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Abstract
The quality of slowly, typically several seconds, extracted

beams from the GSI synchrotron SIS18 is characterized with
respect to the temporal spill stability, the so-called spill mi-
cro structure on the 100 µs scale. A pilot experiment was
performed utilizing transverse emittance exchange to reduce
the beam size in the extraction plane, and the improvement
of spill micro structure was found. Important beam instru-
mentation comprises an Ionization Profile Monitor for beam
profile measurement inside the synchrotron and a plastic
scintillator at the external transfer line for ion counting with
up to several 106 particles per second and 20 µs time slices.
The performant data acquisition systems, including a scaler
and a fast Time-to-Digital Converter (TDC), allow for de-
termining the spill quality. The application of the TDC
in the measurements and related MAD-X simulations are
discussed.

INTRODUCTION
Temporary beam stability within 100 µs of the slowly

extracted beam from the GSI SIS18 synchrotron is crucial
for fixed-target experiments. Beam instrumentation plays
an essential role in the slow extraction investigation into
searching for better methods that could mitigate the spill
micro structure.

SIS18 has a circumference of 216.72 m and a beam rigid-
ity of up to 18 Tm. Tune-swept slow extraction is regularly
performed. The third-order resonance excited by the sex-
tupolar field is fed by increasing the strength of two fast
quadrupoles. The extracted beam, referred to as a spill,
has a temporal variation on time scales of micro-to-milli-
seconds, which is also called spill micro structure [1]. The
reason is related to the power supply ripples which act on the
quadrupole magnet, leading to the unintended variation of
the machine tune [2]. The spill micro structures are mitigated
if the machine tune during the extraction is set closer to the
resonance tune, which results in a larger spread of the transit
times [3]. That can be achieved not only by proper lattice set-
tings, e.g. lower sextupole strengths but also by reducing the
beam size (emittance) in the extraction plane. The latter is
applied for this study. Since the beam is injected into the syn-
chrotron by horizontal multi-turn injection, the horizontal
emittance is significantly larger than the vertical emittance.
One of the possible techniques to get a smaller beam is to
benefit from the transverse emittance exchange effect to re-
∗ Jia.Yang@gsi.de

duce the beam size at the extraction plane under a suitable
emittance exchange condition [4]. The emittance exchange
effect has already been successfully observed at SIS18 due
to residual skew quadrupole components, described in [5]. It
was executed by utilizing linear horizontal-vertical betatron
coupling while the horizontal tune 𝑄𝑥 crosses the coupling
resonance in a short time. The resonance in SIS18 is defined
by 𝑄𝑥 = 𝑄𝑦 + 1. Tune-swept slow extraction measurement
with transverse emittance exchange was performed using a
𝐸 = 300 MeV/u Ar18+ coasting beam [6]. By performing
emittance exchange, beam size at the extraction plane was
reduced, and the improvement of the spill micro structure
was found.

Essential beam instrumentation was used for different pur-
poses in the slow extraction experiment utilizing emittance
exchange: firstly, an Ionization Profile Monitor (IPM) [7]
was used for the observation and measurement of the beam
profiles during the transverse emittance exchange; secondly,
a plastic scintillator [8] was used for particle counting while
performing slow extraction; moreover, data acquisition sys-
tems were used to characterize the spill signals, including a
scaler [9] and a fast Time-to-Digital Converter (TDC) [10].

This contribution will present the application example
of the above-mentioned beam instrumentation used in the
recent slow extraction investigation utilizing transverse emit-
tance exchange. The experiment results concerning spill
characterization and related simulations are discussed in
detail.

MEASUREMENTS
Beam Profile

The online observation of the transverse emittance ex-
change effect is essential in the investigation and ensures the
beam size condition for the following slow extraction.

During the emittance exchange process, tune crossing was
executed by moving the horizontal tune from 4.17 to 4.2995
within 40 ms; meanwhile, the vertical tune was kept constant
at 3.24. The resultant horizontal emittance reduction and
vertical emittance increase were observed by the IPM [7],
which is installed inside the SIS18 synchrotron ring for beam
profile measurement. The profile readout period of the IPM
is 10 ms. The signals from the detector within 50 µs were
integrated and formed one profile data. By calculating the
widths of beam profiles, beam size evolution along with the
time in one acceleration cycle was obtained. The emittance
exchange effect was evidently demonstrated in Fig. 1. It
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Figure 1: Beam size evolution at horizontal and vertical
plane in one acceleration cycle when emittance exchange was
executed. The black lines represent the standard deviation
of the beam profiles with respect to the beam centers.

could be estimated that by utilizing transverse emittance ex-
change, the horizontal beam size (1𝜎) shrunk approximately
from 4.9 mm to 3.1 mm, while the vertical beam size (1𝜎)
increased approximately from 2.8 to 5.2 mm. The estimated
horizontal RMS emittance reduced from 1.9 mm·mrad to
0.75 mm·mrad, while the vertical emittance increased from
1.04 mm·mrad to 3.37 mm·mrad. In addition, the time of
the emittance exchange was around 660 ms (marked as a red
dashed line) after the start of the acceleration cycle.

Spill Measurement
Detector and DAQs The choice of detectors to be used

in the spill measurement depends on particle extraction rate
and beam energy [1]. In this measurement, the extracted
particles were counted by a plastic scintillator inside the
transfer line with an extraction rate of up to several 106 par-
ticles per second [8]. The scintillator is made of BC400,
with a square area of 75 × 75 mm2 and a thickness of 1 mm.
The advantages of the plastic scintillator are that single par-
ticle counting can be achieved, and there is no noise in the
detected signals; therefore, the signal could be directly com-
pared with simulations [11]. Particle signals were discrimi-
nated by the 300 MHz discriminator that connected to the
scintillator [11].

There are two alternative data acquisition electronics sys-
tems to characterize the data. The counts from the discrimi-
nator were read out by either a scaler counting system with
a minimum readout time of 10 µs [9] or TDC with the RMS
time resolution of 35 ps per input channel [10]. Besides the
information that the scaler counting system can provide, the
TDC provides high-resolution time structure information,
including the particles’ arrival time with respect to the ring
RF cavity frequency and particle interval distribution with
respect to the subsequent particle. This information can be
observed in an online display tool for operation and mea-
surement, and can also be reconstructed from the recorded
binary data using a TDC exporter with user-defined settings
in offline data analysis [10].

Spill Time Structure from TDC In order to demon-
strate the data information which could only be provided by
the TDC, an example of a bunched beam slow extraction
is given below. Figure 2 shows the particle interval distri-

Figure 2: Particle interval distribution and particle arrival
distribution of spills extracted in bunched beam slow extrac-
tion (RF voltage = 505 V).

Figure 3: Time structures of spill slices in a bunched beam
slow extraction (RF voltage = 505 V), obtained from TDC.

bution (a) and particle arrival distribution with respect to
the ring RF cavity frequency (b) of the same spill. In this
case, the displayed time structure was limited within the
user-defined particle intervals range of 2 µs. Both subfig-
ures’ horizontal and vertical bin sizes are 1 ns and 0.05 s.
In both subfigures, projections of 2-dimensional data were
depicted in the left and upper side plots. In subfigure (a), the
horizontal axis is the particle intervals, while in subfigure
(b), it is the particle arrival time with respect to the ring RF
cavity frequency; the vertical axes in both subfigures are the
extraction time. The left projections in both subfigures show
the total particle counts in a user-defined bin length along
with the extraction time. Moreover, the top projections show
the total distributions of particle arrival time with respect to
the subsequent particle (a) or ring RF cavity frequency over
the full extraction time (b).

The time structures of the spills in different time slices dur-
ing the extraction were also evaluated. The 3-dimensional
plot of the particle arrival distributions of the same spill in
10 different time slices is shown in left subfigure of Fig. 3,
while the right subfigure depicts the position of maximum
counts, mean value and standard deviation of the correspond-
ing distributions; for different spill slices, the position of the
maximum, the center and the width of the particle arrival
time with respect to the ring RF cavity frequency vary along
the extraction time. The same evaluations were executed
for the spills extracted with different RF voltages. Figure 4
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Figure 4: Comparison of the statistical moments of spill
slices in bunched beam slow extractions with different RF
voltages.

demonstrates the mean values and standard deviations of the
particle arrival distributions of the spill slices from bunched
beam slow extractions using different RF voltages: 505,
1136, 3153 and 12600 V. The time structures of the spills
extracted with different RF voltages have different variation
behaviors during extraction.

SPILL CHARACTERIZATION
The performant data acquisition system and data analysis

tools offer evaluation for both the time and frequency do-
main. Details of spill characterization can be found in [1],
definitions of time-dependent quantities such as standard
deviation, duty factor, and maximum-average ratio were de-
scribed. A higher duty factor and lower max-average ratio
indicate better micro spill structure. The quality of the entire
spill is characterized by weighted duty factors and weighted
maximum-average ratios [12]. In this measurement, spill
data was recorded using both data acquisition systems dis-
cussed in the previous section. Data obtained by the scaler
system with the readout time of 21 µs was evaluated, and
depicted in [6]. The statistical moments of every 500 data
points were evaluated and formed one evaluation interval,
equivalent to 10.5 ms in time. The improvement of the spill
quality was found by using transverse emittance exchange.

TDC data The TDC system provides more information.
As shown in Fig. 5 for the coasting beam slow extraction,
particle interval distribution evolution of the spills extracted
with (a) and without (b) utilizing emittance exchange were
measured by using the TDC application. The horizontal and
vertical bin sizes for both cases are 5 ns and 21 µs. Particle
interval distributions in different time slices were evaluated
as well, as shown in Fig. 6. The corresponding times were
marked out in Fig. 5 with white dashed lines.

Spill quality characterization in terms of duty factor and
spill particle interval distribution was executed. The TDC
data was converted with a readout time of 21 µs for duty
factor evaluation, the same as the scaler system settings
of this measurement. The evaluation interval is 31.5 ms.
Figure 7 depicts the time-dependent duty factor evaluations,
which shows better spill micro structures in the second half
of the spill extracted with emittance exchange. Weighted
duty factors were evaluated to characterize the quality of the

Figure 5: Particle interval distributions of spills extracted
with (a) and without (b) transverse emittance exchange.

Figure 6: Particle interval distributions in different time
slices of spills extracted with and without transverse emit-
tance exchange.

entire spills for both cases. It increased from 0.49 to 0.64
after introducing the transverse emittance exchange.

The particle interval distributions in a selected extraction
time window of 0.315 s duration in a high count rate re-
gion were evaluated and compared to their corresponding
hypothetical Poisson distributions (dashed lines) calculated
from the average count rate in the same time window length,
shown in Fig. 8. The vertical axis is the counts normalized
by the total spill counts in the selected duration; the mean
particle intervals of the Poisson distributions for both cases
were marked with corresponding colors. As depicted in the
figure, a smaller distance between the particle interval distri-
bution and its corresponding Poisson distribution suggests a
smoother spill. The differences between measured particle
interval distributions and corresponding Poisson distribu-
tions are consistent with the distances between the time-
dependent duty factor evaluation results and corresponding
Poisson distribution limits (shown in Fig. 7).

Figure 7: Comparison of measured time-dependent duty
factors with corresponding Poisson limits (dashed lines) of
spills obtained with and without emittance exchange.
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Figure 8: Comparison of measured particle interval dis-
tributions of spills in a selected extraction duration with
corresponding hypothetical Poisson distributions obtained
with and without emittance exchange.

Figure 9: Simulated particle interval distributions of spills
extracted with (a, beam size = 3.1 mm) and without (b, beam
size = 4.9 mm) emittance exchange.

SIMULATION
The validity of the method for spill quality improvement

by reducing the beam size on the extraction plane was ver-
ified by particle tracking simulations using the thin-lens
tracking module in MAD-X [13] within the Python environ-
ment [14]. 1.2 × 106 particles with the kinetic energy of
300 MeV/u were tracked over 1354071 revolution turns for
a 1.5 s extraction time. The momentum spread of the beam
was set as 5 × 10−4 as the maximum length for Gaussian
distribution truncated at ±2𝜎 [3]. Power supply ripples were
introduced to quadrupoles as sine waves consisting of a few
frequency components (50, 100,150, 300 and 600 Hz) with
different ratios: 0.25, 0.3, 0.2, 0.3, 0.7; the amplitude of
the ripples was normalized to 0.35 ×10−5. A bandwidth
(0-20 kHz) limited white noise signal was applied. The
parameters of the power supply ripples were adjusted to
adapt to the measurement. Simulations for different horizon-
tal beam sizes were executed with the same power supply
ripples input, but the tune ramps were modified.

The particle interval distributions were constructed with
the simulated particle tracking data, shown in Fig. 9. Parti-
cle intervals below 20 ns are ignored, corresponding to the
dead time of the scintillator electronics. The comparison
of the particle interval distributions in a selected extraction
duration within a high count rate region with correspond-
ing hypothetical Poisson distribution was shown in Fig. 10,
the tendency of which is consistent with the measurement

Figure 10: Comparison of simulated particle interval dis-
tributions of spills in a selected extraction duration with
corresponding hypothetical Poisson distributions obtained
with and without emittance exchange.

Figure 11: Comparison of simulated time-dependent duty
factors with corresponding Poisson limits (dashed lines) of
spills extracted with and without emittance exchange.

results shown in Fig. 8. Figure 11 shows the simulated time-
dependent duty factor with an evaluation interval of 31.5 ms.
The weighted duty factor of the spill extracted from the
larger beam (0.51) is lower than it (0.56) from the smaller
beam. Characterization of the simulated spills agrees with
the measurement that a spill extracted from a horizontally
narrower beam has a better micro spill structure.

CONCLUSION
This contribution presented the application of the beam in-

strumentation in the slow extraction measurement via trans-
verse emittance exchange performed at SIS18. The beam
instrumentation consists of Ionization Profile Monitor, Scin-
tillator, and two data acquisition systems (scaler, fast Time-
Digital-Converter) were used in the measurement. Analysis
of the data acquired from TDC was discussed. Particle
tracking simulations were performed to reproduce the mea-
surement results obtained from TDC, and the TDC-like data
were achieved in the simulation. Both experimental results
and simulations agree with the fact that a horizontally narrow
beam leads to a better spill micro structure.
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