
These results are essential for understanding the shielding requirements
of this kind of facilities. In Section 2, the experimental set-up at
the IFIC high power laboratory and the BTW RF cavity specifications
are described. Section 3 presents the results of the high power tests
performed. This section includes the description of the conditioning
process and the characterisation of the non-linear EM phenomena
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Fig. 1. IFIC high-power laboratory layout and main parameters.

Fig. 2. IFIC high-power facility.

formation during this process. In Section 4, we present a 3D EM model
developed using the commercial software CST-PS to study the dark
current beam dynamics in the BTW RF cavity design. The predictions
of this model are validated through dedicated measurements. Finally,
in Section 5, the main conclusions from these studies are presented.

2. The IFIC high power RF laboratory

The IFIC HG-RF laboratory was designed and built to perform HG
R&D of normal conducting S-band RF components.

The high-power (HP) system layout is very similar to the one at the
Xbox-3 test facility at CERN operated at 12 GHz [26], but for a central
frequency of 2.9985 GHz. The low level RF (LLRF) control system is
based on a real-time Ni-PXI architecture and the HP system is able
to amplify the RF signal up to a design peak power of 15 MW. The
main components of the HP system are the two modulators, the two
klystrons and the RF wave guide system, which guides the RF pulses
to the device under test (DUT), e.g. accelerating cavity to be tested.
The laboratory has two lines for testing and can operate to a maximum
operational frequency rate of 400 Hz if only one DUT is being tested. If
two DUTs are being tested, the maximum operational frequency rate is
200 Hz. The layout and main operational parameters of the HP system
are illustrated in Fig. 1 and more details can be found in [27]. A picture
of the IFIC high-power laboratory is shown in Fig. 2, where one of
the two modulators and klystrons can be seen along with the concrete
bunker containing the DUT used for radiation protection reasons. The
laboratory was commissioned in June 2019 and in October 2019 started
the testing of the first HG accelerating RF cavity.

2.1. The BTW S-band cavity

In order to investigate the use of the high-gradient technology in
hadron therapy based on linacs, an S-band BTW accelerating structure
was designed and two prototypes were constructed at CERN, funded by
the CERN Knowledge Transfer (KT) unit [24]. This BTW is designed to
accelerate a hadron beam with g = 0.38; for protons, this corresponds
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Table 1 Table 2
BTW RF accelerating cavity main parameters. Main conditioning operational parameters.
Parameter (unit) Value Parameter (unit) 2019 2020 2021a 2021b
Frequency (GHz) 2.9985 Operation (days) 16 6 80 17
Phase advance per cell (rad) 57/6 Operation (pulses [x10°]) 8 8.5 363 574
Phase velocity 0.38¢ Operation during night Never Sometimes Sometimes Always
Pulse width (ps) 2.5 Repetition rate 100 100 100 300
Average accelerating field (MV/m) 50 Rise pulse length (ns) 100 100 100 100
Number of cells 12 Fall pulse length (ns) 100 100 300 300
Structure length (mm) 189.9 Flat-top pulse length (ns) 550 400 200 200/500/800
Quality factor (first/last cell) 6954/7415 Chiller water Temperature (°) 22 22 22 22-25
Normalised shut impedance (MQ/m) 51.5/54.6
Filling time (ns) 224
Group velocity (first/last cell) (%c) 0.39/0.21 600 ns 900 ns 1200 ns —
Peak input power (MW) 20.6 — — _—_— i
Max S,/E? (A/V) 3.1 x 10™* | )
Max E, (MV/m) 219 121/ Renctition rate Ll ik JTT. § 1200 2
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Fig. 3. BTW accelerating cavity installed at the IFIC high-power test stand.

to an energy of 76 MeV, which is the lowest energy planned for the
linac-mounted gantry of the TULIP (turning linac for proton therapy)
design facility (see Table 1). The designed accelerating gradient of the
cavity is 50 MV/m but it was reduced to 40 MV/m to fulfil the medical
requirements [7].

In Fig. 3, the BTW installed in the IFIC high-power test stand is
illustrated. As can be seen, the accelerating structure is surrounded
by diagnostics used to measure and characterise the non-linear EM
phenomena such as directional couplers to measure the incident, re-
flected and transmitted power signals to the DUT, Faraday Cups (FC)
to measure the dark current and an ionisation gas detector to monitor
the radiation during the tests.

3. High power RF tests

Due to the intensified generation of non-linear EM phenomena in
HG conditions such as field emission, electromagnetic vacuum arcs,
a fresh structure that has undergone the entire fabrication process of
machining, assembly and cleaning is not capable of sustaining HG
fields from the beginning of operation. Therefore, a process of high-
power conditioning is needed for the structure to adapt to HG pulses.
In this process, the input power into the DUT is increased in steps
while keeping the BD rate (BDR) constant to gradually a pre-defined
value. This process can take several months, depending on the RF cavity
design and on the operational parameters.

In this section, we present the conditioning process performed at the
IFIC high-power laboratory on one of the two S-band BTW accelerating
cavity prototypes. In addition, the characterisation and evolution of the
main non-linear EM phenomena during this process are analysed and
discussed.

3.1. Conditioning

The conditioning process of the BTW accelerating cavity prototype
at IFIC started in June 2019. A fixed BDR limit was set to 3 x 10~

Number of pulse [x10°]

Fig. 4. Conditioning process of the S-Band BTW accelerating cavity with input power,
repetition rate and flat-top pulse length in different colours on the top of the figure
indicated as a function of the pulse number. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

bpp and the vacuum level was kept below an acceptable threshold of
3 x 1077 mbar.

During the 2019 conditioning the input power was increased man-
ually and the total pulse length was set to 750 ns with a symmetric rise
and fall length of 100 ns.

In 2020, the operation of the laboratory could not be started until
October due to the COVID-19 outbreak. In October 2020, the condi-
tioning procedure resumed using the conditioning algorithm developed
for the CLIC X-band accelerating structures in the X-boxes at CERN,
adapted to work with the specific hardware of the IFIC laboratory. In
addition, due to the slow progress of the conditioning process, it was
decided to reduce the pulse length to a total value of 600 ns with a
symmetric rise and fall value of 100 ns each. In 2021, the pulse shape
was modified to reduce the reflected power to the klystrons by keeping
the total pulse length to the same value but changing the fall time to
300 ns. Moreover, in 2021, a new operational mode was implemented,
where all the pulses generated by the RF system were sent to the line
where the accelerating cavity under test was installed. This allowed
the system to work at 300 Hz instead of 100 Hz, making the process
3 times faster. In order to take into account this modification, the
operational periods in 2021 are divided in two blocks. The first block
(2021a) corresponds to the conditioning performed at 100 Hz, and the
second (2021b) to the period operating at 300 Hz. A summary of the
main operational parameters used in the different mentioned periods is
presented in Table 2.

A summary of the conditioning process is shown in Fig. 4 where the
input power, repetition rate and flat-top pulse length are plotted. Note
that the regions with constant input power correspond to periods of
time when BDR measurements were carried out. Those measurements
involve operating at constant gradient for a large number of pulses and
counting the amount of BDs produced. The BDR measurement indicates
the confidence level of performance.

In order to compute the accelerating gradient for a given input
power the following relation (1) is used [28],

B, [MW]
G [MV/m] = 50 [MV/m] 30.16 MW" (€]
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the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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radiation dose from the ionisation chamber in yellow as a function of the RF pulse
number during the BTW conditioning process. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

A maximum accelerating gradient of 39 MV/m was reached for
the maximum power available at the high-power sources with a pulse
length of 1.2 ps. This is more than a factor 2 higher than the CCL cavities
used by the AVO-ADAM high frequency linac design for protontherapy
(16.5 MV/m) for this beta [8]. In Fig. 5 the gradient as a function of
the number of pulses is illustrated, as well as the accumulated number
of BD.

Note that the straight line of the cumulative number of BDs indicates
good performance of the conditioning algorithm. It was observed that
most of the measured BDs have a small amount of reflected power. In
Fig. 5, the accumulated number of BDs with an integrated reflected
signal above and below 10 dBs are indicated in yellow and blue,
respectively. The observed gaps correspond to days when other tests
were performed, such as the calibration of power signals, radiation
scans and BDR measurements.

In addition, dark current and radiation measurements were per-
formed along with the conditioning process. The results of these mea-
surements are shown as a function of the number of RF pulses in Fig. 6.
In this plot, the measured signal from the input power is shown in
blue, the downstream FC in green, the upstream FC in black, and the
radiation dose from the ionisation chamber in yellow, as depicted in
the set-up in Fig. 3.

Due to the cavity’s low phase velocity, dark current electrons are
collected in the upstream FC, whereas they do not reach the down-
stream FC. This is in agreement with CST results shown in Section 4.
Because of this observation, the ionisation chamber used to measure the
photon equivalent dose was moved next to the upstream FC. As shown
in Fig. 6, the signal measured at the upstream FC reaches a plateau
during the conditioning process. In contrast, the radiation dose level
keeps increasing throughout the conditioning process since at higher
input power, the dark current electrons reach higher kinetic energy.

Nuclear Engineering and Technology 57 (2025) 103164

H
9
L

H
9
4

Probability density

10

20000 30000 40000 50000

Pulses between BDs

0 10000
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3.2. Conditioning parameters analysis

In the following, we present a detailed analysis of some parameters
characterising the conditioning process.

The distribution of time intervals between BDs was fitted to a double
exponential, as shown in Fig. 7. The presence of two distributions
implies that the BDR is enhanced for a certain period after a BD before
returning to the expected BDR [14]. This suggests the tendency for BDs
to occur temporally in clusters, likely due to craters formed created on
the surface after a BD. Eventually, the BDR returns to its original value
because of the conditioning effect. The existence of a local maximum
is a consequence of the conditioning algorithm, which turns off and
gradually ramps up the power after a BD occurs to avoid damage to
the structure.

Furthermore, the dark current as a function of the input power
was measured for different steps in the conditioning process. This
allowed to study the evolution of the enhancement factor g, in the
Fowler-Nordheim model describing the field emission as [29],

dlogyo(I/EXY) G2
d(1/Ey) B

where G = 2.84 x 10° V/m eV>3/2 is a constant, I is the measured dark
current, E, is the surface electric field, ¢ = 4.5 eV is the copper work
function, and p, is the enhancement factor that relates surface electric
field with the value of the electric field in the spot. In Fig. 8, the two
terms dependent on the dark current intensity and the accelerating
voltage in Eq. (2) are plotted one against each other. The slope of
the different curves provides the FN g, factor at different points in the
conditioning process.

It would be reasonable to expect f, to decrease along the condition-
ing process as

, @

p.E,.x = constant, 3)

where E,, . is the maximum accelerating field achieved at a given point
of the conditioning.

In Fig. 9, a linear dependence of the beta enhancement factor as
a function of the inverse of the maximum electric field reached as
progressing in the conditioning process is observed.

In addition, the effect on the radiation dose normalised to pulse
length and repetition rate, measured outside the cavity, was studied as
a function of the conditioning process. In Fig. 10, the dose measured by
the ionisation chamber located next to the upstream FC is shown as a
function of the gradient at different points in the conditioning process.
Each point in the conditioning process is characterised by the maximum
power achieved and pulse length. Taking into account this, the blue
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(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

curve corresponds to 10.5 MW and 600 ns, the orange to 11.5 MW and
600 ns, the green curve to 11.5 MW and 900 ns and the red curve to
11.5 MW and 1200 ns, respectively. As shown in Fig. 10, the radiation
dose, normalised to pulse length and repetition rate, decreases with the
conditioning process.

Finally, the BDR was studied after reaching the maximum power
that the current setup can deliver. The BDR is defined as the number
of BDs per pulse and unit length, and it follows the scaling law [30],

BDR x E¥ . ¢, (©)]

acc

where E,.. is the accelerating gradient and 7 the pulse length.
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interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

In Fig. 11, the measured BDR for different accelerating gradients is
shown. A first measurement was taken just after finishing the condi-
tioning process and a second one after several days of conditioning at
the maximum power reached.

As shown in Fig. 11, the BDR improves for the second set of
measurements, which proves that conditioning of the structure keeps
ongoing even operating at fixed gradient. The second set of measure-
ments shows a gradient of 35.2 MV/m, with a BDR is below the limit
required for medical applications of 7.7x107 bpp/m. In addition, in both
cases, the slope of the fit is consistent with the order of magnitude of
Eq. (4).

The BD localisation is a typical analysis performed during the
conditioning process. This analysis helps to identify hot spot regions
that could interrupt the conditioning process and limit the overall
performance of the structure. This analysis was carried out using the
edge method [31], which compares the time difference between the
detection of the reflected rise signal and the transmitted fall signal
when a BD occurs, as shown in Eq. (5).

lre f = L

tedge = T’ 5)

where ¢, is the rise time of the reflected signal and 1,,, is the fall time
of the transmitted signal. Afterwards, the corresponding cell number
for each 7,,,, can be determined with the associated delay time to each

edge
cell,
npp L
del cell
L= ©)
Neell Ug Reell

where L, is the length of the cell, n,, ranges from 1 to 12, v, is
the group velocity of cell and ngj, is the cell number where the BD
occurred. An example of the incident, reflected and transmitted power
signal amplitudes during a BD pulse can be seen in Fig. 12.

The BD localisation distribution as a function of the cell number
for all the BDs detected during the conditioning process can be seen in
Fig. 13 for the different pulse lengths used in the conditioning.

A BD accumulation can be observed for cells number 8 and 9 for
pulses of 600 ns length at the top of Fig. 13, whereas this accumula-
tion disappears for longer pulses. Deeper analysis of this phenomenon
showed that this accumulation was related to BDs with low reflected
signal, which were observed only for short pulses. These correspond to
the yellow spots in Fig. 14, where the density of pulses for the reflected
power and t,,,, is shown.

When BDs with low reflected power are filtered out from the
analysis, the localisation for the short pulses shows a more uniform
behaviour, as shown in Fig. 15. In this case, the accumulation of BDs
observed decreases for higher cell number.
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Note that the shape of the transmitted pulse for a total length of
600 ns shows a higher degree of deformation, due to the fast rise
time and the dispersive behaviour of the structure. As a consequence,
BDs are accumulated around the maximum of the transmitted pulse, in
contrast to longer pulses, where the BDs occur more uniformly along
the pulse shape, as seen in Fig. 16.

Furthermore, a phase study was carried out in order to better under-
stand whether this observed accumulation of BDs in cells 8 and 9 for
short pulses is an artefact of the localisation method, as a consequence
of the pulse shape deformation for short pulses, or a real BD event
characterised by low reflected power.

This method is based on the comparison between the phase of the
incident and reflected signal assuming that the reflection is always
produced from the same location in the cell and that the BD phases
from two consecutive cells are spaced 4¢ = 150° in the BTW structure.
The BD phase is computed as the difference between the phase of the
reflected signal once the BD is triggered as described in [31,32],

$pp = Prer(t +14) — dync (@), @)
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Fig. 17. Histogram of BD phases for all BDs measured.

Fig. 18. 3D model of BTW S-Band cavity model in CST-PS for tracking simulations.

where ¢ is the BD phase, ¢rpp(f + 1) is the phase of the reflected
signal after BD and ¢, 5 (?) is the phase of the incident signal

Since the phase advance of the cavity is 150 ° per cell, a histogram
of the phase of the reflected signal in a BD should show 6 peaks
uniformly distributed. However, two consecutive peaks presented a
higher accumulation, which is in agreement with an accumulation of
BDs in two consecutive cells. This can be seen in Fig. 17.

Although the BD accumulation was observed using two independent
methods, it did not stop the conditioning of the structure or caused
damage to the cavity, since longer pulses were able to reach the highest
power without issues. Therefore, we can conclude that, due to the
deformation of the short pulses, a specific type of BD, characterised
by low reflected power and specific spatial localisation, was observed
during the conditioning for short pulses. Consequently, to avoid mal-
functioning of the structure, it is advisable to use pulses with a rise
time equivalent to the rise time of the transmitted pulse in future
conditioning processes.

4. Dark current impact studies

A 3D EM model of the BTW RF accelerating cavity was developed
in CST-PS [33] in order to study the dark current electron dynamics
inside the cavity. In addition, the impact of the dark current on the
generation of radiation, when interacting with the metallic cavity
walls, was studied using Monte Carlo simulations with PENELOPE [34].
The results from these simulations were compared with experimental
measurements to better understand the observed effects during the
conditioning process and characterise the dark current formation and
radiation generation for different operational parameters.

4.1. Dark current and radiation simulations

The 3D EM model implemented in CST-PS can be seen in Fig. 18.
The two FCs in the experimental setup as seen in Fig. 3, have been
included on the CST-PS model.

In CST-PS the field emission phenomenon is implemented following
the Fowler-Nordheim equation [35]:

 1.54% 1070 x 1045297 (5, E? [_ 6.53 x 109¢1~5] ®

Jr= ¢ b.E

where j is the current density in A/m?, ¢ is the material work function
and E is the surface electric field. First, RF fields are calculated using
the high frequency solver for the structure geometry at the working
frequency f, = 2.9985 GHz. Then, the electromagnetic fields are
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imported in the tracking module, where Fowler—-Nordheim emission has
been set in the irises using the copper work function ¢ = 4.5 eV.

Afterwards, CST-PS computes the beam dynamics of the dark cur-
rent electrons. The percentage of collected charge in each FC relative
to the emitted charge at each cell is shown in Fig. 19. It can be seen
that the number of electrons collected by the upstream FC is larger
and it exhibits a more uniform distribution. In contrast, only electrons
emitted from the cells near the exit beam pipe are able to reach the
downstream FC, and this number decreases for higher input power.
From these simulations we can conclude that electrons travelling in the
downstream direction do not synchronise with the low phase velocity
of the RF fields and collide with the cavity walls. Conversely, some
electrons travelling in the upstream direction are able to reach further
distance and can be collected in the upstream FC. These results are
consistent with the experimental observations during RF conditioning,
as shown in Fig. 6.

The maximum energy of the dark current electrons lost at the
different cavity cells and at the FCs was studied for an input power
ranging from 4 to 12 MW. The results of this study are depicted in
Fig. 20. As expected, the kinetic energy of the electrons colliding with
the cavity walls and reaching the FCs increases with the input power.
Additionally, the value of the maximum kinetic energy recorded up to
cell number 11 barely changes for a given input power since, according
to the CST simulations, it corresponds to electrons travelling in the
downstream direction, achieving higher energy. However, from cell
number 11 onward, the electrons of maximum energy are travelling
in the upstream direction, resulting in less energy gain. The maxi-
mum kinetic energy of the electrons is between 550-920 keV for P =
4-12 MW.

To estimate the impact of this dark current on the radiation reaching
the exterior of the cavity, Monte Carlo simulations were performed
using PENELOPE, a software based on Monte Carlo simulations for
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Fig. 21. Simulated bremsstrahlung spectrum from electrons colliding with a copper
plane.

electrons and photons transport in matter [34]. Since electrons are
light particles, their interaction with the copper walls of the cavity is
dominated by bremsstrahlung [36].

In order to understand the expected energy spectrum distribution
of the resulting radiation, the interaction between electrons and copper
walls was simulated. The energy of the electrons simulated was chosen
based on the CST-PS tracking simulation. In Fig. 21, the bremsstrahlung
spectrum is shown for Cu (Z = 29) for electrons with kinetic energy
1 MeV and 0.5 MeV. The electron source was set as a cone beam,
separated 0.5 cm from the 5 mm thick wall and a dispersion angle of
5°. The energy of the photons emitted upwards the wall, were recorded
for the spectrum, and as observed, the number of photons generated is
higher for higher electron energies. From this spectra one can verify
the maximum energy of the incident electrons by examining the cutoff
at the tail of the spectra in logarithmic scale with the horizontal axis.
Therefore, by measuring the photon spectrum surrounding the cavity
we can extrapolate the maximum energy of the electrons that have
produced this radiation. To validate the CST-PS model in predicting the
maximum energy gain by the dark current electrons, radiation energy
spectrum measurements have been performed. The experimental setup
and initial results are presented in the next subsection.

4.2. Radiation energy spectra measurements

During the conditioning process, the RF pulse frequency rate is
between 2 and 200 Hz, and the length of the pulses is <5 ps. As shown
in Fig. 10, the normalised dose during an RF pulse is on the order
of 10 Gy/min, which corresponds to ~10'3 photons/s/sr assuming an
isotropic emission. To measure the energy spectrum of this radiation
without saturating the detector, a small CeBr; scintillating crystal and
a lead collimation system with holes of 4 and 2 mm diameter were
used to limit the amount of photons reaching the detector, as shown in
Fig. 22.

In this case, a typical setup for photon detection consists of a
scintillating crystal, a photomultiplier tube (PMT), a preamplifier, an
amplifier, and a Multi-Channel Analyzer (MCA). For our experiment
this setup cannot be used due to the slow acquisition time of the
electronics, which leads to overlapping between consecutive photons
due to the high photon fluence. In Fig. 23 a typical MCA signal is
shown. The signal has a Gaussian shape and the photon energy is
proportional to the peak value.

Here, it can be observed that the response time is on the same order
of magnitude as the RF pulse length, due to the high fluence of photons,
this response is not fast enough, leading to pile-up. However, if we
directly measured the output signal from the PMT with an oscilloscope,
the acquisition process is much faster, around 100 ns. This allows us
to process several photons per RF pulse and avoid overlapping. PMT
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signals are characterised by a rise time of 1-2 ns and an exponential
decay with = = 25 ns, where the photon energy is proportional to the
area. This is illustrated in Fig. 24.

Therefore, in our experimental set-up, we used an oscilloscope Tele-
dyne LeCroy waverunner 9404M connected to the output of the PMT
to collect the signals. A post processing analysis script was developed
to reconstruct the photon energy spectrum.

Measurements were performed for different RF input power values
ranging from 4 to 6.5 MW, and the resulting measured spectra are
depicted in Fig. 25. Due to the high increase in the photon flux, the
measurements were split into two sets to avoid overlapping or low
measurement rate: the 4 mm collimation hole was used for P = 4-5 MW
(top) and the 2 mm hole for higher input power (bottom).

The first observed peak in Fig. 21 corresponds to lead X-rays (~75
keV), used for the collimation system, while the continuum region
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of the spectra has a typical bremsstrahlung shape. As observed if we
compare the top and bottom plots of Fig. 25, the bremsstrahlung peak
is shifted when the smaller hole is used. Numerical simulation showed
that this shift is likely due to a misalignment between the collimator
hole and the incidence angle of the photons emitted from the cavity
of around ~2.8°. As a consequence, when the small hole is used, the
photons must travel through a thin layer of Pb which shields more
effectively the low energy photons.

From Fig. 25, the maximum energy of the source electrons can be
inferred by examining the cut-off energy of the measured spectrum. As
seen, the maximum energy of the photons increases with the RF input
power, as expected from the simulations performed with CST-PS and
PENELOPE, presented in Fig. 20. However, it can be observed that both
figures predict different maximum energies for the same input power
at 5 MW. This is due to overlapping of various photons at high input
power caused by the high photon flux. Consequently, the small hole
must be used for P, > 5 MW.

The spectrum measurement agrees with the numerical simulation
since the maximum energy increases with the input power. In addition,
the measured maximum energy of the electrons is the range of 600—
750 keV which is compatible with the numerical simulations that
predicted a range between 550-700 keV.

5. Summary

The BTW S-band HG accelerating cavity designed by [28] has been
tested for the first time up to an accelerating field of 39 MV/m, with
pulses of 800 ns flat-top. A total of 950 million pulses were injected into
the cavity during the conditioning and high-power tests conducted over
a span of 120 days. Approximately 580 million pulses were required to

Nuclear Engineering and Technology 57 (2025) 103164

attain maximum power for short pulses of 200 ns with a flat-top, while
the pulse count decreased significantly for longer pulses, requiring 100
million pulses for 500 ns and 50 million for 800 ns. The condition-
ing process exhibited a linear correlation with the number of pulses
introduced into the structure, resulting in a proportional reduction in
conditioning time with an increased repetition rate. However, dark
current signals displayed non-linear behaviour, eventually reaching a
saturation point during the conditioning process, even as radiation dose
levels continued to rise.

The evolution of the beta enhancement factor was estimated by
conducting multiple scans of the dark current’s dependence on the
gradient at different stages of the conditioning process, revealing a
hyperbolic decrease with the maximum accelerating field. Furthermore,
the BDR was investigated at three different gradient levels and two
distinct times. These findings align with the BDR’s dependence on
the electric field and demonstrate an improvement in the cavity’s
performance following conditioning at nominal power levels.

The study on the localisation of BD events revealed a fairly uniform
distribution for pulses lasting 500 ns and 800 ns with a flat-top.
However, an accumulation of BD events in cells number 8 and 9 was
observed for short pulses of 200 ns. A thorough examination of these
short pulses led to the conclusion that, due to their limited duration and
deformation of the transmitted pulse, a specific type of BD occurred at
the onset of the RF pulse decay, characterised by low reflected power.
This accumulation of BD events disappeared for longer flat-top pulses
and did not stop the conditioning process.

The dark current and radiation emission in the BTW accelerating
structure have been modelled with a 3D EM code. The numerical study
of electron dynamics associated with dark current aimed to validate
the experimental results. Simulations confirmed that electrons do not
synchronise with the phase velocity of the cavity, thereby preventing
their collection at the Downstream FC, in agreement with experimental
observations.

Additionally, the maximum kinetic energy expected for electrons is
in the same order of magnitude as the maximum energy detected for
bremsstrahlung photons emitted by the copper walls of the structure.
The method developed for these measurements can be used to esti-
mate the shielding needed in the operation of HG cavities where dark
currents produce the emission of radiation.

6. Conclusion

The high-power tests to evaluate the performance and conditioning
process of a new HG accelerating cavity design are demanding in time
and require special laboratories. A better understanding and modelling
of the processes involved are essential for pushing the R&D and applica-
tion of the HG technology. In this paper we present the high-power tests
performed to a BTW accelerating cavity at the IFIC HG laboratory. The
conditioning process has been performed at a repetition rate of 300 Hz,
reducing the conditioning time by a factor 10 with respect to what is
used in other high-power laboratories. From these experimental tests
we could conclude that the beta enhancement factor decreases during
the conditioning. In addition, a strong correlation between the BD
probability and the input pulse shape was observed. This observation
puts requirements on the optimised pulse shape in order to be able to
monitor the BD distribution inside the structure along the conditioning
process.

Typically, the dark current observable is used to monitor the evo-
lution of the conditioning process. In the presented tests, the dose is
also used to monitor the evolution of the conditioning process, both
quantities are reduced. On top of that, we observed a BDR improvement
when operating at a constant gradient.

In terms of the design of the BTW cavity, a gradient of 35 MV/m
with a BDR < 7.7 x 10~7 bpp/m was achieved for the first time. We
observed a warming up of the cavity when high repetition rates are
used. Thus, the cooling design will need to be revised in order to be able
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to operate at high repetition rates to reduce the conditioning process
time. Moreover, the 3D EM model was validated by measurements al-
lowing it to be used to make predictions on the shielding requirements.
Furthermore, the observed energies of the emitted electron were always
below material activation threshold.
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