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Abstract
Preservation of the transverse emittances across the CERN

accelerator chain is an important requirement for beams
produced for the Large Hadron Collider (LHC). In the CERN
Proton Synchrotron (PS), high brightness LHC-type beams
are stored on a long flat bottom for up to 1.2 seconds. During
this storage time, direct space charge effects may lead to
resonance crossing and subsequent growth of the transverse
emittances. Previous studies showed an important emittance
increase when the PS working point is moved near integer
tune values. Subsequent simulation studies confirmed that
this observation is caused by an interplay of space charge
effects and the optics beatings induced by the Low Energy
Quadrupoles (LEQ). A new optics configuration using these
quadrupoles to reduce the optics beating and the emittance
growth was developed and experimentally validated. The
results of simulation and experimental studies are presented
in this contribution.

INTRODUCTION
The initial tune correction scheme of the PS consisted of

50 LEQs placed symmetrically around the machine, which
consists of 100 combined function magnets. As a result, the
beta beatings induced from quadrupoles with a 90° phase ad-
vance between them would compensate for eachother [1–3].
During the course of the PS’ runtime new installations re-
quired 10 LEQs to be removed, breaking the lattice sym-
metry and increasing the optics beatings. Previous studies
have shown that the large emittance blow-up generated at
working points near integer values in the PS are caused by
an interplay of the increased optics beatings due to the irreg-
ular distribution of the LEQs and space charge effects [4–7].
Beams with high tune-spread will cross the integer reso-
nance which is the case for the high-brightness beams that
are used in the LHC. These beams are therefore limited to
the usable working point range [8]. In the presented study a
new LEQ-configuration was explored to reduce the optics
beatings and increase the flexibility of the PS in terms of
working point control.

The optics beatings will be reduced by various optimi-
sation techniques using the single particle simulation tool
MAD-X [9,10]. All promising configurations will then be
tested in a simulation framework that includes space charge
effects by tracking a particle bunch using PyORBIT [11]
through a magnetic sequence with nodes for space-charge
calculations. At the nodes, the beam distribution is calcu-
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lated and dependent on the distribution, the particles receive
a coulomb kick [12]. This framework is used to correctly
model the direct space charge tune spread and hence in-
vestigate the effect on emittance growth. Finally, the most
promising LEQ configuration is tested experimentally.

LEQ OPTIMISATION
In the current operational configuration, the LEQs are

installed at the end of 40 out of 100 straight sections, just
before the combined function magnet units. Of the 100
straight sections, 12 have room for a quadrupole to be in-
stalled. Additionally, many of the straight sections that are
unoccupied could house two LEQs. These additional pos-
sibilities are considered in the presented calculations. The
working point of all configurations are moved close to inte-
ger resonance (𝑄𝑥 = 6.1, 𝑄𝑦 = 6.1) using the LEQs where
the focusing and defocusing quadrupoles respectively have
the same strengths. This ensures that the optics beating is
large causing and increased emittance growth to be observed
in the space charge simulations.

Parameterisation of the Optics Beatings
For the following optimisations, the amplitude of the beat-

ing of the three main optics functions in the PS (𝛽𝑥 , 𝛽𝑦 , 𝐷𝑥)
need to be represented by a single real value. Presuming
that if a minimum of this value is found, the optics beat-
ings for the corresponding configuration is minimised. The
following representation is used here:

𝜉 =
𝜎(𝛽𝑥) + 𝜎(𝛽𝑦) + 𝜎(𝐷𝑥)

3
, (1)

Where 𝜎 is the standard variance of the optics function be-
tween brackets. Other representation were tested but this
one gave better representations. Since the beatings are es-
sentially describing large variations of the optics functions,
large beatings will result in increased standard variations.
The effectiveness of this representation is shown in Fig. 1
where the ideal 50-LEQ and current 40-LEQ configuration
are compared.

For extra clarity, 𝜉 is normalised to 𝜉∗ = 𝜉

𝜉0
where 𝜉0 is

the bare machine lattice where no optics beating is present
at a working point of (𝑄𝑥 = 6.21, 𝑄𝑦 = 6.24).

Optimisation Algorithm
The formulation of 𝜉∗ allows the optimisation of the LEQ

positions to be solved by a numerical constrained optimi-
sation algorithm, such as the Zeroth-Order Optimization
(ZOOpt) package for Python [13]. The positions of the 40
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Figure 1: 𝜉 for both current and ideal configurations when
the working point is moved closer to the integer resonance,
with Δ𝜉∗ being the difference between both configurations.

quadrupoles are the optimisation variables and 𝜉∗ serves
as the objective function. In principle, this problem would
be best handled by a discrete optimisation problem since
the quadrupole positions have discrete values but this type
of algorithm is generally more complex and proved to be
incompatible with MAD-X or cpymad, the MAD-X inter-
preter for python [14–16]. As a consequence, the positions
of the quadrupoles have to be considered as a continuous
function during the optimisation, meaning that the algorithm
can place them anywhere along the ring. In every simula-
tion step the quadrupoles are then re-located to the nearest
available straight section resulting in a feasible LEQ con-
figuration. And the 𝜉∗ value of this LEQ configuration is
calculated and used in the optimisation.

The optimisation was run multiple times with a random
initial guess, often resulting in a better 𝜉∗ value compared
to the current configuration. These potential configurations
required many LEQs to be removed and installed in different
positions, which would be a very time consuming endeavor.
Especially since the new configurations need to be experi-
mentally tested first. Therefore, a new constraint is added
to the study: the new quadrupole configuration will need to
remain as similar as possible to the current configuration.
Only the best result of the optimisation algorithm study is
further investigated using space charge. The changes to the
current lattice are shown in Table 1. Since this configuration
was found using the optimisation algorithm, we will name it
the optimised configuration.

Iterative Prediction of 𝜉∗
The added constraint that the current LEQ configuration

can only be changed minimally causes the optimisation al-
gorithm above to be unusable. Instead the optics beatings

of LEQ configurations close to the current configuration are
directly computed using the optics beatings equations [17].
These equations are used to predict the effects of removing
or adding a single quadrupole to the lattice. This procedure
of predicting the optics by changing one quadrupole is then
repeated on potentially promising configurations from the
previous iteration. This can be done multiple times, leading
to a branch-like structure where the branching depth equals
the number of changes made to the initial magnetic lattice.
This technique is used until branching depth 5, to keep the
computational time down. The results of the branching study
are also shown in Table 1. Removing only one quadrupole,
the one located in Straight Section (SS) 90, has a notably
large improvement. Whereas the configurations with more
changes have only a slightly lower 𝜉∗ value. This is not true
for the 2-change configuration, which will be omitted from
further studies since this configuration has a significantly
higher 𝜉∗ value compared to the others.

Table 1: Changes to the current lattice to get new poten-
tial configurations based on the optimisation study and the
branching study.

remove LEQ in SS add LEQ in SS 𝝃∗

0 changes 1.2460
1 changes 90 1.1141
2 changes 56 86 1.1707
3 changes 10, 90 26 1.1097
4 changes 10, 90 26, 36 1.1094
5 changes 21, 22, 90 13, 14 1.0908
Optimised 55, 72, 95, 99, 100 13, 14, 25, 26, 63 1.1037

EMITTANCE BLOW-UP DUE TO
SPACE-CHARGE FORCES

The LEQ configurations of Table 1 need to be tested using
the space-charge framework. The framework will compute
the emittance until 5ms after injection to ensure enough time
for the emittance to grow, repeating this process in a static
tune scan of the transverse planes. The transverse distribu-
tion of the injected beam is rematched for the corresponding
working point and for each quadrupole configuration. The
measured longitudinal beam distribution of the current con-
figuration was used, leading to an additional small beam
mismatch. The final emittances of the transverse tune scans
are presented in Fig. 2 at the locations of the Wire Scanners
(WS).

Although the beam blow-up is still present, both planes
show some reduction for the new configurations. Most no-
table is the reduced vertical emittance growth. Every con-
figuration except for the 4 changes lattice shows a reduction
of more than 50 % compared to the current lattice. Note
that the blow up reduction is better for 𝑄𝑦 = 6.10 compared
to other values, since 6.10 is the vertical tune value used in
the optimisation. Going below this tune-value it is probable
that the effects of the integer resonance become too large
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Figure 2: Evolution of the normalised emittances 5 ms after
injection obtained with space-charge simulations using dif-
ferent quadrupole configurations.

and the beam gets lost. The 3 changes lattice shows the best
vertical blow-up reductions of 65 % close to the integer tune
compared to the other lattices, while the horizontal emit-
tance shows the least amount of improvement for most of the
scan. The opposite can be said about the 4 changes lattice,
where the vertical emittance shows no improvement and the
horizontal blow-up does show improvement ( ≈ 33 %). At
the moment both 𝛽-functions have equal contributions to
𝜉∗, but further improvements in one of the planes could be
found at the cost of the other plane by putting additional
weights in the 𝜉 definition. Nonetheless, the 1-change and
5-change configuration show a general emittance blow-up
reduction in both planes.

EXPERIMENTAL MEASUREMENTS
The 1-change configuration discussed above is not only

easily testable but also has a significant improvement on the
emittance blow-up. Using this configuration, tune scans are
experimentally performed. The tune scans are limited by
the maximum strength of the LEQs. This measurement is
compared to the current lattice and a setup where the optics
are controlled by the Pole Face Windings (PFW), i.e. cir-
cuits on the combined function magnets that can introduce
quadrupole and higher order components. They are an addi-
tional means for tune and chromaticity control, mostly used
at higher energies and they induce a negligible amount of
beta beating. One of the conclusions from the study that de-
veloped the space charge framework was that the simulation
showed no emittance blow-up at all when the working point
was controlled with the PFWs. Experimentally, emittance
blow-up is expected when using PFWs since there is still
going to be resonance crossing. For this reason, the PFW-
setup can be used as a benchmark for the least amount of
blow-up right after injection since the higher-order effects
are not yet present at this point. A large space charge tune
spread of (Δ𝑄𝑥 ,Δ𝑄𝑦) ≈ (0.17, 0.33) during injection in
the PS was achieved by the beam parameters of the CERN
Proton Synchrotron Booster to ensure resonance crossing for
all measurements. The wire scanners were launched at 5ms

Figure 3: Experimental results of the tunescans for the cur-
rent PS lattice performed using the LEQs, the PFWs and the
1-change configuration. The scans are performed with WS
64V and 65H.

after injection where the emittances of the working point
(6.21,6.24) are (𝜖𝑥 , 𝜖𝑦) ≈ (1.2, 0.84).

In Fig. 3 the reduction of emittance blow-up near the inte-
ger resonance is mainly present on the vertical plane, similar
to what the simulations show. The PFWs and the 1-change
configuration even have comparable values, proving that the
blow-up due to beta beating has a smaller effect on the verti-
cal plane while using the new LEQ optics configuration. The
horizontal plane shows little improvement of the emittance
blow-up for both the PFWs and the 1-change configuration.

CONCLUSION
The PS experiences emittance blow-up for working points

near the integer resonances. This is caused by an interplay
of space charge effects and the optics beating induced by
the irregular positions of the LEQs around the ring. A re-
positioning of these LEQs was investigated to reduce the
emittance blow-up. This reduction was realised through
an optimisation algorithm or by iteratively either remov-
ing or adding an LEQ to the current lattice. To compare
the quadrupole configurations with each other, an objective
function 𝜉∗ was defined that quantifies the optics beatings
based on the standard deviations of the 𝛽 and dispersion
functions of the machine. As a result, configurations were
found with small 𝜉∗ that were then simulated including space
charge forces. In all cases, the emittance blow-up was re-
duced for at least one of the transverse planes. The most
notable configuration was the one where the LEQ in SS
90 is removed. Experimental verification of this configura-
tion showed important mitigation of the vertical emittance
blow-up, which is an extremely encouraging result for the
operation of high-brightness LHC-type beams.
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