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Abstract
High-Gradient accelerating cavities are one of the main

research lines in the development of compact linear colliders.
However, the operation of such cavities is currently limited
by non-linear effects that are intensified at high electric fields,
such as dark currents and radiation emission or RF break-
downs. A new normal-conducting High Gradient S-band
Backward Travelling Wave accelerating cavity for medical
application (v=0.38c) designed and constructed at CERN
is being tested at IFIC. In this paper, we present experimen-
tal measurements and simulation of such non-linear effects.
The main goal of these studies is to establish the viability
of using these techniques in linear accelerators, in order to
improve our understanding in such effects. The main goal
of these studies is to determine the viability of techniques in
linear accelerators for hadrontherapy treatments in hospitals.

THE IFIC HIGH-POWER S-BAND
FACILITY

The design of High-Gradient (HG) accelerating cavities
is a key issue in the development of compact linear accel-
erators. The Compact Linear collaboration [1] developed
accelerating cavities capable of reaching accelerating gra-
dients of the order of 100 MV/m compared with the 20-30
MV/m achieved by traditional technology.

Continuous efforts are made to apply this technology for
medical and industry applications. In particular, the use of
the HG technology is being investigated to develop compact
linear accelerators for hadrontherapy. Currently, circular
accelerators are used for hadrontherapy due to their com-
pactness. However, linear accelerators have the advantage
of a fast energy modulation which could be of great interest
for 3D dose painting and to treat moving organs.

Nevertheless, the intense electromagnetic fields in HG
technology lead to undesirable non-linear effects, i.e., elec-
trons emission from the cavity walls due to field emission,
also called dark currents, and vacuum discharges, known
as RF breakdowns. These effects, in addition lead to beam
instabilities and high radioactive dose emission, preventing
the cavities from reaching straightaway the designed gradi-
ent. Thus, an RF conditioning treatment is needed for this
kind of structures in order to work at high gradients under an
acceptable confidence level of performance. The breakdown
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rate (BDR), defined as the number of breakdowns per pulse
and unit length increases as:

𝐵𝐷𝑅 ∝ 𝐸30
𝑎𝑐𝑐 · 𝜏5, (1)

where 𝐸𝑎𝑐𝑐 is the accelerating gradient and 𝜏 the pulse
length.

At the Instituto de Fisica Corpuscular (IFIC) a High-Power
S-Band (3 GHz) Radio-Frequency laboratory was built to
condition and characterize HG cavities as well as to inves-
tigate the mechanism of vacuum arcs and RF breakdowns.
This laboratory works at a central frequency of 2.9985 GHz.
The laboratory at IFIC was designed to reach a peak power
of 15 MW with pulses of 5 `s length and it is capable of
performing the conditioning of two structures at 200 Hz
simultaneously or one structure at 400 Hz.

THE BTW S-BAND CAVITY
A new design for a HG Backward Travelling Wave (BTW)

cavity for low energy protons was developed and manufac-
tured at CERN for the TUrning LInac for Protontherapy
(TULIP) [2]. The main parameters of the cavity summa-
rized in Table 1 and a picture of the cavity is shown in Fig. 1.

Table 1: BTW RF Accelerating Cavity Main Parameters

Parameter (unit) Value
Frequency (GHz) 2.9985
Phase advance per cell (rad) 5𝜋/6
Phase velocity 0.38c
Pulse width (`s) 2.5
Average accelerating gradient (MV/m) 50
Number of cells 12
Structure length (mm) 189.9
Quality factor (first/last cell) 6954/7415
Normalised shut impedance (MΩ/m) 51.5/54.6
Filling time (ns) 224
Group velocity (first/last cell) (%c) 0.39/0.21
Peak input power (MW) 20.6
Max 𝑆𝑐/𝐸2

𝑎 (A/V) 3.1 × 10−4

Max 𝐸𝑠 (MV/m) 219

In Fig. 2 the Modified Poynting Vector of one coupling
cell is shown [3]. It is maximum in the iris, due to the high
surface electric field, and also in the upper coupling hole,
because of the high magnetic field.
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Figure 1: High-Gradient S-Band Backward Travelling Wave
cavity.

Figure 2: Modified Poynting vector profile in the outer RF
coupling cell.

RF Conditioning
The HG BTW S-Band accelerating cavity was subjected

to an RF conditioning process, which consists of slowly
increasing the input power in the cavity, as shown in Fig. 3.

600 ns 900 ns 1200 ns

Figure 3: Conditioning process of the S-Band BTW acceler-
ating cavity.

The maximum power reachable in the laboratory was
12 MW, which corresponds to an accelerating gradient of
around 39 MV/m, which is already higher than normal ac-
celerating structures.

The process was started with an RF pulse of 100 ns rise
time, 200 ns flat top and 300 ns fall time with a repetition
rate of 100 Hz. Later, the repetition rate was increased up to

300 Hz, making the the conditioning process 3 times faster,
since the evolution increases linearly with the number of
pulses. Once the maximum power was reached, the same
process was followed for a longer pulse of 500 ns flat top. As
can be seen in Fig. 3, region between 610-680×106 pulses
was conditioned much faster. Finally, the structure was con-
ditioned for a flat top of 800 ns, which was also faster than
the previous case.

Besides, the dark currents and the radiation emitted from
the cavity were measured using a Faraday cup and an ioniza-
tion chamber, respectively. These measurements are shown
in Fig. 4

Ionization chamber 
located downstream

Ionization chamber 
located upstream

Figure 4: Dark currents and radiation dose evolution during
conditioning.

Field emitted electrons are not able to reach Downstream
Faraday Cup whereas they do arrive at the Upstream Faraday
Cup. This observation is in agreement with CST [4] tracking
simulations, which showed that due to the low phase velocity
of the accelerating cavity, electrons travelling Downstream
get higher energies but they are quickly deviated and col-
lide with the inner walls of the cavity. However, electrons
travelling Upstream get lower energy but they are able to
reach larger distances before they collide, which explains
this experimental difference between both measurements. In
addition, The pulse of dark current collected by Upstream
Faraday Cup saturates at a certain level in the conditioning.
Nevertheless, the radiation dose level kept increasing during
the whole process1.

During the conditioning process, several scans of dark
current as a function of power were made. This allowed us
to perform Fowler-Nordheim plots [5] of these scans, where
we could obtain the evolution of the beta enhancement factor,
following the expression:

𝑑log10 (𝐼/𝐸2.5
0 )

𝑑 (1/𝐸0)
= −𝐺𝜙3/2

𝛽
, (2)

where 𝐺 = 2.84 × 109 V/m eV3/2 is a constant, 𝐼 is the dark
current, 𝐸0 is the electric field, 𝜙 is the work function of
the material and 𝛽 is the enhancement factor that relates
the electric field with the value of electric field in the field
emission spot.

1 In the beginning, the dosimeter was placed next to the Downstream
Faraday Cup, but the location was changed due to the experimental mea-
surements obtained.
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Using the measured data and Eq. (2) the beta has been
estimated at different points in the conditioning process cor-
responding to a given maximum electric field recheable by
the cavity at this point. As can be seen in Fig. 5 a linear
dependence is observed.

Figure 5: Beta enhancement factor evolution with the maxi-
mum electric field reached at that time in the conditioning
process.

BDR and Radiation Studies
Once the maximum power was reached for the longest

pulse, the breakdown rate was measured for different accel-
erating gradients. The results can be seen in Fig. 6.
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Figure 6: Breakdown rates studies.

A first measurement campaign was done just after finish-
ing the conditioning process and a second one after some
days of conditioning at the maximum power. BDR improved
for the second, even though the values of BDR are still over
the operation efficiency needed for medical applications
(7.7 × 10−7 BD/(pulse·m)). In both cases, the slope of the
fit to the data is in the order of magnitude of Eq. (1).

In order to characterize the radiation emitted from the
cavity, several measurements were taken using a scintil-
lating crystal of CeBr3. As there is such a large amount
of bremsstrahlung photons emitted during the RF pulse,
measurements were taken with a fast data acquisition os-
cilloscope, since it allows us to filter the pile-up. The first
measurements are shown in Fig. 7.

The first peak corresponds to Lead X-rays, used for the
collimation system of the detector, and the second peak

Figure 7: Photon spectrum emitted from the cavity at 7 MW
and 8 MW.

corresponds to a typical bremsstrahlung spectrum, with a
cut-off energy of 600 keV for the 7 MW pulses and 750 keV
for the 8 MW pulses, in agreement with the energies of the
electrons colliding with the structure in CST simulation.

CONCLUSION
An S-band BTW HG accelerating cavity designed for

hadrontherapy has been tested at the IFIC High-Power lab-
oratory up to 12 MW reaching an accelerating gradient of
39 MV/m.

First measurements and simulations of the non-linear elec-
tromagnetic phenomena in this cavity have been performed.
The beta enhancement factor is found to have a linear be-
haviour with the maximum electric field at the conditioning
point.

Furthermore, a good agreement is observed between mea-
sured and simulated dark current dynamics. First radiation
measurements are also in agreement with expected kinetic
energy of the dark current electrons inside the cavity.

REFERENCES
[1] M. Aicheler et al., “A Multi-TeV linear collider based on CLIC

technology: CLIC Conceptual Design Report”, SLAC National
Accelerator Lab., Menlo Park, CA, United States, 2014.

[2] S. Benedetti, A. Grudiev and A. Latina, “High gradient linac
for proton therapy”, Physical Review Accelerators and Beams,
vol. 20, 4, pp. 040101, APS, 2017.

[3] A. Grudiev, S. Calatroni and W. Wuensch, “New local field
quantity describing the high gradient limit of accelerating
structures”, Physical Review Special Topics-Accelerators and
Beams, vol. 12, 10, pp. 102001, APS, 2009.

[4] CST Studio Suite, https://www.3ds.com/.

[5] J.W. Wang and G.A. Loew, “Field emission and rf breakdown
in high-gradient room temperature linac structures” Stanford
Linear Accelerator Center, Stanford Univ., CA, United States,
1997.

13th Int. Particle Acc. Conf. IPAC2022, Bangkok, Thailand JACoW Publishing
ISBN: 978-3-95450-227-1 ISSN: 2673-5490 doi:10.18429/JACoW-IPAC2022-THPOTK042

MC7: Accelerator Technology

T16: Pulsed Power Technology

THPOTK042

2867

C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

4.
0

lic
en

ce
(©

20
22

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I


