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Abstract
In this paper the results of Machine Development (MD)

studies conducted at the CERN Proton Sychrotron (PS) are
presented. The main focus was the investigation of new
working points in an effort to characterize and potentially
improve the brightness for LHC-type beams in view of the
LHC Injectors Upgrade (LIU). Various working points were
compared in terms of losses and emittance evolution. Since
space charge and the resonances it excites are the main cause
for emittance blow-up and losses, tunes close to excited
resonances were carefully studied. Mitigation techniques,
such as bunch flattening using a double harmonic RF system,
were also tested.

INTRODUCTION
Space charge is a dominant effect for low energy, high

brightness accelerators. It creates an incoherent tune shift
that depends on the line density of the longitudinal beam
profile and the transverse beam size. For Gaussian beam
distributions it yields [1]

∆Qh,v = − r0λ

2πeβ2γ3

∮
βh,v (s)

σh,v (s)(σh (s) + σv (s))
ds , (1)

where r0 is the classical particle radius, λ the line density,
e the elementary charge, βγ the relativistic factors, βh,v ,
σh,v the transverse β-functions and beam sizes, respectively.
In the PS , at low energy, the space charge tune spread is
significant. For the operational LHC25 beam [2] the inco-
herent space charge tune spread at PS injection, with max-
imum values ∆Qh ≈ −0.20 and ∆Qv ≈ −0.26, is shown in
Fig. 1. The tune spread for the BCMS operational beam [2]
is slightly smaller with maximum values ∆Qh ≈ −0.18 and
∆Qv ≈ −0.24. However, the space charge induced tune
spread is sensitive to certain parameters, i.e. bunch intensity,
bunching factor, transverse emittances and ∆p/p, which may
vary from shot to shot.

The main focus of the MDs presented here was the inves-
tigation of new working points in an effort to characterize
and potentially improve the brightness for LHC-type beams
in view of the LIU goals for protons [3]. In 2016, significant
blow-up of the horizontal emittance was observed for LHC
beams at PS injection [4], which was subject of MDs focused
on the beam transfer from the PS-Booster (PSB) to the PS [5].
In this context, tune scans were performed in order to assess
the emittance growth of the beam core due to the integer
resonances, which might contribute to the observed blow-up.
Furthermore, the excitation of other resonances was studied,
in particular the space charge driven Qv = 6.25 8th order
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Figure 1: Sketch of the tune footprint for Qh = 6.20, Qv =

6.24 in the PS for the beam parameters of the operational
LHC25 beam. Resonance lines up to 4th order marked in
blue, the coupling resonance is plotted in red. The red lines at
Qv = 6.25 andQh = 6.25, correspond to 8th order structural
resonances.

structural resonance [6], which presently limits the achiev-
able beam brightness in the PS. The chromaticity remained
uncorrected during the described MDs.

Since the space charge tune spread is proportional to the
longitudinal line density, a smaller tune footprint can be
achieved by flattening the bunch profile using additional
RF harmonics. This was tested by introducing a second
harmonic on the flat bottom of a LHC25 type cycle, i.e. a
combination of h = 7 and h = 14 was used.

TUNE SCANS
Single bunches from PSB Ring 3 were used for the tune

scans presented here. The machine cycles in the PS were
clones of the LHC25 and the BCMS operational beams. For
each working point the beam was injected at the correspond-
ing tunes, which remained constant during the entire flat
bottom. The evolution of intensity was monitored for both
beam types, in order to deduce losses. The horizontal and
vertical emittances were evaluated twice during the cycle:
Profiles were taken 15 ms after injection at 185 ms, to avoid
any secondary effects such as the injection bump [7], and
at the end of the flat bottom at 1285 ms, where the second
injection would take place. The emittance is calculated from
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(a) (b)

Figure 2: Horizontal tune scans using BCMS (a) and LHC25 (b) beams. Horizontal (blue) and vertical (red) emittances at
injection (dashed) and at the end of the flat bottom (solid) as a function of the horizontal tune.

the transverse beam profiles using β-functions from the PS
MADX-model, the measured dispersion and ∆p/p as mea-
sured with the tomoscope [8].

Horizontal tune scan
BCMS In order to study the effect of the horizontal in-

teger resonance, the horizontal tune was varied while the
vertical tune was fixed at Qv = 6.26. The dependence of the
transverse emittances and the losses on the tune is shown in
Fig. 2a. Although the initial emittances were not systemati-
cally measured for this scan, there is no blow-up observed
between injection and at the end of flat bottom for the nom-
inal tune Qh = 6.20. However, when the tune is set below
Qh = 6.19 horizontal emittance blow-up is observed. As
expected from a blow-up of the beam core at the horizon-
tal integer resonance, the vertical emittance and the bunch
intensity are clearly unaffected.

LHC25 In Fig. 2b the emittance and losses evolution
as function of the horizontal tune are plotted. For these mea-
surements the vertical tune was fixed at Qv = 6.24. The
horizontal emittance growth due to the integer resonance is
observed for tunes below Qh ≈ 6.20, already at the injection
measurement. This blow-up is therefore very fast. Compar-
ing the two beams, one can deduce that they behave similarly
in terms of losses. However, the emittance blow-up seems
to be larger for the LHC25 beam.

Vertical tune scan
BCMS Now the vertical tune is varied, while the hor-

izontal is kept constant. The measurements were split in
two parts. For tunes Qv < 6.23, Qh = 6.22, whereas for
Qv ≥ 6.23, Qh = 6.20. The resulting emittance and losses
are shown in Fig. 3a.
As the tune approaches the integer resonance, a large

emittance blow-up is observed even for the measurements at

injection. The emittance blow-up is also observed for tunes
Qv ≈ 6.23, but only for the measurements at the end of the
flat bottom. The effect disappears when Qv = 6.25. For
these working points the losses are negligible.

The study of tunes above Qv = 6.25 clearly shows excita-
tion of the 8th order structural resonance 8Qv = 50, as losses
and emittance reduction are observed. The highest losses
of about 14% are observed at Qv = 6.30. The behaviour is
improved for tunes Qv > 6.30, where the losses drop and
the emittance approaches the initial values. However, for
tunes Qv > 6.33 the emittances don’t behave as expected.
The acquired vertical beam profiles, Figs. 4a and 4b ap-

pear asymmetric both at injection and at the end of flat
bottom. This could be due to space charge effects or an
instrumental effect of the wire scanner [9]. Nevertheless,
for tunes Qv ≈ 6.33 there are indications for tail formation.
This coincides with the reduction of losses and the increase
of emittance. Less tail formation is observed for Qv = 6.35.

LHC25 In Fig. 3b the dependence of the transverse
emittances and losses on the working point is shown. The
horizontal tune was fixed at Qh = 6.20 throughout the scan.
The vertical integer resonance causes blow-up for tunes

Qv ≈ 6.10. The effect is strong enough to be observed even
with the measurements right after injection. Contrary, if the
tune is set to Qv ≈ 6.25, the blow-up is only observed at the
end of flat bottom.
Crossing the structural resonance, notable losses occur

even when the tune is set toQv = 6.25. As the tune is further
increased significant losses, almost 25% atQv ≈ 6.30, cause
a reduction in the transverse emittances of both planes. The
fact that the losses remain significant for tunes Qv > 6.31
could be an indication of a different resonance crossing close
to Qv = 6.33 [10].
Thorough examination of the vertical bunch profiles in

Figs. 4c and 4d, provides important information for the beam
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Figure 3: Vertical tune scans using BCMS (a) and LHC25 (b) beams. Horizontal (blue) and vertical (red) emittances at
injection (dashed) and at the end of the flat bottom (solid) as a function of the horizontal tune. Losses (green) are shown
using a second axis.

(a) (b)

(c) (d)

Figure 4: Vertical beam profiles at injection (a,c) and at the end of flat bottom (b,d) for BCMS (a,b) and LHC25 (c,d) beams.
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quality, as well as a better understanding of the observables.
Regarding the beam quality shortly after injection at 185 ms,
the profiles deviate from a Gaussian as tails are observed.
These tails, which appear regardless of the tune, could be
a result of the strong space charge force, some injection
phenomena or already generated in the PSB. The bunch is
more Gaussian-like at the end of the flat bottom for tunes
Qv ≈ 6.25, since large amplitude particles are lost. Excita-
tion of the structural resonance modifies the bunch profiles
as the amplitude of the signal is reduced, due to losses, and
additional tails are formed. The halo formation dominates
when the losses start to drop, implying that the particles af-
fected by the resonance are closer to the beam core. The tails
at the end of the flat bottom are reduced when Qv = 6.34.

Both beams suffered transverse stability issues for tunes
towards the integer resonance and for Qv > 6.33, since the
stabilizing effect from the linear coupling resonance was
reduced. The consequences of resonance crossing appear
stronger for the LHC25 beam, more losses and tail forma-
tion. A potential explanation for this could be the difference
between the beam sizes. Scans with both beams encourage
the study of higher tunes in the future, since the beam quality
is observed to improve.

SPACE CHARGE MITIGATION

The incoherent space charge tune spread can be moder-
ated by reducing the peak line density of the longitudinal
profile. This may be accomplished by introducing a double
harmonic RF voltage. In the case of the LHC25 beam tested
here, the RF harmonics were h = 7 and h = 14 respec-
tively. The voltage in the cavity at the principal harmonic
was kept constant at 25 kV while the one in the cavity at
twice that harmonic was varied in steps of 6 kV. The voltage
in the double harmonic cavity was ramped up at 170 ms and
ramped down at 1250 ms. The duration of the ramp was
20 ms, corresponding to several synchrotron oscillation peri-
ods. The working point chosen was Qh = 6.20, Qv = 6.23
to enhance the effect of the integer resonance. Throughout
the MD the radial loop and the phase loop had to be turned
off, as the spectrum of the bunches in the double-harmonic
RF unfavorably influence the loops. The modification of the
line density profile as function of the RF voltage measured
at 190 ms is shown in Fig. 5.

The vertical emittance measurements for these machine
settings are shown in Fig. 6. The emittance at injection
was only measured once but the initial emittance should not
change, as the parameters in the PSB remained constant.
The emittance at the end of the flat bottom shows a clear
dependence on the voltage of the cavity and hence the line
density. The blow-up for the flatter longitudinal profile is
reduced by approximately 50%, demonstrating a potential
reduction of the incoherent space charge tune spread as the
beam is less affected by the integer resonance.

Figure 5: Longitudinal profiles acquired at 190 ms using a
double harmonic cavity.

Figure 6: Vertical emittance at injection (blue) and at the
end of flat bottom (blue) as a function of the voltage in the
double harmonic cavity.

CONCLUSION
Thorough tune scans in both planes towards the corre-

sponding integer resonances have shown the expected blow-
up of the emittances. Vertical tune scans for the two LHC
beam types, LHC25 and BCMS, show clear excitation of
the Qv = 6.25 structural resonance. For the BCMS case the
effect manifests only when the coherent tune is set above it.
Thus, the best beam performance in terms of brightness is
obtained when the working point is Qh = 6.20, Qv = 6.25.
Tunes above Qv ≈ 6.34 should be studied in future MDs to
check whether larger space charge tune spreads can be ac-
commodated. This might require a compensation of the 3rd
order resonance at Qv = 6.33 as successfully demonstrated
in the past [11]. The beam stability issues encountered for
these tunes need to be cured with the transverse feedback
system [12]. In the future the impact of chromaticity correc-
tion should be studied, as it might reduce the detrimental
effects of the structural resonance.
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The use of a double harmonic RF system for space charge
mitigation seems promising. The issues encountered with
the beam phase and radial loops should be further studied so
that it can operate throughout the cycle. The BCMS beam
could also be tested once the settings of the timing tree and
the functions for the harmonic numbers are modified.
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