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Abstract

In the framework of EuPRAXIA @ SPARC_LAB project,
we are studying possible solutions to upgrade and measure
the amplitude and phase stability of the RF accelerating
fields generated by a klystron. These studies concern the C-
and X-band klystrons installed in the LNF infrastructures. In
particular, we will present our work on a fast phase feedback
around the C-band power station (50 MW klystron and solid
state modulator) installed at SPARC_LAB. We are trying
to push the timing jitter below the standard limit of such
systems (few tens of fs RMS). A second topic is the study of
the jitter of the X-band power station (50 MW klystron and
solid state modulator) installed in the TEX facility. Precise
measurements on amplitude and phase of this system will be
reported at different positions both upstream (LLRF and pre-
amp) and downstream (waveguides and prototype structure)
the klystron.

INTRODUCTION

Free Electron Laser (FEL) and plasma accelerator facili-
ties that use external injection require precise control over
the amplitude and phase stability of radio-frequency (RF)
accelerating fields, especially in their RF power systems.
This is of crucial importance, for instance, whether mag-
netic or RF compression is employed, as the timing jitter
of the beam at the linac end is tightly linked to phase noise
in the RF fields, when the system operates off-crest [1, 2].
A significant role in the RF phase jitter in pulsed electron
linacs is played by the high-voltage (HV) instability in the
modulators that supply the klystrons, particularly in pulse
forming network (PFN) modulators with phase variations in
the order of hundreds of femtoseconds. Some facilities have
improved their modulator designs to achieve HV stability
levels around 30 ppm [3, 4]. However, solid-state modula-
tors are generally more stable. State of the art HV pulse to
pulse jitter can reach values as low as 10 ppm, but this is
highly dependent on the actual modulator specimen under
test. Thus, to achieve stability performance at or above the
current state of the art level, it is necessary to implement an
intra-pulse phase feedback capable of operating in a time
frame of few hundreds of nanoseconds (i.e. well within the
RF pulse). This fast-feedback system works by picking-up a
portion of the klystron forward power through a directional
coupler, comparing the phase of the sampled signal with the
facility master reference using an RF mixer as phase detector.
The resulting error signal is amplified and filtered, then used
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to adjust the phase of the klystron input within the RF pulse.
This real-time correction is carried out by modulating the
signal with a high-speed voltage-controlled phase shifter.
In this context, this article provides an update on the fast
intra-pulse feedback system, which has been in operation
since 2008 at the SPARC_LAB facility of LNF-INFN for
the S-band klystrons. The system has been redesigned, built,
and experimentally tested on the solid-state C-band setup at
SPARC_LAB. Moreover, a review of recent RF stability mea-
surements performed in 2024 at TEX facility [S] at LNF on
an X-band power plant driven by a solid state modulator will
be presented as well. These results will be particularly impor-
tant in view of the EUPRAXIA @SPARC_LAB project [6],
that will equip LNF-INFN with a multi-disciplinary user-
facility based on a soft X-ray FEL driven by a 1 GeV compact
X-band RF linac with an S-band injector and a plasma ac-
celeration stage.

INTRA-PULSE FEEDBACK UPGRADE
AT SPARC_LAB

At SPARC_LAB the transition to seeded FEL experiments
and RF compression scheme required a significant enhance-
ment in RF stability. For this reason, a first version of a
fast intra-pulse phase feedback system has been designed,
implemented, and successfully tested in 2008 on the S-band
power plant. This system works by picking up the klystron
output through a waveguide directional coupler, then com-
paring its phase with that of the low-level RF (LLRF) drive
to generate an error signal. This signal is fed into the loop
error amplifier, and a fast phase shifter (Pulsar Microwave,
ST-G9-411, with a bandwidth of approximately 50 MHz)
provides the required phase correction. The error ampli-
fier consists of two cascaded stages using current feedback
operational amplifiers (CLC410).

The latest results of such system have been reviewed in [7]
showing measurements from 200 consecutive shots using a
low-noise receiver system. The phase jitter was reduced to
0.046 deg RMS, with an overall compression of more than
a factor four.

However, the RF stability achieved with the first version
of the klystron loop was not sufficient for the requirements
of plasma acceleration. To ensure consistent and repeatable
acceleration of the witness beam, especially for FEL radi-
ation experiments planned at EUPRAXIA @SPARC_LAB,
further improvements are in fact needed. Beam dynamics
simulations at SPARC_LAB, using the velocity-bunching
RF compression scheme, set a maximum limit for the RF
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station jitter at 0.02 deg RMS for the S-band and 0.06 deg
RMS for the X-band.

One possible solution to minimize the S-band stations
jitter is to replace the old PFN modulators with newer solid-
state versions. However, this approach has significant down-
sides, such as: high costs and long implementation times.
An upgrade to the feedback electronics of the existing plants
has been performed instead. The upgrade involved the C-
band station, this in fact allowed to test the performance of
the electronics with minimal impact on machine operations,
and provided useful insights into achievable jitter limits with
the new system applied to a solid state modulator.

The upgrade involved in particular: (i) the phase shifter:
selected to operate at 5712 MHz with an almost constant
insertion loss with respect of control voltage; (ii) the op-
erational amplifiers: featuring a constant gain-bandwidth
product of approximately 200 MHz; (iii) an internal slow
feedback: designed to keep the phase stable even when the
RF pulse is off, reducing transients and minimizing phase
modulation required at the beginning of the RF pulse; (iv)
the loop electronics location: placed as close to the klystron
as possible to minimize group delay, allowing higher loop
gain without risking loop instability. Additionally, the phys-
ical delay between the RF port of the phase detector and the
reference at the local oscillator (LO) port has been adjusted
with a custom cable to ensure precise compensation.

The final goal is to achieve a steady-state response within
100ns, a target chosen to meet the constraints of the X-
band accelerating structures at EUPRAXIA @SPARC_LAB,
which require an RF pulse of approximately 150 ns from the
klystron. Although a temporary solution involving zero-pole
compensation has been used to extend the limited bandwidth
of the available phase shifter, future upgrades will include a
wider bandwidth phase shifter to fully exploit the operational
amplifier capabilities and minimize loop settling time.

Experimental Setup and First Measurement
Results

To evaluate the performance of the new klystron loop,
comprehensive laboratory tests were conducted. Figure 1
reports the feedback laboratory setup and Fig. 2 shows the
concept of the slow feedback mechanism. After completing
these initial tests, the new feedback system prototype was
installed at SPARC_LAB, where RF measurements were
taken to test its effectiveness. The experimental setup used
for these tests closely resembles the one shown in Fig. 1,
with the C-band klystron located after the driver amplifier.

The measurement campaign with the prototype yielded
the results reported in [7]. A significant reduction in the
C-band klystron phase jitter was achieved, with a decrease
of over 3 times from 0.065 deg to 0.019 deg, equivalent to a
residual phase jitter of 9.2 fs.

RF MEASUREMENTS AT TEX FACILITY

TEX is a test facility established at LNF-INFN in 2021 (in
collaboration with CERN) for R&D on X-band RF compo-
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Figure 1: Experimental setup of klystron loop laboratory
and high-power measurements.

Figure 2: Oscilloscope capture of the functionality of the
slow feedback. The error amplifier output without slow
feedback is shown in orange; the same output with slow
feedback in operation is shown in blue.

nents, LLRF systems, beam diagnostics, vacuum technolo-
gies and control system in view of INFN future accelerator
EuPRAXIA@SPARC_LAB [6, 8] that will be built at LNF.

The facility has been successfully commissioned in 2021
and is in operation since 2022, the latest results have been
reviewed in [10-12]. The LLRF system of the facility has
been designed adapting a commercial S-band Libera LLRF
produced by Intrumentation Technologies (Slovenia), and
whose performance has been already summarized in [13, 14]
for a similar architecture, with a custom up/down converter
and reference generation system designed at LNF [15, 16].
The RF block diagram of the facility is shown in Fig. 3 where
all the directional coupler, where the RF signals are sampled
by the LLRF system, are highlighted. In the experimental
run of February 2024, a dedicated RF stability measurement
campaign was conducted to assess system performance. Ini-
tially, the RF driver amplifier was disconnected from the
klystron and connected to an RF load to measure amplitude
and phase jitter as functions of output power. This config-
uration allowed to deeply saturate the driver amplifier, a
condition which does not occur during normal operation
because the klystron becomes fully saturated with less than
800 W. Additionally, a scan to examine the impact of RF
pulse repetition rate on RF jitter has been conducted, which
showed no noticeable effect. Figure 4 summarizes the RF
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Figure 3: TEX facility RF block diagram.

driver jitter performance with 500 ns and 1 ps RF pulses.
The best stability was achieved under deep saturation condi-
tions, i.e. where the output power exceeded 1 kW. However,
the amplifier reached a plateau in phase jitter already at 200
W, albeit with a value 50 % larger than the optimal one. The

Figure 4: RF driver amplifier stability measurements for a
500 ns (blue) and 1000 ns (yellow) RF pulse. The require-
ment of EuPRAXIA @SPARC_LAB is shown in dashed
cyan, while the saturation of the amplifier is shown in the
plot background (1 dB compression at 450 W).

RF power plant was extensively tested under various con-
ditions, including changing the high-voltage setting of the
modulator to explore different saturation conditions of the
klystron tube, as well as varying the RF pulse length and the
klystron output power. All tests yielded consistent results,
aligning with the driver amplifier analysis shown in Figure 4,
and that have been summarized in Table 1.
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Figure 5 shows a plot of the jitter measured with a high-
voltage setpoint of 1300 V (corresponding to a video pulse
of 400 kV and 290 A) and an RF pulse length of 1 us for the
three signals of interest (vector modulator output, RF driver
amplifier forward power, and klystron forward power, picked
up from DC1, DC2, and DC3 as indicated in Fig. 3). The
figure also highlights the EUPRAXIA @SPARC_LAB limit
for the RF plant stability.

Table 1: RF Phase Stability of TEX Facility

Signal Phase jitter Time jitter
VM OUT 0.051 £+0.006 deg 119+ 1.4fs
Driver FWD 0.068 +0.008 deg 15.8 +1.8fs
Klystron FWD  0.087 +£0.014 deg 20.1 £3.3 fs

015 TEX X-band power plant RF phase stability

+ KLYSTRON FWD (avg = 0.076 deg)
+ DRIVER FWD (avg = 0.066 deg)
VM OUT (avg = 0.053 deg)
——EUPRAXIA@SPARC_LAB RF plant limit

0.1

Phase jitter (deg)
g

0

0 100 200 300 400 500 600 700 800
Time (s)

Figure 5: Phase jitter measurement at TEX facility for HV
setpoint of 1300 V, 1 us RF pulse and 16 MW klystron output
power. The solid lines represent the average values, while
in black the requirement of EuPRAXIA @SPARC_LAB has
been reported for reference.

CONCLUSION

This paper reviews recent advancements in RF phase sta-
bilization techniques at SPARC_LAB facility at LNF-INFN.
The upgrade of the fast intra-pulse phase feedback, tested
on a C-band power plant driven with a solid state modulator,
achieved results at the level of the state of the art already
with the first prototype. Moreover, extensive RF measure-
ments on a X-band power plant have been carried out at
TEX facility during February 2024. The results are consis-
tent for several working points, but not yet compliant with
EuPRAXIA @SPARC_LAB requirements. This could be
due both to the LLRF system stability (as discussed in detail
in [15,16]) and to the non-optimal working point of the RF
driver amplifier. In addition, further benefit could be gained
by applying the intra-pulse feedback to the X-band power
plant as well, that is foreseen for the next future.
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