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Abstract

Radio-frequency (RF) windows are sensitive components
that ensure both RF power transmission and vacuum integrity
in linear accelerators (LINACs). In the X-band frequency,
improving reliability is critical for compact LINAC systems,
including application in non-destructive testing and medical
technologies.

This study presents an RF window designed for opera-
tion at 9.3 GHz with a 2.0 MW peak-power design target.
This window is optimised to reduce peak electric field at the
ceramic—metal brazed interface while preserving low inser-
tion loss and broad bandwidth. Coupled RF—fluidic—thermal
simulations guided an extended cylindrical pillbox design
exploiting the TE112 mode.

A prototype has been fabricated, and low-power RF mea-
surements have been carried out to validate both the design
and manufacturing process. RF simulations and low-power
tests show insertion losses below 0.1 dB and a standing-wave
ratio lower than 1.05 at 9.3 GHz. High-power endurance
tests carried out on the prototype demonstrated stable be-
haviour.

Results of the engineering design will be compared with
tests and discussed.

INTRODUCTION

High-gradient X-band LINACsS require robust and low-
loss RF windows that reliably transmit high peak power
while ensuring vacuum integrity. The main design objec-
tives are therefore to suppress unwanted mode conversion,
avoid resonant ghost modes and, minimize peak electric field
in the designed component. Achieving these goals demands
solutions that go beyond a simple pill-box design [1] for field
considerations. Integration of iris in waveguide [2], progres-
sive taper [3] or over-sized dimensions [4] approaches leads
to dimensional constraints on the final system. Mixed-mode
designs [5, 6] have also been reported in the literature.

The RF window presented in this study is designed to
operate at a peak power level of 2.0 MW with a pulse length
tp of 5.0pus. The technical requirements are further con-
strained by the need to minimize heating of the component
and running in an ultra-high vacuum (P < 5 x 10~ mbar).
The full set of specifications for this window developed for
our new accelerator section [7] is provided in Table 1.

The simultaneous requirements of mechanical compact-
ness and ultra-high vacuum operation in the LINAC impose
significant design constraints. In particular, the reduction
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Table 1: RF window specification

Item Value Unit
Central frequency fc 9.3 GHz
RF peak power 2.0 MW
Pulse length ¢p 5.0 us
RF average power 1.6 kW
RF bandwidth > 50 MHz
Reflection S;; <-19.1 dB
Transmission S;; <0.2 dB
Pressure withstanding 3.0 bar abs.

of the RF field must be achieved without compromising in-
sertion loss or bandwidth performance. Given the limited
availability of commercial devices operating near the target
frequency of fc = 9.3 GHz, the development of a dedicated
solution is therefore required to meet these specifications.

ENGINEERING DESIGN

Process Considerations

The RF window includes a customised choke with a
DN40CF vacuum flange on the LINAC side and a WR90
square cover flange on the external side. The component is
manufactured using a two-stage brazed approach. A 97.6 %
vacuum grade Al,O3 (AL300®, Morgan Advanced Ceram-
ics) has been used for this purpose. Its relative permittivity
is 9.04 at 8.5 GHz, which is consistent with the operating
frequency range. During assembly, particular attention is
given to the alignment of both flanges (< 1.0 ° deviation)
to minimise the contribution of a ghost mode at 8.895 GHz.
The manufacturing drawing of the RF window is shown in
Fig. 1. Cooling pipes (not shown here) are subsequently inte-
grated with tailored orientations and terminations to comply
with the environmental and operational constraints of the
complete system.

Figure 1: Mechanical design of the RF window.



Coupled Modelling

Numerical simulations were performed using Comsol
Multiphysics®, coupling several physics: RF, heat trans-
fer, laminar flow and structural mechanics. The RF design
has been performed to ensure the best transmission possible
along the entire structure path, starting from the choke flange
up to the pillbox window. However, due to the compact diam-
eter of the ceramic, the simple pillbox design approach does
not provide optimal performances with respect to the geo-
metrical constraints of the X-band. The alternative approach
is to extend the cylinder length to exploit the TE1, longitu-
dinal mode. This approach leads to a significant reduction
of the ceramic surface fields in the optimized design.

Electromagnetic simulations were carried out for a
2.0MW peak RF field. The simulations yield a surface
electric field of 0.90 kV/mm and a surface magnetic field of
6.15 A/mm at the ceramic window; these values are mini-
mized by the TE11, longitudinal mode (Fig. 2).

These field levels provide increased tolerance with respect
to potential brazing excess during fabrication. The maxi-
mum electrical field observed (6.94 kV/mm) is located at
half the length of the rectangular-circular transition. This
value is below the design limit (< 10kV/mm) and could be
further reduced through appropriate edge rounding. The
main drawback of an extended cylindrical window could
be the presence of nearby RF modes. These modes are
located 189.8 MHz below and 131.0 MHz above the cen-
tral frequency fc. They are sufficiently far away from the
+25 MHz oscillating band of the magnetron, excluding any
interference during the experimental runs.
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Figure 2: Simulated electric field for 2.0 MW, 9.3 GHz.

Additional multiphysics simulations were conducted un-
der steady state conditions, incorporating thermal analysis,
fluid flow, and structural deformation. These simulations
have been performed at an average transmitted RF power of
1.6 kW, which corresponds to the maximum possible average
power delivered by the available magnetrons. The cooling
principle is very simple, with water injected at 25 °C under a
flow rate of 4.0 L/min and an inlet pressure of 4.0 bar. Maxi-
mum Reynolds number Re monitored is 1217, below the tur-
bulent limit of Re = 2300. The coolant velocity ranges from
0.25m/s to 7.1 m/s within the cooling jacket and reaches
9.2m/s at the pipe inlet. Temperature increase is limited
to 6T = 1.2 °C on metallic parts and 67 = 0.02 °C on the

Al,O3 ceramic. These results indicate comfortable thermal
margins and suggest potential for further simplification of
the cooling system. Results are illustrated in Fig. 3.
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Figure 3: Simulated thermal field (top) and water flow (bot-
tom) maps for an average RF power of 1.6 kW.

EXPERIMENTAL VALIDATION

Low-Power Tests

After the brazing sequence, helium leak tightness has been
measured to 4 x 107! mbar L/s, confirming compatibility
with ultra-high vacuum operation. Low-power measure-
ments have been carried in air (19.9 °C and 44 % relative
humidity) on both side of the window. RF transmission
(S12 = -0.07 dB) and reflection (S| = —26.4 dB) have been
measured at the central frequency. The measured response
across the magnetron bandwidth are plotted alongside the ini-
tial modelling conditions (Fig. 4). These measurements are
compared to several modelling scenarios: vacuum (e, = 1.0),
air (e, = 1.0029 for 19.9 °C and 44 % relative humidity) or
SFg gas (e, = 1.0021). The measurements indicate notice-
able discrepancies with the initial model, as shown in Fig. 4.

The sole change of the dielectric medium in the modelling
conditions, from pure vacuum to realistic air, only partially
reduces the differences between simulation and measure-
ment and does not fully account for the observed deviations.
The present model underestimate the damping observed
experimentally. Higher dielectric losses in Al,O3 should
minimize discrepancies. In addition, incorporation of the
exact geometric dimensions, alignments, and precise volume
of the brazing joint could give a more accurate description.
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Figure 4: Simulated and measured reflected RF power S1;.

High-Power RF Tests

The high-power tests of the window were performed in
a configuration representative of the LINAC environment.
The experimental setup is shown in Fig. 5. A 1.75 MW peak
power (tp=4.6 us, 200Hz giving 1.6kW average power)
tuneable magnetron oscillating at 9.3 GHz feeds the RF
power in the test bench. The window is placed between
a bidirectional coupler (left side of the figure) and a water
load (right side of the figure).

To reproduce LINAC operating scenarios, controlled mis-
matches were intentionally introduced downstream of the
RF window. This was implemented designing a symmetric
capacitive iris to replicate various coupling coefficient 8
scenarios. Three representatives conditions were tested:

* B =1, perfect transmission (no iris, no beam)
* B =1.18, low beam loading (iris of S;; =-21.7dB)
* B =1.5, higher beam loading (iris of S;; = -14.0dB)

The transmission line was pressurized on both sides with
2.0 bar absolute of SFg to simplify testing procedures and
ensure compatibility with components (load, isolator). With
this protocol, the observed breakdown thresholds may differ
from those expected in a vacuum LINAC environment.

Figure 5: High-Power test bench configuration.

Continuous monitoring of transmitted power, reflected
power, and arcs in the magnetron, is performed. During
the whole power ramping sequence, no indication of perfor-
mance degradation has been observed.

At the end of the power ramping sequence, an endurance
test at full peak power and full average power is performed

for each iris conditions, checking the temperature increase
on the outer surface.
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Figure 6: Temperature increase during endurance tests.

The test duration variates from 33 min (S;; = -14.0dB
iris) to SO min (S1; = -21.7 dB iris), leading to nearly steady-
state conditions after 20 min of application of RF power.
The results are summarized in Fig. 6 with a maximum
temperature increase of 67 = 5.8 °C (no iris), 6T = 7.6 °C
(811 =-21.7dB iris) and 6T = 11.6 °C (§1; = —-14.0dB iris).
These temperature rises are consistent with the higher trans-
mission losses measured during the low-power tests. No ev-
idence of arcing or abnormal reflected power transients was
observed under any test condition. Post-test measurements
confirmed the stability of RF transmission and reflection
characteristics, as well as the preservation of helium leak
tightness, indicating appropriate design margins for the RF
window.

CONCLUSION

A prototype RF window for X-band LINAC working at
9.3 GHz was designed, manufactured, and experimentally
validated. The design, based on an extended cylindrical
pillbox geometry supporting the TE; ;> mode, was devel-
oped using coupled RF, thermal, and fluid simulations. This
approach enabled a reduction of peak RF fields at the ce-
ramic—metal interface while maintaining low insertion loss
and broad bandwidth performance.

High-power testing up to 1.75MW peak power and
1.6 kW average power demonstrated stable operation across
all tested configurations, including matched conditions and
representative beam loading scenarios. No arcing, RF degra-
dation, or loss of vacuum integrity was observed.

The successful completion of the manufacturing and tests
will enable future integration into our X-band products.
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