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Abstract

The progressive replacement of radioactive sources is
stimulating growing interest in compact linear accelerators,
which are better suited for field deployment. Such systems
must emphasize modularity, transportability, and, above all,
reliable performance under operational conditions.

This work introduces a family of compact X-band linear
accelerators designed to produce electron beams in the low-
MeV energy. The engineering design focuses on the key
component: the accelerating structure. A biperiodic on-axis
coupled standing-wave structure was selected, operating in
ar /2 mode.

Simulation results demonstrate that the proposed con-
figurations achieve the targeted energy levels with con-
trolled beam transmission, while providing a focal spot size
(FWHM) below 1 mm, significantly outperforming conven-
tional radioactive sources (= 5 mm).

This paper summarizes the overall design approach, high-
lights the main simulation results, and outlines the current
progress of development activities.

INTRODUCTION

Among the various methods of non-destructive testing
(NDT), X-ray imaging plays a key role, particularly for the
inspection of thick materials. Currently, on-site NDT appli-
cations rely mainly on radioactive sources such as °°Co and
1921r, However, these sources present several limitations,
including their relatively low dose rates, stringent regulatory
constraints associated with their handling and storage, and
the fact that they continuously emit radiation even when not
in operation [1].

Linear accelerators offer a promising alternative as they
can generate X-rays with sufficiently high energy to penetrate
thick materials structures, along with dose rates that enable
rapid radiographic [2].

Despite these advantages, their use in NDT is usually re-
served for controlled environments such as bunkers. The
purpose of the system under development is to replace ra-
dioactive sources for on-site industrial applications [3]. The
system must combine several key requirements, including
transportability, modularity, simplicity, and reliability.

NDT linear accelerators typically work in S-band (3 GHz).
Increasing the resonant frequency of the accelerating struc-
ture offers the possibility to scale down overall dimension of
the system. An answer to this requirement could be found
at upper frequencies in the X-band.
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Operation in the X-band is advantageous not only for
reducing the system dimensions but also for improving the
nominal performance. For the same radio-frequency (RF)
power, for example, higher beam energies can be achieved.
In addition, the filling time is reduced, the shunt impedance
is increased, and a higher maximum electrical field strength
can be obtained [4].

The purpose of this work is to design an X-band acceler-
ating structure that satisfies the associated space constraints.
This paper outlines the main design choices along with the
results obtained from RF modeling and beam dynamics sim-
ulations.

ACCELERATING STRUCTURE DESIGN
Product Specifications

To achieve the objective of modularity and transportability,
the accelerating structure should fulfill specific requirements,
especially in terms of length and accelerating gradient. How-
ever, these constraints should not compromise the beam qual-
ity in term of current, transmission, energy, and spot size.
The chosen frequency band is the X-band, around 9.3 GHz,
with a magnetron pass band ranging between 9.275 GHz and
9.315 GHz. The resulting specifications are summarized in
Table 1. The target energy of 1.8 MeV has been selected as
the most effective level for replacing the radioactive sources.

Table 1: Specifications of the X-band Accelerator

Item Value Unit
Energy 1.8 MeV
Transmission > 30 %

Quality factor > 8000

Shunt impedance > 150 MQ
Frequency 9.275t09.315 GHz
Beam spot size (FWHM) <1 mm
On-axis peak gradient > 40 MV

Design

The selected design is a bi-periodic on-axis coupled stand-
ing wave structure.

The mode s /2 is chosen due to its favorable characteris-
tics on the dispersion curve. The coupling cells are located
on the axis, which helps reduce the overall diameter and has
a minimal effect on the total length of the system. More-
over, this kind of design builds upon previous accelerators
developed by AVELION.

The accelerating structure consists of a 4-cavity buncher,
followed by a series of relativistic cavities depending on the
target energy. For a beam energy of 1.8 MeV, 7 accelerating
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Figure 1: Accelerating structure mechanical design.

cavities are required, resulting in a total length of less than
10cm.

The profile of the inside of the cavity: the noses, the
gap between the noses, the aperture, the coupling holes, the
thickness of the wall, have been determined using a design
of experiments approach. The objective was to maximize the
shunt impedance while minimizing the fields on the surface.
Figure 1 shows the final design of the 1.8 MeV accelerating
structure including the RF window, which is also under
development [5]. The shape of the taper which couples the
RF window to the accelerating structure has been determined
to maximize coupling efficiency while minimizing length,
consistent with the objective of reducing the overall footprint.
The frequency of each cavity is independently adjusted with
a fine-tuning system to ensure operation in the 77 /2 mode.

SIMULATIONS RESULTS

Radio-Frequency Modeling

COMSOL Multiphysics® software [6] is used to compute
the electromagnetic field map. The cavity geometry is pre-
sented in Fig. 2, where the electric field distribution of the
a1 /2 mode is illustrated with field lines. The highest electric
field is concentrated at the nose region, and there is no field
in the coupling cell cavity.

The on-axis electric field of the 1.8 MeV accelerating
structure is represented in Fig. 3. The first four cavities
operate as a buncher, the RF window is located on the sixth
cavity. The peak gradient along the structure remains uni-
form, with a maximum peak value reaching 41 MV.

The coupling slot between the RF window and the acceler-
ating structure is design to achieve a coupling coefficient g
in the range of 1.2 to 1.3 (S;; between —21 dB and —18 dB).
Figure 4 shows that the S;; of the 77 /2 mode is at —20.3 dB
(B = 1.21). No additional modes are present within the
magnetron bandwidth, thereby facilitating a more reliable
and stable startup of the accelerator.
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Figure 2: Normalized electric field in accelerating cavity.
Iso-value of electric field lines are represented in purple.
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Figure 3: On-axis electric field in the 1.8 MeV accelerating
structure.
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Figure 4: Reflection coefficient S;; [dB] of the 1.8 MeV
accelerating structure in the bandwidth of the X-band mag-
netron.

The quality factor of the structure is 8300 and the shunt
impedance is 188 MQ/m. The inter-cell coupling coefficient
is 3.8 %.

Beam Dynamics Simulations

Beam dynamics simulations were performed using the par-
ticle tracking code RF-Track, developed at CERN [7]. The
initial beam parameters were derived from an optical model
of the electron gun, corresponding to a 350 mA, 15keV,
converging electron beam.

The energy spectrum is tightly centered around the tar-
geted energy of 1.8 MeV (see Fig. 5). The bunching section
has been optimized to reduce the proportion of the low en-
ergy particles (below 0.2 MeV). By adjusting the RF power,
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the accelerator can deliver a clean energy spectrum over a
range from 1.6 MeV to 2 MeV, with optimal performance
achieved at 1.8 MeV. The output transmission of the struc-
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Figure 5: Output energy spectrum of the electrons with 7
cavities.

ture is 38 % of the initial beam current.

In Fig. 6 the phase space in the horizontal transverse di-
rection (x) is represented. The FWHM (Full Width Half
Maximum) is 0.7 mm, and a similar behavior is observed in
the vertical (y) plane. At the end of the accelerating struc-
ture, the beam is diverging with 95 % of particles exhibiting
a divergence below 15 mrad.
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Figure 6: Transverse output phase space of the electrons.

CONCLUSIONS

The RF modeling and beam dynamics simulations have
led to a robust design for a compact X-band accelerating
structure. All the established specifications are satisfied (see
Table 2).
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The manufacturing of the resonant cavities is currently
underway. The validation of the whole design, which in-
cludes cell coupling, tuning system, and RF coupling will
be carried out in the coming months. In parallel, the devel-
opment of the other key beamline components has begun,
notably the electron gun and the conversion target.

Table 2: Simulation Results of the 1.8 MeV X-band Acceler-
ator

Item Value Unit
Energy 1.8 MeV
Length 10 cm

Transmission 38 %

Quality factor 8300

Shunt impedance 188 MQ
Frequency 9.3027 GHz
Beam spot size (FWHM) 0.7 mm
On-axis peak gradient 41 MV
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