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Abstract
A

new bunching method, named "kladistron” has been
developed at CEA in order to provide high efficiency
klystrons. A first "kladistron” prototype was designed and
realized. It was adapted from the 4.9 GHz TH2166 from
Thales, where the interaction line was transformed from 6
to 16 cavities. The design and fabrication phases of this
prototype are developed in this paper. The kladistron pro-
totype was tested in Thales facility. Its efficiency is finally
O lower (41 %) than expected (55 %), moreover it presents
a spurious oscillation at 4.96 GHz. After analysis of the
experimental results, it is concluded that the discrepancy
between design and real frequencies is the cause for the low
efficiency while the spurious oscillation results from a high
gain peak at 4.96 GHz.

Keywords— Xklystron, high efficiency, manufacturing pro-
cess, spurious oscillation.
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1 Introduction

2404.05493v1

With the emergence of new accelerator projects requiring high
power from their Radio Frequency (RF) systems, improving
energy-efficient conversion of electrical grid power into RF is
becoming a key aspect in the approval process for these new
facilities and ensure sustainability over the long term.

This is particularly true for electron colliders like FCC, ILC,
or CLIC, which will need RF systems delivering average power
up to 100 MW [1] [2]. Efforts have been engaged recently to
stretch the efficiency of existing RF power sources to higher
levels, in particular for klystrons where modern bunching tech-
niques help to improve the collection of extracted RF power. A
standard klystron is made of a small number of cavities (typi-
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cally 5 or 6), where one or two cavities are around the central
frequency to ensure the bandwidth and two or three bunching
cavities have a higher frequency. The objective is to optimize
the beam current modulation in the last cavity, where the RF
power is extracted, and so, increase the tube efficiency. The
limit of the method is the induction of a large velocity disper-
sion, which limits the interaction efficiency (except for very low
perveance). New bunching methods have been widely developed
this last decade which allow efficiency increase : the Core Oscil-
lation Method (COM), the Bunch Align Collect (BAC) method
and the Core Stabilization bunching Method (CSM).

The COM method consists of using a cavity highly coupled
with the beam, to congregate the peripheral electrons of the
bunch, while the electrons in the core of the bunch are “oscil-
lating” through the tube [3]. However, it results into a tube
length increase. To solve the problem of compactness for low-
frequency klystron, BAC [4] and CSM [5] methods have been
developed. The strategy for these methods consists into em-
ploying harmonic cavities to boost the bunching process.

These methods were applied around the world to a large range
of frequencies, X-band [6] [7], S-band [§], L-band [9] or below [10]
[11] [I2]. Studies were applied in prototypes in some cases [7] [g].

Another method, developed at CEA and named kladistron, is
described in this paper.

2 Kladistron principle

The kladistron, which stands for kl-adi(abatic)-stron, was in-
spired by the interaction mechanism in a Radio Frequency
Quadrupole (RFQ) [I3]. RFQs are used in proton linac injec-
tors to bunch, focus and accelerate a continuous beam from few
tens of keV to few MeV. In a RFQ, the beam bunching and
acceleration are assured by the RF field generated by four elec-
trodes, which present a longitudinal modulation all along the
structure [I4]. The bunching process is close to adiabatic, which
means that the external forces (RF field) vary more slowly than
the interaction forces in the system (space charge). The dynam-
ics of the system is then a succession of equilibrium states and
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Figure 1: Figures of merit of a 10 cavities (left) and a 20
cavities (right) 12 GHz kladistron. Top : phase, medium :
first (blue) and second (red) relative harmonic modulation
current, bottom : normalized velocity, versus position in
the interaction line. The cavities positions are represented
by purple vertical lines.

the entropy increases only slightly.

In a klystron, the external forces are the beam induced bunch-
ing forces and the interaction forces are the space charge forces.
The transposition of the adiabatic principle to a klystron consist
into using a large number of cavities (at least twice as many as
in a classical klystron). Moreover, instead of giving a “strong”
kick to the beam in a small number of cavities, the interaction
line gives a “soft” kick in a large number of cavities, weakly
coupled to the beam, without harmonic cavities.

Very preliminary calculations made at 12 GHz showed how
the number of cavities increase can lead to smoother current
modulation and higher efficiency [I3]. In the example shown
in Figure [I the cavities have low r/Q to be weakly coupled
to the beam. Both klystrons have a microperveance equal to
1.4 pA V=5,

3 Design of a 5 GHz kladistron

For a first experimental validation of the kladistron principle we
decided to transform an existing klystron and only change the
interaction line. The chosen tube is the 4.9 GHz — 50 kW CW
TH2166 klystron developed by Thales, which has an efficiency
of 50 %. This tube is aimed to work with a cathode voltage of
Vo = 26 kV and a beam current of Iy = 4.3 A, corresponding
to a microperveance equal to 1.03 pA.V =1, It is made with 6
cavities and the adapted kladistron is designed with 16 cavities.
This number was chosen because it is high enough to be an
example of the kladistron principle, and because a larger number
of cavities would have been difficult to implement. Thus, since
the tube body is kept the same, especially the focusing solenoid,
the length of the interaction line is fixed. Figure 2] shows the
reused TH2166 elements: the gun, the solenoid, the collector,
as well as the input and output cavities. The modified elements
are the 14 intermediate cavities replacing the existing 4 cavities.

This is a conservative approach, since it allows to focus only
on the interaction line. However, this approach brings some
constraints: the length of the interaction line is limited and the
magnetic field profile cannot be modified.

Standard TH2166 klystron

solenoid
gun collector

input cavity_; ;-—output cavity

solenoid

Modified TH2166 kladistron

solenoid

collector

_Loutput cavity

input cavity_;

solenoid

Figure 2: Principle of adaptation of the TH2166 to the
kladistron. The elements in blue are kept from the TH2166
whereas the elements in orange (the intermediate cavities)
are redesigned for the kladistron.
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Figure 3: Efficiency comparison between the TH2166
klystron and the optimized kladistron.

3.1 Optimization of the interaction line
RF parameters

The design of the intermediate cavities was realized with 2D-
code Klys2D [16]: for each design, the input power is varied to
find maximum output power. This is then simulated with the
2D PIC code Magic [17].

The efficiency calculated for one given design is not exactly
the same within the codes, with a spread between 5 and 10 %.
This is due to the difference in the RF/electrons interaction
line modelisation. The result is shown in Figure ] where the
efficiency versus input power is shown for both the optimized
kladistron and for the TH2166. The two curves correspond to
MAGIC 2D calculations. For each tube, the range of efficiency
within the different codes is represented. The gain of efficiency
is thus estimated to +5 % [18].

The modulation current, shown in Figure Ml is much more
regular for the kladistron, illustrating the ”soft kicks” given by
each cavity to the beam. The electron trajectories, simulated
with MAGIC 2D are shown for both TH2166 and kladistron in
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Figure 4: First harmonic modulation current vs z for the
TH2166 and the kladistron. Simulations with Klys2D.
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Figure 5: Electron trajectories simulated with MAGIC 2D
for the TH2166 and the kladistron at their maximal effi-
ciency. The vertical arrows show the cavities position.

Figure[dll The zoom on the last cavities shows that the bunching
is more effective for the kladistron. However, it also shows a
radial stratification for the kladistron beam, which could be a
cause of efficiency limitation, like in COM klystrons [19].

For the kladistron RF design, the parameters for cavities 1
and 16 are kept from TH2166. The frequencies have been ad-
justed to maximize efficiency, and are shown in Figure The
r/Qs have been lowered for the intermediate cavities to de-
crease the coupling to the beam, to 20 2 (cav. 2 to 8) and 33 Q
(cav. 9 to 15). The quality factors Qo have also been decreased
(from 3000 to 1000), to limit high gain values in order to avoid
oscillations.

3.2 Geometry of the cavities

The geometry of the intermediate cavities has been determined
in order to fit with the chosen RF parameters. Two sets of cav-
ities are designed whose shapes, with the electric field pattern,
are shown in Figure[6l These cavities are made of copper, and
their quality factor is decreased by deposition of titanium, with
lower conductivity, on one of the cavity face. The asymmet-
ric shape of the cavities was chosen to facilitate the titanium
deposition in the fabrication process.

3.3 Multipacting simulations

The multipactor is an undesirable effect in RF tubes, which can
lead to spurious heating in the RF structure. In the TH2166

Titanium
deposition

Titanium
deposition

“
Cavities2to 8
r/Q=20Q

Cavities 9to 15
r/Q=330Q

Figure 6: Geometry and electric field pattern of the inter-
mediate cavities. The titanium deposition is shown by a
thick grey line.

klystron, this phenomenon was supressed by deposition of tita-
nium hydride, titanium having a secondary emission coefficient
close to 1.
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Figure 7: Multipacting simulations with MUSICC3D for
cavities with or without titanium deposition.

In our kladistron, the multipactor is a problem for electric
field lower than 35 MV /m, which is the maximal value expected
in the cavities. Multipacting calculations were carried out in
the intermediate cavities, using the MUSICC3D software from
CNRS/IPNO [21]. Figure[dshows the number of charges gener-
ated in the cavity’s gaps as a function of the electric field. The
simulation was carried out with 10000 electrons with the follow-
ing method: one electron is extracted from a gap surface and
submitted to an electric field with random phase and amplitude
(between 0 and 40 MV/m). When impacting another surface,
this electron is likely to extract new electrons, leading to expo-
nential electron multiplication. The simulation is stopped once
the initial electron has been either absorbed or has undergone 20
impacts. In a cavity without titanium, a single electron could
extract millions of charges out of the cavity’s surface whereas
an electron in a cavity with titanium only generate 60 charges.
Beside the need of quality factor decrease, these results show the
necessity of the titanium deposition in the kladistron cavities.
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Figure 8: Kladistron efficiency variation when one cavity is
detuned.

4 Manufacturing of the TH2166
based 5 GHz kladistron

The preparation of the kladistron prototype was carried out in
two main phases:

e validation of innovative solutions on cavity prototypes,

e fabrication and assembly of all the elements constituting
the whole klystron.

4.1 Cavities prototyping

The manufacturing of the final cavities for the kladistron was
preceded by some prototyping [20], to validate:

e the achievement of the desired machining precision,
e the effect of the cavity parts brazing on the frequencies,
e the tuning system,

e the deposition of titanium.

4.1.1 Machining precision and brazing effect

Each prototype was made of two parts brazed together to form
the inner cavity. It was rapidly verified that the achievement
of the proper dimension was not a problem for the manufactur-
ers, and that the difficulty to achieve the proper frequency was
essentially due to the brazing operation. Several tests showed
that this brazing operation could increase the frequency within
2 MHz to 8 MHz, without being easily predictable. However
the kladistron’s efficiency is sensitive to its cavities’ frequency
shifts, especially at the end of the interaction line, where a fre-
quency shift of 10 MHz leads to an efficiency drop of 5 points.
This is shown in Figure[§] where each cavity is shifted separately
for a value between —10 M Hz and 10 M Hz and the efficiency
deviation from the design value is calculated.

In consequence, we could not expect the fabrication procedure
to provide cavities frequencies able to guarantee the kladistron
performance. A tuning system, able to recover frequency values
after fabrication was thus considered necessary.

4.1.2 Design and validation of a tuning system

Each cavity is equipped with a tuning system based on cavity
volume deformation to adjust the cavities’ frequencies. A thick
membrane between the inside and the outside of the cavity is

Thread steel pin brazed
on the membrane

. Cavity

Beam/ /

drift tube / ‘
Misshaped  Screw
membrane  thread

Figure 9: Tuning system on a prototype cavity. Section
view of the membrane deformation principle (left) and cav-
ity equipped with its four tuning systems (right).

deformed by brazed pins (four per cavity) that translate along
drill holes positioned around the cavity (see Figure [).

Repeated measurements with these tuning systems on proto-
type cavities demonstrated that they could provide a reversible
frequency adjustment from -6 MHz to +12 MHz and thus should
be able to compensate the frequency shift due to fabrication pro-
cess.

4.1.3 Titanium deposition

Figure 10: Left: 100 pm thick titanium disks. Right: cavity
part after titanium brazing and last surface machining.

A new titanium deposition method has been developed and
tested during the prototyping phase. The usual technique con-
sists into applying a titanium hydride (TiH2) layer with a brush
tool, which results in a inaccurate thickness. The new tech-
nique consists into the brazing-diffusion of a 100 micrometers
thick disk onto the copper surface (Figure [[0]). Several tests
have been achieved on dedicated prototypes and gave very good
results after a last surface machining. This method was then
used for the final kladistron manufacturing.

4.2 Manufacturing of the kladistron

Besides the standard klystron manufacturing procedure, the fol-
lowing steps have been achieved:

e All the cavities parts are individually prepared for the braz-
ing of the titanium disk and the brazing of the tuning sys-
tem pins.

e After these brazing operation, a final machining is applied
on the titanium brazed cavity parts.

e Then, the whole interaction line’s brazing is carried out.
On Figure [[I] the left picture shows the interaction line
during cavity assembly and the center picture shows the
interaction line with output wave guide, ready for brazing.
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e At this point, some RF measurements are carried out, with
two antennas inserted in the drift tube (see next section).

e Then the last elements (collector, RF gun, window and
ionic pump) are welded to close the tube (figure [IT] right).

W

Figure 11: Left: Partial cavities assembly. Center: Interac-
tion line and output wave guide ready for brazing. Right:
Tube closed.

4.3 Measurements before final assembly
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Figure 12: Cavities frequencies: design and measurements
values.

The cavities frequencies are measured in the interaction line
before the final assembly. A tuning operation was planned to
match the design frequencies. Unfortunately, it appeared that
the braze between tuner system pins and cavities was defective,
and that the tuning systems were finally ineffective. However
it was possible to adjust the frequencies of the two last cavities
(which have the more influence on the kladistron efficiency, see
Fig. B) with the use of a mechanical tool. Those frequencies are
measured in air whereas the design frequencies correspond to
the tube operation under vacuum, and we have adjusted them
to their corresponding values under vacuum. Those adjusted
frequencies and the design frequencies are shown in Figure

5 Tests of the 5 GHz kladistron

Taking the complexity of the manufacturing into account, we
considered that an increase of the efficiency from 50 % to 55 %

would be significant to consist into a first validation of the kladis-
tron principle.

The kladistron was tested in Thales facilities on the test bench
dedicated to the TH2166. This latter tube is aimed to work
in CW. However, since the cooling system was not optimized
for the kladistron, we preferred to work in pulsed mode. The
duty cycle was increased up to 13.5 %, with a repetition rate of
25 Hz and a RF pulse of 5.4 ms (while the high voltage pulse
was 6 ms). The nominal voltage of the TH2166 is 26 kV, and
we varied the cathode voltage, Vi between 25 and 30 kV. The
measured beam current always fits with a microperveance equal
to 0.91 uA.V~1®. The focalisation current was set to 38 A.

The kladistron output power and efficiency were determined
from RF measurements, and confirmed with calorimetric mea-
surements.
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Figure 13: Measured efficiency vs input power at several
values of the cathode voltage. The RF duty cycle is 13.5 %.
The signal frequency is 4.904 GHz.

The efficiency versus input power measurements are shown in
Figure The maximal efficiency, equal to 41 %, was reached
for the cathode voltages equal to 27.8 kV and 30 kV. It was not
possible to reach higher values during these tests. The manufac-
tured kladistron finally presents a maximal efficiency lower than
expected, and even lower than the standard TH2166 efficiency
(50 %).

During all the measurements we observed the existence of an
unexpected spurious oscillation close to 4.96 GHz. When some
RF power is injected into the kladistron, the oscillation and its
intermodulation signals appear in the output spectrum, around
the amplified input signal (see Fig. [[4]). Moreover, the oscilla-
tion signal is also present in pure diode mode, without input
signal. An example is shown in Figure [[4] (orange dots). The
focalisation current was varied between 35.5 and 41 A without
any effect on the oscillation signal.

The measured small signal gain is shown in Figure
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Figure 14: Output signal spectrum corresponding to

Vi = 27.8 kV and efficiency = 41 % (blue line) and in pure
diode mode (orange dots). The RF duty cycle is 13.5 %.

6 Post mortem measurements and
simulations

After those measurements, the kladistron was disassembled and
the frequencies, loss and external Q factors were measured. The
Q factors were close to the expected values, attesting that the
titanium deposition was effective. The frequencies ”after tube
opening” are compared to the design values in Figure [[2] with
the corresponding results "before tube closing”. The differ-
ence ”before/after” shows that the interaction line was probably
slightly deformed during the manufacturing process. Although
the RF parameters could be measured, the actual position of
the cavities is still unknown because it could not be measured
precisely.
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Figure 15: Measured and calculated small signal power
gain of the kladistron (Meas.: RF duty cycle: 13.5 %,
Vi =27 kV.)

The small signal gain was calculated with code KlyC [22]
using post mortem measured parameters and compared to the
experimental values. Figure shows that both measured and
newly calculated small signal gains reach high values around

4.96 GHz, which seems to be due to the presence of several
cavities frequencies around this value. This is probably the cause
of the spurious oscillation, see section [7}

Furthermore, the discrepancy between design and real fre-
quencies is probably the cause of the loss of efficiency between
prediction and measurements. Figure [8] shows that with the fi-
nal frequency shifts (5 MHz for the last cavity and up to 40 MHz
for some intermediate cavities) the efficiency is likely to drop by
several percentage points.

We have investigated this hypothesis with a set of simulations
achieved with KlyC. The kladistron was modeled with both sets
of design and post mortem measured parameters, and the stan-
dard figures of merit (efficiency vs input power, modulation cur-
rent, beam behavior) were simulated.
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Figure 16: Calculations with KlyC for both design and mea-
sured parameters kladistrons Top: Efficiency versus input
power. Bottom: 1st and 2nd modulation depth of the mod-
ulation current.

Figure shows clearly how the efficiency drops when the
measured parameters are used in the simulations, with a calcu-
lated maximal efficiency (39%) close to the experimental value.
The modulation current profile is also dramatically decreased.

Figure [I7] shows the Applegate diagram (top) and the elec-
trons velocities (bottom). Both figures show that the electron
bunching in the output cavity is degraded with the measured
parameters.

In conclusion, the difference between the post mortem mea-
sured parameters and the design parameters, in particular the
frequencies, appear to be the cause of the drop of efficiency ex-
perimentally observed.
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Figure 17: Calculations with KlyC for both design and
measured parameters kladistrons. Top: Applegate diagram
showing the electrons relative phases along the klystron.
Bottom: electron velocities versus position.

7 Discussion on the oscillation ori-
gin

We have envisaged two hypothesis to explain the existence of the

oscillation signal: the existence of a monotron oscillation in one

of the cavities and the generation of a RF loop oscillation due

to the reflection of electrons. Both hypothesis will be discussed
in this section.

7.1 Monotron oscillation

When an electron beam travels along an RF cavity, the beam-
loading conductance, G, represents the energy transfer between
the beam and the cavity RF field. A negative value for Gy
corresponds to an energy transfer in favor of the RF field; it can
cause the excitation of the RF field in the cavity even by a non
modulated beam [23] [24] [25]. We have considered whether such
a "monotron” instability could arise in the intermediate cavities
of the kladistron (first and last cavities, gun and collector could
in principle cause oscillation, however they are shared by the
TH2166 which does not present any oscillation so we discarded
this possibility). The following formula [15], gives the expression
of Gb:

Gy _ B oM
Go 4 9B

Go being the beam conductance Io/Vo, Be the electron propa-
gation constant, and M the coupling coefficient.

(1)

The criterion to discard monotron oscillation is G, > 0. We
have tested this criterion on the kladistron intermediate cavities,
using the z-field on axis.

In the kladistron, the electron beam voltage in pure diode
mode is 26 kV. The beam-loading conductance calculated at this
voltage is G,/Go = 0.15, discarding any monotron oscillation.
Moreover, calculations show that the beam-loading conductance
is positive at any transit angle (or beam voltage), which means
that even electrons with lower energy, e.g. reflected in the struc-
ture, could not cause oscillation.

7.2 RF loop oscillation

A large gain RF structure is likely to give rise to some oscillation
because even a small feedback can turn into a loop. In a klystron,
the RF loop cannot be generated by some travelling waves (for-
ward and backward) because it is a standing wave structure.
The RF signal is carried out by the electron beam. However the
existence of a backstreaming current, carrying some RF signal
up to the input cavity, could cause some RF loop oscillation. In
a klystron, backstreaming electrons are mainly generated by the
strong energy decrease in the output cavity, or backscattered
from the collector surface.
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Figure 18: RF loop in the kladistron due to backstreaming
electrons

Figure [I8 shows the principle of such a loop. The forward
electron beam generates a forward complex gain, GG, defined by
the output to input voltage ratio Vou:/Vy. The backstreaming
current generates a complex backward gain, «y, defined by the
ratio Vi /Vour. The voltage V; is the sum of V4 and Vi, and the
closed loop gain is :

_G
1-+.G

According to the Nyquist criterion, an RF signal can be estab-
lished even without input power (V;, = 0) if the amplitude of
~G is equal to 1 while its phase is equal to zero modulo 27. In
this configuration, oscillations are likely to happen.

Such phenomenon has been observed and described by Fang
[30] [31] in a 324 MHz klystron, where it is demonstrated that
a spurious oscillation was generated by backstreaming electrons
from the collector. Fang modified the shape of the collector
to decrease the backstreaming current rate, and the spurious
oscillation finally disappeared.

Suzuki and Okubo [29] [28] have encountered efficiency lim-
itation on the first prototype of a high efficiency 2856 MHz
klystron, due to instability in high beam power region. They
have identified reflected electrons from the collector as the cause
of this instability.

CTYloop - (2)
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Roybal and Chernyavskiy [26] [27] have studied how returned
electrons in a klystron can cause oscillations and lead to de-
creased tube efficiency.

Figure shows that the maximal small signal power gain
is 40 dB higher for the fabricated kladistron, compared to the
TH2166. This corresponds to a factor 100 for the gain in voltage.
Thus, the threshold backstreaming current rate causing oscilla-
tion is much lower for the kladistron than for the TH2166.

Both tubes have the same collector and output cavity, so in
principle the rate of backstreaming electrons is the same. How-
ever, one can consider that this rate is lower than the threshold
in the TH2166, which actually presents no oscillation, whereas
it is higher than the threshold in the kladistron.

Finally, we think that the cause of the spurious oscillation in
the experimental kladistron is due to this high gain peak around
4.96 GHz, which results from the casual presence of 4 cavities
frequencies around this value.

8 Conclusion

We have developed an new bunching method for klystrons,
named kladistron, based on a smooth bunching scheme. After
promising simulation results predicting increase of efficiency, a
kladistron prototype has been developed and fabricated by mod-
ification of an existing 5 GHz klystron. The prototype works,
but presents an efficiency lower than expected and a spurious
oscillation even in the diode mode.

The problem of a high gain generating oscillations was iden-
tified as a risk from the start of the study, because of the high
number of cavities. This is why we had decreased the cavities
quality factor with titanium deposition on copper. However,
the tube finally presented such a high gain peak associated with
spurious oscillation. The cause is the cavities frequencies distri-
bution of the kladistron in operation, which results from:

e the failure of the tuning systems which prevented the fre-
quencies adjustment of the finalized interaction line,

e the cavities frequency shift between finalized interaction
line and klystron in operation.

These results point out the risk of instabilities in high effi-
ciency klystrons. In the future, two efforts have to be under-
taken to prevent such situation. First, the tubes design shall
consider the risk of instabilities and, if possible, calculations
should predict such instabilities. In our case, it was checked
that the small signal gain was not too high. Such approach can
be systematized, and for example, a limited small signal gain
can be part of the figure of merit, together with the klystron
efficiency [34] [35]. A further, but more challenging step is to
predict reflected electrons and their effect on the tube perfor-
mance. Most of frequency simulation codes do not allow such
calculations, and PIC code are too time consuming for optimiza-
tion. Some labs are now developing faster dedicated tools [27].

Second, our results highlight the high sensitivity of high ef-
ficiency klystrons to the accuracy of the RF parameters, espe-
cially the frequencies. Thus, the discrepancy between design
and real frequencies is also the cause for the low efficiency. For
a future tube, a solution shall be developed to guarantee fre-
quency accuracy during operation. One solution could be the
implementation of in-situ tuning systems, able to adjust fre-
quency during klystron operation. Such solutions have already

been studied for other klystrons [32] and could be implemented
in future studies. Another solution, especially appropriate for
large-scale production, is to guarantee cavities frequency by a
well-controlled fabrication process. This process has been widely
developed for the X-band manufacturing at CERN [33].
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