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LOW-LEVEL RF CONTROL FOR THE AFEL*
C. D. Ziomek, J. M. Kinross-Wright, J. G. Plato

Los Alamos National Laboratory, Los Alamos, NM 87545

Abstract
A limitingfactorintheperformanceof the LosAlamosAdvancedFreeElectronLaser(AFEL)is
thestabilityof theRFacceleratingfield. A high-performancelow-level RFcontrolsystemhas
beenimplementedthatusesanalogfeedbackanddigitalfeedforwardtoregulatetheRFfield. This
low-levelRFcontrolsystemhas achievedlong-termamplitudeand phasestabilitiesbetterthan
:L-0.25%and!-0.33° respectively. In orderto improvethe RFfield stabilityfurther,a detailed
system analysisanddesignis proceeding.Subsystemmeasurementsarebeingused to modelthe
system performance,predict the performance-limitingcomponents,and determine possible
improvements. Resultsto-date, modeling analyses, and suggestedfuture improvementsare
gesented.

1. Low.Level RF System Description

The stability of the RF field in the electron accelerator is a dominant factor affecting the
performance of the Advanced Free Electron Laser (AFEL). Any phase or amplitude fluctuations in
the RF accelerating field will effect the electron beam and degrade the FEL light output. The RF
field mtw,t be maintained at precise amplitude and phase levels in order for the FEL to lase reliably,
throughout the entire RF pulse, during every RF pulse, and with a constant light output level. A
low-level RF control system performs the amplitude and phase regulation through electronic signal
processing.
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Figure 1. Block diagram of RF system

Figure 1 shows a block diagram of the RF system, specifically detailing the low-level RF
components. This low-level RF system processes the in-phase and quadrature (FQ) components
of the RF accelerating field, which are the Cartesian equivalents of the polar amplitude and phase
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coordinates. The low-level RF control system functions as follows. The amplitude and phase of
the RF accelerating field are determined by I/Q detecting a sample from the RF accelerator cavity•
These are compared to the desired setpoints, and any deviations are processed in a
feedback/feedforwat d compensator. The feedback loop is based upon a proportional, integral,
derivative (PID) controller and provides the regulation and noise rejection for low-frequency
disturbances (DC to 100 kHz). The adaptive feedforward provides the high-frequency
disturbance-rejection (100 kHz to 2 MHz) for repetitive errors using digital signal processing
techniques. The resulting compensated signal is used to derive a low-level RF output signal that
drives the high power klystron amplifier. The klystron amplifies the low-level RF signal to the
approximately 12 MW level needed for electron acceleration. Automation has been designed into
the low-level RF system to allow optimization through computer algorithms. This allows
advanced control techniques to be accomplished in a hands-off manner. Also, significant
diagnostic capabilities are incorporated into the system to allow remote diagnosis and archival of
the accelerator performance.
2. Results

Over a long period of FEL operation, the low-level RF control system has achkved long-
term amplitude and phase stabilities of -+0.25% and -+0.33° respectively. Figure 2 shows the
overlay of the RF field amplitude and phase errors for 25 consecutive RF pulses. The overlay
shows a dark error band caused by the irreducible random errors within a single pulse and over
many pulses. This error band shows the envelope of irreducible amplitude and phase errors to be
-+0.2% and _+0.3*respectively. This level of control is achieved for 15 _ts, which is a 50%
improvement in the length of usable RF within a single pulse. The error levels show a factor of
more than 20 improvement in noise reduction for noise sources at any frequency of relevance. The
noise sources include PFN tipple, beam noise, cathode voltage fluctuations, and resonance shifts
in the RF accelerating cavity to name a few.

Figure 2. Amplitude and phase error signals for 25 consecutive RF pulses
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3. System Analysis and Modeling

In order to improve the RF field stability further, detailed system analysis and modeling were used.
Physical measurements were performed on all subsystems, including the low-level RF control
electronics, each of the two RF driver amplifiers, the klystron amplifier, the waveguide isolator,
the RF accelerating cavity, and the interconnecting transmission lines. Time-domain reflectometer
measurements were performed upon all cabling to determine their lengths and match properties. A
pulsed s-parameter test set was used to measure the gain, bandwidth, and phase characteristics of
each component in the system. These measurements were performed at the nominal operating
conditions (pulse length, repetition rate, power level, etc.). The measured quantities are needed to
model the system, predict the performance-limiting components, and determine possible
improvements.

Comprehensive modeling of the RF system was accomplished using the Matrixx
multivariable simulation software. The dynamic properties, including non-linearities, of the entire
accelerator RF system were entered into the model. A baseline performance with the nominal
operating conditions was determined. This baseline performance provided a best-case response by
excluding known noisy or time-varying effects. Each suspect error source was added individually
to determine its adverse effects upon the system. The suspect error sources include an off-
resonance RF accelerator cavity, beam current fluctuations, klystron cathode voltage fluctuations,
klystron saturation, low-level RF noise, and a limited low-level RF bandwidth. Of these
possibilities, the dominant performance-limiting factor was determined to be the beam current
fluctuations. A secondary factor was the limited low-level RF bandwidth. Upgrades to improve
both of these have been detailed.

4. Upgrades

The dominant factor limiting the performance of the RF field control system is fluctuations
in the beam current. A photo-cathode system ptcduces the electron beam for the FEL. This
electron beam source has demonstrated around 10% fluctuations in the beam-current magnitude.
Also, the non-linear properties of the photo-cathode system create an exponential shape to the beam
current pulse. A feedback/feedforward system similar to the existing low-level RF control system
could be applied to the laser-light source that drives the photo-cathode. This system is depicted in
figure 3. The detected light output is processed in a feedback/feedforward loop that adjusts the
drive to the Pockel's cell to shape the light pulse. Any deviations from the nominal square pulse at
the desired level would be adjusted by the control system. The end result would be a more stable
electron beam, which would improve the RF field stability as well.
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Figure 3. Feedback/feedforward controller for photo-cathode pulse shaping

The second performance-limiting factor for the RF field control system is the limited
bandwidth of the low-level RF electronics. In order for the low-level RF control system to provide
control at high frequencies, its inherent oandwidth must be at least a factor of ten larger than the
desired closed-loop bandwidth. The existing low-level RF electronics were designed for an RF
accelerator with a lower fundamental bandwidth. The PID compensator, which is designed for a
lower bandwidth, needs to be adjusted for the AFEL application. Also, the main bandwidth-
limiting component in the system is the Upconverter. In addition, the Upconverter has some 1280
MHz local oscillator noise due to the circuit topology. Consequently, the design of the
Upconverter is being modified to provide a broader bandwidth and less noise. This redesign is in
progress and should provide noticeable improvement (factor of 3-5) in the low-level RF control
capability.

The two improvements to the low-level RF system will further expand the stability of the
RF accelerating field which will improve the quality of the electron beam. The improved electr,Ja
beam will enhance the overall performance of the AFEL. The end result is a broader application
base for the AFEL due to its improved reliability and reproducibility.






