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Abstract

In this proceeding we present the simulations of the ex-
periment made in the SIS18 synchrotron on the effect of the
space charge in a bunched beam stored for one second. The
simulations attempt to reproduce 4 sequences of measure-
ments with 4 different types of beams at different intensi-
ties using sextupole driven resonances. Our results confirm
the conclusions from previous measurements at the CERN-
PS using octupoles driven resonances. Some conclusion on
the beam physics case are addressed.

INTRODUCTION

An extensive experimental campaign on space charge
and resonances has taken place in 2006-2008 on the SIS18
synchrotron at GSI. The purpose of this study was to pro-
vide experimental data for code benchmarking and to in-
vestigate experimentally the basic beam loss and emittance
increase mechanism acting on a beam during long term
storage. The beam dynamics mechanism is believed to be
trapping or scattering [1, 2, 3]. While these effects were
subject of early investigations mainly as single particle ef-
fects, only recently it has been proposed that incoherent
space charge can drive a periodic resonance crossing in a
bunch [4]. In order to disentangle the effect of the syn-
chrotron motion from that of the space charge, we have
performed 4 separated set of measurements characterized
by the presence or absence of high intensity as well as
of the synchrotron motion. First results of these measure-
ments were presented in HB2008 [5]. Here we present the
full campaign and the associated simulation results. The
details on the experimental campaign, the parameters char-
acterizing the beam and a more detailed discussion on the
simulations are documented in the extensive paper Ref. [6].
The necessity of consolidating the beam loss prediction is
very important for the SIS100 synchrotron and its magnet
field quality requirement [7, 8]. Uncontrolled beam loss is
required to be within a 5% budget in order to mitigate a
progressive vacuum degradation, dangerous for beam life-
time. Therefore the mechanism studied here plays an im-
portant role for the discussion on the nonlinear components
in magnets, residual closed orbit distortion as well as in the
resonance compensation strategy.
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EXPERIMENTAL RESULTS AND
SIMULATIONS

Low Intensity Coasting Beams

The experimental campaign consisted in measuring the
time evolution of a well controlled bunched beam for sev-
eral tunes taken in the neighborhood of the resonance
3Qx = 13. The beam used is composed of 40A18+ with
KV emittances at injection of εx = 19 mm-mrad, εy = 14
mm-mrad. The injection energy is of 11.28 MeV/u. In or-
der to be able observe a beam distribution broadening, a
beam smaller than the SIS18 acceptances (Ax � 200 mm-
mrad, Ay � 50 mm-mrad) was created. Transverse beam
profiles are measured with the intra-beam profile monitor
(IPM) [9], while the longitudinal profile is measured with
a beam position monitor. The operational condition of the
full campaign have been set so to compensate the natural
chromaticity in order to study only the pure space charge
driven effects. The third order resonance in this exper-
iment is already excited by natural errors, which are not
known by previous measurements. We have used data on
beam loss in order to construct a model of the nonlinear lat-
tice of SIS18. In Fig. 1a we show a tune scan of the beam
response after 1 second storage, the curves show the emit-
tance ratio and the beam survival. Around the third order
resonance beam loss becomes substantial because of the
reduction of the separatrix [10]. The pattern of beam loss
and the beam loss stop band can be modeled when the reso-
nance is driven by one localized sextupolar error, which we
assume as the source of the resonant dynamics. By moni-
toring the beam loss a stop-band of ΔQx � 0.12 due to the
3rd order resonance 3Qx = 13 was found. The titled shape
of the beam loss curve around the third order resonance is
created by some extra detuning made by the chromatic cor-
rection sextupoles and other high oder nonlinearities. From
the simplified model we find that the presence of only the
chromatic correction sextupoles creates a too strong effect
on the simulated tilting of the beam loss curve. Hence we
have included and properly excited an octupolar error in
the same location of the sextupolar error. The location of
these two nonlinear components has been taken arbitrary
as we do not posses more information on the machine non-
linearities and their location. However, with this model,
we simulated the experiment with results shown in Fig. 1b.
Note in both pictures Figs. 1a,b the error-bars, which are
estimated as described in Ref. [6]. The large error-bars in
Fig. 1a are the results of beam fluctuation typical of low
intensity. The error-bars in Fig. 1b are originated by the
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Figure 1: Emittance growth and beam survival after 1 sec-
ond storage. In picture a) the experimental results are
shown as function of working points around the third or-
der resonance. In picture b) are shown the corresponding
simulations. These results are obtained for the low inten-
sity coasting beam.

limited number of macro-particles used in the simulations
(2000 macroparticles, see in Ref. [6]). In spite of the coarse
modeling, we obtain a decent reproduction of the measure-
ments. Note that the emittance growth at Qx � 4.36 is not
found in the simulation as result of the incomplete model-
ing of the nonlinearities, which we have been set only to
reproduce the third order resonance 3Qx = 13 beam loss.

High Intensity Coasting Beams

After the measurement of the low intensity coasting
beam we increased the intensity and again investigated the
beam response. The experimental procedure to rise the
intensity was made via changing the beam current from

the UNILAC avoiding so to affect the beam size. We
should mention here that the Linac-Synchrotron injection
scheme based on the “multi-turn injection” is affected by
the change of the horizontal tune Qx. On our range of
tunes explored, the variation of the beam intensity is found
∼ ±15%. The experimental results are shown in Fig. 2a
and the correspondent simulations in Fig. 2b. We note that
the minimum of the beam survival shifts on the left because
of the effect of the space charge. We estimate the peak in-
coherent tune-shift as ΔQx/y = −0.025/ − 0.03. These
measurements show that the high intensity diminishes the
beam loss, the same result is found in the simulations. For
this particular resonance this is due to the detuning of the
space charge, which brings particles out of the resonance
when the bare tune is set on the resonance. In this mea-
surement the region of emittance growth is a little larger
with respect to Fig. 1b. A detailed analysis of the position
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Figure 2: The pictures shown here are the correspondent of
Fig. 1a,b but now for a high intensity coasting beam. The
peak tune-shift is ΔQx/y = −0.025/− 0.03.

THO2B04 Proceedings of HB2010, Morschach, Switzerland

616 Beam Dynamics in High-Intensity Circular Machines



of the transverse third order islands reveals that their outer
position is controlled by space charge and the machine bare
tune: The islands at Qx = 4.34 are located at the outer po-
sition, but still touching the tail of the beam, hence the large
emittance increase. At the tune Qx = 4.35 the location of
the islands is completely inside the beam, hence the emit-
tance growth practically disappears.

Low Intensity Bunched Beam

The longitudinal focusing necessarily creates an oscilla-
tion of the longitudinal particle momentum. After injec-
tion the beam is left to coast for 100 ms as prior to being
bunched in 10 ms with a final RF voltage of 4 kV. This
bunch, characterized by a bunching factor BF � 0.335 and
(δp/p)rms = 1.3 × 10−3, is stored for 0.9 seconds, then
adiabatically de-bunched in 100 ms (before a final bunch-
ing with acceleration and extraction). In ideal conditions,
the single particle off-momentum should not play any role
once the machine has chromaticity compensated. Only the
dispersion affects the beam sizes according to the bunch
length and RF voltage. We proceeded with our systemat-
ics by repeating the tune scan as made for the other two
types of beam. The results and simulations are shown in
Fig. 3a,b. In these measurements we also included the mon-
itoring of the longitudinal distribution and in Fig. 3a this is
shown with the rms bunch length (green curve). The re-
sults show that no relevant effect occurs to the beam loss
and emittance ratio. A slight enlargement of the beam loss
stop band takes place, and the maximum beam loss de-
creases. Some effect on the bunch length is detected in
a form of shortening. Our simulations retrieve a similar ef-
fect, the maximum beam loss are mitigated, while on the
left of the stop band an emittance growth, consistent with
our modeling (Fig. 1b) is still found. The main finding of
this measurement is that some residual chromaticity mildly
affect the beam loss stop-band, and also that the chromatic-
ity does not enlarge significantly the beam size.

High Intensity Bunched Beam

The average peak space charge tune-shift directly mea-
sured from the IPM data yields ΔQx � −0.04, and
ΔQy � −0.06. In Fig. 4a we show the experimental
finding. We find as in the CERN-PS experiment (Fig. 4c
solid lines) that a region of beam loss (red curve) is lo-
cated on the right side of the resonance [4]. In absence of
beam loss (Qx ∼ 4.3425) an emittance growth is observed
(Fig. 4a black curve): This result is consistent with trap-
ping/scattering regimes discussed in Ref. [11]. The green
curve shows the relative bunch length, which becomes
shorter close to the maximum beam loss at Qx = 4.3365.
In Fig. 4b is shown the simulation of the measurements
presented in Fig. 4a. Note that beam loss is reproduced
with acceptable accuracy, but differs by a factor of 2 at
Qx = 4.3365. The peak of beam loss is located on the
left side of the low intensity stop-band. Note that above the
resonance, in absence of beam loss, both measurement and
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Figure 3: Low intensity bunched beam. a) measurements,
b) simulations. We plot in both pictures also the change in
bunch length (green curve).

simulation exhibit maximum of emittance increase. On the
other side of the single particle stop-band at Qx = 4.375 no
bunch shortening or beam loss is observed. The correlation
beam loss / bunch shrinkage shown in Fig. 4a was already
observed in the CERN-PS experiment [11], but only for a
few bunch profiles. Here it is confirmed for the full storage
time and it is consistent with the interpretation that particles
with large synchrotron amplitude are lost because they are
trapped/scattered into the stable islands [11]. In absence
of beam loss (Qx ∼ 4.3425) an emittance growth with-
out bunch shrinking is observed (Fig. 4a black and green
curves).

DISCUSSION/OUTLOOK

In this experiment we have studied the interplay between
the high intensity of a bunched beam and the presence of
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Figure 4: High intensity bunched beam. a) Transverse-
longitudinal beam response to the long term storage as
function of working points around the third order reso-
nance; b) Simulation of picture a); c) Result of CERN-
PS measurements, and in dashed lines simulation result on
modeling (case where chromaticity is included).

the 3rd order resonance.
The nonlinear dynamics is in this case different from that

one of the CERN-PS experiment. The octupole induced 4th
order resonance is always stable, even for very weak space
charge, which is not the case for a sextupole resonance for
which at low intensity the three stable fixed points can be
found at very large amplitudes. Nonetheless we retrieve
similar features of emittance growth and beam loss in both
cases. In spite of the different resonances, space charge
tune-shift, beam emittances and storage time, our retriev-
ing of similar patterns in the beam response allows us to
interpret on a solid base that in both experiments the un-
derlying beam physics is the same. Clearly in both experi-
ments the lack of complete knowledge of the experimental
conditions is still a source of the differences found with the
simulations.

Our work also allows to conclude on an experimental
basis that only the simultaneous presence of high intensity
and synchrotron motion and a resonance (Fig. 4a) is re-
sponsible of the long term emittance growth and beam loss.
All other cases (Fig. 1a, Fig. 2a, Fig. 3a) do not exhibit the
same beam pattern. The simulations of the measurements
for the 4 types of bunches provides good agreement con-
sidering the complexity of the beam dynamics under study.
While the emittance growth prediction is relatively close
to the measured data, the beam loss shows a gap between
simulations and experiment which can be up to a factor of
2 for cases of maximum beam loss.

These differences might be partly due to self consistency
effects, but further theoretical/numerical studies are neces-
sary to support this interpretation.

We thank the support of O. Boine-Frankenheim, P.
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REFERENCES

[1] A. Schoch, CERN 57-21 (Proton Synchrotron Division),
Section 14 (1958).

[2] A.W. Chao and M. Month, Nucl. Instrum. Methods 121, 129
(1974).

[3] A.I. Neishtadt and A.A. Vasiliev, Nucl. Instr. and Meth. A
561, (2006), p 158-165.

[4] G. Franchetti, et al., Phys. Rev. ST Accel. Beams 6, 124201
(2003); E. Metral, et al., Nucl. Instr. and Meth. A 561,
(2006), 257-265.

[5] G. Franchetti, et al., Proc. of HB 2008, Nashville, Tn, USA
2008. WGA22. p. 128.

[6] G. Franchetti, et al., accepted on Oct. 11, 2010 for publica-
tion PRSTAB.

[7] P. Spiller et al., Proc. of EPAC 2008, p. 298, MPOC100.

[8] G.Franchetti and I. Hofmann, FAIR Technical Design Re-
port SIS100 2008, pp. 39-49.

[9] T. Giacomini et al., Proc. of BIW, Knoxville, USA, 2003.

[10] W. Hardt, PS/DL/LEAR Note 81-6 (1981).

[11] G. Franchetti and I. Hofmann, Nucl. Instr. and Meth. A 561,
(2006), 195-202; G. Franchetti and I. Hofmann, Proc. of
39th ICFA Workshop, Tsukuba, 2006, p. 167, WEAX01.

THO2B04 Proceedings of HB2010, Morschach, Switzerland

618 Beam Dynamics in High-Intensity Circular Machines


