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Introduction 

o  Space charge effects in high intensity and high brightness synchrotrons can 
lead to undesired emittance growth, halo formation and particle loss 

o  Will focus here on space charge effects in the regime of long-term storage 
•  Bunched beam at injection plateau stored for ~seconds (to accumulate injections) 

•  Example: LHC Injector Upgrade (LIU) at CERN – see talks of G. Rumolo & K. Hanke 
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GSI Helmholtzzentrum für Schwerionenforschung GmbH 

FAIR primary beam chain: Uranium  

SIS-100/300 
SIS-18 

HESR 

UNILAC 

NESR CR/RESR 

SFRS 

p-linac 

SIS-18 SIS-100 

Reference primary ion U28+ U28+ / U92+ 

Reference energy 0.2  1.5 / 10 GeV/u 

Ions per cycle 1.2E11 4E11 / 1E10 

cycle rate (Hz)    2.7    0.5 / 0.1 

Intensity (ions/s) 3E11  2E11 / 1E9 

4x1011 U28+ 

SIS 18 

SIS 100 cycle 
(1 s accumulation time) 

SIS-100 extraction: 
- Single, short bunch for  
   storage ring physics 
- Slow extraction  
   for fixed-targets   

2x1011 U28+ 

1.5 GeV/u 

0.2 GeV/u 

4 

Maximize SIS100 intensity output:  
Fill synchrotron to the ‘space charge limit’ (within allowed phase space area).    

For slow extraction the ions/s  
reduce depending on the length  
of the extraction plateau and  
10 % slow extraction losses.  

11.4 MeV/u 

ΔQy storage 
time 

budget for  
losses 

SIS100 -0.3 1 s ~5% 

O. Boine-Frankenheim, IPAC2010 



Introduction 

o  Space charge effects in high intensity and high brightness synchrotrons can 
lead to undesired emittance growth, halo formation and particle loss 

o  Will focus here on space charge effects in the regime of long-term storage 
•  Bunched beam at injection plateau stored for ~seconds (to accumulate injections) 

•  Example: LHC Injector Upgrade (LIU) at CERN – see talks of G. Rumolo & K. Hanke 

•  Example: FAIR project at GSI 
•  Tight budgets on losses and / or emittance growth 

o  Approach to understanding space charge effects 
•  Controlled machine experiments  

•  Comparison with simulation models 

•  Identification of relevant beam dynamics mechanisms 
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Pioneering experimental campaign at CERN PS (2002) 

o  Systematic measurement campaign on (horizontal) 4th order resonance 

o  Clear identification of two regimes:  
•  Beam loss & bunch shortening for bare machine working points close to or slightly 

above the resonance 

•  Transverse emittance blow-up (of the core) further above the resonance 
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due to the following features: (i) the tune of an individual
particle is strongly modulated, by an amount comparable
with the incoherent tune shift, depending on two para-
meters, the synchrotron phase as well as the betatron
amplitude, (ii) the latter is itself evolving in time, depending
on the preceding trapping and detrapping events, and (iii)
there is a self-consistent time evolution due to the global
changes of space charge. Experimental verifications of
single-particle behaviour are not possible under these
circumstances. Instead, a 3D computer simulation with
space charge is used to demonstrate the long-term balance
of trapping and detrapping as competing mechanisms and
to compare the global predictions on the rms emittance and
halo growth with the measurements.

After a brief review of the CERN Proton Synchrotron
(PS) lattice and main magnet in Section 2, the experimental
results of two measurement campaigns made in 2002 and
2003 are presented in Sections 3 and 4, respectively. A
detailed analysis of the first measurements, focusing
essentially on the emittance growth dominated regime,
has already been published in Ref. [2]. The second, more
refined, measurement campaign is reported here for the
first time, giving more emphasis on the beam loss
dominated regime. The experimental set-up is presented
in Fig. 2, and the relevant machine and beam parameters
are summarised in Table 1. The space charge was chosen
significantly below the maximum possible value in the
CERN PS to avoid overlap with other resonances. The
vertical machine tune was set to Qy ¼ 6:12, and the
horizontal one was varied in the interval 6.24oQxo6.32.
The relative transverse chromaticities were close to the

natural ones ("#1). The kinetic energy was kept at the
injection value of 1.4GeV (corresponding to a beam
momentum of 2.14GeV/c) with a measurement window
of "1 s (i.e. "4.4$ 105 turns) over which the bunch
intensity was monitored with a current transformer. The
calibrated octupole (here K3 ¼ 1:215Ioct m#3, which is the
integrated octupole strength over the octupole magnetic
length divided by the beam rigidity) was powered after
injection to excite the resonance 4Qx ¼ 25. In fact, this
octupole is composed of two octupoles in series powered by
a single power supply placed in Section 20 of the PS with
K3 ¼ 0:6075Ioct m#3 each. The transverse profiles were
measured with flying wires (at 20m/s), fitted with a
Gaussian profile to determine the corresponding rms
emittances. Initial and, in most cases, final profiles were
actually found to be quite close to Gaussian distributions
(in horizontal, which is the plane of interest), as will be seen
below. The two transverse planes were decoupled by setting
a current in the skew quadrupoles of 0.33A [11].

2. PS lattice and main magnet

The PS lattice consists of 10 super-periods each made of
10 combined-function magnets 4.4m long, interlaced with
eight 1.6m and two 3.0m drift spaces. The control of the
linear tunes as well as the chromaticities in both transverse
planes, i.e. four parameters, is achieved by means of the
three currents of special coils added to the main magnets,
namely two pole-face-windings and one figure-of-eight
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Fig. 2. Experimental set-up.

Table 1
Basic beam and PS parameters relevant for the experiments

Parameter Value Unit

Circumference 628 m
Horiz./vert. beam pipe diameter 14/7 cm
Superperiodicity 10
Kinetic energy 1.4 GeV
Vert. tune 6.12
Horiz. tune 6.24oQxo6.32
Horiz./vert. relative chromaticities "#1/"#1
No. of bunches 1
No. of protons per bunch "1012

Bunch length (4s) "180 ns
Horiz./vert. normalised rms emittances "5/"2.5 mm mrad
Rms momentum spread 1.4$ 10#3

Horiz./vert. rms beam sizes "7/"4 mm
Derived small-amplitudes horiz./vert.
space charge tune shifts

"#0.075/
"#0.125

Synchrotron period "1.5 ms
Octupole strength (K3) with Ioct the
current

1.215Ioct m#3

Horiz./vert. betatron functions at the
octupole

11.7/22.2 m

Betatron function for horiz. emittance
meas.

12.6 m

Dispersion function for horiz. emittance
meas.

2.3 m

Betatron function for vert. emittance
meas.

11.6 m

E. Métral et al. / Nuclear Instruments and Methods in Physics Research A 561 (2006) 257–265258

loop. The overall magnetic field configuration is therefore
rather complicated and a linear model of the PS main
magnet does not provide sufficient precision to model
correctly the particle dynamics. Accurate measurements of
the nonlinear tune as a function of both amplitude and
momentum offset have been performed to extract both
linear and nonlinear properties of the lattice [12], following
a method previously applied in the SPS [13]. The
measurement technique is the following. Both horizontal
and vertical tunes are measured as functions of the
momentum offset generated by a proper RF-perturbation.
A polynomial fit of the measured curve is then performed
to extract numerical information on the different orders.
Virtual nonlinear elements (located at both dipole ends),
represented by thin lens elements, are inserted in the
machine lattice model and they are used as fit parameters
to reproduce the fitted polynomial. This procedure is
applied order-by-order, i.e. the quadrupolar components
are used to reproduce the constant term in the polynomial,
the sextupolar components the linear term and so on, up to
the dodecapolar components.

The summary of the values of the fitted multipolar
components is presented in Table 2 for the injection beam
momentum, the expansion of the magnetic field in multi-
poles being

By þ iBx ¼ B0r0
XM

i¼1
½Kn þ iJn$

ðxþ iyÞn

n!
' B0 (1)

with

Kn ¼
l

B0r0

qnBy

qxn
; Jn ¼

l

B0r0

qnBx

qxn
(2)

where r0 is the nominal bending radius and l the length of
the magnetic element. The values quoted in Table 2 are for
one magnet. The 100 PS magnets thus lead to a D-
component of K3 ¼ '17m'3 which is distributed around
the machine. In comparison, as will be seen in the two
measurement campaigns, currents in the single localised
controllable octupole of +40A and '20A were used,
leading to K3 ¼ 48:6 and '24.3m'3, respectively.

3. First measurements (14–18 October 2002)

The measurements were carried out as part of a high-
intensity machine development time at the PS in October
2002. In Fig. 3, the results of final measurements at 1.2 s are
plotted as a function of the machine horizontal tune.

The existence of two regimes is clearly revealed in Fig. 3.
An emittance growth dominated regime for Qx sufficiently
above the resonance (in our example Qx46.28) and a loss
dominated regime for Qxo6.28. It is noted that for the
working point of maximum beam loss ðQx ¼ 6:27Þ the
emittance also shrinks, since large amplitude particles are
predominantly lost. The time evolution of the bunch
intensity for Qx ¼ 6:27 is shown in Fig. 4. Note the
continuous loss at a nearly constant rate after an initially
enhanced loss (the intensity drop at 1.2 s is caused by a
kicker event). About 50% of beam losses were measured
(1 s after the powering of the octupole.
While the emittance growth dominated regime was in

good agreement with predictions, the losses were much
larger than expected [2]. It was then decided to make more
refined measurements in 2003, to further deepen the
understanding of the underlying complex nonlinear dy-
namics processes, and use the ‘‘real’’ nonlinear model of
the PS machine for the simulations instead of the constant
focusing approximation used to analyse the 2002 measure-
ments.

4. Second measurements (22–29 September 2003)

In this second experiment campaign, we first started to
make a scan on the octupole current (see Fig. 5) and then
decided to choose an octupole current of '20A, instead of
+40A used previously. The change of sign of the octupole
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Table 2
Summary of the virtual kick values (F and D stand for the focusing and
defocusing half-unit types of the PS magnet) for the injection beam
momentum

2.14GeV/c K1 (10
'4) K2 K3 K4

F '10.3 0.013 0.026 '105.53
D 10.2 '0.0014 '0.17 150.79
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Fig. 3. Experimental results of the final rms emittances (of Gaussian fit)
and beam current relative to initial values.

Fig. 4. Measured bunch intensity as a function of time for Qx ¼ 6:27. The
initial number of protons in the bunch before the powering of the octupole
is (1012. The intensity drop at 1200ms is caused by a kicker event.

E. Métral et al. / Nuclear Instruments and Methods in Physics Research A 561 (2006) 257–265 259

E. Metral, G. Franchetti, M. Giovannozzi, I. Hofmann, M. Martini,  R. Steerenberg, NIM A561 (2006) 257 
G. Franchetti, M. Giovannozi, I. Hofmann, M. Martini, E. Metral, PhysRevSTAB.6.124201 (2003) 
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Benchmark experiment at GSI SIS18 (2007) 

o  Extensive campaign studying 3rd order resonance 
•  Coasting and bunched beams, low and high intensity 

o  For bunched beam same behavior as in PS 4th order resonance experiment 
•  Beam loss and beam growth regimes 
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An adequate assessment of the long-term emittance
growth should be clearly done by measuring beam profiles
before/after the adiabatic bunching/debunching, respec-
tively, thereby avoiding artifacts due to the dispersion
and the increased !p=p. The summary of the beam re-
sponse for this sequence of measurements is shown in
Fig. 13(a). In this picture we find that the peak emittance
"x;1="x;0 ¼ 1:22 on the right of the 3rd order stop band at
Qx ¼ 4:3385 has still an unchanged amplitude with respect
to the value found in Fig. 6(a) ("x;1="x;0 ¼ 1:20) and
Fig. 8(a) ("x;1="x;0 ¼ 1:29).

The peak beam loss, I=I0 ¼ 0:31 at Qx ¼ 4:3325, prac-
tically remains as in Fig. 6(a) although the beam loss stop
band has slightly widened. This result can be attributed to a
residual chromaticity still present after chromaticity com-
pensation. In Fig. 13(b) we show the simulation results for
the modeling of these measurements. We find that simula-
tions of the beam loss predict well the experimental find-
ings within the stop band. The large emittance growth on
the right of the resonance does not exceed the same peak
found in the simulation of Fig. 6(b).

From these measurements we conclude that the residual
chromaticity in this experiment is not significant enough to
introduce extra effects in the periodic resonance crossing.
The stop band is slightly enlarged, but the emittance in-
crease is not affected. In Fig. 13(a) we present in addition
the rms bunch length ratio as a function of the working
point (green curve). The longitudinal profile measurements
were recorded by a LeCroy oscilloscope (’’WaveRunner
6000A’’) for digitizing and storing the BPM data.
For every tune about 4000 bunch profiles were recorded

along the storage of 1 s. The calculation of the bunch rms
size at a given time t is made by averaging the longitudinal
profiles of the 30 neighboring profiles. Given the large
number of measured profiles in 1 s, 30 consecutive profiles
make up 1% of the total, which are not significantly
affected by beam variation. A detailed discussion on the
error bar assigned to the rms bunch length is included in
Appendix B. The green curve in Fig. 13(a) shows that at
the location of the 3rd order beam loss stop band the rms
bunch length becomes shorter. This may be a result of
a reduction of the dynamic aperture and of a small
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Mechanism: periodic resonance crossing 
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√

βzεzmax , the bucket is therefore defined by zmax,∆Qxc0.
In Eq. 11 zm is the maximum amplitude of the test parti-
cle.
In Fig.11a is shown the tune Qx along the bunch for a

particle with zm = 3σz in a bucket defined by zmax = 3σz,
∆Qxc0 = 0.01. The space charge tune shift is taken as
∆Qx = 0.1. Note that, due to chromaticity, different effec-
tive maximum detuning ∆Q f /∆Qb are obtained when the
particle moves forward/backward in the bunch with re-
spect to its average velocity. In Fig. 11b is shown the evo-
lution of the single particle invariant in one synchrotron
oscillation for Qz0 = 5× 10−5. The test particle has ini-
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FIGURE 11. Single particle tune Qx a) and invariant b) of
a particle during one synchrotron oscillation in presence of
chromaticity.

tial coordinates x = 1.5095σx, z = 3σz, all other coor-
dinates are zero. The difference in the maximum value
of the invariant depends on the sign of δp/p. In fact
the farthest position of the island is approximately given
by the interception of the tune curve at z = 0 with the
Qx,res = 4+ 1/3, and the presence of the chromaticity
shifts the full tune curve of ±∆Qxc = 0.01 according to
whether the particle is losing or gaining momentum. The
shift is affecting the position of interception with Qx,res,
which is occurring at smaller transverse amplitudes when
the particle loses momentum, and at larger amplitudes
during the other half of the synchrotron oscillation. This
is shown in Fig. 12 where the transverse tune was mod-
elled as

∆Q(x,z) =
∆Qx e−z2/(2σ2z )

1+[x/(2σx)]2
±
∆Qxc0
zmax

√

z2m − z2. (12)

This approximation for amplitudes x > 3σx has a rel-
ative error with respect to the numerical values less
than 2× 10−4. By imposing in Eq. 12 the condition

•  space charge detuning varies along bunch  
•  synchrotron motion results in periodic tune 

modulation of individual particles 
•  chromaticity enhances tune excursion in 

one half synchrotron period and reduces it 
in other half 
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shift is affecting the position of interception with Qx,res,
which is occurring at smaller transverse amplitudes when
the particle loses momentum, and at larger amplitudes
during the other half of the synchrotron oscillation. This
is shown in Fig. 12 where the transverse tune was mod-
elled as

∆Q(x,z) =
∆Qx e−z2/(2σ2z )

1+[x/(2σx)]2
±
∆Qxc0
zmax

√

z2m − z2. (12)

This approximation for amplitudes x > 3σx has a rel-
ative error with respect to the numerical values less
than 2× 10−4. By imposing in Eq. 12 the condition
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FIGURE 5. Adiabaticity parameter T as function of z for two
longitudinal tunes.

z = 3σz; all other coordinates are zero. As Qz0 is small,
the trapping in one synchrotron oscillation into the third
order island is allowed. In a) is plotted the single particle
invariant εx/εx0 during 1 synchrotron oscillation. Note
that the trapping occurs after 0.15 synchrotron oscilla-
tions which corresponds to z = 1.8σz consistently with
Fig. 5; the detrapping occurs at 0.35 synchrotron oscil-
lations, the symmetric point in the second half of the
bunch. The second trapping shown in Fig. 6a occurs dur-
ing the second half of the synchrotron oscillation. The
differences between values of εx/εx0 before and after
trapping are due to quasi random jumps of the adiabatic
invariant at the separatrix [8, 9]. In Fig. 6b is shown that
the outer position of the trapped particle at 5σx is given
by the farthest position of the islands of the frozen sys-
tem.
If we consider synchrotron tunes closer to those used

in standard operation, for example Qz0 = 10−3, the dy-
namics is completely different. In this case, as shown in
Fig. 5, only particles with |z/σz| < 0.7 will be crossed
by an island in an adiabatic regime. The resulting dy-
namics is shown in Fig. 7: the repeated resonance cross-
ing induces a "scattering" of the single particle invariant.
Over many synchrotron oscillations the repeated scat-
tering produces a stochastic diffusion which brings the
particle to large transverse amplitudes. When the particle
transverse amplitude is large enough the crossing of is-
lands through the particle orbit occurs at small |z/σz| en-
suring adiabatic trapping. In fact in Fig. 8 trapping occurs
when εx/εx0 ≃ 5 that is for an amplitude of x = 3.3σx.
From Fig. 3 the island can cross this particle amplitude
only at z = 0.7σz, but there T ∼ 1 (see Fig. 5) and the
adiabatic trapping can occur.
The diffusive process is nonlinear as the scattering is
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FIGURE 6. Trapping of a particle during one synchrotron
oscillation: single particle invariant a); phase space b).

depending on the size of the island and its speed of cross-
ing the particle orbit, which are depending on the trans-
verse position. The number of turns needed to reach an
amplitude large enough to ensure particle trapping into
islands is therefore sensitive to the initial condition. For
better representing the diffusive stochastic behaviour we
track 10000 particles with different initial conditions in
the range 0 < x < 4.5σx, z = 3σz (all other coordinates
zero). In Fig. 9 we plot in synch. osc. units the aver-
age time needed in order that the test particle reaches
x = 4.5σx. The average is obtained by taking the time of
a group of 50 consecutive initial conditions. The corre-
lation is clearly shown: the smaller the initial amplitude,
the larger the number of crossings to reach x = 4.5σx.

HALO FORMATION

As the outer position of the island is roughly given by the
interception of Qx,res with the effective depressed tune
Qx, the outer position of a particle is a function of the
distance from a resonance Qx0−Qx,res, the space charge

adiabatic limit of resonance crossing: 
particle trapping in resonance islands 
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FIGURE 7. Scattering of εx during 1 synchrotron oscillation.

tune shift ∆Qx, and the resonance strength. As guideline
the above discussed mechanism allows to infer that for
tunes approaching the resonance Qx0 → Qx,res, the fixed
points, virtually, are shifted to infinity. Eventually parti-
cles reach the dynamic aperture and get lost. In Fig. 10
we plot the outer position of a particle for different tunes.
The test particle has initial condition x = 1.5σx,z = 3σz,
all the other coordinates are zero. The outer position is
taken over 2×106 turns.
As previously discussed, all particles with εx ∼ 0 and

εz > εzt are periodically crossed by the islands. In the
longitudinal phase space the fraction of particles ∆N/N,
which satisfies this condition, is given by the area deter-
mined by the condition εz > εzt . For a Gaussian distribu-
tion we find

∆N
N

= e−εzt/(2Ez), (8)

which together with Eq. 6 yields

∆N
N

=
Qx0−Qx,res

∆Qx
. (9)

If the maximum amplitude of the fixed points is beyond
3σx then Eq. 9 underestimates the fraction of particles
which will be extracted from the bunch and brought
to large amplitude populating the halo. If the external
part of the halo intercepts the beam pipe or a dynamic
aperture chaotic region, then more than ∆N/N particles
are lost during long term storage.

EFFECT OF THE CHROMATICITY

Until now the analysis has been carried out for zero mo-
mentum spread. When this effect is included the trans-
verse tunes depend on the particle off momentum δp/p
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FIGURE 8. Scattering and trapping of a particle during 100
synchrotron oscillations. The longitudinal tune is Qz0 = 10−3.

via chromaticity. For simplicity we consider here the nat-
ural relative chromaticity ξx = ξy = −1 which yields

Q̃x0 = Qx0

(

1−
δp
p

)

, Q̃y0 = Qy0

(

1−
δp
p

)

, (10)

where now we denote with ·̃ the tunes of the off-
momentum particle in the absence of space charge.
When Eqs. 10 are added to Eqs. 4 the dynamics be-
comes more complex. A first consequence is that the
tune Qx of a test particle can distinguish if the particle
is gaining or losing longitudinal momentum. The con-
tribution of the chromaticity to the detuning is ∆Qxc =
±Qx0

√

εz/βz − z2/β 2z /|η | with η the slip factor. The
sign +/- is used for loss/gain of longitudinal particle mo-
mentum. If the test particle has small transverse ampli-
tude the total transverse detuning becomes

∆Q(z) = ∆Qx e−z2/(2σ2z )±
∆Qxc0
zmax

√

z2m − z2, (11)

where ∆Qxc0 = Qx0
√

εzmax/βz/|η | is the maximum chro-
matic detuning for a particle with amplitude zmax =
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FIGURE 9. Turns, in synch. osc. units, necessary to bring
the test particle to maximum amplitude.
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√

βzεzmax , the bucket is therefore defined by zmax,∆Qxc0.
In Eq. 11 zm is the maximum amplitude of the test parti-
cle.
In Fig.11a is shown the tune Qx along the bunch for a

particle with zm = 3σz in a bucket defined by zmax = 3σz,
∆Qxc0 = 0.01. The space charge tune shift is taken as
∆Qx = 0.1. Note that, due to chromaticity, different effec-
tive maximum detuning ∆Q f /∆Qb are obtained when the
particle moves forward/backward in the bunch with re-
spect to its average velocity. In Fig. 11b is shown the evo-
lution of the single particle invariant in one synchrotron
oscillation for Qz0 = 5× 10−5. The test particle has ini-
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FIGURE 11. Single particle tune Qx a) and invariant b) of
a particle during one synchrotron oscillation in presence of
chromaticity.

tial coordinates x = 1.5095σx, z = 3σz, all other coor-
dinates are zero. The difference in the maximum value
of the invariant depends on the sign of δp/p. In fact
the farthest position of the island is approximately given
by the interception of the tune curve at z = 0 with the
Qx,res = 4+ 1/3, and the presence of the chromaticity
shifts the full tune curve of ±∆Qxc = 0.01 according to
whether the particle is losing or gaining momentum. The
shift is affecting the position of interception with Qx,res,
which is occurring at smaller transverse amplitudes when
the particle loses momentum, and at larger amplitudes
during the other half of the synchrotron oscillation. This
is shown in Fig. 12 where the transverse tune was mod-
elled as

∆Q(x,z) =
∆Qx e−z2/(2σ2z )

1+[x/(2σx)]2
±
∆Qxc0
zmax

√

z2m − z2. (12)

This approximation for amplitudes x > 3σx has a rel-
ative error with respect to the numerical values less
than 2× 10−4. By imposing in Eq. 12 the condition

non-adiabatic resonance crossing:  
scattering of particle trajectory 
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Experiment on coupled resonance at CERN PS (2012) 

o  3rd order coupled sum resonance Qx + 2 Qy 
•  Beam loss and emittance growth regimes (as in case of 1D resonance) 

•  Very asymmetric development of tails / halo – also found in simulations 
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vestigate the e↵ect of space charge on a coupled, i.e. 2D,
3rd order resonance. The motivation for this e↵ort was
two-fold: i) the necessity of understanding and study-
ing mitigation strategies for the SIS100 injection scenario
with U

+28 ions; and ii) the LIU project requiring the con-
trol of high brightness beams. The complication is that
one cannot find a trivial extension from 1D to 2D, even
the presentation in terms of four dimensional Poincaré
surfaces of section is visually demanding. In fact, a fresh
theoretical analysis was required to highlight and deepen
our understanding of the various aspects of 2D resonance
structures [13, 14].
We present the details about the experimental con-

ditions and discuss the methodology of the data treat-
ment and the associated simulations. This experiment
has highlighted a beam response pattern completely dif-
ferent from previous observations, emphasizing the role of
the coupled non-linear dynamics, chromaticity, and space
charge on halo formation and beam core growth. The
main experimental highlight is the study of fixed-lines,
and their interaction with space charge. While in terms
of single particle dynamics, the theory of the fixed-lines
is fully developed [13–22], the interplay of these exotic
objects with space charge remains a subject of further
study. Nevertheless, we will address some aspects of the
role of the fixed-lines in creating the observed beam re-
sponse.
The paper is structured in the following way: Section II

describes the experimental campaign and Section III its
results. In Section IV we discuss the simulation mod-
elling and code benchmarking, followed by a discussion
of the results in Section V. Section VI discusses the ex-
perimental results as a consequence of the presence of
fixed-lines. The conclusion and an outlook are presented
in Section VII. The Appendixes A and B provide de-
tails about the PS and the treatment of the experimental
data. Appendix C discusses the mathematical aspects for
characterizing the overlapping of the space charge tune-
spread with the resonance.

II. THE MEASUREMENT CAMPAIGN

The purpose of the experimental campaign was to
study the interplay between space charge and coupled
3rd order resonances. Therefore, an appropriate reso-
nance providing su�cient separation from other excited
resonances had to be chosen. The resonances natu-
rally excited in the PS were extensively studied in [23],
where strong excitation of the skew sextupolar resonance
2Q

x

+Q

y

= 19 was reported. Figure 1 shows a mea-
sured tune diagram at 2 GeV kinetic energy, where the
presence of several other, but weaker, resonance lines are
highlighted as well. Furthermore, the normal sextupolar
resonance Q

x

+ 2Q
y

= 19 appears to be only weakly ex-
cited and su�cient free space to accommodate the space
charge tune spread is available in its vicinity. Based on
this considerations, as well as on the fact that the res-
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FIG. 1. Top: Experimental tune scan at 2 GeV kinetic
energy. The colour scale is proportional to the measured nor-
malized beam loss. The red colour indicates maximum beam
loss. Solid lines indicate 2nd order, dashed lines 3rd order
and dash-dotted lines 4th order resonances. The resonance
2Q

x

+Q
y

= 19 was found to be strongly excited by natural
non-linear errors of the machine. Grey areas indicate the ab-
sence of measurement data [23]. Bottom: Detail of the tune
diagram shown in Fig. 1, with identical colour scale. The sex-
tupolar resonance Q

x

+2Q
y

= 19 is shown with a white solid
line and the working points used for the systematic study are
indicated with the white crosses.

onance can be excited in a controlled way by two sex-
tupoles installed in the straight section (SS) 39 of the
PS ring, this resonance was selected for the study pre-
sented in this article. Further information about the PS
can be found in Appendix A. As the strength of the line
Q

x

+2Q
y

= 19 appears to weaken close to the horizontal
integer resonance, a vertical tune of Q

y

= 6.47 in com-
bination with horizontal tunes Q

x

extending from 6.0 to
6.2 were chosen to conduct the experiment. Moreover,
this was motivated by the goal of staying as far as pos-
sible from the resonance 3Q

y

= 19, which is also excited
by the machine errors.

As a first step during the experimental study, the res-
onance was weakly excited by powering the sextupoles

4

to �

2

f

/�

2

i

as the emittance growth in each plane.
The transverse emittance growth as well as the beam

survival, i.e., the ratio between final and initial intensity
I

f

/I

i

, as a function of the measured horizontal tunes is
shown in Fig. 3. The pattern of the emittance increase
is similar to the one obtained in previous experiments [1,
2], and only occurs once the space charge tune spread
overlaps with the resonance.

In contrast to one dimensional resonances the distance
from the resonance for the machine tunes Q

x0

, Q

y0

is
defined as

�
r0

= Q

x0

+ 2Q
y0

� 19, (1)

and the derivation and related discussion can be found
in [14–16, 19–21]. For the working points chosen in the
experiment the distances of the resonance �

r0

are re-
ported in Table I. The condition of overlapping of the
third order resonance with the space charge tune-spread
of the full bunch is

0  �
r0

 �D
r,sc

, (2)

with D
r,sc

= �Q

x,max

+ 2�Q

y,max

. (see in Appendix C
for the derivation.)

For the space charge tune-shifts shown in Table II we
find D

r,sc

= �0.192. The left equality in Eq. 2 is ob-
tained for �

r0

= 0 and yields one of the two extremes
of the tune-spread overlapping: for our tune scan, at the
tune Q

x0

= 6.06 the space charge tune-spread is over-
lapping with the resonance since �

r0

= 0.016, while at
Q

x0

= 6.039 it does not overlap as �
r0

= �0.003. This is
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FIG. 3. Measured emittance growth and beam intensity as
a function of the horizontal tune. Error bars are obtained
from the statistical fluctuation resulting from three consecu-
tive measurements.

approximately confirmed by Fig. 3 as neither beam loss
nor emittance growth is found at Q

x0

= 6.039.
The larger �

r0

is to the resonance, the more the ma-
chine tunes are o↵ the resonance, and at some point the
equality on the right side of Eq. 2 will be satisfied. This
situation corresponds to an overlap of particles with the
resonance, which experience the maximum space charge
detuning. In the experiment this condition was never
reached. In fact, a horizontal tune Q

x0

> 6.265 would
have been required to avoid any overlap with the reso-
nance (i.e. �

r0

> �D
r,sc

). However, this would have
caused the working point to be set inside the large stop
band of the neighbouring skew resonance 2Q

x

+Q

y

= 19
shown in the bottom of Fig. 1. Figure 3 shows a large dif-
ference in the emittance growth between the horizontal
and the vertical plane. The growth is most important at
Q

x0

= 6.104 and Q

x0

= 6.129 with a maximum growth
exceeding a factor of three: such a large value has never
been observed in previous measurements. In order to vi-
sualize the situation the beam profiles for these working
points are shown in Fig. 4. In both cases the horizon-
tal and vertical profiles were found to be very di↵erent.
While the horizontal profiles exhibit mainly core growth,
creation of large tails in the vertical plane was observed.
Moreover, a significant change of the vertical profiles is
observed between the two working points. The evolution
of the vertical profiles is very sensitive to minor changes
of the settings of the order of ��

r0

= 0.013.
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FIG. 6. Comparison between experimental and simulated
final profiles for Q

x0

= 6.104 in the (a) horizontal and (b)
vertical plane.

the resonance condition is in general not fulfilled, and we
then consider as distance from the resonance the quantity
�

r

= Q

x

+2Q
y

�19, which is a generalization of Eq. 1. In
the present case under study the tunes of a particle also
depend on its oscillation amplitude X,Y via the ampli-
tude dependent tune-shift �Q

sc,x

(X,Y ),�Q

sc,y

(X,Y ).
We approximate the distance from the resonance �

r

for
a particle as

�
r

= �
r0

+�Q

sc,x

(X,Y ) + 2�Q

sc,y

(X,Y ), (3)

and the resonance condition becomes�
r

= 0. Equation 3
shows that the quantity �Q

sc,x

(X,Y ) + 2�Q

sc,y

(X,Y )
acts as an e↵ective amplitude dependent detuning, which

has to be included in the resonance condition, and in-
corporates the simultaneous e↵ect of space charge on
both planes. For a particle with X = Y = 0 we have
�Q

sc,x

(0, 0) + 2�Q

sc,y

(0, 0) = D
r,sc

. Given the distance
from the resonance �

r0

defined by the machine tunes
Q

x0

, Q

y0

, the resonance condition �
r

= 0 identifies a set
of resonant amplitudes (X,Y ) in the weak third order
resonance approximation.
We focus our discussion on the working point

Q

x0

= 6.104, Q
y0

= 6.476, where the largest emittance
growth is observed in Fig. 3. In Fig. 7 we plot the
space charge resonance detuning for particles located at
z = z

0 = 0 in the longitudinal plane. Particle amplitudes
are rescaled to the rms beam sizes at the location of the
vertical wire scanner (SS64).
It is most relevant to determine the widest tune spread

with respect to the horizontal and vertical planes. To
this end we verify the two directions of amplitudes in the
space (X,Y ): along {(0, Y ) : 0 < Y/�

y

< 7.5} for the
black curve, and along {(X, 0) : 0 < X/�

x

< 7.5} for the
red curve. As expected we find that �Q

sc,x

+ 2�Q

sc,y

is approximately the same in both curves for ampli-
tudes in the core of the beam, but starts to deviate
at larger amplitudes. This is the typical behaviour to
be expected from detuning with amplitude due to space
charge and stems from the di↵erent average beam size
ratio r

x

/r

y

= 1.87, and because of the specific resonance
under study. From Fig. 7 we find the resonant amplitudes
to be at X = 0, Y ' 3.9�

y

, and at X ' 4.6�
x

, Y = 0 (in-
dicated by the intercepts with the line at �

r

= 0).
These resonant amplitudes are computed for the lon-

gitudinal position z = 0, where the space charge is
strongest. At any other longitudinal section of the bunch
the space charge is weaker, and resonant amplitudes will
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FIG. 6. Comparison between experimental and simulated
final profiles for Q
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= 6.104 in the (a) horizontal and (b)
vertical plane.

the resonance condition is in general not fulfilled, and we
then consider as distance from the resonance the quantity
�

r

= Q

x

+2Q
y

�19, which is a generalization of Eq. 1. In
the present case under study the tunes of a particle also
depend on its oscillation amplitude X,Y via the ampli-
tude dependent tune-shift �Q

sc,x

(X,Y ),�Q

sc,y

(X,Y ).
We approximate the distance from the resonance �

r

for
a particle as

�
r

= �
r0

+�Q

sc,x

(X,Y ) + 2�Q

sc,y

(X,Y ), (3)

and the resonance condition becomes�
r

= 0. Equation 3
shows that the quantity �Q

sc,x

(X,Y ) + 2�Q

sc,y

(X,Y )
acts as an e↵ective amplitude dependent detuning, which

has to be included in the resonance condition, and in-
corporates the simultaneous e↵ect of space charge on
both planes. For a particle with X = Y = 0 we have
�Q

sc,x

(0, 0) + 2�Q

sc,y

(0, 0) = D
r,sc

. Given the distance
from the resonance �

r0

defined by the machine tunes
Q

x0

, Q

y0

, the resonance condition �
r

= 0 identifies a set
of resonant amplitudes (X,Y ) in the weak third order
resonance approximation.
We focus our discussion on the working point

Q

x0

= 6.104, Q
y0

= 6.476, where the largest emittance
growth is observed in Fig. 3. In Fig. 7 we plot the
space charge resonance detuning for particles located at
z = z

0 = 0 in the longitudinal plane. Particle amplitudes
are rescaled to the rms beam sizes at the location of the
vertical wire scanner (SS64).
It is most relevant to determine the widest tune spread

with respect to the horizontal and vertical planes. To
this end we verify the two directions of amplitudes in the
space (X,Y ): along {(0, Y ) : 0 < Y/�

y

< 7.5} for the
black curve, and along {(X, 0) : 0 < X/�

x

< 7.5} for the
red curve. As expected we find that �Q

sc,x

+ 2�Q

sc,y

is approximately the same in both curves for ampli-
tudes in the core of the beam, but starts to deviate
at larger amplitudes. This is the typical behaviour to
be expected from detuning with amplitude due to space
charge and stems from the di↵erent average beam size
ratio r

x

/r

y

= 1.87, and because of the specific resonance
under study. From Fig. 7 we find the resonant amplitudes
to be at X = 0, Y ' 3.9�

y

, and at X ' 4.6�
x

, Y = 0 (in-
dicated by the intercepts with the line at �

r

= 0).
These resonant amplitudes are computed for the lon-

gitudinal position z = 0, where the space charge is
strongest. At any other longitudinal section of the bunch
the space charge is weaker, and resonant amplitudes will
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FIG. 7. Resonance detuning �Q
sc,x

+ 2�Q
sc,y

and �
r

as a
function of amplitudes (0, Y ) (black curve), and (X, 0) (red
curve). The amplitudes are computed at the location of the
vertical wire scanner (SS64).

G. Franchetti, S. Gilardoni,A. Huschauer, F. Schmidt, 
R. Wasef, PRAB 20, 081006 (2017) 
See also talk by G. Franchetti 



Coupled dynamics on Qx + 2 Qy resonance 

o  Resonant tori (“Fixed lines”) in phase space  
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Coupled dynamics on the resonance

fixed
lines

3-8 / 7/ 2016 G. Franchetti 19

G. Franchetti and F. Schmidt 
Phys. Rev. Lett. 114, 234801 (2015).

G. Franchetti and F. Schmidt 
http://arxiv.org/abs/1504.04389
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Coupled dynamics on Qx + 2 Qy resonance 

o  Resonant tori (“Fixed lines”) in phase space 
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Experimental demonstration in SPS (ongoing)  
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What are the (remaining) challenges? 

o  Macroparticle simulations for long storage times 
•  Computationally heavy - approximations have to be made  

o  Quantitative agreement between measurements and simulations 
•  Accurate measurement of beam parameters (particularly difficult for beam profiles 

and beam halo) 

•  Good knowledge of machine linear and non-linear errors (much more difficult for old 
machines) 

•  Accurate aperture model including misalignments 

•  Properly identifying and accounting for interfering effects (or suppressing them) 

o  Interplay with other mechanisms and their identification 

o  Mitigation of beam degradation  
•  Compensation of magnet resonances in presence of space charge 

•  Space charge compensation (e.g. using e-lenses studied by 
O. Boine Frankenheim and W. Stem) 

13 Advanced Beam Dynamics Workshop on High-Intensity 
and High-Brightness Hadron Beams: Daejeon, Korea 18/06/2018 



Simulation approaches 

o  Space charge is all over the machine - need many space charge ‘kicks‘  
•  Space charge interaction interleaved with particle tracking in magnetic guide field 
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Particle-In-Cell (PIC) 
•  Real number of particles represented 

by ~106 macroparticles 

•  Assign fractional macroparticles 
charge to spacial grids  

•  Solve Poisson equation on the grid 
points to obtain electric field  

+ self consistent beam evolution 

– computationally heavy – requires 
large number of macroparticles to 
avoid artificial emittance growth + 
only special variants are symplectic* 

*J. Qiang, “Symplectic multiparticle tracking model for self-consistent space-charge simulation”, PRAB 20, 014203 (2017) 

Frozen potential 
•  Assuming a fixed charge distribution 

function (usually Gaussian) 

•  Calculate space charge force 
analytically  

•  Smooth force at any spacial point 

+ no issue with noise - less particles 
needed for tracking a distribution 

– not self consistent: evolution of 
charge distribution is not taken into 
account – semi-self consistency by 
periodic update of potential 



Code-to-code benchmarking 

o  GSI SIS18 space charge code benchmarking suite 
•  Originally meant for comparison of particle trapping in 3rd order resonance between 

MICROMAP (Franchetti) and SIMPSONS (Machida) 

•  Later became the standard test case (consisting of 9 steps) 

•  Trapping observed in frozen potential and in self-consistent PIC codes! 
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Codes with frozen potential Synergia (PIC) 



Code-to-code benchmarking 

o  GSI SIS18 space charge code benchmarking suite 
•  Originally meant for comparison of particle trapping in 3rd order resonance between 

MICROMAP (Franchetti) and SIMPSONS (Machida) 

•  Later became the standard test case (consisting of 9 steps) 

•  Trapping observed in frozen potential and in self-consistent PIC codes! 
•  Also long term emittance growth consistent between codes (no losses here) 
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CODE BENCH-MARKING FOR LONG-TERM TRACKING AND
ADAPTIVE ALGORITHMS

H. Bartosik, A. Huschauer, A. Oeftiger, F. Schmidt, M. Titze, CERN, Geneva, Switzerland
G. Franchetti, GSI, Darmstadt, Germany

J. Holmes, SNS, Oak Ridge, USA
Y. Alexahin, J. Amundson, V. Kapin, E. Stern, FERMILAB, Batavia, USA

Abstract

At CERN we have ramped up a program to investigate
space charge e�ects in the LHC pre-injectors with high
brightness beams and long storage times. This is in view of
the LIU upgrade project [1] for these accelerators.

These studies require massive simulation over large num-
ber of turns. To this end we have been looking at all available
codes and started collaborations on code development with
several laboratories: MAD-X frozen & adaptive mode [2]
and integration into the main branch of the MAD-X in-house
development [3] code, PyORBIT [4] from SNS, SYNER-
GIA [5] from Fermilab, MICROMAP [6] from GSI .

We have agreed with our collaborators to bench-mark all
these codes in the framework of the GSI bench-marking
suite [7], in particular the main types of frozen space charge
and PIC codes are being tested.

We also include a study on the subclass of purely frozen
and the adaptive frozen modes both part of MAD-X in com-
parison with the purely frozen MICROMAP code.

Last, we will report on CERN’s code development e�ort
to understand and eventually overcome the noise issue in
PIC codes.

INTRODUCTION
The aim of this study is threefold. On the one hand we

would like to present the completion or near-completion
of the GSI Bench-Marking Suite [7] of 2 PIC codes and
the comparison with the results from 3 participating frozen
SC codes. The second task is to report about the on-going
study to understand how SC experiments compare with the
various SC codes. To this end we are studying both the
PS [8] and the SPS [9] at the integer resonance. This study
of SC at the integer resonance in view of evaluating which
tools are most suited to understand the dynamics is part
of the mandate of a PhD [10] at CERN. Here we can just
present a snapshot of what could be achieved up to this
conference. Lastly, we would like to remind the community
about the e�ect of grid noise on individual particles in the
distribution. Techniques to overcoming this issue or at least
minimizing its fake impact on the emittance evolution and
particle loss will be crucial to see if PIC codes can be taken
to use for long-term SC simulations or not. In fact, at this
conference new concepts will be discussed that might do the
trick. At CERN Malte Titze’s [10] second part of his thesis
is dedicated to such techniques.

GSI BENCH-MARKING SUITE
With the upcoming Fair [11] and LIU [1] projects at GSI

and CERN respectively, a new sequence of SC workshop has
been started to review how our codes can be used to predict
long-term SC e�ects on the dynamics of storage rings in the
regime of high intensity. During this first joint GSI-CERN
Space Charge Workshop [12] held at CERN in 2013, with
a follow-up collaboration meeting in 2014 [13] it had been
decided to start a collective e�ort to bench-mark several PIC
codes with the GSI bench-marking suite that has been used
for code bench-marking of a number of frozen SC codes
in previous years. In particular, the teams of PyORBIT [4]
from SNS, the latest incarnation of ORBIT, and the SYN-
ERGIA [5] team of FERMILAB have made the e�ort to go
through all the nine steps of this GSI bench-marking suite.

Figure 1 shows the 9th step of a long-term simulation over
100’000 turns of the SIS18 GSI ring. It is quite interesting
to note that for some 106 macro-particles the SYNERGIA
(2.5D solver) reproduces the results of the frozen SC codes.
What is remarkable about this finding is the fact that also
SYNERGIA as a PIC code is su�ering from grid noise as
shown below.

Figure 1: Emittance Evolution of the GSI SIS18 ring sim-
ulated with the 3 frozen SC Codes: MICROMAP, SIMP-
SONS, MAD-X and the PIC code SYNERGIA (1M macro-
particles).

The complete results for both codes will now be intro-
duced into the GSI bench-marking web site [7].

Proceedings of HB2016, Malmö, Sweden WEAM1X01
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Code-to-code benchmarking 

o  GSI SIS18 space charge code benchmarking suite 
•  Originally meant for comparison of particle trapping in 3rd order resonance between 

MICROMAP (Franchetti) and SIMPSONS (Machida) 

•  Later became the standard test case (consisting of 9 steps) 

•  Trapping observed in frozen potential and in self-consistent PIC codes! 
•  Also long term emittance growth consistent between codes (no losses here) 

o  Future steps 
•  Discussions ongoing for extending the benchmarking suite with additional test 

cases (e.g. including a case where losses are expected) 
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Importance of machine model at the CERN PSB 

o  Benchmark campaign on half integer resonance Qy = 4.5 
•  Reproducing losses at half integer resonance at PSB requited accurate (linear) 

machine model obtained from measurements (LOCO) 

•  Bunch shortening in double harmonic RF nicely reproduced in simulations 
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(4.284, 4.513), due to the introduction of slight skew
component and longitudinal lattice changes, and in the
losses distribution along the machine. The losses are
simulated through a realistic set of apertures, which are
distributed in the lattice components.
Table II shows the simulations settings that have been

used in PTC-Orbit [5], the code selected for our space-
charge studies, which combines the tracking libraries of
PTC with the particle-in-cell (PIC) modules of Orbit for
collective effects (i.e., space charge) calculations. The
distributions, that have been generated from the tracking,
are bi-Gaussian in transverse and follow a reconstruction of
the measured phase space in the longitudinal plane [6]. The
number of SC nodes represents the number of locations in
the lattice where the space charge forces are computed and
applied through the PIC routines: 201 nodes mean, in
average, one every 0.78 m. The simulations are terminated
when an apparent steady state situation occurs. One should
note that all the ingredients need to be included in the
simulations. As shown in Fig. 4 if no errors are included,
space charge alone does not drive losses (blue line). If
errors are included—but no SC, the losses are due only to
chromaticity and saturate (brown line). Considering SC,
if only quadrupolar errors—but no misalignments—are
included, a qualitative agreement is achieved (solid
magenta line). Then, if also the misalignment errors are
considered, there is a significative improvement with also
quantitative agreement (black line). The last improvement
is similar to the results of simulation with realistic quad-
rupolar errors only and a slightly lower programmed
vertical tune of Qy ¼ 4.525 (dashed magenta line), with
respect to the original Qy ¼ 4.53. This decrement brings
the effective tune down to Qy ¼ 4.512, putting in evidence
that the distance of the tune to the resonance line is
fundamental, in this type of experiment. The effective tune
is equal to the programmed tune plus the considered errors
components. For these simulations, quadrupolar errors are
the essential ingredient. Misalignment errors contribute to
losses only through the vertical bare tune shift. If the same
vertical tune shift is artificially included, which is

equivalent with the tune shift due to the misalignment,
the misalignment itself is no longer necessary.
The simulated and measured intensity curves agree both

in the dynamic behavior and the final value, including the
intensity level at which the slope changes.
The losses are evident in the longitudinal plane.

Simulations agree with measurements (Fig. 5): at first,
mainly larger longitudinal amplitude particles are lost, then
the ones closer to the þ= − 1 rad longitudinal fixed points.
This phenomenon is the equivalent of “bunch shortening”
mechanism [7] for a double-harmonic longitudinal bucket,
and will be discussed in Sec. III C. The beam size—both
horizontal and vertical, stays similar over the 170 ms.
The 1σ Gaussian beam size stays the same along the

simulation window and reflects the measurements. Figure 6
shows the transverse profiles measurements and simula-
tions (referred to as PDF, particle density function) for the
long bunch case, normalized with respect to the maximum
values, where one can note that the 1σ beam size and the
Gaussian shapes are preserved. The asymmetric behavior
of some of the profiles can be due to nonoptimal settings of
the wire-scanners when big losses have already happened

TABLE I. Half-integer case—measured initial beam
parameters.

Initial beam parameters Long bunch Short bunch

Bunch population [1012 p] 1.39 1.32
σx, σy [mm] 5.21, 3.6 6.05, 3.67
ϵx, ϵy [μmrad] normalized rms 2.64, 2.05 3.24, 2.21
rf voltage (h ¼ 1, h ¼ 2) [kV] 8, 8 8, 8
rf cavities relative phase π 0
Total bunch length [ns] 634 400
Bunching factor 0.44 0.24
Momentum spread (1σ) 1.35 × 10−3 1.95 × 10−3

Programmed tune [Qx, Qy] 4.28, 4.53 4.28, 4.53
Simulated SC tune shift [ΔQx;y] −0.16, −0.24 −0.27, −0.37
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FIG. 4. Half-integer (long bunch simulations): PTC-Orbit
simulations vs measurements. Legend: (A) Simulation without
errors but with SC; (B) Simulation with errors but no SC;
(C) Simulation with only quadrupolar field errors (matching to
Qy ¼ 4.53) and SC; (D) Simulation with SC and quadrupolar
field and misalignment errors; (E) Simulation with only quad-
rupolar field errors (matching to Qy ¼ 4.525) and SC.

TABLE II. Simulation settings for the half-integer case.

Longitudinal SC ON (128 bins)
Transverse SC 2.5D PIC-FFT w=o

boundaries
Number of bins [x, y] 128, 128
Number of macrop. 500 × 103

Number of SC nodes 201

CERN PROTON SYNCHROTRON BOOSTER … PHYS. REV. ACCEL. BEAMS 19, 124202 (2016)

124202-3

Measurements 
SC, no errors 
no SC, with errors 
SC, only quadrupole errors (Qy = 4.53) 
SC, quadrupole and misalignments 
SC, only quadrupole errors (Qy = 4.525)  

V. Forte, E. Benedotto, M. McAteer,  
Phys. Rev. Accel. Beams 19, 124202 (2016)  
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Resonance(s) at Qy = 6.25 in the CERN PS 

o  Losses are observed for high brightness beams for Qy > 6.25 
•  Studies in 2013 indicate that losses occur (mostly) for high brightness beams 
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Resonance(s) at Qy = 6.25 in the CERN PS 

o  Losses are observed for high brightness beams for Qy > 6.25 
•  Studies in 2013 indicate that losses occur (mostly) for high brightness beams 

•  S. Machida with R. Wasef et al. found that the space charge potential of Gaussian 
beam excites 8th order resonance due to strong harmonic 50 of PS lattice 
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Resonance(s) at Qy = 6.25 in the CERN PS 

o  Losses are observed for high brightness beams for Qy > 6.25 
•  Studies in 2013 indicate that losses occur (mostly) for high brightness beams 

•  S. Machida with R. Wasef et al. found that the space charge potential of Gaussian 
beam excites 8th order resonance due to strong harmonic 50 of PS lattice  

o  Recent campaigns concentrated on tune scans in different beam conditions 
•  Simulations do not explain the observed losses completely 
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Measurements Simulation (frozen adaptive) 

F. Asvesta, H. Bartosik, A. Huschauer, Y. Papaphilippou, A. Saa Hernandez, G. Sterbini  
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Resonance(s) at Qy = 6.25 in the CERN PS 

o  Losses are observed for high brightness beams for Qy > 6.25 
•  Studies in 2013 indicate that losses occur (mostly) for high brightness beams 

•  S. Machida with R. Wasef et al. found that the space charge potential of Gaussian 
beam excites 8th order resonance due to strong harmonic 50 of PS lattice  

o  Recent campaigns concentrated on tune scans in different beam conditions 
•  Simulations do not explain the observed losses completely 
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Measurements (ΔQy = -0.25) Simulation (Frozen Adaptive) 

F. Asvesta, H. Bartosik, A. Huschauer, Y. Papaphilippou, A. Saa Hernandez, G. Sterbini  

Directions of investigations 
•  Interplay with residual (unknown) magnetic resonance excitation at 

Qy = 6.25 (e.g. octupole components) – difficult to measure 
•  Incomplete aperture model 
•  Indirect space charge effects (proposed by S. Machida)  
•  Other missing ingredients (e.g. coherent effects) 

Issue 
•  With high brightness (to enhance space charge excited 

resonance) “probing” multiple resonances due to large tune spread 



Impact of tune ripple at the CERN SPS 

o  Benchmark experiment at CERN SPS (started in 2016) 
•  Horizontal 3rd order resonance at Qx = 20.33 deliberately excited 

•  Additional resonance observed at Qx = 20.40 (most likely space charge driven) 
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3 s storage 
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Impact of tune ripple at the CERN SPS 

o  Benchmark experiment at CERN SPS (started in 2016) 
•  Horizontal 3rd order resonance at Qx = 20.33 deliberately excited 

•  Additional resonance observed at Qx = 20.40 (most likely space charge driven) 

•  Simulations with frozen potential far from experiment unless (measured) SPS tune 
ripple from power converters is taken into account – detailed studies ongoing 
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Impact of tune ripple at the CERN SPS 

o  Benchmark experiment at CERN SPS (started in 2016) 
•  Horizontal 3rd order resonance at Qx = 20.33 deliberately excited 

•  Additional resonance observed at Qx = 20.40 (most likely space charge driven) 

•  Simulations with frozen potential far from experiment unless (measured) SPS tune 
ripple from power converters is taken into account – detailed studies ongoing 

•  Confirmed in direct experiment with enhanced tune ripple 
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measurement: Qx ripple: ±6e-3 @ 90 Hz measurement: natural ripple 

H. Bartosik and F. Schmidt 

blow-up and 
losses enhanced! 



Interplay with IBS for Pb82+ ions at CERN SPS 

o  Pb82+ ion bunches have to be accumulated over ~40 s at SPS 
•  ΔQy ~ -0.3 at injection 

•  Strong emittance growth, partially from Intra Beam Scattering 

•  Biggest concern for this beam is transmission (to maximize luminosity in LHC) 

•  Losses maybe due to interplay between space charge and Intra Beam Scattering – 
to be studied 
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4 bunches 
per injection 

2 bunches 
per injection 

Emittance evolution 
of first 4 bunches 



Conclusions & Outlook 
o  Space charge effects in the long-term storage regime can result in beam loss 

and emittance growth due to periodic resonance crossing 
•  Result of systematic experiments and studies performed over the last decade for 1D and 

more recently also for 2D resonances 

o  Overcoming limitations of simulations for long storage times is challenging 
•  Simulations with frozen potential avoid noise issues but are not (fully) self-consistent 
•  Good agreement between PIC and frozen potential in code-to-code benchmarking –

cases with losses to be checked systematically 

o  Quantitative agreement between experiment and simulations is challenging 
•  Requires accurate knowledge of machine aperture and linear / non-linear errors 
•  Identify and suppress interfering effects or properly account for them in simulation  

o  Future directions: interplay with other mechanisms need to be studied 
•  Tune modulation induced by power converter ripple 

•  Intra Beam Scattering (especially for ions) 
•  E-cloud (see talk of G. Rumolo) 
•  Indirect space charge and impedance 
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