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Abstract

For the new Facility for Antiproton and Ion Re-
search (FAIR) at GSI Helmholtzzentrum fiir Schwerio-
nenforschung GmbH (http://www.gsi.de), the heavy-
ion synchrotron SIS18 will be operated with a double-
harmonic cavity system. The second cavity, running at
twice the fundamental frequency, is used to create a length-
ened bucket which introduces nonlinearities to the control
system.

To damp longitudinal rigid dipole oscillations a digital
feedback system consisting of a filter and an integrator is
used. For the existing single-harmonic setup an FIR-filter
is implemented which realizes a multiple bandpass filter
with the first passband centre frequency close to the syn-
chrotron frequency. Both, the feedback gain and the pass-
band frequency of the filter depend on the actual value of
the synchrotron frequency.

It was shown by simulations and in an experiment that
this setup can be transferred to a double-harmonic cavity
system obtaining similar results for the region of stabiliz-
ing feedback parameters, if the oscillation frequency of the
bunch barycenter is considered instead of the synchrotron
frequency of a linearized bucket.

DOUBLE-HARMONIC CAVITY SYSTEM

After construction of the new accelerator facility, the
particles in SIS 18 will be accelerated by the combined ra-
dio frequency voltage

V() = Visin(p — @gap) + Va sin(2¢ — 20gap + 1) (1)

where ¢ = wrpt is the phase of a particle crossing the cav-
ity at time instant ¢, 4, is the actuating variable which is
used to damp the dipole oscillations and ¢ is a rigid phase
shift between the cavities taking into account their posi-
tions in the ring. Vs and 1) are chosen depending on Vi and
the desired voltage Vz = V(¢r) seen by the synchronous
(or reference) particle in order to create a saddle point at
©r! as can be seen in Fig. 1 [1].

*The project described in this paper was accomplished by using the in-
frastructure of GSI Helmholtzzentrum fiir Schwerionenforschung GmbH.
The author alone is responsible for its content.
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IThroughout this paper the index g indicates values referring to the
reference particle.
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Figure 1: Double harmonic RF voltage according to (1) as
it was realized in the experiment (V(¢r) = 0 and V; =
4kV).

It is obvious that the resulting voltage can not be lin-
earized around ¢p as it is usually done in the single-
harmonic case to calculate the oscillation frequency of the
bunch barycenter (further denoted as coherent synchrotron
Srequency fqyn con). However, an estimation of the coher-
ent synchrotron frequency is possible if the length of the
bunch is known [2,3].

CONTROL LOOP

An overview of the feedback loop is given in Fig. 2.
Electrical (analog or digital) signals are marked with a
black arrow while optical signals are indicated by a dashed
red arrow.
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Figure 2: Feedback loop.

The cavities are each driven by a Direct Digital Synthe-
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sizer (DDS) creating a sinusoidal signal with the respective
frequency. Cavity 1 runs with h = 4 and cavity 2 with
h = 8, where h = “JWL; is the harmonic number. To each
gap voltage an additional phase shift ¥ (respectively 219)
can be applied by means of an input voltage at the Cali-
bration Electronics Modules (CEL). This is done with an
arbitrary wave generator (AWG) which is used to excite
dipole oscillations. Communication between the CEL, the
cavity DSP and the cavity DDS is accomplished by a Fiber
Optical Hub (FOH) which is also connected to the central
control system (not shown in Fig. 2).

Both cavities synchronize with a group DDS signal
whose phase can be changed by the splitter which doubles
the desired phase shift 44,4 at its input for the second
cavity. Beam phase control is realized in the digital sig-
nal processor (DSP) indicated with "DSP BPC’ in Fig. 2. It
consists of a phase detector, a digital filter and an integrator
as can be seen in Fig. 3.
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Figure 3: Block diagram of the beam phase control DSP
algorithm.

The phase detector computes the phase difference
Ydet = YB—Pgap Where ¢ p is the phase of the barycenters
of the bunches which are assumed to oscillate coherently.
Up to now no bunch-by-bunch control is implemented for
SIS 18 and in the experiment all bunches are excited with
the same phase shift. The filter in Fig. 3 is an FIR-filter
with the following transfer function, which was introduced
in [4] and further discussed in [5]:

Hi(z) = ,i + %Z—l/(mfpass) _ iz—l/nfpass @)
where fpqss is the passing frequency of the filter. The pa-
rameter K is used to change the total gain of the feedback.

Note that the sum of the filter coefficients equals zero
which results in a suppression of any input offset. Fur-
thermore all even multiples of the passing frequency are
suppressed. Integration is realized by the sum

Pgap(n) = K - (wa(n — 1) + Hp - pact(n))  (3)

which is performed every Ts = 3.22 us. At passing fre-
quency, the filter supplies a phase shift of 180° resulting in
a total phase shift of —90° for the complete feedback if no
time delays are present.

SIMULATION AND EXPERIMENTAL
RESULTS

In this section the results of macro particle simulations
are compared to the measurements taken during a beam ex-
periment which took place on November 21st/22nd 2012
[6]. After acceleration (at a kinetic beam energy of Ey;,, =
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120 @) the bunch was excited to perform dipole oscilla-
tions by shifting the gap voltage of cavity 1 by ¥ = 20°
and of cavity 2 by 219 = 40° as can be seen in Fig. 4.
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Figure 4: Phase shift ¢ (resp. 2¢) applied in the experi-
ment: cavity 1, cavity 2.

At the same time the feedback-loop was closed, i. e. ac-
celeration of the beam was done in open-loop mode. Tab. 1
gives an overview over the parameter specifications in the
simulation and the experiment.

Table 1: Parameter specifications for simulation and
experiment

parameter value

ion type 283Uranium 3+

number of ions ca. 5-108

Epin = 120 MY
Vi =4KkV, V, = 2kV
fsyn,coh ~ 780 Hz

kinetic energy

gap voltages

coherent synchrotron

frequency

phase shift for dipole ¥ = 20°
oscillation

phase shift for double- 1 = 180°
harmonic operation

harmonic number h=4

(fundamental frequency)

Fig. 5 shows the simulated relative emittance for the
feedback parameters K and fp,ss limited to twice the ini-
tial value for sake of clarity.

It is worth noticing that better results are obtained in the
region between fpass = fsyn,coh and fpass = ]--5fsyn,coh-
Changing the passing frequency leads to a phase shift for
the desired frequency compensating time delays as can be
seen in Fig. 6 showing the phase response of the filter for
fpass ~ 1-3fsyn,coh~

Fig. 7 shows the dipole oscillation with an open control
loop while the closed-loop case can be seen in Fig. 8, both

at a phase shift from ¢ = —20° to ¥ = 0° according to
ISBN 978-3-95450-122-9
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Fig. 4. Both plots are not offset compensated.
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Figure 5: Simulation and experimental results: the color
indicates the emittance growth normalized to the open-loop
case. An X’ denotes a stable and a square an unstable
setting in the experiment.
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Figure 6: Phase response of filter (2) for fyqss = 1kHz.
The red dot marks the value at f = fsyn con = 780 Hz.
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Figure 7: Measured dipole oscillation in open-loop case.

CONCLUSION AND OUTLOOK

It was demonstrated in an experiment that longitudinal
rigid dipole oscillations can be damped by feeding back the
phase difference between the bunch barycenter and the gap
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Figure 8: Measured dipole oscillation in closed-loop case
with K = —0.1 and fpass/ fsyn,con =~ 1.3.

voltage with an FIR-filter and an integrator if the oscillation
frequency of the bunch barycenter is known. Furthermore,
the beam behaviour in the closed-loop case can be sim-
ulated accurately. The bunches were effectively damped
even for large disturbances with high oscillation ampli-
tudes.

Future work will consider beam phase control with a
dual-harmonic cavity system also during acceleration of the
beam, as well as bunch-by-bunch control.
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