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Abstract

The first commercial prototype of the new High Efficiency (HE) 8MW klystron was built and tested at
CETD in the fall of 2021. Unexpectedly, in the first tests with DC beam at different beam voltages, a
number of instabilities (self-oscillations) at 21-23GHz were found. As a result, at CERN, we have
launched and completed a dedicated investigation program to analyse these instabilities and developed
special mitigation measures for minimization of their impact on the klystron fabrication processes. In
this paper, we will report the outcome of these studies.
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1. Introduction

The high gradient X-band testing program at CERN relies on the massive high RF power testing of
different accelerating structures to establish clear limits of the structure’s reliable performance. These
tests are conducted in two test stations, called XBOX2 and XBOX3 [1]. XBOX3 is equipped with a
pair of 6MW E37113 CETD klystrons [2] combined through a 3dB hybrid. After combination, 12 MW,
2000 ns long RF pulses go through the RF pulse compression system, so that the output compressed
pulses of 50-200 ns can reach peak RF power values of 42-32MW. The peculiarity of XBOX3 is that
each klystron can run at 400Hz repetition rate. With combining klystrons in pair, two test areas can be
operated at 200 Hz repetition rate each by alternating the hybrid output channels using the klystron’s
RF phase commutation. This option is important to reduce the overall testing time, which in general
needs a few 10° pulses per structure to complete each testing program. However, some of the
accelerating structures require 20-30% higher peak RF power to reach the designed gradient. In this
case the structure is moved to XBOX2, which is equipped with a single S0OMW CPI VKX-8311A
klystron [3], operated at 50 Hz. Clearly, such logistics brings complication in the testing program,
reduces the number of available testing slots, and increases the overall testing time.

Figure 1. The first commercial prototype of the high efficiency S8MW X-band klystron.

Since 2015 intensive studies of klystron technologies were established at CERN [4]. Within this
activity, a number of new alternative bunching methods were developed, that allow an increase in the
klystron’s RF power production efficiency by 10% to 30%, compared to existing commercial tubes at
different frequencies and power levels. One such project addressed the efficiency increase in an existing
6MW E37113 CETD klystron. To minimize the fabrication cost and design efforts, it was decided to
adopt a retrofit approach. In this case the nominal klystron voltage (154kV), current (94A), cathode and
collector designs stay the same as in the existing klystron, and only the bunching RF circuit is modified.
The original design of the high efficiency S8MW klystron achieved 60% efficiency. To reach this value



in a high perveance (1.55 pA/V*?) tube, COM bunching method [5] was applied. However, the length
of the tube of 32cm appeared to be too excessive compared to the 13cm for the existing klystron. The
next klystron evaluation was done in few sequential design steps in a collaboration between CERN and
CETD. Finally, a new generic RF circuit comprising of an input cavity, five bunching cavities, single
set of the 2™ harmonic coupled cavities and multi-cells output coupler provided 56% RF power
production efficiency in simulations that have been benchmarked and confirmed with different
computer codes at CERN and at CETD. The RF circuit length of the new tube was intentionally set to
be equal to the one in the existing tube, so that the klystron’s solenoid can be re-used as well. With this
result, we expected the RF power to increase in the test station by 30% - from 6MW (42%) to SMW
(56%) to cover the wider range of available RF peak power for the tests in XOBX3. Another advantage
of the HE version is a possibility to increase further the repetition rate, as the collector heat load is
reduced. This development was supplemented with a new design of RF window provided by CERN
[5], to ensure safe klystron operation at a higher power level.

The first commercial prototype of the new High efficiency (HE) 8MW klystron (see Fig.1) was built
and tested at CETD in the fall of 2021. Unexpectedly, in the first tests with DC beam at different
voltages, a number of instabilities (self-oscillations) at 21-23GHz were found. As a result, we have
launched and completed a dedicated investigation program to analyse these instabilities and to develop
mitigation measures for minimization of their impact on the klystron fabrication processes. In this paper,
we will report the outcome of these studies.

2. Monotron and multipolar HE modes instabilities in the 24 harmonic
coupled cavities

During testing of the klystron in DC diode mode, a few instabilities were found when the tube
voltage was gradually increased. These instabilities were measured using diode detector at the klystron
output and input cavities and with spectrum analyser in the output channel. In these tests, the klystron
counter coil current could be changed from 7A (nominal) up to 11A in order to change the beam radius,
whilst the main coil had a fixed setting to provide a nominal strength of magnetic field of 0.4T. The
first instability at a frequency of 22.5GHz was observed in the voltages range from 85kV to 125kV.
The images of the signals measured at 92kV are shown in Fig. 2.
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Figure 2. DC beam instability in the klystron detected at 92kV with spectrum analyser (left) and diode
(right) at the klystron output.

The suspected mode responsible for this oscillation was identified as a TMo; n/2 mode in the 2™
harmonic cavities triplet, which has the same frequency of 22.5GHz. The wave-beam coupling
mechanism in this case can be explained as a monotron oscillation. To analyse this hypothesis, we used



a CERN made klystron code KlyC [6], which has an internal module for calculation of the monotron
oscillation threshold current [7]. Results of this analysis for different beam radii (beam tunnel filling
factor) are summarized in Fig. 3. Following this, we can conclude that depending on the beam radius,
the threshold current of monotron oscillation in the /2 mode of the triplet can be excited within the
voltage range between 70kV and 125 kV, which agrees with the experimental data. It should be noted
that these results only show the threshold current, but do not have information about the oscillation
onset time, which can be rather long if the threshold current value is close to the klystron current.
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Figure 3. Monotron oscillation threshold currents in the 2" harmonic triplet for different beam tunnel
filling factors as functions of the klystron voltage.

Dedicated simulations using CST 3D PIC solver [8] were performed to crosscheck the KlyC results.
These simulations confirmed the monotron oscillation hypothesis. In Fig.4, particle trajectories inside
the triplet simulated at 92kV beam voltage and filling factor of 0.8, are shown. The onset time of
oscillation in this simulation was around 900ns, which is in agreement with onset time indicated in Fig.1
(~1200ns), accounting for the larger beam radius that was used in simulations.
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Figure 4. Particle trajectories simulated in CST 3D PIC solver at 92kV beam voltage.
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The original design of the 2™ harmonic triplet was targeted for the highest effective impedance, to
support a larger klystron bandwidth and to allow for relaxed fabrication tolerances. The monotron
oscillations in the triplet can be mitigated by adjusting (reducing) the triplet period [7]. We have found
that by reducing the iris thickness to 60% of the original value, the minimal threshold current will
exceed the klystron current by at least 50% at its lowest point around 58kV. However, the same time,
effective impedance of the operating ©# mode will lose about 30%. Thus, the triplet concept loses its



benefit and can be substituted by two coupled cavities instead, which has a similar (5% less) effective
impedance. The frequency tuning of the new 2" harmonic doublet was optimized to recover the klystron
efficiency at the operation point, whilst the klystron bandwidth was practically not affected. With a
doublet solution, the danger of monotron oscillation is significantly reduced, see Fig. 5. The threshold
current, even for the larger beam radius (filling factor of 0.8) exceeds the klystron current with a good
margin.
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Figure 5. Monotron oscillation threshold currents in the 2" harmonic doublet for different beam
tunnel filling factors as functions of the klystron voltage

Other potential instabilities in coupled 2™ harmonic cavities are described in [9]. In this case very
non-linear processes couple the beam to the spatial harmonics of the hybrid modes HEx,1 (N=2,3), see
Fig 6. These modes are at high frequencies (36.4GHz and 46.6GHz), but still stay trapped, as their cut-
off frequencies are below the corresponding mode cut-off frequencies of the drift tube. A particularity
of the wave-beam coupling in this case is given by the fact that these modes are rotating (angularly)
modes, so that the beam can also choose to couple to one of the mode’s two rotation directions. These
instabilities were not found in the measurements of the klystron, yet the highest voltage used in the test
was limited to 135kV (see next chapter).
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Figure 6. Electric field plots of the higher order HE modes in the 2" harmonic doublet.

To simulate such instabilities, 3D PIC simulations are required. However, direct PIC simulations
with the onset time of the instabilities unknown needs to run for long pulses (4000ns) to ensure that
results can be compatible with measurements. To do these simulations we use CST 3D PIC. In this case,
a single task could take up to 50 hours of physical simulation time, even when we use powerful
computers with GPU accelerators. An alternative, fast and accurate method to analyse arbitrary
instabilities in linear beam devices was introduced in [9]. It is based on the notation of beam-loaded
quality factor (Q veam), Which describes the ratio of the stored energy in the given resonant mode to the



power exchange between the electron beam and the mode in a small-signal regime with a DC beam
propagated through the cavity. With this method, beam dynamic calculations in PIC can be done using
known (imported from CST eigensolver) eigen field-map of the mode providing a quasi steady-state
regime. The mode rotation can be imposed in the simulation by using two identical orthogonal field-
maps with an RF phase difference of £90° between them, with the sign controlling the rotation direction.
Thus, one does not need to use the full geometry in the simulation, but only the smooth beam tunnel
region. To calculate the Q peam, it is sufficient to measure the beam power at a collision plane for two
regimes, the first without the imported mode field-map (DC) and the second with the imported mode
field-map (RF). For the known intrinsic quality factor of the mode (Qo) in the copper cavity, the
condition for the instability onset will be satisfied if Qo/Q beam<-1. Meaning that the beam will be
decelerated and extract more RF power than the RF power dissipated in the cavity walls. Such
simulations were done for the new doublet design with a larger filling factor of 0.8, see Fig. 7. The
simulated modes combinations showed that the klystron should be stable up to 174kV with a solenoidal
field of 0.4T. The new 2" harmonic doublet geometry was adopted for the second klystron generation.
It will substitute the 2" harmonic triplet used in the first klystron prototype.
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Figure 7. Qo/Q veam as a functions of beam voltage for the spatial harmonics (0 and =) of TEz; and TEs3;
modes. Here, + or — signs indicates the different rotation directions of the modes

3. TEi1 coupled modes instabilities in the bunching cavities.

In the following experiments, at a voltage of 107kV, together with monotron oscillation at 22.5GHz,
another oscillation was detected at 22.016GHz. With increasing voltage further up to 125kV, the
monotron oscillation disappeared and oscillation at 22.016GHz was split into two lines at 21.896GHz
and 21.932GHz, see Fig.8. At this voltage, the beam radius was reduced by changing the backing coil
current from 7A to 11A. As a result the modes split disappeared and the only surviving mode had a
frequency of 21.908GHz, see Fig 9. With 11A backing coil current, the tube was again tested at 107kV,
the 22.016GHz mode was no longer seen, but the monotron oscillation at 22.5GHz was presented again.
By increasing the voltage above 125kV, the 21.908 GHz mode persisted, however when reaching
135kV, the ion pump on the klystron showed a pressure burst, indicating an increase in the beam
interception. To avoid irreversible tube degradation, the experiments were stopped at this point for
further analysis of the detected instabilities.
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Figure 8. Dc beam instabilities in the klystron detected at 107kV with spectrum analyser (left) and
diode (right) at the klystron output
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Figure 9. DC beam instability in the klystron detected at 125kV with spectrum analyser (left) and
diode (right) at the klystron output

From these measurements we concluded, that apart from monotron oscillation in the triplet, there
are two more modes, which are responsible for instabilities at different voltages (21.908 GHz and
22.016GHz). At 125kV these two modes come into competition, which can be degenerated in a favour
of the lower frequency mode by reducing the beam radius. In the original klystron design, all the
bunching cavities have the same gap length, which was optimized to provide the highest impedance at
the operating voltage of 154kV. Quick analysis showed a mode, which has a frequency close to 22GHz,
this was a TE; trapped mode in a single bunching cavity with a frequency of 22.06GHz. Furthermore,
the frequency of this mode is a very weak function of the cavity outer diameter (fundamental mode
tuning) and is instead governed by the gap length and beam tunnel diameter. Because more than one
oscillation was found, this suggest that we have to deal with coupled TE;; modes. The assembly of three
bunching cavities was simulated in CST eigenmode solver, see Fig. 10, and two detected modes were
identified as ‘0’ and ‘n/2’ TE;: coupled modes in the bunching cavities. In the measurements, the
instability at ‘z” TE;; mode (22.31GHz) was not detected. This kind of instability is not very common.
There is only one reference that we have found, which described similar effects [10].
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Figure 10. TE: coupled modes in three bunching cavities. E filed maps are shown left and transverse
component of electric filed along Z-axis are shown right.

The wave-beam coupling mechanism of these instabilities is similar to the one explained in the
previous chapter for the HE modes wave-beam coupling. We used the same method to calculate the
loaded beam quality and to estimate the instability regions detected in experiments. In Fig. 11, Qo/Qpeam
dependency on the voltage of the ‘0’ and ‘n/2° TE; coupled modes in three bunching cavities are shown.
We used a voltage range from 107kV to 135kV in these calculations. The cases for two different beam
radii were addressed, anticipating (based on measured voltage bandwidth of monotron oscillations) that
with backing coil current of 7A, the beam tunnel filling factor could be around 0.8 and for 11A it could
be around 0.55. At 107kV&7A, the dominant mode is the TE; /2. In the region between 120kV-125kV
the ‘0’ and ‘w/2’ modes can compete each other, cf. Fig. 8. By reducing filling factor at 125kV&11A,
the ‘n/2° mode disappeared, as it came close enough to the threshold of Qo/Q peam =-1. Whilst the ‘0’
mode becomes dominant at this and higher voltages, cf. Fig. 8. With moving back to 107kV&11A there
should not be any TE,; instabilities, as both modes are above the threshold, but monotron oscillation
will rise again. These scenarios agree well with a measured data.
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Figure 11. Qo/Q veam as a functions of beam voltage for the spatial harmonics (0 and 7/2) of TE;;
mode. Here, ‘+’ and ‘-* signs indicate the different rotation directions of the modes
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To mitigate the observed TE:; instabilities, one needs to reduce/eliminate the bunching cavities
coupling. For the fixed RF circuit layout, this cannot be done by changing the distance between the
cavities. The other solution is to detune TE;; modes frequencies in individual cavities. We have found
that the only feasible solution to provide such detuning is to assign different gap length to each cavity.
That will require minor changes in design (fine-tuning of the cavities fundamental modes), whilst
fabrication processes and tools will not be changed.



First, we studied TE,; instability threshold in the individual cavities as a function of the gap length,
anticipating the largest possible frequency detuning between the shortest and longest gaps. It appeared
that increasing the cavity gap by 20% from its original value, there is still enough margin (factor 2) for
the instability threshold at a design voltage of 154kV and filling factor of 0.8. As a compromise for the
impedance, we decided that cavities gaps lengths should be varied within £ 20% interval with respect
to original gap length, providing a detuning of TE;; modes of 1.8GHz within this range. The TE; modes
in the new assembly of the first three bunching cavities are shown in Fig. 12. Now one can see that
modes almost look like the modes of the individual cavities, however still some residual coupling
remains.
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Figure 12. TE coupled modes in the new set of three bunching cavities. E filed maps are shown left
and transverse component of electric filed along Z-axis are shown right

TE instabilities with the new cavities were studied for the voltage range from 100kV up to 174kV
with filling a factor of 0.8 and magnetic field of 0.4T, see Fig. 13. Here one can see that modes located
in cavity #2 and cavity #4 are now almost at the threshold of instability when reaching the design voltage
of 154kV and the mode in the cavity #3 will not be excited, as it has positive Qo/Q beam. Such a situation
still looks challenging, as simulations always have some intrinsic limits/errors that cannot be qualified
prior the tests. This is why we decided to increase the safety margin by introducing some damping in
the first four drift tubes. This is done using partial filling of the drift tubes with stainless steel. The
amount of filling was optimized to reduce the intrinsic Qo factor of the TE modes by a factor of 2. Thus,
safe tube operation is expect to be assured at 154kV (Qo/Q veam >-0.5 for both modes).
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Figure 13. Qo/Q beam as functions of beam voltage for TE;; modes in different cavities. Here, ‘+” and ‘-
¢ signs indicate the different rotation directions of the modes



The new klystron configuration stability was simulated using a long DC pulse PIC simulation at a
design operating point of 154kV, beam tunnel filling factor of 0.69 and a magnetic field of 0.4T. In this
simulation, we used the entire bunching circuit and input cavity to ensure that we had not missed any
other instabilities in the rest of the bunching circuit. Particle trajectories inside the RF circuit are shown
in Fig. 14. This simulation confirmed that the tube remains stable up to 4000ns.

Figure 14. Particle trajectories inside the RF circuit at a design operating point of 154kV, beam
tunnel filling factor of 0.69 and magnetic field of 0.4T after 4000ns simulation time.

However, the tube still could be unstable, when operated at a higher voltage than nominal. In Fig.
15, there is an example of DC beam case, when the voltage is increased up to 174kV (in attempt to
reach I0MW RF output power in RF amplification regime) with a beam tunnel filling factor of 0.8 and
a magnetic field of 0.4T. Clear TE mode instability is generated in the first bunching cavity. The
excitation onset of this mode is 1300ns, which indicates that oscillation is close to the threshold.
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Figure 15. Particle trajectories inside the RF circuit at 174kV, beam tunnel filling factor of 0.8 and
magnetic field of 0.4T after 4000ns simulation time (top) and spectrum of the signal measured by
voltage monitor in the first bunching cavity (bottom).

To access higher beam voltages, the safety margin increase can be achieved using electronic
measures. In Fig. 11, one can see that beam diameter has a strong impact on the instabilities threshold.
In most of our simulations, we used larger filling factor of 0.8 to provide some margin. In the original
klystron optics design, this value is predicted to be 0.69. In addition, it was demonstrated that if required,



the beam aperture could be reduced even further using a backing coil current. The drawback of this
option will be a small power gain reduction. As an illustration, in Fig. 16 (left), Qo/Q beam values as a
function of the beam tunnel filling factor are calculated for the operating voltage of 154kV and 0.4T
magnetic field. The amplitude of the magnetic field also has a strong impact on the instabilities
threshold. In Fig. 16 (right), one can see that at 154kV and filling factor of 0.8, by increasing the
magnetic field amplitude by 5% - from 0.4T up to 0.42T, the instability threshold margin could be
increased by another factor of 2. With all possible passive and active measures being used, we can

expect that almost a factor of seven increase in the safety margin can be reached.
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Figure 16. Qo/Q veam of two modes as functions of filling factor (154kV, 0.4T) are shown left and as
functions of magnetic field (154kV, filling factor of 0.8) are shown right.

To confirm the instability mitigation efficiency using electronic measures, we simulated the case
shown in Fig. 15 with a nominal beam tunnel filling factor of 0.69 and a magnetic field increased by
5% up to 0.42T, see Fig. 17. The klystron is stable after 4000ns. The last 3D PIC simulations (174kV,
filling factor of 0.69 and 0.4T) were done for the assembly of the penultimate bunching cavity and
output coupler, Fig. 18. No traces of instabilities were found.

Figure 17. Particle trajectories inside the RF circuit at 174kV, beam tunnel filling factor of 0.69 and
magnetic field of 0.42T after 4000ns simulation time.

Figure 18. Particle trajectories inside the RF circuit at 174kV, beam tunnel filling factor of 0.69
and magnetic field of 0.4T after 4000ns simulation time.



The frequencies of the new cavities in the bunching RF circuit where re-tuned for the best klystron
performance. In Fig. 19, snapshots of electrons trajectories at a saturated input power for the nominal
operating point at 154kV (0.4T) and at 174kV (0.42T) simulated using FCI [11] computer code are
shown. The average beam tunnel filling factor in these cases is 0.69. The klystron’s power transfer
curves are shown in Fig. 20. At 154kV saturated efficiency is 56.6%, which corresponds to 8.2MW of
the output RF power. At 174kV saturated efficiency is a bit lower: 53.3%; however klystron can produce
10.5SMW peak RF power at this point.

[
~—— |
o
R
—
~— |
]

T
~— |
P
~—
J—
~— |
]

Figure 19. Snapshot of electrons trajectories at a saturated input power for the nominal operating point
at 154kV, 94A and 0.4T (top); and at 174kV, 113A and 0.42T (bottom).
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Figure 20. The klystron’s power transfer curves at 154kV (0.4T) and at 174kV (0.42T).

4. Summary

The first commercial prototype of the new HE 8MW klystron was built and tested at CETD in the
fall of2021. Unexpectedly, in the first tests with DC beam at different voltages, a number of instabilities
(self-oscillations) at 21-23GHz were found. An intensive investigation program to analyse these
instabilities was carried out at CERN. All the instabilities sources were identified. Special passive and
active mitigation measures were proposed and confirmed in full 3D PIC simulations. We expect that
the modified klystron is capable to reach beam voltages as high as 174kV (above 10MW peak RF output
power) and be stable. The second klystron prototype is now under fabrication at CETD and will be
tested in July 2022.
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