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Verification of the Beam Phase Control System
Topology for FAIR by Beam Experiments

Christoph Julien Wegmann , Dieter Lens , Bernhard Zipfel, Christoph Reinwald , and Harald Klingbeil

Abstract—Beam phase control loops have become an important
sub-system of the low-level radio frequency (LLRF) systems of
ion synchrotrons. A wide range of different implementations
exists today. The LLRF system at the GSI Helmholtzzentrum
für Schwerionenforschung (GSI)/Facility for Antiproton and Ion
Research in Europe (FAIR) was designed with the particular
goals of modularity, flexibility, scalability, and user-friendly
diagnostics possibilities. Based on these requirements, a system
focused on the time-domain manipulation of all RF and beam
signals was developed. This contribution presents the beam phase
control system and demonstrates its effectiveness. The special
attention is paid to the operation during the acceleration ramp.
Results of two independent beam experiments are presented: one
focused on examining the control loop behavior and one applying
the system in a practical setting. In both cases, the GSI/FAIR
beam phase control system successfully dampens longitudinal
dipole mode bunch oscillations. Its performance and behavior
matches previous analyses.

Index Terms—Beam phase control, ion accelerators, low-level
RF, synchrotrons.

I. INTRODUCTION

ION synchrotrons in the low-energy regime generally span
a large frequency range. Especially, the smaller rings, used,

for example, for medical applications, can show a relative
frequency change by a factor of 7. Examples can be found in
the synchrotron at the Heidelberger Ion Beam Therapy Center
(HIT) with a circumference of 65 m and a frequency range
of fRF = 1, . . . , 7 MHz at h = 2 [1], [2], [3], the MedAustron
synchrotron with a circumference of 77 m and a frequency
range of fRF = 0.47, . . . , 3.26 MHz at h = 1 [4], [5], [6] or
the low energy ion ring (LEIR) at European Organization for
Nuclear Research (CERN) with a circumference of 78.5 m
and a frequency range of fRF = 720 kHz, . . . , 2.84 MHz/ fRF =

1.08, . . . , 4.26 MHz at h = 2/h = 3 [7], [8], [9], [10], [11],
[12], [13], [14]. But also the larger ion rings (especially booster
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synchrotrons) can feature substantial changes in frequency
during acceleration. An overview of such accelerators is given
in Table I.

Beam phase control loops have become an important sub-
system of the low-level radio frequency (LLRF) systems of ion
synchrotrons (see [32], [33], [34], [35], [36], [37] for cavity
control techniques). While some facilities do not use local
control loops [19], a combination of local and central control
loops is used in others: Local control loops counteract beam
loading [21], [31], [38] or account for differences between
the individual RF cavities, e.g., due to the transmission delay
or ring position [38]. The beam phase control, on the other
hand, dampens bunch oscillations (see, for example, the results
presented in [22]), leading to a cascaded structure of phase
control loops. Special care must be taken that resulting shifts
of the cavity voltage are identically realized by all RF stations
[39], [40] and for all harmonics [21], [22], [23], [40].

The implementation of the control systems varies for dif-
ferent facilities based on their specific focus, requirements,
and restrictions. Some aspects of the design of the current
LLRF systems at Japan Proton Accelerator Research Complex
(J-PARC), Brookhaven National Laboratory (BNL), Fermi
National Accelerator Laboratory (Fermilab), and CERN will
be highlighted here. At BNL and CERN, the discussed control
systems are used in a similar fashion for a group of accelera-
tors [13], [39], [40].

As described in [27] and [31], the primary goals of
the LLRF upgrade for the CERN ion synchrotrons are the
expansion of its operational capabilities and the simplification
of maintenance and operation. For example, it resulted in
switching from a variable to a constant clock frequency [12],
[13], [38], [40] and the integration of diagnostics to measure
the control loop behavior [38]. A similar idea of including
built-in identification tools directly in the LLRF system can
also be found at Fermilab [19]. Both, in the Rapid Cycling
Synchrotron (RCS) at J-PARC and the Proton Synchrotron
Booster (PS Booster) at CERN, broadband MA-loaded cavities
are used, whereby each individual cavity generates multiple
harmonic components simultaneously [21], [23], [40], [41].
Furthermore, at both facilities a similar implementation topol-
ogy is employed, in which manipulations of the control loops
from measured RF gap voltage signals to RF power amplifier
(driver) inputs are performed digitally separated by harmonic
components [21], [22], [23], [38], [40]. For the PS booster,
this is achieved using a digital multi-harmonic local oscillator
to which the revolution frequency is supplied [38], [40].
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TABLE I
COMPARISON OF SOME LARGE-SCALE (>150 METERS) ION SYNCHROTRONS WITH A LARGE FREQUENCY SPAN

Alternatively, in the RCS LLRF system the revolution fre-
quency is integrated to phase values which are multiplied by
the respective harmonic number [21], [23]. Each cavity (or
group of cavities) is controlled by its dedicated digital module.
Those communicate with central modules implementing the
shared functionalities such as the beam phase control [13],
[21], [31], [40]. This is similar to the implementation at BNL
[39]. On the other hand, the Fermilab Booster control system
is based on a central module which directly generates the
cavity driver signals [19]. The beam phase control at BNL is
operated in parallel to a bunch-by-bunch phase feedback with
a dedicated kicker cavity by separately processing average and
individual phase errors of the bunches [39]. Of course, other
(local cavity) control loops such as fast RF feedback [31], [33],
RF feedforward [21], [23], [33], [38], [42], [43], cavity tune
control [39], or radial position control [19], [44], [45], [46]
are or have been (as mentioned in [21] and [22]) an essential
part in many LLRF systems but are outside the scope of this
contribution.

The Facility for Antiproton and Ion Research in Europe
(FAIR) LLRF system that is also used for the existing GSI
synchrotrons was developed with the aims of high modularity,
flexibility, scalability, and user-friendly diagnostic possibili-
ties. It is based on a delay-compensated distribution of clock
signals and a synchronous synthesis of frequency-variable
reference RF signals in different supply rooms [62]. Therefore,
all signals can be analyzed by standard oscilloscopes. The
above-mentioned features of the beam phase control sub-
system are implemented by a nested control-loop combining
the beam-phase control itself with the local cavity synchro-
nization systems in a modular way.

Sections II–IV are structured as follows. In Section II,
an overview of the GSI/FAIR beam phase control system
is given. The special attention is paid to the topology of
interaction between cavity and beam phase control loops as
well as the steps taken to operate the beam phase control
during acceleration. The performance of the beam phase
control on the ramp is discussed based on the measurement
data from two beam experiments in Section III. Finally,
Section IV gives a summary of the key results. A part of
the shown measurements had previously been presented in
a brief technical overview [47]. This contribution provides
a more detailed discussion of the underlying control sys-
tems and their design, further results as well as an in-depth
analysis.

II. GSI/FAIR CONTROL SYSTEM TOPOLOGY AND
OPERATION PRINCIPLE

The following overview of the GSI/FAIR beam phase con-
trol system will focus primarily on new and unique aspects of
the control topology and implementation. The presented sys-
tem was operated during the machine experiments described
in Section III.

A. Beam Phase Control System
Fig. 1 shows a top-level block diagram of the GSI/FAIR

beam phase control system used in the experiments presented
in Section III. Components related to, e.g., amplitude control
loops as well as calibration/feedforward modules are omitted
for the sake of clarity.

In this specific scenario, two RF cavities were used run-
ning at the same harmonic number, but the chosen topology
allows an arbitrary number of cavities and also multi-harmonic
operation [48], [49], [62]. Each cavity has its local direct
digital synthesis (DDS) module, called cavity DDS. The cavity
DDS realizes the required RF frequency ramp (at the required
harmonic number) and runs on its local (asynchronous) clock.
The output of the cavity DDS is used to generate (via the
amplitude control loop) the driver amplifier input signal. Its
output drives a tetrode power amplifier in the cavity, leading
to the RF voltage at the gap. For the cavity (phase) synchro-
nization, the gap voltage is measured and fed back to a local
synchronization system that also receives a corresponding
reference signal at the same harmonic number. This reference
signal is called group DDS signal [48], [62] and is pro-
duced by DDS modules that are provided with campus-wide
synchronous clocks. The synchronization system is based on
digital signal processing technology [50]. It supplies its cavity
DDS with a frequency correction ∆ fcorr such that the cavity
phase follows the target phase provided by the central control
system.

In order to dampen coherent bunch oscillations, this local
synchronization control is embedded in an additional beam
phase control loop. To this end, the beam phase is measured
with respect to the group DDS signal by processing the beam
signal picked up by a fast current transformer (FCT) with a
beam phase control DSP (BPC DSP). In addition, the BPC
DSP realizes a filter system to extract information about bunch
oscillations and the control algorithm calculations. This filter
setup is discussed more closely in Section II-B. In accordance
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Fig. 1. Schematic of the GSI/FAIR beam phase control system. RF signals are drawn as double-lined arrows.

with dampening detected dipole mode bunch oscillations [32],
[52], [53], the BPC DSP supplies the group DDS module with
a phase correction ∆ϕcorr. The two RF signals that are fed
to the phase detection of the BPC DSP are routed through a
switch matrix (Sw. Mat.) [47], allowing an automatic selection
of the group DDS signal with the correct harmonic number. In
principle, the switch matrix also allows to select other signals
as reference for the beam phase control (such as the voltage
of one particular cavity, or a group DDS signal that is not
phase-shifted), but this is currently not planned. All RF signals
arriving at the switch matrix are delay-compensated.

Some particular features of the GSI/FAIR beam phase
control system should explicitly be highlighted. First, the
RF signal of each cavity system is individually synthesized
locally by its cavity DDS, which is locked by the cavity
synchronization system to a group DDS signal. Since the RF
systems are distributed among several supply areas, phase-
synchronous group DDS signals are generated in several
locations. For this purpose, the bunchphase timing system
(BuTiS) [54], [55] and the white rabbit (WR) [56], [57], [58],
[59] infrastructure are utilized [60], [61] such that synchronous
signals can be generated at different locations without the need
for a central distribution of variable-frequency RF signals (see
also [48], [62]). Overall, an accuracy of ±3◦ for the phase
of the gap voltage under dynamic conditions is required [48],
[63]. This value includes all influences of the entire signal
chain and is primarily determined by the signal processing
hardware and the accuracy of a phase calibration procedure
[48], [63]. For most RF systems of SIS18, this has already
been achieved (see [64]) including errors of the GrDDS
signals smaller than ±0.5◦ (at h = 1) [48]. Second, the
structure of the BPC DSP controlling the group DDS signal,
which acts as the common reference for each individual local
synchronization loop, leads to a cascaded control system. A
shift in the group DDS signal due to activation of the beam
phase control is transferred to the cavity voltages through the

synchronization loop of each cavity. Third, in contrast to the
systems discussed in Section I, the GSI/FAIR LLRF system
is not comprised of large digital modules but instead built up
from a modular toolbox of components. Through the use of
clearly defined interfaces, standardized LLRF modules can be
used for different purposes. For example, the same type of DSP
systems is used for cavity synchronization and beam phase
control. In this way, a solution is found combining the ease
of maintenance, flexibility, and performance of digital compo-
nents with extensive capabilities for time-domain diagnostics
and overall scalability.

An extension to more than two cavities is straightforward
(and has already been realized). The system is also suitable
for multi-harmonic operation [49]. All components in Fig. 1
drawn to the right of the driver amplifiers are located in the
accelerator tunnel, whereas everything to the left, as well as
the driver amplifiers themselves are located in the RF supply
areas. More details can be found, for example, in [50], [51],
and [62].

B. Measurement of Beam Oscillations
Due to its importance to the beam phase control loop,

the method for measuring bunch oscillations using the FCT
signal in the BPC DSP will be examined in more detail. The
initial approach was presented in [51]. Therefore, the following
description will focus on extensions necessary to operate the
BPC on the ramp.

After the analog mixing and filtering stage, the signal is
digitized, and the phase difference between the group DDS
and beam signal is calculated [50]. To dampen dipole modes,
a 90◦ phase shift at the synchrotron frequency is required
[37] while slowly varying phase displacements—like the
synchronous bunch phase during acceleration—must remain
unaffected. In addition, the feedback shall not excite higher
order modes or increase unwanted frequency components,
since in ion machines the emittance of the beam is sensitive to
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Fig. 2. Transfer function of the three-tap FIR filter. Magnitude (left). Phase
(right).

noise-induced excitation due to the lack of natural damping
from synchrotron radiation [37], [65]. These requirements are
realized by processing the digital data samples xi using a 3-tap
finite impulse response (FIR) filter [51]

ym =

lmax=2kX
l=0

bl · xm−l = −
1
4

xm +
1
2

xm−k −
1
4

xm−2k. (1)

Only the filter taps corresponding to l ∈ {0, k, 2k} with lmax =

2k are unequal to 0. The transfer function of this filter is

G0 ( jω) =
Y ( jω)
X ( jω)

=
1
2

e− jkωTs [1 − cos (kωTs)] (2)

with the sampling period of the DSP system being

Ts =
1
fs

=
1

310 kHz
. (3)

This transfer function is drawn in Fig. 2. The first maximum
of the magnitude characteristic is located at

fpass =
1

2kTs
⇔ k =

1
2Ts fpass

(4)

meaning that the parameter k selects which of the samples
are to be processed via the coefficients bi as specified in
(1). Depending on this setting, the frequency component at
fpass is extracted with ]G0( j2π fpass) = 180◦. Introducing an
integration

zm = azm−1 + ym (5)

with a slightly smaller than 1 to prevent a wind-up, leads to
the overall transfer function for f � fs being approximately

G1 ( jω) =
Z ( jω)
X ( jω)

=
G0 ( jω)

jωTs
. (6)

In the machine experiments presented in Section III, the
value a = 0.99 is used. The integration additionally reduces
the phase by 90◦, meaning that the required phase of
]G1( j2π fpass) = 90◦ needed to dampen bunch oscillations
[37] is reached if k is selected so that fpass approximates
the frequency of this oscillation. Low-frequency noise—as
well as slowly varying changes of the phase difference, for
example, due to changes in the synchronous phase during
acceleration—do not affect the control loop as they are
suppressed by the FIR filter, while high-frequency noise is
suppressed by the integration.

Since the synchrotron frequency changes during accelera-
tion, so must also fpass. This is achieved by preparing a table
of filters between which the BPC DSP switches in real-time.
The center frequency fpass of each filter differs from that of

Fig. 3. Comparison between the synchrotron frequency and the filter center
frequency fpass under the presented scheme. Selected values for fpass (left).
Relative error (right).

Fig. 4. Data flow of the three-tap FIR filter. For efficiency, only contributions
with bk , 0 are considered in the calculation of the sum.

the next one by a (configurable) value ∆ f . During acceleration,
the index of the filter whose center frequency fits to the linear
synchrotron frequency fsyn,0 (which is calculated in advance)
is determined as follows:

nfilt = bpf · fsyn,0c (7)

where b· · · c denotes the rounding by the floor function. The
center frequency of this filter is then simply

fpass = ∆ f · nfilt = ∆ f · bpf · fsyn,0c. (8)

With the standard configuration of ∆ f = 50 Hz and pf = 0.02,
a range of 0 Hz ≤ fsyn,0 ≤ 6399 Hz is covered by a total of 128
filters. Fig. 3 visualizes the selected fpass based on fsyn,0. For a
large synchrotron frequency, the filter center frequency yields
a good approximation (even when switching between filters),
whereas for smaller values, the relative error can increase
due to the constant difference between the center frequency
of adjacent filters ∆ f . An extension for using non-uniformly
distributed filter ranges is in development. This would decrease
∆ f for smaller synchrotron frequencies so that the relative
error between fpass and fsyn,0 does not become as large as in
the current implementation. The effect of mismatches between
synchrotron and filter center frequency was studied in [51] and
is analyzed in Section III-C for operation on the ramp.

Dynamically switching between three-tap filters introduces
the difficulty that each processed value yi has to depend on
the coefficients of only one respective filter. The scheme to
achieve this is sketched in Fig. 4. During each cycle of the
main clock, a new data point is included, all existing data
values are propagated by one step, and the filter is fully
evaluated. Therefore, a new valid output value of the filter is
produced each main clock cycle even if the filter coefficients
are exchanged in that cycle.

Each DSP system monitors both, frequency and ampli-
tude values, which are calculated in real-time on an
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FPGA [66], [67]. To prevent disturbances due to inaccurate
readouts, phase values are declared to be invalid if the
corresponding amplitude is below a configurable threshold
(implemented as hysteresis to avoid repeated discarding of
data, e.g., due to noise). The filter output is only processed if
all stored phase values required for the currently active filter
are valid.

If the filter center frequency is varied as fpass = χ fsyn,0, the
open-loop transfer function of the beam phase control can be
written in analogy to [51] as follows:

Gopen (ω) =

K
ωsyn,0

2 j ω
ωsyn,0

e
− j πχ

ω
ωsyn,0

�
1 − cos

�
π

χ

ω

ωsyn,0

��

×

�
ω

ωsyn,0

�2

1 −
�

ω
ωsyn,0

�2 e
− jωsyn,0TD

ω
ωsyn,0 (9)

K = Kp fsKscale > 0 (10)

where TD denotes the overall loop delay, Kp denotes the
controller gain, and Kscale denotes the other scaling factors.
It can be seen that the dynamic of the control loop relative
to the synchrotron oscillation is constant if the loop gain is
also varied as K ∝ fsyn,0 (under the reasonable assumption
of fsyn,0TD � 1, see, e.g., also the stability analysis in [51,
Appendix]). Previous analyses [49], [51] determined suitable
values as follows:

χ =
fpass

fsyn,0
= 1.0, . . . , 1.1 ,

K
ωsyn,0

= 0.35. (11)

III. RESULTS

Sections III-A–III-D present results obtained from operating
the beam phase control in two independent experiments at the
GSI heavy-ion synchrotron SIS18. A machine development
experiment (MDE) was used to analyze the properties of
the beam phase control system in detail, using dedicated RF
manipulations (phase jumps) to excite dipole oscillations at
lower beam intensities in a reproducible way. In a further
experiment, a standard machine pattern was used, where dipole
oscillations occurred at higher beam currents without RF
manipulations, thus offering a realistic scenario comparable
to standard beam operation. For experiment cycles using
the beam phase control, the system was switched on before
injection and remained active until after extraction. In general,
the beam phase control system is designed so that it can be
arbitrarily turned on and off by the central control system using
timing events.

A. Experimental Setup

In the following, the general setup of the beam phase
control MDE is discussed. Relevant parameters of the machine
cycle are given in Table II. The ferrite-loaded cavities
used for acceleration will be referred to as BE1 and BE2
(Beschleunigungs-Einheit, i.e., acceleration unit). Fig. 5 shows
an example of their ramps for amplitude and frequency, which
are used during all measurements. Furthermore, the ramp for
the linear synchrotron frequency is shown. From this ramp,

Fig. 5. Ramps for frequency (top left) and amplitude (top right) for each of
the two RF cavities (i.e., maximum sum voltage of about 6 kV) as well as
for the linear synchrotron frequency (bottom).

TABLE II
PARAMETERS OF THE MACHINE CYCLE FOR THE EXPERIMENT

Fig. 6. Target phase for the gap voltage of BE1 (left diagram) and measured
phase difference between the phase of the group DDS signal ϕGrDDS and the
phase of the beam current ϕb for six repetitions of the machine cycle as well
as the (negative) ramp of the synchronous phase ϕsyn (right diagram).

the filter center frequency fpass for the detection of bunch
oscillations is selected and the gain K for the feedback is
determined (see Section II-B). The shown actual values for the
amplitude are extracted from the recorded RF signals using a
sine-fitting algorithm applied to a segmented measurement of
the RF gap voltage [48], [68].

In order to test the beam phase control, strong bunch
oscillations were artificially induced. This was achieved by
modulating the target phase of cavity BE1 with alternating
steps by 20◦ every 50 ms along the entire duration of the
machine cycle as shown in the left diagram of Fig. 6 and
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TABLE III
RATIO OF THE EXTREME VALUES OF THE PHASE DIFFERENCE FOR SUBSEQUENT PERIODS AFTER EXCITATION (SEE FIG. 7). TO ACCOUNT FOR

RESIDUAL OSCILLATIONS, THE SETTLED VALUES OF MINIMA/MAXIMA ARE SUBTRACTED BEFORE DIVISION. LARGER RATIOS CORRESPOND
TO STRONGER DAMPING. RANGES DESCRIBE THE SPAN OF THE THREE RESPECTIVE MEASUREMENT REPETITIONS. CELLS ARE COLORED

BASED ON THE MEAN VALUE SORTED INTO FOUR EQUIDISTANT INTERVALS

marked as ϕexci in Fig. 1. The target phase of BE2, on the
other hand, was supplied by the central control system as
usual. As a consequence of each step in BE1’s target phase,
the synchronization control loop of the cavity quickly (in about
100 µs) shifted its gap voltage by 20◦ (see also, for example,
[51], [62]), which is approximately equal to a non-adiabatic
phase shift of the sum gap voltage of both cavities by 10◦.
Since the bunches have to follow such a shift in the sum gap
voltage to regain their synchronous phase, oscillations were
excited. Of course, for the normal operation of the synchrotron,
inducing such oscillations is unwanted. The presented scheme
is purely used to allow studying the reaction of the beam
phase control to bunch oscillations. The right diagram in Fig. 6
displays the recorded actual phase difference ϕGrDDS − ϕb. It
shows that this scheme indeed induced repeated oscillations of
the beam phase, which are superimposed on its slowly varying
value over the course of the ramp. As discussed in Section II,
the phase difference is passed to the FIR filter, as shown in
Fig. 6. The synchronous phase does not need to be subtracted
since all slowly varying changes are disregarded by the FIR
filter.

B. Dampening of Beam Phase Oscillations on the Ramp

In a first step, the functionality of the beam phase control on
the ramp was demonstrated and examined. For this purpose,
three repetitions of the synchrotron cycle were captured during
which the beam phase control is activated (measurements 19,
20, and 21), followed by three repetitions in which the control
loop was deactivated (measurements 22, 23, and 24). Fig. 7
shows the measured phase difference after excitation at four
different locations along the ramp (see Fig. 6). Differences
in the starting time of the ramps and the application of the
excitations between cycle repetitions in the (sub-) millisecond
range are manually adjusted for better comparison between
graphs and figures. The differences between repetitions of the
measurement with the same settings— i.e., the beam phase
control being either active or inactive—are small. On the other
hand, the difference between the beam phase control being
active and being inactive is very noticeable. Again, it should be
emphasized that the beam phase control is typically not set up
to dampen preexisting oscillations as aggressively as possible
(which may be at the expense of robustness). It is expected
that the purposefully excited oscillations in this experiment

Fig. 7. Phase difference between group DDS signal ϕGrDDS and the beam
current ϕb at various points in time along the acceleration ramp. It should be
noted that the upper and lower diagrams have a different scaling of the time
axis.

are much larger than those arising due to small errors or
disruptions during normal operation. Furthermore, it is of
course the primary goal of the beam phase control to dampen
emerging instabilities before they can grow. When using the
beam phase control, the oscillations following an excitation are
less severe and decay more quickly. Any noticeable residual
oscillations of the beam phase in the settled state are removed.
Table III quantifies the transient decay of the beam phase
oscillations. For the given results, the phase differences at the
first four minima mp and maxima Mp after each excitation are
read out (p ∈ {1, 2, 3, 4}). Subsequently, the settled value of the
minima (m∞) or maxima (M∞) is subtracted and the ratio for
consecutive periods is calculated, i.e., (mp−m∞)/(mp+1−m∞)
or (Mp − M∞)/(Mp+1 − M∞), respectively. This process is
repeated for each of the six measurements, which are shown
in Fig. 7. It can be clearly deduced that the use of the beam
phase control leads to a much improved damping during the
first oscillation period, which is the most important one to
prevent emittance blow-up. As expected, the overall damping
is slightly less effective for lower synchrotron frequencies at
the end of the acceleration ramp. From Section II-B, it can be
assumed that this is due to the increasing deviations of the ratio
χ = fpass/ fsyn,0 below 500 Hz from the ideal value of 1 (see
Fig. 3). As an example, the linear synchrotron frequency at
excitation point 4 (at around 1.75 s) is about 480 Hz. From (7)
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TABLE IV

OSCILLATION FREQUENCY OF THE PHASE DIFFERENCE FOR THE DIA-
GRAMS DISPLAYED IN FIG. 7 IN COMPARISON TO THE LINEAR

SYNCHROTRON FREQUENCY CALCULATED FROM THE RF SIGNALS

and (8), it follows that the relative error for the tuning of fpass is
0% for fsyn,0 = 500 Hz but is already −6% for fsyn,0 = 480 Hz.
This confirms that a non-ideal tuning is a possible reason
for the observed lower damping of the feedback. However,
it should also be noted that the damping of the beam phase
oscillations without feedback (i.e., only due to filamentation)
increases toward the end of the ramp. This also contributes to
the fact that the difference between the feedback being off and
on is less distinct at excitation point 4.

The oscillation frequency of the phase difference can be
roughly determined from the diagrams of Fig. 7 by reading
the time between extrema for the first few oscillation periods.
Table IV shows the comparison of the frequency of the
oscillations induced by the shown excitations for the cases with
and without beam phase control. In addition, the corresponding
value for the linear synchrotron frequency for the time of
each excitation is given. It can be observed that the oscillation
frequency without beam phase control is close to the calculated
synchrotron frequency. As expected, the frequency of the
coherent bunch oscillation is generally slightly lower than
the linear single particle synchrotron frequency. For a bunch
of finite size, some of the contained particles must occupy
areas of phase space with increased revolution times (see [69]
and the References therein), thus, depending on the bunch
length, leading to a lower coherent bunch oscillation frequency
denoted as effective synchrotron frequency in [70]. When
using the beam phase control, it is notably further reduced.
This is qualitatively consistent with the simplified model of
a harmonic oscillator, for which the oscillation frequency
decreases for increasing damping.

Analogously, this can also be observed by directly exam-
ining the FCT signal of the beam current, which is drawn in
Fig. 8 as a waterfall diagram for a single excitation. Using the
beam phase control, the induced oscillation of the ion bunches
decays more quickly, and the original longitudinal bunch shape
is essentially preserved. The results are similar for the other
repetitions, bunches, and excitations.

Furthermore, the signal of the DC beam current transformer
also indicates that the beam phase control helps to coun-
teract beam losses. Corresponding measurements are shown
in Fig. 9. All six repetitions start with an almost identical
beam current at injection. Nevertheless, at flattop the first three
repetitions—for which the beam phase control was active—all
ended up with a notably higher beam current than all of
the following three—for which the beam phase control was
deactivated. The reason seems that without the beam phase
control losses occur in the later stages of acceleration caused

Fig. 8. Waterfall diagram of the FCT signal zoomed on one ion bunch after
the excitation of the beam phase at approximately 1.5 s. Measurement 21
with beam phase control (top). Measurement 23 without beam phase control
(bottom).

Fig. 9. DC beam current during the machine cycle for six repetitions of
the measurement. The curves have been smoothed for visual clarity using a
moving average of 6000 points (about 30 ms). Full cycle (left). Zoomed-in
view (right).

by the continued excitation of the beam phase. Noteworthy
examples can be seen when comparing measurements 21 and
23 after the excitation at 1.5 s or measurements 20 and 22
after 1.6 s.

Fig. 10 additionally visualizes this behavior by comparing
the number of particles during the machine cycle (calculated
from a DC beam current measurement) for measurements 21
and 23. Thus, using the beam phase control notably reduces
the number of particles lost due to the applied excitations. Pre-
vious measurements without the artificial excitations showed
virtually no particle loss during acceleration.
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Fig. 10. Number of particles during the synchrotron cycle: measurement 21
with and measurement 23 without beam phase control. Data extracted from
screenshots using [71].

Fig. 11. Snapshots of the FCT signal for one of the four ion bunches at
different points in time t0 +∆t. Measurement 21 with the beam phase control
being active (left). Measurement 23 without beam phase control (right).

Finally, Fig. 11 illustrates the short-term evolution of the
shape of one of the circulating ion bunches after the previously
discussed excitation applied at 1.5 s in the machine cycle.
Again, measurement 21 and measurement 23 are compared.
Using the beam phase control, the bunch shapes are noticeably
more uniform and show only minimal variations over the
displayed time interval of roughly 1.5 ms. It can be deduced
that the observed beam losses can be traced back to the
ongoing filamentation of the bunches due to their induced
oscillations. By quickly dampening these oscillations, the
beam phase control effectively prevents the filamentation of
the bunches and thereby counteracts particle losses. For the
sake of robustness, the full width at half maximum (FWHM)
is determined from the median of the six displayed curves and
the standard deviation σt from a Gaussian fit thereof. Without
the beam phase control, the width of the bunches is increased
further indicating an emittance blowup.

C. Parameter Study of the Beam Phase Control Loop

Now, it is examined how the control loop parameters
influence its performance. As analyzed in Section III-B, for the
applied scheme of periodic excitations, the number of particles
that are lost along the ramp can be utilized as a quantitative
measure for this goal. Fig. 12 shows the measured results. The
particle losses occurring at the very start of acceleration (see
Fig. 10) are neglected as they are caused by the injection and
capture process. Repetitions of measurements with identical
parameters are stacked as circles with different radii. Via
changes in ∆ f , the filter center frequency is varied relative
to the expected (linear) synchrotron frequency.

A robust optimum can be obtained for χ = fpass/ fsyn,0 ≈ 1
and K/ωsyn,0 ≈ 0.35. As mentioned in Section II-B, this
is consistent with prior analyses for operation at a constant

Fig. 12. Particle losses during one machine cycle as presented in
Section III-A on the ramp depending on the control loop parameters.

synchrotron frequency [49], [51], [53] and is obviously con-
firmed here for the nested control loops of the final LLRF
system. Therefore, it can be concluded that a stable and effec-
tive operation along the ramp is achieved using the scheme
described in Section II-B, i.e., adjusting the filter center
frequency and loop gain in accordance with the synchrotron
frequency.

In general, for non-ideal control loop configurations, the
rate of particle losses increases along the acceleration ramp
with most losses occurring during the transition to flattop as
visualized in Fig. 10 for “BPC off” (which corresponds to the
case of K = 0). This is expected for the following reasons.

1) As previously discussed in Section III-B, repeated exci-
tations of coherent oscillations lead to filamentation of
the bunches, resulting in greater losses toward the end
of the ramp.

2) With the used filtering scheme presented in Section II-B,
for the very low synchrotron frequencies toward the
end of a machine cycle larger relative deviations in
the selection of the bandpass center frequency fpass are
possible, thereby increasing the difficulty for detecting
and counteracting bunch oscillations.

3) During the transition to flattop, the bunches naturally
experience a large shift in synchronous phase which can
be seen in Fig. 6.

D. Performance in a Practical Setting

The beam phase control system was used for a further beam
shift at SIS18 with different machine settings. No intentional
excitations (phase jumps) were used and the beam intensity
was an order of magnitude higher compared to the experiment
discussed first. Dipole oscillations appeared and persisted
during the complete cycle, making this an ideal test case for
the performance of the beam phase control during standard
beam operation. This section presents the most illustrative
result of the subsequent measurements.

Table V shows characteristic parameters and in Fig. 13 the
ramps of the machine cycle are presented. In comparison to
the cycle presented in Section III-A, the number of particles
being larger by more than an order of magnitude resulted in
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Fig. 13. Ramps for frequency (top left) and measured amplitude (top right)
as well as linear synchrotron frequency (bottom) of the high-current machine
cycle.

TABLE V

PARAMETERS OF THE HIGH-CURRENT MACHINE CYCLE

a much larger beam current, although the extraction energy is
smaller. Only cavity BE2 was used for acceleration.

Fig. 14 shows waterfall diagrams of machine cycles per-
formed with and without activated beam phase control. In the
case without beam phase control (lower diagram), bunch oscil-
lations were present during the entire machine cycle. Bunches
with strong dipole oscillations also exhibited an additional
quadrupole component. Notably, comparing the four different
bunches shows differences both in magnitude and frequency of
the respective oscillations. It can be observed that the bunches
are partly oscillating out of phase. Furthermore, in contrast to
the previously discussed experiment, these oscillations were
not purposefully generated but arise during normal operation.
It needs to be considered that the waterfall diagram was
captured at 1 segment per ms, so that the displayed bunch
oscillations are subject to aliasing. Analogously, Fig. 15 shows
the phase difference between the group DDS signal and the
beam current captured by the DSP system. Without the beam
phase control, a constant oscillation of the beam phase with a
frequency of about 1075 Hz at flattop was present. As shown
in Section III-B, the observed oscillation frequency is slightly
lower than the predicted linear synchrotron frequency, which
is expected regarding the nonlinear particle motion. Using
the beam phase control, this oscillation of the beam phase
is almost completely removed. The corresponding waterfall
diagram (top diagram in Fig. 14) underlines that all bunch
oscillations during the entire machine cycle are massively
reduced. This proves the practical usability of the beam phase
control system.

As the remaining small dipole oscillations are out-of-phase,
they are more difficult to dampen by the beam phase control
system due to their diminished impact on the total beam

Fig. 14. Waterfall diagram of the FCT signal during the high-current machine
cycle. With beam phase control (top). Without beam phase control. Notice the
difference in color mappings (bottom).

Fig. 15. Phase difference between group DDS signal ϕGrDDS and the beam
current ϕb with and without beam phase control. Full cycle (left). Zoom onto
flattop (right).

phase. The bunch-by-bunch longitudinal feedback system
being developed for SIS100 at FAIR will expand the function-
ality to dampen each bunch’s dipole oscillation individually,
as well as also higher order modes [72], [73].

IV. CONCLUSION

The performance of the GSI/FAIR beam phase control
system was evaluated in a dedicated MDE as well as during
a shift using standard machine settings and a higher beam
intensity. It was shown that the system is able to damp coher-
ent dipole oscillations sufficiently fast for various oscillation
frequencies during the acceleration cycle. Although the final
LLRF topology includes nested control loops, the optimal
parameters of the system are similar to those obtained in the
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original analysis that did not consider this aspect or the vari-
able filter. Improvements for standard beam operation are still
possible. For example, enabling a non-equidistant distribution
of the filter center frequencies with a finer resolution at lower
synchrotron frequencies would improve the automatic tuning
accuracy. The presented topology of the beam phase control
will also be used for the SIS100 synchrotron in construction
at FAIR.
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