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Abstract

As part of the deign studies, the CompactLight project
plans to use an injector in the C-band. Which constitutes a
particular complication for the harmonic system in charge
of linearising the beam’s phase space, since it means its
operation frequency could be higher than the standard X-
band RF technologies. In the present work, we investigated
a 36 GHz (Ka-band) as the ideal frequency for the harmonic
system. A set of structure designs are presented as candidates
for the lineariser, based on different powering schemes and
pulse compressor technologies. The comparison is made
both in terms of beam dynamics and RF performance. Given
the phase stability requirements for the MW class RF sources
needed for this system, we performed careful studies of a
Gyro-Klystron and a multi-beam klystron as potential RF
sources, with both showing up to 3 MW available power
using moderate modulator voltages. Alternatives for pulse
compression at Ka-band are also discussed in this work.

INTRODUCTION

A next generation hard X-ray Free Electron Laser (FEL)
facility, based on state-of-the-art, high-gradient, 12 GHz
(X-band) RF cavities has been designed by the E.U. funded
CompactLight* project. This machine will start with a full
6 GHz (C-band)injector before an X-band main linac that
capitalises on the higher gradients available at higher fre-
quencies. This light source facility will operate up to 1 kHz
repetition frequency for the soft X-ray (SX) regime.

Typically, XFELs choose to have long bunches in the in-
jector and to use magnetic compressors to generate short
electron bunches (around 1-5 fs), with high bunch charges.
An energy chirp along the bunch, before the bunch com-
pressors, is needed in order to have the path lengths through
the magnetic chicane to be energy dependant. Thus, com-
pressing the bunches in time. Running the injector off-crest
introduces the necessary chirp. However, following the si-
nusoidal shape of the voltage, the chirp is not linear in time,
and for this reason a harmonic system is used to linearise
the chirp. After looking into different frequency options, 36
GHz (Ka-band) was found to be an optimal working point.

A high frequency system, like this one, will require rel-
atively small apertures, making the wakefield contribution
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an important factor. Other issues are derived from the lack
of availability of, off the shelve, high power amplifiers at
this frequency. And for all these reasons, this paper presents
work done in order to achieve a full and feasible RF system,
suitable for use as a lineariser. The feasibility of manufac-
turing Ka band structures and operating them at very high
gradients has been established in the context of the CLIC
study [1-3].

This paper presents a condensed summary of the work
performed by the authors to develop 36 GHz RF systems
for FEL applications, a complete version of this work has
been recently submitted for publication to a journal [4]. The
reader is encouraged to refer to that article for further details.

VOLTAGE REQUIREMENTS

Considering the low average momentum (300 MeV) and
relative long bunches at the lineariser’s location, the effects
of the short-range wakefield define the minimum iris aper-
ture radius (denoted as a, see Fig. 1) for the 36 GHz structure.
After careful analysis, the selected working point was fixed
at 30 cm for the structure’s length, and a = 2 mm.

am
My r

Figure 1: Single cell geometry.

We can only be sure of how well the lineariser is working
by looking at the bunch shape at the end of our linac and,
ultimately, the photons coming out of the undulators. In
that sense, the 36 GHz lineariser must be integrated to the
gymnastics of the injector and main linac in order to assess
the total RF curvature and the wakefields coming from the
RF systems and any non-linear effects generated or amplified
by the magnetic chicanes.

Due to the multiple contributions to the nonlinear effects
in the longitudinal plane, the only way to fix the optimised
voltage needed from the lineariser, is to perform a start-to-
end longitudinal optimisation, including all the aforemen-
tioned elements. For this work, this optimisation was done
using the 1D tracking code “Track1D”. The resulting re-
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quired integrated voltage was fixed at Vi, = 12 MV and

Fig. 2 shows an example of start-to-end tracking of the Com-
pactLight accelerator, obtained with the code Track1D [5].
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Figure 2: Example of start-to-end tracking, obtained with
the code Track1D.

RF SOURCES

The use of klystrons as RF sources is common in almost all
large linacs above 1 GHz, since they can generate large peak
powers. However, for high frequencies, the gap needed be-
comes too small to handle high powers, rendering klystrons
unpractical. The use of Higher order mode (HOM) cavities
is necessary to overcome this issue, as their larger diameter
(for a given frequency) improves their performance. Mode
separation is an issue in HOM cavities, so an amplifiers that
works with this principle needs to excite a single mode only.
We present now two options of doing this: a gyro-klystron
which uses a rotating beam to interact with a single mode,
and a HOM multi-beam klystron (HOM-MBK) that uses
multiple beams, in order to cancel out undesired modes.

Gyro-klystron

A gyro-klystron with 3 MW output power was designed
as the driving source for the lineariser, using a three-cavity
configuration [6, 7]. With the input and intermediate cavities
operating in a TE(; mode, while the output cavity operates
at a higher-order TE, mode to improve the power handling
capability. The RF signals to/from the gyro-klystron are
coupled by a pillbox microwave window and a single-disk
microwave window, respectively.

The interaction circuit for the gyro-klystron was designed
as an iterative process. Starting with a small-signal linear
theory, based on the point-gap approximation, used to find
the constrains of the initial parameters, such as the beam
current, voltage, the transverse-to-axial velocity ratio «, and
the magnetic field strength at the interaction region [8]. After
choosing the core beam parameters, eigenfrequencies, and
the cavities’ quality factors, then the cavity dimensions are
fixed. Then, the gyro-klystron’s efficiency was evaluated
using the nonlinear simulation model. Since the nonlinear
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model uses the cavities’ field profiles, it can give detailed
information on the bunching process, and more accurate gain
and interaction efficiency. The nonlinear theory provides
a good balance between accuracy and computation time to
investigate a large parameter space [9]. Lastly, particle-in-
cell (PIC) simulations validate the design obtained from the
nonlinear simulation.

Figure 3 shows the geometry of the gyro-klystron cavities
and phase space of the electrons in the PIC simulation. The
final design parameters are presented in Table 1.

Time 29.999 ns: PHASESPACE for all particles

z M (E-3)

Figure 3: Phase space of the electrons in the gyro-klystron.

Table 1: 36 GHz Gyro-klystron’s Initial Parameters

Parameter Value Units
Beam voltage V), 150 kv
Beam current /;, 50 A
Transverse-to-axial velocity ratio ¢ 1.50 -
Magnetic field strength B, 1.49 T
Bandwidth 190 MHz
Output frequency 36 GHz
Output power 32 MW
Efficiency 42 %o
Gain 48 dB

A magnetron injection gun (MIG) [10] is used to generate
the gyro-klystron’s small-orbit gyrating electron beam. A
triode-type gun was designed using the parameters given in
Table 1, to provide better control of the beam velocity ratio
by means of adjusting the modulating anode voltage.

HOM Multi-Beam Klystron

The goal for our design is to generate 2.5 MW of RF
power at 36 GHz. To avoid the need of an oil tank and to
reduce the amplifier’s length, we chose a cathode voltage
of 60 kV. The use of 20 beamlets at 6 A each, was selected
to reach a 35% efficiency (i.e. total beam current 120 A
and 8.33 MW of beam power). The cavity needs to be big
enough to fit in the 20 beamlets, while small enough to have
good mode separation between the operating and nearby
modes. We conclude, then, that a circular ring cavity with
a beam tunnel aperture of 2 mm, width = height = 5.9 mm,
and the median cavity radius r = 37.6 mm, operating in the
TM, o mode, was the best option. A required field with 3
to 4 times the Brillouin field strength (0.55 T, in our case),
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for a 2 mm aperture, can be generated without the need of a
superconducting magnet.

The cavity positions and tunings were optimised in the
disk-model KlyC [11], before being verified in the PIC code
CST Particle Studio®. The optimised HOM MBK provides
2.5 MW peak power, with 35% efficiency and a 50 MHz
(-3 dB) bandwidth, with 40.7 dB gain. Table 2 summarises
the operating parameters of the optimised tube.

Table 2: Initial Parameters for the 36 GHz HOM MBK

Parameter Value Units
Beam voltage V,, 60 kV
Beam current [;, 120 A
Magnetic field strength B, 0.55 T
Bandwidth 50 MHz
Output frequency 36 GHz
Output power 2.5 MW
Efficiency 35 %o
Gain 40.7 dB

The competition between the operating and nearby modes
was studied by means of turning off the individual beamlets
one by one. We only saw a reduction of 7% in the RF power,
consistent with the 5% contribution of each beamlet to the
total current. A small reduction to the efficiency is also
observed due to the change of the total perveance. Figure 4
shows the footprint of this amplifier.

" 33cm

leal| |

37 cm

Figure 4: Diagram showing the footprint of the HOM-MBK
design.

PULSE COMPRESSOR

Both sources discussed in this paper can provide between
3.2 MW and 2.5 MW of RF peak power at 36 GHz, at up
to 1 kHz repetition rate. However, these power levels are
unlikely to be sufficient for building up the necessary fields
on the lineariser. Luckily, the needed pulse lengths to fill a
36 GHz cavity are well below the 1 ps pulses provided by
either of the sources considered here. This allows the use of
a pulse compressor to increase the peak power, capitalising
from the relatively long RF pulse, hence reducing the needed
number of RF amplifiers.

The delay line SLEDII pulse compressor is discussed in
detail in [12, 13]. The delay line length of this compressor,
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is proportional to the output pulse width. It is possible to
reduce the total delay line length by a factor of “n”, where
“n” is the number of modes used simultaneously in the same
line, using reflective delay lines that transmit the RF power
in several modes [14, 15]. A two moded SLEDII pulse
compressor, uses two modes (circular TEO1 and TE02) in
the same delay line, and hence cutting by a factor of 2 the
delay line length.

In the case of CompactLight, a two-bunch operation with
0.83 ns spacing is envisioned. As the spacing is much smaller
than the filling time of the lineariser, the needed RF pulse
width is dominated by the structure’s filling time, allowing
for shorter delay line lengths, compared to those used in
colliders with need of longer pulses [14].

In the case of a 300 mm traveling wave structure (TWS),
operating at a 257/3 mode, the fill time is 8.4 ns. Hence, a
1.43 m, two moded delay line, that includes the filling time,
as well as the rise/fall edge of the RF pulse, can provide
power gains of ~697%, given a 510 ns pulse coming from
the RF sources, reaching up to 15 MW in a 20 ns compressed
pulse. Figure 5 shows the normalised pulse coming from
the source (in blue) and the compressed pulse (in red).

—Input
—— Output

0 0.1 02 03 04 05
Time [us]

0.6

Figure 5: Normalised 510 ns input pulse from the RF source
(blue) and 20 ns compressed pulse after the two moded
SLEDII pulse compressor (red).

TRAVELLING WAVE STRUCTURE

The 36 GHz, TWS, single cell geometry, was optimised
for 3 different phase advances and the general parameters of
the 120° case are presented in Table 3 for their comparison.

After careful inspection of the ¢ = 2 /3, ¢ = S7/5,
and 67 /7 phase advances, we concluded that, for our case,
having relative large apertures (where a = 4/4), the lower
phase advance option is better to provide the target voltage
(i.e. 12.75 MV) with lower power requirements for a given
structure length (see Fig. 6).

Figure 6 displays the possible combinations of input power
and structure length to provide, at least, a linearising volt-
age of 12.75 MW. The lower border of the colored areas
represent the combinations where a minimal input power is
needed to provide the required voltage for a certain structure
length. The red dashed lines indicate the chosen operating
point, where a 300 mm long, ¢ = 25r/3 TWS, provides the
12.75 MV with 15 MW of RF power. From this plot we
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Table 3: TWS Single Cell Parameters

Parameter Value  Units
Frequency f 36 GHz
Q factor 4392 --
Shunt impedance r;, 106 MQ/m
Group velocity v, 0.119 c
Attenuation « 0.7 m~!
Peak surface field E;  2.57 MV/m
Cavity radius R 3.96 mm
Iris radius a 2.00 mm
Cell length L. 2.78 mm
Iris thickness L; 0.60 mm

*Normalised to E,.. = 1 MV/m.

Number of Cells @120de
60 80@ 900
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100 = ¢=120deg
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Structure Length [m]

0.30

Figure 6: Available power and structure length combinations
that provide 12.75 MV integrated voltage, for the 36 GHz at
27/3 (blue), and 557/6 (orange) phase advances.

can see that in order to reduce the structure length by one
third (i.e. 200 mm), would require to double the required in-
put power. It is perhaps important to notice that, even when
shorter structures will require shorter compressed pulses, the
compression factor of the pulse compressor saturates at some
point, and going to longer rf pulses, or shorted compressed
pulses for that matter, does not provide a practical increase
of the power gains, rendering a shorter option unpractical.

Therefore, we propose a 108 cells (300 mm), constant
impedance, 2s7/3, TWS as the lineariser baseline for the
CompactLight project.Such structure is capable of reaching
the required 12.75 MV integrated voltage, for the available
15 MW of RF power after compression. The power dissipa-
tion of the 36 GHz TWS lineariser (2.5 kW/m), is compara-
ble to that of the CompactLight main linac (2.4 kW/m), when
both are operating at nominal gradient and 1 kHz repetition
rate.

STANDING WAVE STRUCTURE

There are two issues with a standing wave cavity. The first
one being the availability of 36 GHz MW-class circulators,
this can be assessed by the use of structures in pairs and
hybrid couplers, to avoid reflections by means of choosing
the proper phase delay between structures. The number of
structures needed will be higher due to cell-to-cell coupling
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restrictions in a standing wave structure, and the cells at
36 GHz will be very short. The second problem is the delay
line length needed to provide the long compressed pulses.
For instance, the 120-150 ns puse needed to fully fill a SWS,
requires about 8.5 m long of delay line. However, this can
be overcome if we use instead partly filled cavities. Since
the instantaneous voltage in SWS fill very quickly at the
beginning (following an exponential), and a 50 ns rectangular
pulse is sufficient to fill about 85% of the maximum voltage.

If the small 36 GHz structures are found to have problems
handling the same power per unit length as the Compact-
Light main linac, an option with a lower heat load would be
needed. Hence, due to their lower average power require-
ments, the SWS option is kept as an alternative design for
CompactLight.

The SWS design is based on either two or four 19-cell
standing wave structures. The cell geometry is shown in
Fig. 1 and the general parameters are presented in Table 4.

Table 4: SWS Single Cell Parameters

Parameter Value Units
Frequency f 36 GHz
Q factor 5941 --
Shunt impedance r;, 97.7 MQ /m
Peak surface field E; ~ 2.67 MV/m
Filling time TF 121 ns
Cavity radius R 3.86 mm
Iris radius a 2.00 mm
Cell length L. 4.16 mm
Iris thickness L; 0.667 mm

*Normalised to E,.. = 1 MV/m.
**Time to fill 99% of the the steady state field.

To achieve a lower dissipated power on the SWS option,

we have found that a 21 ns, 2.52 MW compressed pulse :

would be sufficient to reach 12.05 MV of integrated voltage
(or 38 MV/m) with four 19-cell cavities. Such a compressed
pulse can be obtained using a 156 ns pulse from the RF
source and a 1.50 m long SLEDII pulse compressor, filling
the SWS up to 68% of the voltage at steady state. Resulting
in 1.06 kW/m of average dissipated power. However, it is
noted that the complication of needing three hybrids as part
of the system, to avoid reflections to the amplifiers, remains.

SMALL APERTURE HIGH-GRADIENT
OPTION

For applications on which the wakefields constraints are
more relaxed than the case discussed so far in this paper,
designs with smaller apertures could run at considerable
higher gradients. When pushing the envelope of the tech-
nology used in future machines, we take on the compromise
between beam dynamics, RF parameters, reduced energy
spreads, manufacturing tolerances, etc. To reduce the re-
quired input power, for a given gradient, the RF structures
should be designed to maximise their shunt impedance. We
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iscuss now the design of an ultra compact (80 mm) 36 GHz
WS sr-mode lineariser, with accelerating gradients beyond
100 MV/m, while keeping low surface fields, reducing break-
downs during operation [16-19].

A design with a/A = 0.12 (or a = 1 mm) was chosen as
an optimal compromise between the RF and beam dynamics
erformances [19]. Table 5 shows some of the main cavity
arameters for this design.

d
S

isher, and DOI
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Table 5: Small Aperture 36 GHz SWS Parameter List

Parameter Value  Units
Frequency 35982 GHz
Operating Mode a -
Peak surface field £} 1.55 MV/m
Peak surface field B, 2.70 mT
Shunt impedance r;, 188 MQ/m
Unloaded quality factor Q 5628 -
Structure length 80 mm
Iris radius a/ A ratio 0.12 -
Iris thickness L; 0.667 mm
Ellipse semi-axes iris ratio shape 517 -
Cavity radius R 3.628 mm

*Normalised to E,.. = 1 MV/m.

The modified Poynting S.. and the pulse heating (PH) were
carefully studied and found to be within the operation safety
thresholds [20-22]. Considering an RF source plus a pulse
compressor, similar to scheme the described previously in
this paper, we expect to be able to reach 12 MW of input
power. A pair of structures and a hybrid should suffice
to avoid reflections back to the amplifier. In the case of an
80 mm long 257/3 mode TWS lineariser, with 1 mm aperture,
and 24 MW input power, it is possible to achieve gradients
of 125 MV/m, despite its strong attenuation (2.51 m™!).

CRYO-COOLED CU-STRUCTURES

Experiments on S and X-band structures conclusively
suggest that the use of cryogenic cooled structures can fur-
ther reduce the RF power dissipation and the structure’s
breakdown rates. The scaling of the anomalous skin effect
(ASE) [23], and an RF breakdown rate of 2x10~* /pulse/m
at 250 MV/m accelerating gradient (500 MV/m peak surface
electric field), have been verified for a 150 ns RF pulse in
the X-band [24]. Even when the advantage of the dissipation
effects is reduced at high frequencies, it is still significant
at 36 GHz. High frequency linearisers are critical for ap-
plications like the MaRIE XFEL [25], the CompactLight
FEL, and the Ultra-Compact XFEL at UCLA [26]. Taking
into account the developments of MW-class RF sources at
36 GHz, the design of a compact, high gradient cryogenic
lineariser in this frequency range seems feasible [19].

For an optimised 36 GHz structure, at room tempera-
ture, the shunt impedance is 158 MQ/m. Extrapolating the
ASE enhancement at cryogenic temperatures from an S-band

structure to the Ka-band case, and noting that, for the ohm-
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nic surface resistivity: Ry o o @!/?, while for ASE at low
temperatures: Ry 45z < ®?/3. We expect and increase in
the quality factor of Q,,, < w~'/®. For liquid Nitrogen
temperatures (77 K) we predict Q,,,, 77x = 2.2, while by
going below 40 K we expect up to Q,,,; 40k = 3.3

As an example, let’s assume 5 MW matched input power
going into a 77 K, 100 mm structure, with estimated shunt
impedance of 349 MQ/m. The achieved accelerating field is
130 MV/m, which is well below the breakdown limit. The
corresponding surface field of 260 MV/m is also below the
emission threshold for dark-current beam loading [27].

Figure 7 shows the comparison of the integrated voltages,
as function of the matched input power, obtained with a s
mode, small aperture (a = 1 mm, and r| = r, = 5/7 ellipse
semi-axes ratio) SWS, operated both at room (in red) and
cryogenic (in blue) temperatures. We can see then, that for
the cryogenic case, a single structure with 8 MW input power
can provide an integrated voltage of about 15 MV.
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Figure 7: Integrated voltage as function of the input power.

CONCLUSION

A 30 cm long, constant impedance TWS is presented as
a baseline option for the CompactLight project, delivering
more than 12 MV of linearising voltage at 1 kHz repetition
rate, and operating at a gradient of 42.5 MV/m. An option
of a two sets of pairs of 19-cells standing wave structures,
partially filled (to ~68%) is kept as an alternative option, in
case the dissipated power on the TWS is deemed unpractical.
The alternatives of compact, higher gradient, and cryogenic
operated Cu-structures are kept, in case of insufficient power
availability to support the baseline option.

Two RF power sources are developed, each capable of
delivering at least 2.5 MW, 1 ps pulses at 1kHz: A HOM
MBK that operates with a low cathode voltage, and hence
does not requires an oil tank. And a gyro-klystron with even
larger saturated peak power. In the case of CompactLight,
we are seeking commercial partners for the manufacturing
of either of such amplifiers.
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