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Abstract
The ESS-Bilbao RFQ operates at 352.2 MHz. The ma-

chining of the four RFQ segments has finished and the assem-
bly and tuning operations will follow shortly. The static tun-
ing and field flatness are provided by an array of 60 plunger
tuners, distributed along the 3.2 meters length of the struc-
ture. There are four tuners per segment per quadrant, except
for one of the segments where the ports are used by the power
couplers. A bead-pull setup will provide the measurements
of the field profiles, that will be collected in a matrix built up
with the contributions of individual tuners. The conventional
approach of inverting the matrix to get the optimum tuners
distribution is explored, as well as additional optimization
method. Particularly, a genetic optimization algorithm pro-
vides a very successful tuning of the RFQ. The solution
provided by this approach will be used as the initial configu-
ration of the tuners before the bead-pull measurements are
carried out.

INTRODUCTION
The ESS-Bilbao RFQ [1, 2] is currently under fabrica-

tion. It will be part of the injector for the ARGITU compact
accelerator-based neutron source [3]. The RFQ will acceler-
ate protons from 45 keV to 3.0 MeV. It is a pulsed linac that
operates at 352.2 MHz, and up to a duty cycle of 5 %. In or-
der to meet the acceleration and transmission characteristics,
the RFQ needs to be precisely machined and assembled. It
is worth pointing out that each of the RFQ four segments,
that are themselves an assembly of four components named
vanes, are not brazed together. Polymeric vacuum gaskets
and RF contact elements are used instead (see [1, 2] for de-
tails). The 3.12 meters long structure of the RFQ has to be
tuned up so it not only resonates at the required frequency,
but also has the correct field profile. This is achieved by
the combined action of a set of 60 plunger tuners. The field
profile along the cavity length, measured using a bead-pull
technique, will be modified by the action of the tuners. The
tuning of the RFQ is then the procedure of modifying the
measured field profile so it becomes flat. The algorithms to
do this in an optimal way, for ESS-Bilbao RFQ, are described
in this paper.

RFQ TUNING
The ESS-Bilbao RFQ is designed to have a uniform inter-

vane voltage of 𝑉(𝑧) =85 kV along all its length. In opera-
tion, the magnitude of this voltage will be determined by the
RF power delivered into the cavity. The 2D cross-section
of the RFQ (see Fig. 1) represents a perfect LC resonator,
with a single frequency and a single value for the intervane
∗ jlmunoz@essbilbao.org

Figure 1: Electric (left) and magnetic (right) field maps
for the cross section of the RFQ, with the quadrant naming
specified in the electric field map.

voltage at a certain power. In the 3D cavity, the modulation
of the RFQ vane tips (Fig. 2), that allows its bunching and
accelerating characteristics, as well as other features of the
resonant structure will modify the local capacitance per unit
length, resulting in a non uniform voltage 𝑉(𝑧). Mechanical
fabrication or alignment issues will also contribute to this
non-uniformity.

The effect of the modulation can be calculated using a
conventional perturbation approach to the transmission line
model of the RFQ (see, for example, [4]). The effect of the
3D structure features, as well as the effect of geometrical
deviations of the cavity, can be computed using FEM models
of the RFQ. The combined effect of all deviations is a non-
uniform voltage 𝑉(𝑧), that if is not corrected will affect the
operation of the cavity.

These perturbations are compensated by the action of the
plunger tuners. The field profiles are obtained by bead-pull
measurements or are extracted from computer simulations.
As described in [5], from the values along the 4 quadrants
(𝑞1, 𝑞2, 𝑞3, 𝑞4, Fig. 1), the combined magnitudes 1 are de-
rived. From the measurements, a set of 𝑃 values along 𝑧
are selected. The field profile values for these selected co-
ordinates are grouped in a vector 𝑉 of size 3𝑃. Then, each
one of the 𝑁 tuners is moved a specific distance inside the
cavity from the initial setup, and the curves are measured
again. The perturbation caused by each tuner is assumed to
be linear. In this way we can arrange the field perturbations
caused by each tuner in the form of a matrix equation, Eq.
(2) that includes all individual changes. This equation is the
basis of all the tuning methods described here.

𝑄 = (𝑞1 − 𝑞2 + 𝑞3 − 𝑞4)/4
𝐷1 = (𝑞1 − 𝑞3)/2
𝐷2 = (𝑞2 − 𝑞4)/2

(1)

𝑉 = 𝑀 𝑇 (2)
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Figure 2: The ESS-Bilbao modulation curve. The shaded blocks point out the situation of the tuner ports, 4 per segment per
quadrant.

Figure 3: A measurement of the modulation of one of the
vanes of the segment 2, showing the design curve and the
measured data.

TUNING PROCEDURE
IMPLEMENTATION

From the metrology measurements of the segments that
have been already machined and assembled, it is verified that
the geometric deviations in individual vanes are below 5 µm,
while deviations in the assembly of the segments are below
20 µm (see Fig. 3 as an example). So, it is expected that the
main deviations that the tuners will have to correct will be
derived from the segment-to-segment assembly and align-
ment. The tuning algorithm simulations shown in this report
correspond to results obtained from computer simulations
of a realistic model of the RFQ. The evaluation of different
tuning algorithms is done by setting the corresponding tuner
configuration in the FEM simulation model and extracting
the fields as in a bead-pull experiment.

Tuning Using Standard 𝑆𝑉𝐷 Algorithm
The standard approach for tuning is to invert equation 2:

𝑉 = 𝑀 ⋅ 𝑇 → Δ𝑇 = 𝑀−1 ⋅ Δ𝑉 (3)

In this way, we can obtain the change that is needed in the
tuners configuration, Δ𝑇, in order to obtain the desired volt-

age (or field) modification, Δ𝑉. This target change will be
the difference between the measured profile and the desired,
constant, profile. As the matrix 𝑀 is normally non square,
the inverse is not properly defined. The SVD (Single Value
Decomposition) algorithm (see [5]) provides a method to
obtain a pseudo-inverse matrix. The method is iterative: in
each step a row of the matrix is zeroed, so a solution with
lower tuner displacement is obtained, although the field error
will be higher.

This algorithm has been implemented and validated using
bead-pull measurements of a 1-meter long aluminum model
of the RFQ [2].

The initial condition the algorithm is shown in Fig. 4 as
Base. In the figure, only the derived magnitude 𝑄 is shown
for the different cases. The initial situation corresponds to
a model with 60 plunger tuners in action, all penetrating
the same distance into the cavity (uniform penetration), in
order to reach the operational frequency of 352.2 MHz. The
frequency of the cavity without tuners is 348.6 MHz, and
the tuners need to penetrate about 14.3 mm in the cavity, and
perturb the field profile up to a 10 % from a flat profile to
increase the frequency to the correct value. The deviation
from ideal behavior is more noticeable for the quadrupo-
lar component 𝑄, as the tuners action is symmetric for the
four quadrants, resulting in a small variation of the dipolar
components 𝐷𝑠 and 𝐷𝑡, that are not shown in this figure.

The SVD algorithm yields the results shown in Fig. 5.
For each step of the algorithm, the computed values of 𝑄, 𝐷𝑠
and 𝐷𝑡 are shown, together with the maximum and minimum
tuners penetration that correspond to each proposed solution.
After the first step, the values of the field profile errors are
close to zero, but the tuner displacements proposed (up to
15 mm) are very high for the mechanical system. The heat
load will also be quite asymmetric for the cases with high
penetration. A compromise solution is selected after the step
number 4 in the algorithm: the tuning figures of merit are
worse (still below 0.5% deviation) with tuner displacements
in the range [−5 mm,5 mm]. This solution is shown in Fig. 4
as SVD.
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Figure 4: Profile of derived quadrupolar magnitude 𝑄 for the initial condition of the algorithm (Base), and for the solutions
proposed by the SVD, Stochastic and Genetic algorithms. The stochastic and genetic solutions are similar to the SVD one,
but with much lower maximum tuner penetration. Results are extracted from FEM simulations of each case.

Figure 5: Results for the SVD tuning algorithm starting from
the uniform situation and using 60 tuners.

Stochastic and Genetic Algorithm

An optimized tuning can be obtained by taking advantage
of the linearity of Eq. (2). Two approaches are described
here, a stochastic approach and a genetic algorithm, that
can be used to optimize the initial tuner configurtion or to
correct the deviations measured by bead-pull.

In the stochastic approach, the tuner configuration is ran-
domly selected. Many configurations can be evaluated in
very short time, and the best values are stored until a satisfac-
tory solution is produced or the algorithm ends. A genetic
algorithm has also been implemented. Selecting as optimiza-
tion criteria from generation to generation the field profiles
predicted by the linear model, an optimum solution can be
obtained in very short time. In the case of the genetic algo-

rithm, the tuner displacements possible values are discrete,
with a separation of 0.1 mm.

In both cases, the maximum allowed tuners displacement
is a chosen parameter, so all solution already fulfill this
condition. Both approaches take as starting situation the
one with uniform penetration, but this can be easily replaced
by the profile obtained by measurements by the bead-pull
system once the RFQ is fully assembled. Results for these
models are included in Fig. 4. The profiles obtained for
the 𝑄 profile are better for the genetic algorithm solution,
that are obtained using a maximum tuner displacement of
3 mm, so the effect on the heat load and the asymmetry in
the dipolar components of the fields will also be minimum.

CONCLUSIONS
The algorithms for the tuning of the ESS-Bilbao RFQ

have been coded and are ready to be used when the RFQ is
finally machined an assembled in 2024. The conventional
SVD algorithm has been implemented, as well as two other
algorithms, an stochastic and a genetic algorithm that yield
optimum results.
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