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Following the current tendency towards solid-state (SS) amplification technology, the IFMIF-DONES (Interna-
tional Fusion Materials Irradiation Facility - DEMO-oriented Neutron Source) Radiofrequency (RF) Power System
will be fully based on SS technology. A challenging issue in high power SS amplifiers is focused on the search of
an efficient combination technique for a very large number of power signals. A promising RF power combination
technique has been proposed for IFMIF-DONES: a resonant cavity combiner. The crucial characteristic of this
combining technology is that the high power combination is achieved in just one step, by means of coupling the
outputs of a large number of active devices into a resonant circuit. This improves the efficiency compared with
traditional corporate topologies, which is a key aspect for SS amplifiers. In addition, it results in a very compact
design, although its circular shape may complicate the design of other SSPA components, which are more
standardized for rectangular cubicles or rack solutions. In order to demonstrate the feasibility of this combination
technology for the IFMIF-DONES RF Power System, a prototype cavity combiner has been designed and fabri-
cated. It has been validated at small-signal and at medium-high power levels: up to 24 kW in continuous wave
(CW) and 100 kW in pulsed mode (duty cycle DC = 4%). The design of this prototype combiner and the results of
the first validation experiments are presented in this paper.

1. Introduction

Vacuum-tube technology remains the main candidate for very high
power levels or for high frequencies. Nevertheless, for frequencies
typically below L band and mid-range power levels (from few kW to
hundreds of kW) [1], SS technology is a strong alternative with impor-
tant benefits: reliability, high modularity with associated redundancy
and flexibility, availability, absence of high voltage, lower phase noise,
longer lifetime, hot-swapping during operation, simpler and faster
start-up procedure, and easier maintenance [1-3].

The pioneers in replacing vacuum tubes by SS amplifiers were Ti
Ruan and his team at LURE-Orsay in the 1990s [4]. This research was
followed by SOLEIL synchrotron in the 2000s (1 x 35 kW, 4 x 180 kW SS
amplifiers at 352 MHz) [5], which has demonstrated a successful
experience of more than ten years [6]. The maturity of the SS technology
and the cost reduction in the last years have motivated that many large
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scientific facilities have selected SS for upgrading or developing their RF
power systems [6,7]: European Synchrotron Radiation Facility (ESRF,
France, 150 kW at 352 MHz), Laboratério Nacional de Luz Sincrotron
(LNLS, Brazil, 50 kW at 476 MHz), X-ray source ThomX (France, 50 kW
at 500 MHz), Diamond Light Source (UK, 80 kW at 500 MHz), BESSY II
(Germany, 1 x 40 kW and 4 x 80 kW at 500 MHz), ALBA (Spain, 50 kW
at 500 MHz), MYRRHA (Belgium, 192 kW at 176 MHz), MAX IV (Swe-
den, 60 kW at 100 MHz), Fermilab (USA, 75 kW at 162 MHz and 200 kW
at 650 MHz), SPRING-8 (Japan, 110 kW at 508.7 MHz), Canadian Ligth
Soucrce (CLS, Canada, 100 kW at 500 MHz), CERN Super Proton Syn-
chrotron (SPS, Switzerland, 16 x 144 kW =2 MW peak at 200 MHz), etc.
On the same trend line and from the experience of the SS power am-
plifiers (SSPAs) developed for LIPAc (Linear IFMIF Prototype Acceler-
ator) project [8,9], the IFMIF-DONES RF Power System will be fully
based on SS technology [10-12]. It will be composed of 56 RF stations,
providing a total of 7.4 MW of RF power at 175 MHz in CW. The most
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power-demanding RF stations will provide up to 200 kW in CW.

In such high power SS amplifiers, the RF power combination of a
large number of transistors outputs is required, which adds complexity
and degrades efficiency. The search of an efficient combination stage is
indeed a crucial and challenging issue in SS power amplifiers (SSPAs).
The typical combination topology consists of corporate configurations,
also called tree power combining, where several combination stages are
used. The larger the number of combination stages, the higher the effi-
ciency degradation. A promising combination technology based on
resonant cavity allows a high power single-step combination, with a
reduction in the losses and the space with respect to corporate-
combining schemes. The first cavity combiner with a large number of
inputs (132) was proposed by ESRF under research program EU/FP7/
ESFRI/CRISP [13], which was validated in a 85 kW 352 MHz SSPA
prototype [3,7]. CERN, who was involved in the project as partner, has
continued this work in the SPS 200 MHz SSPAs [14]. Other SSPA pro-
jects following ESRF cavity combiner approach are currently under
study or development: Advanced Photon Source (APS) at Argonne Na-
tional Laboratory (352 MHz) [15], SPRING-8 (508.7 MHz) [16], PIP-II at
Fermilab (650 MHz) [17], and IFMIF-DONES (175 MHz) [10-12]. ESRF
reached 85 kW in CW operation without thermal problems, as in their
design the 132 RF power modules are mounted on 22 water cooled
wings, which constitute the side walls of the cylindrical cavity combiner.
CERN SSPAs work in pulsed mode and no technical details have been
published due to the non-disclosure agreement with Thales. APS,
SPRING-8, PIP-II, and IFMIF-DONES cavity combiner prototypes do not
include cooling system, and the reported experiments have revealed
efficiency degradation due to the temperature increment, pointing out to
the need of water cooling and cavity tuning strategy for CW systems.
APS has validated its cavity combiner prototype at 6 kW CW during 6 h,
SPRING-8 has reached 1.88 kW CW, and PIP-II 2.8 kW CW. In [12] the
first cavity combiner prototype for IFMIF-DONES was validated in an
experimental campaign up to 5 kW in CW and at 100 kW in pulsed mode
(DC = 4%). However, a thorough thermal characterization should be
useful to determine the cavity frequency detuning and the efficiency
degradation, which requires increasing the power of the experiments.

As the high-power validation strategy followed by most of the au-
thors is based on the cavity combiner and SSPA modules integration, it
makes difficult to independently characterize the cavity combiner, and
the RF power increment raises the complexity of the experiment (bal-
ance among amplifiers is required) . In this paper a different experi-
mental validation strategy is presented, which allows an independent
characterization of the cavity combiner performance. The experimental
validation of the cavity combiner prototype used in [12] has been
extended up to 24 kW in CW during 3 h. The prototype was modified
with that purpose, thanks to its modular design, which makes possible to
modify the input-ports configuration without fabricating a new proto-
type. Beyond the analysis of the RF fields and the achieved combination
efficiency, the experiment has allowed analyzing the thermal behavior
and the resonant frequency and efficiency variation.

2. Prototype resonant cavity combiner
2.1. Theory of resonant cavity combiners

Resonant cavity combiners are based on cylindrical or pillbox cav-
ities operating in the Transverse Magnetic mode TMgjo [3,12,18]. The
electrical field has a longitudinal distribution, whose maximum is in the
center of the cavity, and the magnetic field is maximal in the cavity
walls, as shown in Fig. 1. Current, which is the responsible of the ohmic
losses, is distributed on the walls surface. The theory of this combination
technique is presented in detail in [12], together with a failure behavior
analysis. Note that its behavior can be modeled as a resonant
non-isolated N-way combiner, being N the number of input ports.
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Fig. 1. Field distribution in a pill-box cavity in TMg;o mode.
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2.2. Design and implementation

A first cavity combiner was designed and fabricated, as a prototype
of the SS RF System that could be used for the IFMIF-DONES accelerator
[10,11]. The detailed design, the implementation, and the preliminary
experimental validation have been published in [12]. Like in the ESRF
approach, the fabricated cavity combiner is not a single solid structure.
It is modelled as a quasy-cylindrical forty-sided prism, composed of forty
plates whose internal walls are flat. The plates can incorporate input
current loops or they can be blind plates. Therefore, blind plates can be
removed from the structure and substituted by plates with loops,
changing the number of inputs using the same combiner. This modular
design is more susceptible to RF leakages through the joints of the walls,
but it is very advantageous because it opens the possibility of having a
port-reconfigurable cavity combiner.

The ESRF combiner was firstly configured with 18 input modules on
three wings and 19 blind plates for intermediate tests. It was later
upgraded to 132 input modules to reach 85 kW CW by simply re-
adjusting the output coupling in order to re-establish a perfect match-
ing. In [12] the IFMIF-DONES prototype cavity combiner was config-
ured with twenty inputs, five inputs per column with N-type RF
connectors. In this case, the loop design was based on circular loops
fabricated by shaping copper round rods with a tool in a manual process.
A new version of the cavity combiner prototype is presented, with four
inputs per column and a total of sixteen 7/8”-type inputs, which could
be upgraded to 160 inputs. The photograph of the sixteen-input cavity
combiner prototype is shown in Fig. 2.

This sixteen-input version incorporates a new loop design, shown in
Fig. 3, which provides the following advantages:

Fig. 2. Sixteen-input cavity combiner prototype.
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Fig. 3. New input loop design: four inputs per column.

- Higher power-handling capability.

- More robust structure (machined monoblock).

- No weldings: the loops are screwed to the cavity.
- Lower temperature.

- Easier and cheaper to manufacture.

- Faster (dis)connection of the amplifiers.

3. Experimental validation
3.1. Small signal characterization

The Rohde&Schwarz ZNB4 Vector Network Analyzer (VNA) has
been used for the scattering parameters measurement. The VNA has
been connected to the R&S ZN-Z84 Switch Matrix, which allows
extending the number of test ports up to 24. An EIA 6 1/8” to 3 1/8”
transition followed by a 3 1/8” to N transition are placed at the cavity
combiner output, in order to connect to the ZN-Z84 Switch Matrix. The
measured amplitude scattering parameters for one of the upper ports are
presented in Fig. 4. At the nominal 175 MHz frequency, the output re-
turn loss is — 27.1 dB, and the input return loss is — 0.48 dB (ideal value
20-log;,(15/16) = — 0.56 dB). In spite of the high input return loss
value, note that when all inputs are symmetrically excited there is no
reflected power at the input ports, because the reflected signal coming
from the own excitation is cancelled with the signals coupled from the
other excited input ports (isolation). Isolation parameters are below —
25.2 dB, being the theoretical value 20-l0og;,(1/16) = — 24.08 dB. The
measured amplitude transmission parameters are close to the theoretical
value of 20-log;,(1/v/16) = —12 dB, being in the range of — 12.6 and —
12.26 dB. These imbalances among ports will entail a reduction in the
combiner efficiency, which could be solved by reducing gradually the
penetration of the loops from the bottom to the top of the column, in
order to increase the coupling of the upper loops, as they present worse
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Fig. 4. Measured amplitude scattering parameters.
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coupling. In the prototype all loops are equal in order to facilitate the
loops manufacturing process and to optimize repeatability. Table 1
compiles the measured main parameters of both prototype versions: 20
and 16 inputs. Note that there has not been alteration in the cavity
combiner electromagnetic performance, while the mechanical charac-
teristics and the power handling capability of input loops have been
improved with the new loop design.

3.2. Power tests results

The cavity combiner is a symmetrical device, hence it is possible to
perform the validation indistinctly working as a combiner or as a
divider. In case of divider-mode operation, the validation experiment is
more practical and easy to implement, since only one RF source is
required as input (instead of multiple RF sources in combiner-mode
operation). The test bench is shown in Fig. 5. The four outputs of one
column will be combined by means of a 4:1 primary combiner, custom-
made by BTESA. Next, the outputs of these four 4:1 combiners will be
combined once again in a final 4:1 power combiner (RYMSA Power
Splitter DT13 series), which is connected to a high power load for the RF
power dissipation. The maximum power for this experiment is limited
by the final 4:1 combiner power handling capability: 6 kW per input in
CW. This entails a maximum power of 24 kW in CW at the cavity
combiner input.

The RF source that has been used for the experiment is the prototype
RF chain manufactured for the RF System of the LIPAc (Linear IFMIF
Prototype Accelerator) Project [8,19]. It is a 175 MHz 200 kW RF chain
composed of three amplification stages: a first solid-state pre-driver, and
two tetrodes as driver (Thales TH561) and final amplifiers (Thales
TH781). The RF chain is protected against reflected power by means of a
circulator. The 175 MHz signal is generated by the Low Level RF System,
which is the same system developed by CIEMAT and Seven Solutions for
the LIPAc Project [20].

The photograph of the experiment is included in Fig. 6. The cavity
combiner was progressively excited in CW from 0 kW to 24 kW, and then
it was kept to 24 kW during three hours, when thermal stabilization was
reached. Meanwhile, the following measurements were taken:

- Temperature measurements: they were tested by thermocouples
placed on the cavity external wall at the points called T1 (row 1,
upper loop), T2 (row 2, second loop), and T3 (blind column, without
loops), shown in Fig. 6.

RF signals measurements: they were tested at the points indicated in
Fig. 6. The input (P;j,) and output (Py,t) powers were measured using
the KEYSIGHT N1914A power meter and N8482A power sensor. The
input return loss, i.e. the relation Fw-Rv (dB), was measured by the
LLRF system.

RF leakage measurements: the RF leakage through the cavity walls to
the outside was measured using an electromagnetic field meter.

The time evolution of Py, Poy, temperatures, and input return loss
(Fw-Rv) are presented in Fig. 7. The difference between the measured
Pin and Py values is presented in Fig. 8 as a function of the temperature
measured at T1. The next conclusions can be extracted from the
experiment:

Table 1
Measured main parameters of the two cavity combiner versions.

Parameter First version (20 inputs) Second version (16 inputs)
Resonant freq. f, (MHz) 174.998 175.000

Bandwidth BW (kHz) 331.95 340.0

Quality factor Q 527.167 514.6

Losses at fo (dB) 0.394 0.378

Efficiency (%) 91.32 91.64
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Fig. 5. Test bench for the power validation experiment.

Temperature: it reaches stabilization at 52 °C in T1 and T2, and at 47
°C in T3. T1 and T2 have 5 °C more than T3 because they are
measured close to the loops, while T3 is measured in a blind plate.
Frequency tuning: the cavity resonant frequency varies with the
temperature, as it can be seen through the variation of the return
loss, represented as Fw-Rv (dB) in Fig. 7. Matching is maximum at
35°, with a value of 32 dB. For higher temperatures, it starts to
decrease, although it never drops below 20 dB for all temperatures.
RF leakage: significant values of electric field are measured in the
vicinity of the cavity combiner: 99 V/m (Max. Avg. value@24 kW).
This entails additional losses that reduce the combination efficiency,
hence a better shielding must be achieved.

Combination losses/efficiency: the difference between P, and Py at
175 MHz, shown in Fig. 8, represents the losses produced by all the
different stages: 16-inputs cavity divider, primary 4:1 combiners,
and final 4:1 combiner. The measured losses (combination + ohmic
losses) of the primary 4:1 combiners are compiled in Table 2. The
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insertion loss of the final combiner is < 0.05 dB, and its power un-
balance between ports is +0.2 dB (values from data sheet). In addi-
tion, calibration errors in the RF test points must not be disregarded,
as the RF signals are measured through bidirectional couplers with
high attenuation (60—65 dB). As for the laboratory instrumentation,
the measurement uncertainty of N8482A power sensor is + 0.35 %.
Consequently, the estimated losses due to the cavity combiner might
be around 0.2 - 0.4 dB lower than the measured Pj, — Py values of
Fig. 7. This results in a cavity combiner efficiency between 91-95 %
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Fig. 7. Test results of power validation experiment: 24 kW CW during 3 h.
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Fig. 6. Power experiment and measurement points of (a) RF signals and (b) temperatures.
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Table 2
Measured losses of the primary 4:1 combiners.

Component Losses @ 175 MHz (dB)
4:1 combiner #1 0.057
4:1 combiner #2 0.040
4:1 combiner #3 0.078
4:1 combiner #4 0.044

at the best condition point (35 °C). The evolution of losses with
temperature obviously follows the same tendency of return loss: the
best tuning point, located at 35 °C, is the best point for combination
loss/efficiency. From ambient temperature to 35 °C losses decrease,
while they increase as the temperature rises from 35 °C. Total losses
degrade 0.4 dB from 35 °C to 52 °C, which in terms of efficiency is 8
points in percentage. It seems clear that water cooling and frequency
detuning compensation is needed if high combination efficiency is
wanted to be maintained in CW and high power.

4. Conclusions and future work

A single-step multi-port and efficient combination technology has
been presented in this paper as a candidate for the SS RF System of
IFMIF-DONES. It has been validated at 24 kW in CW and at 100 kW in
pulsed mode (DC = 4%), achieving very promising results as for effi-
ciency. Furthermore, it is worth to mention that there is still margin for
efficiency improvement from this first prototype: plating the internal
cavity walls to decrease cavity losses, improving imbalances among
ports and the shielding to avoid RF leakage through the walls, including
an automatic tuning system, etc. The CW high power experiments have
allowed the analysis of the cavity combiner thermal behavior with
respect to resonant frequency deviation and consequent efficiency
degradation. If high combination efficiency is wanted to be maintained,
the conclusions point out the need of water-cooling and detuning
compensation in the cavity combiner for CW and high power SSPAs.

Current and future work is focused on the design and development of
an industrial water-cooled 160-input cavity combiner, which in-
corporates an automatic tuning system. The objective is to validate it at
high RF power, 200 kW in CW, in order to finally demonstrate the
feasibility of this combination technology and its applicability to the RF
Power System of IFMIF-DONES, as well as other accelerators or scientific
facilities. Furthermore, the design and development of the SS high
power amplifiers for the RF System of IFMIF-DONES are within the
current and future activities, with special focus on the improvement of
the efficiency and availability.
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