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Abstract

SIGNAL REQUIREMENTS

At GSI, Barrier Bucket RF systems are currently designed
for the SIS 100 synchrotron (part of the future accelerator facility FAIR) [1] and the Experimental Storage Ring
(ESR) [2]. The purpose of these systems is to provide pulsed
voltages (Fig. 1) at the cavity gap in order to facilitate several
longitudinal bunch manipulations. To achieve the desired
signal quality, the design and matching of the diﬀerent components as well as a proper mathematical modeling of the
system is needed. This contribution focuses on the system
identiﬁcation and modeling for the ESR Barrier Bucket system to calculate the input signal for the requested output
voltage. In a ﬁrst step, the system is modeled using a linear
model, which is suﬃcient up to gap voltages of 550 V. At
higher amplitudes, nonlinear eﬀects begin to occur, reducing the output signal quality. Therefore, the linear model
is extended to a Hammerstein model which consists of a
static nonlinearity followed by the linear part. Measurement
results show that this approach signiﬁcantly improves the
signal quality at high amplitudes.

For the ESR BB system, single-sine voltage pulses with
a repetition frequency frep of 900 kHz and a BB frequency
fBB of 5 MHz are required (see Fig. 1). The desired amplitude ÛBB of the pulse is 1 kV. As voltages aside the pulse
(so called “ringing”) can lead to microbunching, the ringing
must stay in ±2,5% of ÛBB . Additionally, the diﬀerence
between positive and negative half cycle should be in the
range of ±5% of ÛBB . The values were taken from [14].
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Figure 1: Desired output gap voltage.

LINEAR REGION
For suﬃciently small input signals, most systems can be
described by a linearization around the system’s operating
point. In this linear region, the relation between the input
signal U AW G (ω) = U in (ω) and the output signal U out (ω)
is given by the system’s frequency response H(ω):
U out (ω) = U in (ω) · H(ω).

(1)

For the prototype setup, the input signal is the signal created
by the signal generator and the output signal is the voltage
measured at the cavity gap.
In order to determine the input signal of the system, the frequency response has to be measured. For the measurement,
a small signal frequency sweep from 10 kHz to 80 MHz was
applied to the system. The sweep was performed suﬃciently
slowly (e.g. 25 minutes) to ensure steady state conditions.
A two channel AWG was used as a signal generator with
channel 1 connected to the RF power ampliﬁer and channel 2
connected to the oscilloscope to measure the undistorted
input signal U in . The output signal U out (voltage at the
cavity gap) was measured using the same oscilloscope. This
way, the diﬀerence in amplitude and phase between input
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Barrier Bucket (BB) systems enable a large variety of longitudinal beam manipulations in synchrotrons and storage
rings (e.g. [3-5]) by using pulsed gap voltages (see Fig. 1).
If the repetition frequency of the voltage pulse equals the
revolution frequency of the beam, this voltage pulse forms a
stationary potential barrier in phase space. When both frequencies diﬀer, the barrier is moving in phase space (“moving barriers”, e.g. [6-8]). Particles moving in the ring can
be conﬁned between two barriers, allowing variable bucket
lengths and applications like bunch merging, compression
or decompression.
In order to deliver high intensity beams of high quality, as
needed for the planned experiments at FAIR, requirements
on the gap voltage qualities for acceleration and Barrier
Bucket operation are very high as well. Hence, a lot of eﬀort
needs to be spent on the design of the system, but also on
the proper mathematical modeling in order to be able to calculate the accurate input signal. At GSI, a prototype setup
of the future ESR BB system is currently under investigation
[9-10]. The three main components are a broadband cavity
ﬁlled with Magnetic Alloy ring cores [11-13], a solid state
ampliﬁer (ampliﬁer research 1000A225) and a signal generator (Keysight 3600A series 2-channel AWG). A simpliﬁed
setup of the system is shown in Fig. 2.
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Figure 2: Hammerstein modeling of the ESR BB prototype system.
and output signal can be observed at each frequency point.
H(ω) can be calculated from measurement data by

Due to linearity, the input signal for the linear region of the
system can be derived from Eq. (1) and (4):

U (ω)
.
H(ω) = out
U in (ω)

bn,out
· sin nωrep t − arg[H(nωr ep )] .
|H(nω
rep )|
n=1
(6)
Measurements at the prototype system showed that the
linear method can produce signals of suﬃciently high quality
up to gap voltages of about 550 V peak. A measurement of
the predistorted input signal and the corresponding output
signal for fBB = 5 MHz and frep = 900 kHz is shown in
Fig. 4.

(2)

The measured amplitude response of the system is shown in
Fig. 3.
For periodic BB operation (see Fig. 1), the desired output
signal during one period Trep is deﬁned as

Uout (t) =

−Û · sin
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(3)
Using Fourier decomposition [15], the signal can be described by
Uout (t) =

∞


bn,out · sin(nωrep t)

(4)
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with the Fourier coeﬃcients
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Figure 3: Measured amplitude response of the ESR BB
system.
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Figure 4: Measured input and output signal in the linear
region (Û = 520 V).

NONLINEAR APPROACH
To improve signal quality at high amplitudes, nonlinear
eﬀects have to be taken into account. As expected, measurements taken with the solid state ampliﬁer showed that the
output nonlinearly depends on the amplitude of the input
signal. Therefore, the ampliﬁer is modeled as a nonlinear
voltage-controlled voltage source followed by an unknown
output impedance (Fig. 2). For the cavity, only linear effects are expected that determine the dynamic behaviour,
as the magnetic ﬁeld strength inside the MA ring cores of
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the cavity is far below (≤ 5%) saturation ﬁeld strength [16].
Presuming ideal matching between the signal generator and
the ampliﬁer input, it seems reasonable to hypothesize a
Hammerstein system (a static nonlinearity followed by a
linear system, e.g. [17-19]) as a simpliﬁed nonlinear model
for the system (see Fig. 2).
To characterize the static nonlinearity, a power series
ansatz was chosen. With an Nth-order power series, the
relation between Uin and U? can be described as
U? (t) =

N


Figure 6: Measured 3rd order polynomial nonlinearity.
an [Uin (t)]n .

(7)

n=1

Since U? (t) can’t be externally measured, U ? (ω) was calculated in the frequency domain from the measured output voltage Uout (t) using the frequency response measured
afore:
U ? (ω) = U out (ω) · H −1 (ω).
(8)
Afterwards, U ? (ω) is transformed back into time domain.
The estimation of the coeﬃcients an in Eq. (7) can be treated
as a linear optimization problem by comparing single samples U?,i = U? (i · Δt) with the corresponding samples of the
input signal Uin,i = Uin (i · Δt). For an input signal of M
samples and a power series of order N, Eq. (7) yields
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The additional nonlinear predistortion obviously leads to a
signiﬁcant improvement of the output voltage quality. Ringing can be reduced to below 1% which fulﬁlls the speciﬁcation. The diﬀerence between positive and negative half-cycle
is 7% which is slightly outside the speciﬁcation. However,
all requirements can be satisﬁed when the output amplitude
is reduced to 760 V. During the measurements it also became
visible, that the positive half-cycle of the output voltage can’t
be increased much above 820 V independent of the input
voltage. This might indicate that the pulse-power limit of
the ampliﬁer is reached. In that case, further increase of the
amplitude for the given system is not possible.

(9)

Figure 7: Resulting voltages for linear and nonlinear predistortion for Û = 800 V.

CONCLUSION
Figure 5: Comparison of Uin and U? for Ûin = 280 mVpp .
Measurements showed that best output qualities can be
achieved with power series of 3rd or 4th order. The resulting
3rd order nonlinear characteristic is shown in Fig. 6.
Based on the measured characteristic, the inverse characteristic was computed and stored in form of a look-up table.
To include the nonlinear part of the model in the input signal
calculation, the signal calculated for the linear region according to Eq. (6) is predistorted using the inverse characteristic
of the look-up table. The resulting output signals are shown
in Fig. 7.
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Measurements at a BB prototype system showed that the
current linear method is able to generate single sine gap
signals of high quality in a wide voltage range. It was also
shown that the assumption of a static nonlinearity in form
of a 3rd order polynomial can signiﬁcantly improve the gap
signal quality at high amplitudes. One possibility to further
increase the output quality and amplitude could be to try
diﬀerent parametrizations for the estimation of the nonlinear
characteristic or to use a more complex model. However,
measurements indicate that the ampliﬁer of the prototype
system reaches its pulse-power limit at an output amplitude
of about 800 V. Therefore, a further increase of the output
voltage might not be possible even with a more complex
model.
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As usually M > N applies, Eq. (9) is overdetermined and
was solved using a least-square algorithm. Linearly predistorted signals according to Eq. (6) with diﬀerent amplitudes
were used for Uin (t). Figure 5 shows a comparison of Uin (t)
and U? (t) calculated with Eq. (8).
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