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Abstract
At the DESY Vacuum Ultraviolet Free Electron Laser

(VUV-FEL) bunch peak current and the SASE effect are
(amongst other parameters) sensitive to beam energy and
beam phase variations. The electron bunches are created in
an rf gun, which does not have field probes. Variations of
the gun rf field cause beam energy and phase variations.
They have a significant influence on the overall perfor-
mance of the facility.

DSP based rf field control used previously was only able
to stabilize the rf output of the klystron. This was due to
the lack of processing power and the over-all loop delay.
The controller was not able to provide satisfactory rf field
stability in the gun.

Replacing the DSP hardware by the new FPGA-based
hardware Simulation Controller (SimCon), we are able to
reduce the latency within the digital part significantly al-
lowing for higher loop gain. Furthermore SimCon provides
sufficient processing power for calculating a probe signal
from the forward and reflected power as input for PI and
adaptive feed forward (AFF) control.

In this paper we describe the algorithms implemented
and the gun rf field stability obtained.

INTRODUCTION
The DESY Vacuum Ultraviolet Free Electron Laser

(VUV-FEL) accelerates electron bunches to energies from
0.3 to 1 GeV every 200 ms in batches occupying 800 s
at most with bunch spacings of 1 s or multiple1. While
passing an undulator the bunches emit high brilliant co-
herent light in the vacuum ultraviolet range form 100 to
3 nm. This process is called Self-Amplified Spontaneous
Emission (SASE). Major prerequisites are high electron
peak currents of 1 to 2 kA and transverse emittances in
the rage of 1 to 2 m. Starting from 1 nC electron bunches
(0 62 · 1010 particles), the high peak currents are obtained
by compressing the bunch length down to the 100 fs range.
The compression is done within transverse chicanes, called
bunch compressors.

The bunch compression in the injector and the SASE ef-
fect are sensitive to beam energy variations. Bunch com-
pression requires bunches accelerated off the rf field crest
to obtain an energy chirp from the bunch head to the tail.
Variations of the phasing between the rf gun laser creat-
ing the electron bunches, the rf field within the gun and the
rf field of the (off crest) accelerating modules before the

1bunch spacings of 0.11 s (9 MHz) are in preparation.

bunch compressors change the beam energy and affect the
performance of the VUV-FEL. Practice has shown that the
phase of the gun rf has to be stabilized better than 0 5 .

The resonant frequency of the VUV-FEL rf gun can only
be tuned by changing the gun temperature via the cooling
water flow [1]. In steady state operation the temperature is
stabilized to a level of 0.1 corresponding to 2.3 kHz and
an rf phase of 2 . Hence, the rf control has to further stabi-
lize the rf field. Operating the rf gun with high rf voltages
of 40 MV/m reduces emittance dilution due to the space
charge effect. Following a rigorous cylinder symmetric de-
sign, the gun provides no rf probe. As a consequence the
rf field has to be calculated from the forward and reflected
power supplying a sensor signal to an rf field controller.

The DSP based rf field control used previously was only
able to stabilize the rf drive from the klystron due to the
lack of processing power and an over-all loop delay of 3 s.
In all, it was not able to provide the rf field stability re-
quired. The contribution to the loop delay of the DSP hard-
ware and the algorithms was about 2.3 s. Replacing the
DSP hardware by the new XILINX Virtex-II Pro (XC2VP
30) FPGA-based hardware SimCon 3.1 [2], we are able to
reduce the contribution of the digital part down to 0.5 s re-
sulting in a delay of 1.3 s. Furthermore SimCon provides
sufficient processing power to calculate a probe signal from
the forward and reflected power as input for a proportional
(P) controller. At a nominal rf pulse length of 800 s, the
gun temperature changes within the pulse resulting in a res-
onant frequency change of about 8 kHz [3]. Using adaptive
feed forward (AFF) keeps the cavity rf field constant.

CONTROL ALGORITHMS
Figure 1 shows a block diagram of the control algorithms

applied to the DESY VUV-FEL rf gun:
From the set point table, a 1.3 GHz drive signal is gen-

erated via a digital to analog converter (DAC) steering a
vector modulator. This signal is amplified by a pream-
plifier and a klystron generating up to 3 MW of rf power
driving the gun via an axial symmetric input coupler. The
rf field inside the cavity is determined by the forward and
reflected power measured at a directional coupler. Both
directional coupler signals are down converted to the base-
band and sampled by ADCs. After signal calibration, the
controller calculates the vector sum providing a ‘virtual rf
probe’ signal for the subsequent control algorithms. Sub-
tracting the ‘probe’ signal from the set point gives the error
signal.

Amplifying slow varying error signals by the gain fac-
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tor and adding the result to the drive signal reduces the
field error by 1

1+ . For error signals changing faster than
the time required for the signal to propagate through this
(fast) proportional control loop (1), we get positive feed-
back and the loop becomes unstable for higher gain factors.
Fast changing error signals are suppressed by the 60 kHz
bandwidth of the gun copper cavity. Together with the loop
delay of 1.3 s this results in a maximum stable gain2 of
about 3. To further increase the gain at low frequencies,
an infinite impulse response (IIR) low-pass filter (Fig. 2)
is added. Stable gain values up to 6 are achieved with an
IIR frequency of 20 kHz. An IIR filter is used rather than
an finite impulse response (FIR) filter because the use of an
FIR filter would significantly increase the loop delay (by
16 s).
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Figure 1: Block diagram of the gun rf control implemented
in SimCon (black) surrounding the high power rf (blue).
DACs in front of the vector modulator ( ) and ADCs after
down converters ( ) are part of SimCon.
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Figure 2: Recursive low-pass with infinite impulse re-
sponse. The filter gain values depend on the processing
frequency s = 50MHz and the filter frequency 3dB.

Summing error signals, amplifying them and adding the
result to the drive signal implements an integral control
loop (2). At the rf gun, rf field deviations slowly build-
ing up are more adequately treated with an adaptive feed

2phase reserve R = 30 and amplitude reserve R = 1 8
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Figure 3: Determination of the set point error leading to the
errors measured (track back)

forward (AFF), as they are mainly repetitive from rf pulse
to rf pulse.

Based on a model for the high power rf, an AFF calcu-
lates from the error signal a drive signal correction which
minimizes the control error for subsequent rf pulses [4].
We simplify the high power rf to an ordinary first order low
pass describing the bandwidth limitation = 60 kHz of
the gun cavity.

Figure 3 shows the tracking of the reduction 1 s =
2 s from an rf field error sample by rf power dissi-
pation within one sample step s. The difference of the
tracked sample and the subsequent error sample is caused
by an imperfect drive signal for the time of the subsequent
sample. Hence, correcting the drive signal for the next rf
pulses by this difference minimizes repetitive control er-
rors.

Sample difference values are sensitive to measurement
noise. Therefore, a FIR filter is used to smooth the val-
ues without influencing the over-all time structure due to
its constant group delay. After filtering the correction val-
ues are added to those calculated previously (‘AFF table’ in
Fig. 1). Finally, the drive signal is corrected by the values
accumulated.

The algorithm becomes less sensitive to non repetitive
errors by choosing AFF gains (Fig. 1) less than 1, but then
it adapts more slowly.

Reducing the sampling rate from 50 MHz to 1 MHz for
the AFF by averaging, reduces the number of the FIR filter
coefficients required (to 32 for a 20 kHz low-pass) and the
AFF table size.

At the end of the rf pulse the set point drops to zero.
This enables cavity de-tuning and time constant determi-
nation by measuring the free rf field decay. By so doing
the controller detects a big control error after the set point
is switched to zero. Gating this error signal out is a suf-
ficient cure for the PI (fast) controller. However, the FIR
filter within the AFF responds to this step with overshoots
building up unwanted correction values at the AFF-table
end. This problem can be resolved using the gating scheme
shown in Fig. 4.

At the end of the rf pulse the gate input is switched from
one to zero. All subsequent input values are suppressed by
multiplication with zero. As a result the FIR summands
vanish step by step and the sum and FIR output becomes
smaller. This reduction can be compensated by normaliz-
ing the FIR output to the number of nonzero summands
counted by a shift register.

Proceedings of EPAC 2006, Edinburgh, Scotland TUPCH189

07 Accelerator Technology
T25 Low Level RF

1457



h1

z-1 z-1

+
+

+
+

h2 h3

z-1

+
+

hN

z-1 z-1 z -1

+
+

+
+

+
+ 1/N

values

gate
(0, 1 only)

out

FIR filter

shift register

Figure 4: A gated FIR filter avoids overshoots at the rf
pulse end, when the error signal is gated out and therefore
vanishes suddenly

The AFF algorithm described is compact enough to be
implemented within the Virtex-II Pro FPGA of SimCon.
Errors are not perfectly compensated by applying the al-
gorithm only once due to the simple high power rf model
used. But, this fact is well compensated by the iterative
application from rf pulse to rf pulse.

The controller can operate with AFF alone for one rf
pulse followed by fast control alone for several (9) rf pulses
but with AFF-table applied. This operation is indicated by
the double arrow at switch (4) in Fig. 1. Results presented
in the study here, refer to this operation. Both loops can
also work parallel and (4) supplies error signals accord-
ingly.

RF FIELD STABILITY ACHIEVED

In normal operation, the phasing between the laser pulse
generating electrons by the photo effect and the rf field
(emission phase) is adjusted to accelerate electrons away
from the cathode. With opposite phasing no beam is gener-
ated. Between both cases the number of electrons leaving
the gun is an almost linear function of the phasing [5]. We
use this interrelation for beam based qualification of the
emission phase (and rf phase) stability [6]. The accuracy
of this method is about 0.1 .

Table 1 shows the emission phase stability of the DESY
VUV-FEL rf gun measured. We took the data by operat-
ing rf pulse lengths of 500 s and creating 25 bunches with
20 s bunch spacing. Values for the phase change over time
omit the five leading bunches to suppress some excursions.
The r.m.s values given are based on all 25 bunches mea-
sured over 12 minutes. This period of time covers rf gun
temperature control oscillations.

When the controller drives the klystron and rf gun with-
out any feedback, a systematic phase change within the rf
pulse of 2.2 400 s is visible. This is mainly caused by
the cavity heating from rf power dissipation resulting in a
systematic de-tuning over the rf pulse. However, this phase
change is reduced to 0.7 400 s operating with PI control
and to 0.3 400 s operating with alternating AFF and PI
control (1:9). Parallel operation of AFF and P control leads

to similar results. AFF and PI control together behaves un-
stably.

The statistical (r.m.s.) values reflect the same behaviour:
without control, the changes from bunch to bunch and from
rf pulse to pulse are larger than 0.5 . PI control reduces
these to less than 0.2 . Alternating AFF and PI control and
AFF together with P control leads to the most promising
results.

Table 1: Emission phase stability measured

rf control phase change
over time

phase r.m.s.
bunch to bunch

phase r.m.s.
pulse to pulse

rf drive only 2.2 400 s 0.73 0.50
PI control 0.7 400 s 0.18 0.17
AFF(1) PI(9) 0.3 400 s 0.10 0.13
AFF and P as above as above as above
AFF and PI unstable unstable unstable

CONCLUSION AND OUTLOOK
With the FPGA based rf control and the algorithms pre-

sented, the DESY VUF-FEL gun rf field is well stabilized
for SASE operation. For rf pulse lengths of the order of
100 s PI control alone is sufficient. Longer rf pulses and
bunch trains require AFF control in addition.

The future European XFEL requires more stable rf gun
emission phases. Therefore, the resolution of the beam
based measurement will be improved and potential jitter
in the laser timing examined and eventually treated. In par-
allel, new down converters are in development to reduce
noise for the controller input.
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